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Abstract

The effects of biodegradable corn peptone on the corrosion behavior of mild
steel in 0.1M HCl were evaluated. The results from the weight loss
experiments indicate that changing the amount of corn peptone from 50 to
500 ppm considerably decreased the corrosion rate of the coupons from 28.24
to 4.67 mpy. However, heating the solutions had negative effects on this trend.
According to the calculations, dissolving the inhibitor modified the thermo-
dynamic parameters of the corrosion phenomenon. In addition, the adsorption
of corn peptone was best fitted with the Langmuir isotherm. The Tafel
polarization plots revealed that the presence of corn peptone decreased the
corrosion current density from 134.9 to 6.7 uA cm 2. This was compatible with
the electrochemical impedance spectroscopy data. Furthermore, X-ray
photoelectron spectroscopy analysis confirmed the adsorption of the tested
peptone on the surface of the working electrodes, which based on the atomic
force microscope images, reduced the surface roughness of the specimens.
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1 | INTRODUCTION

Nowadays, mild steel is widely utilized in various
industries, especially in petrochemistry, oil, gas, and
ore processing, where hydrochloric acid is extensively
used to remove any surface impurities (acid pickling
process), to dissolve the precipitated mineral scales (oil
well acidizing process), and so on.!! However, exposure
to acidic solutions deteriorates the unique properties of
mild steel resulting in system shutdowns, contamination
of the products, and structural failure.?! This undesirable
phenomenon (also called “corrosion”) is a significant
concern for both academics and the industry.

Hence, some strategies such as depositing barrier
coatings,B] employing corrosion-resistant materials (i.e.,

materials selection),!” and applying cathodic protection”

have been proposed to minimize the costly consequences of
corrosion. However, based on the literature, the addition of
particular substances called “corrosion inhibitors” is the
most cost-effective and promising one.!*”]

The efficient industrial corrosion inhibitors are
divided into two main groups: inorganics (e.g., chro-
mates, molybdates, and phosphates) and organics (with
N and/or S in their molecular structure).”*°! However, it
has been demonstrated that the efficiency of the organic
compounds in reducing the corrosion of mild steel in
an HCI electrolyte is higher than that of the inorganic
ones.?!

Alkenyl phenones, azoles, acetylenic alcohols, and
aromatic aldehydes are the common industrial corrosion
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inhibitors used to reduce the destructive effects of
corrosion.'* For instance, the corrosion inhibition
efficiency of 5-amino-1,3,4-thiadiazole-2-thiol for mild
steel in 1M HCI electrolyte was about 91.5%.['2! One
millilitre of dimethylaminocinnamaldehyde as an alde-
hyde derivative could also reduce the corrosion of mild
steel in HCI by 92%.!"%

Here, it should be mentioned that despite the proper
performance of the current industrial corrosion inhibitors,
most of them are toxic and with numerous environmental
side effects."* Therefore, the development of bio-
degradable and eco-friendly corrosion inhibitors has
gained attention in recent years.'”! In this regard, plant
extracts, pharmaceutical drugs, natural polymers, and
proteins are the main candidates.!*® For example, it was
observed that 1500 ppm of the powders extracted from the
stems of Eulychnia acida prevented the deterioration of
mild steel in 0.1M HCI by 83%."7! In another research, an
84% decrease in the corrosion of mild steel in HCl was
recorded when 400 ppm norfloxacin as a green drug was
added to the system.["® In terms of the natural polymers
and proteins, the corrosion inhibition effects of casein!*”!
and chitosan'®” in HCl have already been documented.
However, no data have been reported on the corrosion
inhibition potential of peptones in HCL

Peptones are protein hydrolysates used in industrial
microbial fermentations, for instance, to produce anti-
biotics.! They also contain high amounts of proteins,
amino acids, and carbohydrates.m] Hence, corn peptone,
as a sustainable and eco-friendly compound, might be
able to decrease the corrosion of mild steel in HCI.

To develop our knowledge, the influence of corn
peptone on the corrosion of mild steel in hydrochloric
acid was monitored with some electrochemical and
surface analysis techniques. It was hypothesized that
the molecular structure of corn peptone makes it a potent
material in reducing the corrosion rate of the tested
metallic coupons.

2 | EXPERIMENTAL PROCEDURE
In this research, the mild steel specimens with the
elemental composition (in wt.%) mentioned in Table 1
were employed and subjected to the surface preparation
procedure.

TABLE 1
pieces (in wt.%).

Elemental composition of the tested mild steel

C Mn P S Cr Ni Fe

0.25 0.95 0.04 0.05 0.3 0.3 Balance

In this regard, the rectangular coupons with the
dimensions of about 35X 20X 2mm were (i) abraded
with Al,O; abrasive papers from #120 to #2500, (ii)
immersed in acetone for 30s, (iii) rinsed with deionized
water for 10s, and (iv) immediately dried with air.

