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HIGHLIGHTS

Environmentally friendly Anticorrosive
pigments (CeO, loaded with Gum Ara-
bic) were added in coating for corrosion
protection of steel.

The anti-corrosive pigments were char-
acterized by different techniques and
confirmed the loading of Gum Arabic
into CeO,.

Improved anti-corrosion properties of
coated samples were evidenced by Elec-
trochemical Impedance Spectroscopy
(EIS) techniques.

The Corrosion inhibition mechanism
suggests that Gum Arabic delays coating
degradation and adsorbs on steel sub-
strate to form a protective layer.
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ABSTRACT

The depreciation of assets and safety threats because of corrosion has forced to develop eco-friendly and smarter
corrosion protection strategies. In this study, natural Gum Arabic (GA) was used as a corrosion inhibitor and
loaded into cerium oxide nanoparticles (CONPs) to develop an environment-friendly additive for corrosion pro-
tection of coated steel in the marine environment. This additive was uniformly dispersed into an epoxy formula-
tion that was used to protect steel plates. Epoxy coatings containing CONPs, without GA, were also prepared as
reference. High-Resolution Transmission Electron Microscopy (HR-TEM) and Fourier Transform infrared spec-
troscopy (FTIR) revealed the successful loading of GA into the CONPs. Thermogravimetric analysis (TGA) and
Brunauer-Emmett-Teller (BET) techniques confirmed approximately ~30.0 wt% loading of GA into the CONPs.
Electrochemical impedance spectroscopy (EIS) demonstrated the anticorrosion properties of the epoxy coatings
modified with the GA loaded CONPs when compared to reference coatings. The corrosion protection mechanism
postulates that GA loaded CONPs act as a filler material for epoxy coating and it can also aid the recovery of the

protective properties of the epoxy coating leading to the formation of a stable protective layer.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

* Corresponding author.

E-mail address: shakoor@qu.edu.qa (R.A. Shakoor).

https://doi.org/10.1016/j.matdes.2020.109361

1. Introduction

Corrosion induced degradation of steel structures is one of the
most critical issues for a wide range of industries because it leads
to severe depreciation of investment and loss in production [1].

0264-1275/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Many types of coatings have been reported in the literature to pre-
vent corrosion of steel components; polymeric coatings have been
the most widely used due to their good barrier properties [2-4]. In
what concerns polymeric coatings, corrosion protection is due to
the coating barrier effect and inhibition of corroding sites [5,6].
The first requires application of thick and impermeable coatings
that prevent the contact of the steel material with the corrosive en-
vironment [7]; the second involves dispersion of anti-corrosion pig-
ments that inhibit corrosion when the protective barrier effect is
lost [8-10]. However, this process is not so simple, since the direct
contact of some corrosion inhibitors with the protective matrix
may cause unwanted reactions that affect the coating barrier prop-
erties negatively. For this reason, the corrosion inhibitors can be
loaded into nano/microcarriers with good compatibility with the
coating, particularly inorganic ones that may also serve as fillers,
enhancing the coating barrier properties. To explore better this pro-
cess it is important to use carriers that sense specific stimuli and
that release the inhibitor when necessary, leading to a smarter cor-
rosion inhibition effect while providing reliable long term corrosion
protection [11,12].

In the past, chromate-containing pigments have been widely
used as corrosion inhibitors due to their high efficiency and good
compatibility with coatings; furthermore, these pigments have
been considered the most suitable to impart self-healing ability in
coatings. However, the toxicity of chromate-containing pigments
has restricted its use, and nowadays it is critical to find alternatives
that are more environmentally friendly [13]. In this quest, the inter-
est in renewable and biodegradable corrosion inhibitors has been
raised considerably [14,15].

Cerium oxide (Ce0O,) has gained significant interest as an addi-
tive for polymeric coatings due to some important characteristics
such as chemical stability, different morphologies, and structural
features and reduced toxicity [16,17]. Although very stable, partic-
ularly in alkaline environments, ceria is however able to release ce-
rium ions in acidic conditions as the ones created when anodic
dissolution of steel takes place [18]. These cerium ions can then
react with hydroxyl anions forming protective hydroxides that
have been widely reported as cathodic corrosion inhibitors. There-
fore, ceria particles can also have an important role in inhibiting
corrosion [19]. Moreover, dispersion of CeO, nanoparticles in vari-
ous paints has led to enhanced corrosion protection due to the for-
mation of an ultrafine network [20] with decreased porosity, and
CeO, can also serve as carrier for the loading of corrosion inhibitors
due to its chemical (and sometimes porous) nature [21].

