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Abstract

The present work reports the application of polyethylene glycol (PEG) cross-linked chitosan (Cht-PEG) as a green corrosion
inhibitor. This is the first study reporting the application of Cht-PEG as corrosion inhibitor for mild steel in 1 M sulphamic
acid solution. The results of gravimetric measurements, electrochemical study and surface analysis (SEM) are presented
in this work. The adsorption of the inhibitor over the mild steel surface obeyed the Langmuir isotherm. At an optimum
concentration of 200 ppm, the maximum corrosion inhibition efficiency obtained was 93.9%. The electrochemical imped-
ance spectroscopy (EIS) study showed an increase in polarization resistance with increase in the concentration of inhibitor
justifying the adsorption and inhibition behaviour. Potentiodynamic polarization indicated that the Cht-PEG behaved as a
mixed type inhibitor with cathodic predominance. The density functional theory (DFT) based calculations supported the
experimental observations.
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Introduction

Sulphamic acid (H,NSO;H), is used as a cleaning agent in
industrial equipment and for the removal of process scales in
sugar industry. Sulphamic acid can be used on mild steel and
stainless steel without causing pitting or chloride-induced
stress corrosion cracking (SCC) [1-3]. The aqueous solu-
tions of sulphamic acid do not emit corrosive fumes but
solubilize scales with its -NH, and —OH functional groups
thereby forming soluble compounds with most industrial
deposits [3—8]. Addition of a corrosion inhibitor to sul-
phamic acid solution is very important to keep the surface
of metal intact and reduce the damage due to corrosion dur-
ing the cleaning and pickling process. However, most of the
synthetic corrosion inhibitors are harmful to the environ-
ment, which has directed the attention of scientists on the
development of non-toxic green corrosion inhibitors [9, 10].

In this context, the high molecular weight organic pol-
ymeric molecules such as carboxymethyl cellulose, Gum
Arabic, Tapioca Starch, Chitosan (Cht) and polyethylene
glycol (PEG) etc. have been reported as efficient corrosion
inhibitors [9-18]. In addition, the PEG cross-linked chitosan
hydrogels have been reported for protein and drug release,
tissue adhesives and immunotherapy. The introduction
of PEG chains to the chitosan matrix improves the solu-
bility and bioavailability of the chitosan-PEG (Cht-PEG)
[19-21]. Earlier we have carried out a study on chitosan
and its synergism with KI for corrosion inhibition of mild
steel in 1 M sulphamic acid and inhibition efficiencies of
73.8% and 90.3% respectively were obtained at 200 mg L™
concentration [15]. We have also reported the application of
thiosemicarbazide and thiocarbohydrazide modified chitosan
and Schiff bases of chitosan as corrosion inhibitors for mild
steel in 1 M HCI [22, 23]. The high efficiency of chemically
modified chitosan [24] prompted us to explore the anticor-
rosion property of PEG modified chitosan.

Fig. 1 Synthesis of Cht-PEG

In the continuation of our work on chitosan based cor-
rosion inhibitors, we herein for the first time, report PEG
cross-linked chitosan (Cht-PEG) as a novel eco-friendly
corrosion inhibitor for mild steel in 1 M sulphamic acid
solution. This modification can improve the solubility and
molecular weight of the inhibitor leading to enhanced inhi-
bition behaviour. The study was performed using weight
loss method, electrochemical measurements, surface mor-
phology and quantum chemical investigation. The corro-
sion inhibition property was investigated using gravimetric
and electrochemical measurements and surface characteri-
zation. Theoretical calculations were carried out to cor-
roborate the experimental results.

Experimental
Materials and inhibitor synthesis

Polyethylene glycol (PEG; MW 4000) was obtained from
SD fine chemicals, Mumbai. Formaldehyde (37% w/w)
and formic acid 98-100% were procured from HiMedia,
India. All the other chemicals used were of analytical
grade and were obtained from Merck India Ltd. Chitosan
(MW 50,000 to 190,000 Da; 75-85% deacytelated) was
obtained from Aldrich, USA.

