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INTRODUCTION

Corrosion is a natural phenomenon in which a material is
destructed or decays through a destructive attack of a substance
through a chemical reaction with its environment [1]. Corrosion
is a global problem due to safety loss and economic damage.
The losses resulting from corrosion are categorized into indi-
rect and direct losses and the indirect one includes economic
losses resulting from efficiency reduction, plant shutdowns,
expensive maintenance and product contamination, which can
ultimately lead to over-design. Direct losses involve fixing
damaged machinery, the cost of replacing corroded structures
and substitution of some components [2]. Thus, iron corrosion
presents practical and theoretical concerns and has received
considerable interest.

Hydrochloric acid (HCl) is widely used for cleaning,
pickling, descaling of steel and iron because it is easier to use
and more economical than other mineral acids. The HCl is
preferred over other acids for pickling and cleaning due to its
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ability to produce metal chlorides, which are more soluble in
an aqueous medium than metal phosphate, sulphates and nitrates
[3-5]. The use of corrosion inhibitors is the most effective to
protect many alloys and metals against aggressive environ-
ments such as alkaline, acidic and saline [5]. By modifying
the temperature, removing constituents that facilitate corrosion,
removing dissolved O2 or solid particles, dehumidifying the
air and controlling the pH or adding corrosion inhibitors, a
less aggressive environment can be obtained [2].

However, the use of traditional corrosion inhibitors, in parti-
cular few inorganic substances, including nitrites, chromates
and phosphates, is restricted due to their potential environmental
risks and toxicity [6-9]. Thus, the establishment of environ-
mentally friendly corrosion inhibitors that used a natural plant
extract has attracted substantial attention [10]. Furthermore, in
acidic media, organic compounds comprising polar functional
groups, such as oxygen, nitrogen and sulphur, in conjugated
systems are effective inhibitors of mild steel corrosion [8,11].
Inhibition occurs by producing a surface complex of donor-
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acceptor between the p- or free electrons of inhibitors and the
vacant d-orbital of metal atoms [12].

Studies have reported that many nanopolymers, such as
glycogen nanoparticles, can be employed in corrosion inhibition
[13]. The starch silver nanoparticles were employed to inhibit
mild steel corrosion by using the weight loss technique [14,15].
As industrially useful corrosion inhibitors, polymer nanocom-
posites are recently developed [16]. An environmentally benign
corrosion inhibitor that was based on cellulose niacin nano-
composite was utilized to investigate copper corrosion in a
NaCl solution [17]. New nanocomposites of copper and nickel
oxide nanoparticles embedded in melamine frameworks comp-
rising cellulose nanocrystals were employed to study corrosion
[18].

A quantum chemical calculation is a powerful tool to study
the mechanisms of corrosion inhibition by using properties,
including the energy of lowest unoccupied molecular orbital
(ELUMO), energy of highest occupied molecular orbital (EHOMO),
global chemical descriptors e.g. hardness, softness, chemical
potential, electronegativity and electrophilicity. Quantum
chemical methods are used for study the behaviour and struc-
ture of corrosion inhibitors and to obtain information about
the inhibition phenomenon [19,20]. The quantum chemical
analysis was employed to determine relationship between the
inhibition efficiency molecular and structure of inhibitor comp-
ounds and to theoretically investigate molecular and electronic
structures of starch nanocrystals (SNCs).

In this study, for mild steel in 1 M HCl, SNCs were used as
corrosion inhibitors. Starch nanocrystals exhibit properties that
render them green corrosion inhibitors for various metals in
aggressive media, such as acidic medium. These compounds
have numerous pharmaceutical, medicinal applications etc.
[21-23]. However, no applications are found for them in corro-
sion inhibition. Thus, this study assessed the corrosion inhibitory
properties of SNCs. For mild steel in 1 M HCl, weight loss meas-
urements were used to study corrosion inhibition by using
SNCs as novel corrosion inhibitors. Additionally, the effect of
temperature and concentration on the corrosion behaviour was
explored in the presence and absence of inhibitors. Moreover,
theoretical studies were conducted using DFT for validating
the experimental results. To our best of knowledge, no syste-
matic investigation has been performed on the effects of SNCs
on the corrosion of mild steel.

EXPERIMENTAL

Iranian mild steel (ST37-2) was obtained from the comm-
ercial markets. The corn starch was obtained from Meptico-
Lebanon, while the HCl acid (35-38%)  with density (1.18 g/
mL), m.w. (36,46 g/mol) was obtained from S.D. Fine-Chem
Ltd., India and sulphuric acid (96%) with density of 1.84 g/
mL, m.w. of 98.08 g/mol was obtained from Chem-Lab NV
Industries zone, Belgium. The stock solution of HCl at the

concentration of 1M was prepared by dilution of 37% weight
of concentrated HCl using double distilled water.

