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Abstract

A biopolymer-based corrosion inhibitor was developed from CS grafted with PHEMA. The CS-g-PHEMA was
successfully synthesized by using an ultrasound-assisted method. The synthesized CS-g-PHEMA was employed as corrosion
inhibitor for mild steel. The corrosion test by gravimetry under 0.2 M H2SO4 revealed that, in comparison with CS, the inhibition
efficiency of CS-g-PHEMA was higher reaching 90% at 500 ppm, while the corrosion rate with CS-g-PHEMA was reduced to a
half. Furthermore, Ea of the corrosion was higher with CS-g-PHEMA compared to that with CS, indicating a higher energy
barrier for the corrosion reactions. The potentiodynamic polarization measurement clearly showed a superior effect of CS-g-
PHEMA on retarding anodic oxidation and cathodic reduction on the mild steel surface. This is because adsorbed CS-g-PHEMA
limits the diffusion of HsO" to participate in anodic metal dissolution or cathodic hydrogen evolution on the mild steel surface.
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1. Introduction

Mild steel is carbon steel with a low amount of
carbon, typically in the range of 0.05 — 0.25 wt.%. A widely-
used construction material, mild steel possesses ductility and
weldability with a relatively low cost compared with other
types of steels. The susceptibility to oxidation of mild steel,
however, deters its use, particularly when exposed to an acidic
environments, for instance during acid cleaning, acid pickling,
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or oil well acidification. Not only are strength and lifetime of
mild steel adversely affected by corrosion, but additional
expenses are incurred from controlling or preventing
corrosion. Several methods have been employed to mitigate
the corrosion of steel. Among the methods to counteract
corrosion, corrosion inhibitors have proven to be effective and
yet low-cost (Kausalya & Hazlina, 2020). Corrosion inhibitors
are compounds applied on the metal surface at a low
concentration, capable of preventing metal dissolution and
oxidation. When adsorbed on the steel surface, the corrosion
inhibitor behaves as a protective barrier that impedes the
initiation of corrosion reactions (Devi, Sharma, & Singh,
2016). Synthetic organic compounds have been utilized as
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corrosion inhibitors since they contain nucleophilic functional
groups or conjugated double or triple bonds, which supply
electrons to inhibit the corrosion redox reactions (‘Yadav,
Sharma, & Yadav, 2013). However, toxicity and high price of
most synthetic corrosion inhibitors may discourage their use,
while it encourages the search for alternate materials that
would be non-toxic, sustainable, and low-cost.

Biopolymers are good candidates for corrosion
inhibitors, and so is in particular chitosan (CS) due to its non-
toxicity, and being a sustainable resource and low cost
(Umoren, Banera, & Gervasi, 2013). CS is a linear
polysaccharide containing specific functional groups with lone
pair electrons, i.e., -NH2 and -OH, which can form strong
bonds to the metal surface (Rabizadeh & Khameneh Asl,
2019). To improve metal surface adhesion and reduce metal
dissolution, CS has been modified by various methods, for
example to composites with metal ions or metal oxides
(Chang, Niu, Huang, & Kuo, 2007), by functionalization
(Alguaci, 2020), and by blending or graft copolymerization
with other polymers (Abdallah, Fawzy, & Hawsawi, 2020).
Among these methods, grafting offer a variety of functional
groups under facile reaction conditions.

The grafting of a polymer on CS is readily
performed by the grafting-from method via typical thermal or
redox initiation  (Argielles-Monal,  Lizardi-Mendoza,
Fernandez-Quiroz, Recillas-Mota, & Montiel-Herrera, 2018).
Alternatively, the polymer grafting can be achieved by an
ultrasound-assisted method. Ultrasound (US) has a frequency
beyond the range of human hearing generally is in the range
from 20 kHz to 500 MHz. Irradiation by ultrasound induces
the formation of miniscule gas bubbles in a liquid medium,
which grow to a critical size and then collapse or implode; this
is known as acoustic cavitation. The collapsing bubble is so
intense as to produce extreme but transient conditions of very
high local temperatures (5000 °C) and pressures (1000 atm)
so-called hot spots (Xu, Zhang, Guo, Feng, & Tan, 2019). The
hot spots enable various chemical effects in seemingly
ambient conditions, offering a vast spectrum of alternative
material synthesis reactions (Mason & Lorimer, 2002),
including ultrasound-assisted polymerization. The intense
conditions in a hot spot can decompose initiators into active
radicals, a process known as sonolysis. In the presence of
vinyl monomers, thus, these active radicals can initiate the
graft polymerization on existing polymer chains (McKenzie,
Karimi, Ashokkumar, & Qiao, 2019).