The synthesis of PEG cross-linked chitosan (Cht-PEG)
was carried out using formaldehyde as reported earlier
[25]. Chitosan (1 g) was dissolved in 10 mL formic acid
to obtain a viscous solution followed by the addition of 1 g
PEG. After stirring for 15 min, 1 mL formaldehyde was
added and the solution was mixed thoroughly for 60 min.
The resulting Cht-PEG was retrieved by neutralizing with
aqueous NaOH. The product so obtained was filtered and
washed with water several times followed by drying. The
structure of Cht-PEG was characterized using FTIR (Per-
kin Elmer Version 10.03.05 instrument). A schematic of
the synthesis of Cht-PEG is shown in Fig. 1.
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Corrosion testing
Gravimetric measurements

The mild steel coupons used for the weight loss and electro-
chemical measurements had following composition (wt%)
C 0.076%, Si 0.026%, Mn 0.192%, P 0.012%, Cr 0.050%,
Ni 0.050%, Al 0.023%, Cu 0.135% and balance Fe [9, 10,
26]. The coupons subjected for weight loss study had dimen-
sions of 2.5x2.0x0.025 cm. After abrading the coupons
with SiC paper (grade 600-1200), the samples were rinsed
with distilled water, degreased with acetone, dried in hot air,
and stored in moisture-free desiccators.

The weight loss studies were carried out following
immersion of the mild steel coupons in 1 M sulphamic acid
solution in the absence and the presence of varying concen-
trations of Cht-PEG using the ASTM procedure [27, 28].
After 3 h, the samples were taken out, washed with distilled
water and acetone, dried in a moisture free desiccator and
again weighed accurately using an analytical balance (preci-
sion+0.1 mg). The experiments were performed in aerated
and unstirred solution at different temperatures.

Electrochemical studies

The electrochemical corrosion testing was performed using
a Gamry Potentiostat/Galvanostat (Model G-300) connected
with a personal computer with Echem Analyst 5.0 software
package [29-31]. The electrochemical cell consisted of a
three-electrode assembly where a mild steel strip with an
exposed area of 1 cm? was used as working electrode, a
graphite rod as counter electrode and a saturated calomel
electrode (SCE) as reference electrode. Prior to measure-
ments, the working electrode was immersed in the test solu-
tion at open circuit potential (OCP) for 30 min to attain a
steady state condition. All the electrochemical experiments
were performed at 308 K. The electrochemical impedance
spectroscopy (EIS) was carried out by an applying AC sig-
nal with an amplitude of 10 mV peak to peak at OCP, in the
frequency range of 100 kHz to 0.01 Hz [32]. The poten-
tiodynamic polarization measurements were carried out by
sweeping the electrode potential automatically from — 250
to + 250 mV vs. OCP at a scan rate of 0.1 mV s~! [29, 31].

Surface analysis

The specimens were immersed in 1 M sulphamic acid solution
in the absence and presence of optimum concentration (150
mg L~!) of inhibitor Cht-PEG for 3 h at 308 K. Following
the immersion period, the samples were taken out of the test
solutions, cleaned with double distilled water and dried. The
adsorption of Cht-PEG on the surface of mild steel was studied
by performing FTIR in attenuated total reflection (ATR) mode.

The influence of adsorption of inhibitor on mild steel was also
studied by recording the surface morphology using scanning
electron microscopy (SEM). The SEM images were recorded
by a Ziess Evo 50 X VP instrument operating at an accelerating
voltage of 20 kV.

Theoretical studies

The quantum chemical calculations were performed on the
studied inhibitor using the density functional theory (DFT)
method. The DFT calculations were performed using the
Becke three-parameter hybrid functional together with the
Lee—Yang—Parr correlation functional (B3LYP) and the
6-31+G (d,p) basis set [33, 34]. The calculations were per-
formed using Gaussian 09 software [34, 35] for Windows.
The frontier molecular orbital (FOM) energies i.e. the energy
of the highest occupied molecular orbital (Eyqyo) and the
energy of the lowest unoccupied molecular orbital (£} ;0)
were evaluated. On the basis of this data, the other parameters
were evaluated [9, 10, 26].

Results and discussion
Gravimetric measurements
Effect of inhibitor concentration

The influence of inhibitor concentration (ranging from 50 to
250 mg L") on the corrosion inhibition efficiency was studied
after 3 h exposure to 1 M sulphamic acid in the absence and
presence of Cht-PEG. A graphical presentation of the obtained
results is depicted in Fig. 2a. The corrosion rate Cy (mg cm ™2
h™!) was computed using Eq. (1) [26, 29, 31]:

w
Cp = —
k= (1)

where, W denotes the average weight loss of mild steel
coupon, A is the total area and t represents the immersion
time (3 h). The corrosion inhibition efficiency (#%; relative
decrease in corrosion rate in the presence of a corrosion
inhibitor), was calculated using Eq. (2) [25, 29, 31]:

