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Abstract

Copper and its alloy are susceptible to corrosion in heat exchangers during acid cleaning. The corrosion leads to
materials loss and damage; hence it is important to prohibit such corrosion damage using an eco-friendly
corrosion inhibitor. In the current work, a polymer composite-based corrosion inhibitor was prepared using
polyvinylpyrrolidone (PVP) and 2-Acrylamido-2-methylpropane sulfonic acid (AMPS). The PVP copolymer
undergoes polymerization with the AMPS having several interconnected uniformly sized pores and produces a
PVP-AMPS composite with rod-like microstructure. The effect of concentration, time, and temperature on
corrosion inhibition efficiency (IE) of PVP-AMPS composite was studied for copper and brass in hydrochloric
acid (HCI) solution. The IE increases with concentration and decreases with time and temperature. A change in
cathodic and anodic Tafel slopes with the concentration of PVP-AMPS inhibitors was observed. The increase
in IE with concentration was attributed to the solubility of PVP-AMPS composite in HCI. However, the decrease
in IR with time and temperature was due to the desorption of PVP—AMPS composite from the surface of copper
and brass and also due to the exothermic reactions at higher temperature. A few peaks in FTIR spectra at 3000
3100 cm™* were missing, which is due to the stretching vibration of H-C during the crosslinking polymerization.
Further, the absence of the O—H peak indicated that the polymerization process removed the water molecule.
The best correlation coefficient (R?) for the Langmuir adsorption mechanism was achieved. A negative Gibbs
free energy (AG) envisages the spontaneity of the adsorption process. However, the | AG| for adsorption was
less than 20 kJmol™ confirming the process as physisorption. A shift in anodic and cathodic branches in the
presence of the PVP—AMPS inhibitor indicated a mixed-type inhibitor behavior.
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1 Introduction

Copper corrosion has been reported to be a problem
that is difficult to treat in heat exchangers due to scale
formation produced during the operation of systems
[1]. Such problems in treating result in decreased
performance of heat exchangers and unprompted
stoppages. Therefore, the need arises for pickling,
cleaning, and descaling of the acid layers to enhance
the performance [2], [3]. Studies have shown that
corrosion is of great concern in the gas and oil
industries as 25% of the total losses experienced in
such industries are due to corrosion and these losses in
cost for billions of dollars per year [4].

Corrosion inhibitors are used to protect the base
metals from deterioration and to ensure the removal of
scale during acid cleaning [5]-[7]. The inhibitors
during the interaction decrease the rate of attack in the
given corrosion environment and are of great
importance in the pipeline industries [8]-[11]. The
inhibition property is due to the presence of N, S, and
P in organic compounds, the heteroatoms [12]. These
heteroatoms catalyze the functionality of the
absorption processes and thereby enhance the
inhibition activity. Due to the higher adsorption
capacity of the organic compounds on the given metal
surface, they are considered efficient and successful
inhibitors [13]. The monomer 2-acrylamide-2-
methylpropane sulphonic acid (AMPS) is widely
preferred in water treatment because of its thermal and
anti-hydrolytic stability. During the application, it is
found that the AMPS can easily become an auto
polymer/copolymer and hence can perform favorably
[14]. The molecular structure of AMPS greatly
influences the corrosion inhibition due to adsorption.
The structure of AMPS consisting of an adequate
number of electron-donating functional groups
attached to the structure favors adsorption. Hence, the
AMPS undergoes adsorption onto the wide area of the
copper surface resulting in enhanced inhibition
efficiency [15].

In the acidizing industrial processes, inhibitors
are mixed with the acidic solutions. The hyper effects
of acids on the liners, casting materials, and tubes are
reduced by the use of inhibitors. So, proper selection
of corrosion inhibitors plays a vital role in industrial
applications. In the recent past, there has been
tremendous attention to green and eco-friendly
inhibitors. Among these are polyvinyl pyrrolidone
(PVP), poly ethylenimine, and caffeic acid have been
of great interest [16]. The PVP is a synthetic polymer,
which sustainable, eco-friendly, water-soluble, low

toxic, and possesses good— adhesion, emulsification,
and physiological compatibility. PVP is a typical
organic corrosion inhibitor generally preferred in
acidic environments. It is found to be an effective
metal corrosion inhibitor [17], [18].

