
Vol.:(0123456789)

SN Applied Sciences (2020) 2:520 | https://doi.org/10.1007/s42452-020-2322-2

Research Article

Corrosion inhibition of galvanized steel in hydrochloric acid medium 
by a physically modified starch

C. K. Anyiam1,3 · O. Ogbobe2 · E. E. Oguzie3 · I. C. Madufor2 · S. C. Nwanonenyi2,3 · G. C. Onuegbu2 · H. C. Obasi2 · 
M. A. Chidiebere3

Received: 15 December 2019 / Accepted: 25 February 2020 / Published online: 2 March 2020 
© Springer Nature Switzerland AG 2020

Abstract
Native starch extracted from sweet potato tubers was modified via extrusion. The native starch and modified starch were 
characterized by Fourier transform infrared (FTIR) spectroscopy, which revealed slight modifications in peak position 
and intensities on starch modification. The modified starch was evaluated as a corrosion inhibitor of galvanized steel 
in 1 M HCl solution by gravimetric and potentiodynamic polarization measurement techniques. Results obtained from 
gravimetric measurement reveals that the modified starch inhibition efficacy was dependent on time, concentration 
and temperature, increasing with increase in concentration and decreasing with increase in time of immersion and tem-
perature of the system. Maximum inhibition efficiency of 64.26% was obtained at a concentration of 0.7 g/L PMS. Also, 
result from polarization technique indicated that the modified starch belonged to a mixed-type inhibitor. Adsorption of 
the inhibitor on the galvanized steel surface was found to obey the Langmuir adsorption isotherm.
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1  Introduction

Corrosion of metals and alloys occurs due to chemical reac-
tions with their environment, which often results in severe 
deterioration in the properties of the metal or the material. 
The preliminary steps to reduce or combat corrosion require 
the eradication or subdual of the corrosive activity by the 
use of inhibitors, pigments, coatings, and others providing 
barrier properties, corrosion reducing activity and overall an 
active anti-corrosion effect. The use of inhibitors remains one 
of the most effective, economical, and practical methods of 
protecting metallic surfaces against corrosion in aggressive 
media. Owing to the growing interest and attention of the 
world towards the protection of the environment, corrosion 
researches are geared towards finding alternative green cor-
rosion inhibitors to replace synthetic corrosion inhibitors 

which in spite of their high efficiency are expensive, toxic 
and harmful to the environment when compared to the 
green corrosion inhibitors [1, 2]. Green polymeric inhibitors 
are natural biopolymers obtained from plants and animals, 
and they include starch, lignin, cellulose, cashew nut shell 
liquid, sucrose, rice husks, caffeic acid, lactic acid, chitosan 
to mention but a few. Recent studies have focused on the 
evaluation and development of “environmentally friendly” 
compounds as corrosion inhibitors, these environmentally 
corrosion inhibitors include starch [3], pectin [4, 5], chitosan 
[6, 7], gum arabic [8, 9], honey, glucose, hydroxyethyl cellu-
lose, gellan gum, chitosan. These green polymers comprise 
functional groups which impart excellent adhesion and cor-
rosion resistant performance to the substrate. They prevent 
corrosion by being adsorbed on the surface of the substrate 
and forming a shielding layer, that deters access to corrosive 
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species [10–12]. Green polymeric inhibitors of plant origin 
have become important because they are environmentally 
acceptable, inexpensive, readily available, and renewable 
sources of materials. However, the active performance of 
these biopolymers is further enhanced by modifications [13].