Cr — Cy;
n% = —=—R %100 (2)
Cr
where Cy, and Cy; are the corrosion rates in the absence and
presence of different concentrations of inhibitor, respec-
tively. The surface coverage (6) was calculated using Eq. (3)
[25, 29, 31]:

Cr — Gy

6= c. 3

a
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Fig.2 a Variation of the inhibi- a
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Table 1 Gravimetric parameters obtained for mild steel in 1 M sul-
phamic acid in the absence and presence of different concentrations
of Cht-PEG

Inhibitor conc. Cy Surface cov- 1%

(mg LY (mg cm™2h™h erage (6)
Blank 0.0 12.27 - -
Cht-PEG 50 1.59 0.8704 87.0
100 1.44 0.8832 88.3
150 1.32 0.8924 89.2
200 1.25 0.8993 89.9
250 1.23 0.9092 90.2

The weight loss parameters viz. corrosion rate (Cy),
surface coverage (€) and the corrosion inhibition effi-
ciency (n%) were calculated and presented in Table 1.
The increase in inhibition efficiency with increase in con-
centration of Cht-PEG suggests that the inhibitor acts by
adsorbing at the mild steel surface. The inhibition effi-
ciency reached 89.9% at a concentration of 200 mg L™!
beyond which no major increase in % was observed.
Therefore, this concentration was selected as the optimum
concentration of the inhibitor for further studies.

(]
’r @ Springer
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Effect of temperature

The influence of temperature on the corrosion inhibition effi-
ciency was studied at the optimum concentration (200 mg
L) of the inhibitor in the temperature range of 308-338 K.
It can be observed from Fig. 2b that the inhibition efficiency
decreases with increase in the temperature. A rise in the tem-
perature of the corrosive medium usually accelerates the rates
of the corrosion reactions which results in an increased dis-
solution rate of the metal. An increase in the temperature also
leads to an increase in the desorption of the inhibitor mol-
ecules from the metal surface which consequently, exposes a
greater surface area of the metal sample towards the corrosive
attack of the medium and in turns leads to increase in the rate
of corrosion [36, 37].

The dependence of corrosion rate on temperature can be
elucidated with the Arrhenius equation as given below:

— Ea
Cr = Aexp <ﬁ> @)
where E, represents the energy of activation, 7 is the abso-
lute temperature, A denotes the Arrhenius pre-exponential
factor and R is the universal gas constant. A plot between log
Cr and 1/T is known as an Arrhenius plot which is a straight
line with a slope of E, /2.303R as shown in Fig. 2¢. The cal-
culated value of E, in blank 1 M sulphamic acid was 10.65
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kJ mol~! while in the presence of Cht-PEG it was found
to be 29.96 kJ mol™'. A higher value of E, in the presence
of inhibitor indicates the creation of a barrier for corrosion
process, which raises the activation energy and decreases the
rate of metallic corrosion [29, 30]. This observation supports
the interaction between the inhibitor molecules and the metal
surface [38].

Adsorption isotherm

The adsorption isotherms are used to understand the inter-
action of inhibitor molecules with metal surfaces. For the
adsorption of Cht-PEG over mild steel surface, in the present
investigation, several adsorption isotherms were attempted
to fit the values of surface coverage 6, among which the
Langmuir isotherm provided the best results. The results
of other tested isotherms are given in the supplementary
information as Fig. S1. The Langmuir isotherm is given by
the following equation:

0/(1-06) =K, C (5)
where C represents the concentration of the inhibitor and
K4, denotes the equilibrium constant for the adsorption pro-
cess [38]. The curve in Fig. 3 shows a plot of C vs log C/6
with the values of the slope and the regression coefficient
close to 1. The value of K4, can be calculated from the inter-
cept of the straight line and it was found to be 260.1 L g~
The K4 is related to the free energy of adsorption AG;,
according to the following equation:

AG®, = —RT In(1000K ;) )

where R is the universal gas constant, T represents the abso-
lute temperature, and 1000 is the concentration of water in
g L™!. The value of AG?, for Cht-PEG was computed to
be — 31.9 kJ mol~! which suggests that the adsorption of

300
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Fig.3 Langmuir isotherm plot for the adsorption of Cht-PEG on mild
steel surface in 1 M sulphamic acid

Cht-PEG follows both physical and chemical modes [29,
31]. The negative sign suggests that the adsorption of Cht-
PEG on mild steel surface is a spontaneous process.