Preparation of mild steel samples for weight loss
method: The metal specimens (ST37-2) were prepared by
cutting by laser with a specific dimensions of 2.0 cm × 2.0 cm
× 0.18 cm. These pieces were used with further polishing for
the exposed flat surface with different grade emery papers (in
the range of 180-1200). The specimens were cleaned from
grease using double distilled water, absolute ethanol and then
finally dried by using acetone. The specimens were kept in the
desiccators to avoid the humidity effect until they were utilized
corrosion studies. The chemical composition of steel alloy is
shown in Table-1.

Preparation of mild steel samples: The material used in
the constructing the working electrode was pre-prepared samples
of mild steel (ST37-2) having the same dimensions of (2.0 cm
× 2.0 cm × 0.18 cm). The specimens were first prepared such
that the processed area is the only exposed region that will
remain during the test by scraping the steel samples manually,
with further burnish for surface with different grade emery
papers. The specimens were cleaned from grease using distilled
water and absolute ethanol and finally dried by using acetone.

To prepare the samples, the multi-meter wire, one sample,
glue, epoxy resin (LOCTITE E-40FL) as insulating material,
where the wire was attached to the test sample using glue and
left for 1 h to ensure drying time. Thereafter, the epoxy resin
was applied on the glued area as well as on the side surfaces
of the sample and left for 24 h at room temperature to ensure
drying except for the processed region that will remain exposed
during the test.

Preparation of SNCs inhibitor: Depending on the botan-
ical source of starch and isolation procedures used, the corn
starch nanocrystals were synthesized by acid hydrolysis in
accordance with the method followed by Angellier et al. [24].
Starch nanocrystals (SNCs) were generally prepared by treating
starch suspension with dilute sulphuric acid, where 150 g of
starch powders were mixed in 1 L of H2SO4 solution and placed
at the ambient temperature (293-323 K) for 7 days under conti-
nuous stirring (200 rad/min) using the magnetic stirrer. The
suspension was separated by Büchner funnel and washed many
times with distilled water to remove the acid residuals until
the pH becomes netural, and finally the suspension was poured
in a glass container and dried the product in oven at 323 K for
72 h.

Characterization: The chemical structure of the starch
and starch nanocrystals (SNCs) was investigated using Fourier
transform infrared spectroscopy (Alpha-Bruker Co., Germany)
at the range of 4000-400 cm-1. The morphology of starch nano-
crystals (SNCs) was investigated using field emission scanning
electron microscopy (TESCAN MIRA-3 FE-SEM, France) at
an acceleration voltage of 1-30 kV. The specimen was sputter-
coated with gold (S150A sputter coater) to avoid charging.

TABLE-1 
MILD STEEL ALLOY COMPONENTS (wt.%) 

Element C Si Mn P S Cr Mo Ni Cu Al Fe 
Wt% 0.0664 0.0042 0.367 0.0097 0.0077 0.0063 < 0.002 0.0325 0.0049 0.0408 BaL 
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Transmission electron microscopy (TEM Carl Zeiss-
EM10C, Germany) at an acceleration voltage of 100 kV was
used to investigate the particle size of modified starch (starch
nanocrystals). In addition, atomic force microscopy (AFM)
measurements was used to determine the size of starch nano-
crystals which was performed on a Multimodal AFM (TT-2
AFM scanning probe microscope, USA).

Weight loss method: Weight loss measurements were per-
formed in 1 M of HCl solution at different temperatures and
concentrations by immersing mild steel test coupons in absence
and in the presence of the inhibitor. The coupons dimensions
of 2.0 cm × 2.0 cm × 0.18 cm were cleaned, weighed and placed
in the middle of the corrosive media containing 100 mL of
1 M HCl with and without different concentrations of inhibitor.
Then, the samples were placed in a vibrator water bath at a
different temperature for certain time periods.

When the treatment time was completed, the test compounds
were removed from the electrolyte. Then, these compounds
were scrubbed using a soft bristle brush in distilled water to
eliminate the corrosion output, dried and weighed. Experiments
were conducted in triplicate for each inhibitor concentration,
and the average of weight losses was used to calculate the inhi-
bition efficiency and corrosion rate of inhibitors. The variation
between initial and specific-period sample weight was used
as the weight loss. The weights were estimated using a Sartorius
Entris TE64 electronic balance (Germany) having a sensibility
of ±0.0001 g. The inhibition efficiency (IE%), corrosion rate
(CR) and surface coverage (θ) were determined using the
following equations:

2 1 W
CR (mg  cm  h )r

A·t
− − ∆= (1)

where ∆W is the weight loss (mg), while A is the area of an
exposed surface of the sample (cm2) and t represents the
exposure time (h).

