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Abstract

Corrosion inhibitors are chemical compounds that react with the corrosive environment,
forming a protective film on the surface of the metal and reducing the rate of corrosion. These
inhibitors work by either neutralizing the corrosive environment, inhibiting the corrosion
reaction, or both. The introduction of corrosion inhibitors in a corrosive environment aims to
reduce the corrosion of well pipes, which are commonly made of mild steel. This method is a
reliable and economically beneficial way to combat corrosion. The effects of polyvinyl alcohol
(PVA) and polyvinylpyrrolidone (PVP) on the corrosion of mild steel in 1 M hydrochloric acid
have been studied using gravimetric techniques and surface morphology analysis. The study
investigated the impact of inhibitors concentration, immersion period, and temperature on
corrosion rates and inhibition efficiencies for mild steel in HCI conditions. The results showed
that PVA has a better inhibition efficiency than PVP at 303 K, with 0.5 mM PVA providing
92.1% protection compared to 0.5 mM PVP which provided 89.4% protection. The inhibition
efficiency of PVA increases with increasing concentration but decreases slightly with increasing
temperature, while the inhibition efficiency of PVP increases with increasing concentration and
temperature. Both inhibitors follow Langmuir adsorption isotherms. Scanning electron
microscopy (SEM) was used to examine the surface morphology of the untreated and treated
mild steel samples, which showed that both PVA and PVP have the ability to prevent corrosion.
A mechanism has been proposed to explain the inhibitory action of PVA and PVP.
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1. Introduction

Due to its exceptional mechanical-chemical properties, mild steel is widely used in various
industries, such as construction and engineering. However, its sensitivity to corrosion is a
significant problem [1]. To combat this, inhibitors are widely used as additives to prevent
mild steel corrosion [2]. The acid pickling process, using mineral acid (HCI), is commonly
used in the petrochemical industry to remove mineral oxides and scale depositions [3].
However, this process is still in need of control due to the destructive impact of HCI on
corrosion [4]. In order to meet environmental demands, environmentally friendly organic
inhibitors have been developed, including inorganic inhibitors such as nitrate, chromate,
phosphate, and molybdate, which are widely used for corrosion prevention. Organic
compounds also reduce corrosion due to their high electron density centers, which can adsorb
on metal surfaces [5—7]. Currently, environmentally safe and sustainable inhibitors are
projected to account for 50% of all articles on corrosion inhibitors [8]. Amino acids and their
analogues have been shown to have effective corrosion inhibiting characteristics, but they
are not widely used due to their cost and ecological impact [9]. Polyvinyl alcohol has a 50—
70% inhibitory efficiency as a corrosion inhibitor and was combined with amino acids in
previous studies, showing that polymers outperform their monomers as corrosion inhibitors
due to more adsorption sites [10—17]. This study assesses the efficacy of polyvinyl alcohol
and polyvinyl proline as mild steel corrosion inhibitors in a 1 M HCI environment and
examines their performance in relation to concentration, immersion duration, and
temperature. Gravimetrical measurements were used to evaluate the enhanced corrosion

inhibition of PVA and PVP (Figure 1).
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Figure 1. The chemical structures of PVA and PVP.

2. Experimental

2.1. Mild steel samples

Mild steel samples, with dimensions of 4.0 cmx2.5 cmx=0.1 cm, were obtained from the
company metal samples. Samples with dimensions of 1.0 cm=1.0 cmx0.1 cm were used for
gravimetrical techniques. The samples contained the following elements in weight percent:
C (0.21), S (0.05), Mn (0.05), Si (0.38), P (0.09), Al (0.01), and Fe (the remainder). The
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samples were cleaned following the conventional procedure G1-03/ASTM [18], which
involved successive cleaning with double distilled water, acetone, and absolute ethanol. The
samples were then dried and stored in a desiccator until use.