Electrochemical studies
Electrochemical Impedance Spectroscopy

The Nyquist plots of the mild steel electrode [39, 42],
obtained in 1 M sulphamic acid solution in the absence and
presence of different concentrations of inhibitor are shown
in Fig. 4. The curves depict depressed semicircles char-
acteristic of a single time constant which shows a charge
transfer control of the process. To correctly simulate the
electrochemical process taking place at the metal-electrolyte
interface, an equivalent circuit model was used as shown
in Fig. 4a. The experimental and fitted curves obtained for
mild steel in 1 M sulphamic acid in the presence of varying
concentrations of Cht-PEG are shown in Fig. 4c. According
to the proposed equivalent circuit, the fitted curves exhibit
a good agreement with the experimentally obtained imped-
ance data. Here the solution resistance (R,) represents the
collective resistance posed by the solution and the electrical
connections. For the blank mild steel solution, the polariza-
tion resistance (R;) contains the charge transfer resistance
(R, and the double layer resistance (R;). However, in the
presence of the inhibitor, the Rp represents the sum of R,
the film resistance (R;) and the resistance R, (resistance of
all accumulated kinds e.g. inhibitor molecules, corrosion
products etc.) at the metal-solution interface [40].

In the present study, the constant phase element (CPE)
is used in place of the classical double layer capacitor to
take into account the depression in the capacitive semicircle
which arises due to surface roughness, impurities, disloca-
tions, grain boundaries, adsorbed inhibitor molecules etc.
[41]. The CPE represents a frequency distributed double
layer capacitance having phase shift (n). By applying the
equivalent circuit, the different EIS parameters are evaluated
and are shown in Table 2.

The impedance of the CPE is frequency dependent and
can be calculated using Eq. (7) [26]:

Zeps = Yy (jo) ™" (7N
where Zpg represents the impedance of CPE,Y, denotes the
magnitude of the CPE(in 2~ 's"cm™?), w is the angular fre-
quency given by @ = 2zf(having units in rad s~!), n is an
exponent related to the phase shift and has a value in the
range of 0 < n < 1. The double layer capacitance C; can be
calculated as shown in Eq. (8) [28]:

Ca = Yo(@max)"™' ®
From the data shown in Table 2, it is clear that the suc-
cessive addition of increasing concentrations of Cht-PEG to

* @ Springer
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Fig.4 a Equivalent circuit model used to fit the EIS data; Nyquist plots for mild steel surface in 1 M sulphamic acid in the absence (b) and pres-

ence (c¢) of different concentrations of Cht-PEG at 308 K

Table 2 Electrochemical

h ¢ Inhibitor conc. R(£2) R (2 cm?) n C, (uF cm™2) n%
impedance parameters in (mg L) P
the absence and presence of
different concentrations of Blank 1.03 23.74 0.79 68.7 _
Cht-PEG
Cht-PEG 50 1.27 93.71 0.83 57.7 76.2
100 1.52 129.1 0.86 439 82.1
150 1.34 157.3 0.87 36.2 85.3
200 1.29 192.5 0.89 28.6 88.2
250 1.31 206.5 0.88 26.6 88.5
the corrosive medium results in an increase in the diameter ~ where R ;,,) and R, represent the polarization resistance

of the Nyquist semicircles. This shows that the inhibitor
molecules get adsorbed on the mild steel surface and block
the active sites available for corrosion thereby causing an
increase in the R values which is attributed to a slower cor-
roding system. The inhibition efficiency can be calculated
as given by Eq. (9) [42]:

Ryinny — R

n% = % x 100 9)

p(inh)

* @ Springer

obtained in the absence and presence of inhibitor in 1 M
sulphamic acid, respectively. The value of inhibition effi-
ciency (n%) increased with increase in the concentration of
inhibitor and reached a maximum of 88.2% at 200 mg L.
However, the values of C,, show a decrease with increase in
the concentration. This observation can be explained using
the Helmholtz model which relates the double layer capaci-
tance to the thickness of the protective film formed by the

inhibitor molecules 6, using following equation [43]:
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£0E, parameters such as the corrosion potential (E_,), corro-
Ca = 5 (10)  sion current density (i), anodic and cathodic slopes (8,

org

where €, and ¢, are the permittivity of space and the local
dielectric constant respectively. The observed decrease in the
C, values can be attributed to increase in the thickness of
Jorg With increase in concentration of inhibitor. The decrease
in Cy; values can also be ascribed to a decrease in the local
dielectric constant which suggests that the water molecules
with a high dielectric constant are being replaced by the

inhibitor molecules having a lower dielectric constant.
Potentiodynamic polarization