In the present study, the ultrasound-assisted method
was utilized, for the first time, to graft a hydrophilic polymer
on chitosan. The ultrasound-assisted grafting of poly(2-
hydroxyethylmethacrylate) on CS was explored and it proved
to be more effective than the conventional thermal-initiation
method. CS-g-PHEMA was further employed as a
biopolymer-based corrosion inhibitor on mild steel. The
corrosion testing was performed by both gravimetry as well as
electrochemical methods. Owing to the abundant hydroxyl
groups on the grafted PHEMA, CS-g-PHEMA was
preferentially adsorbed on the mild steel surface and thus
provided superior corrosion inhibition to that by CS. CS-g-
PHEMA was able to retard anodic oxidation and cathodic
reduction on the mild steel surface by limiting the diffusion of
H* ions to undergo anodic metal dissolution and cathodic
hydrogen evolution.
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2. Materials and Methods
2.1 Materials

Chitosan with medium molecular weight and 2-
hydroxyethylmethacrylate monomer (HEMA, 97%) were
purchased from Sigma Aldrich. The HEMA monomer was
purified by passing through an alumina column under nitrogen
flushing. Tert-Butyl hydroperoxide (TBHP, 70 wt.% aqueous
solution) was purchased from Acros Organics. Sodium
hydroxide, acetic acid and sulfuric acid were supplied by Ajex
Finechem and by Sigma Aldrich.

2.2 Ultrasound-assisted grafting of PHEMA on CS
(Cs-g-PHEMA)

The grafting of PHEMA onto CS was carried out
under indirect ultrasound irradiation. The ultrasound vessel
consisted of a stainless-steel planar transducer (Acme-Korn,
Thailand) submerged in a temperature-controlled water bath.
The transducer provided ultrasonic wave at 20 kHz frequency
with a dissipation power of 27.0 W (intensity = 0.2 W/cm?)
determined by calorimetry (Kimura et al., 1996). 1.0 g of CS
was dissolved completely in 100 ml of 0.1 M acetic acid
solution in an Erlenmeyer flask, prior to adding 1 ml of TBHP
solution. The flask was placed on the planar transducer and
subjected to US for 20 min. Next, a designated amount of
HEMA was added into the flask, and then the US irradiation
was continued for a designated time period to perform the
grafting. As-synthesized graft copolymer was precipitated out
of the solution using 0.5 M NaOH and was collected on a
filter paper. The graft polymer was then dried in an oven at 60
°C for 24 h. Ungrafted PHEMA (homo-PHEMA) was
removed by Soxhlet extraction with deionized water at 90 °C
for 12 h. After the extraction, CS-g-PHEMA was obtained and
was then dried in oven at 60 °C for 6 h followed by drying in
vacuum oven at 60 °C overnight. The grafting percentage
(GP) and the grafting efficiency (GE) of PHEMA on CS were
calculated according to the equations:

6P ()= —eWe 100 (1)
cs
GE (%) = % x 100 (2)

where Wes, Wgcs and Wrema are the weights of CS, CS-g-
PHEMA and HEMA monomer, respectively.

2.3 Characterization

Chemical structure of CS-g-PHEMA was analyzed
by using attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR), with a Bruker FTIR spectrometer
(Tensor 27). Thermal analysis was performed on a TG/DTA
thermogravimetric analyzer, Hitashi (STA7200), under
nitrogen atmosphere using a heating rate of 10 °C/min and
temperature range from 25 °C to 600 °C.
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2.4 Corrosion test
2.4.1 Gravimetry method

Mild steel coupons of size 3.0 x 2.0 cm and 0.4 cm
thick were mechanically polished with different grades of SiC
(200-600) emery papers, and then successively washed with
acetone and deionized water before drying in oven at 60 °C
for 1 h. CS-g-PHEMA was dissolved in 100 ml of 0.2 M
H2S0u4 solution. Then, the mild steel coupons were immersed
into the solution and were incubated in the solution at 25 °C
for a designated period of time. After that the coupons were
removed from the solutions, washed with deionized water
prior to drying in an oven at 60 °C for 1 h, and weighed again.
The same procedure was also performed with CS and without
inhibitors (blank). The gravimetry test was repeated in
triplicate. The weight loss (AW) was determined as the weight
difference between the weights of the coupon before (dried
coupon) and after the incubation. Accordingly, the corrosion
rate (Reor) and the inhibition efficiency (IE) were calculated
using equations (3) and (4), respectively.