2.2. Corrosive media

Deionized water was utilized to dilute the analytical hydrochloric acid (37%) obtained from
Merck-Malaysia to a concentration of 1 Molar. The corrosive environment consisted of 1
Molar HCI as the corrosive agent. PVA and PVP were added to the corrosive environment
as corrosion inhibitors at concentrations of 0.1 mM, 0.2 mM, 0.3 mM, 0.4 mM and 0.5 mM.

2.3. Gravimetric techniques

Gravimetric measurements were performed in 1 M HCI solution with various inhibitor doses
for exposure times of 1, 5, 10, 24, and 48 hours at a temperature of 303 K. To assess
corrosion, mild steel specimens were immersed in 1 M hydrochloric acid in a 500 ml beaker,
kept in a thermostatic water bath. The samples were then removed, cleaned with acetone and
deionized water, dried, and weighed. The corrosion rate (Cr) was calculated based on the
average weight loss of three test specimens using equation (1) [19]. The effect of temperature
was studied by conducting experiments with different concentrations of PVA and PVP for
an exposure time of 5 hours.

o ooy AW
CR(Q’mZ‘hl):g (1)

The average weight loss of the structural steel, Aw, was calculated in grams. The area
of the specimen, s, was expressed in m?, and the immersion time, t, was measured in hours.

The surface coverage and inhibition efficiency were then determined using equations
(2) and (3),
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where Cr() is the corrosion rate in untreated environment, Crg is the corrosion rate in treated
environment.

2.4. Surface morphology

The surface properties of mild steel specimens in HCI solution were investigated. The
scanning electron microscope model, Zeiss MERLIN Compact FESEM, in the electron
microscopy unit at UKM was used to study the morphological variations of the surface of
mild steel in untreated and treated corrosive media.
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3. Results and Discussion

3.1. Gravimetrical analysis
3.1.1. Concentration effects

Figures 2 and 3 present the results of gravimetric measurements for mild steel in untreated
and treated 1 M HCI solutions with varying concentrations of PVA and PVP. As HCl is a
strong acid, the untreated solution corroded rapidly. However, as the concentration of PVA
and PVP increased, the rate of corrosion significantly decreased. The figures demonstrate
that PVA and PVP effectively protected the mild steel from the corrosive effects of HCI.
The maximum inhibition efficiency was achieved at 0.5 mM, with 92.1% for PVA and
89.4% for PVP.

Itis believed that the large molecular structures of PVA and PVP, which contain hetero-
elements such as oxygen and nitrogen atoms, help to adhere to the mild steel surface, creating
a protective coating. The effectiveness of PVA and PVP as corrosion inhibitors increases
with increasing concentrations up to 0.5 mM. However, the inhibition effectiveness
remained relatively constant as the concentration approached 1.0 mM. This is due to the
adsorption of PVA and PVP particles on the metal substrate. The diversity of functional
groups in PVP also plays a role in its ability to prevent corrosion by increasing the electron
density of the active sites on the metal surface.
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Figure 2. The rate of corrosion and inhibition efficiency for mild steel exposed to 1 M HCI for
5 hours at 303 K was evaluated against various concentrations of PVA.
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Figure 3. The rate of corrosion and inhibition efficiency for mild steel subjected to 1 M HCI
for 5 hours at 303 K was analyzed against various concentrations of PVP.

3.1.2. Immersion time effects

The efficiency of PVA and PVP in reducing corrosion on mild steel was studied by treating
1 M HCI with varying doses of PVA and PVP (0.1 to 1.0 mM) for different exposure times
(1 hour to 48 hours) at 303 K. Figures 4 and 5 show the impact of immersion periods on the
efficacy of PVA and PVP. During the first 10 hours of immersion, the inhibitory efficacy
increases rapidly. Between 10 and 24 hours, it remains fairly stable before gradually
declining from 24 to 48 hours. The longer exposure time enhances the inhibitory
effectiveness by increasing the amount of PVA and PVP particles adsorbed onto the metallic
surface due to higher concentrations. The adsorption density of PVA and PVP particles also
significantly increases as a larger number of particles are adsorbed onto the metallic surface,
allowing for physisorption (van der Waals forces, hydrogen bonds, or hydrophobic
interactions) and chemisorption (coordination interactions between inhibitor molecules and
iron atoms on the metallic surfaces). If a few inhibitor molecules leave the surface, the
effective area covered by the inhibitor and its inhibitory activity may both decrease. The
relatively high inhibitory efficacy observed over a long exposure period demonstrates the
stability of the PVA and PVP particles layer adsorbed in an acidic medium.
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Figure 4. The rates of corrosion and inhibition efficiencies of mild steel exposed to 1 M HCI
at 303 K for various immersion times were studied against various concentrations of PVA.