Starch is an eco-friendly polymer obtained from plants 
with a complex structure made up of regular crystal-
line regions that are interspersed with loose, amorphous 
regions. These regions instill their varying characteristics 
in the unique molecular structure of starch, enhancing or 
limiting its scope of application [14]. Sweet potato starch is 
composed of a mixture of amylose and amylopectin and is 
reported to possess A-type (high swelling) pattern, and it’s 
starch granules are medium sized with a smooth round, oval 
shape [15]. Native starch displays some shortcomings that 
restrict its use, such as insolubility in cold water and sensitiv-
ity to shearing and low pH [16]. The modification of starch 
could circumvent these limitations. Starch modification 
alters the physicochemical characteristics of native starch 
to enhance functional features. Several methods have been 
developed to modify the starch polymer to make it highly 
flexible and thus, changing its physicochemical properties 
and structural attributes to increase its value for food and 
non-food industries [17]. Starch with less extensive crys-
talline regions improved physicochemical properties, and 
increased reactivity is often preferred for functional pur-
poses. Consequently, there is great interest in ways to alter 
the structure in the crystalline region or reduce the size of 
the crystalline regions [18, 19]. The methods of decreasing 
starch crystalline regularity include drying such as extru-
sion, drum drying or spray drying, enzymatic degradation 
processes [20, 21], chemical processes, such as acidolysis, 
oxidation [22], and physical processes, such as heat-moisture 
treatment, radioactive degradation, microwave degrada-
tion, ultrasonic degradation and extrusive degradation pro-
cesses.). A number of studies have focused on the corrosion 
inhibition performance of native starches [7, 23], modified 
starches [9, 24–29] and synergistic studies of starch with 
other compounds [3, 30].

Corrosion is a phenomenon that affects all metals, galva-
nised steel undergoes corrosion This work studies the effect 
of physical modification of sweet potato starch and the inhi-
bition efficacy of the modified sweet potato starch on gal-
vanised steel corrosion in hydrochloric acid solution using 
gravimetric and potentio-dynamic polarization techniques.

2 � Materials and methods

2.1 � Materials

Native starch extracted from Sweet Potato (Ipomoeabata-
tas) grown in South Eastern, Nigeria was modified using a 

laboratory extruder (Brabender) as described by Della Valle 
and Vergnes [31] in the Electrochemistry and Materials Sci-
ence Research Laboratory, FUTO.

Galvanized sheet (type GP grade O and purity 98% 
with composition of C ≤ 0.14, P ≤ 0.02, Mn ≤ 0.2, Ti ≤ 0.036, 
Si ≤ 0.008 and the remainder Zn and Fe) used were press-
cut mechanically into 3  cm × 3  cm × 0.2  cm3 coupons 
and polished with fine emery papers. The coupons were 
cleaned with acetone, washed with double-distilled water, 
dried in hot air, weighed and kept in a desiccator for cor-
rosion test.

Hydrochloric acid (BDH, analytical reagent grade) and 
double distilled water were used to prepare the 1M HCl 
solutions used as corrodent (or blank acid solution) for 
the corrosion test. The inhibitor solutions containing PMS 
were carefully prepared within the concentration range of 
0.1–0.7 g in 1 L of 1M HCl.

2.2 � Fourier transform infrared spectroscopy

Fourier Transform Infrared Spectroscopy was used to 
obtain the spectra of native potato starch and physically 
modified potato starch (PMS) at a frequency of 4000 to 
400 cm−1.

2.3 � Gravimetric measurement

The polished and pre-weighed galvanized steel coupons 
of uniform size were suspended with glass rods and hooks 
in 250 ml beakers containing 200 ml of the test solutions at 
room temperature of 30 ± 1 °C. The reaction time increased 
progressively by 24 h up to 120 h of immersion. Also, to 
study the effect of temperature variations, the beakers 
were equilibrated at 30–60 °C in a thermostatic water bath 
and the coupons retrieved at 8-h interval in line with ASTM 
G1-90. The coupons were retrieved at fixed time intervals 
and cleaned thoroughly, following standard procedures. 
The difference in weight (∆W) of the coupons before and 
after immersion in different test solutions were obtained in 
triplicates and the average taken as the weight loss, which 
was then used to calculate the corrosion rate (CR) using 
the Eq. (1):

where CR is the corrosion Rate (mm/y), ∆W is the change 
in weight (g), D, the density of the coupon (g/cm3), A is the 
area of the exposed surface of the coupon (cm2) and T is 
the time of immersion (h).

The inhibitor efficiency was measured using the 
equation:

(1)CR =
ΔW × 87600

DAT
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where CRo  =  corrosion rate of galvanized steel in blank 
corrodent; CRi = corrosion rate of galvanized steel in pres-
ence of the inhibitor.