In recent times, polymer composites-based
corrosion inhibitors have been of great interest. Such
inhibitors, due to the metal chelation process form the
inhibition layer in the corrosive environments. Hence,
they perform actively. The majority of the acidic
inhibitors are activity-specific and are target-based for
a specific application. The blending of polymer
inhibitors may result in combined effects of corrosion
inhibition. Further, such blends may also result in a
convenient  addition of the  homopolymer
characteristics. Such combos are non-linear in the
majority of compositions and hence might result in
improved characteristics.  Therefore, the proper
choice of blends of polymers plays a crucial role in
gaining enhanced inhibition characteristics [19].
There have several studies reported on blended
polymers used as corrosion inhibitors [20]-[22].
However, there exists little literature on PVP-based
polymer blended composite as corrosion inhibitors for
industrial applications. With the aim to establish
improved eco-friendly polymer composites, the
current work focuses on the utilization of polymer
composites as corrosion inhibitors for copper and
copper alloys in an acidic medium. In this regard, the
current work introduces the synthesis of a PVP-
AMPS polymer composite-based corrosion inhibitor
and tests the inhibition efficiency against copper and
brass samples in an acidic medium.

2 Materials and Methodology
2.1 Synthesis of the PVP-AMPS composite

The PVP-AMPS polymer composite is synthesized
using Polyvinylpyrrolidone (PVP) and 2-Acrylamide-
2-Methlypropansulphonic acid (AMPS) compounds.
The structures of the raw materials are shown in
Figure 1.

The PVP-AMPS copolymer corrosion inhibitor
was synthesized by solution polymerization where
10% of PVP and 5% of AMPS solution in 1 M of
oxalic acid were mixed. The mixture was further
stirred for 2 h in freshly prepared 1% ammonium per
sulfate maintained at 0-5 °C in an ice water bath.
During stirring, ammonium hydroxide was added to
maintain the pH between 6-8. Further, a non-solvent
liquid (acetone) was added to allow precipitation, and

M. E. Makhatha et al., “Characterization of Polyvinylpyrrolidone-2-Acrylamide-2-Methlypropansulphonic Acid based Polymer as a

Corrosion Inhibitor for Copper and Brass in Hydrochloric Acid. ”



Applied Science and Engineering Progress, Vol. 18, No. 1, 2025, 7502 3

the entire mixture was refrigerated for 24 h to form the
PVP-AMPS copolymer. The formed composite was
precipitated out, filtered, washed, and air-dried. The
PVP-AMPS copolymer was characterized using FTIR
to confirm polymerization and by XRD for phase
identification. Then, the copolymer was subjected to
corrosion testing. The current work is exhibited as per
the workflow diagram shown in Figure 2. More details
about the solution polymerization have been reported
elsewhere [23], [24].
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Figure 1: Structure of (a) PVP and (b) AMPS.
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Figure 2: Workflow diagram.
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Figure 3: Schematic of the coupon.
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Figure 4: Schematic of immersion of copper and brass
coupons in (a) blank solution and (b) PVP-AMPS
composite solution.

2.2 Test materials

Copper and brass coupons were used as the test
materials. The schematic of the coupons is shown in
Figure 3. The dimensions (L x B x t) of the coupons
were (3 x 2 x 0.3) cm. The coupons were drilled with
a 0.3 cm diameter hole for easy handling of coupons
during immersion in the corrosion medium. All
coupons were engraved for easy identification. The
coupons were prepared using standard metallography
sample preparation techniques. The samples were
ground using 600-1200 grit sandpaper followed by
cleaning in acetone and drying using a dryer. The
coupons were subjected to gravimetric studies,
electrochemical analysis, and surface analysis. Then,
the samples were subjected to corrosion testing in two
different solutions, a blank solution and the PVP—
AMPS copolymer solution. A 1M HCI blank solution,
an acidic corrosion medium, was prepared by using
the industrially used 32% HCI solution. The
concentration of the PVP—AMPS inhibitor was varied
from 50-800 ppm.

2.3 Testing and characterization

A weight loss test was conducted on the samples. The
copper and brass coupons were immersed in 1M HCI
blank solution and also in the PVVP-AMPS inhibitor as
shown in Figure 4, at varied concentrations of PVP—
AMPS.