The percentage and efficiency of inhibition  (IE %) was
calculated according to eqn. 2 [25]:

o i

o

W W
IE (%) 100

W

−= × (2)

where Wo = weight loss value in the absence of inhibitor and
Wi = weight loss value in the presence of inhibitor.

Evaluation of surface coverage (θθθθθ): The surface
coverage was determined using eqn. 3 [26]:

o i

o

W W
Surface coverage ( )

W

−θ = (3)

where Wo and Wi are the weight reduction per unit time with
absence and presence of restraint, respectively. Adsorption
isotherms are often shown to demonstrate the performance of
organic adsorbent type inhibitors. According to this, the relation-
ship between θ and log C was examined to determine whether
or not the inhibitor adsorption followed Langmuir, Temkin,
Frumkin, Flory-Huggins and Freundlich isotherms [27] by
obtaining a linear relationship.

Electrochemical measurements: In a conventional three-
electrode cell containing 100 mL of electrolyte at 323 K,

electrochemical polarization measurements were performed
on an Instrument DY2300 Digi-Ivy potentiostat (USA) having
beta software. A saturated calomel electrode (SCE), platinum
auxiliary electrode, mild steel specimen were used as the reference
electrode, counter electrode (CE) and working electrode (WE),
respectively. The current between WE and SCE was measured,
and the potential between the reference electrode and WE was
measured. Before the experiment, the prepared sample was
examined using a multimeter. In the corrosion testing cell,
WE was immersed in an acidic medium of 1 M HCl in absence
and presence of the inhibitor for 2.5 h before the test at a specific
temperature. The open circuit potential (OCP) was measured
for 120 s by using this set-up. Linear sweep voltammetry was
studied at OCP to reach the steady state. Using an Autolab data
acquisition system, polarization curves were plotted. The Icorr,
CR, and Ecorr were determined using Tafel extrapolation. For
Tafel plots, potentiodynamic polarization curves (current vs.
potential) were acquired against OCP at a scan rate of 1 mV/s at
the potential of −250 to 250 mV. All potentials were determined
against SCE. The percentage inhibition efficiency (IE%) was
computed using eqn. 4:

o
corr corr

o
corr

i i
IE (%) 100

i

−
= × (4)

where iºcorr and icorr are the values of corrosion current density
in absence and presence of the inhibitors, respectively.

Quantum chemical study: Quantum chemical calculations
were performed using the semi-empirical AM1 method to inves-
tigate the effect of SNC molecular structure on the inhibition
efficiency. All the calculations were conducted by employing
complete geometry optimization through DFT by using the
B3LYP functional with 6-311++G(d,p) basis set, as imple-
mented in Gaussian 09W program. Frontier molecular orbital
energies (ELUMO and EHOMO) are critical for predicting the reac-
tivity of chemical species. The EHOMO is usually associated with
a molecule’s electron-donating ability. With the increase in
EHOMO values, the inhibition efficiency increases. A high EHOMO

value indicates that the molecule tends to donate electrons to
an appropriate acceptor molecule having a low-energy empty
molecular orbital. Low ELUMO values suggest that molecules
easily accept electrons from donor molecules [28,29]. Smaller
of ∆Egap and larger of dipole moment lead to inhibition effici-
ency enhancement [30,31]. Quantum chemical descriptors,
including ELUMO, EHOMO, energy gap (∆E = ELUMO − EHOMO),
softness, chemical hardness, chemical potential, dipole moment,
electronegativity, nucleophilicity, electrophilicity, and number
of electrons transferred (∆N) were calculated.

RESULTS AND DISCUSSION

Characterization of starch nanocrystals (SNCs)

FTIR studies: Fig. 1 shows the chemical structures and
nanocrystals of corn starch. The FTIR spectra show a sharp
peak in 3000-2800 cm-1, a broad band in 3600-3000 cm-1 and
a peak in 1200-900 cm-1. These peaks correspond to (C-H)
stretching, (O-H) stretching and (C-O-C) stretching vibrations,
respectively [32,33]. The absorption peaks seen  near 990 and
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Fig. 1. FTIR spectra of native starch and starch nanocrystals

1150 cm-1 correspond to the stretching vibrations of (C-O) [34].
The absorption peak appearing at 1075 cm-1 can be assigned to
the O-C stretching vibrations for the (C-O-C) group in the
glucose ring [35]. Absorption bands seen at 1370 and 1465 cm-1

correspond to the in plane bending vibration of O-H of the
glucose unit [36]. For these bands, the transmittance intensity
was higher in SNCs than in their native counterparts. Similar
findings are reported for potato SNCs [37]. The FTIR results
of SNC revealed slight changes in the FTIR spectra acquired
after and before acid hydrolysis, which indicates that the glucose
structure was stable during acid hydrolysis. Similar results are
reported by Chen et al. [38]. Furthermore, the peak seen at
2924 cm-1 for C-H varies with the ratio of amylopectin to
amylose [37,39]. A decrease in the amylose ratio leads to an
increase in the peak intensity for the (C-H) region. The high
C-H peak intensity for corn SNCs proves the selective
hydrolysis of amorphous regions, which comprise amylose.
The broadening of (O-H) stretching vibration peaks is ascribed
to the variation in the intra- and intermolecular hydrogen bond-
ing of starch molecules caused by hydrolysis [40]. The band
seen at 1642 cm-1 and varies with crystallinity results from water
adsorbed (H-O-H) in the amorphous regions of starch [32,41].