——1h
2.0 — 100 ——10h
——24h
— _
1.8 ——— L 90 48h
- 1.6 1 I
.l'-: - 80
& 144 L
|
70~
81.2— 4 X
: )
%ﬂ 1.0 -60 =
50.8— - 50
0.6
_40
0.4 1 I
T T T T T 30

Cinh (mM)

Figure 5. The rates of corrosion and inhibition efficiencies of mild steel exposed to 1 M HCI
at 303 K for various immersion times were studied against various concentrations of PVP.

3.1.3. Temperature effects

The inhibition of mild steel corrosion in treated acidic solutions with varying concentrations
of PVA (0.1-1.0 mM) and PVP was studied using gravimetric measurements over a 5-hour
exposure period and at temperatures ranging from 303 K to 333 K. As the temperature
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increased from 303 to 333 K, the corrosion rate of PVA increased and its inhibition
efficiency decreased, as shown in Figure 6. On the other hand, the corrosion rate of PVP
decreased and its inhibition efficiency increased with increasing temperature, as shown in
Figure 7. At normal temperature, PVA performed better as a corrosion inhibitor, but PVP
showed better inhibitory performance with increasing temperature.

The inhibitory potency of PVA decreased with increasing temperature at all
concentrations, suggesting physical adsorption. In contrast, the inhibitory potency of PVP
increased with increasing temperature at all concentrations, indicating chemisorption. At
high temperatures, PVA particles were also removed from the metal substrate due to
adsorption [20]. The inhibition efficiencies of PVA and PVP were studied at 303, 313, 323,
and 333 K among other temperatures. At a concentration of 0.5 mM, PVA and PVP showed
remarkable inhibition efficiencies of 89.4% and 92.1% at 303 K, respectively. At 303 K, the
PVA inhibitor particles at a concentration of 0.5 mM had an efficiency of 92.1%, while at
1.0 mM the efficiency was 95.7%. However, as the temperature increased, the inhibition
efficiency decreased.

Figure 6 shows that at the highest concentration (1.0 mM), the PVA inhibitor was less
effective when the temperature increased. This result can be explained by physical
absorption processes and van der Waals interactions between the PV A particles and the mild
steel surface.
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Figure 6. The rate of corrosion and inhibition efficiency for mild steel exposed to 1 M HCI at
temperatures ranging from 303—-333K for an immersion time of 5 hours were analyzed against
various concentrations of PVA.
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In addition, at an inhibition concentration of 0.5 mM PVP, the inhibition efficiency was
90.8% at 303 K, 91% at 313 K, 92.8% at 323 K, and 93.7% at 333 K. However, when the
inhibitor concentration of PVP was increased to 1 M, the inhibition efficiency decreased
slightly to 89.4% at 303 K, 89.8% at 313 K, 91.4% at 323 K, and 92.1% at 333 K, as shown
in Figure 7. The figure shows that, even though the inhibition efficacy of PVP increases
slightly with increasing temperature (1 mM), it remains at optimum levels. These results can
be explained by the chemisorption process, where PVP particles form coordination bonds
with the d orbitals of the iron atoms on the surface of mild steel by transferring electron pairs
from the heteroatoms of PVP particles to the Fe-orbitals [21].
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Figure 7. The corrosion rate and inhibition efficiency of mild steel exposed to 1 M HCI at
temperatures ranging from 303-333K for a duration of 5 hours were studied against various
concentrations of PVP.