Naturally occurring inhibitors have emerged as an eco-friendly
option and widely considered for protection of different metals and
alloys [22,23]. Amongst these, Gum Arabic - GA, which has been
used in biological applications because of its good biodegradability
and renewable origin has attracted some attention [24]. Gum Arabic
serves as film building agent and forms stable protective layers onto
metallic substrates either by a reaction with the metal or by the in-
teraction of their surface charges with the dipole charges on the me-
tallic surface [25]. GA has been reported as a green corrosion
inhibitor for mild steel in acidic media [26-28], but its loading into
carriers to develop smarter anti-corrosion additives for polymeric
coating used for corrosion protection of steel in the marine environ-
ments has never been reported at author’s best knowledge. Thus, this
study aims at studying a new anti-corrosion pigment composed of
cerium oxide nanoparticles (CONPs) serving as carriers for Gum Ara-
bic (GA) acting as an eco-friendly corrosion inhibitor. The CONPs
loaded with GA were uniformly dispersed into an epoxy formulation
that was used to coat steel plates. The results demonstrated that the
presence of CONPs loaded with GA improved the corrosion resistance
of epoxy coated steel coupons. A plausible mechanism to explain
such behavior is also discussed.
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2. Experimental
2.1. Materials

Cerium oxide nanoparticles (CONPs), sodium hydroxide, and etha-
nol were purchased from Sigma Aldrich while Gum Arabic (GA) was
purchased from Alfa Aesar. Epoxy resin (EPON RESIN 815C) and the cur-
ing agent (EPIKURE) was obtained from Hexion chemicals. Plain carbon
steel plates (30x30x1 mm?) having composition (Fe = 99.18%, C =
0.21%, Cu = 0.20%, Mn = 0.30%, P = 0.04%, S = 0.04%) were provided
by a local supplier. The steel coupons were cleaned with silicon carbide
emery papers (SiC) from 120 to 800 grit purchased from a local source.

2.2. Loading of CeO, with Gum Arabic

Dried CONPs in a concentration of 3.0 wt% (relative to the weight of
the solution) were soaked into a 10.0 g/L GA water solution and soni-
cated for 30.0 min. After that, the suspension was dried at 70 °C in the
oven for 24 h to remove the excess solvent and the dried CONPs loaded
with GA were then placed in the tightly loaded closed container to avoid
any contamination. The schematic diagram of the experimental proce-
dure is shown in Fig. 1.

2.3. Preparation of the polymeric coatings on steel substrates

1 wt% of CONPs loaded with GA were 1st thoroughly mixed in the
harder, which has less viscosity as compared to epoxy, and thus a
homogeneous distribution of nanoparticles was achieved without any
agglomeration. After that, it was added into epoxy, followed by
ultrasonication for 10 min. The ultrasonication treatment resulted in
the proper dispersion of nanoparticles in the epoxy matrix. The stoichio-
metric ratio of epoxy and hardener was kept (100:25) at room temper-
ature. The epoxy mixture was then coated onto polished steel substrates
by a doctor blade to get a uniform thickness of ~150 4 5 um. The coated
panels were kept for curing at room temperature for 48 h. A set of refer-
ence coatings was also prepared by modifying the epoxy monomer with
CONPs without GA.

2.4. Characterization of particles and coated samples

The structural and phase purity of CONPs without and with GA were
studied by X-ray diffraction (XRD) using a PAN analytical X'pert Pro Cu
(Kat), with a scanning rate of 2°/min and scanning angle ranging be-
tween 10° <26 < 90°.

