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Magnetite iron oxide base nanopigments (Fe304) with two morphologies and different surface treatments
were synthesized. Fe;04 nanopigments were synthesized in the presence and absence of triethanolamine
as surfactant and then were modified with 3-amino propyl trimethoxy silane (APTMS). Nanopigments
were characterized by X-ray diffraction (XRD) analysis, field-emission scanning electron microscope (FE-
SEM), Fourier transform infrared (FT-IR) spectroscopy and thermal gravimetric analysis (TGA). Electro-
chemical impedance spectroscopy (EIS) was utilized to investigate the corrosion inhibition properties of
the epoxy composites. It was found that both surface morphology and surface chemistry of the nanopig-
ments significantly affected the corrosion resistance of the epoxy coating.

© 2016 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, corrosion protection of steel structures by organic
coatings has been widely considered by many researches [1,2].
They can provide a physical barrier between the metal surface and
the corrosive environment restricting the access of aggressive ions
to the active sites of metal surface. However, most of the organic
coatings cannot provide long term corrosion protection perfor-
mance as the corrosive species such as oxygen, water and chloride
ions can diffuse to the metal/coating interface through perme-
ation into the coating porosities. Various kinds of anti-corrosive
pigments have been used to improve the corrosion resistance of
polymer coatings [3,4]. They are categorized in three main groups
of barrier [5], sacrificial [6] and inhibitive pigments [7]. Among
various kinds of pigments the chromate based pigments have been
widely used for improving the corrosion protection properties of
the organic coatings. However, the use of such pigments has been
strictly restricted in recent years because of their high toxicity and
environmental problems [8-10].

Recently, the researchers’ attentions have been directed toward
using different types of nanomaterials in the organic coatings to
obtain a higher degree of protection than conventional pigments
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[11]. Owing small particle size and high surface area, they are able
to produce proper barrier against corrosive electrolyte diffusion
into the coating matrix. It has been shown that nanopigments can
fill the porosities, cavities and free volumes existed in the coat-
ing matrix and increase the electrolyte pathway length. Ramezan-
zadeh et al. [12] investigated the anticorrosion properties of the
epoxy coating filled with ZnO particles in nano and micro sizes.
Their results showed that the coating reinforced with nano sized
pigment had better barrier properties than the coating containing
micro size one. We have showed in our previous researches that
inclusion of SiO, [13], Al;03 [14], clay [15], Al [16] and graphene
oxide [17,18] nanoparticles into the organic coatings resulted sig-
nificant improvement of the coating corrosion protection perfor-
mance.

Due to the low toxicity and cost, and availability of the
iron oxide based nanopigments, the researchers’ attentions have
been directed to investigate theirs properties [19-23]. Iron oxide
nanoparticles have been used in various applications in different
industries ie. Magnetic Resonance Imaging (MRI), Drug Delivery
System (DDS), catalysts, sensors, magnetic receivers, remov-
ing heavy metals from aqueous solutions, magnetic fluids, data
storages, etc. There are different studies on the synthesis and
characterization of the structural, and morphological properties of
the iron oxide nanopigments. These nanoparticles have been syn-
thesized by various methods i.e. thermal decomposition [24,25],
hydrothermal method [26,27], sol-gel [28], microemulsion [29,30],
chemical co-precipitation [31,32] etc. In a hydrothermal method,
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Table 1
Composition of the steel substrate.
Element  Fe C Si Mn P S Cr Mo Co Cu
Wt.% 977 019 0415 139 <0005 <0.005 0.026 0018 0.0429 0.0481
Table 2
Sample coding.
Sample coding Description
Fe304 Nano magnetite synthesized in the absence of surfactant

APTMS-Fe;0,4
F8304 /TEA
APTMS-Fe;04/TEA

Nano magnetite treated by APTMS
Nano magnetite modified by triethanolamine as surfactant
Nano magnetite modified by both surfactant and APTMS silane agent

the nanopigments can be synthesized in a sealed container at
high-temperature (130-250°C) and vapor pressures (0.3-4 MPa)
[33]. In this method, the nanoparticles can be synthesized with
a controllable morphology and narrower particle size distribution
[33].