For optimization of the concentration of the
inhibitor, each immersion was carried out for 3 h.
Time plays a very crucial role in the analysis of the
efficiency of the corrosion inhibitor. To study the
firmness of the film formed by the inhibitor and the
adsorption rate of the inhibitor, the immersion test was
conducted at fixed time intervals of 3, 9, 12, and 24 h.
To analyze the corrosion behavior and mechanisms
involved, the following factors were considered:
corrosion rate (CR) in mg.cm2h™!, inhibition
efficiency (IE), and surface coverage (6). The CR was
estimated using Equation (1).

_ 87.6W

CR = ()

ADt

where W (g) is the weight loss of the copper and brass,
a (cm?) is the exposed area, D (g/cm?®) is the density,
and t (h) is the immersion time. The IE was estimated
using Equation (2).

M. E. Makhatha et al., “Characterization of Polyvinylpyrrolidone-2-Acrylamide-2-Methlypropansulphonic Acid based Polymer as a

Corrosion Inhibitor for Copper and Brass in Hydrochloric Acid. ”



Applied Science and Engineering Progress, Vol. 18, No. 1, 2025, 7502

_ CRo—CRj,
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where IE is the inhibition efficiency, CRo and CRj,
represent the corrosion rates of copper and brass
coupons estimated without and with the inhibitor
respectively. The surface coverage was estimated
using Equation (3).

IE

= ©))

The process was repeated for other factors such
as the effect of immersion time and temperature for an
hour. The thermodynamics, as well as the kinetics of
the adsorption of the inhibitor, were obtained as a
function of temperature. The inhibitory mechanism of
PVP-AMPS inhibitor was estimated through the
electrochemical  studies conducted using an
electrochemical analyzer (SP-150 Bio-Logic ASA
Potentiostat) fitted with a data acquisition facility (EC-
Lab software). Initially, to determine the room
temperature steady-state potential of the copper and
brass coupons, the coupons were exposed to an open
circuit potential vs Ag/AgCl for about 30 min. Later,
a 3-electrode electrochemical cell was used for
electrochemical measurements. The cell consisted of
a) reference made up of Ag/AgCl, b) counter electrode
made up of graphite rod, and c) working electrodes
made up of coupons of copper or brass. During the
measurements, an area of 1cm? of the copper and brass
coupons was immersed in the cell. At a potential
range of —250 to +250 mV, the potentiodynamic
polarization curves were determined at a scan rate of
5 mVs. The obtained polarization data was analyzed
in an electrochemical software to determine the
corrosion current density (lcor), corrosion potential
(Ecorr), and the Tafel plots. Later, IE was calculated
using Equation (4). The experiments were repeated
twice to confirm the repeatability.

I -1 -
IE = corr(blank HCl) " !corr (PVP-AMPS) (4)

Icorr (PVP-AMPS)

Where the lcor pianky and leorr ginhibitor) indicate the current
densities with the absence and presence of PVP-
AMPS inhibitor, respectively. The Tafel parameters
(Ba and Bc) and the corrosion current Il Were
estimated by extrapolation techniques. Further, the
VASP technique was applied to calculate polarization
resistance [12]. The correlation between the impedance
data and the equivalent circuit was established [25].
For the frequency of 100 kHz to 100 mHz, a sinus

amplitude of 5 mV was applied to both copper and
brass. Finally, Nyquist plots were used to represent the
charge transfer resistance and determine the inhibition
efficiencies.

The surface morphology of the copper and brass
coupons after the immersion test was analyzed using a
scanning electron microscope (TESCAN VEGA 3).

3 Results and Discussion
3.1 Characterization of PVP-AMPS

FTIR analysis was carried out to confirm the
polymerization between PVP and AMPS. In solution
polymerization of PVP and AMPS, AMPS is attached
to the PVP matrix through the carbonyl and
sulphonate group to form a grafted polymer. The
attached APMS increases the electron density on the
PVP polymer matrix. The PVP forms a linear
backbone of the copolymer while the AMPS is
randomly distributed along the backbone. The FTIR
spectrum of the PVP-AMPS polymer copolymer
inhibitor is shown in Figure 5.

% Transmittance

—— PVP-AMPS
f— PVP
—— AMPS
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Wavenumber (em™)

Figure 5: FTIR Spectra of PVP-AMPS inhibitor,
AMPS, and PVP.