SEM studies: The morphology of the starch nanocrystals
are shown in Fig. 2. The sample was prepared by coating with
a very thin layer of a suitable metal coating (gold) [42].  The
corn starch nanocrystals viewed under SEM appeared as square
like platelets depending on their crystalline type,  while square-
like platelets were reported for A-type corn starches [43]. The
nanocrystals sizes of starch was  in the range of 74-100 nm.
The particles seem to have a uniform distribution although
some clustering/aggregations were observed.

TEM studies: The morphology and average size of SNCs
were explored through transmission electron microscopy
(TEM) (Fig. 3). The morphology of insoluble residues after the
7-day hydrolysis of native corn starch granules is shown in
Fig. 3. The square platelets can be vaguely seen in the insoluble
residues of native starch granules after hydrolysis may be due
to different plant sources of starch as well as the aggregation
of SNC during monitoring [44]. The size of the residues
determined through TEM was 29-66 nm. Few aggregates of
>100 nm were found. Similar results are reported by Duan et al.
[45]. However, different sizes and shapes of SNCs are reported.

Fig. 2. Scanning electron micrographs of corn starch nanocrystals after
curing in 3.16 M H2SO4 hydrolysis for 7 days

Fig. 3. Transmission electron microscopy of corn starch nanocrystals at
curing of 3.16 M H2SO4 hydrolysis for 7 days

AFM studies: Atomic force microscopy (AFM) was used
to determine the SNC size and its results are shown in Fig. 4a-b.
A test was conducted on a mica substrate by preci-pitating a
drop of SNC suspension and by drying it at 40 ºC for 20 min.
The SNCs showed square platelets irrespective of their
botanical origin (Fig. 4a). This finding is in agreement with
the literature available on the shape of SNCs [46]. The particle
size was evaluated using image analysis software (Nova)
acquired with the AFM instrument. The AFM results revealed
that the largest size of SNC (65%) was 15 nm (Fig. 4b).

Measurements of weight loss: The corrosion of mild steel
in 1M HCl with and without SNCs as inhibitor of corrosion
was studied using the weight loss technique over a temperature
range of 293-323 k. Fig. 5 illustrates the relationship of metal
weight loss versus time (h) in 1M HCl without and with an
inhibitor (0.2, 0.3, and 0.5 g/L) at 293 K, 303 K, 313 K and
323 K. The weight loss of mild steel with presence of the inhi-
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Fig. 4b. Average size range (nm) by AFM of corn starch nanocrystals at
curing of 3.16 M H2SO4 hydrolysis for 7 days

bitor in the HCl solution was reduced as contrasted to inhibit
free solution. The inhibition efficiency and corrosion rates were
calculated at the different concentrations of inhibitors and at
different temperatures. The results showed that the corrosion
rate (CR) was reduced in the presence of the SNCs inhibitor
as compared to the situation of absence of loading of the SNCs
inhibitor in solution (Table-2). In addition, the corrosion rate
increases with temperature increase, indicating that the temp-
erature is a significant operator in the corrosion process [47].
In addition, maximum inhibitor efficiency was 67% at concen-
tration of 0.5 g/L of inhibitor and at 323 K, while the minimum
value was 30.6% at inhibitor concentration of 0.2 g/L and at
293 K.
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The adsorption of SNCs on the surfaces of mild steel leads
to covering of the mild steel surfaces, which leads to the suppr-
ession of corrosion of the mild steel and leads to decrease the
corrosion rate. The SNCs has a complicated structure (complex
polysaccharide), and the FTIR study showed that SNCs contains
hydroxyl groups that tend to adsorb on the face of metal surfaces
through the electronic pair on the oxygen atoms. These polar
groups help in the absorption of SNCs on the surface of mild
steel, which prevent the corrosion operation from occurring.
It can be suggested that the SNCs can prevent mild-steel corro-
sion by forming a donor-acceptor surface complex between
the free or π-electrons of the inhibitor and vacant d-orbital of
metal atoms.