To prepare the 0.1 HCI electrolyte, an appropriate
amount of HCl (37%, Reagent ACS, VWR) was diluted
with Mili-Q ultrapure water. The corn peptone-
containing solutions were also produced by dissolving
50, 100, 250, or 500 ppm of corn peptone (purchased
from Sigma-Aldrich) in the blank solution.

A detailed description of the methods carried out to
evaluate the potential of corn peptone in preventing the
corrosion of the metallic specimens is provided below.

(i) The weight loss analyses were performed by
precisely weighing the as-polished mild steel coupons
and then immersing them in the closed vessels contain-
ing 250 mL aggressive electrolyte for 24 h. The experi-
ments were conducted using 0.1M HCI without and with
different amounts of corn peptone (i.e., 50-500 ppm) at
four electrolyte temperatures of 298 K, 313 K, 328 K, and
343K. The weight of the specimens after 24h was
measured again after removing the corrosion products
accumulated on the surface of the coupons and then
drying them with the air stream.

(ii) The electrochemical corrosion experiments, including
the open-circuit potential (OCP), the electrochemical
impedance spectroscopy, and the Tafel polarization method,
were carried out at room temperature using a potentiostat/
galvanostat (Autolab PGSTAT302N). To perform the corre-
sponding experiments, three electrodes including a counter
electrode made of platinum (purity: 99.99%; Ossila Ltd), a
saturated calomel electrode (SCE) (Hg/HgCl; Sentek com-
pany) as a reference electrode, and a mild steel coupon (with
an exposed surface area of 1cm?®) as a working electrode
were placed in a 250 mL high purity borosilicate glass cell
(Col Int Tech company).

The OCP was recorded immediately after dipping the
working electrode in the blank or the corn peptone-
containing electrolytes. Each experiment was continued
until the corresponding potential versus time plot
reached a plateau. The electrochemical impedance
spectroscopy analyses were performed at the OCP
condition while the frequency changed from 100 000 to
0.01 Hz. During the electrochemical impedance spectros-
copy (EIS) measurements, an AC signal of 5mV was
applied. In addition, the required electrochemical EIS
data were extracted from the Nyquist and Bode/phase
plots using Zview2 software. Finally, the potentiody-
namic polarization tests were carried out by changing the
potential from —500 to 500 mV versus OCP with a sweep
rate of 5mV s~ '. Despite the corrosion potential (Eor)
and the corrosion current density (icorr), the anodic (5,)
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and cathodic () Tafel slopes of the potential versus the (a)
logarithm of current graphs were determined using the 160 -
Tafel extrapolation method. 140 ¥ s 298K
X-ray photoelectron spectroscopy (XPS; Thermo Escalab N 2 e 313K
250) was employed to probe the surface layers of the metallic g' 120 - A 328 K
specimens immersed in the corn peptone-free and the 500 - N v 343 K
.. o 100 - Y S
ppm corn peptone-containing electrolytes for 24 h at room = L]
temperature. The survey spectra were obtained with an E 80 - ¥
aluminum K, X-ray source. The C (1s) peak detected at o s
284.8 eV was selected as the reference peak. 8 60 i 4
The surface characteristics, including the surface g 40 ¢ b4
topography and the average roughness of the surface & i e i
polished sample together with those dipping in the blank 201 [ g ®
and the 500 ppm corn peptone-containing corrosive 0 . . . r . LI
electrolyte for 24 h at room temperature, were deter- 0 100 200 300 400 500
mined using an atomic force microscope (AFM; Nano- Inhibitor concentration (ppm)
surf Flex; scanned area: 10 X 10 um). (b)
100 -
i L]
3 | RESULTS AND DISCUSSION =% : ¢
< 804 A
. . >
3.1 | Weight loss evaluations 9" 70 ¢ & ¥
2 v
According to the literature, mild steel substances usually é’ 60 2
experience severe weight loss during the uniform corrosion @ 504 ¥ = 298K
in HCL**! Thus, comparing the changes in the weight of a e & e 313K
metallic coupon immersed in the blank and the inhibitor- S 40 4 328K
containing aggressive electrolytes indicates the effectiveness E 304 ¢ v 343K
of the dissolved corrosion inhibitor in preventing the
corrosion phenomenon.[24] Moreover, the concentration of 20
the inhibitor in the electrolyte and the solution temperature 0 160 260 360 460 560
critically affect the degree of inhibition.*"! Inhibitor concetration (ppm)
In this research, the rate at which the specimens were
corroded in the blank (CRo) and the corn peptone- FIGURE 1 (a) CR and (b) IE% values of mild steel coupons

containing solution (CR) was calculated by considering
the changes in the weight of the specimens (i.e., AW; in
grams) with the surface area of A (cm?) and density of
p (in g/cm®) immersed in the corrosive electrolyte for
24 h (Equation 1).1%¢!

Corrosion rate= (3.45 x 10° X AW)/(A X t X p).
(1)

The degree of the surface coverage (6) and the
efficiency of corn peptone in inhibiting the corrosion of
the specimens (i.e., inhibition efficiency; IE%) were also
determined using the below equations.'?”!