Reor = AAi\)/(Vt (3)
IE (%) — Rcorz - Rcorl x 100 (4)

Rcorl

where A is the exposed area of the mild steel coupon (cm?), t
is incubation time (h), and Rcor1 and Reor2 are the corrosion
rates without and with inhibitors, respectively. The surface
coverage (6) was determined from the AW divided by the
weight of dried coupon.

2.4.2 Potentiodynamic polarization measurement

Potentiodynamic polarization runs were conducted
on Autolab PGSTAT302N potentiostat (Metrohm, The
Netherland) using NOVA 1.9 software. The apparatus has
three electrodes including Ag/AgCl (3 M KCI) as a reference
electrode, the mild steel coupon with 1.0 cm? exposed area as
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the working electrode, and a copper wire as the counter
electrode. The open-circuit potential was monitored until
reaching steady state. The measurements were performed
within the potential range from -0.5 V to +0.5 V using a scan
rate of 0.01 Vs?' at room temperature. Tafel plots were
constructed and the anodic Tafel slope (f:), cathodic Tafel
slope (fc) and corrosion current density (icorr) Were evaluated
from the intercept of extrapolated cathodic and anodic lines at
the corrosion potential (Ecor). The potentiodynamic corrosion
inhibition efficiency (IEp) was accordingly determined by
equation (5).

o
IEp (%) = % x 100 )

where i%or and icor are the corrosion current densities of the
mild steel in the absence and presence of the inhibitor,
respectively.

3. Results and Discussion

3.1 Ultrasound-assisted grafting of PHEMA on CS

The mechanism of PHEMA grafting on CS is
illustrated schematically in Figure 1. Unlike the thermal
decomposition of TBHP, which requires a temperature as high
as 80 °C, TBHP in the presence of ultrasound dissociates into
hydroxyl and t-butoxy radicals under ambient temperature due
to the chemical effects of acoustic cavitation. The radicals
then abstract protons from either secondary hydroxyl of C3 or
primary hydroxyl of C6 or amino group of C2 on the CS
backbone, which generates active grafting sites (Li, Elango, &
Wu, 2020). Graft polymerization is then initiated as HEMA
monomers in solution approach the active grafting sites on CS
backbones. The PHEMA chains are growing from the grafting
sites on CS backbones during propagation of the radical
polymerization. The growth of grafted-PHEMA chains is
terminated by a combination or disproportionation with other
active grafted-chains or active oligomers (Sanaeishoar,
Sabbaghan, & Argyropoulos, 2018).
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Figure 1. Schematic representation of ultrasound-assisted grafting of PHEMA onto CS
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3.1.1 Characterization

The FT-IR spectrum of CS-g-PHEMA is shown in
Figure 2 along with those of CS and PHEMA. The
characteristic IR peaks of CS were observed at 1656 cm™ and
1591 cm! belonging respectively to C=0 stretching and -NH
bending, while the broad peak at 3356 cm™ corresponds to -
OH and -NH stretching. After grafting with PHEMA, the
additional peak at 1719 cm™ was observed corresponding to
C=0 of acrylate. Also, there were the peaks at 1360 cm™ and
1149 cm which belong to -OH bending of primary alcohol
(Radhakumary, Nair, Mathew, & Reghunadhan Nair, 2005).

Figure 3 presents the weight loss profiles (TG) and
the derivative weight losses (DTG) of CS-g-PHEMA, CS, and
PHEMA (homopolymer). Two weight losses were observed in
CS, that is, the minor weight loss around 100 °C due to
evaporation of absorbed water and the major weight loss at
approximately 300 °C corresponding to deacetylation, de-
polymerization, and thermal decomposition of CS (Georgieva,
Zvezdova, & Vlaev, 2013). PHEMA also possessed two
weight loss stages, that is, the first weight loss was at 100 °C
and the second weight loss was around 400 °C belonging to
thermal decomposition of PHEMA (Biryan, Demirelli,
Torgut, & Pihtili, 2017). TG curve of CS-g-PHEMA shows
two major weight losses at approximately at 250 °C and 500
°C attributed to the thermal decomposition of CS and grafted-
PHEMA, respectively. DTG curves confirm two major weight
losses of CS-g-PHEMA, in which the second peak
temperature increased to 500 °C compared with that of
PHEMA at 400 °C implying that PHEMA was chemically
attached on CS. The residue of CS-g-PHEMA was less than
that of CS indicating that the grafted-PHEMA was thermally
decomposed to vaporized products while CS residue remains
as non-volatile chars (Gawad, 2020).