The morphological features of the CONPs loaded with GA and modi-
fied coatings were studied with a field emission scanning electron micros-
copy (FE-SEM-Nova Nano-450, Netherland) and High-Resolution
Transmission electron microscope HR-TEM TALOS F200X (FEI, New
York, NY, USA). Elemental mapping was performed by EDS coupled to
the SEM apparatus. FTIR analysis was performed to investigate the change
in bonding and the interaction of the loaded CONPs with GA. The spectra
were recorded in the range of 4000-500 cm ™! in the transmission mode
using the FTIR Frontier (PerkinElmer, Frontier, USA). Thermal stability of
coatings and CONPs loaded with GA was studied from room temperature
up to 600 °C, employing a heating rate of 10 °C/min. TGA and DTA profiles
were obtained by the synchronization analyzer (PerkinElmer, TGA 4000,
USA). The coating thickness gauge meter (PosiTector 6000) from
DeFelsko (Made in USA) was used to measure the thickness of coating
samples. The specific surface area and pore volume of CONPs were stud-
ied using Brunauer-Emmett-Teller (BET) technique through equipment
AimSizer (AS-3012). The charge of CONPs before and after loading of
GA was determined through a zeta potential measuring equipment
(Malvern, Zeta sizer, Nano ZSP, USA).

Electrochemical impedance measurements were performed to
evaluate the corrosion resistance of coated samples for 15 days of
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Fig. 1. Schematic diagram of loading of inhibitor and epoxy coating.

immersion in 3.5 wt% NaCl solution at room temperature in the fre-
quency range of 100 kHz to 10 mHz. The Gamry 3000 (30K BOOSTER
potentiostat/galvanostate/ZRA, USA) equipment was used for EIS analy-
sis. The EIS measurements were conducted at scan frequency rate of 10
points per decade with an open circuit potential (OCP) for 1 h and the
rms signal was varied between 2 and 10 mV.

d.c. potentiodynamic polarization experiments were carried out to
investigate the corrosion activity of steel substrates in the presence
and absence of GA. Experiments were carried out in 0.1 M NaCl solution
after addition of GA in the concentration of 1.00 g/L The polarization
measurements were performed in the potential range of —800 to
1100 mV/SCE at scan rates of 1 mV/s. Corrosion current density (Icorr)
and corrosion potential (Ec,) were derived from the linear Tafel seg-
ment of anodic and cathodic curves.

All electrochemical experiments were carried out in a three-
electrode electrochemical cell consisting of graphite as counter elec-
trode, silver/silver chloride as reference and the coated steel sample as
working electrode. Experiments were made at least in duplicated
samples.

3. Results and discussion
3.1. Physico-chemical characterization

3.1.1. Morphology and structural analysis

The XRD pattern of pristine CONPs as shown in Fig. 2(a) revealed the
crystalline nature of the particles and the characteristic peaks observed
at 28.53°, 33.09°, 47.5°, 56.26° could be assigned, respectively, to the
111, 200, 220, 311 crystal planes [17] in accordance with JCPDS No:
34-0394 of CeO, crystal. The XRD pattern for CONPs loaded with GA
remained similar to the CONPs without GA and the absence of any addi-
tional peak(s) revealing that the presence of GA did not induce relevant
structural changes in the CONPs.
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Fourier transform infrared microscopy (FTIR) analysis was carried
out to confirm the chemical composition of CONPs before and after
loading with GA (Fig. 2(b)). The characteristic stretching vibrations
of Ce0, (0—Ce—0) could be observed at 557 cm™! [17]. The broad-
band at 3400-3300 cm ™! evidenced the stretching vibration of O—H,
and the band at 2917 cm ™! could be assigned to the stretching vibration
of C—H due to the presence of sugars, arabinose, and galactose [29]. The
absorption band of very low intensity at 2310 cm ™' has been usually
assigned to CO, vibration. The bands at 1608 cm™! and 1413 cm!
could be assigned to the asymmetric and symmetric stretching
of COO™ [30]. The 1413 cm™! band corresponds to C—N stretching
vibration, which confirms the loading of GA into CONPs. The bands in
the range of 1200-900 cm ™! represented the fingerprints of carbohy-
drates. A distinct band at 1030 cm™!, was assigned to the alkene C—H
bend from polysaccharides [22]. The band at 900-500 cm ™' was due
to CCO and COC. Comparison of the characteristic peaks observed in
the CONPs, GA, and CONPs loaded with GA confirmed the loading of
GA into CONPs. Table 1 shows the characteristic band for CONPs loaded
with GA at different wavenumbers.

