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Abstract: Corrosion is a pervasive issue and degradation phenomenon
with serious effects on human life and national economic development
and also severe security implications. therefore, issues such as accurate
assessment, prevention and prediction with environmentally friendly anti-
corrosion materials based on the nanotechnology with high activity are
fundamental to maintaining the integrity of many critical components and
installations. The anti-corrosive of the present work is based on a novel
phosphate-free nanocomposite containing polymer/zeolite
nanocomposite. Polymer nanocomposites of polyaniline (PANI)-based
NaY zeolite was synthesized by in situ chemical oxidative microemulsion
polymerization by rapid mixing in a hydrochloric acid medium as
anticorrosion nanocomposite coating to study its performance. DLS
analysis was used to characterize the particle size of the prepared
nanocomposite. The obtained results and also AFM images show that the
used nanocomposite can more effectively prevent corrosion up to 90%
without using any amine and oxygen scavenger. The improvement in the
corrosion resistance of C1018 alloy due to the application of
polymer/zeolite coating can be attributed to the uniformity and the inert
nature of this coating.

Introduction

The complex structure of boilers is used for two primary
functions: water heating and vapor generation. To prevent
the corrosion of metal components in boilers, the use of
an anti-corrosive is essential [1, 2]. For power generation,
garbage incineration, and similar processes that use a
superheater or a steam turbine, ion-exchange water,
reverse osmosis (RO), or desalinated water are typically
used as an additional feed for boilers. These boilers are
typically operated at a concentration factor ranging from
30 to 100, which is one of the water quality control
factors. Instead of using a caustic alkali substance, these
boilers add a phosphate salt to adjust the pH of the boiler
water for corrosion prevention. They also add a
neutralizable amine or ammonia to elevate the pH of the
boiler feed-condensate system. This helps prevent elution
of iron, which in turn reduces the amount of iron
transferred into a boiler tank. In recent years, however, the
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amount of organic substances that have unintentionally
been transferred to a boiler tank has increased due to the
use of various water sources and impaired water quality.
Additionally, the blow rate has been reduced to conserve
energy and water. An organic oxygen scavenger is now
used instead of hydrazine [3]. Under these circumstances,
the pH of the boiler water often decreases problematically.
The problem can be solved in one of two ways: either the
phosphate salt level of the boiler water is increased, or a
phosphate salt-type boiler compound (a sodium
phosphate-sodium hydroxide mixture) with a Na/PO.
mole ratio of 3 or higher is used. In the above case, a
phosphate salt hide-out phenomenon or alkali corrosion
may occur, which could be problematic [4].

The term "phosphate salt hide-out phenomenon refers to
the deposition of the phosphate salt that has been
dissolved in boiler water. This deposition is caused by a
rapid change in concentration or pressure [3-6]. However,
there's a catch with the anti-corrosive compounds: they
can't fully raise the pH of boiler water. Also, they require
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a significant amount to be added to feed water. This
demand has led to the development of anti-corrosive
formulations that exhibit effective anti-corrosive
properties even when used in small amounts [6-10].
Anti-corrosive materials can be made more effective by
using nanotechnology. To this end, Akbarian et al.
examined the impact of nanoparticulate silver on the
corrosion protection performance of polyurethane
coatings on mild steel in a sodium chloride solution [9].
The present project is aimed at resolving the
aforementioned issues through the application of
nanotechnology. The objective of our research is to
develop a novel nanocolloid formulation that functions as
an anti-corrosive agent. This formulation aims to enhance
the effectiveness of maintaining the pH balance of boiler
water, thereby preventing the corrosion of boiler tanks and
the entire boiler system, including the feed-condensate
system, without the need for excessive amounts of
phosphate salt. We believe the amine compound used in
this research should be low-volatility with high thermal
stability and a high degree of dissociation.

Polyaniline (PANI) is a conductive polymer that has been
investigated for its potential in anti-corrosion
applications. It's known for its ability to protect metals
from corrosion, particularly in acidic environments.
Coating or filler applications are possible with PANI,
which provides a protective barrier against corrosive
agents [11].

The production of zeolite-based films for use as anti-
corrosive protective coatings saw a surge in interest and a
jump in knowledge over 15 years ago. This was due to the
pioneering efforts of Yan and his research group [12].

To better evaluate the anti-corrosion mechanisms of
zeolite coatings, it is essential to conduct a more in-depth
analysis of how this performance is correlated with the
structure and morphology of the coatings. This will allow
us to identify the phenomena that trigger the barrier, self-
repairing, and self-healing mechanisms of zeolite-based
composite coatings.

