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1. Introduction

Nowadays, considerable research on waterborne coatings has
been policy-driven to find alternative routines to the minimiza-
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CgmimPFg) with a function of inhibiting corrosion was encapsulated at different concentrations
in the copolymer of poly (methyl methacrylate) and poly (butyl acrylate) through miniemulsion
polymerization. These latexes were coated on steel samples whose corrosion properties were evalu-
ated by electrochemical techniques. It was found that increasing the CgmimPF¢ concentration from
0 wt% to 30 wt%, the corrosion inhibition efficiency was remarkably improved from 41% to 89%
based on the charge transfer resistance and from 64% to 87% based on the corrosion current den-
sity, respectively. The ionic liquid did not attend the reaction during latex preparation but behaved
as corrosion inhibitors on the steel surface. Such an anticorrosion effect could be ascribed to the
physical adsorption of the Cgmim ™ cation on the reaction sites and the hydrophobicity enhance-
ment resulting from the hydrophobic PFg anion.
© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

tion of emission of volatile organic compounds (VOCs) [1-6].
Acrylic coatings are widely used due to their low cost and
unique properties, such as excellent adhesion, coalescence,
color retention and resistance to hydrolysis and chemical inert-
ness under ultraviolet radiation [7,8]. However, different from
solvent-based coatings, waterborne acrylic coatings are still
unsatisfactory, especially the anticorrosion performance in a
salty environment. This is largely due to the hydrophilic
groups in the formed coatings being affinitive to water, oxygen
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and chloride ions and easily inducing corrosion [9]. To over-
come this problem, addition of inhibitors to enhance corrosion
resistance can be an easy choice.

https://doi.org/10.1016/j.jscs.2022.101446
1319-6103 © 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Traditional corrosion inhibitors are toxic such as chromates
[10,11]. More alternatives were later developed such as plant
extracts and drugs which still require large amount of volatile
organic solvents during the extraction process [12]. In contrast,
ionic liquids (ILs) with specific properties such as extremely
low vapor pressure, high thermal stability and flame resistance,
high conductivity and wide electrochemical window could be
better alternative corrosion inhibitors [13]. ILs are often com-
posed of large asymmetric organic cations and inorganic or
organic anions. Some specific requirements such as hydropho-
bicity can be achieved by adjusting the anions [14]. There were
some research about the applications of ILs in corrosion inhi-
bition, mainly hydrophilic one. Ashassi-Sorkhabi and Es’haghi
[15] reported that a simple IL, 1-butyl-3-methylimidazolium
bromide ((BMIM]Br), could inhibit the corrosion of mild steel
in 1 M hydrochloric acid, which was evaluated by weight loss
and electrochemical techniques. As a corrosion inhibitor,
[BMIM]Br could spontaneously adsorb on the surface of mild
steel with electrostatic force between BMIM * and negatively
charged mild steel surface, which suppressed the corrosion
reaction at both the catholic and anodic sites, offering
improved corrosion resistance at higher IL concentrations.
Moreover, the inhibition performance of ILs is influenced by
the cation, anion and structure of ILs (e.g. chain length). Al-
Rashed and Nazeer [16] compared the inhibition efficiency of
ILs in 1 M hydrochloric acid with different cations (i.e. imida-
zolium, pyridinium, and pyrrolidinium) and the same anion,
and stated that imidazolium was the optimal cation with high-
est inhibition efficiency due to the larger molecular size and
delocalization of aromatic moieties. Subsequently, they also
studied the effect of alky chain length on inhibition properties
and concluded that longest alkyl chain contributed to the high-
est protection efficiency. One explanation of this is that the
surface coverage of ILs was increased due to the enhanced
adsorption when applying ILs with longer alkyl chains [17].
It is known that heteroatoms (such as O, N, S and P), hetero-
cyclic rings or conjugated unsaturated bonds in organic inhibi-
tors play an essential role in corrosion inhibition performance
[18]. For example, in a corrosive environment, ILs can adsorb
onto the surface of mild steel by either physical adsorption or
chemical adsorption, sometimes even both. The reaction sites
on the substrate are blocked by adsorbed ILs so that the mass
and charge transfer are hindered and corrosion inhibition is
achieved [19,20]. For imidazolium ILs, there are two proposed
reaction routines towards anticorrosion. According to Likha-
nova, et al. [21], In routine 1, cation of ILs can inhibit both
anodic and cathodic sites by forming a complex on the sub-
strate surface. Anions of corrosive medium would adsorb on
anodic sites due to the limited amount of anion of ILs com-
pared with corrosive ions. Subsequently, adsorbed species
interacted with cation of ILs and formed a complex covered
on the substrate. At the same time, on the cathodic sites, cation
of ILs could replace the cations of corrosive medium and
occupy the reaction sites because of the larger steric hindrance
itself. There was a free pair of electrons left in N atom of imi-
dazolium group, which could be donated to the metal surface.
In routine 2, the initial stage was similar as routine 1 that
anions of corrosive medium adsorbed on cathodic sites of
metal surface and the surface became negatively charged. Then
the cation of ILs would be physically adsorbed via electrostatic
force. Meanwhile, the anion of ILs could subsequently adsorb

on the anodic sites via chemical adsorption [22-24]. The main
difference between these two proposed routines is the adsorp-
tion type of cations of ILs on cathodic sites and attendance of
anions of ILs.