In the oil and gas production process, the temperature at the bottom of the well is high,
and therefore, a suitable corrosion inhibitor should maintain its effectiveness in corrosive
media at high temperatures. Figure 7 for PVP clearly shows that as the temperature increases,
the corrosion rate slows, and the effectiveness of the inhibiting agent improves. This is due
to the chemical adsorption mechanism where, as the temperature rises, molecules can absorb
more energy, causing an increase in average kinetic energy, which in turn allows more PVP
particles to adsorb onto the metallic surface [22]. The steady increase in inhibitor
concentration also resulted in reduced corrosion rates at the same temperature, indicating
that the concentration of both inhibitors is crucial in enhancing surface coverage of inhibitor
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chemicals, allowing iron atoms to coordinate properly and effectively separate the metallic
surface from the HCI environment [23]. Figure 8 compares the inhibitory efficiencies of
PVA and PVP in the current study with previously published inhibitors. As far as we know,
these inhibitors are friendly to HCI solutions. In the presence of 0.5 mM of PVA and PVP,
the inhibition efficiencies reached 92.1% and 89.4%, respectively, at 303 K ina 1 M HCI
environment. These results surpass those of some previous inhibitors [24—-53].

Inhibitor concentration 0.5 mM;
Mild steel; 1 M HCI solution;
Immersion time 3 h.
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Figure 8. The comparison of PVA and PVP with other published synthesized inhibitors as
corrosion inhibitors.

3.2. Adsorption isotherm

The mechanism of interaction between PVA and PVP as corrosion inhibitors and metal
surfaces can be easily understood through the use of adsorption isotherms. Gravimetric
testing was used to determine the surface coverage (0) values for PVA and PVP, which were
then used to evaluate the most suitable isotherm model. The Temkin, Freundlich, and
Langmuir isotherms were used to investigate the adsorption process. The particles of PVA
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and PVP may have adhered to the metal surfaces through physical or chemical adsorption.
The results, as shown in Table 1, suggest that the Langmuir adsorption isotherm model was
the best fit for both PVA and PVP, with regression coefficient (R?) values of 0.99498 and
0.9923 respectively at 303 K. The estimated slope and intercept values for PVA and PVP
are listed in Table 1, and the Langmuir isotherm plots between C;./6 and Cin, can be seen in
Figures 9 and 10. The adsorption parameters can be calculated using Equation 4.

C../10=(K )"+C (4)

ads
where Cin, IS the concentration of PVA and PVP, 6 is the surface area, and Ky is the
equilibrium constant.

The adsorption free energy AG
C/6 and C.

Equation 5 was used to calculate the adsorption parameters AG

0

s and Kags were evaluated based on the plot between

0

ads and Kads

AGY =—RT In(55.5K ) (5)

ads —

where 55.5 is the molar concentration of water, R is the universal gas constant and T is
absolute temperature.

The mechanism of chemisorption is determined by the value of AG?, , which is
—40 kJ-mol~%, and more negative. On the other hand, a AG2,. value around —20 kJ-mol*
and less negative is referred to as the mechanism of physisorption [54, 55]. The value of
AGy,. for PVA is —29.85 kJ-mol-* and for and PVP is —36.31 kJ-mol %, indicating the

presence of both chemisorption and physisorption mechanisms.

Table 1. The thermodynamic parameters for PVA and PVP.

Inhibitor Parameter 303 K 313K 323K 333K

Intercept 0.101+0.016 0.118+0.015 0.135+0.017 0.165+0.029

PVA Slope 0.933+0.033 0.932+0.031 0.922+0.033 0.902+0.058
R? 0.994 0.995 0.994 0.983

Intercept 0.129+0.021 0.108+0.019 0.084+0.017 0.078+0.016

PVP Slope 0.949+0.041 0.970+0.0378 0.977+0.034 0.975+0.031
R? 0.99 0.993 0.995 0.995
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Figure 9. Langmuir isotherm of PVA plot for metallic coupon in inhibited acidic solution.
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Figure 10. Langmuir isotherm of PVP plot for metallic coupon in inhibited acidic solution.

