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In view as corrosion inhibitor, silk protein hydrolysate (SPH), a water-soluble hydrolysate obtained from silk protein (biopolymer) exhibits
excellent protection to mild steel in 1 N H,SO,, especially at low concentration levels. Weight loss analysis propose a maximum efficiency
for 10 ppm SPH at 303 K. Potentiodynamic polarization measurement revealed its functioning as a mixed-type inhibitor with enhanced
polarization resistance. The best fits observed with Langmuir isotherm suggested the inhibitor-metal interaction to occur via physisorption

formation of protective film.
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mechanism. Surface examination through SEM (EDXS), water contact angle, AFM, FT-IR and Raman spectroscopy confirmed the
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INTRODUCTION

Mild steel finds extensive usage in the modern world for
its low cost, easy availability and demanding properties like
high ductility, malleability and excellent mechanical resistance
[1,2]. The major and the most common issue faced by indus-
tries while using mild steel is its propensity to corrosion as
strong acids are used for cleaning/descaling/rust removal
operations [3,4]. This leads to the metal destruction and reduces
the life-span of materials. Several approaches are in lieu to
repress corrosion in the acidic environment [5,6]. Traditional
methods involve the use of organic inhibitors containing P, S,
O and N gets adsorbed on the metal surface and protects metals
in the aggressive environment. However, organic compounds
are difficult to synthesize and also have remarkable impact on
the environment. The economic and environmental considera-
tions prompted the researches to step forward in search of bio-
compatible material and numerous findings are reported over
the decades, using plant extracts [7-11], amino acids [12,13],
proteins [14,15] and biopolymers [16-18].

Several researches reported that amino acids and protein
are more than likely involved as corrosion inhibitors [19]. Roy
etal. [20] reported the effective corrosion performance of gluten
hydrolysate on mild steel in 1 N HCI, whereas El Ibrahimi ez al.
[21] reported the inhibition performance of hydrolyzed lignin

towards mild steel corrosion in HCl medium. Such studies
provoked an interest to investigate the anti-corrosion perfor-
mance of silk protein hydrolysate. Silk is a proteinous fiber
produced by silkworms in the form of cocoon. The fiber
consists of 70-80% of water insoluble fibroin and 20-30% of
water soluble sericin [22,23]. Fibroin acts as the structural compo-
nent of silk and sericin acts as glue holding the fibroin filaments
together. The hydrolysis of silk proteins breaks down the complex
peptide chains to lower molecular weights. In present study,
commercially available silk protein hydrolysate was investigated
for its adsorption characteristics and corrosion inhibition perfor-
mance on mild steel in 1 N H,SO, using non-electrochemical,
electrochemical methods and surface analysis techniques.

EXPERIMENTAL

Mild steel sheets of composition C- 0.069, Si- 0.077, Mn-
0.29, S-0.014, Cr-0.011, Cu- 0.007, Al- 0.01 and Fe in balance
(wt.%) were shaped into rectangular samples of dimension
3cmx 1 cm x 0.1 cm. The metal plates were polished to mirror
finish using different grades of silicon carbide grits, thereafter
washed thoroughly with double distilled water, degreased with
ethanol, dried and stored in desiccator before use.

The inhibitor, silk protein hydrolysate (SPH) purchased
from Suboneyo Pharmaceuticals was used without any further
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modification. HPLC analysis of SPH listed the presence of
different amino acids viz. aspartic acid, glutamic acid, serine,
glycine, tyrosine, valine, methionine, tryptophan, isoleucine,
phenylalanine, leucine and lysine. AR grade 98% sulphuric
acid and double distilled water were used to prepare 1 N H,SO,
solution of volume 100 mL comprising of 1, 2,4, 8 and 10 ppm
concentrations of the inhibitor.