The aforementioned research has proven the inhibition
effect of ILs. However, all the research mentioned above
directly dissolved the hydrophilic ILs in the bulk solution, rely-
ing on the ILs to spontaneously adsorb on the surface of sub-
strate for protection. Since our research is for marine
anticorrosion application, dissolving a large quantity of ILs
into the sea is not realistic, which would not only increase
the overall cost for the product but also cause harmful impact
to the surrounding open marine environment. A more efficient
formula is desired to confine the functioning ILs on the surface
of the metal to be protected, such as incorporation of ILs into
a polymer coating [25]. Using a hydrophobic IL to replace the
traditional hydrophilic IL could be a solution to overcome
hydrophilicity of ILs.

CgmimPF is a conventional hydrophobic IL with solubility
(mole fraction) 1 x 107* in water [26]. PFg is a typical
hydrophobic anion and Cgmim* is a one kind of imidazolium
cations with relatively long alky chain. As mentioned above,
inhibition performance of imidazolium cations is better than
other cations and the longer alky chain in imidazolium leads
to prior inhibition effect [16]. Therefore, CgmimPFs was
chosen as the corrosion inhibitor for this research. To effec-
tively introduce CgmimPFg into waterborne coating formula
without losing its corrosion function, this research was
designed to encapsulate the hydrophobic IL, 1-octyl-3-
methylimidazolium hexafluorophosphate (CgmimpFg), into
copolymer of poly(methyl methacrylate) (PMMA) and poly
(butyl acrylate) (PBA) synthesized via miniemulsion polymer-
ization in which the monomers were directly polymerized in
the oil droplets, rather than being transferred from droplets
to micelles as described in the conventional emulsion polymer-
ization [27]. Furthermore, the latex from miniemulsion poly-
merization was more stable than those developed through
conventional emulsion polymerization [3]. To the best of our
knowledge, we are the first authors to encapsulate hydropho-
bic ILs into copolymer via miniemulsion polymerization for
anticorrosion application in 3.5 wt% NaCl solution. The roles
of CsmimPFg in the PMMA/PBA copolymer were revealed by
further polymer characterizations.

2. Experimental

2.1. Materials

Methyl methacrylate (MMA, CP), L-Ascorbic acid (AAc,
AR), hydrogen peroxide (H,O,, AR), and sodium dodecyl sul-
fonate (SDSO, CP) were supplied by Sinopharm Chemical
Reagent Co Ltd. Hexadecane (HD, 98%), and n-butyl acrylate
(BA, 99%) were purchased from Aladdin Industrial Inc.
1-octyl-3 methylimidazolium hexafluorophosphate
(CsmimPFg, 95%) was from Shanghai Cheng Jie Chemical
Co Ltd. Ultra-pure water with a resistivity of 18.2 MQ-cm
was made in house. The testing metal sample, i.e., mild steel
Q235 was bought from Shenzhen Zhi Bao Metal Products
Co., Ltd. The mild steel composition (wt%) is 0.14-0.22 C,
0.3-0.65 Mn, <0.30 Si, <0.04 5P, <0.055 S, and Fe rest.
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2.2. Preparation of miniemulsion

This was carried out by preparing the oil (5 wt% HD and
95 wt% MMA/BA/CgmimPF¢) and water (30 mM SDSO)
phases before mixing. The oil phase was prepared by first mix-
ing MMA and BA with a fixed ratio of 1:1, followed by adding
CgmimPF¢ with various desired concentrations into the oil
phase. The oil phase was then added into the water phase with
an O/W volume ratio of 3:7, and then transferred in a sonica-
tor (Xinzhi Scientz II) for homogenization. The ultrasonica-
tion time was set as 6 min at a power input of 285 W in a
manner of 1 s on and 1 s off.

2.3. Miniemulsion polymerization

The newly formed miniemulsion described in session 2.2 was
transferred into a 250 mL four-necked flask equipped with a
stirrer, a reflux condenser, a thermometer, and sparged with
nitrogen for miniemulsion polymerization with the reaction
temperature being controlled by a water bath. Nitrogen was
bubbled through for 1.5 h at the beginning of the reaction to
remove oxygen until the reactant temperature reached the
desired value. The agitation speed of the stirrer was set at
200 rpm throughout the reaction process. The H,O,/AAc solu-
tion in the molar ratio of 1.0 to 1.3 was injected to start the
reaction.

2.4. Characterization

2.4.1. FTIR

FTIR spectra of dried latex samples were collected from the
Bruker vertex 70 instrument.

2.4.2. Electrochemical techniques

Mild steel specimens with 1 cm in length and 1 cm in width
were selected as the substrate for coating. After the treatment
with the emery paper, several drops of latex developed from
previous steps were dropped on the one side of surface of mild
steel specimen followed by the rolling of bar coater
BGD212/150 um from the side to the other side evenly. After
evaporation of water, the solid content remained, the film
thickness was measured with a PosiTectorFS1 apparatus,
and the thickness was approximately 40 £+ 2 pm.

The anticorrosion performance of coatings was evaluated
with CHI-660E electrochemical workstation. A three-
electrode cell of 30 mL in volume was made in-house and used.
In the cell, the coated mild steel electrode was the working elec-
trode with a platinum sheet counter electrode and an Ag/AgCl
(in 3.0 M KCl) reference electrode. The electrolyte of the cell
was an aqueous solution of 3.5 wt% NaCl. The tests lasted
up to 96 h, and electrochemical parameters were recorded
every 24 h. For each sample, the open circuit potential
(OCP) was measured for 0.5 h before analyses by electrochem-
ical impedance spectroscopy (EIS) and potentiodynamic polar-
ization. EIS was performed at the OCP and frequencies from
10 kHz to 10 mHz under a + 10 mV amplitude sinusoidal volt-
age. Tafel plots were scanned at a rate of 0.5 mV/s in the range
of £250 mV vs. OCP.