Adsorption isotherm: The adsorption isotherm presents
the relationship between the surface coverage degree at constant
temperature and corrosion inhibition efficiency for different
inhibitor concentrations. It provides the information of the
nature of interactions between the inhibitor molecular consti-
tuents and mild steel surface [48]. Corrosion inhibitor molecules’
adsorption occurs on the surface of mild steel through the
displacement of water molecule adsorbed onto a metal surface.
Moreover, adsorption is dependent on the electronic character-
istics, chemical composition, and inhibitor concentration, the
nature of metal surface, steric effects, temperature and electro-
chemical potential at a metal-solution interface and varying
degrees of surface-site activity [49]. Fig. 6 shows the results
of the relation between the inhibition efficiency (IE%) at
different temperatures and inhibitor concentration (C) of SNCs.
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Several isotherms, such as Freundlich, Langmuir and
Temkin, were proposed, which can be used to establish the
most appropriate isotherms for experimental data. Adsorption
isotherms were used to comprehend interactions between the
mild steel surface and inhibitor [50]. In this study, for various

inhibitor concentrations in acidic media, the degree of surface
coverage values (θ) was evaluated using the weight loss and
the changes in θ. Thus, the changes in inhibitor efficiency were
determined using the model of Temkin adsorption isotherm.
The suppression efficiency increases with the increase in both
temperature and restraint concentration rises, i.e. with increa-
sing temperature and inhibitor concentration, the inhibition
efficacy increases, indicating that the adsorption operation
follows the chemical adsorption mechanism [51].

The surface coverage (θ) values justified the behaviour
of adsorption of SNCs. The following equation can be used to
estimate the surface coverage:

IE (%)

100
θ = (5)

The surface coverage (θ) values of the inhibitor were used
to demonstrate the optimal isotherm for determining adsorption
behaviour.

As a good corrosion inhibitor in HCl acid environments,
the efficacy of SNCs depends mainly on its ability to adsorb
on the metal surface, which is important to explain the inter-
action mechanism of SNC with mild steel in corrosive media.
The optimum isotherm model can be estimated using the corre-
lation coefficient (R2) [52]. The Temkin isotherm exhibited
the optimum correlation coefficient (R2) value, and thus, is
the most satisfactory to represent the experimental data. The
(θ) was determined using the Temkin adsorption isotherms.
Temkin adsorption isotherm [53,54] is represented as follows:

Exp (–2aθ) = KC (6)

where a is the heterogeneous factor of the metal surface that
describes the molecular interactions in the adsorption layer
and is referred to as the lateral interaction parameter, and K is
the adsorption process equilibrium constant.

It is also observed that the empirical information follows
the Temkin adsorption isotherm by the linear relevance between
the surface coverage and the SNCs inhibitor concentration at
all temperature ranges (Fig. 7). Table-3 shows the adsorption
variables of Temkin adsorption isotherms of mild steel corro-
sion in HCl (1M) in the presence of SNCs at 293, 303, 313
and 323 K.

The positive and negative signs of molecular interaction
parameters were used to determine the repulsion and attraction
forces among adsorbed molecules, respectively. Repulsion
occurred between adsorbed molecules because the "A" values
are negative (Table-3). The adsorbate and adsorbent intensity
is denoted by K. An increase in K values led to more efficient
adsorption, which resulted in a better inhibition efficiency. On

TABLE-2 
CORROSION RATE (CR), INHIBITION EFFICIENCY (IE%) AND SURFACE COVERAGE (θ) OF MILD  

STEEL IN 1 M HCl FOR DIFFERENT INHIBITOR CONCENTRATIONS AT DIFFERENT TEMPERATURE 

CR (mg cm-2 h-1) Efficiency of inhibitor (IE%) Degree of surface coverage (θ) Conc. 
(g/L) 293 K 303 K 313 K 323 K 293 K 303 K 313 K 323 K 293 K 303 K 313 K 323 K 
Blank 0.670 1.190 1.455 2.490 – – – – – – – – 

0.2 0.465 0.790 0.915 1.455 30.6 33.6 37.1 41.6 0.306 0.336 0.371 0.416 
0. 3 0.387 0.650 0.735 1.170 42.3 45.3 49.4 53.0 0.423 0.453 0.494 0.53 
0.5 0.302 0.500 0.550 0.820 54.8 58.0 61.8 67.0 0.548 0.618 0.618 0.67 
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TABLE-3 
TEMKIN ISOTHERM PARAMETERS AT 293, 303, 313 AND  

323 K FOR MILD STEEL IN 1 M OF HCl WITH SNCs 

Temp. (K) A K R2 

293 
303 
313 
323 

-0.825 
-0.818 
-0.809 
-0.784 

3.288 
3.410 
3.544 
3.676 

0.9978 
0.9982 
0.9959 
0.9999 

 
the metal surface, chemical adsorption may occur due to the
increase in the K values with increasing temperature.