3.2 CS-g-PHEMA as corrosion inhibitor for mild
steel

3.2.1 Inhibition efficiency (IE) and corrosion rate
(Rcor)

Figure 4a reveals the effect of CS and CS-g-
PHEMA concentrations on the corrosion inhibition for mild
steel. It is seen that IE increased proportionally to the
concentration of either inhibitor, of which CS-g-PHEMA
showed the better inhibition efficiency reaching IE as high as
91% at 500 ppm of CS-g-PHEMA. On the other hand, Rcor
decreased almost linearly with CS or CS-g-PHEMA
concentration, as presented in Figure 4b. The Reor of CS-g-
PHEMA were pronouncedly lower than that of CS for all
concentrations. An improvement of IE and a lowering of Rcor
arise from the effective adsorption of CS-g-PHEMA on the
mild steel surface, enabled by the functional groups of
heteroatoms, i.e., -NH2 and -OH on CS and abundant -OH
groups of the grafted-PHEMA (Dagdag et al., 2019). Under
acidic exposure to H2SOas, the SO4% ions were adsorbed on
mild steel surface rendering it negatively charged. At the same
time, the polar -NH2 and -OH groups of CS and CS-g-
PHEMA are protonated, giving them positively charges. As a
consequence, the adsorption of CS or CS-g-PHEMA takes
place on the mild steel surface through electrostatic
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Figure 2. FT-IR spectra of CS, PHEMA, and CS-g-PHEMA
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Figure 3. TG and DTG curves of CS, PHEMA, and CS-g-PHEMA
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Figure 4. Effect of inhibitor treatment concentration on corrosion
inhibition of mild steel: (a) inhibition efficiency, and (b)
corrosion rate

interactions. Additionally, N and O heteroatoms on CS and
grafted-PHEMA can donate lone electrons to the vacant
orbitals of Fe, thus inducing chemisorption of CS and CS-g-
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PHEMA on the mild steel surface (Umoren, Banera, &
Gervasi, 2013). Since the CS-g-PHEMA has more abundance
of the heteroatoms -NH>, -OH, and -C=0 than does CS, the
CS-g-PHEMA is preferentially adsorbed on mild steel surface
with a larger adsorbed amount, resulting in better corrosion
inhibition than that by CS.

The corrosion process can further be investigated
thermodynamically according to the following equations (6)
and (7) (Tourabi et al., 2014).

Ea

INRcor = INA - RT (6)

R _.. R AS* AH*
=== = =W * R " R O

where Ea is the activation energy of corrosion, A is the
frequency factor, and AH* and AS* are the enthalpy and the
entropy of activation for the corrosion. N and h are
Avogadro’s number and Planck’s constant, respectively.

Table 1 summarizes the thermodynamic parameters.
Ea increased from 19.4 kJ/mol for the mild steel blank to 46.7
kJ/mol and 72.7 kJ/mol upon adsorption of CS and CS-g-
PHEMA, respectively. This indicates that the inhibitors hinder
the corrosion by heightening the energy barrier for corrosion
reactions. The increase of Ea above 40 kJ/mol after
introducing CS and CS-g-PHEMA arises from blocking of
active (dissolution) sites on the mild steel surface, resulting in
a diffusion-controlled corrosion reaction (Fouda, El-Dossoki,
& Shady, 2018). The large Ea of CS and CS-g-PHEMA
suggest that their adsorption on the mild steel involves
chemisorption. Furthermore, CS-g-PHEMA possessed higher
energy barrier than did CS, thus offering more effective
corrosion inhibition. The positive value of AH* for the blank
indicates endothermic mild steel dissolution, while CS and
CS-g-PHEMA increased AH*, because the formation of
activated-complex from the inhibitors is the rate determining
step of mild steel dissolution and hindered steel corrosion
(Umoren et al., 2013). In addition, the positive AH* affirms
the chemisorption of CS and CS-g-PHEMA (Durnie et al.,
1999). AS*, on the other hand, were negative and became less
negative in the presence of CS and CS-g-PHEMA. A negative
AS* indicates an associative mechanism in steel dissolution,
and upon adsorption of CS or CS-g-PHEMA, the dissolution
of mild steel became less favorable (Umoren & Solomon,
2014).