2.4.3. Wettability

The wettability of latex coating was evaluated by measuring
the contact angle between water and the latex coated mild steel
surface. using the dynamic contact angle measuring instru-
ment. (DCAT21 DataPhysics Instruments Co Ltd).

2.4.4. Surface morphology

Under a 4 kV accelerating voltage, the morphology of coating
films was studied by scanning electron microscopy (SEM)
(ZIGMA/VP, Carl Zeiss Microscopy Ltd).

3. Results and discussion

3.1. Anticorrosion performance of PMMA-co-PBA coatings

The latex was prepared as described in Session 2.3 and then
coated on the clean mild steel surface as described in Session
2.4. The anti-corrosion performance of coatings containing
CgmimPF¢ were evaluated using various electrochemical
techniques like open circuit potential (OCP), electrochemical
impedance spectroscopy (EIS) and Tafel polarization curves.
The corrosion results were presented via analyzing the
impedance and inhibition efficiency. Subsequently, the surface
morphology of each sample was inspected after the immersion-
corrosion test.

3.1.1. Open circuit potential

The open circuit potential (OCP) can serve as an indicator of
cathodic protection of the coating to reveal the extent of elec-
trochemical oxidation when a substance was exposed to a cor-
rosive environment [28]. For a coated mild steel sample
immersed in 3.5 wt% NaCl solution, the OCP value may shift
negatively when the sample experiences further oxidation. In
other words, less positive OCP values means more severe cor-
rosion. In this experiment, the OCP measurement lasted for
30 min until a stable value was reached. The OCP of different
coated samples in variation of immersion time were recorded
and plotted in Fig. 1. The initial OCP of the bare mild steel,
0 wt% CgmimPFg, 1 wt% CgmimPFg4 and 30 wt% CgmimPFq
samples were —523 mV, —496 mV, —492 mV and —357 mV,
respectively. This trend of OCP variation indicates that the
30 wt% CgmimPF4 sample was under least severe corrosion
compared with the others. Among the samples, all coated sam-
ples with CgmimPF¢ from 0 wt% to 30 wt% exhibited more
positive OCP than the bare one, which means that all coated
sample exhibited higher anticorrosion resistance than the bare
one. The OCP values for all samples shifted negatively after
24 h due to the corrosive environment, and then became stabi-
lized. The change of OCP for all samples within 96 h immer-
sion was similar. This means that the initial coating effect
dominated the overall anticorrosion effect. A smaller negative
shift on OCP of coated samples with higher concentration of
CgmimPF¢ may be attributed to less and slower diffusion of
the corrosive species from the bulk solution to the substrate,
which indicates that the corrosion inhibition performance
was improved with increasing the CgmimPFg concentration
[9]. Herein OCP tests were only applied for rough observation
of oxidation extent. To quantitatively evaluate the anticorro-
sion performance, further electrochemical tests were carried
out.
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concentration of CgmimPF4 immersed in 3.5 wt% NaCl solution
up to 96 h.

3.1.2. Inhibition performance evaluation based on
electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is one of the
commonly used methods to evaluate anticorrosion perfor-
mance. The technique is non-destructive to the coated sample
when the measurement is at OCP with low amplitude and in a
short period. Differing from the OCP measurement that only
gives rough evaluation, the results of EIS could reveal more
quantified parameters such as inhibition efficiency and coating
electrolyte uptake via the Nyquist plot, where inhibition effi-
ciency represents the anticorrosion performance and coating
electrolyte uptake manifests the extent of electrolyte retained
in the coating. During the experiment, the degradation of var-
ious samples was evaluated by immersing them into the 3.5 wt
% NacCl solution for different periods and exhibited as a
Nyquist plot after test. Fig. 2 shows the Nyquist plots for mild
steel coated with PMMA-co-PBA containing CgmimPFg from
0 wt% to 30 wt%. It appears that there are two semicircles on
each plot, indicating two time constants. One is in the high fre-
quency range correlated to the defects and pinholes in the coat-
ing, which is shown on the top right side of small figure. The
other is in the low frequency range corresponding to charge
transfer polarization resistance of the mild steel surface
beneath the coating layer [29.30]. The impedance data are
modelled against an equivalent circuit shown in Fig. 3. In this
figure, the circuit represents the electrode/electrolyte and coat-
ing/metal interfaces, where the electrode coating layer is por-
ous [31,32]. Solution resistance (R), coating resistance (R.),
coating capacitance (C.), constant phase element (CPE;)
reflecting the no-ideal capacitance of double layer and charge
transfer resistance (R,,) are five essential parameters of this cir-
cuit. After nonlinear curve fitting of the data shown in Fig. 2,
the parameters at different immersion times excluding the solu-
tion resistance were obtained as plotted in Fig. 4.

