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Abstract

In this work, the inhibitive capability of Cysteine-doped Polyvinylpyrrolidone (PVPC) in 1.0 M HCI solution was investigated
using mild steel as the reference material. To elucidate the effect of concentration on the corrosion inhibition efficiency, the
synthesized PVPC via solution polymerization method was added to the acidic solution at different optimized concentra-
tions of 25, 100, 300, 500, and 700 ppm and were characterized. Fourier-transformed infrared (FTIR), X-ray diffractometer
(XRD), and scanning electron microscope equipped with energy dispersive spectroscopy (SEM/EDX) were used to study
the bonding, phase formation, morphology, and elemental composition of the polymeric surface, while gravimetric analysis
techniques were used to determine the corrosion rate. The C—H functional group dominance in the FTIR spectra indicated
adequate surface adsorption of PVPC. It further reflected that cysteine concentration does not affect the molecular bond and
intrinsic characteristics. The XRD pattern of PVPC showed mixed amorphous and crystalline structures because of different
characteristics of Polyvinylpyrrolidone and Cysteine. The SEM/EDX analysis indicated that the increase in concentration
caused changes in the composites' surface morphologies and resultant chemical compositions. It, however, displayed the
maximum inhibition efficiency of 97% at 700 ppm. From the Langmuir isotherm model, kinetic and thermodynamic values
suggested that both competitive physisorption and chemisorption processes occurred. However, physisorption was established
as the predominant phenomenon during the physicochemical adsorption mechanism.
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1 Introduction

Mild steel (MS) is regarded as a critical material due to its
excellent mechanical properties and relative affordability.
It is used for various applications, including construction,
machinery parts, and pipelines [1-3]. Despite its application
in many sectors, mild steel remains highly susceptible to
corrosion when exposed to a harsh environment. Its corro-
sion is most experienced during acid cleaning, pickling, des-
caling, and drilling in oil and gas exploration [4, 5]. These
operations use acidic solutions extensively and expose the
steel-made vessels or surfaces to corrosion [6-9].
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Due to corrosion failure, huge financial, energy, and
human resources losses are recorded yearly. It is estimated
that failure due to corrosion is around 3% of the world's GDP
(Reference is from NACE data). Different techniques have
been proposed and used to prevent or mitigate corrosion loss
[10]. These include cathodic and/or anodic protection, coat-
ing, alloying elements, and the use of corrosion inhibitors
are mostly considered the most efficient and confident ways
to address corrosion problems [11, 12]. Cathodic protec-
tion exhibited great usefulness in the treatment of embedded
or buried metals, the uncertainty of the lifespan of anodes
causes a major concern to its applicability [13]. Alloying has
improved steel corrosion resistance, but the reinforcement's
intermetallic compound formation and spinodal decomposi-
tion at elevated temperatures limit its application [14]. Coat-
ing proved to be very efficient and easy to maintain. How-
ever, non-organic coatings pose health and environmental
challenges [15].

Due to green processes [16—18] and environmental con-
straints placed on inorganic inhibitors, organic inhibitors
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have received significant attention [19, 20]. Organic inhibi-
tors possess a relatively high solubility in aqueous media and
simple adsorption onto the metal surface, forming a stable
inhibitive layer [21]. Organic coatings such as poly(aniline-
anisidine) doped with chitosan and SiO, have proven to
improve the resistance of mild steel to rapid corrosion
occurrence in the marine environment [22]. Furthermore,
the polymeric inhibitors have also displayed good corrosion
inhibition because their molecular configuration offers adhe-
sion and bonding properties [23, 24]. Researchers such as
Abdel Hammed et al. [25, 26] have worked extensively using
expired drugs to control the rate at which corrosion occurs.
However, mitigating corrosion of metals such as mild steel
has been a tough challenge and still a menace. Using either
organic or inorganic compounds for surface coating has been
researched extensively and has shown their pros and cons.
However, the hybridization of organic—inorganic compounds
for corrosion prevention has not been effectively established
in process, availability, and cost [27].