Weight loss method: The pretreated samples were
accurately weighed and dipped in 1 N H,SO,in absence and
presence of different inhibitor concentrations for immersion
time (1, 2, 3, 6, 12 and 24 h) at 303 K. Whereas, the duration
of investigation was optimized to 1 h for 313, 323 and 333 K.
The metal specimens retrieved from the medium after appro-
priate duration were cleaned with water, acetone, dried and
re-weighed. From the pre- and post-weight of metal substrates
the corrosion rate (CR) and inhibition efficiency (IE) values
were calculated by using eqn. 1 and 2, repectively [24,25]:

Corrosion rate (mmpy) = 87.6xW )
pAt
where W is the weight loss of mild steel (g), p is the density of
the mild steel (g cm™), A is the area of the metal (cm?), t is the
exposure time (h).

IE (%):uxmo )
Wa

where W, and W,, corresponds to the weight loss values in the
absence and presence of inhibitor.

Electrochemical studies: The potentiodynamic polari-
zation studies were carried out at 303 K in a traditional three-
electrode system. Mild steel surface sealed in resin with an
exposed area of 0.3 cm? was used as working electrode. Prior
to use, the uncovered surface was polished with a series of
emery sheets of different grades and then washed with double
distilled water, dried and stored in desiccator. Saturated calomel
electrode, platinum electrode were employed as counter and
reference electrode. Preceding the electrochemical investi-
gation, the working electrode was immersed in the test medium
to achieve steady state open-circuit potential. The polarization
studies were carried out at a sweeping potential of + 0.25 mV
with regard to the open circuit potential at a scan rate of 0.01
Vs, The Tafel curves in the cathodic and anodic regions were
extrapolated to corrosion potential to get corrosion current
densities (icorr), corrosion potential (Ec..) and the slopes of the
anodic and cathodic sections give rise to [B,, B. values. The
inhibition efficiency (IE%) from i values was calculated
based on eqn. 3 [26]:

i, e T
IE (%) — Lorr(blan.k) corr(inhibited) XIOO (3)

lcorr(blank)

where icorr (planky aNd Tcorr (nhibieedy denotes the corrosion current
densities in the absence and presence of inhibitor, respectively.

Surface analysis: The experimental results were verified
by the surface analysis. The post-exposure studies were per-
formed after 6 h immersion of the mild steel in 1 N H,SO,
without and with 10 ppm SPH at 303 K. The metal specimens
once removed from the test media were rinsed with water, dried

and subjected to various surface analysis. The morphology
and the elemental composition of metal surface is investigated
through scanning electron microscopy (energy-dispersive X-
ray spectroscopy) SEM-EDXS. The surface wettability tests
were performed using water contact angle measuring system
to assess the protective film formed. The topography of the
exposed metal was evaluated three-dimensionally by atomic
force microscopy (AFM). The Fourier transform infrared
spectroscopy (FTIR) was studied in the range 4000-500 cm™
using the Perkin-Elmer Inc. Instrument (Akron, USA) and
confirmed the inhibitor interaction with the metal surface. Raman
spectroscopy analyses the nature of the corrosion products
formed upon exposure to the acidic medium.

RESULTS AND DISCUSSION

Weight loss method: The corrosion rates and the inhi-
bitory effect of silk protein hydrolysate (SPH) concentrations
(1,2, 4, 8 and 10 ppm) at 303 K were evaluated using mass-
loss measurements. The results emphasize SPH to serve as a
potent inhibitor functioning with an efficiency of 76.57% for
low concentration of 1 ppm (Fig. 1). It is also clear that the
corrosion rate decreased with substantial increment of inhibitor
concentration. This could be due to the intense adsorption/
increased surface coverage on the metal surface by the large
number of inhibitor molecules making the aggressive acid
species futile towards the corrosion process [27].
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Fig. 1. Effect of different concentrations of SPH on the inhibition efficiency
and corrosion rate for mild steel in 1 N H,SO,at 303 K

Effect of immersion time: Fig. 2 portrays the corrosion
inhibition potentials of SPH obtained for mild steel in 1 N H,SO,
at 303 K in various time interval for 24 h. Up to 6 h of imme-
rsion, the inhibitory impact is strong, but after that, its effective-
ness sharply declines, presumably because the molecules of
the inhibitor cannot withstand the prolonged exposure times.
The steady increase in the protection performance until 6 h
may be due to the increase in the adsorption of inhibitor onto
the metal surface. Desorption of the inhibitor molecules over
time explains for the gradual reduction observed subsequently.