Impedance could directly imply the anticorrosion perfor-
mance. Higher coating resistance and charge transfer resis-
tance indicate prior corrosion hindrance [33]. As shown in
Fig. 4, in the salty environment, the R, value of the 30 wt%
CgmimPFg sample was 4563 Q.cm? at initial stage, which
was one order of magnitude higher than the value of other
samples with lower concentrations of CgmimPFg. Even though

the R, values decreased with the penetration of corrosive ions
during immersion, the value at 30 wt% CgmimPF¢ was still
higher than those obtained with other CgmimPF4 concentra-
tion samples. This suggested that the 30 wt% CgmimPF¢ sam-
ple offered the best corrosion protection performance. Similar
results were obtained from the plots of charge transfer resis-
tance, R., at different immersion times. The R., value of the
30 wt% CsmimPFg sample at initial stage was 46.3 kQ-cm?
and always the highest compared with the other samples.
Although it decreased with prolonging the immersion time,
the final R, of 0 wt% and 30 wt% CgmimPFg samples were
1.4 kQ-cm? and 8.2 kQ-cm?, respectively. It could be deduced
from the final results that R., of 30 wt% CgmimPF¢ sample
was almost 7 times higher than the value of 0 wt% CgmimPF
sample. Lewis et al. [34] studied the corrosion resistance of a
waterborne acrylic coating modified with nano-sized titanium
dioxide and stated that the corrosion resistance of acrylic coat-
ing with or without modification after the immersion test were
approximately 8.0 kQ-cm? and 1.0 kQ-cm?, respectively. Com-
pared with this, the CgmimPFg4 added in the coating in this
work could achieve a similar effect on anticorrosion. Ding
et al. [9] used modified lignin dispersed graphene in waterborne
epoxy for anticorrosion and the final R, with or without
graphene were 170.0 kQ-cm? and 17.8 kQ-cm?, respectively.
This suggests that the waterborne epoxy coating doped with
graphene offered much better anticorrosion performance than
CgmimPF¢ encapsulated PMMA-co-PBA latex. The weaker
performance of our samples might be caused by the low
cross-linking extent of the PMMA-co-PBA coating [35].
Further improvement is possible if more suitable waterborne
acrylic coating and ILs were selected. At least, this research
opens up a new direction for ILs in waterborne acrylic coating
for anticorrosion.

The R,, value could also be used to calculate corrosion inhi-
bition efficiency /ER as follows [36]:.

«(coated) — R, (uncoated)
R/ (coated)

1E% =& X 100% ()
where R, (coated) and R, (uncoated) are the charge transfer
resistance of the coated and uncoated samples after 96 h
immersion. According to the results shown in Table 1, the inhi-
bition efficiency improves from 41% to 89% with increasing
the CgmimPFg4 concentration from 0 wt% to 30 wt%. The
improvement is significant, while it may be not as satisfactory
as similar anticorrosion coatings in other literature. For
instance, Dagdag, et al. [37] studied a polymer based epoxy
anticorrosion coating cured with methylene dianiline
(TGEDA-MDA) in 3 wt% NacCl solution and stated that
the protection efficiency reached 93%. Compared with
TGEDA-MDA, the anticorrosion performance of CgmimPFy
encapsulated in PMMA-co-PBA was relatively weaker. Possi-
bly the thickness of TGEDA-MDA coating was 170 um, which
was much thicker than the 40 pm PMMA-co-PBA coating.
In addition to the impedance, the aforementioned trend of
C. and CPE, can be indicative of the permeation of corrosive
ions and oxygen to mild steel surface through the pores of the
coating layer, which is also called as electrolyte uptake [38]. In
this experiment, the main composition of the electrolyte was
water. Thus, electrolyte uptake, in other words, can be repre-
sented as water absorption. Due to the residue of surfactants
in the coating, this PMMA-co-PBA composite tends to absorb
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water. In the immersion test, water dissolved corrosive ions
were absorbed into the coating, which changed the charge dis-
tribution on the coating surface. Moreover, the introduction of
water changed the dielectric constant of the original coating.
For instance, the dielectric constants of polymers are usually
about 3-8 [39], while the value for water equals to 78.3 at
25 °C [40]. According to the definition equation of capacitance
of a capacitor, the capacitance is positively related to the
dielectric constant. Therefore, higher electrolyte-uptake ratio
is represented as higher coating capacitance and double layer
capacitance in equivalent circuit [41]. In summary, the incre-
ment of coating capacitance normally results from the charge
redistribution or dielectric phenomena in the coating [29]. As
shown in Fig. 4b and d, the C. and C, values exhibited an
increasing trend for all samples based on immersion time with
and without CgmimPF¢, which suggested an increase of corro-
sive ions passing through the coating.

The electrolyte uptake can be further quantified using the
volume fraction of absorbed electrolyte ¢ based on the Brasher
and Kingsbury equation [42],

G
% = M x 100% (2)

loge,,

where Cj and C, are the coating capacitance at initial stage and
time ¢, respectively. ¢, is the dielectric constant of electrolyte.
In this work, water was chosen to prepare the electrolyte, of
which, ¢, should be close to 78.3 at 25 °C [40]. The calculated
volume fraction of water uptake for each sample at different
immersion times is shown in Table 2. Up to 72 h immersion,
the 30 wt% CgmimPF4 sample exhibited the lowest volume
fraction of electrolyte uptake compared with other samples,

which manifested the optimal anticorrosion performance at
this concentration. However, the water uptake of the 30 wt
% CgmimPF¢ sample sharply increased as immersion time
increased from 72 h to 96 h and the value was even higher than
that of 20 wt% CgmimPF¢ samples. This is a sign of coating
degradation, which would be further discussed in the mecha-
nism section. Therefore, 30 wt% sample might not be suitable
for long term exposure in a salty environment.

In summary, the outcome of EIS is consistent with the
results of OCP. Meanwhile, the EIS evaluation of anticorro-
sion performance mentioned above is based on the comparison
of charge transfer or diffusion response of the Nyquist plot. To
have better understanding on corrosion inhibition mechanism
with different evaluation parameters, for instance, corrosion
inhibition efficiency based on corrosion current density, sup-
plementary method like Tafel polarization is required.