The peaks for PVP at 2927 and 1655.41 cm™
indicate the existence of symmetric and asymmetric
stretching of CH; and C=0. The C-H bending and
CH; wagging are observed at 1425 cm™' and 1276
cm™!, respectively. The peaks at 1041 cm™ and 637
cm! are identified as the CH; rock and N-C=0
bending, respectively. The absorption bands for
AMPS observed at 3236.35 cm™!' and 2992 cm™! are
due to the N-H and C-H stretching bands,
respectively. The characteristic band of AMPS
observed at 1076.91 cm™! is the SO group. The C=0
and the secondary amide N-H deformation peak of
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AMPS are observed at 1661.49 cm™! and 1548.57 cm ™!,
respectively. Similar observations are also reported in
the literature [26]-[28].

The observed band for PVP-AMPS inhibitor at
3187.34 cm is attributed to the N-H stretching of
AMPS and PVP. The methyl and methylene vibration
bands are observed at 2855.78 cm™. The vibrational
stretching of the sulphonic acid of AMPS is observed
at a peak of 1297.14 cm™. The peaks of PVP-AMPS
at 1699.23 cm™ and 1421.80.14 cm™' represent the
HNC-O and C-N of amide groups for AMPS and PVVP
respectively. The disappearance of the peaks at 3000
3100 cm™ is possibly due to the stretching vibration
of HC during the crosslinking polymerization of
AMPS [29]. It appears that due to the removal of the
water molecule during the process of polymerization,
the O-H peak is not observed in the composite. The
observed band stretches from the FTIR indicate the
decreased peak intensity and slight peak shifting from
the usually observed positions. This phenomenon is

caused by the decreased electron density that is due to
the grafting of AMPS on the backbone of the PVP
polymer matrix [30].

The SEM images of AMPS, PVP, and PVP-
AMPS composite are shown in Figure 6. The SEM
image of AMPS shown in Figure 6(a) consists of
several interconnected uniformly sized pores. The
SEM image of the PVP copolymer shown in Figure
6(b) consists of nearly spherical-shaped large-sized
particles. The structure of the binary mixture of PVP—
AMPS composite shown in Figure 6(c) consists of
rod-like structures [31]. The peak position in Figure
7(b) and (c) appear at different 20 degree angles;
moreover, the intensity count in Figure 7(b) has
decreased as compared to Figure 7(c), suggesting that
the amorphous phase in PVP was involved with the
crystalline phase in AMPS to form PVP-AMPS
copolymer [32]. Further, the XRD analysis of the
constituents was also carried out to identify the phases
formed as a result of polymerization.

Figure 6: SEM images of (a) AMPS, (b) PVP, and (c) PVP-AMPS composite.
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Figure 7: XRD patterns for (a) PVP, (b) AMPS, and (c) PVP-AMPS composite.

The XRD patterns of the copolymer (PVP), the
monomer (AMPS), and the polymer composite (PVP-
AMPS) are shown in Figure 7(a)-(c). The XRD

pattern for PVP shows two broad peaks indicating an
amorphous structure with the presence of fewer sharp
peaks as compared to that of AMPS and PVP-AMPS.
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The XRD patterns of AMPS and PVP-AMPS consist
of several peaks indicating crystallinity. The XRD
pattern of PVP-AMPS in Figure 7(c) is completely
different from that of PVP which confirms the
occurrence of the process of polymerization. The
crystallinity of the polymer composite makes the
inhibitor water soluble [33].

3.2 Gravimetric studies
3.2.1 Effect of concentration

The results of the weight loss tests conducted by
varying the concentration of the PVP-AMPS show
that the corrosion rate decreases with the increase in
the concentration of PVP-AMPS. This indicates that
there is an increase in the inhibition efficiency (IE)
with the concentration of PVP—AMPS inhibitor and
the increase is attributed to the solubility of PVP—
AMPS in the corrosive media [34]. At 800 ppm of
PVP-AMPS inhibitor, the highest IE is obtained and
is attributed to the presence of N and O elements in the
PVP-AMPS polymer composite. It is to be noted that
the N and O elements in the PVP-AMPS polymer
composite act as active centers. Further, they also
perform as electrostatic forces between the inhibitor
(PVP-AMPS) and the material of choice (copper and
brass) [4]. In addition, the heterogeneous atoms (O
and N) possess a strong ability to donate electrons, and
thus the adsorption of the PVP-AMPS onto the
surfaces of copper and brass results in an increase in
the inhibition efficiency [35].