We are currently examining the role of microemulsion
systems in preparing a controllable size and morphology
[13-17] of polymer nanocomposite [18-25] as corrosion
inhibitor [24-28]. This examination builds on our previous
research on microemulsion systems as soft templates [29-
31], and nanoreactors [32-34] for nanomaterials synthesis
[35-38].
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The polymer/zeolite nanocomposite was characterized by
DLS analysis. A systematic investigation was conducted
to test the anti-corrosion behavior of polymer/zeolite
nanocomposite. AFM was used to confirm the monolayer
formation of the anticorrosion sample on the surface of
C1018 alloy after treatment. The effect of inhibitor
concentration and temperature were optimized.
Additionally, the test piece corrosion rate (mdd) was
calculated based on thickness measurement data and iron

determination by colorimetric method using o-
phenanthroline was performed.

Materials and Methods

Chemicals

Commercial lecithin ~ (CsasHgoNOgP) was used as

surfactant to produce oil-in-Water microemulsion, as
used by food manufacturers from an Iranian company.
Aniline monomer (AR grade) and HCI were purchased
from Merck. Potassium persulfate, used as a hydrophilic
oxidizing agent for polymerization of MMA was
purchased from Haihang Industry Co. NaY zeolite was
purchased from ECHEMI Co., and deionized water (0.055
pS/cm) which was produced in our lab with PKA (Smart
two pure) instrument. C1018 alloy that the chemical
compositions of the alloys are summarized in Table 1, was
received.

Table 1. The chemical compositions of the exemplary

alloy
C Si | Mn Fe P S
98.81 —
0.14- 0.60- 99.26
020 | | 090 (as <0.040 | <0.050
remainder)

Characterization

A common technique, DLS analysis with the Bettersize
(an optical nanoparticle size analyzer from Nanoptic 90),
was employed to confirm the average particle size and
polydispersity index (PDI). Before DLS analysis, the
prepared sample was sonicated for six minutes. Atomic
Force Microscopy (AFM) (BRISK) was used to confirm
the monolayer formation of the anticorrosion sample on
the surface of C1018 alloy after treatment.

Polymer/zeolite nanocomposite preparation

To prepare polyaniline/zeolite nanocomposite, an oil-
in-water microemulsion system consisting of lecithin as
surfactant, aniline monomer as apolar phase, and water
was prepared at adjusted concentrations of the lecithin
(0.02 M) that was the best performance to control size and
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morphology same as our previous works [37]. In this
procedure, aniline was polymerized using hydrochloric
acid (HCI) as a catalyst and ammonium persulfate (KPS)
as an oxidizing agent. For the preparation of pure
polyaniline, two equimolar solutions of aniline (2.5 mL)
and APS (6.0 g) were dissolved in 25 mL of 0.01 M
lecithin surfactant solution in 1 M HCI under magnetic
stirring for several minutes. Then, the APS solution was
suddenly added to the aniline solution at a low
temperature (approximately 0 °C) under constant stirring
for 6 h and then green precipitate was obtained and
filtered. The precipitate was then washed several times
with deionized water and 1M HCI until the filtrate became
nearly colorless. The product was then dried in an oven at
an approximate temperature of 60 °C for 12 h. For the
synthesis of the polyaniline/zeolite nanocomposite, a
solution of aniline and HCI (1M) at equal concentrations
was prepared using a magnetic stirring technique. Before
the in situ microemulsion polymerization of aniline, NaY
zeolite was added at a volume ratio of 0.5%. Then, the
solutions were sonicated for 25 minutes using ultrasound
to prevent agglomeration of the nanoparticles and allow
the HCI-doped aniline to deposit on the zeolite surface via
electrostatic interactions. The in-situ polymerization was
then carried out by suddenly adding the KPS solution to
the HCI 1M solution while continuing to stir, filter, wash,
and dry as described in the PANI synthesis by rapid
mixing.

Preparation of anti-corrosion nanocolloid

For this purpose, 25 g of the above-mentioned powder
was dispersed in 1 L pure water of (ion-exchange water)
and used for the corrosion test in boiler.
The sol-gel process is typically considered for the
preparation of silica-containing nanoparticles in which
alkoxy precursors are used under acidic or alkaline
conditions. In this method, surfactant molecules are used
as a template [21].