As one of the polymeric corrosion inhibitors, Polyvi-
nylpyrrolidone (PVP) has several advantages, including high
biodegradability, excellent solubility in organic solvents,
good spinnability, and the ability to interact with other com-
pounds [28, 29]. Other characteristics such as availability,
biocompatibility, non-toxicity, inert, and pH stability make
the polymer worthy of investigation and applicable [30]. In
addition, PVP was reported as a mixed-type corrosion inhib-
itor [31] and had a relatively weaker inhibition efficiency in
its actual state. This deficiency discourages its acceptance as
the sole inhibitor. Although many green and organic inhibi-
tors do have mixed-type corrosion [32-34], the efficiency
of inhibitors such as PVP can be improved by increasing
the concentration within an electrolyte or combining some
additives [31, 35]. This process could eventually lead to a
higher electrolyte viscosity that could hinder the transfer
of the polymer chain from the electrolyte to the metal sur-
face, rendering a complex inhibition process [28, 29]. The
other challenge faced when increasing the concentration of
inhibitors such as PVP is the high cost. However, lower-
ing the concentration of inhibitors usually results in a lack
of active agents at the metal-solution interface. Because of
these instances, the optimum inhibitor concentration should
always be considered for efficient and cost-effective corro-
sion control. Effective synthesis of PVP could be an advan-
tage to mitigate the concentration dilemma.

Therefore, this current study attempts to evaluate the
effect of cysteine concentrations on the readily available
polyvinylpyrrolidone complex to improve the PVP's weak

protection efficiency on mild steel when exposed to a harsh
environment. Cysteine has proven to be a tremendous com-
petitive inhibitor by the nature of its catalytic activity. It
could function irreversibly to form either temporary or per-
manent inactivation activity [36]. Harnessing the individual
characteristics of both compounds will contribute to inhibit-
ing corrosion occurrence associated with mild steel.

2 Experimental Procedure
2.1 Materials

Analytical grade polyvinylpyrrolidone (PVP), cysteine,
oxalic acid, ammonium persulfate (NH,S,0g), ammonium
hydroxide solution (NH,OH), hydrochloric acid (HCI
32%), and acetone ((CH;),CO) were purchased from Sigma
Aldrich. The mild steel (MS) specimen was provided by a
local South African steel-making company (Metal Centre).

The chemical composition is determined using optical
emission spectroscopy (OES). The elemental composition of
mild steel is represented in Table 1. The experimental meth-
odology and the stepwise synthesis procedure are illustrated
in Fig. la and b.

This investigation was conducted in consecutive steps, as
displayed in the flow chart presented in Fig. 1a and synthesis
in Fig. 1b. The as-received materials were characterized for
chemical and mineral phase contents, surface morphology,
and functional group identification in the first step. Next,
was the synthesis and polymerization stage, and finally, the
addition of inhibitors (with different concentrations) to the
electrolyte, followed by other characterizations.

2.2 Synthesis of PVP with Cysteine

For the synthesis, 10 g of polyvinylpyrrolidone (PVP) was
dissolved in 100 ml of 0.5 M oxalic acid solution giving a
10% PVP solution. Three different masses of cysteine (C)
were weighed and prepared separately for the three ratios
of cysteine (1, 3, and 5%) at low pH of 1.3 to make a solu-
tion. The two solutions were mixed under a 2:1 ratio with a
dominant PVP mass. The mixture was stirred for 2 h using
a magnetic stirrer at 1500 rpm before refrigerating within
a temperature range of 0-5 °C. 1% NH,S,04 was added
dropwise to the mixture, and the pH adjusted to 8-9 by the
addition of NH,OH. The mixture got homogenized at room
temperature after being stirred for 3 h using a magnetic stir-
rer at 1500 rpm. The homogenized mixture was refrigerated

Table 1 Elemental composition

o Element C Mn
of mild steel

Cr Mo Ni Al Cu Co Fe

Wt.% 0.06 0.25

0.009 0.04 0.01 0.02 0.05 0.01 0.01 99.3
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for 24 h within the temperature range of 0-5 °C to initiate
the polymerization process. The polymerized blend was pre-
cipitated using acetone, filtered, dried, and stored.

Three different ratios (1, 3, and 5%) of cysteine were used
to prepare the PVPC polymer composite in which the PVP
represented 10% of the total weight. The PVPC mentioned
in this section is a blend of polyvinylpyrrolidone (PVP) and
cysteine(C).