The morphology of CONPs and CONPs loaded with GA was investi-
gated with a high resolution transmission electron microscope (HR-
TEM). The images depicted in Fig. 3(a, b) indicate that the average size
of pristine CONPs is typically below 20 nm and that they possess cubic

Table 1
Characteristic bands.
Sr. No Band at wavenumber (cm™!) Nature Ref.
1 3400-3300 Stretching vibration of O—H [31]
2 2917 Stretching vibration of C—H [32]
3 1413 Stretching vibration C—N [33]
4 1200-900 Fingerprints of Carbohydrates [34]
110 T T T T
(b)
100 -
90 2917 7 4
rd
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70
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Fig. 2. (a) XRD patterns of pristine CONPs and CONPs loaded with GA and (b) FTIR analysis of CONPs, GA, and CONPs loaded with GA.
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Fig. 3. HR-TEM images: (a) pristine CONPs (b) CONPs loaded with GA.

structure and some porosity. The darker areas in Fig. 3(b) can be attrib-
uted to the loading of CONPs with GA. Furthermore, no relevant
agglomerations could be noticed.

3.1.2. Thermal gravitational analysis (TGA)

Thermal gravimetric analysis (TGA and DTA) of CONPs and CONPs
loaded with GA is shown in Fig. 4(a, b). The thermal analysis allowed
to assess the thermal stability and loading capacity of CONPs with GA.
The pristine CONPs show no significant weight loss and remained stable
at all stages, confirming excellent thermal stability owing to its high
melting point is ~3500 °C. However, in the case of CONPs loaded with
GA, the initial weight loss observed till 120 °C was due to the removal
of moisture in the 1st stage (room temperature to 200 °C) [35]. During
the 2nd stage (200-400 °C), as the temperature increased from
200 °C, a significant weight loss occurred due to decomposition of GA,
probably the polysaccharides [30], since GA contains carboxylate and
carboxylic acid functional groups [36]. Finally, in the 3rd stage
(400-600 °C), a gradual weight loss was observed. The DTA curve for
CONPs/GA is nearly constant and no sharp peaks were observed because
CONPs has a high melting point and it shows no weight loss and remain
stable till 600 °C. The two peaks observed for CONPs/GA include a 1st

one assigned to removal of moisture content from CONPs/GA and a
2nd one around 300 °C due to decomposition of GA. Overall, the 40 wt
% loss observed seemed to include the 10.0 wt% due to the moisture
and 30 wt% due to decomposition of GA. Thus, the TGA results suggest
that ~30.0 wt% GA has been loaded into CONPs, which is a reasonable
loading capacity.

3.1.3. BET analysis

The BET results are depicted in Fig. 5. The specific surface area (SSA)
and calculated cumulative pore volume of the pristine CONPs were de-
termined and were 137.966 m?g~ ! and 0.515237 ccg™ " respectively.
However, when GA was loaded on the CONPs, the SSA was reduced to
31.070 m?g ', and the pore volume also decreased to 0.132497 ccg™ ',
which demonstrated the efficient loading of GA into CONPs in agree-

ment with the previous TGA results (Fig. 4(a,b)).

3.2. Anti-corrosion properties

3.2.1. Electrochemical impedance spectroscopy (EIS)
The corrosion resistance of the reference coatings (containing
CONPs without inhibitor) and modified coatings (containing CONPs
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Fig. 4. (a) TGA and (b) DTA curves of pristine CONPs and CONPs loaded with GA.
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Fig. 5. BET analysis of pristine CONPs and CONPs loaded with GA.

photographs of reference and modified coating after corrosion test pro-
vided in (Fig. S1). The impedance spectra for steel samples protected
with the reference coatings are depicted in Fig. 6(a, b). The coated sam-
ples showed a capacitive response in the high frequency region,

loaded with GA), applied on steel substrates, was investigated by EIS for
15 days immersion in 3.5 wt% NaCl at room temperature. A controlled
scratch was made in the coatings to assess the corrosion protection abil-
ity of CONPs loaded with GA. The scratched area of coatings and

log|Z| (Ohm.cm?)

log|Z| (Ohm.cm?)

v;Phase angle (Deg.)