2.4 � Potentiodynamic polarization measurement

The potentiodynamic polarization study was carried out 
using a conventional glass electrolytic cell and PARC-
2273 advanced electrochemical instrument. The glass cell 
assembly consists of electrodes (reference electrode—sat-
urated calomel electrode, the counter electrode—plati-
num wire, and working electrode—galvanized steel cou-
pon), electrolytes, and copper wire. The metal electrodes 
were connected to copper wire for electrical contact and 
embedded in epoxy resin, leaving an uncovered surface 
area. Before each polarization measurement, a stabiliza-
tion period of 30 min was allowed for a steady state open 
circuit potential (OCP). Polarization measurements over a 
potential range of − 250 to + 250 mV with respect to OCP 
with a scan rate of 0.333 mV/s were made. The experiment 
was carried out in triplicate, and the average values of 
corrosion parameters reported. The tests were performed 
using a scan rate of 0.166 m V/S, commencing at a poten-
tial above 250 mV more active than the stable open circuit 
potential in the absence and presence of PMS. All the tests 
were carried out at room temperature (30 ± 1 °C).

(2)(%IE) =
CRo − CRi

CRo
× 100

3 � Results and discussion

3.1 � FTIR characterization of unmodified 
and modified potato starch

Figure  1 presents the FTIR spectra for native starch 
and physically modified starch. The FTIR spectra of the 
unmodified (native) starch showed complex vibrational 
modes due to the pyranose ring of the glycosidic unit in 
the region below 800 cm−1 which is in line with reports 
of Kizil and Seetharaman [31]. At the 1000–1200 cm−1 
region, the characteristic features of polysaccharides were 
observed. The region was dominated by ring vibrations 
overlapped by stretching vibrations of C–OH side groups 
and the C–O–C glycosidic bond vibration [32]. Within this 
wave number range, the C–O and C–C stretching vibra-
tions contribute to modes related to the bands at 994, 
1084, and 1163 cm−1 and the C–O–C glycosidic band at 
860 cm−1. The spectrum also displays C–H bending bands 
at 1465, 1425, and 1366 cm−1. The starch spectrum shows 
characteristic O–H bending and stretching bands at 1649 
and 3430 cm−1, respectively which is attributed to the 
complex vibrational stretches associated with free inter-
molecular and intra molecular bound hydroxyl groups 
that make up the gross structure of starch [33]. Character-
istic peaks were observed at 2929 cm−1 for C–H stretches 
associated with the ring hydrogen atoms. The spectrum of 
the physically modified starch is also presented in Fig. 1. 
From the spectra, it is observed that there are slight shifts 
in the peaks, reductions in the intensity of the peaks at 
1350–1353 cm−1, and broadening of the O–H band at 
3430 cm−1. At the 1022 cm−1 wavenumber, which denotes 
the starch amorphous region, a broader band is observed 
indicating increase in the amorphous region of the starch 

Fig. 1   FTIR spectra of sweet 
potato native starch (1), and 
physically modified starch (2)
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which could be as a result of the shearing force the starch 
granules have to pass through during extrusion, which is 
in line with reports by other researchers [34, 35].

3.2 � Gravimetric measurement result

3.2.1 � Effect of time and concentration on corrosion rates 
and inhibition efficiency

Table 1 presents the time-dependent gravimetric data for 
corrosion rate and inhibition efficiency of galvanized steel 
in the presence and absence of the physically modified 
starch (PMS). The results indicate that corrosion rate was 
reduced in the presence of PMS, and this effect became 
more pronounced with increasing PMS concentration indi-
cating that more inhibitor molecules were adsorbed on 
the steel surface that led to the formation of a protective 
film thus inhibiting the dissolution of galvanized steel. The 
behaviour implies that PMS inhibited galvanized steel cor-
rosion in 1M HCl, in a concentration-dependent manner 
and agrees with earlier studies observed by Mobin et al. 
[3]. It was also observed that corrosion rates decreased 
with an increase in exposure time. Figures 2 and 3 presents 
the variation of corrosion rate and inhibition efficiency 
of different concentrations of PMS at different exposure 
intervals. Inhibition efficiency generally increased as the 
concentration of PMS was raised from 0.1 to 0.7 g/L, but 
decreased with an increase in immersion time. It was also 
noted that PMS exhibited a maximum inhibition efficiency 
of 64.26% at a concentration of 0.7 g/L PMS.   