2.3 Characterization of the Materials and Polymer

The synthesized polymer composites were subjected to
characterizations to determine their molecular structure and
chemical composition. The following techniques were used
for the characterization of the materials.

2.3.1 Morphology and Elemental Composition

e QA4TASMAN Arc-spark Optical Emission Spectrom-
eter (OES) was used for the elemental analysis of the
substrate.

e Vega 8 Tescan scanning electron microscope (SEM)
equipped with Energy-Dispersive X-ray Spectroscopy
(EDX) was utilized to observe the surface morphology.
EDX analysis was performed to determine the elemen-
tal composition of each of the analysed molecules. The
scans were done before and after immersion.

2.3.2 Surface Chemistry and Phase Identification

o Fourier-Transformed Infrared (FTIR) of Nicolet iS10
model was adopted for the functional group identifica-
tion. The samples were scanned in the range of 400 to
4000 cm™"! at the resolution rate of 4 cm™! after 32 scans.

e X-ray Diffraction Rigaku Ultima IV instrument (XRD-
PDXL analysis software) determined mineral phase
identification. The instrument was operated at 40 kV
and 30 mA and with a detection limit of 2%. Data were
recorded over the range 5° <26 <95° at a scan rate of
0.5°/min and step width of 0.01°.

2.3.3 Corrosion Rate and Inhibition Efficiency

The mild steel's corrosion rate (mm/year) was evaluated
on well-polished and clean mild steel (MS) specimens of
surface area 25 x 25 mm?. It was exposed to an uninhib-
ited and inhibited solution (1.0 M HCI) as an aggressive
medium. 1000 ppm of PVPC was prepared as a stock
solution prior to corrosion tests. The weight-loss method
was used to evaluate the corrosion inhibition of the PVPC
using Eq. (1).

@ Springer

IE = [1 — (W,/W))] *, (H

where IE (%) is the inhibition efficiency, W, (g) change in the
mass value of the steel exposed to an uninhibited 1.0 MHCI
solution, and W, (g) is the change in the mass value of mild
steel exposed to an inhibited 1.0 M of HCI solution.

Therefore, the corrosion rate is expressed in mm/year and
was determined using Eq. (2):

CR = (87.6 * W)/tAd, 2)

where CR is the corrosion rate (mm/year), W is the change
in mass (g), d is the density of the mild steel, A is the mild
steel surface area (mm?) and ¢ corresponds to the immersion
time (h).

3 Results and Discussion
3.1 Sample Characterization
3.1.1 FTIR and XRD Analysis

Figure 2 summarizes the characterization data obtained from
the pure PVP, pure cysteine, and PVPC at different con-
centrations using FTIR and XRD. The figure assesses the
physicochemical properties of the synthesized PVPC and
compares the composition of each material against the pure
PVP.

The FTIR results reveal a similar spectrum shape of
PVPC at the various percentage cysteine addition. It could
suggest that the cysteine addition had little impact on the
intrinsic characteristic of the polymer composite. Further-
more, the molecular bonding is the same for all the three
PVPC molecules synthesized from the three considered
cysteine ratios. Peak band composition, characteristics, and
vibration modes are summarized in Table 2.

The C-H bending and stretching mode prevalence in
the spectra indicate successful grafting of inhibitors on the
surface of mild steel. The band C—H of pure PVP shifted
from 2941.28 to 2974.9 cm™! of the synthesized PVPC
[37]. There is a shift in the N-H band from 3266.69 cm™!
to lower frequencies of 3186.15 cm~! and 1582 cm™' [38],
which could result from wagging H-bonding. It is evident
that the synthesized PVP has no vibration for C—O, which
is found in pure PVP at 1067.31 cm™! and pure Cysteine at
1139.3 cm™!; this could have been suppressed by the N-H
amide group dominant in the spectrum. N=C=S is found at
a wavelength 1421.67 cm~! in PVPC, which emanates from
Cysteine's stretch mode.