4 T T T T T T T T
-2 -1 0 1 2 3 4 5

logf (Hz)

Fig. 6. EIS Bode plots for (a, b) Reference and (c, d) Modified coating.
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assigned to the impedance of the intact part of the coating, which de-
creased over time due to electrolyte uptake and delamination of the
coating from the defect. This is also clearly illustrated by the phase
angle evolution and poorest definition of the high-frequency time con-
stant over time. At lower frequencies the presence of a time constant ac-
counts for the corrosion activity at the steel surface. The total impedance
values of the reference coatings reached ~20 MQ cm? on the 1st day of
immersion and slowly decreased with time due to the progress of corro-
sion activity at the exposed steel (the coating was previously scratched).
The overall impedance values decreased approximately two orders of
magnitude after 15 days immersion, due to the progress of corrosion.
Comparatively, the coatings modified with the CONPs loaded with
GA revealed an opposite trend. Initially, the overall impedance values
were close to 10 MQ cm? and a well-defined time constant, assigned
to corrosion activity was visible at low frequencies, while the
high-frequency time constant was visible at frequencies above 10 kHz.
However, over time, the impedance increased for more than 2 orders
of magnitude and this increase was accompanied by the disappearance
of the low-frequency time constant and by the broadening of the high-
frequency one - Fig. 6(c, d). The impedance values reached 2.16 GQ cm?
on 15th day of immersion and the low-frequency time constant
vanished, suggesting that corrosion activity at the exposed steel surface
was mitigated. A possible explanation is that presence of GA aids on the
formation a protective layer on the steel substrate [37]. Moreover, in a
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first analysis, it seems to promote the recovery of the protective proper-
ties of the coating since there is a significant broadening of the phase
angle in the high frequency region.

The EIS parameter values after fitting EIS data with equivalent circuit
are depicted in Fig. 7. The pore resistance (R,) on 1st day of immersion
is measured ~2 M Q cm? for the reference coating, and it remains stable
for a couple of days, then it decreases slightly with the increase in im-
mersion time as shown in the Fig. 7(b). However, the pore resistance
(Rpo) of modified coatings increasing with immersion time because
CONPs-GA as filler material helps to reduce the number of pores and
conductive paths in the epoxy. The better inhibition provided by GA
that helps to improve barrier properties of coating that makes it stable
against corrosion. The value of Ry, for modified coatings is increased
to 415 MQ cm? after 15th day of immersion as compared to the refer-
ence coating, which is reduced to 39.4 KQ cm?.

The charge transfer resistance (R.) of reference and modified coat-
ings are depicted in Fig. 7(c). The value of R, for reference and modified
coatings is ~107 O cm? on 1st day of immersion, but the value for R of
the reference coatings gradually decreases with increasing time due to
lack of inhibition and reduced by one order magnitude after one week
of immersion. Contrary to this, the value of R.; increases with time for
the modified coatings due to better inhibition of GA. The self-release
of loaded GA from CONPs leads to its adsorption on the steel substrate
and form a protective layer, which helps to isolate the steel substrate
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Fig. 7. (a) Equivalent circuit and EIS parameters values after fitting with equivalent circuit (b) Pore resistance (Ry,) (c) Charge transfer resistance (R.) (d) Coating capacitance (CPE.) and

(e) Double layer capacitance (CPEg)).
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from the electrolyte [38]. The charge transfer resistance (R.) value of
modified coatings is reached to 2.165 x 10° Q cm? on 15th days of im-
mersion compared to 305.7 x 10° Q cm? for the reference coatings.
These findings demonstrate better corrosion inhibition efficiency of
modified coatings. The improvement in charge transfer resistance
(Ret) is also consistent with the increase in pore resistance (Rp,) of the
modified coatings.

The constant phase element (CPE,) value for reference and the mod-
ified coatings is given in Fig. 7(d). The CPE, value for reference coatings
increases with time due to more conductive paths in reference coatings,
and thus the capacitance value increases gradually. As the electrolyte
comes in contact with epoxy coatings, more conducting paths are
there due to the absence of inhibition against corrosion. While in the
case of modified coatings, the value for CPE. remains stable as compared
to the reference coatings due to better inhibition efficiency provided by
the GA. The lower value of CPE. with a higher value of corrosion resis-
tance indicates the superior corrosion resistance of the modified coating
[39]. The low admittance value of CPEy, for modified coatings as com-
pared to the reference coatings Fig. 7(e)further provides strong evi-
dence to the improved anti-corrosion properties of modified coatings.

For comparative purpose, the impedance values for reference and
modified coating evaluated from EIS measurements are also provided
in Table 2. The inhibition efficiency (I.E%) of the modified coating was
evaluation from Eq. (1) [40], and calculated value of (LE%) provided in
the Table 2.