Effect of temperature: The effect of temperatures (303,
313, 323 and 333 K) for mild steel in 1 N H,SO, with SPH
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Fig. 2. Effect of immersion time on the inhibition efficiency of mild steel
at different concentrations of SPH

concentrations is depicted in Fig. 3. It is obvious that the corro-
sion process takes place too rapidly at high temperatures owing
to the rise in corrosion rate and a considerable reduction in
the inhibition action. Corrosion rate increase can be attributed
to a higher average kinetic energy of acid molecules, which is
in excess in comparison to inhibitor metal interaction [28].
Furthermore, the desorption of adsorbed inhibitor molecules
causes a decrease in inhibition efficiency at elevated temper-
atures due to the physical adsorption process of corrosion.
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Fig. 3. Temperature effect on the inhibitor efficiency for mild steel in 1 N
H,SO,

Thermodynamic parameters: The temperature influence
over the corrosion rate can be expressed through eqn. 4,
Arrhenius equation [29]:

E
—a + 1 A
2303RT ¢ “)

where, CR = the corrosion rate, A = Arrhenius pre-exponential
factor, E, = the apparent activation energy, R = universal gas
constant and T = absolute temperature. Fig. 4 illustrates the

logCR =

plot of log CR against 1000/T for different concentrations of
SPH. The straight line gives slope (-E./2.303R) from which
the value of E, is determined and the values are listed in Table-1.
The obtained values are higher for the inhibited system than
for the uninhibited system, a characteristic of the increased
energy barrier. As E, increases, it suggests that a protective
thin coating has formed on the metal surface, which is inhib-
iting both energy and mass transfer [30]. These findings suggest
that the adsorption of SPH over the metal surface to occur
through physical interactions.
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Fig. 4. Arrhenius plot for mild steel in 1 N H,SO, in the absence and
presence of SPH

TABLE-1
THERMODYNAMIC PARAMETERS OF MILD STEEL
IN 1 N H,SO, WITH AND WITHOUT DIFFERENT

CONCENTRATIONS OF SPH

Tnhibitor E, AH® AS° ,
conc. (ppm) (KImol')  (KImol') (KJ'mol") E-AH

Blank 43.88 41.25 -125.48 2.6

1 67.98 65.35 -58.30 2.6

2 69.41 66.78 -57.04 2.6

4 67.10 64.47 -66.52 2.6

8 63.02 60.39 -81.07 2.6

10 64.29 61.66 -77.95 2.6

The heat of adsorption (AH®) and entropy of adsorption
(AS®) values are supportive in understanding the adsorption
mechanism of inhibitor at the metal/solution interface. The
values were evaluated using eqn. 5 [31]:

RT AS° AH°

logCR Nb exp R exp RT 5)
where, h is the Planck’s constant and N is the Avogadro’s number.
Fig. 5 represents the plot of log CR/T vs. 1000/T with slope
(-AH®/2.303R) and intercept [log R/Nh + (AS°/2.303R)], respec-
tively. The positive values of AH® (Table-1) concludes the endo-
thermic nature of mild steel dissolution in the presence of
inhibitor. The E, values were found to be higher than AH®, a
consequence of the corrosion process involving a gaseous
reaction. Additionally, it obeys the equation E,— AH® = RT, a
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Fig. 5. Transition plot for mild steel in 1 N H,SO, in the absence and
presence of SPH

representative of the unimolecular corrosion process [32]. The
large negative entropy values were apparent of decrease in the
disorderness on moving from the inhibitor SPH to its adsorbed
form [33-35].