The XRD patterns of PVP, Cysteine, and PVPC are pre-
sented in Fig. 2b. From the XRD plot, the PVP is amor-
phous (disordered) while the C is crystalline (ordered) in
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Fig.2 FTIR (a) and XRD (b) spectra of pure PVP, pure cysteine, and PVPC at different concentrations

Table 2 FTIR transition bonds of PVP, C, and PVPC

Bond stretch  Wave numbers (cm™) Vibration modes
PVP C PVPC

N-H 3266.69 3165.50 3186.15;1582  Stretching mode

C-H 2941.28 2954.10 2974.90 Bending and
stretching
mode

C=0 1657.37 1579.00 1699.93 Stretching mode

Cc-0 1067.31 113930 - Stretching mode

C-N 127496 129370 1294.97 Stretching mode

-N=C=S - 2076.80 2147.70 Stretching mode

O-H 1424.59 1389.21 1421.67 Bending mode

nature. PVPC forms sharp peaks due to a transformation in
the lattice structure resulting from the filling and bonding
of the C. According to Tobyn et al. [39], the correspond-
ing physical mixes produced a diffuse pattern character-
istic for a polymer. These phases are at a 2-theta interval
of diffraction angles between 10° and 40°. Sharp peaks
could be attributed to the presence of the hydrogen bond
originating from the interactions between the amorphous
phase of PVP with the crystalline phase of Cysteine, as
earlier outlined by Tobyn et al. [39]. The doped PVP phase
peaks' intensities are reduced compared to the peaks of
pure Cysteine, while 3% PVPC shows to be the least
affected. However, a broad lump is observed between 26
equal to 33.4° and 35.3°, which could be associated with
an increase in the amorphous domain of PVP polymer and
clear diffraction peaks corresponding to the neat crystal-
line form of Cysteine. The crystallinity of the Cysteine
and the composites shows that a suitable inhibitor is used.

3.1.2 Morphological Study of PVPC, and PVPC by SEM-EDX

Figure 3 represents the surface chemistry and morphology of
pure PVP (a) and pure cysteine (b) molecules obtained from
the SEM-EDS analysis, while Fig. 4a, b, and (c) show the
SEM micrographs of PVPC obtained at the various addition
ratios of Cysteine from 1, 3, and 5%, respectively. A change
in the structures and chemistry could be identified due to the
addition of Cysteine.

The surface chemistry (EDS) in Fig. 4 shows chemical
components from both pure compositing molecules within
the synthesized molecules. With an increase in the cysteine
ratio, the percentage weight of sulphur in the PVPC also
increased from 0.47 to 7.45 wt%. As for Nitrium, the content
varies in a small range between 18.05 and 19.4 wt%, whereas
the percentage weight of carbon declines in a range of 30 to
25.79 wt% as cysteine ratios increase. The observation could
be attributed to the polymerization process between PVP and
Cysteine leading to the PVPC molecule.

3.2 Corrosion Evaluation of the Composite

In order to evaluate the protection efficiency of the synthe-
sized polymer, parameters such as the effect of inhibitor con-
centration, the effect of immersion time, and temperature
were investigated. The effect of concentration was studied to
determine the optimal concentration for efficient protection
of the mild steel. The effect of immersion time of the water-
soluble PVPC was also investigated to establish the optimal
exposure time leading to maximum protection. The effect
of temperature provided insight into the impact of the tem-
perature of the corroding environment on the inhibition effi-
ciency. The gravimetric technique (ASTM Standard G1-03)
is used to determine corrosion inhibition. The weight-loss
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Fig.3 SEM-EDX spectrum of pure PVP (a) and pure Cysteine (b)

method considered the effect of concentration, immersion
time, and temperature on corrosion inhibition.

3.2.1 Effect of Concentration

Figure 5 summarizes the effect of the concentration of PVPC
on corrosion inhibition at room temperature. Figure Sa—c
details the corrosion rate of the MS in pure HCI solution and
synthesized inhibitor. The optimization of the concentra-
tion effect on the corrosion rate and cysteine ratios is also
determined. The corrosion rate, inhibition efficiency IE, and
the effect of cysteine ratio were assessed under varying con-
centrations (25-800 ppm).