3.2.2 Effect of time

It is important to consider the effect of time when
characterizing the corrosion inhibition efficiency of
any corrosion inhibitor. The stability of the inhibitor
film and the rate of adsorption of the inhibitor are
estimated through immersion tests. The estimated IE
of PVP-AMPS inhibitor against copper and brass
coupons exposed for different time intervals and at
different concentrations is given in Table 1 and is
graphically represented in Figure 8. The maximum IE
of PVP-AMPS inhibitor on copper and brass are
79.17% and 80.26%, respectively and these values are
observed at the low immersion period of 3 h and a

concentration of 800 ppm. It is observed that, at the
longer immersion period of 24 h and a concentration
of 50 ppm, the IE of PVP-AMPS on copper and brass
is 18.37% and 19.62%, respectively, decreased
significantly. On the other hand for all the
concentrations of PVP-AMPS inhibitor tested on
copper and brass coupons, a decrease in the IE is
observed with the increase in the immersion time.
Such a decrease in the IE can be due to the desorption
process. During exposing the metal to corrosive
media, the desorption of P\VP-AMPS inhibitor from
the surface of copper and brass takes place resulting in
the decrease of IE and thereby increasing metal-
solution contact [36], [37].

3.2.3 Effect of temperature

The temperature also has a major effect on the
corrosion behavior of copper and brass in a corrosive
environment specifically at the boiler room in
desalination plants. The corrosion rates of copper and
brass placed in different concentrations of PVP-
AMPS measured at different temperatures are given in
Table 2. It is observed that the increase in the
temperature increases the corrosion rate. The increase
in the corrosion rate can be attributed to the fact that
when brass and copper are exposed to higher
temperatures, they oxidize rapidly forming an unstable
oxide layer. The formed oxide layer inhibits the
reaction of the metal surface with the inhibitor by
decreasing the reaction kinetics between the inhibitor
and the metal surface. On the other hand, the variation
of IE with the temperature of a corrosive environment
is shown in Figure 9(a) and (b). It is observed that the
maximum IE against copper and brass coupons is
72.22% and 80.26%, respectively, and is obtained at
298 K. As the temperature increases, the IE decreases
and the lowest IE of 63.89% and 69.01% for copper
and brass, respectively, is observed at the highest
temperature of 333 K. Such a decrease in IE with
temperature indicates the instability of PVP-AMPS
inhibitor at higher temperatures. The instability may
be due to the tendency of desorption. As a result of
exothermic  reactions at higher temperatures,
desorption of the PVP-AMPS inhibitor from the
surfaces of copper and brass takes place [38].
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Table 1: Estimated IE of PVP—AMPS inhibitor against copper and brass coupons.
Inhibitor Efficiency

Concentration of

Exposure Time (h) for Copper

Exposure Time (h) for Brass

PVP-AMPS (ppm)

9 12 24 3 9 12 24

Blank 0 0 0 0 0 0 0 0
50 20.83 19.73 18.37 17.56 24.52 22.62 20.61 19.62
100 27.78 25.44 22.09 20.7 32.68 25.17 23.03 21.74
200 375 34.94 30.65 28.02 40.82 31.73 27.52 25.42
300 44.44 37.45 35.47 31.51 53.37 40.9 38.96 32.9
400 52.78 43.08 41.78 35.58 57.99 46.49 42.57 40.67
500 55.56 47.42 44.19 41.63 63.91 52.15 47.66 45.94
600 65.28 58.5 52.19 48.95 67.74 62.18 58.06 53.75
700 73.61 67.41 64.31 59.53 79.58 69.63 66.96 61.96
800 79.17 69.83 67.54 64.42 80.26 74.49 70.77 66.79

Table 2: Effect of temperature on the corrosion rate of copper and brass in 1M HCI in the absence and presence
of PVP—AMPS at various concentrations.

Corrosion Rate (mg cm~2h?)

Temperature (K)

Concentrations PVP-AMPS for Copper (ppm)

Concentrations PVP-AMPS for Brass (ppm)

—&—800ppm

Blank 50 800 Blank 50 800
298 0 0.00124 0.0003 0 0.0125 0.0172
313 0 0.0221 0.0071 0 0.0189 0.0066
333 0 0.0136 0.0005 0 0.0657 0.0048
a b —=—50ppm
( ) 80 —=—50ppm ( ) 804 —e—100ppm
—&—100ppm —A—200ppm
70 —&— 200ppm 704 —¥—300ppm
~—¥—300ppm —4—400ppm
60 —4—400ppm 60 —<4—500ppm
—<4— 500ppm —»—600ppm
u_: 50 —»— 600ppm E—Jeso- —&—T700ppm
S —&—700ppm & —*—800ppm

Figure 8: Variation of the inhibition efficiency of PVP-AMPS with varied exposure times of (a) copper and (b) brass.
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Figure 9: Variation of the inhibition efficiency of PVP-AMPS with varied exposure times of (a) copper and (b) brass.
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Figure 10: Langmuir adsorption isotherm plots obtained for (a) copper and (b) brass, immersed in varied

concentrations of PVP-AMPS.