Potentiodynamic polarization measurements were performed
in 1 M sulphamic acid solution in the absence and presence
of varying concentrations of Cht-PEG to evaluate its cor-
rosion inhibition behavior. The representative polarization
curves recorded at 308 K are shown in Fig. 5 and suggest
that the corrosion current density decreases after addition
of the inhibitor to the test solution. The electrochemical

-0.2 4

-0.3 4

-0.4 4

-0.5 4

E(mV vs SCE)

-0.6 4

-0.7 4

-6 5 -4 -3 2 A
log /(A cm?)

Fig.5 Potentiodynamic polarization curves for mild steel in the
absence and presence of different concentrations of Cht-PEG

and f,) and corrosion inhibition efficiency (#%) were cal-
culated from the corresponding Tafel curves and are given
in Table 3. The corrosion inhibition efficiency can be calcu-

lated from i, values using following equation [44]:

corr ~ Lcorr(inh)

l
n% = x 100 (11)

lCOIT

where i, and i, are the corrosion current densities
obtained for mild steel in 1 M sulphamic in the absence and
presence of inhibitor.

It can be observed that the successive addition of increas-
ing concentrations of Cht-PEG results in the reduction of
anodic metal dissolution and cathodic hydrogen evolu-
tion currents thereby decreasing the corrosion rate. From
Table 3, it can be observed that the cathodic Tafel slope
(p.) values are significantly greater than that of the anodic
Tafel slope (f,) values. This indicates that the influence
of inhibitor on the kinetics of hydrogen evolution is more
prominent than that on the Fe dissolution [28, 29, 43]. In
addition, it can be seen that the cathodic polarization curves
are almost parallel showing no change in the mechanism of
hydrogen evolution. This suggests that the hydrogen evolu-
tion process follows a charge transfer mechanism [38]. The
inhibitor molecules get adsorbed on the mild steel surface
and block the active surface sites available for corrosion
reaction. Therefore, the available surface area for hydrogen
evolution decreases while the actual mechanism of inhibition
remains unaffected. The inhibition behavior becomes more
pronounced with increase in the concentration of Cht-PEG.
At the optimum concentration of 200 mg L™!, the obtained
inhibition efficiency was 93.9% with a little shift in the E_ .
values towards cathodic side. These results indicate that
the Cht-PEG could be classified as a mixed type corrosion
inhibitor showing predominantly cathodic influence.

Table 3 Potentiodynamic Inhibitor conc. (pm)  E,,, p,(mVidec)  —p (mVidec) I, (WAlmd 1%

Polarlzatlon data for mild steel (mV vs.SCE)

in the absence and presence

of different concentrations of Blank — 391 77.9 125.4 1697 _

Cht-PEG Cht-PEG
50 — 423 73.0 113.3 304.5 82.1
100 — 447 69.0 112.7 195.6 88.4
150 — 461 68.7 108.6 151.2 91.1
200 — 464 63.3 119.7 114.3 93.9
250 — 465 61.3 116.7 101.3 94.0
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FTIR characterization

The FTIR spectra of Cht and Cht-PEG are shown in
Fig. 6a, b respectively. IR (v max cm™!) 3200 (C-H, sp?),

a
[
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Fig.6 FTIR spectrum of a Chitosan (Cht); b Cht-PEG and c
adsorbed film formed on the mild steel after immersion in 1 M sul-
phamic acid

1682 (C=0), 1570-1500 (C=C), 1350 (C-N). The Cht-
PEG shows the characteristic peaks of Cht along with a
new peak appearing at 1280 cm™~! due to PEG. The peak
at 1580 cm™~! appeared with increased intensity due to the
amide II band of the cross-linked Chitosan [25]. The FTIR
spectrum of mild steel surface recorded in attenuated total
reflection (ATR) mode after immersion in 1 M sulphamic
acid solution containing optimum concentration of Cht-
PEG is shown in Fig. 6¢. The spectrum shows the presence
of the characteristic peaks from Cht-PEG in the adsorbed
film on the metal surface. However, there is a decrease in
the intensity and shift in the peak positions which sug-
gests the adsorption of Cht-PEG over mild steel surface
[45-48].