PVPC's dissolved mass increases with increasing con-
centration, resulting in an increase in protection efficiency
from 18.4 to 85% across concentrations, while the corrosion
rate decreases from 0.006 to 0.001 mg cm~2h~! as shown in
Fig. 6a. The behaviour could be attributed to the presence
of active adsorption sites on the mild steel surface, which
allowed continuous interaction between the PVPC and the
MS surface. The interaction is facilitated by some elements
within the PVPC composite, such as N, S, and O [40]. While
interacting with the mild steel surface, these atoms signifi-
cantly mitigate the corrosion process as the concentration of
PVPC increases [41, 42]. Above the 700 ppm concentration
of inhibitor, a dropping trend of the protection efficiency is
observed. The result could suggest a potential depletion of
available active sites onto the metal surface to which inhibi-
tors should adsorb themselves. It could also mean a probable
desorption process occurring on the mild steel surface.

@ Springer
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3.2.2 Effect of the Cysteine Ratio

The various ratios of Cysteine assessed at 500 and 700 ppm
concentrations of inhibitor reveal a negligible impact on the
inhibition efficiency. A relatively same protective efficiency
is observed for the three respective cysteine ratios. The
results suggested that the 1% ratio of Cysteine is optimum,
and a further increase in cysteine to 3 and 5% did not have
any effect on the protection efficiency. The findings are in
line with those obtained by FTIR and XRD analysis. The
latter had revealed a similarity in the molecular structures
of the three PVPC molecules obtained from (10%) PVP and
three different ratios of cysteine. Considering the current
aspect of the results, only the (1%) PVPC is used for the rest
of the experiments to minimize the inhibition cost [43, 44].

3.2.3 Effect of Immersion Time

The effect of immersion time at 25 °C from 3 to 24 h in
1.0 M of HCl is summarized in Fig. 6. For this investiga-
tion, five optimized inhibitor concentrations were used,
which were 25, 100, 300, 500, and 700 ppm, respectively.
The optimized parameters were attained after a series of
experiments using different parameters. The results show
an increase in the inhibition efficiency from 18 to 96.20%,
with an exposure time increasing from 3 to 24 h as inhibitor
concentration rises from 25 to 700 ppm. On the other hand,
the corrosion rate decreases as the concentration and expo-
sure time increase. This could suggest that an increase in the
exposure time contributes to the adsorption mechanism of
inhibitor molecules and, therefore, improves the inhibition
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Fig.4 SEM-EDX spectrum of a PVPC (1%), b PVPC (3%), and ¢ PVPC (5%)

mechanism as the concentration of the inhibitor increases
[45, 46].

Figure 6a shows an increasing trend of the corrosion rate
for the blank solution as the immersion time increases and
decreasing tendency as the concentration increases. It sug-
gests the presence of a protective layer of inhibitor on the
mild steel surface. The same results show a constant trend of
the protection efficiency at 25 mg/L (25 ppm) concentration
of PVPC for the immersion time range between 12 and 24 h.
The trend suggests an interruption of both the adsorption
and the oxidation processes. The interpretation given to this
behaviour could correlate with the adsorption/desorption

equilibrium at the metal—solution interface [47, 48]. Fur-
thermore, an equal inhibition efficiency for the two consecu-
tive concentrations of PVPC (300 and 500 ppm) could be
observed between 9 and 24 h. This behaviour indicates that
the two concentrations inhibited the surface of mild steel in
the same proportion by assuring the same surface coverage
[49].

Table 3 shows the variation of the surface coverage
(determined by Eq. 3) with the rise in the immersion time
and the PVPC concentration. Considering the behaviour,
therefore, we decided to consider the lower inhibitor con-
centration (300 ppm) instead of a higher concentration
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Fig.6 Effect of immersion time on the corrosion rate of MS (a) and
inhibition efficiency of PVPC (b)

The results in Fig. 7b revealed an increase in protection effi-
ciency as temperature and concentration increase.

Table 3 Evolution of the

- . Time (h) 3 6 9 12 24

fraction coverage with

the increase of time and Conc (ppm) IE (%) 6 IE(%) 0 IE(%) 0 IE(%) 6 IE(%) 6

concentration
25 18.4 0.18  36.27 036  47.90 048  57.6 0.58 609 0.61
100 68.3 0.68  76.60 0.77  80.98 0.81 84.7 0.85 96.2 0.97
300 79.0 0.79  84.90 0.85 8754 0.88  86.7 0.87 969 0.97
500 81.5 0.82 8324 0.83  87.60 0.88 86.5 0.86 973 0.97
700 85.1 0.85 85.40 0.85 88.48 0.88 933 093 970 0.97
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The optimum condition is reached at the 333 K and
700 ppm inhibitor concentration. The observation could sug-
gest a chemisorption process as per previous reports made
by researchers [52, 53]. Considering the findings, it can be
assumed that temperature enhanced the adsorption process
as it favours the inhibition kinetic. As expected, the rise in
the corrosion rate of mild steel occurs as the temperature
rises in the absence of inhibitor. In contrast, the increasing
temperature decreases the corrosion rate of the mild steel
when exposed to an inhibited electrolyte.