Corrosion study

Corrosion study with gravimetric analysis

To study the impact of acid corrosion inhibitor, inhibitor
concentration, and also the impact temperature, weight
loss-based C1018 alloy surface corrosion analysis for all
experiments was carried out at different temperatures
from 303 K to 343 K in 0.1 M HCI in the absence of
inhibitor as control sample and the presence of new green
inhibitor at concentrations of 2-10 ppm that the total
exposure time of 5 days was selected. The experiment
conditions were as follows: 50 ml of uninhibited or
control sample and working solution (inhibited corrosion
solution) was employed, and the size of the metal surface
C1018 samples was 8.7 cm x 1.4 cm x 0.1 cm. The
following equation (Eq. 1) was utilized for the calculation
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of the corrosion (%) of the prepared green inhibitor and
control sample.
Corrosion (%) = W,—W/ W, x 100 Q)
where Wy and W are the weight loss of C1018 alloy in the
absence and the presence of the acid anti-corrosive,
respectively. In corrosion study, an acid corrosion
inhibitor provides sufficient corrosion inhibition so that a
pitting index has definitions of the integers [27].
The corrosion rate (mdd) of a test piece is based on the
daily amount of corrosion (mg) for an area of 100 cm2.
The test piece corrosion rate (mdd) was calculated based
on thickness measurement data using a Thickness Meter
(PCE-CT 80-FNODS5), which has an accuracy of +(1% of
reading + 1 um) after foil calibration. This meter can be
used on many materials, such as iron, steel, aluminum,
copper, brass, and stainless steel, with a diameter of 17
mm (0.67 in). Iron determination by colorimetric method
using o-phenanthroline was performed [40].

Results and Discussions

DLS analysis

Fig. 1(a and b) shows the DLS analysis of all samples
composed of pure polyaniline and polyaniline/zeolite
nanocomposite prepared using the microemulsion system
as soft template. DLS particle size analyzers are used to
measure the size of very small particles (0.6 nm to 6 um)
in solution. The size distribution of the pure polyaniline
nanoparticles and polyaniline/zeolite nanocomposite was
measured with DLS technique. The intensity-weighted
size average values (Z-average) and the polydispersity
index (Pdl) for both pure polyaniline and
polyaniline/zeolite nanocomposite were (56.24 nm and
0.52) and (123.10 nm and 0.43). The particle size range of
DLS depends on the properties of the analyzed species,
such as refractive index or density, as well as the
surrounding formulation, mainly the viscosity. The mean
size and size distribution of polyaniline/zeolite
nanocomposite could become smaller by ultra-sonication
treatment and a decrease in the mean size of 74.15 nm was
obtained. Sonication had a significant effect on the
decrease of both mean droplet size (Z-average) and size
distribution (Pdl) of polyaniline/zeolite nanocomposite.
Sonication treatment led to create an interfacial
wave. The obtained interfacial wave produces
microbubbles, the collapse of which resulted in the
disruption of oil droplets, reducing their particle size to
less than 100 nm scale.
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Fig. 2. DLS analysis of (a) pure polyaniline and (b)
polyaniline/zeolite nanocomposite prepare in
microemulsion system
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Corrosion study
The concentration effect of corrosion inhibitor

All experiments on the effect of the corrosion inhibitor
concentration to evaluate the corrosion activity and
efficiency and also corrosion rate were conducted at
standard room temperature by using the weight-loss
method after 4 days of immersion in acidic solution. Fig.
2, presents the results obtained for the weight loss
experiments and calculation of the corrosion rate and
efficiency. The results obtained show nanoemulsion has a
high efficiency compared to the macroemulsion. For the
nanoemulsion inhibitor when the concentration of
nanoemulsion was increased to 6 ppm, the corrosion rate
decreased and the inhibitor efficiency increased and then
with more increase in inhibitor concentration, the
inhibitor efficiency was kept without any remarkable
changes. The highest inhibition efficiency of about 93 %
was achieved when a 6 ppm inhibitor was used. From the
data gained, the inhibitor showed an excellent result for
inhibiting the corrosion of C1018 steel in an acidic
solution [28]. No corrosion protection was observed for
the control sample (only acidic solution) in the absent of
both inhibitors and rust on the surface of C1018 obtained.

77

100

80 4 —

60 o

40

20 +

Inhibition efficiency (%)

5ppm 10ppm 15ppm 20 ppm 25 ppp
Inhibitor concentration

B Polyaniline/zeolite nanocomposite @Pure polyaniline

Fig. 2. The effect of pure polyaniline and
polyaniline/zeolite nanocomposite corrosion inhibitor
concentration for the protection of the C1018 alloy at 303
K.