3.1.3. Inhibition efficiency evaluation based on the Tafel plot

Tafel plots are unique polarization curves that can provide
corrosion-related information between the corrosion current
density and corrosion potential. The polarization curves of
bare mild steel and coated electrodes immersed in the 3.5 wt
% NaCl solution for up to 96 h at room temperature are
shown in Fig. 5. It was found that the peaks of all polarization
curves shifted to more positive potentials with the increase of
CgmimPF¢ concentration, which is a strong evidence for
enhanced anticorrosion effect of the added CgmimPF4. In
Tafel plots, current density and electrode potential are two
essential parameters. After data fitting, the corrosion current
density (i.,-) and corrosion potential (E,,,) were obtained
from Tafel extrapolation and listed in Table 3. In this table,
anodic and cathodic Tafel slopes b, and b, are also listed.

Corrosion inhibition efficiency based on corrosion current
density, /E;, is calculated according to Eq. (3) below,

IE% = """ % 100% (3)

Io

where iy and i are the corrosion current densities of the bare
mild steel and coated electrodes, respectively. Table 3 eluci-
dates a trend of greater corrosion inhibition efficiencies at
higher CgmimPF4 concentrations. The highest /E; value in
Table 3 is 87% at 30 wt% CgmimPF¢. However, the /E; value
ceases to increase when the CgmimPF¢ concentration is above
20 wt% at 86% inhibition efficiency. The inhibition efficiency
of the 30 wt% sample was supposed to be higher. One possible
explanation is that the less content of PMMA-co-PBA when
the concentration of CgmimPFy increased in the oil phase.
The further enhancement of CgmimPFg on corrosion was
traded off by the content reduction of PMMA-co-PBA, which
was the main protection material in the coating.

In addition to inhibition efficiency, corrosion rate (Ve
mm per year) can be also calculated from the corrosion current
density via Eq. (4) [43],

P

DV
where i, is the corrosion current density (A/cm?), M is the
atomic or average atomic weight of the metal subjected to cor-
rosion (g:mol™', M = 56 for mild steel), V is the valence
(V = 2 for the oxidation of steel), 3270 (mm-g-A~'-cm™'-year™")
is a constant for unit conversion [44], and D is the density
of the corroding metal (g-em >, D = 7.85 for mild steel).

x 3270 4)
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Fig. 4 The evolution of coating resistance (a), coating capacitance (b), charge transfer resistance (c) and double layer capacitance (d) of

different coatings immersed in 3.5 wt% NaCl solution up to 96 h.

Table 1 Charge transfer resistance and inhibition efficiency of
each samples containing different concentration of CgmimPFg
after 96 h immersion test.

Sample Charge transfer Inhibition
resistance (Q-cm?) efficiency

Bare 880

0 wt% CgmimPFg 1489 41%

1 wt% CgmimPFg 1752 50%

5 wt% CgmimPFg 2065 57%

10 wt% CsmimPFg 3042 1%

20 wt% CgmimPFg 4912 82%

30 wt% CgmimPFg 8171 89%

The corrosion rate V., is proportional to the corrosion cur-
rent density. Higher V,,,, value means worse corrosion inhibi-
tion performance. The calculated V., for samples with
various concentrations of CgmimPF, are shown in Table 3.
It can be found that the corrosion rate decreased from

1.5 x 107" mm per year for the bare sample to
5.5 x 107> mm per year at 0 wt% CsmimPFg, which was
64% reduction. Then the value decreased by 86% to
2.1 x 1072 mm per year at 30 wt% CsmimPFg, despite that
the V,,,, value already decreased to 2.2 x 1072 mm per year
when the CgmimPF¢ concentration was 20 wt% and almost
no further improvement by further increasing CgmimPFg con-
centration from 20 wt% to 30 wt%. This is consistent with the
conclusion of inhibition efficiency form Tafel plots. Further in-
depth discussion on mechanism of CgmimPFg on the corrosion
rate will be given in Session 3.2.

3.1.4. Surface morphology of coating layer

After the immersion test as described in 2.4.2, the morphology
of each coated mild steel specimen was observed using SEM as
shown in Fig. 6. The surface of bare mild steel was observed
with the severest corrosion where the rusted area almost cov-
ered the whole surface of the mild steel sample. For the steel
sample with the coating without CgmimPFg¢, the number of
rusts clearly decreased. The notable cracks and pinholes on
the surface could be attributed to the defects and micropores
formed during the film formation of PMMA-co-PBA that
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Table 2 Water uptake of each samples containing different concentration of CgmimPF4 immersed up to 96 h.
Electrolyte uptake (%)

Samples\time 0h 24 h 48 h 72 h 96 h
0 wt% CgmimPF¢ 0.0 15.0 17.5 22.8 26.4
1 wt% CgmimPF¢ 0.0 15.7 17.4 21.2 24.4
5 wt% CgmimPFyg 0.0 15.6 17.5 21.5 23.2
10 wt% CgmimPFg 0.0 14.2 16.7 18.9 20.8
20 wt% CgmimPFg 0.0 12.8 14.1 16.2 19.9
30 wt% CgmimPF¢ 0.0 5.7 10.0 12.6 21.6

«—
£
3}
< 10%
2
2 10%
3 Bare
€ 107 O0wt% CgmimPFg
g 1Wt% CymimPFg
a3 o 5Wt% C,mimPF
10wt% CgmimPFg
10 — e 20Wt% C mimPF
————— 30wt% C,mimPF,
1010 T T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