3.3 � Adsorption considerations

The adsorption mechanism for a given inhibitor depends 
on various factors [36, 37] that regulate the mode of 
adsorption on the metal surface. It is evident that the con-
trolling action of inhibitors on the corroding metal surface 
in an unfavourable medium occurs by physical or chemi-
cal adsorption which involves the replacement of one or 
more water molecules adsorbed at the metal surface by 
the inhibitor species [38] as observed in Eq. (3):

Table 1   Calculated value of 
corrosion rate and inhibition 
efficiency of galvanized steel 
in 1M HCl in the presence and 
absence of PMS at varying time

Conc (g/L) Corrosion rate (mm/y) Inhibition efficiency (%)

24 h 48 h 72 h 96 h 120 h 24 h 48 h 72 h 96 h 120 h

Blank 53.56 33.48 23.59 18.49 15.50 – – – – –
0.1 37.83 24.02 17.53 14.39 12.47 29.40 28.30 25.70 22.20 19.50
0.3 34.50 22.63 16.47 13.12 11.15 35.60 32.40 30.20 29.00 28.10
0.5 26.82 17.94 12.78 10.42 9.06 49.90 46.70 45.80 43.60 41.60
0.7 19.14 15.94 11.51 9.28 8.30 64.30 62.40 51.20 49.80 46.50

Fig. 2   Corrosion rate against time for galvanized steel in 1M HCl in 
the presence and absence of physically modified starch

Fig. 3   Inhibition efficiency against time for galvanized steel in 1M 
HCl in the presence and absence of physically modified starch
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where Inh(sol), Inh(ads), H2O (ads) and represent the inhibi-
tor molecules in the aqueous solution, adsorbed inhibi-
tor molecules, water molecules on the metal surface and 
water molecules replaced by the inhibitor molecules 
respectively. To further understand the nature of adsorp-
tion, theoretical fitting on different isotherms were car-
ried out using the values of degree of surface coverage 
obtained from the gravimetric results to determine the 
best fit. Hence, the degree of surface coverage θ was eval-
uated according to Eq. (4) stated below.

(3)Inh(sol) + yH2O(ads) ↔ Inh(ads) + XH2O(sol)

where CRo is the corrosion rate of galvanized steel in blank 
corrodent and CRi = corrosion rate of galvanized steel in 
the presence of the inhibitor. The nature of adsorption of 
PMS on the galvanized steel surface was determined by 
theoretical fitting carried out on different isotherms, and 
the correlation coefficients (R2) were used to define the 
best fit, which was obtained with Langmuir adsorption 
isotherm which characterizes physisorption and is given 
by Eq. (5):

where C is inhibitor concentration in g/L, Kads is the equi-
librium adsorption constant and θ is the degree of surface 
coverage (Fig. 4).

The Langmuir, Temkin and Freundlich adsorption iso-
therm parameters obtained from the plots are shown in 
Table 2, and the correlation coefficients (R2) were used 
to determine the best fit, which was obtained with the 
Langmuir isotherm (R2 = 0.912). The Langmuir adsorp-
tion isotherm plot is characterized by the value of slope 
which is above one as well as positive and higher val-
ues of Kads which represent the adsorption strength and 
thus suggest more efficient adsorption and hence better 
inhibition efficiency. Kads is observed to decrease with 
increasing immersion time, which denotes desorption 
of the adsorbed inhibitor, and this is in line with the 
mechanism of physical adsorption as observed by other 
researchers [3, 8].