LE (%) = (1—Ret/Rett) x 100 (1)

where R, is the charge transfer resistance in the absence of inhibitor
(GA), while R is the charge transfer resistance of the modified coat-
ings. The impedance value for reference coatings dropped by two orders
of magnitude from 12 MQ cm? to 300 KQ cm? after 15 days of immer-
sion, while the values for the CONPS+GA - modified coating increased
by two orders magnitude from 6 M cm? to values close to 2.16 GQ cm?
after 15 days of immersion. The increase in the impedance values evi-
denced an important recovery of the low-frequency impedance that
can be assigned to the formation of a protective layer over the exposed
steel.

The steel substrate coated with the modified coating (CONPs-GA)
showed good corrosion resistance probably due to the good dispersion
of ceria in the epoxy matrix and its possible interaction with active
sites of cured epoxy [41,42] probably via Lewis Acid-base interactions
between CeO, and the epoxy. Previously, it was reported that Gum Ar-
abic microcapsules can work as filler in coatings, blocking micro-pores
in the epoxy matrix and providing polymer healing and improved cor-
rosion resistance [43]. It is therefore expectable that the use of Gum Ar-
abic loaded into ceria enhances the epoxy barrier properties due to
better crosslinking of the cured epoxy. That helps to improve the anti-
corrosive properties. Ultimately, the presence of CeO, nanoparticles
with Gum Arabic reduces the pores available for water uptake and
eliminates conductive paths in the epoxy coating increasing its barrier
properties. To better evaluate this effect the impedance response of
non-damaged coatings was also studied and a set of representative

Table 2
Impedance values and protection efficiency for the reference and CONPS+GA - modified
coatings at various immersion time.

Immersion time (days) Impedance value Z,.x (MQ cm?)

Reference coating Modified coating LE(%)
1 119 + 0.7 595 + 0.6 -
3 6.68 + 0.7 114 + 04 50.4
6 142 + 1.2 134+ 14 54.2
9 074 £ 03 69.8 + 1.1 91.3
12 036 +£ 0.2 344 + 03 98.2
15 0.31 £ 0.1 2160 + 0.2 99.7
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spectra shown in Fig. 8(a, b). The evolution of the low-frequency imped-
ance over time is depicted in Fig. 8c.

The non-damaged coated samples evidenced a well-defined capaci-
tive response at high frequencies, with very stable phase angle values
that evidenced very good barrier properties. Interestingly, over time
there were a two orders of magnitude increase of the overall impedance
values. Typically, it would be expected an impedance decrease as a con-
sequence of water uptake and the initiation of corrosion activity at the
steel coating interface. However, in this case - Fig. 7, the opposite
trend is clearly observed. This reflects that the coating barrier properties
improved during immersion and this is a consequence of the presence
of GA that is able to block pores formed in the coating and to preserve
the steel interface from corrosion. This effect, on the one hand delays
coating delamination at bottom of pores and, on the other hand seems
to repair pores and defects in the coating. This supports the impedance
evolution observed in the spectra for the coatings containing a defect. As
result, there is an important recovery over time as illustrated in Fig. 8.

3.2.2. Potentiodynamic polarization curves

The impedance results clearly indicate that GA has a very beneficial
impact on the coating protective properties, aiding to the recovery of
the barrier properties. However, given the high impedance values, the
role at the level of steel surface was hard to discriminate. For that pur-
pose, an additional set of experiments, using uncoated steel exposed
to a NaCl solution containing GA, was performed. The electrochemical
response of steel (uncoated samples) immersed in 3.5 wt% NaCl solu-
tion in the absence and presence of Gum Arabic after different immer-
sion times was studied by d.c. polarization and the results are
depicted in Fig. 9. Relevant parameters such as corrosion potential
(Ecorr), current density (o), and corrosion rates were calculated
from the Tafel slopes - Table 3.

The Eor value determined on the steel substrate after immersion in
the NaCl in the absence of GA was ~ —862 mV and increased to more an-
odic values (~—642 mV in the presence of GA) - Table 3 [38]. The shift in
Ecorr Value with respect to the blank steel is more than 85 mV which sug-
gests an anodic inhibition effect of GA [44]. For longer immersion times,
the corrosion potential (Eor) continuously shifted towards more noble
values, reaching approximately —500 mV in the presence of GA. This
shift indicates that the inhibitor molecules could be adsorbed onto the
steel substrate, inhibiting the anodic reaction. The anodic and cathodic
curves shift towards lower current densities in the presence of GA,
which suggests a decrease in the corrosion active areas [45]. The current
density (Icorr) decreased more than one order of magnitude with the im-
mersion time in the presence of GA. The inhibition efficiency (IE) for po-
tentiodynamic polarization curves can be calculated by the following
equation [46].