3.2.2 Potentiodynamic polarization

The potentiodynamic polarization curves (Tafel
plots) of the mild steel in 0.2 M H2SO4 solution with CS and
CS-g-PHEMA are presented in Figure 5. Accordingly, the
important parameters corrosion current density (icorr), anodic
Tafel slope (f=) and cathodic Tafel slope (/) derived from the
extrapolation of anodic and cathodic linear regions to
corrosion potential (Ecorr) in the Tafel plots are summarized in
Table 1. Compared with the blank, the presence of CS and
CS-g-PHEMA remarkably decreased icorr, more so with CS-g-
PHEMA than with CS. Moreover, increasing the inhibitor
concentrations decreased icor S0 that CS-g-PHEMA at 500
ppm exhibited the maximum inhibition efficiency reaching
90.7% IE.
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Figure 5. Potentiodynamic polarization curves (Tafel plots) of mild

steel in 0.2 M H,SO, after pretreatments with CS or CS-g-
PHEMA at various concentrations
Table 1.  Corrosion parameters from Tafel plots of mild steel in 0.2
M H,SO, solution after pretreatments with various
concentrations of inhibitors

CS CS-g-PHEMA
Blank
400 500 400 500
ppm  ppm ppm ppm
Current density, 15849 4898 4266 166.0 1479
icc'rr (pA/cmZ)
Anodic Tafel slope, 2832 3175 2750 29.84 33.71
Ba (MV/dec)
Cathodic Tafel slope, 39.61 4233 39.11 4289 43.38
Be (MV/dec)
Corrosion potential,  -386.4 -403.5 -404.6 -408.3 -405.8
Ecorr(mv)
Inhibition efficiency, - 69.10 73.08 89.53 90.67
1Ep (%)

The anodic and cathodic Tafel slopes were obtained
from the decrease of icorr in the linear regions. For CS-g-
PHEMA, both . and S were higher than those of blank and
they increased with CS-g-PHEMA concentration. The
increase of both Tafel slopes confirms that CS-g-PHEMA was
retarding the anodic oxidation and the cathodic reduction of
mild steel surface. This is due to the adsorbed CS-g-PHEMA
limiting the diffusion of H3O* ions from bulk solution to
undergo anodic metal dissolution and cathodic hydrogen
evolution, as demonstrated schematically in Figure 6. In the
case of CS, although both £a and S were relatively high at
400 ppm, as CS concentration increased to 500 ppm they
decreased and became close to those of the blank. This is
possibly due to the strong attraction, via H-bonding, between
CS molecules under high concentration leading to desorption
of CS from the steel surface. On the other hand, the grafted-
PHEMA with abundant -OH and -C=0 functional groups
offers a better adsorption on the mild steel surface. The Ecorr
with and without the inhibitors was less than 85 mV,
indicating that CS-g-PHEMA and CS behave as mixed-type
inhibitors, for which the corrosion inhibition is attributable to
physical or chemical adsorption of the inhibitor molecules
(Tang, 2019).
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Figure 6. Schematic illustration of corrosion inhibition by CS-g-
PHEMA

4. Conclusions

Biopolymer-based corrosion inhibitor from CS was
successfully synthesized by using an ultrasound-assisted
method for grafting with PHEMA. The ultrasound induced
cavitation in CS aqueous solution, which induced sonolysis of
the TBHP initiator producing active radicals. These radicals
abstracted protons from CS generating active grafting sites, so
that after introducing the HEMA monomer the graft
polymerization could proceed at the grafting sites on CS,
yielding CS-g-PHEMA. The synthesized CS-g-PHEMA was
employed as a candidate corrosion inhibitor on mild steel,
tested under acidic exposure to 0.2 M H2SOas. The corrosion
test by gravimetry suggests that CS-g-PHEMA adsorbed
preferentially on the mild steel surface compared to plain CS.
As a consequence, the IE of CS-g-PHEMA was higher
reaching 90% for the 500 ppm pretreatment, while the Rcor
with CS-g-PHEMA was twice lower than that with CS
pretreatment. Furthermore, the activation energies Ea of
corrosion were estimated to be 46.7 kJ/mol and 72.7 kJ/mol
with CS and CS-g-PHEMA treatments, respectively,
indicating a higher energy barrier for the corrosion reactions
with CS-g-PHEMA treatment. Potentiodynamic polarization
runs were performed to investigate the corrosion reactions on
mild steel, and they clearly showed the superior effect of CS-
g-PHEMA in retarding anodic oxidation and cathodic
reduction of the mild steel surface. This is because the
adsorbed CS-g-PHEMA limits the diffusion of HsO* to
undergo anodic metal dissolution and cathodic hydrogen
evolution on the mild steel surface.
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