CR, —CR
ey

CR, @)
IE% = 6 X 100. 3)

after immersion in the blank or the 50-500 ppm corn peptone-
amended electrolytes for 24 h at temperatures of 298, 313, 328, and
343 K. [Color figure can be viewed at wileyonlinelibrary.com]

According to the data mentioned in Figure 1 and
Table 2, the corrosion rate of the mild steel specimens in
the blank corrosive solution at 298 K was 95.30 mpy
compared to 28.24 mpy obtained when 50 ppm corn
peptone was dissolved in the electrolyte. The observed
trend in the corrosion rate continued until the corrosion
rate of 4.67 mpy was obtained in the presence of 500 ppm
corn peptone. The reason for the measured changes in
the corrosion rate is attributed to the adsorption of the
tested peptone molecules on the surface of the coupons.
Moreover, an increase in the calculated surface coverage
(from 0.7 to 0.95) and the corrosion inhibition efficiency
(from 70.3% to 95.1%) by increasing the concentration of
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TABLE 2 The weight loss data related to the corrosion of mild steel before and after dissolving 50-500 ppm corn peptone at 298-343 K.

Inhibitor
concentration (ppm)

Solution
temperature (K)

298 0
50

100

250

500

313 0
50

100

250

500

328 0
50

100

250

500

343 0
50

100

250

500

corn peptone in the system from 50 to 500 ppm further
confirms the suggested mechanism. These findings are in
accordance with Yousefi et al.,, where the geometric
blocking phenomena by different types of surfactants
and, therefore, a decrease in the corrosion rate of mild
steel were illustrated.!*®!

Compared to the concentration effect, raising the
temperature of the electrolytes from 298 to 343K had
detrimental effects on the corrosion inhibition performance
of corn peptone. For example, the corrosion rate of the
specimens immersed in the 500 ppm corn peptone-amended
electrolyte at 298 K was 4.67 mpy, which dramatically
increased to 42.68 mpy when the solution was heated to
343K (Table 2). There might be some reasons for the
negative relationship between the solution temperature and
the efficiency of the inhibitor. First, at higher temperatures,
the diffusion rate increases while the electrolyte resistance
decreases. Second, the inhibitor molecules might decompose,
rearrange their configuration, or get desorbed from the
surface of the metallic adsorbent.*”!

Assessing the thermodynamic parameters is another
method to evaluate the corrosion inhibition characteristics

Corrosion Surface Inhibitor
rate (mpy) coverage (6) efficiency (%)
95.30 - -
28.24 0.70 70.3
13.37 0.85 85.9
8.13 0.91 914
4.67 0.95 95.1
119.8 = =
46.63 0.61 61.1
28.88 0.75 75.8
17.52 0.85 85.3
12.25 0.89 89.7
137.1 - -
70.57 0.48 48.5
52.66 0.61 61.6
33.09 0.75 75.8
25.08 0.81 81.7
148.9 = =
102.24 0.31 31.3
75.64 0.49 49.1
54.44 0.63 63.4
42.68 0.71 71.3

of a chemical compound. Hence, the changes in the
corrosion activation energy (E,) together with the entropy
(AS.p) and the enthalpy of activation (AH,.) related to the
corrosion of mild steel specimens immersed in the blank or
the corn peptone-containing solutions at temperatures
between 298 and 343 K were investigated. With regard to
this, the Arrhenius and the transition state theory equations
(Equations 4 and 5, respectively) were employed[30]:

CR = Aexp(—%), (4)
RT AS. AH,
CR = —ex —a“)ex (——“Ct),
Nh p( R P RT 5)

where A is the frequency factor, R is the universal gas
constant, T is the experimental temperature in Kelvin, N
is the Avogadro's constant, and h is the Planck's constant.

E.. was calculated from the slope of the regression
lines added to the [In CR vs. 1/T] plots (Figure 2a),
while the slope and the intercept of the lines best fitted to the
[In(CR/T) vs. 1/T] graphs yielded AH,; and AS.,
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FIGURE 2 (a) Arrhenius and (b) transition state theory plots
for the corrosion of mild steel samples dipped in 0.1M HCI
containing 0-500 ppm corn peptone at 298, 313, 328, and 343 K.
[Color figure can be viewed at wileyonlinelibrary.com]

respectively (Figure 2b). The obtained data are presented in
Table 3.

According to this table, dissolving corn peptone in
0.1M HCI increased the E,. of the metallic specimens
(e.g., from 842kImol™' without corn peptone to
41.87kImol™" with 500 ppm of the tested peptone).
The observed increase in the energy barrier required for
the onset of corrosion was probably due to the adsorption
of the additive molecules on the surface of the coupons
and, therefore, an increase in the thickness of the double
layer established at the metal/solution interface.*!!

Moreover, AH, in the presence of corn peptone was
much higher than that obtained for the 0.1IM HCI
solution (5.77 kJ mol™* vs. 39.22 kI mol™), which further
supports the corrosion inhibition effect of corn peptone.