Effect of temperature: In 1M HCl at the temperature range
of 293-323 K, the effect of temperature on corrosion rate (CR)
was studied in the absence and presence of different inhibitor
concentrations. The corrosion rate (CR) decreased with the
increase in temperature inverse from 293-323 K. The plot of
logarithm of CR against different temperatures inverse is shown
in Fig. 8 for blank and SNC inhibitors.
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0.00305 0.00310 0.00315 0.00320 0.00325 0.00330 0.00335 0.00340 0.00345

Fig. 8. Logarithm of corrosion rate (CR) against inverse temperature for
mild steel with and without SNCs in 1 M of HCl

The straight lines were drawn to show that the relationship
between the CR and temperature follows the Arrhenius equation
and that the straight-line slope indicates activation energy. The
Arrhenius equation can be written as follows [55]:

aE
lnCR ln A

RT
= − (7)

From Fig. 8, the slope (−Ea/R) of each individual straight
line was determined and activation energy (Ea) was calculated
by using (Ea = (slope × R) and the calculated value of Ea were
summarized in Table-4. It is evident that the apparent activation
energy values for the inhibited solutions were lower than that
for the non-inhibited one, indicating that the adsorption process
is a chemisorption adsorption [56]. It could be attributed to
the increase in surface coverage because of the adsorption of
the inhibitor molecules on the surface of mild steel as the

TABLE-4 
ACTIVATION ENERGY (KJ/mol), ENTHALPY (KJ/mol)  

AND ENTROPY (J/mol K) OF MILD STEEL CORROSION  
IN 1 M HCl WITH SNCs INHIBITOR 

Conc. (g/L) Ea (KJ/mol) o
adsH∆ (KJ/mol) o

adsS∆ (J/mol K) 

Blank 32.090 29.550 -148.665 
0.2 27.770 25.157 -164.541 
0.3 26.688 24.171 -166.119 
0.5 24.082 21.540 -179.580 

 
temperature rises. Next, the adsorption layer blocks the active
sites and isolates the mild steel surface from the acidic environ-
ment [57]. In this case, the interaction between inhibitor mole-
cules and metal will form coordinate bonds by giving lone
electron pairs of oxygen to empty orbitals of iron atoms [58].
This may be explained that the adsorption of SNCs on the
metal surface is chemisorption.

The values of standard enthalpy of adsorption (∆H) and
the entropy of adsorption (∆S) for mild steel corrosion in 1M
HCl with SNCs inhibitor were calculated using the transition
state equation [59]:

RT S H
CR exp exp

Nh R RT

∆ ∆   = −   
   

(8)

Fig. 9 shows a graph between the logarithm of (CR/T) vs.
inverse temperature (1/T) with the presence and absence of
inhibitor. Adsorption enthalpy and adsorption entropy were
obtained by slope of (−∆H/R) and the intersection of the lines,
respectively, and the results of various concentrations of inhi-
bitor (0, 0.2, 0.3 and 0.5 g/L) are listed in Table-4. Compared
with the blank solution, the positive enthalpy indicates the endo-
thermic nature of mild steel dissolution [60], while, the adsor-
ption enthalpy decreases with inhibitor loading, which proves
that the occurance of the chemisorption mechanism [53]. Adsor-
ption entropy has a negative value, without and with inhibitors.
A negative ∆So value represents an increase in the system order,
since adsorption involves an associative mechanism instead
of dissociation [53,61]. Adsorption leads to an order by gene-
rating an activated complex between the adsorbent and adsor-
bate, indicating that disorder decreases during the transition
from the reactant to activated complex [62]. Moreover, a −∆So

value indicates no significant change in the internal structures
of adsorbent during adsorption [63,64].
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Fig. 9. Transition state plot of the corrosion rate for mild steel in 1 M of
HCl with and without SNCs
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The interception of a straight line obtained from the log
IE% vs. log C graph gives the free energy of adsorption (∆Gºads)
(Fig. 10) according to the eqns. 9 and 10  [65]:

logC log logB
1

θ= −
− θ

(9)

where

o
adsG

logB 1.47
2.303RT

 ∆= − −  
 

(10)
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Fig. 10. log IE% vs. log C for mild steel corrosion in 1 M HCl for SNCs at
293, 303, 313 and 323 K

Table-5 shows the negative results of free adsorption energy
(∆Gºads) at 293, 303, 313 and 323 K, which indicates that SNCs
inhibitor is spontaneously adsorbed.