(4)θ =
CRo − CRi

CRo

(5)
C

θ
=

1

Kads
+ C

Fig. 4   Langmuir adsorption isotherm for PMS adsorption on galva-
nized steel in 1M HCl solution at 30 °C

Table 2   Calculated values 
of Langmuir, Temkin, and 
Freundlich adsorption 
isotherms for galvanized steel 
corrosion in 1M HCl solution in 
the different concentrations of 
PMS at varying time

Time (h) Slope R2 Intercept Kads ∆Gads (kJ mol−1) Isotherm models

24 1.221 0.912 0.202 4.951 − 14.147 Langmuir
48 1.356 0.701 0.351 2.849 − 12.756
72 1.469 0.845 0.384 2.604 − 12.529
96 1.526 0.858 0.419 2.387 − 12.310
120 1.543 0.888 0.445 2.247 − 12.158
24 0.383 0.734 0.637 0.190 − 5.934 Temkin
48 0.368 0.656 0.606 0.192 − 5.969
72 0.304 0.768 0.533 0.173 − 5.701
96 0.326 0.837 0.523 0.550 − 6.076
120 0.323 0.894 0.499 0.532 − 6.226
24 0.385 0.826 − 0.178 0.837 − 9.086 Freundlich
48 0.384 0.746 − 0.203 0.816 − 8.941
72 0.362 0.817 − 0.256 0.774 − 8.634
96 0.422 0.837 − 0.255 0.775 − 8.639
120 0.458 0.800 − 0.267 0.766 − 8.570
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To further clarify the nature of the adsorption, the free 
energy of adsorption (∆Gads) was calculated using the rela-
tion shown below:

where Kads is the equilibrium constant for the adsorption 
process, R is universal gas constant, T is the temperature 
in K. Langmuir’s isotherm accounts for the surface cover-
age by balancing the relative rates of adsorption and des-
orption, Temkin isotherm considers the effect of indirect 
adsorbate/adsorbate interactions on the adsorption pro-
cess while Freundlich isotherm considers the adsorption 
processes that occur on heterogenous surfaces. Hence, 
Kads values obtained from these isotherms accounts for the 
inconsistencies in the values of ∆Gads obtained. The free 
energy of adsorption (∆Gads) values presented in Table 2 
reveals values lower than − 20 kJ mol−1 which confirms 
physical adsorption as a mode of adsorption. Also, it fur-
ther implies that the adsorption of PMS on the galvanized 
steel surface is allowed from the viewpoint of thermody-
namics and also indicates strong adsorption of the inhibi-
tor onto the steel surface.

(6)Kads =
1

55.5
exp

(

−
ΔGads

RT

)

3.4 � Potentiodynamic polarization data

Potentiodynamic polarization measurements were carried 
out to acquire further understandings of the inhibiting 
effect of PMS and from an electrochemical perspective. 
Figure 5 shows typical polarization curves for the corrosion 
of galvanized steel sample in 1M HCl acid solution without 
and with different concentrations of PMS. The galvanized 
steel sample is seen to dissolve briskly with no distinctive 
shift to passivation within the studied potential range in all 
environments. Reports in literature show that when shift 
in Ecorr is strictly above 85 mV or strictly below 85 mV, 
the inhibitor can be regarded as cathodic or anodic type 
inhibitor respectively, and if the displacement in Ecorr is 
less than ± 85 mV the inhibitor can be seen as mixed type 
[39–41].

The polarization curves show that PMS repressed the 
kinetics of both the anodic and cathodic reactions, reduc-
ing the corrosion current density (icorr). Also, the plots fur-
ther revealed the mechanisms of action for PMS caused 
a very slight shift of corrosion potential (Ecorr) towards 
cathodic values and inhibited both the cathodic and 
anodic reactions, with a more pronounced effect on the 
cathodic hydrogen ion reduction reaction (2H+ + 2e → H2). 
In other words, PMS functioned as a mixed-type inhibitor, 
with predominant cathodic influence. The polarization 
parameters obtained from the polarization curves are 
presented in Table 3. The values of the corrosion current 
density in the absence and presence of inhibitor were used 
to estimate the inhibition efficiency from polarization data 
and presented in Table 3 below. The data reveals that the 
values of the Ecorr shifted more towards negative values 
as the concentration of PMS increased, and corrosion cur-
rent densities and numerical values of cathodic and anodic 
Tafel slopes demonstrated marked increment on the addi-
tion of PMS. Hence, the degree of increase is dependent 
on the concentration of the PMS inhibitor.