TABLE 3 The thermodynamic parameters for the corrosion of
mild steel samples dipped in 0.1M HCI containing 0-500 ppm corn
peptone at 298, 313, 328, and 343 K.

Concentration  E,. AH ¢ ASace

(ppm) (kImol™) (kJmol™) (@Imol*K™)
Blank 8.42 5.77 —187.4

50 24.27 21.61 —144.5

100 33.05 30.39 —120.8

250 36.04 33.38 —115.2

500 41.87 39.22 —99.9

Furthermore, the negative sign of the entropy of
activation reported for the inhibitor-free solution in
Table 3 represents an increase in AS,. during the
dissolution of the mild steel specimens. However, the
addition of corn peptone decreased the degree of disorder
because the peptone molecules substituted for water
molecules present on the surface of the specimen.!*?! The
changes in thermodynamic values were also reported
when casein as a natural protein was used to inhibit the
corrosion of mild steel in HCL!"!

3.2 | Adsorption studies

The weight loss data were further analyzed to get better
insight into the corrosion inhibition effects of corn
peptone and its adsorption on mild steel. Therefore, the
concentration of corrosion inhibitor added to the system
and the surface coverage values (mentioned in Table 2)
were employed to determine the adsorption-desorption
equilibrium constant (K,4s) of some common adsorption

isotherms (Equations 6-9).5!
< = 1 + C(Langmuir), (6)
0 kaas
0 = kaqsC*'"(Freundlich), 7
exp(f0) = kuqsC (Temkin), (8)
3]

[e0=9 x (1 — 6)*] = kaas C (Flory — Huggins),

C))

where fis the surface energetic inhomogeneity factor and
n (0 <n<1) is the heterogeneity parameter.

According to Figure 3, the R* values for Langmuir,
Freundlich, Temkin, and Flory-Huggins isotherms were
0.999, 0.852, 0.876, and 0.966, respectively, demonstrat-
ing that corn peptone adsorption data at 298 K were best
fitted to the Langmuir adsorption isotherm.
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FIGURE 3 Plots for the (a) Langmuir, (b) Freundlich, (¢) Temkin, and (d) Flory-Huggins isotherms obtained when mild steel

coupons were immersed in the blank or corn peptone-containing solutions at 298 K. [Color figure can be viewed at

wileyonlinelibrary.com]

The equation related to the Langmuir adsorption
isotherm was also utilized to study the adsorption of corn
peptone on the inhibited specimens at higher tempera-
tures (Figure 4). It was noticed that the R® values were
between 0.99 and 1, indicating that the adsorbed corn
peptone molecules formed a monolayer on the surface of
the coupons, and they did not interact with each other.1*

To highlight how increasing temperature might affect
the interaction strength between the corn peptone
molecules and mild steel, the free energy of adsorption
(AG2y,) was determined (Equation 7/)1°":

Angs —RTIn (Kads X Csolvent)’

= (7
where the equilibrium constant of adsorption (K,qs) Was
obtained from the inverse of the intercept of the plots in
Figure 4, and Cggpent is the molar concentration of the
solvent (1000 000 in mg.1™" for water).

Table 4 reveals that increasing the temperature from
298 to 343K decreased K,q (e.g., from 0.0553Lmg™" at
298 K to 0.011 L mg ™ at 343 K) and made A G2 less negative

7004 = 298K
e 313K
600+ . 328K
500" 343 K
£
&400—
D
S 300+
200
100 -
0 T T T T T
0 100 200 300 400 500
C (ppm)

FIGURE 4 Plots for the Langmuir adsorption isotherm when
mild steel coupons were immersed in the blank or corn peptone-
containing solutions at different temperatures. [Color figure can be
viewed at wileyonlinelibrary.com]
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TABLE 4 Changes in the corn peptone adsorption data blank
calculated for the inhibition of mild steel in 0.1M HCI at different -0.44 50:00m
temperatures. 10 Opspm
—1 o -1
Temperature (K) Kads (L mg ) ads (kJ mol ) E '0.48 i — 250 ppm
298 0.0553 —27.07 8 500 ppm
313 0.0361 —26.01 o -
>.052{ — T
328 0.0208 —24.65 E /""* =
343 0.011 —231 st
W .0.56 -
(e.g., from —27.07 kImol ™" at 298K vs. —23.1 kImol ™" at -0.60 -
343 K). The observed trend indicates that an increase in the T T 1
0 30 60 90

solution temperature had undesirable effects on the corro-
sion inhibition process and desorbed the inhibitor molecules
from the surface of the specimens.*® In addition, the
negative sign of AGgy, reveals that the inhibitor molecules
adsorbed on the coupons spontaneously, and heat was
released during this phenomenon.'*!