Inhibition efficiency (IE%) = (1—icor2/icorr1) x 100

in which I is the current density of steel in presence of GA and Ioq
is the current density of steel in absence of GA. Thus, a decrease in the
current density value is due to a better inhibition effect of GA and to a
diminution of the active area. The maximum 76% of corrosion inhibition
efficiency was calculated after 24 h of immersion in GA.

The results confirmed the corrosion inhibition role of GA over the
steel surface. The evolution of the anodic and cathodic Tafel slopes sug-
gest a mixed corrosion inhibition mechanism, but the evolution of the
corrosion potential evolution points out the predominance of thr anodic
corrosion inhibition effect.

3.3. Post potentiodynamic polarization analyses

3.3.1. SEM/EDS analysis

In order to study the detail morphology and composition of the steel
surface and to confirm the adsorption of GA on the steel substrate, SEM
and EDS elemental mapping images of the steel substrates immersed
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into 3.5% NaCl solution, in the presence and absence of GA are shown in
Fig. 10.

The steel surface in the absence of GA (Fig. 10(a)) reveals the forma-
tion of nearly spherical precipitates composed of iron and oxygen
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Fig. 9. Potentiodynamic polarization curves obtained for blank steel substrate exposed to
NaCl solutions, with and without the presence of GA at different immersion times.

covering the entire surface and that reveal the formation of a uniform
layer of corrosion products. In the presence of GA these features were al-
most absent and a relatively uniform layer seems deposited onto the
surface, (Fig. 10(b)). The elemental mapping (Fig. 10(b)) shows traces
of nitrogen (N) and sodium (Na) on the surface of the steel substrates
immersed into the solution containing GA, which confirms the presence
of GA at the surface. The presence of nitrogen (N) in presence of GA
(Fig. 10 (b indicated the formation of a GA-containing protective layer.

3.3.2. Atomic force microscopy (AFM) analysis

The Atomic force microscopy (AFM) analysis was used to measure
the roughness of the blank steel immersed into the 3.5 wt% NaCl solu-
tion in the absence and presence of GA after the polarization tests. 3-D
AFM images and their corresponding surface roughness profiles of
steel substrates are presented in Fig. 11(a). A comparison of the 3D
AFM images (Fig. 11(b)) indicated that the steel surface is relatively
smooth in the presence of GA when compared to the surface in the ab-
sence of GA. The surface roughness (R.M.S) value of the steel in the

Table 3
Potentiodynamic polarization parameters obtained from Tafel plots.

Sample Ecorr (MV) Ieorr (MACm™2) Efficiency (%) Corrosion rate
Blank —862 24.10 - 11.0 mpy

1 h with GA —642 11.10 54 5.068 mpy

12 hwithGA  —550 8.620 64 4.102 mpy

24 hwithGA  —508 5.690 76 3.487 mpy
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absence of GAis (RMS = 62.702), which is reduced to (R.M.S. = 31.069)
in the presence of GA (Fig. 11). These findings are consistent with the
FE-SEM analysis presented in Fig. 10(a,b). The reduction in the surface
roughness value in the presence of GA can be attributed to the forma-
tion of a protective layer at the surface of the steel substrate. These find-
ings are also consistent with previous studies [47].

3.4. Corrosion protection mechanism

As discussed in the previous section, the enhanced corrosion protec-
tion effect can be primarily attributed to the presence of GA onto the
CONPs. Gum Arabic has a negative charge on its surface as measured
by Zeta potential (Fig. S2), which facilitates the adsorption of these
negatively charged species (GA) over the positively charged metal
surface [24].