3.5 � Temperature effect

The effect of temperature on the adsorption of the 
PMS inhibitor on the galvanized steel surface in acidic 
media was investigated. The calculated values of corro-
sion rates and inhibition efficiency for PMS at different 

Fig. 5   Polarization curves of galvanized steel corrosion in 1M HCl 
solution without and with PMS

Table 3   Potentiodynamicpo-
larization parameters for galva-
nized steel corrosion in 1M HCl 
at different concentrations of 
PMS at 30 °C

System Ecorr E (mV (SCE)) Icorr (μAcm−2) IE (%) bc (mVdec−1) ba (mVdec−1)

Blank − 436.67 360 – 65 51
0.1 g/L PMS − 446.43 258.7 28.13 80 56
0.3 g/L PMS − 449.35 235.7 34.54 84 58
0.5 g/L PMS − 456.24 191.8 46.73 89 61
0.7 g/L PMS − 462.09 142.4 60.44 95 64
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concentrations and temperature range (35–65 °C) were 
investigated and are presented in Table 4. From Table 4, 
it is evident that the corrosion rates are reduced in the 
presence of starch as compared to the free acid solution. 
However, the rate of corrosion increased with an increase 
in temperature at all concentrations, which indicates 
physical adsorption of the PMS molecules on the gal-
vanized steel. Kinetic parameters such as free energy of 
adsorption, (ΔGads), enthalpy of adsorption, (ΔHads), and 
the entropy of adsorption (ΔSads) and energy of activation 
(Ea) were determined. Analysis of the temperature depend-
ence of inhibition efficiency as well as evaluation of cor-
rosion apparent activation energies with and without 
the inhibitor defines the probable mechanism of inhibi-
tor adsorption. A decline in inhibition efficiency with the 
rise in temperature with the analogous rise in corrosion 
activation energy in the presence of inhibitor compared 
to its absence is often interpreted as being indicative of 
the formation of a physically adsorbed film. The contrary 
effect, which is an increase in inhibition efficiency with 
the rise in temperature and lower activation energy in the 
presence of inhibitor, suggests chemisorption [42–44]. The 
temperature effect on the inhibited acid-metal reaction is 
very multifaceted as many changes ensue on the metal 
surface, such as reorganization and breakdown of the 
inhibitor, desorption of inhibitor and swift etching [45, 46].

3.5.1 � Energy of activation (Ea)

The corrosion of metals in uninhibited or inhibited solu-
tion is an electrochemical reaction that involves the 
energy of activation which initiates the process and aids 
in determining the mechanism of inhibition adsorption as 
inferred by Oguzie et al. [12]. The corrosion rate relates to 
the energy of activation via the Arrhenius Eq. (7):

where CR is the corrosion rate, A is the pre-exponential fac-
tor, Ea is the energy of activation, T is the absolute temper-
ature, and R is the universal gas constant. The plots of the 
logarithm of corrosion rate versus the inverse of absolute 

(7)Log CR = LogA −
Ea

2.303RT

temperature for the galvanized steel in 1M HCl is pre-
sented in Fig. 6. The calculated values of Ea obtained from 
the slope (− Ea/2.303R) is also presented in Table 5. The 
energy of activation values (Ea) obtained was observed to 
be higher in the inhibited solutions compared to the unin-
hibited solutions, inferring that high values of Ea entail 
low corrosion rate, whereas small values of Ea results in a 
high rate of corrosion. The variations in Ea values observed 
may be linked to the modification of the mechanism of 
corrosion process in the presence of adsorbed PMS spe-
cies which substantiates the existence of increased energy 
barrier for the galvanized steel dissolution process. It could 
be deduced from the observed increase in Ea values of the 
inhibited solution that increase in the inhibitor concentra-
tion results in enhanced adsorbed inhibitor molecules on 
the galvanized steel surface [47]. Also, this behaviour pro-
tective action primarily occurred through physical adsorp-
tion of PMS species on the galvanized steel surface with 
the deactivation of these surfaces to hydrogen (H2) atom 
recombination [24]. It is evident from data listed in Table 5 
that the range of Ea values (30.93–39.42 kJ/mol) is lower 
than the limit value of 80 kJ/mol required for chemical 

Table 4   Calculated value of 
corrosion rate and inhibition 
efficiency of galvanized steel 
in 1M HCl in the presence and 
absence of PMS at varying 
temperatures (35–65 °C) 

Conc. (g/L) Corrosion rate (mm/yr) Inhibition efficiency (%)