Furthermore, based on the literature, the AG54, values
between zero and —20kJmol ™" represent the electrostatic
interactions between the inhibitor molecules and the
metallic substrate (i.e., the physical adsorption). The AGjg,
values, which are more negative than —40 kJ mol~}, indicate
the sharing charges phenomenon (i.e., chemical adsorption).
However, both the physical and chemical adsorption take
part in the adsorption of the utilized inhibitor if the free
energy of adsorption is between —20 and —40kJ mol~.*¢!
As the AGgy values in this research varied between —25.88
and —24.71 kI mol™ (see Table 4), it can be said that both
electrostatic force and charge sharing happened between
corn peptone and the metallic pieces.

3.3 | Electrochemical analyses

The ability of corn peptone to reduce the corrosion of
mild steel was also investigated by some electrochemical
techniques. In this regard, the potential at zero-current
(also known as OCP) of the working electrodes immersed
in the corrosive electrolyte was recorded in the absence
or presence of 50-500 ppm corn peptone (Figure 5). It
was observed that the OCP values were not stable during
the first 60 min, which was due to the metal dissolution
phenomenon that started immediately after immersing
the working electrode in the blank electrolyte. However,
after about 45 min, the corresponding plot reached the
plateau, and the final value of —595 mV was recorded. In
comparison, the presence of 50, 100, 250, or 500 ppm
corn peptone in the electrolyte shifted the OCP plots
toward the positive end-values of —551, —528, —516, and
—508 mV, respectively, suggesting the adsorption of the
peptone molecules on the tested samples.

Time (min)

FIGURE 5 The effects of different amounts of corn peptone on
the open-circuit potential values of mild steel dipped in 0.1M HCI
at room temperature. [Color figure can be viewed at
wileyonlinelibrary.com]

Interestingly, in the presence of corn peptone, the
OCP developed with different trends than that observed
in the 0.1M HCI solution. With 50 ppm corn peptone,
the inhibitor molecules gradually adsorbed on the
surface of the working electrode; therefore, the OCP
value increased from —588 to —551 mV during the first
20 min and stayed almost unchanged after some fluctua-
tions. On the other hand, by increasing the concentration
of corn peptone to 100 ppm, it took about 12 min for the
OCP plot to start leveling off, and less fluctuation was
observed. However, due to the quick adsorption of the
protein molecules, the OCP plots obtained with 250 and
500 ppm corn peptone remained almost stable from the
time the working electrode dipped into the electrolyte.
The formation of a barrier film from the adsorbed
inhibitor, which caused an increase in the OCP of a steel
substrate has been demonstrated by others.*”!

The corrosion inhibition performance of corn peptone
was further evaluated using the potentiodynamic polariza-
tion technique, during which an electrical potential was
applied on the working electrodes, immersed in the blank
or the inhibitor-containing corrosive medium, and the
resulting current was measured. According to Figure 6, the
potential versus the logarithm of current curves was
composed of two active regions, including a cathodic and
an anodic branch, where hydrogen/oxygen evolution and
the mild steel dissolution reactions took place, respectively.

Moreover, the Tafel extrapolation method was utilized to
calculate the corrosion potential (E,), the corrosion current
density (icor), the Tafel slopes, and the polarization
resistance of the working electrodes in the absence and the
presence of various milligrams per liter of corn peptone
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(Table 5). It can be seen by dissolving corn peptone and
increasing its concentration in the electrolyte that the
corrosion current density shifted toward lower values (e.g.,
139.4 uA cm ™2 for the blank electrolyte to 6.7 uA cm™> for
the 500 ppm peptone-containing system), illustrating that
corn peptone reduced the corrosion of the working
electrodes in 0.1M HCL

Based on Table 5, the presence of corn peptone
decreased the cathodic and anodic Tafel slopes. According
to the surface coverage data mentioned in Table 2, corn
peptone adsorbed on the surface of the working electrodes
and formed a protective film at the metal/electrolyte
interface. Hence, the rate of the hydrogen evolution and
the metal dissolution reactions decreased, which highlights
the mixed-type nature of the tested inhibitor.!""!

Additionally, prior literature suggests that if the
differences in the E,, values measured in the presence
and absence of an inhibitor are less than 85mV,

0.04— blank

E (V vs. SCE)

-114 T T T T T
8 -7 6 5 -4 3 2 -

logi (pA.cm'Z)

FIGURE 6 The graphs obtained from polarization analyses for
the corrosion of mild steel immersed in the blank or the corn
peptone-amended solutions at room temperature. [Color figure can
be viewed at wileyonlinelibrary.com]

the tested inhibitor is a mixed-type compound. But, if the
presence of an inhibitor shifts the E,, values to more than
85 mV, the inhibitor would be identified as either an anodic
or cathodic type.*! In this study, the largest shift in Eeoy
was 83 mV, which was achieved in the presence of 500 ppm
corn peptone, indicating the mixed-type feature of the
tested peptone. However, as E.,, moved toward the
positive values (i.e., anodic regions), it can be said that
corn peptone was an anodic inhibitor and significantly
affected the dissolution reactions of the working electrodes
by almost adsorbing on the anodic sites of mild steel.