Materials and Design 198 (2021) 109361

The first important aspect is that GA acts as corrosion inhibitor,
displaying predominantly an anodic inhibition mechanism. Literature
reports that GA is a polysaccharide containing functionalities that are
able to establish either physical or chemical adsorption at the steel sur-
face. The corrosion inhibition efficiency of GA can be attributed to its
amphiphilic nature (ability to demonstrate both hydrophilic and hydro-
phobic character). The hydrophilic nature of GA is due to the polysac-
charides functional groups, which are highly water-soluble due to the
presence of hydroxyl (-OH) and carboxyl (-COOH) functional groups.
In contrast, the hydrophobic behavior of GA is due to the presence of
protein-rich fractions. On the one hand, the hydroxyl groups can be pro-
tonated in acidic media (formed at anodic sites as a consequence of Fe
cations hydrolysis) trapping chloride anions [48], that are attracted to
surface, inhibiting its accumulation on the steel surface. On the other
hand, GA molecules can adsorb onto the steel surface via the lone

60000 T T T T

80000 . . . .
: - (@)
S 500004 ¢ (C) _A70000 1 Fe d _
c Fe 2 60000-
22 40000 - >
S - & 50000 Wt.% of C=6.0, N=1.14, |
o, = = = —
: 30000 Wt.% of C 779, 0 25295 3}40000 ] elements 0—348, Na—0.49,
x elements CI=0.15, Fe=65.64 ||°= C1=0.02, Fe=89.69
£ 15 30000- .
3 20000 2
= . = 20000 F§,
0] | |
10000 - 10000 10
0 J“L—ﬁc—lv—ﬂl 0 :I“ <l h
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Energy (keV) Energy (keV)

Fig. 10. Post potentiodynamic FE-SEM, elemental mapping, and EDS analysis of blank steel exposed to NaCl solutions in the (a,c) absence and (b, d) presence of GA.
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Fig. 11. Post potentiodynamic AFM analysis of the steel substrates immersed into 3.5% NaCl solution in the (a) absence and (b) presence of GA.

pairs of electrons in the heteroatoms forming a stable surface layer [49)].
The formation of carbohydrate-iron complexes is also a possibility that
has been discussed and that cannot be fully discarded [50]. If so, these
complexes may form a stable surface layer that further prevents iron
dissolution. In fact, the changes in the anodic Tafel slopes seem more
pronounced compared to the cathodic ones, which suggests that the
formation of GA and iron complexes might occur. Previous results also
suggest that chemisorption is responsible for the anodic inhibition ef-
fect observed [51]. Therefore, it can be concluded that the improved cor-
rosion resistance involves different mechanisms that, overall contribute
to the enhanced corrosion protection effect.

The proposed inhibition mechanism in coated samples can be sche-
matically represented in Fig. 12. GA covering the CONPs can adsorb on
the steel surface via a chemisorption mechanism that involves donor-
acceptor interactions between the lone electron pairs as well as pi-
electrons from the aromatic rings and the vacant d-orbitals of Fe. This
leads to the formation of a stable surface film, where both GA and
CeO, contribute to an effective corrosion inhibition effect. Moreover,
protonated species, at the anodic sites, may trap chlorides preventing
them to complex with iron cations. To summarize, the inhibition mech-
anism in coated samples is likely to involve both physical and chemical
adoption of corrosion inhibitor at the steel surface.

In addition to the anodic corrosion inhibition effect, GA also im-
proves the epoxy coating barrier properties. While CeO, enhances the

barrier properties due to the better crosslinking of cured epoxy, GA
helps to decrease micro porosities in the epoxy matrix. This is supported
by the fact that Gum Arabic has already been used as filler material in
epoxy [43] and thus, the use of Gum Arabic loaded into ceria reduces
the number of pores and conductive paths in epoxy, which leads to
the increase and recovery overtime of the epoxy coating barrier
properties.

4. Conclusion

Eco-friendly Gum Arabic (GA) was used as a corrosion inhibitor and
loaded into cerium oxide nanoparticles (CONPs) to protect epoxy coated
steel parts. Electrochemical impedance spectroscopy (EIS) reveal the ex-
cellent anti-corrosion properties of the coatings modified with ceria nano-
particles and GA when compared to the reference coatings without GA
addition. An important recovery of the coating barrier properties could
be observed in the presence of GA. The improvement in barrier properties
of modified coating is due to better crosslinking of cured epoxy that leads
to the decrease in the number of pores and conducting paths. The Gum
Arabic released from CONPs, and adsorbed on steel substrate helps to re-
duce the active area of corrosion and provide corrosion inhibition. The in-
hibition mechanism is likely to involve both physical and chemical
adoption of GA at the steel surface and a marked anodic inhibition effect
as demonstrated by the potentiodynamic polarization tests.
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Fig. 12. Schematic diagram showing the corrosion inhibition mechanism of GA in the modified coatings.
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