Adsorption isotherm: The adsorption isotherm is helpful
in simulating the appropriate adsorptive interaction occurring
at the electrode/electrolyte interface. Selecting the appropriate
adsorption isotherm model is based on the exact correlation
coefficients (R?) and linear fits. The experimental outcome
confirmed the adsorption of SPH on the mild steel surface to
follow Langmuir isotherm, which is expressed by eqn. 6 [36]:

cC 1

e Kads (6)
where, C is the inhibitor concentration, 0 is the surface coverage
and K,y is the adsorptive equilibrium constant, respectively.
The K,4s values were calculated from the Langmuir isotherm

plots as displayed in Fig. 6. The standard free energy of adsor-
ption (AG®) data is computed using eqn. 7 [37]:
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Fig. 6. Langmuir adsorption isotherm plot of SPH for mild steel corrosion
in I N H,SOyat 303 K

AG® =-RT In (55.5 Kua) )

The numeral 55.5 represents the water concentration in
acidic solution. The value of AG® is associated with the type
of interaction possibly to occur between SPH molecules and
the mild steel surface. Its values up to -20 KJ mol™ is indicative
of electrostatic attraction between the charged amino acid units
and the metal surface (physisorption), while the values between
-20 and -40 KJ mol™ is associated with sharing of charges
between SPH molecules and metal surface (chemisorption)
[38]. The AG® values (Table-2) suggested that the physisorption
process is likely involved in the interaction. The large values
of K.4s at low temperatures signifies an efficient inhibitor-metal
interaction offering higher inhibition efficiencies. But their
low values at higher temperatures suggested that the inhibitor
has a modest effect on the metal surface [39,40].

TABLE-2
ADSORPTION PARAMETERS OBTAINED
FROM LANGMUIR ISOTHERM PLOT

Temp. (K) Slope K R’ AG°
303 1.1 491 0.9999 -14.12
313 1.0 3.08 0.9999 -13.38
323 1.0 1.67 1.0000 -12.17
333 1.1 0.93 0.9997 -10.92

Potentiodynamic polarization: The polarization plots
observed for mild steel in 1 N H,SO4 without and with
increasing dosages of SPH are shown in Fig. 7. The parameters
inferred from anodic and cathodic Tafel profiles are listed in
Table-3. The observations clearly indicated that with the addition
of inhibitor, the polarization curves displaced slightly towards
noble potentials with lower corrosion current densities. Accor-
dingly, the E... value shows a maximum displacement of 36
mV with regard to blank, suggesting SPH to behave as a mixed
type inhibitor [41]. Furthermore, the presence of inhibitor also
lowers the magnitude of i, Which consecutively reduces the
corrosion rates, The formation of the barrier film is also evident
from the decrease in corrosion rate with increasing inhibitor
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Fig. 7. Potentiodynamic Polarization curves for mild steel in one normal
sulphuric acid with different concentrations of SPH at 303 K
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TABLE-3
ELECTROCHEMICAL PARAMETERS OBTAINED FROM POLARIZATION PLOTS FOR
MILD STEEL IN 1 N H,SO, BEFORE AND AFTER TREATMENT WITH INHIBITOR

Inhibitor conc. (ppm) E... V) ieor (MA cm™®) B, (V dec™) Be (V dec™) CR (mpy) RP (Q) 1E (%)
Blank -0.6003 1.2730 7.015 5.161 1937.0 28 -

1 -0.5793 0.5659 11.040 6.041 861.2 45 55.54

2 -0.5760 0.5155 12.487 6.702 784.5 44 59.50

4 -0.5688 0.3423 12.738 6.756 520.9 65 73.11

8 -0.5676 0.2299 16.173 7.348 349.9 80 81.94

10 -0.5643 0.2234 16.348 7.380 339.9 82 82.45

strengths. No significant difference is noticed with the trend
of B, and PB. values, suggesting the inhibitors to function by
blocking mechanism at the metal sites minimizing both metal
dissolution and hydrogen evolution [42,43]. An abrupt increase
in polarization resistance R, owes to the enhanced inhibitor
adsorption thereby restricting/lowering metal corrosion reaction
[44.,45].