It is worth noting that the corrosion inhibitors reduce
the corrosion rate by increasing the polarization resist-
ance of the working electrodes.!*”! Based on Equation
(8"), the polarization resistance in the blank solution was
76.5Q cm® which increased to 1352.6 Q.cm® when 500
ppm peptone was dissolved in the electrolyte.

B B, % B)
P 2.303 X igorr X (ﬁa + ﬁc) ‘

(8"

The effect of corn peptone on the corrosion of the
working electrode in 0.1M HCI was deeply studied using

1000 - = blank
L e 50 ppm
8004 . AR i 4 100 ppm
o . v 250 ppm
600 - :
o~ K » 500 ppm
£ 4004 .7 vy
3} oV Yy
S 20044 K
o f ha
§ O-V P : T ® T
N 0 1C50 1500 2000
-200 Wy
-400 - RCOVS
-600- Zre (Q.cmz)

FIGURE 7 Nyquist plots for the corrosion of mild steel dipped in
the blank or the corn peptone-amended electrolyte at room
temperature. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 5 The parameters obtained from the polarization curves related to the corrosion of mild steel in the blank or the corn peptone-

amended solutions at room temperature.

Concentration Ecorr (mV g
(ppm) vs. SCE) (MA cm™?)
Blank —597.4 134.9

50 —565.5 38.01

100 —547.7 21.2

250 —530.6 12.1

500 —514.5 6.7

_ﬁc Rpol
B. (mVdec™) (mV dec™) (Q cm?)
394 59.8 76.5
37.3 55.7 255.5
36.8 53.5 447.1
36.3 51.1 762.6
359 49.7 1352.6
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electrochemical impedance spectroscopy. The Nyquist
graphs obtained from both corn peptone-free and corn
peptone-containing solutions showed one single semi-
circle and one “pseudo-inductive” loop at high and
low frequencies, respectively (Figure 7). However, the
diameter of the semicircles increased by dissolving corn
peptone in the solution, notifying an increase in the
impedance of the corn peptone-inhibited-working elec-
trodes. These results were in line with the data gained
from Tafel polarization curves (Figure 6).

It has widely been stated that the appearance
of a capacitive loop is because of the resistance to the
charge-transferring phenomenon that occurs across the
electrode/electrolyte during the corrosion of the working
electrode.*”! However, it has been suggested that a pseudo-
inductive loop is observed when the corrosion products
accumulate on the surface of the working electrode
and/or the frequency response is nonlinear. In addition,
the relaxation of the charged species like Hy,, Clyy,, and/
or inhibitor species adsorbed on the surface of the metallic
specimen immersed in the corrosion inhibitor-containing
solution can result in such loops in the Nyquist plots.[41]
Furthermore, an electrical circuit was designed to analyze
the EIS data (Figure 8). The circuit includes different
elements, such as R and R, which represent the solution
resistance between the reference electrode and the metallic

Rs CPE
VAN >
Rct
L RL

FIGURE 8 The circuit considered to interpret the EIS spectra.

blank
50 ppm

Log |Z| (Q. cm?)

Log Freq (Hz)

—~
O
~

specimen and the charge transfer resistance at the working
electrode/0.1M HCI solution interface, respectively. R, also
determines the diameter of the capacitive semicircle, and an
increase in its value indicates a decrease in the corrosion
rate of the working electrode.*”!

In addition, Cy is usually considered to quantify the
capacitance value of the double layer formed at the
interface between the working electrode and the corrosive
solution. However, an unsmooth and inhomogeneous
surface of the working electrode and/or the adsorption of
the species present in the solution deviates Cq from the
ideal condition.*?! Therefore, in this study, constant phase
element (CPE) was employed instead of Cgq. CPE is
composed of two characteristic parameters, namely CPE-T
and n. Considering w as the angular frequency (w = 27f;
rads™"), Y as the magnitude of CPE (Q'S"cm™?), and

j=(~1)"? as the imaginary number, the impedance of CPE

- Phase angle ()

is expressed according to Equation (9")**:

Zcpg = Y '(jw)™. 9

The empirical number n (0<n<1) also signifies the
deviation from the ideal capacitive conditions (e.g., Cq)).

The inductive resistance (Q cm?) and the inductance
(H cm?) elements were also considered in the circuit as
Ry and L, respectively. The fitting results, as shown in
Table 5, reveal that the R, values increased from 304.3 to
2018.3 Q cm” as the concentration of corn peptone in the
corrosive electrolyte increased from 50 to 500 ppm, while
the R of the corn peptone-free system was determined
to be 91.2 Q cm”.