TABLE-5 
GIBBS FREE ENERGY ( o

adsG∆ ) OF MILD STEEL  

CORROSION IN 1 M OF HCl WITH SNCs 

Temp. (K) o
adsG∆ (KJ/mol) 

293 
303 
313 
323 

-20.628 
-21.397 
-22.204 
-23.041 

 

Potentiodynamic polarization: Fig. 11 shows the potentio-
dynamic polarization performance for mild steel in an HCl
(1M) with 0.5 g/L SNC inhibitor with an immersion time of
2.5 h and at 323 K before test. The immersion time of 2.5 h
was used to allow the cathodic and anodic electrodes adequate
time for inhibitor adsorption onto the electrode surface to
acquire real inhibition data. The potentiodynamic corrosion
values acquired from electrochemical studies for mild steel in
1 M HCl acid for SNCs are shown in Table-6. These data can
help characterize mild steel (ST-37) sample for corrosion. For
the proposed corrosion inhibitor, IE (%) was estimated using
eqn. 11 [66]:

o
corr corr

o
corr

i i
Inhibition efficiency (IE,%) 100

i

−
= × (11)

where icorr and iºcorr represent the corrosion current densities
with and without the addition of inhibitor, respectively.

In 1 M HCl acid, the use of SNCs as a corrosion inhibitor
leads to a decrease in current density and CR at 0.5 g/L concen-
tration. The corrosion current density decreased and the response
of inhibition efficiency increased. Inhibitor adsorbed onto the
mild steel surface, adsorption is enhanced, while inhibition
efficiency improved.

Open circuit potential (OCP): A metal with a lower OCP
will dissolve rapidly in the electrolyte compared to a metal
with a higher OPC. Thus, it is expected for mild steel to have
a poten-tial lower than the OCP based of the corrosion resis-
tance properties of mild steel. The OCP results obtained for
all mild steel samples was approximately 0.65 mV.

Mechanism: The efficiency of SNCs to act as a corrosion
inhibitor depends on its ability to adsorb on the metal surface.
The inhibition efficiency of organic matter is mostly related
to its adsorption on the metal surface at constant temperatures
[67]. It is well recognized that the adsorption of an restraint
always represents a supplanting reaction, which involves  the
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Fig. 11.Potentiodynamic polarization curves of mild steel in 1 M HCl solution measured in the (a) absence and (b) presence 0.5 g/L of SNCs
inhibitor after pass 2.5 h of immersion

TABLE-6 
ELECTROCHEMICAL PARAMETERS OBTAINED FROM POLARIZATION MEASUREMENT OF MILD STEEL IN  
1 M HCl IN THE PRESENCE AND ABSENCE OF 0.5 g/L OF SNCs INHIBITOR AFTER PASS 2.5 h OF IMMERSION 

Conc. (g/L) Ecorr (mV) icorr (µA/cm2) βc (mV/dec) βa (mV/dec) RCT (Ω) 
Inhibition 

efficiency (%) 
Blank -0.411 2.732 × 10-3 3.782 1.940 9.404 – 

0.5 -0.408 7.075 × 10-4 6.252 7.432 36.32 74.1 
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removal of H2O molecules to adsorb on the metal roof, where
the organic inhibitor molecules replace the H2O molecules on
the metal roof [68] as represented in eqn. 12:

Org(sol)1  +   nH2O(ads)1 ←→ Org(ads)2 + nH2O(sol)2 (12)

where the organic molecules of Org(sol)1 and Org(ads)2, represent
the aqueous solution and the adsorbed solution on the steel
roof, respectively. The  H2O(ads)1 represents a H2O molecule on
the steel roof and n represents the number of water molecules
replaced by one unit of SNCs [68].

Several parameters control the adsorption of the inhibitor
on the metal surface. Physico-chemical properties mainly effect
the adsorption of these molecules [69,70], which include the
structure of electronic, steric factor, density of electronic at
the donor site, functional groups and the size of molecular
which has the greatest effect [71]. According to the FTIR studies,
the SNCs inhibitor contains oxygen atoms in its structure,
therefore carry more pairs of free electrons. As a result, the
SNCs inhibitor is expected to adsorb on the metal surface due
to the unoccupied d-orbitals with electrons of the metal atoms,
which leads to covering a large surface area of mild steel.
Cathodic restraints reduce least reaction that occurs at the
cathode, where the cathodic and anodic reactions correspond
to OH− and Fe2+, respectively [72] as shown in eqns. 13 and 14:

Fe →  Fe2+ + 2e– (anodic reaction) (13)

2H2O + O2 + 4e– → 4OH– (cathodic reaction) (14)

The reaction of anodic inhibition on the metal surface is
dominated by a configuration of a complex (Fe2+−SNCs) on
the metal surface anodic positions, whereas the cathodic inhibi-
tion reaction is controlled by a formation of an insoluble subs-
tance on the cathodic sites of the metal complex [72].