Surface morphology

The scanning electron microscopy (SEM) images of the
cleaned and abraded mild steel surface in 1 M sulphamic
acid in the absence and the presence of optimum con-
centration of Cht-PEG are shown in Fig. 7a, b, respec-
tively. The image of the blank mild steel sample (i.e., in
the absence of inhibitor) depicts considerable damage and
surface inhomogeneity due to corrosive attack of the acid
solution. The surface morphology of the mild sample in
the presence of optimum concentration of Cht-PEG reveals
contrasting characteristics. A considerable improvement
in the surface smoothness can be easily observed. This is
attributable to the adsorption of Cht-PEG over mild steel
surface and the formation of a protective film which iso-
lates the mild steel surface from the surrounding corrosive
environment. A schematic representation of adsorption

Fig.7 SEM images of mild steel surface after immersion in a 1 M sulphamic acid; b in 1 M sulphamic acid containing 200 mg L~! of Cht-PEG

* @ Springer
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Fig.8 Schematic representa-
tion of corrosion and inhibition
behavior of the inhibitor (Cht-
PEG) on mild steel surface

and inhibition behavior of the inhibitor (Cht-PEG) on mild
steel surface is shown in Fig. 8.

Computational studies

Quantum chemical parameters for metal-inhibitor
interaction

Computer-based theoretical methods are frequently
employed for predicting structure-activity relationships
of pharmaceutically active compounds in the area of cor-
rosion inhibition studies. The density functional theory
(DFT) calculations are performed to obtain theoretical
parameters such as charge distribution, dipole moment and
frontier orbital electron density for designing novel and
efficient corrosion inhibitors [49-51]. In the present study,
the quantum chemical calculations were performed using
density functional theory (DFT) to understand the interac-
tion between inhibitor and the metal surface. In the present
study, we performed the calculations on three ethylene
glycol units linked between two chitosan units (Cht-EtG)
as given in Fig. 9 to understand the effect of functionaliza-
tion of Cht. The energy of the frontier molecular orbitals
(FMO) is important to characterize the electron donation
and acceptation tendency of an organic inhibitor. A high
value of the energy of the highest occupied molecular
orbital (Eyopmo) 1s indicative of the higher tendency of
electron donation and a lower value of the energy of the
lowest unoccupied molecular orbital (E| o) presents a
tendency towards electron acceptance. According to HSAB
principle, the Eygyq is directly related to ionization poten-
tial of a molecule and denotes susceptibility of a molecule
towards electrophilic attack. The E| o value is related
to electron affinity and characterizes the susceptibility of

Corroded Surface

Protected Surface

a molecule towards nucleophilic attack. Frontier molec-
ular orbital theory of chemical reactivity states that the
formation of a transition state takes place as a result of
an interaction between the frontier orbitals (HOMO and
LUMO) of reacting species. Smaller the orbital energy gap
between the interacting HOMO and LUMO of molecules,
the stronger are the interactions between the molecules of
the two reacting species.

In aqueous acidic media, the corrosion inhibitor mol-
ecules show the tendency to undergo protonation using
the lone pair electrons present on the heteroatoms. There-
fore, it is important to understand the reactivity of these
protonated species because protonated molecules can also
take part in the adsorption process. The preferable site
for protonation can be estimated by comparing the proton
affinity (PA) values at the different sites [52]. Generally,
the heteroatoms of an inhibitor molecule having the most
negative Mulliken charges (Table 4) are considered the
most probable sites for adsorption. In the present study, the
heteroatoms of chitosan i.e., the O33, O35 of the terminal
—OH groups; the 08, O31 of the —OH groups adjacent to
chitosan ring, the 09, 029 of the terminal —O- groups,
the OS5, 025 of the chitosan ring —O— groups, the O13 and
019 of the —O- groups from EG units adjacent to chitosan
rings, the —O— group present in the center of EG and the
N11, N21 of the -NH- groups were considered susceptible
for protonation [53]. The proton affinity can be calculated
as [54, 55]:

PA=E

proto

- (Enon - proto + EH+) (12)

where E o, o0 a0d E, are the energies of the non-pro-

tonated and protonated inhibitors, respectively. Ey+ is the
energy of H* ion which can be expressed as [56]:

Ey+ = E,0t) — Em,o) 13)

¥ @ Springer
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Table 4 Mulliken charges on
heteroatoms of Cht-EG

where, Ey ) is the total energy of a water molecule and
E 4,0+ 1 the total energy of the hydronium ion. The PA val-
ues at different positions of protonation are listed in Table 5.
It can be observed that the preferred sites for protonation are

aLUMO

Fig.9 Optimized structures and frontier orbital electron density distribution (HOMO and LUMO) of a Cht-EG neutral and b Cht-EG protonated