Furthermore, CPE-T for the sample immersed
in the corn peptone-free solution was approximately
3.12x107* Q7' S".cm™?, about six times higher than the
corresponding value obtained for the specimen inhibited

80
= blank
50 ppm
60 - 4 100 ppm
v 300 ppm
40 + 500 ppm|
20
o k.,
-20 — T T T T T )
-1

Log Freq (Hz)

FIGURE 9 (a)Bode and (b) phase angle plots for the corrosion of mild steel in 0.1M HCI in the absence and presence of corn peptone at
room temperature. [Color figure can be viewed at wileyonlinelibrary.com]
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with 500 ppm corn peptone. The decrease in CPE-T
indicates the adsorption of corn peptone molecules on
the working electrode, which caused an increase in the
thickness of the double layer formed in the vicinity of the
immersed specimen.

In addition, the adsorption of the corn peptone
molecules made the surface of the metallic substrates more
homogeneous and therefore resulted in an increase in the
values of n (e.g., from 0.84 for the uninhibited sample to
0.90 for the inhibited with 500 ppm corn peptone).

Furthermore, the presence of the corrosion products on
the surface of the uninhibited sample yielded the L and Ry,
values of 534 H cm? and 91.2 Q cm?, respectively. However,
with 50 ppm corn peptone, L =852 H.cm? and R; = 304.2
Qcm? were obtained, while a 10 times increase in the
amount of corn peptone dissolved in the electrolyte resulted
in a considerable increase in the inductive resistance and
the inductance values (e.g., L = 3038 H cm? and R; =2018.3
Qcm?). Similarly, the other researchers observed an

= blank-90 min
e blank-24h

A A A , 4 inhibitor-90 min
800 AR 5 v v vy 4, v inhibitor-24h
- " - nk-90min ¥ A
6001 &7 & [T .
3 oy % 40/
€ 4004 .~ 55 i
s 1/ B L
g’ 200_ l_1gé 20 40 60 80 0 v 4
= Zre Q.cm2, A
.§ 0 \ T + 7'y 1
N 0 1500 v, 2000
-200- v,
vAA v A
-400 LIRS
600 Zre (Q.cmz)

FIGURE 10 Nyquist plots obtained for mild steel dipped in the
0.1M HCI or 500 ppm corn peptone-amended electrolyte for 90 min
and 24 h at room temperature. [Color figure can be viewed at
wileyonlinelibrary.com]

increase in L and R; when a corrosion inhibitor was added
to the corrosive electrolyte.[44]

Besides Nyquist plots, the Bode-phase angle plots
displayed the inhibitory action of corn peptone in 0.1M
HCI. It has been reported that the magnitude of the
impedance (i.e., impedance modulus; |Zl) at almost log
f=—2Hz represents the efficiency of a compound in
inhibiting the tackling the corrosion.[*! In the case of
corn peptone, a shift toward the higher impedance
modulus values was noticed when the amount of the
inhibitor molecules in the solution increased from 50 to
500 ppm, and the highest log |Z| of 3 was measured with
500 ppm corn peptone (Figure 9a). In addition, the
phase-angle plot (Figure 9b) revealed a peak with a
maximum at log f=1.8 and one valley at log f=—0.8,

O1s

Fe 2p

Intensity (a.u.)

C1s
N1s

1200 1000 800 600 400 200 O
Binding energy (eV)

FIGURE 11
obtained from the surface of the mild steel specimen exposed to 0.1M
HCI containing 500 ppm corn peptone for 24 h at room temperature.

X-ray photoelectron spectroscopy (XPS) spectra

TABLE 6 EIS data for mild steel working electrodes dipped in the blank or corn peptone-amended electrolytes for 90 min and/or 24 h at

room temperature.

CPE-T
R, (Q cm?) @ *'s"cm™?)
Blank-90 min 11.52 3.12x107*
Blank-24 h 11.5 8.34x107°
50 ppm-90 min 12.4 7.75%x 1077
100 ppm-90 min 13.4 5.35x107°
250 ppm-90 min 13.8 5.09 x 1077
500 ppm-90 min 14.1 4.88x107°
500 ppm-24h 141 4.95x107°

R,
n (Scltcmz) L (Hcm?) Ry (Qcm?)
0.84 91.2 534 477
0.81 16.8 254 101
0.86 304.3 852 623
0.87 651.4 1062 885
0.89 1140.1 1572 1201
0.9 2018.3 3038 1875
0.89 19154 2534 1702
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indicating the occurrence of a capacitive and an
inductive loop in the Nyquist graphs, respectively.

The stability of the corn peptone molecules adsorbed on
the surface of the metallic specimens, and therefore, their
effectiveness in preventing the corrosion of mild steel, was
assessed by repeating the EIS measurements for the samples
immersed in the inhibitor-free and the 500 ppm corn
peptone-amended solutions after 24h (Figure 10). As
indicated in Table 6, immersing the working electrode in
the blank solution for 24h reduced the charge transfer
resistance values from 91.2 to 16.8 Q cm? In contrast, a slight
decrease in the corresponding value (from 2018.3 to
1915.4 Q cm?) was noticed for the sample exposed to the
500 ppm corn peptone-containing solution emphasizing the
potential of corn peptone in tackling the corrosion
phenomenon for a long time.