Quantum molecular descriptors: Quantum chemical
descriptors, including ELUMO, EHOMO, energy gap (∆E = ELUMO

− EHOMO), softness, chemical hardness, electronegativity, dipole
moment, chemical potential, electrophilicity, ∆N and nucleo-
philicity, are useful and effective tools for the corrosion study
of metals [73]. Table-7 presents the molecular properties of
starch nanocrystals and starch for metal iron corrosion in aque-
ous solutions. The effect of each descriptor on the inhibition
efficiency order for starch and starch nanocrystals is discussed.
HOMO, a quantum chemical parameter, is associated with a
molecule’s electron-donating ability. Thus, with the increasing
EHOMO values, the inhibition efficiency increases. A higher value
of EHOMO for nano starch (−0.2837 a.u) than for starch (−0.3165
a.u) revealed that nano starch donates electrons to appropriate
acceptor molecules (iron) having a low energy empty orbital
[73]. This result agrees with the experimental data of weight
loss.

The energy gap (∆E) is a crucial descriptor of the function
of reactivity of inhibitor molecules to adsorption on a metal
surface. A decrease in ∆E leads to the increase in molecule

reactivity. The optimum corrosion inhibitor is obtained when
the inhibitor molecule shows a low energy gap. Low ionization
energy is required to remove one electron from the last occupied
orbital. Additionally, a molecule having a low energy gap is
highly polarisable, associated with a low kinetic stability and
high chemical activity and is termed as a soft molecule. Inhibitor
SNC shows the lowest energy gap (Table-7). The SNC molecule
from starch could show high performance as corrosion inhibitor.
Similarly, a low electronegativity (X) represents good corrosion
inhibition. SNC is a better corrosion inhibitor than starch
(Table-7), since SNCs had the lowest electronegativity. Thus,
it exhibited high reactivity to show high inhibition efficiency.

The softness (S) and hardness (η) are important to measure
the molecular reactivity and stability. Hard molecules have large
energy gaps whereas soft molecules have small energy gaps.
Thus, for bulk metals in acidic media, molecules with the mini-
mum global hardness are good corrosion inhibitors. By contrast,
inhibitor adsorption onto a metal surface occurs at the position
of a molecule having the lowest hardness and highest softness;
the highest global softness shows the maximum inhibition
efficiency. Thus, SNCs have the maximum softness and mini-
mum hardness (Table-7). Therefore, SNCs are the better choice
to inhibit mild steel corrosion in acidic media than starch. These
finding agrees with the weight loss test results.

Conclusion

In this study, the corrosion inhibition of mild steel in the
absence and presence of starch nanocrystals (SNCs) in 1M HCl
medium was explored theoretically and experimentally through
the potentiodynamic polarization, weight loss and DFT at the
temperature range of 293-323 K. The favourable conditions
utilized to prepare nanocrystals resulted in a decreased particle
size and led to nanocrystals with a size of 30-70 nm. The SNC
exhibit a morphology of square platelets. Both SNC and native
starch showed an A-type crystalline pattern. Compared with
the weight loss of blank solution, that of mild steel decreased
with inhibitor loading in the acid solution. The prepared SNCs
exhibited high inhibition efficiencies against mild steel corro-
sion in 1 M HCl. Their inhibition efficiency increased in 1M
HCl at 0.5 g/L SNCs and 323 K (5 h) with the increase in the
inhibitor concentration and temperature to 67%. The FTIR
studies of SNCs and starch showed no significant changes in
the starch and SNC structures after and before acid hydrolysis
because glucose units had a stable structure. The FTIR spectra
showed that the natural polymer structure contains O-H groups,
which improved the adhesion of SNCs onto the iron metal
surface. Electrochemical measurements and mass loss strongly
agreed with each other. The molecular dynamics simulation
and quantum chemical calculations based on DFT were used
to obtain the possible active centres responsible for SNC’s adsor-
ption on the mild steel surface. For SNCs, the corrosion inhibition
efficiency increased with the decrease in ∆Egap, compared with

TABLE-7 
QUANTUM CHEMICAL PARAMETERS CALCULATED BY DFT LEVEL USING THE B3LYP/6-311G++ (d, p) BASIS SET 

Compounds ∆Egap EHOMO ELUMO DM Ω X S η ∆N ε ω 
Nano starch 0.2894 -0.2837 0.00568 6.0712 0.0668 -0.3196 6.9109 0.1447 0.9606 14.979 0.0667 

Starch 0.3134 -0.3164 -0.0031 7.2840 0.1567 -0.1390 0.6383 0.1567 2.0393 3.0664 0.15667 
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that for starch. The prepared SNCs have low electronegativity,
hence, exhibit high reactivity, which leads to a high inhibition
efficiency. The SNCs also exhibited the lowest hardness and
highest softness; the highest global softness leads to the highest
inhibition efficiency (IE%).
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