Potential Vs Ag/Ag Cl (V)

Fig. 5 Tafel polarization plot for bare mild steel and coated
electrode immersed in 3.5 wt% NaCl solution up to 96 h.

could be easily penetrated by corrosive ions in the immersion
test. Introducing a small amount of CgmimPFg, e.g., 1 wt%
CgmimPFg, cracks were replaced by pits, while severe corro-
sions were still observed. When the concentration of Cg-
mimPF¢ rose to 5 wt%, pit corrosion diminished, while
flakes that accumulated on the surface still manifested the
degradation of coating film. In contrast, it could be seen that
the number of defects reduced significantly with increasing
the CgmimPF¢ concentration to 10 wt%. However, there were
a few pinholes remaining on the surface. The improvement on
anticorrosion in the presence of higher concentrations of Cg-
mimPF¢ might be ascribed to the barrier effect of CgmimPFy
towards the coating film, while there is another possibility that
CgmimPF¢ could behave like a plasticizer forming a film with
less defects [45]. The surface morphologies of samples with
20 wt% and 30 wt% CgmimPFg are similar in Fig. 6. This is

consistent with the results of R; evaluation that no difference
on corrosion effect between the 20 wt% and 30 wt% Cg-
mimPF¢ samples, though the latter showed a relatively more
smooth film.

3.2. Mechanism of CsmimPFgs as corrosion inhibitors

3.2.1. Characterization of CsmimPFg in PMMA-co-PBA

Latex samples containing different concentrations of Cg-
mimPFs were synthesized via miniemulsion polymerization
as described in 2.2 and 2.3. The status of CgmimPF¢ in the
polymer was investigated using FTIR spectroscopy. Results
are shown in Fig. 7. It has been found that for pure Csg-
mimPFg, several characteristic peaks of Cgmim ' were found.
For instance, the peak at 3173 cm™' represents the n(C-H)
stretching vibration of the aromatic ring, 1574 cm ™' indicates
the imidazolium H—C-C bending, 1469 cm~! manifests the
imidazolium H-C—N bending and 1168 cm ™' refers to the imi-
dazolium C2-N1-C5 bending. For PFg, the peaks at 837 and
558 cm™ ! represent the P-F stretching and bending vibrations,
respectively. As for peaks at 2958, 2930 and 2859 cm™!, they
can be assigned to the asymmetric C—H stretching vibration
of the CH3 group, C—H stretching vibration of the alkyl group
and symmetric C—H stretching vibration of the CH, group
[46-48]. Moreover, for the FTIR spectrum of pure PMMA-
co-PBA, it could be found that the characteristic band at
2997 em™! representing the C—H bond stretching vibrations
of the =CHj and 2952 cm™! representing the same stretching
for -CH,— groups. In addition, the peak at 1444 cm ™" indicates
the bending vibration of the C—H bonds [49]. Peaks at 1732,
1250 and 1150 cm™! can be ascribed to the C—O—C stretching
vibration and the presence of carboxyl group in PMMA and
PBA [49.50].

Characteristic peaks of CgmimPFg at 3173, 1574, 1168,
837 cm~ ! and 558 cm ™! appeared in all samples containing Cg-

Table 3 Tafel parameters of bare mild steel and coated electrodes immersed in the 3.5 wt% NaCl solution for up to 96 h.

E..pr (mV) iorr (HA-cm—2) ba (mV-dec™!) be (mV-dec™) Inhibition efficiency Veorr (mm per year)
Bare —667 13.2 127 —335 0.154
0 wt% CgmimPFg —638 4.7 80 —176 64% 0.055
1 wt% CgmimPF¢ —642 4.2 81 —213 68% 0.049
5 wt% CgmimPFg —586 3.5 56 —108 73% 0.041
10 wt% CgmimPF¢ —575 3.0 48 —103 78% 0.035
20 wt% CgmimPF¢ —532 1.9 47 —118 86% 0.022
30 wt% CgmimPF¢ —474 1.8 52 —63 87% 0.021
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Fig. 6 SEM image angle as a function of IL (CgmimPF¢) concentration after 96 h immersion in 3.5 wt% NaCl solution.

mimPFg e.g 10, 20 and 30 wt%, which confirms the existence For free radical polymerization, the double bonds like car-
of CgmimPFg in the PMMA-co-PBA matrix. However, no new bon-carbon double bond in vinyl monomers and the car-
peaks were observed in comparison with those spectra of pure bon—oxygen double bond in aldehydes and ketones are

PMMA-co-PBA and pure CgmimPFg. This is not surprising. essential to radical initiators [51]. However, for CgmimPFg,
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Fig. 7 FTIR spectra for particles containing different CgmimPF4 concentrations.

there is no carbon—carbon or carbon—oxygen double bond to
break for further polymerization. Hence, the CgmimPFj
should not participate in polymerization. Because of the
hydrophobicity of the CgmimPFy, it should remain in the oil
phase rather than dispersed in the water phase. For miniemul-
sion polymerization, a hydrophobic material encapsulated in
polymer may form two structures: the core—shell morphology
and homogenous particle [52]. Hu et al. [4] investigated the
morphology of PMMA particles containing different amounts
of CgmimPF, via TEM and stated that no phase separation
was observed. This further indicates that CgmimPF, and
PMMA were mixed in a homogenous state. Thus, it can be
postulated that CgmimPF4 might have permeated into the
voids of the PMMA-PBA copolymer (see Fig. 8.).