3.4 | XPS evaluations

To elucidate the adsorption of corn peptone, which caused
a significant decrease in the corrosion rate of mild steel, the
surface of the specimen immersed in the 500 ppm corn
peptone amended-electrolyte for 24 h at room temperature
was probed by XPS (Figure 11). According to the full survey
spectra, the Fe 2p and O 1s signals are present at 74.55 and
531.51 eV, respectively, which originated from the mild
steel coupon. In addition, one N 1s peak at 399.37 eV was
detected, which was due to the adsorption of corn peptone-
containing amine functional groups on the surface of the
metallic coupon. The other researchers could also demon-
strate the adsorption of a nitrogen-containing corrosion
inhibitor on the surface of carbon steel specimens by
observing an N 1s peak in the XPS spectra.[*°!

Z-Axis - Scan forward Line fit Z-Axis - Scan forward Line fit
(@) (b)
§ s
2 -
= =
£ 2
-
Z-Axis - Scan forward Line fit (d)
800 - .
(c) —— as-polished
600 - —— blank
—— 500 ppm inhibitor
400+ L
£ 200-
B5.3n g §, 0
- O
® |X. 4
40 s 200
| -400-
-600 -
-800 - - . - :
0 2 4 6 8 10
Distance (um)

FIGURE 12 Surface topography evaluations of the mild steel coupons: (a) the as-grinded, (b) dipped in blank solution at room
temperature for 24 h, and (c) dipped in the 500 ppm corn peptone-amended solution at room temperature for 24 h; (d) the corresponding
height profiles for the coupons. [Color figure can be viewed at wileyonlinelibrary.com]
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The surface topography and the surface roughness of
the mirror surface finished mild steel specimen, and those
immersed in the blank or 500 ppm corn peptone-containing
solutions for 24h at room temperature were evaluated
using AFM. According to Figure 12, just minor scratches
were detected on the surface of the as-grinded coupon
(Figure 12a). However, the sample immersed in the
peptone-free solution was extremely uneven, while the
dissolving 500 ppm corn peptone in the electrolyte yielded
an approximately flat surface with very little degradation
(Figure 12b vs. 12c). The observed differences in the surface
quality of the specimens were further confirmed by
measuring the corresponding Ra value (Figure 11d). As
can be seen in the height profile, the line graph of the as-
polished sample was almost flat (Ra = about 40), similar to
the graph obtained for the sample inhibited by 500 ppm
corn peptone. However, very sharp peaks (Ra = about 600)
were recorded for the uninhibited coupon stating the
occurrence of intensive corrosion due to the lack of any
surface protective film in the absence of corn peptone. A
decrease in the surface roughness of the carbon steel
coupons in the presence of a corrosion inhibitor has been
noticed elsewhere.!*”!

3.5 | Mechanism of inhibition

As stated above, corn peptone could reduce the corrosion
rate of mild steel immersed in 0.1M HCI electrolyte via
both physisorption and chemisorption phenomena. The
primary factors that influenced the corrosion inhibition
of the coupons by corn peptone were the surface charge
of metal in the hydrochloric acid solution and the
molecular structure of corn peptone.

It has been reported that a positive surface charge is
created on the surface of the specimens immersed in an
acidic environment, which causes the surface adsorption of
CI present in the solution. This results in the accumulation
of a negative charge on the surface of the working
electrodes, which facilitates the adsorption of the proton-
ated functional groups (e.g., NHY) of the corrosion inhibitor
(in this research: corn peptone) through an electrostatic
attraction (also called physisorption).!*! In terms of chemi-
sorption, oxygen heteroatoms donate their unshared
valence electrons to the empty 3d-orbitals of Fe atoms of
the mild steel.[*]

4 | CONCLUSION

This study explored the potential of corn peptone as an
effective biodegradable compound for inhibiting the corro-
sion of mild steel in 0.1M HCI solution. The results showed

that increasing the amount of corn peptone from 50 to 500
ppm in the corrosive electrolyte led to a significant decrease
in the weight loss and the corrosion rate of the steel
coupons. This was related to the surface adsorption of corn
peptone, which was confirmed by XPS analysis. However,
the inhibitory performance of the tested peptone decreased
when the temperature of the solution increased from 298 to
343 K. Thermodynamic findings indicated that corn pep-
tone adsorbed on the specimen surface through both
physical (electrostatic interaction) and chemical (charge
sharing) adsorption processes, resulting in an increase in
the activation energy for corrosion and enthalpy of
activation. The Langmuir adsorption isotherm was found
to govern the selective adsorption of the tested sustainable
corrosion inhibitor. The inhibitory action of corn peptone
was further confirmed by electrochemical measurements.
For instance, an increase in corn peptone concentration led
to a decrease in corrosion current density and an increase in
the diameter of the capacitive loop in Nyquist plots. AFM
patterns revealed a significant decrease in surface deterio-
ration due to the formation of a protective film which
prevented the corrosive ions from reaching the working
electrodes.
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