Heteroatom  Mulliken charge

05

08

09

N11
013
0o16
019
N21
025
029
031
033
035

—0.530875
—0.564390
—0.497101
—0.559576
- 0.511556
—0.513348
—0.520670
—0.558425
—0.532869
—0.475880
—0.545444
—0.551656
—0.554711

N11, N21 in the Cht-EG structure [45].
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Table 5 Proton affinity values

. o Heteroatoms PA (kcal mol_l)
at the different positions of

Cht-EG 033, 035 — 1130903.31
08, 031 — 1130886.07
09, 029 — 1130866.21
05, 025 — 1130898.15
013,019 — 1130888.4
016 — 1130734.06
NI11,N21 - 1130997.31

Following Koopman’s theorem, the molecular orbital ener-
gies of the FMO can be related to the ionization potential and
electron affinity as follows [22, 57-61]:

—Epomo =1 (14)

—Epgmo =A (15)
where I and A represent the ionization potential and the elec-
tron affinity, respectively. The electronegativity and hard-
ness can be computed from the above parameters as shown
below:

y= %(I+A) (16)
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Lyl
;1—2(1 A)—o_ (17)

Where, y represents the absolute electronegativity, # denotes
the chemical hardness and o is the global softness which is
the reciprocal of hardness. Hardness can also be related to
the molecular orbital energy gap AE between HOMO and
LUMO. This relation is grounded on the principle of maxi-
mum hardness which states that “a molecule arranges itself
so as to be as hard as possible” [52, 58, 59]. The electro-
philicity index w and its inverse, the nucleophilicy € can be
expressed as:

)(2

a)zﬁz

1
- (18)
€

The fraction of electrons transferred (AN) can be given
as [22, 49, 55, 56]:

Pre = Xinn
2’/Iinh

AN = (19)
where ¢, represents the work function of the Fe (110)
plane having a value of 4.82 eV and the other symbols are
as defined above. Accordingly, the calculated quantum
chemical parameters for neutral and protonated Cht-EG are
listed in Table 6. It can be seen that following protonation,
the Cht-EG molecule shows a significant decrease in the
Eyomo value compared to that of the protonated molecule
indicating a decrease in the tendency to donate electrons.
The E| 0 value of the protonated inhibitor also shows a
significant decrease indicating an increased tendency of
electron acceptance compared to the neutral molecule. Fur-
ther, after protonation, there is a significant rise in the global
electronegativity of the Cht-EG molecule combined together
with increased value of the electrophilicity index and the
decreased value of nucleophilicity. It can also be observed
that while AN for neutral inhibitor is 0.46, AN for the pro-
tonated form is — 0.49. This again suggests that the neutral
form of Cht-EG has a tendency to donate the electrons to the
metal surface while after protonation the inhibitor molecules
exhibit an electron accepting tendency [22, 52, 58]. These
parameters further support the increase in electron accept-
ance tendency compared to that of the electron donation
tendency which is exhibited by the neutral Cht-EG molecule.

Molecular electrostatic potential

The mapping of molecular electrostatic potential (ESP) can
allow an observation of the regions of high and low electron
density in an organic corrosion inhibitor molecule. This can
help determine the possible sites in the inhibitor molecule
which are susceptible to undergo adsorption interaction with
a metal surface [52, 60, 61]. The ESP mapping of the neutral
and protonated Cht-EG are displayed in Fig. 10. The differ-
ent values of ESP are shown in different colours where the
most negative ESP regions are shown in red colour, blue
shows the region of the most positive ESP while the green
colour shows the regions with zero ESP values [52, 60, 61].
It can be seen that in the neutral inhibitor, the most negative
potential (red color) is around the heteroatoms (O and N).
Upon protonation at N positions, a deep blue coloured region
can be observed around the N atoms showing a deficiency of
electrons and the possible centres susceptible for undergo-
ing physical adsorption via electrostatic interaction. These
results support the trends observed above in the values of
the electrophilicity and the nucleophilicity indices (Table 6).