35 °C 45 °C 55 °C 65 °C 35 °C 45 °C 55 °C 65 °C

Blank 87.53 161.3 207.3 289.7 – – – –
0.1 55.12 111.5 156.1 229.7 37.03 30.90 24.71 20.70
0.3 50.77 102.1 146.7 212.8 42.00 36.72 29.22 26.55
0.5 40.79 84.84 122.5 182.1 53.39 47.41 40.93 37.15
0.7 35.08 74.01 105.8 155.9 59.92 54.12 48.94 46.19

Fig. 6   Log CR versus 1/T for the corrosion of galvanized steel in 1M 
HCl in the absence and presence of PMS
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adsorption. The scenario thus concludes that the adsorp-
tion is physical adsorption. 

3.5.2 � Entropy of adsorption (ΔSads) and enthalpy 
of adsorption (ΔHads)

The entropy of adsorption (ΔSads) and enthalpy of adsorp-
tion (ΔHads) were used to characterize the adsorption 
mechanism and thermodynamic process of the corrosion 
inhibition. A negative value of ΔSads reflects the free move-
ment of inhibitor molecules in the bulk solution and the 
reduction in the disorderly manner of the adsorption of 
inhibitor molecules on the metal surface while the positive 
value of ΔSads indicates an increase in the degree of dis-
orderliness of corrosion inhibition system in the presence 
of inhibitor [23]. Positive enthalpy value in both the free 
acid and inhibited solutions infers that the dissolution of 
metals occurred by the endothermic process, while nega-
tive values assume an exothermic process. Furthermore, 
the increase in enthalpy values in the presence of inhibi-
tor compared to the blank acid solution indicates physical 
adsorption. The estimated values of entropy and enthalpy 
of adsorption for the corrosion inhibition process was cal-
culated from the transition-state Eq. (8):

where ΔSads and ΔHads are entropy and enthalpy of the 
adsorption process, respectively; CR is corrosion rate; R, 
molar gas constant, T is the absolute temperature, N is 
the Avogadro’s number, h is the Planck’s constant. Linear 
plot of log (CR/T) versus 1/T for a blank and inhibited solu-
tion is shown in Fig. 7, ΔSads and ΔHads were calculated 
from the intercept [(log (R/Nh) + ΔSads/2.303R) and slope 
(− ΔHads/2.303R) respectively and are presented in Table 5.

The negative values of entropy of activation ΔS 
obtained show that the activated complex in the rate 
determining step characterizes an association rather 
than a dissociation step, inferring that a decrease in dis-
order takes place moving from reactants to the activated 
complex. Also, it is observed that ΔS increased in the PMS 
inhibited system compared to uninhibited system. The 

(8)CR =
RT

Nh
exp

(

ΔSads

R

)

exp

(

−
ΔHads

RT

)

observation could be explained thus; in the uninhibited 
system, the transition state of the rate determining recom-
bination step denotes a more orderly arrangement rela-
tive to the initial state, so a high value of ΔS is obtained. 
In the presence of PMS inhibitor, the surface is covered 
with inhibitor molecules, which retards the discharge of 
hydrogen ions at the metal surface, causing an increase 
in the entropy of activation. The increase of ΔS (− 101.90 
to − 91.54 J/mol) with increasing inhibitor concentration 
reiterates the fact that an increase in disorder takes place 
from the reactant to the activated complex. The positive 
values of ΔH (+ 28.29 to + 36.77 kJ/mol) reveal the endo-
thermic nature of galvanized steel dissolution in both 
inhibited and uninhibited systems. The increase in ΔH with 
increasing inhibitor concentration discloses the effect of 
activation kinetic parameters in the corrosion of galva-
nized steel [38]. It was also observed that the values of Ea 
were more significant than the corresponding values of ΔH 
showing that the corrosion process involves the evolution 
hydrogen, which is associated with a decrease in the total 
reaction volume [39, 48, 49]. Moreover, the average value 
of the difference between activation energy and heat of 
adsorption is 2.64 kJ/mol, which is approximately equal to 

Table 5   Kinetic parameters for 
dissolution of galvanized steel 
in 1M HCl in the absence and 
presence of PMS at different 
temperatures