However, the usual trend of increasing protection effi-
ciency is not detected for the concentrations 100—700 ppm at
temperatures between 323 and 333 K. This behaviour could
suggest the formation of solid and compact inhibitive layers
already observed at 100 ppm. It also indicates that additional
inhibitor atoms are unnecessary for the adsorption process
[49]. Furthermore, it can be noticed from Fig. 7a that the
temperature rises enhance the corrosion rate of the mild steel
exposed to the uninhibited solution. However, the presence
of inhibitors in the electrolyte facilitated the decrease in the
corrosion rate [54, 55].

3.3 Kinetic and Thermodynamic Parameter
3.3.1 Kinetic Parameter

The sole kinetic parameter investigated in this section was
the adsorption activation energy. This was determined to
evaluate the concentration and temperature dependency of
the corrosion inhibition. The values of the activation energy
(E,) for PVPC are shown in Table 4. At the same time, Fig. 8
is the linear plot of the mild steel corrosion rates versus the
reciprocal of the experimental temperatures.

The results revealed a decrease in the activation energy
with a rise in temperature and concentration of PVPC, as

Table 4 Activation energy of

et Concentration E,/KJmol™!
adsorption (ppm)
Blank 56.741387
025 66.370662
100 43.716675
300 37.470367
500 33.634287
700 27.787051

shown in Table 4. Such a finding agrees with the litera-
ture [40]. A previous interpretation for this observation is
brought up by Riggs and Hurd [56], and Herrag et al. [57].
They assumed that the net dissolution reaction moves from
the uninhibited bare part of the metal surface to the inhibited
surface at the highest inhibitor concentration. In addition,
the decreased activation energy with the increase in tem-
perature for the inhibited solutions compared to that of the
uninhibited solutions is demonstrated by [46, 58], and it is
an indication of the chemisorption mechanism [59, 60]. The
decrease in activation energy (E,) suggested a more sub-
stantial contact between the adsorbate and the adsorbent's
surface and promoted inhibited corrosion. A charge transfer
mechanism between PVPC molecules and MS surfaces can
also contribute to this phenomenon. This is also in line with
the findings of Cordeiro et al. [61], where a higher tempera-
ture increases inhibition efficiency. The inhibition process
is referred to as the substitution of water molecules by the
inhibitor molecules on the MS surface [62, 63]. In addition,
the decrease in activation energy with increasing inhibitor
concentration could be explained by the fact that greater
concentrations require less energy to displace water mol-
ecules from the surface of MS. The inhibitor concentration
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Fig.8 Arrhenius plot for PVPC
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facilitates the adsorption mechanism due to the higher activ-
ity of the inhibitor molecules [64].

3.3.2 Thermodynamic Parameters

The entropy, enthalpy, and Gibbs free energy of adsorp-
tion parameters are determined. These parameters pro-
vide insights into the temperature dependency (endother-
mic or exothermic) inhibition mechanism, the degree of
the molecular disorder that the inhibition reaction gener-
ates, and the rate at which it is occurring (spontaneity or
non-spontaneity).

3.3.2.1 Enthalpy and Entropy of Adsorption The calculated
values of the enthalpy and entropy of adsorption are pre-
sented in Table 5.

From the results, the positivity measures the enthalpy
of adsorption. Such positive enthalpies are reported to be
indicative of an endothermic adsorption process, charac-
terized mainly by heat consumption, while negative val-
ues of enthalpy were indicative of an exothermic adsorp-
tion process depicted by a heat release [65]. Moreover, it
is reported that positive enthalpy adsorption is obtained for
systems where significant protection efficiency is obtained
with rising temperatures [66]. This can be interpreted as the
adsorption mechanism of endothermic and stronger perma-
nent contact that exists at higher temperatures between the
inhibitor and MS [67]. Furthermore, the decreasing trend of
the enthalpy of adsorption with the rise in both temperature
and inhibitor concentration confirmed the adsorption of the
PVPC on the mild steel substrate. This assumed that at a low
temperature within an inhibited solution, the MS dissolu-
tion is faster compared to higher temperatures in the same
inhibitor-containing solution.