The effect of temperature on the corrosion inhibition
efficiency

The effect of temperature on the inhibition activity of
pure polyaniline and polyaniline/zeolite nanocomposite
corrosion inhibitor was studied using weight loss at 303
K, 323 K, and 343 K with 20 ppm concentration of
corrosion inhibitor for both samples that mentioned above
(Fig. 3). To further elucidate their inhibition efficiency,
thermodynamic parameters such as temperature are very
useful for shedding light on the adsorption behavior of
corrosion inhibitors on the surface of C1018 alloy. It is
shown that the corrosion of C1018 increases with
temperature and the corrosion rate for pure polyaniline
sample was faster compared to the polyaniline/zeolite
nanocomposite. It shows a better inhibition performance
at 303 K compared to the inhibitor efficiency at 323 K and
343 K with inhibitor efficiency of 92.5 % in the presence
of polyaniline/zeolite nanocomposite and 73.3 % in the

presence of the pure polyaniline.
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Fig. 3. The effect of temperature on the inhibition
efficiency of pure polyaniline and polyaniline/zeolite
nanocomposite corrosion inhibitor (20 ppm) after 4 days
for the protection of the C1018 alloy in acidic
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Anti-corrosive activity and proposed mechanism

Fig. 4-(a-c) the anti-corrosion investigation based on the
Fe level of feed water (mg/L), amount of Fe deposited on
the thermal conduction surface (mg Fe/cm?), and test
piece corrosion rate was examined with the pure polymer
and polyaniline/zeolite nanocomposite (20 ppm, 303 K).
As can be seen from Fig. 4, it was confirmed that the
prepared corrosion inhibitor prepared by
polyaniline/zeolite nanocomposite has the best anti-
corrosion performances in all test (Fe level of feed water,
amount of Fe deposited and corrosion rate). The reason
for this event relates to the increase in the nanocomposite
surface area that is capped with lecithin molecules. The
amine groups of polyaniline coordinated with hydroxyl
groups on the surface of zeolite provided stable
complexes against diffused oxygen. The interaction of
lecithin molecules and amine molecules led to the
formation of a nanometric layer on the surface of metal.
The nanometric layer coated on the surface of the alloy is
highly strong under dissolved oxygen and more
effectively protects the surface of the alloy. Pure
polyaniline has the weak anti-corrosive activity in the
same condition for three tests.

AFM analysis

The AFM image Fig. 5 (a and b) shows a thin film
formation of (a) pure polyaniline and (b) polymer
nanocomposite monolayer as covered steel sample,
applied to the steel surface after being exposed to a
corrosive HCI solution for 4 days. In this study, non-
contact mode was used to study the behavior of the
monolayer that formed on the surface of the alloy after
treatment. The non-contact mode has the advantage that
the tip never makes contact with the sample and therefore
cannot disturb or destroy the sample. Clearly, for the
polymer/zeolite-covered surface, globular  and
monodispersed nanospheres compacted and aligned near
each other, forming an anticorrosive shield monolayer
against the corrosive environment. In the pure
polyaniline-covered alloy surface, large globular
nanospheres with high polydispersity that formed a rough
layer on the surface [27]. The strong interaction of the
inhibitor with the steel surface helps make the surface
reaction visible to confirm the film forming for both
samples; in contrast, surface diffusion of adsorbents on
metal surfaces for polymer/zeolite is often fast within the
time scale observed under the microscope, making
identification of film forming simple. These PF-A
nanospheres on the surface are present at a much higher
density than the pure polyaniline nanostructures seen by
AFM images. The improvement in the corrosion
resistance of C1018 alloy due to the application of
polymer/zeolite coating can be attributed to the
uniformity and the inert nature of this coating [41].
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Conclusions

In order to attain the production of the anti-corrosion
material, extensive studies are conducted. In this work, it
is found that these materials can be attained by a unique
combination of nanotechnology by preparation of
polyaniline/zeolite nanocomposite with a specific
structure including an amino group and a hydroxyl group
in the molecule, in particular. In this research, a new type
of polyaniline/zeolite nanocomposite was prepared by a
microemulsion system and tested to understand the anti-
corrosive activity compared to the pure polyaniline. The
results show that the anti-corrosion formulation produced
polyaniline/zeolite  nanocomposite has the best
performance. The improvement in the corrosion
resistance of C1018 alloy due to the application of
polymer/zeolite coating can be attributed to the
uniformity and the inert nature of this coating.
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