Surfactants are used to overcome the Van der Waals forces be-
tween the particles and in this way the morphology and size of
the nanoparticles can be effectively controlled. Both the size and
morphology of the nanopigment can affect the magnetic and cor-
rosion inhibition properties of the pigment [34-38]. Li et al. [39]
reported the effects of different capping functional groups on the
morphology of the magnetite nanoparticles. They found that addi-
tion of 3-amino propanol with NH, groups decreased the growth
of nanoparticles and reduced the nanocrystals size. Guardia et al.
[40] studied the effect of two capping agents i.e. oleic acid and do-
decanoic on the size and morphology of the magnetite nanoparti-
cles. Results showed that the particles synthesized in the presence
of oleic acid were smaller and had a narrow size distribution with
pseudo-spherical shape.

It has been shown that most of the nanoparticles are not com-
patible with the polymer coatings due to their polarity difference.
Therefore, the surface chemistry of the nanopigments significantly
influences theirs disperse-ability in the coating as well as the in-
teractions between the pigment/polymer [41]. Surface treatment
of the nanoparticles is an effective way to enhance the compati-
bility between the particles and coating resulting in the creation
of stronger interactions. Silanization of nanoparticle is a popular
method of changing the polarity of the particles and improving
their stability in the polymeric coatings [42,43]. Behzadnasab et
al. [44] investigated the corrosion performance of the epoxy coat-
ing reinforced with silane treated ZrO, nanoparticles. They used
an amino propyl trimethoxy silane (APS) as silane coupling agent
and showed that the corrosion protection properties of the coat-
ing was significantly improved by using 2-3 wt.% modified ZrO,
nanopigments. They showed that surface modification of particles
enhanced their stability in the epoxy resin in comparison with
the unmodified nanopigment. Palimi et al. [45] studied the effect
of silane treatment of Fe,03 nanoparticles with 3-amino propyl
trimethoxy silane (APTMS) on the corrosion protection properties
of the polyurethane coating. They showed that surface modifica-
tion of Fe,03 nanoparticle with APTMS enhanced the particles dis-
persion in the polyurethane matrix, resulting in higher degree of
corrosion resistance enhancement. Considering specific effects of
both silane coupling agent and surfactant on the surface proper-
ties of the nanoparticles, studying the synergistic effect of these
two factors on the protective properties of the coating containing
these nanopigments can be great of interest.

This work aims at characterization of the morphology, phase
structure and corrosion inhibition properties of a magnetite
nanopigment synthesized via hydrothermal method. The composi-
tion and morphology of the pigments were characterized by X-ray

Fig. 1. A schematic of the synthesis process.

diffraction (XRD) and field-emission scanning electron microscope
(FE-SEM). The effects of triethanolamin as surfactant and 3-amino
propyl trimethoxy silane (APTMS) as silane coupling agent on the
nanopigment properties were studied. Also, the epoxy nanocom-
posites reinforced with 1 wt.% of nanopigments were prepared and
applied on the steel substrate. The protective properties of the
composite coatings filled with unmodified and surface modified
pigments were investigated by EIS and salt spray tests.

2. Experimental
2.1. Materials

FeCls, FeCl,, NaOH, triethanolamine, 3-amino propyl trimethoxy
silane, ethanol, HCI (50%), NaOH, butyl acetate, and NaCl were pur-
chased from Merck Co. All of these reagents were used without
further purification in all experiments. Epoxy resin (Araldite GZ7
7071 x 75) with epoxide value, solid content and density of 0.1492-
0.1666 Eq/100 g, 75 wt.% and 1.08 g/cm3, respectively was prepared
from Saman Co. The polyamide hardener (CRAYAMID 115) with
solid content of 50 wt.% was prepared from Arkema Co. Mild steel
panels (10cm x 8cm x 0.2cm) with the composition given in
Table 1 were obtained from Foolad Mobarakeh (Iran). Sample cod-
ing used in this study is presented in Table 2.

2.2. Synthesis of Fe304 nanoparticles

In a typical synthesis procedure, solutions of ferric chloride and
ferrous chloride in 50 mL deionized water with Fe3*/Fe%* ratio of
1.8:1 (mol/mol) were prepared as precursor solutions. The iron
cations concentration was 0.1 mol/L. Then, 0.4 mol/L of surfactant
was added into the solution (Table 3). The composition and reac-
tion condition are presented in Table 3. A schematic procedure of
the nanopigment synthesis is displayed in Fig. 1.

At First, the mentioned amounts of iron chlorides were dis-
solved in deionized water, and then sodium hydroxide solution
was added to the solution in the presence of blowing nitrogen
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