However, the literature highlights that the entropy's sign
of a system indicates whether the system entertains the dis-
order or not. A positive entropy indicates the presence of
disorder within the system no matter the value [63]. It also
implies the adsorbate affinity for the PVPC molecules in the
adsorption mechanism, generating more translational energy
than what is lost. Thomas [68] and Haque et al. [69] describe

Table 5 Enthalpy and entropy

Concen-  _AHus ASy

of adsorption tration KImol™  Jmol™
(ppm)
Blank 54.1258 38.4644
25 63.7542  41.9949
100 41.1011 32.527
300 34.8548 29.2652
500 31.0187 27.6946
700 25.1715 25.5417

@ Springer

it as endothermic chemisorption. From the results, it could
be noticed that there is a decrease in the AS,;, values with
rising temperature and concentration of the inhibitor [70].
This decrease in entropy of adsorption indicates that mild
steel dissolution is characterized by significant molecular
disorder at low temperatures and concentrations due to an
interaction between the MS surface and the electrolyte. As
the temperature and concentration of the inhibitor increase,
the surface of mild steel becomes more and more covered by
the inhibitor, which, therefore, inhibits the MS surface and
lowers the molecular disorder consequently.

3.3.2.2 Adsorption Isotherms The Langmuir, Freundlich,
and Temkin models of adsorption isotherm were used, and
the model that best fitted the experimental data is adopted to
determine the thermodynamic parameters (K4, and AG, ).
The linear plots of adsorption isotherm models are shown
in Fig. 9. The correlation coefficient (R% values of the
three different adsorption isotherm models are presented in
Table 5.

The regression coefficient should be closer to unity for
the adsorption model to correlate with experimental data
and indicate the nature of the formed inhibitive layer (mon-
olayer or multilayer) [71]. Considering the values of the cor-
relation coefficients shown in Table 6, it can be observed
that only the Langmuir model best fitted the experimental
data because of the regression coefficients (R?) values found
closer to unity at all temperatures. The results demonstrated
that the polymer composite significantly interacted with the
surface of the mild steel substrate to form a monolayer film
of inhibitor.

The Temkin adsorption isotherm model also assumes a
monolayer inhibitive film. The model presents regression
coefficients closer to unity but lower than those from the
Langmuir model [72]. However, the Freundlich adsorption
isotherm model assumes a multilayer inhibitive film pre-
sented a correlation coefficient distant from unity [73]. Only
the regression coefficient at the 303 K temperature seems
closer to unity (0.92163). Therefore, based on these observa-
tions, it can be concluded that the adsorption mechanism of
the PVPC obeyed the Langmuir adsorption isotherm.

3.3.2.3 Gibbs Free Energy of Adsorption The Gibbs free
adsorption energy (AG,,,) details the reaction spontaneity
as well as adsorption mechanism (physisorption or chem-
isorption). The Gibbs free adsorption energy was obtained
from the adsorption—desorption equilibrium constant (K, ),
derived from the Langmuir adsorption isotherm, which
best fitted the experimental data. The results of the Gibbs
free energy of adsorption of the polymer composite and the
adsorption equilibrium constant (K,,) are shown in Table 7.
From the results, an increase in the K4, with an increase
in temperature from 298 to 333 K could be observed. The
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Fig.9 Langmuir adsorption isotherm model (a), Temkin adsorption isotherm model (b), and Freundlich (c) at différent temperatures

Table 6 Correlation coefficients for PVPC adsorption isotherm mod-
els

Temperature (K) Correlation Coefficient (R?) for various adsorption
isotherm models

PVPC

Langmuir Temkin Freundlich
298 0.9433 0.71734 0.69413
303 0.9981 0.93926 0.92163
313 0.9993 0.90746 0.83162
323 0.9992 0.90520 0.81287
333 0.9982 0.91830 0.84024

behaviour suggested that the adsorption mechanism is tem-
perature dependent since it is established that the more the
temperature increases, the more the adsorption constant and
the adsorption spontaneity increase. Such an increase in the

Table 7 Free Gibbs energy of adsorption for PVPC

Temperature(K) Kads AGads (KJ/mole)
298 0.647459 — 8.873876987
303 0.875427 —9.782682997
313 1.27551 — 11.08501683
323 1.428776 — 11.74388972
333 2.379819 — 13.520.01647

adsorption equilibrium constant is also reported by Mert
et al. [74], who ascribed the behaviour to the physisorption-
adsorption mechanism.