3.3. Surface analysis

Figure 11 demonstrates examples of SEM images of immersing steel material strips in
untreated hydrochloric acid conditions. As depicted in Figure 11(a), the coupon surface
endured substantial damage in the uninhibited solution, with numerous pits and fissures
evident. However, when compared to the untreated solution, the metallic substrate surface
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in the solution treated with PVA and PVP showed remarkable improvement, with fewer
cracks and pits as evident in Figure 11(b) and (c). The improvement is attributed to the
protective coating formed on the metallic substrate surface, which blocks active sites and
reduces the corrosion rate due to the presence of unpaired electron pair-containing oxygen
(and nitrogen in the case of PVVP) atoms.

Mag= 100KX

WD= 11mm Sign = SE1

Mag= 1.00KX EHT = 15.00 kV
WD= 11 mm Signal A = SE1

Figure 11. (a) demonstrates the SEM photograph of metallic substrate in treated medium,
(b) demonstrates the SEM photograph of metallic substrate in treated medium with PVA,
and (c) shows the SEM photograph of metallic substrate in treated medium with PVP.

3.4. Suggested inhibition mechanism by PVA and PVP

Organic inhibitors function by adsorbing onto the metal surface, effectively substituting
themselves for other corrosive species and water molecules [56]. This process is influenced
by various factors such as the state of the organic molecule in a corrosive environment and
the charge on the metal surface [58]. Studies have shown that the steel surface in HCI
solution carries a positive charge and absorbs chloride ions, which leads to the adsorption of
cationic species [20, 56, 57].

PVA and PVP, when protonated in 1 M HCI solution, can be electrostatically adsorbed
onto the metal surface through physisorption. Oxygen heteroatoms can be released from
PVA and oxygen and nitrogen heteroatoms can be released from PVP on the surface,
forming coordination and back-donating bonds through donor-acceptor interactions
(chemisorption) [57]. Figures 12 and 13 depict the proposed inhibitory mechanisms for PVA
and PVP, respectively, as potential inhibitors of mild steel corrosion in 1 M HCI solutions.
The presence of PVA or PVP coatings on the mild steel surface prevents the penetration of
corrosive ions, protecting the surface. The protective coating is believed to be created
through the interaction of heteroatoms with the metal surface. The physical adsorption of the
inhibitor molecules onto the mild steel surface is facilitated by the electrostatic interaction
between the protonated PVA or PVP molecules and preabsorbed counter Cl- ions, and the
interaction between the inhibitor molecules’electron pairs and the iron's empty d-orbital [58].
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Conclusion

An efficient and cost-effective strategy for mitigating corrosion is the use of corrosion
inhibition technology. The increasing number of environmental lawsuits has spurred the
development of environmentally friendly corrosion inhibitors. Mild steel corrosion
inhibitors PVA and PVP have been investigated at temperatures ranging from 303 to 333 K
ina 1 M HCI solution. The impact of varying concentrations and immersion times were also
studied. The results showed that both PVA and PVP exhibit inhibitory effects on mild steel
in the corrosive media, but PVA was found to be a superior inhibitor at 303 K while PVP
performed better with rising temperatures. The weight-loss method showed that 0.5 mM
PVA at 303 K protected the metal surface by 92.1%, while 0.5 mM PVP at the same

temperature prevented corrosion by 89.4%. PVP’s inhibition efficiency increased with an
increase in temperature from 303 to 333 K, whereas PVA’s inhibition efficiency decreased.
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At 303 K, PVA’s inhibitory efficacy started to decline, dropping from 92.1% at 303 K to
86.9% at 333 K, while PVP’s inhibitory efficacy rose from 89.4% at 303 K to 92.1% at
333 K. SEM results confirmed that PVA and PVP are highly effective in delaying mild steel
corrosion in 1 M HCI solution, which is in line with other research findings. The interaction
between PVA and PVP with the steel substrate is explained by physisorption and chemical
adsorption mechanisms, supporting the formation of complexes. PVA and PVP show great
potential as ingredients in an acidic corrosion inhibitor.
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