Table 3: Correlation coefficient (R?) for PVP—-AMPS on the surfaces of copper and brass.

Temperature (K) Copper Brass

Langmuir Frumkin Parsons-Temkin  Langmuir Frumkin Parsons-Temkin
298 0.9759 0.9877 0.9858 0.9428 0.9201 0.9251
313 0.9878 0.9303 0.7929 0.9925 0.9825 0.9801

3.2.4 Adsorption isotherm and adsorption parameters

Adsorption isotherms are essential to understand the
interaction between the molecules of the PVP-AMPS
inhibitor with the given metal substrates. Thus, the
mechanism of inhibition can be understood [39]. In the
current work, the isothermal principles, such as
Langmuir, Frumkin, and Temkin-Parsons are studied.
Using these isothermal principles, the variation in the
surface coverage (0) at varied concentrations of PVP—

AMPS is estimated. The Langmuir adsorption
isotherm is estimated using Equation (5).

c_ 1

ik +B (5)

where 0 is the surface coverage, C is the concentration
of PVP-AMPS inhibitor, K is the equilibrium
constant, and B is the intercept. A linear fit is
established in the isothermal plots.

During the gravimetric analysis (weight loss
tests), the surface coverage (0) at different inhibitor
concentrations on the surface of brass and copper
respectively was evaluated. The mechanism of
adsorption onto the surface of the substrate results in
a higher degree and therefore greater inhibitive
properties. Figure 10(a) and (b) show the Langmuir
isotherm model plots for the dissolution of copper and
brass respectively, which appeared to have close

correlation coefficients. The dissolution of copper and
brass showed a close relationship regarding the
Langmuir plot. The estimated correlation coefficients
(R?, from the Langmuir, Frumkin, and Temkin-
Parson’s adsorption isotherms are tabulated in Table
3. It is observed from Table 3 that the Langmuir
adsorption mechanism isotherm is the best fit with the
best correlation close to unity. The data obtained from
gravimetric analysis is further used to study the kinetic
parameters of the system. The parameters like entropy,
activation energy, and the enthalpy of adsorption of
PVP-AMPS inhibitor on the surfaces of coupons are
determined using the Arrhenius equation and the
transition state equations. These parameters are
determined for varied concentrations of PVP-AMPS
inhibitor. The activation energy (Ea) of coupons is
calculated using Equation (6).

Ea
2.303RT

logCR = — +logA (6)
Where (CR) is the corrosion rate, (E.) is the activation
energy, (R) is the molar gas constant, (T) is the
absolute temperature, and (A) is the frequency factor.
The log CR vs 1/T plots are shown in Figure 11. Both
for copper and brass coupons, the plots show a linear
relationship for different concentrations of PVP-
AMPS inhibitor.
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Figure 11: Arrhenius Plot for (a) copper and (b) brass in PVP-AMPS.

Table 4: Kinetic parameters of copper and brass dissolution in 1M HCI in the absence and presence of PVP-AMPS.

Concentration of Copper Brass

Z)\’/)Fr;‘)AMPS E.(kJmol™)  AS@Jmol™)  AH(Jmol')  E.(dJmol)  AS(KJmol)  AH (kmol™)

Blank 28.6 -251.04 13.72 17.97 -200 13.46

50 28.8 —254.48 13.72 17.17 -194.79 13.44

800 32.2 —289.53 13.78 21.29 -165.15 13.35

Table 5: Free energy absorption (AGags (kJmol™) of copper and brass at different temperatures.