Fig. 10 Molecular electrostatic potential mapping of a neutral and b
protonated Cht-PEG. The bar shows the regions of high (red) and low
electron density (blue)

Table 6 Quantum chemical

Cht-EtG E E AE AN

parameters of the neutral and HOMO Lumo o g ’ @ N

protonated Cht-EG Neutral —5.0923 1.6699 676 171 338 029 022 462 0.46
Protonated  —10.7352 —4.7457 599 774 299 033 500 0.9 —049

All energy values are in eV; o is in eV ™!
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Explanation of adsorption and inhibition

The adsorption of an inhibitor at the metal-solution inter-
face is generally assumed to be the first step in the cor-
rosion inhibition process in an aggressive acid solution.
Following mechanism is proposed for the interaction of
inhibitor over mild steel surface in the acid solution [62].

1. The inhibitor molecule may get protonated in the acidic
medium:

[Cht - PEG] + xH* = [Cht - PEG]** (20)
The protonated inhibitor may get adsorbed directly on
the surface by forming electrostatic attraction bridges
through previously adsorbed acid anion, or, the proto-
nated inhibitor may adsorb via direct electrostatic attrac-
tion with the metal surface. The physically adsorbed pro-
tonated Cht-PEG molecules may start to compete with
the H* for electrons over the mild steel surface. The
protonated inhibitor, after accepting electrons from the
metal surface, then returns to the neutral form [28, 30].
2. The uncharged or neutral inhibitor molecules may then
undergo chemical interaction with the metal surface.

HO ~ ~ OH
- . . /\O /\/Ov\o /\+ g ",
¢ :NH NH, :
OH : OH

Retrodonation

Chemisorption

Fig. 11 Schematic of mechanism of adsorption of Cht-PEG on mild
steel surface

The presence of heteroatoms (N, S, O, P) in the inhibi-
tor molecule with free lone pair electrons may promote
chemical adsorption of the inhibitor over the metal sur-
face.

3. During the corrosion reaction, there can be an accu-
mulation of electrons over the metal surface making it
more negatively charged. To relieve this excess negative
charge, the electrons from the partially filled d-orbitals
of the metal may get transferred to the vacant z anti-
bonding orbitals of the inhibitor molecule in a process
called retro-donation. This further strengthens the
adsorption of inhibitor molecules over the metal surface.
A schematic representation of adsorption of inhibitor on
mild steel surface is shown in Fig. 11.

A few reports are available on different corrosion
inhibitors for sulphamic acid solution for mild steel. A
comparison of corrosion inhibition performance of present
work with previously tested inhibitors is shown in Table 7.
The present work is the first report on the application of
Cht-PEG against corrosion of mild steel in sulphamic acid
solution. The obtained experimental results in the present
work suggest that the Cht-PEG behaves as a promising
inhibitor against mild steel corrosion in 1 M sulphamic
acid.

Conclusions

In the present study, polyethylene glycol (PEG) cross-
linked Chitosan (CHt-PEG) was used as corrosion inhibi-
tor for mild steel in 1 M sulphamic acid solution. Follow-
ing major conclusions were drawn out of the investigation:

1. Polyethylene glycol (PEG) cross-linked Chitosan (Cht-
PEG) exhibited 93.9% inhibition efficiency at 200
mg L~! concentration against the corrosion of mild steel
in 1 M sulphamic acid solution.

Table7 A comparison of the

At ; Inhibitor Metal surface Sulphamic acid con-  Inhibition effi- References

corrosion 1nh1l?1t10n behaviour centration ciency (7%)

of Cht-PEG with other

inhibitors for sulphamic acid N-acetylcysteine Mild steel 5% 97.4 [2]
Cysteine Mild steel 5% 96.7 [2]
S-benzylcysteine Mild steel 5% 90.7 [2]
Cystine Mild steel 5% 93.7 2]
Methionine Mild steel 5% 95.9 2]
Chitosan Mild steel 1M 72.38 [11]
Chitosan + KI Mild steel 1M 91.68 [11]
Cht-PEG Mild steel 1M 939 Present work
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2.

The corrosion inhibition efficiency showed an increase
with increase in the concentration of inhibitor. The
adsorption of Cht-PEG on the mild steel surface fol-
lowed Langmuir isotherm and exhibited a mixed mode
of adsorption.

EIS study showed an increase in the polarization resist-
ance with increase in concentration thereby supporting
the formation of a protective film.

Polarization study revealed that the tested inhibitor sup-
presses both anodic and cathodic processes while exhib-
iting a cathodic predominance.

The results of quantum chemical calculations carried
out on neutral and protonated inhibitor supported the
experimental results and provided evidence for metal-
inhibitor interaction.
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