The Gibbs energies of adsorption are found to be nega-
tive and lower than — 20 kJ/mole, which are also reported
to be indicative of physisorption [75]. Therefore, the neg-
ative values of the Gibbs adsorption energy for PVPC
can be ascribed to physisorption. However, the effect of

@ Springer
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temperature investigated previously demonstrated the
chemisorption adsorption mechanism of inhibitor on the
surface of mild steel. The same observation was made
with the decreasing activation energy values which are
characteristics of a chemisorption inhibition mechanism
between the PVPC and the steel surface [76]. Consider-
ing the actual discrepancy, it can be assumed that the
adsorption mechanism obeyed both physisorption and
chemisorption. Although, the physisorption showed dom-
inance when referring to the values of the Gibbs adsorp-
tion energies.
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3.4 Surface Analysis of Mild Steel

This section presents the surface analysis carried out on MS
before and after the adsorption occurrence. The MS sub-
strates were first exposed to an uninhibited solution and later
immersed within an inhibited solution.

Figure 10a and b shows the surface of the as-received
mild steel and corroded mild steel surface, respectively,
while (c) shows a well-inhibited MS surface. The resist-
ance of MS in inhibited solution to the corrosion process
is relative to a compact inhibitor blanket on its surface.
Such formation of an inhibitor layer can be associated with
the change in surface roughness by comparison with the
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Fig. 10 SEM images for bare MS (a), MS exposed to 1 M HCl solution (b), and MS in 700 ppm-inhibited 1.0 MHCI solution (c)
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surface roughness of the as-received mild steel, as shown
in Fig. 11a. In addition to the surface analysis on bare, cor-
roded, and inhibited mild steel using the SEM technique,
the EDX analysis is also conducted on the as-received mild
steel and the blank-immersed MS, respectively. The results
were compared from a qualitative point of view.

From the findings in Fig. 11, the presence of chlorine
and oxygen on the surface of the mild-corroded steel was
noticed, while these elements were not present in the as-
received sample. The observation suggested that the pres-
ence of chlorine and oxygen on the corroded mild steel
substrate would come from the interaction between the MS
surface and the 1.0 M HCI solution used as the electrolyte.

4 Conclusions

The present investigation aims to synthesize a new water-
soluble and environmentally compatible compound or
composite that is available as a polymer blend by com-
positing the polyvinylpyrrolidone with various concentra-
tions and ratios of Cysteine. The following observations
were made:

(a) After synthesis and the polymerization of PVPC from
(PVP) and (C), the cysteine ratios do not exhibit dif-
ferent characteristics such as structural and chemical
properties as observed in results obtained from XRD,
FTIR, and SEM

(b) The corrosion evaluation involved weight-loss and sur-
face analysis techniques. The study results revealed the
invariance of the protection efficiency of PVPC with
the variance in the concentration of cysteine in the
PVPC molecule. The maximum protection efficiency
of 85.1% is obtained from the optimal concentration of
700 ppm. It is also established that the protection capa-
bilities increase with an increase in immersion time.

(c) The thermodynamic response indicated the enthalpy of
adsorption (AH,,), the entropy of adsorption (AS, ),
and the Gibbs energy of adsorption (AG,,,). The cal-
culated enthalpies were positively decreasing with the
increase in temperature. This indicated that the adsorp-
tion process is energy depending and energy consum-
ing (endothermic). Activation energy established that
both chemisorption and physisorption occurred at the
mild steel surface, but physisorption was dominant.

(d) The SEM images after corrosion showed a robust inhi-
bition efficiency of the PVPC inhibitor over bare mild
steel and pure PVP inhibitor. The images also show a
disparity in surface roughnesses that attests to a protec-
tive film.
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