3.2.2. Adsorption isotherm of CsmimPFg

As mentioned above, the protection effect of CgmimPF4 was
achieved through the adsorption of ILs. For the composites
coating in immersion test, the CgmimPF4 was encapsulated
in PMMA-co-PBA at first. With the prolonging of immersion
time, coating surface degraded and CgmimPF¢ was exposed to
the corrosive medium. After that, isolated CgmimPFg was
released and adsorbed on the mild steel surface. To understand
the possible mechanism of interaction between CgmimPF¢ and
mild steel surface, adsorption isotherm was applied. Here, it is
assumed that the adsorption of CgmimPF4 obeys Langmuir
adsorption isotherm, which was proven to be the optimal
adsorption isotherm for corrosion inhibitors [53]. The equa-
tion is given as follows.

Cinh _ 1

0 m + Cinh (5)

where C,,;, is the inhibitor concentration and 0 is the surface
coverage fraction. Because the mild steel surface was coated
with latex, the concentration of inhibitor can be approximately
treated as the concentration of CgmimPFg in the coating. The
inhibition efficiency calculated from charge transfer resistance
of EIS plot was used to estimate the surface coverage. In a cor-
rosive environment, the inhibition effect of CgmimPF, was
achieved by its adsorption on the mild steel surface and block-
ing of reaction sites. Thus, 6 can be represented as the differ-
ence in inhibition efficiency between samples with and

without CgmimPFg. K, denotes the equilibrium constant of
the whole adsorption process. With the plot of C")”” versusCy,
the K4 can be obtained. With K, the standard free energy
(AG®,) of inhibitor adsorption on mild steel surface can be

calculated.

AG® 4y = —RT(55.5K 4;) (6)

where 55.5 is the value of the molar concentration of pure
water, R and T represent respectively the universal gas con-
stant (8.314 J (mol'K)™!) and the temperature in Kelvin.
AG,; of CsmimPFg in this experiment was —19.0 kJ mol ™.
Empirically, for AG®,; less negative than —20 kJ mol™!, the
adsorption is physical adsorption, for AG’,, negative than
—40 kJ mol ™!, the adsorption is chemical adsorption [22,54].
Therefore, it can be concluded that CgmimPF in this research
adsorbed on mild steel surface through physical adsorption.

3.2.3. Effect of CsmimPF4 on hydrophobicity of the coated steel
surface

The anticorrosion effect of the added CgmimPFg in the latex
coating also benefits from the presence of CgmimPFg4 enhanc-
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Fig. 8 Langmuir adsorption plots for CgmimPF.

ing the hydrophobicity of the coating due to the hydrophobic
nature of PFg. The hydrophobicity of PF¢ was studied by Qiu
et al. [55] who demonstrated that water contact angle of poly
(ionic liquid)-grafted silica hybrid materials rose from 84° to
131° when changing the IL anion from Br~ to PFg.

To further validate such hydrophobicity enhancement
effect due to the presence of PFg, the contact angle measure-
ment between water droplets and the coating surface in this
work is carried out. In Fig. 9, the highest contact angle was
found at 82.2° for the 30 wt% CgmimPF4 sample and
decreased with reducing the CgmimPFg concentration to
58.5° for the CgmimPFg free sample. This trend of contact
angle variation is consistent with the literature reported. As
a result, the resistance for water penetration into the coating
film may be reduced. Hence, the ions transfer would be hin-
dered. This could be proven by further evaluation of ions
transfer rate given in next session.

3.2.4. Effect of CsmimPFg on diffusion of corrosive ions through
the coating

As mentioned above, the physical adsorption of CgmimPFy
and increased hydrophobicity due to the increased concentra-
tion of CgmimPF¢ may hinder the corrosive ions transfer from
the bulk solution to the substrate. This is a mass transfer lim-
iting step in which it is mainly diffusion. Based on the simpli-
fied Fick’s law of diffusion [9,56], the diffusion coefficient D of
corrosive ions can be calculated as.

lgC.—1gC 2 D
lgCy —1gCy L Tc\/E 0

where Cy, C.and C,, are the coating capacitances at the initial
immersion time 7, current time ¢, and the time when the coat-
ing reaches the saturated water absorption state ... L is the
coating thickness. D is the diffusion coefficient. The results
are plotted in Fig. 10. The diffusion coefficient was reduced
sharply as the concentration of CgmimPF¢ increased from
0 wt% to 10 wt%. Such reduction became relatively small as
the CgmimPFg¢ concentration further increased from 10 wt%

180
1 Owt% C;mimPF
160 - 1wt% C,mimPF,
E= 5Wt% C;mimPF
10wt% CgmimPFg
B 20wt% CymimPFg
EEE 30wt% CymimPFg

140 A

120 A

100 A

80 4

60 -

40

Water contact angle (degree)

20 A

Fig. 9 Variation of contact angle between water and coated mild
steel surface as a function of IL (CgmimPF) concentration.

to 30 wt%. Such results are consistent with those found in
the EIS test (Table 1) that the anticorrosion effect of
CgmimPF¢ in the PMMA/PBA copolymer latex could be
mainly attributed to the barrier effect which hindered the
diffusivity of corrosive ions and oxygen in the 3.5 wt% NaCl
solution, especially when the CgmimPF¢ concentration was
lower than 20 wt%. However, the barrier effect in the presence
of CgmimPF¢ may be hindered by other factors when the
concentration was higher than 10 wt%. Further, that measure-
ment of diffusion cannot truly reflect the overall results as
observed in the Tafel plots (Table 3). More work is required.