Surface analysis

SEM studies: Fig. 8a displays the SEM micrograph of
mild steel dipped in 1 N H,SO,. The bare metal looks highly
damaged with severe cracks activated by the aggressive media.
However, the metal immersed in inhibited acid exhibits a
smooth surface (Fig. 8b), which is symbolic of the existence
of protective layer formed by the reactive entities in SPH
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Fig. 8. SEM micrographs (a & b), EDS spectra (¢ & d) recorded for of mild steel after 6 h immersion in 1 N H,SO, before and after treatment

with the 10 ppm SPH
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offering the protection against acid attack. The EDXS spectra
recorded for the selected regions of SEM images are shown in
Fig. 8c-d. The spectrum obtained for the mild steel submerged
in acidic solution shows peak for Fe and O, indicating the
occurrence of iron oxide/hydroxide on the metal surface under
study [46]. On other hand, the reduction in the atomic perce-
ntage of iron and oxygen in presence of inhibitor ensures a
decrease in the number of corrosion active sites [47]. The low
amounts of oxygen together with the peak spotted for nitrogen
in the EDXS spectra in presence of SPH validates the active
adsorption of inhibitor molecules to the metal surface and these
results are consistent with the observations of elemental
mapping (Fig. 9). Moreover, the surface functionality of the
inhibitor is witnessed through water contact angle (WCA)
measurement. For the mild steel in the inhibitor-free acid, the
contact angle was found to be 22.8°. This low value is asso-
ciated with the hydrophilic character, a resultant of the corrosion
products formed which are polar in nature. However, the value
increased to 64.4° with 10 ppm SPH concentration, this imparts
considerable hydrophobic property to the mild steel surface
which blankets the metal from the corrosive attack [48].
Atomic force microscopic (AFM) studies: The topo-
graphy of the mild steel at nano to micro-scale level provide the
inhibition ability of the studied inhibitor. Fig. 10a-b highlights
the 3D images of uninhibited and inhibited mild steel surface.
The evaluation shows average roughness (S,) value of 176.75
nm diminished to 120.53 nm with 10 ppm SPH. However, the

-

Fig. 10. AFM images of mild steel immersed in 1 N H,SO, (a) without SPH (b) with SPH

metal exposed to inhibitor possess a uniform coverage of inhi-
bitor molecules, which hinders the movement of the corrosive
species onto the surface and supress the rate of corrosion
leading to reduce the surface roughness [49].

FT-IR studies: The FT-IR spectra of SPH and corrosion
products formed on the metal surface is shown in Fig. 11. This
evaluation assists in identifying the active units of the inhibitor
responsible for adsorption on the metal surface. The peak at
1638.56 cm™is ascribed to the carbonyl stretch, the frequency
at 1529.74 cm’! corresponds to N-H bend, the O-H and C-N
stretch are observed at 3256.07 and 1114.63 cm™. The spectrum
of mild steel after exposure for 6 h in 1 N H,SO, containing
10 ppm SPH exhibits frequency at 1654.92, 1427.32,3385.07
and 1028.04 cm™ for C-O, N-H, O-H and C-N, respectively.
These shifts in intensities indicated the interaction between
the SPH molecules with the mild steel surface. Most import-
antly, the peaks shifted to a lower frequency range might greatly
interact with the mild steel surface. The absorption in the lower
region, peak at 705.94 corresponds to Fe-O/Fe-N interactions
[50].