Conc. g/L ΔHads (KJ/mol) ΔSads (J/mol) Ea (KJ/mol) ΔGads (KJ/mol)

35 °C 45 °C 55 °C 65 °C

Blank 28.29 − 101.90 30.928 – – – –
0.1 32.55 − 98.69 35.191 − 14.822 − 14.579 − 14.194 − 13.983
0.3 34.64 − 97.33 37.282 − 12.542 − 12.363 − 12.084 − 11.811
0.5 35.25 − 94.53 37.893 − 12.408 − 12.177 − 11.843 − 11.757
0.7 36.77 − 91.54 39.420 − 12.228 − 11.999 − 11.810 − 11.860

Fig. 7   Log CR/T versus 1/T for the corrosion of galvanized steel in 
1MHCl acid solution in the absence and presence of PMS
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the average value of RT (2.61 kJ/mol) and agrees with the 
works of Bhat and Alva [50].

3.5.3 � Free energy of adsorption (ΔGads)

The calculated values of free energy of adsorption, ΔGads 
obtained using Eq. (9) [51] are presented in Table 5.

where θ is the degree of surface coverage, C is the concen-
tration of the inhibitors in g/L, R is the universal gas con-
stant, and T is the absolute temperature. From the studies, 
negative values of ΔGads lower than − 20 kJ mol−1 were 
obtained, indicating the stability of the adsorbed PMS 
on the galvanized steel surface and the spontaneity of 
the corrosion inhibition process. Also, the values of ΔGads 
obtained are in line with electrostatic behaviour exhib-
ited by the interaction between the PMS species and the 
charge on the galvanized steel surface, which indicates 
physical adsorption [52, 53]. It was also observed that 
increase in temperature resulted in less negative values 
of ΔGads which suggests spontaneous reaction via physical 
adsorption and also an indication of chemical adsorption if 
immersion time is increased as reported by Ostovari et al. 
[54]. The observed physical adsorption with higher inhibi-
tor concentration is as a result of the reduced molecular 
motion arising from increased viscosity of the system. 
Hence, the reduction in ΔGads at high concentration of PMS 
inhibitor shows that there was desorption of the adsorbed 
inhibitor molecules due to instability arising from mere 
mechanical screening of the steel surface which is in line 
with reports by Hussin and Kassim [55].

3.5.4 � Mechanism of inhibition

The inhibition efficiency of PMS corrosion inhibitor 
against the corrosion of galvanized steel in 1M HCl can be 
explained on the basis of the number of adsorption sites, 
their charge density, molecular size, mode of interaction 
with the metal surface and the ability to form a metallic 
complex. In an inhibited system, active dissolution of the 
galvanized steel interface rapidly diminishes as the inhibi-
tors molecules are being adsorbed on the metal surface 
blocking either the anodic or cathodic reaction or both 
[24, 56, 57].

4 � Conclusion

From this study, it was confirmed that the

(9)ΔGads = −RT In

(

55.5θ

C(1 − θ)

)

1.	 Physical modification of starch effected changes as 
observed from the FTIR spectra.

2.	 The physically modified starch behaved as corrosion 
inhibitor of galvanized steel in acidic solutions with 
the protection level dependent on time, concentration 
and temperature, increasing with increase in concen-
tration and decreasing with increase in time of immer-
sion and temperature of the system.

3.	 Polarization measurements carried out in the presence 
of PMS revealed that the corrosion current decreased 
significantly with increasing concentration of the 
inhibitor, Ecorr values indicates that both the cathodic 
and anodic partial reactions were inhibited by the PMS 
inhibitor with predominant cathodic effect.

4.	 The adsorption mode of PMS on the corroding gal-
vanized steel surface best fitted Langmuir adsorption 
isotherm.

5.	 The trend of inhibition efficacy with temperature and 
calculated values of activation energy supported the 
proposed adsorption mechanism as well as the mech-
anism of corrosion inhibition of galvanised steel using 
PMS which was attributed to the chemical constitu-
ents of modified structure of starch.

These facts prove that this biopolymer could be used 
as a potential commercial product in the control of cor-
rosion in acidic media systems, encouraging the use of 
compounds based on the green values.
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