3.2.5. The role of CsmimPFg in the waterborne PM M A-co-PBA
anticorrosion coating

According to the aforementioned discussion, CgmimPF¢ may
exist in the void of PMMA-co-PBA freely without attending
chemical reaction. When the coating film without CgmimPFy
was immersed in the salty environment, corrosive ions could
pass through the pinholes and defects of the coating film and
reach the surface of mild steel to induce corrosion [57].
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Fig. 10  Variation in diffusion coefficient of the coating layer as a
function of CgmimPF¢ concentration.

If CgmimPF¢ was introduced, the transfer of corrosive ions
would be hindered due to the presence of PF4, which could
enhance hydrophobicity of coating as shown in Fig. 9. More-
over, after a long-term exposure to the salty environment, the
water adsorption of waterborne acrylic coating film reached
saturation and degradation of the coating film started [39].
Further corrosion caused the release of encapsulated Cg-
mimPF¢. The proposed schematic representation of corrosion
inhibition mechanism is shown in Fig. 11. At the initial stage,
the adsorption of C1™ on the mild steel surface dominated the
adsorption process due to the abundant NaCl in the solution.
The surface became negatively charged and the Cgmim "
cation replaced Na ™ adsorbed on the surface due to its larger
steric hindrance [21-24]. The adsorption of CgmimPFg fol-
lowed the Langmuir adsorption isotherm. Since it was physical
adsorption, no electrons would be transferred between Cg-
mimPF¢ and other substance. Thus, it can be concluded that
Cgmim " was adsorbed to the cathodic sites on the surface
through electrostatic force. The Cgmim™ cation blocked the
corrosion sites so that it could retard the mass transfer of cor-
rosive ions from the bulk solution to the mild steel surface.

Cathodic Sites

Fe Fe

Negatively charged surface Ci

NN
\://\/\

@ Cl

NE/N /\/\

\N/\\l%
\—/ =

Corrosion inhibition mechanism of CgmimPFg

\N/bf%
\—7 a0

Fig. 11

This function can be described as a barrier effect. In formula,
it can be represented as.

Fe + Cgl'ninl+ « Fe(c8mim+)ads

In summary, CsmimPFg played a dual role in the anticorro-
sion process, where PFg improved hydrophobicity of the coat-
ing and Csmim ™ played a barrier effect in the coating film in
the salty environment via physical adsorption.

4. Conclusion

A new waterborne acrylic formulation containing the ionic lig-
uid CgmimPF4 was developed for anticorrosion. The electro-
chemical technique OCP, EIS, Tafel results confirmed that
increasing the CgmimPFg concentration from 0 to 30 wt%
could significantly improve the anticorrosion inhibition effi-
ciency, i.e., from 41 % to 89 % based on the charge transfer
resistance, and from 64% to 87% based on the corrosion cur-
rent density. A comparison between the SEM images of
PMMA-co-PBA composite coatings with different concentra-
tions of CgmimPFjy also revealed that the introduction of Cg-
mimPFg into the coating could reduce the defects in the final
coating. The role of CgmimPF¢ in the anticorrosion effect
was further studied and the FTIR spectra of latex samples
were analyzed. No new species emerged after miniemuslion
polymerization, which suggested that no chemical reaction
occurred between CgmimPFg and the polymer matrix.

The anticorrosion effect was mainly ascribed to the physical
adsorption of cation of CgmimPF4 that blocked the reaction
sites on the surface of mild steel. When the PMMA-co-PBA
coating film was damaged and CgmimPF, was released, the
adsorption of the cation of CgmimPFy followed the Langmuir
adsorption isotherm. Another explanation is that the increased
hydrophobicity resulted from the hydrophobic anion of Cg-
mimPF¢ This was confirmed by the result from measurement
of the contact angle between water and coated samples for the
latex with various concentrations of CgmimPF, The contact
angle did increase from 58.5° to 82.2° as the concentration
of CgmimPF increased from 0 wt% to 30 wt%. Thus, the anti-
corrosion effect in the presence of CgmimPFg could be attrib-
uted to the reduction of wettability of water to the coating
surface. Such an effect may be a trade-off by lowering the
PMMA-co-PBA content in the latex coating with excessive Cg-
mimPF¢ Our calculated diffusivity data obtained via simpli-
fied Fick’s law of diffusion indicates the reduction of
diffusion coefficient from 3.6 x 107" em? s™' to 4.5 x 107>
em? s™! with increasing the concentration of CgmimPFg from
0 wt% to 30 wt%, which manifests the enhancement of the
barrier effect.

Although the improvement of anticorrosion performance
of the CsmimPF¢ containing latex coatings may be not satis-
factory compared to other typical oil type anticorrosion coat-
ings, this study enlightens a way to the development of more
useful functional groups for corrosion inhibition, which can
be either applied in an ionic liquid or encapsulated in a water-
borne acrylic coating.

5. Future prospective

This research has proven the anticorrosion effect of CsmimPFg
encapsulated in PMMA-co-PBA. However, the anticorrosion
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improvement is far from being optimal, where the highest inhi-
bition efficiency is 89%. To further improve the inhibition per-
formance of coating, further fine tuning the formulation
including the using different type of ionic liquid. For Cs-
mimPFg, cation is the main effective part in corrosion inhibi-
tion. As for the anion, PFg promoted its hydrophobicity but
does not play a role in adsorption. Therefore, if the anions
attend the inhibition, cations and anions can achieve synthetic
effect so that anticorrosion performance can be further
enhanced.
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