Raman studies: The results of Raman spectroscopy for
the mild steel after 6 h exposure in 1 N H,SO, and with 10 ppm
SPH are shown in Fig. 12a-b. The strong bands at 227, 290,
402,496, 605 cm™ are apparent with the occurrence of hematite
(0-Fe,05) and the peak at 1300 cm™ was identified as lepido-
crocide (y-FeOOH) [51,52]. The peak intensities of the corrosion
products decreased remarkably under inhibitor’s influence as
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Fig. 11. FT-IR spectrum of (a) SPH (b) mild steel surface in 1 N H,SO4 + 10
ppm SPH

illustrated in Fig. 12b. Furthermore, the Raman shifts observed
in contrast with that of the blank can be attributed to the adsor-
ption of amino acid units directly on the mild steel surface/on
the surface of the adsorbed corrosion products.
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Corrosion inhibition: The amino acid moieties of SPH
exist as protonated species in acidic medium and gets adsorbed
at the more reactive anodic sites preventing the escape of metal
ions into the solution. The adsorption of these cationic forms
is favoured by the SOZ™ ions present in the acid medium [53].
A weak electrostatic interaction prevails between the charged
inhibitor and metal surface, this enables the resistive layer
formation. The nitrogen and oxygen atoms present in the
functional groups -NH,, -COOH, —OH are greatly responsible
for the coordination with the metal surface forming an inhi-
bitive film. Of which, nitrogen is expected to contribute the
maximum towards adsorption with mild steel surface which
is consistent with results of EDXS analysis and the IR shifts
of N-H, C-N to the lower frequency validates the point.

However, aspartic acid, glutamic acid, serine and glycine
are the major constituents of SPH, offering a greater hand in
the initial adsorption process. Moreover, with increasing inhi-
bitor concentrations, the other amino acid molecules in SPH
together with the aforementioned major constituents are expected
to participate in the adsorption process possibly because of the
van der Waals force of attraction between the amino acid units.

The intermolecular hydrogen bonding must be the reason
for these forces of attraction between the inhibitor molecules,
which is evident from the IR band observed at 3385.07 cm™.
With longer immersion times, the number of hydrogen bonding
also increases which add strength to the initially adsorbed layer,
resembling an increasing close pack film acting as a thick
barrier preventing the metal dissolution. The formation of the
thick barrier also restricts the penetration of H* ions near to
that of mild steel surface and reduces the hydrogen evolution.
The higher E, values in inhibitor’s presence also confirms the
increased energy barrier, a resultant of weak electrostatic inter-
action of the inhibitor’s adsorption with the mild steel surface.

The developed network of intermolecular hydrogen
bonding might be the major cause for the higher inhibition
efficiency up to 6 h immersion at 303 K. Furthermore, with
the elevation in temperature, the hydrogen bonding becomes
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Fig. 12. Raman spectra of mild steel surface in 1 N H,SO, (a) without 10 ppm SPH (b) with 10 ppm SPH
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relatively weak and the strength of the adsorbed inhibitor layer
decreases. Finally, the passage of the corrosive species via the
layers of adsorption corrodes the metal surface and reduces
the inhibition performance.

Although, literature presents numerous studies involving
amino acids as inhibitors for mild steel [54-57]. Yet superior
efficiencies are observed only for higher levels of inhibitor
concentrations. Evidently, the present investigation concludes
silk protein hydrolysate (SPH) to be a potent inhibitor for mild
steel in H,SO4 medium for its remarkable efficiency values at
low concentrations of 10 ppm. Importantly and interestingly,
such inhibitions might have strictly arisen from the combined
effect of the amino acids present in SPH.

Conclusion

The outcome of the study suggests that the silk protein
hydrolysate (SPH) as an efficient inhibitor functioning at low
concentrations. A maximum efficiency of 92.07% was observed
for 10 ppm concentration at 303 K for 6 h immersion. The
inhibition performance increases with increase in SPH concen-
tration and decreases with rise in temperature. The results
obtained from the weight loss measurements and polarization
studies were in accordance. The magnitude of Gibb’s free energy
of adsorption confirmed the inhibition mechanism to occur
predominantly through physisorption following Langmuir
isotherm. The surface examination studies confirmed the
adsorptive film formed over the mild steel surface.
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