Concentration of Copper Brass

PVP-AMPS (ppm) 298 K 313K 333K 298 K 313K 333K

Blank 0 0 0 0 0

50 -10.65 -11.18 -11.89 -11.39 -11.97 -12.73

800 -9.98 -10.49 -11.16 -9.24 -9.71 -10.33
The actlvatlon energy (_ Ea ) |S es“mated by Where (T) |S the temperature, R=8.314 IS the m0|al’

2.303R

the slope of the curves in the plots. The estimated
values are given in Table 4. In the case of copper
samples, the activation energy of the blank solution is
28.62 KJmol and for the concentration of 800 ppm,
the activation energy increases to 32.22 KJmol=.
Similarly for brass, it increases from 17.97 KJmol to
21.29 KJmol2. Such an increase in activation energy
confirms the adsorption of the PVP—AMPS inhibitor
onto the surfaces of both copper and brass. The
adsorption is due to the decrease in the surface area
available for metal dissolution. The heteroatoms in the
PVP-AMPS inhibitor result in an increased rate of
reaction [4], [40].

To study the inhibitive mechanism, strength, and
mode of adsorption of the PVP-AMPS inhibitor, the
thermodynamic parameters are estimated. At different
concentrations and temperatures, the resultant surface
coverages AGqy is calculated using Equation (7).

AG = —RTIn(55.5K,q5) @

gas constant, 55.5 is the molar concentration of water,
and (Kags) is the equilibrium constant of adsorption.
The (Kags) is determined from the intercept of the
Langmuir adsorption isotherm plot. The calculated
AG values at various temperatures are given in Table 5.
The AG values are negative which indicates the
spontaneity of adsorption of the adsorbed layer on
copper and brass surfaces. The adsorption mechanism
is the physisorption process if the [AGags| is less than
20 kJmol™ and is the chemisorption process if the
|AGags| is less than 40 kimol [4]. From Table 5, it is
clear that in the current study, the physisorption
process was dominant. Further, with an increase in
temperature, IE decreases due to the electrostatic
interaction between the PVP-AMPS inhibitor and the
surfaces of copper and brass shows. Using the Gibbs
Helmholtz relation given in Equation (8), the enthalpy
(AH) and the entropy (AS) of adsorption are calculated.

Further, the values of enthalpy (AH,) and entropy
(AS,) for the activation of the dissolution of copper
and brass are calculated using Equation (9).
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log CR

_ R. AS, AH,
— = log(nh) +

2.303R 2.303T

©)

Where (n) was Avogadro’s constant and (h) is the
Planck’s constant. The plots of log (CR/T) vs 1/T at
different concentrations of PVP—AMPS with copper
and brass are shown in Figure 12(a) and (b). The plots
depict a linear relationship.

3.3 Electrochemical and surface analytical studies

The Tafel experimental data is tabulated in Table 6
and is used to estimate the instantaneous corrosion rate
of copper and brass at different concentrations of
PVP-AMPS. The polarization plots for the copper and
brass at different concentrations of the PVP-AMPS
inhibitor are given in Figure 13(a) and (b).

The Tafel plots for both copper and brass exhibit
cathodic and anodic reaction that results in the
cathodic current. The cathodic reaction indicates the
decreasing evolution of hydrogen and the anodic

(a) 0.004 - = Blank
e 50ppm

4  800ppm

-0.005

-0.006

-0.007

-0.008

-0.009

Log CRIT

-0.010 4

-0.011

-0.012

2.‘97 3.:]6 3.115 3.I24 3.53
T(K™") x1000

reaction indicates an active-passive transition [41].
Further, the formation of two anodic peaks followed
by a permanent passive region indicates active
dissolution [42]. The drop in the anodic current is due
to the adsorption process. As the reaction proceeds,
the oxidation of copper and brass continues to form
oxide films on the surfaces as a result of the adsorption
of CuClags and ZnClags species. Such films hinder the
further dissolution process resulting in the drop [30].
It can also be noted that there exists a shift in anodic
and cathodic branches in the presence of the PVP—
AMPS inhibitor and the shift is towards smaller
current densities. Such a shift of branches indicates
that the PVP-AMPS composite behaves as a mixed-
type inhibitor [40], [43]. Tafel slopes (B¢ and PBa) are
calculated by the extrapolation of the Tafel
polarization plot. The extrapolated values are given in
Table 6. It is observed that in the presence of the PVP—
AMPS inhibitor, the cathodic and anodic Tafel slopes
are changing [43].

(b)

-0.003 1

= Blank
. e 50ppm
*

-0.004

-0.005

Log CRIT

-0.006

-0.007

-0.008
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Figure 12: Transition state plot of (a) Copper and (b) Brass at different concentrations of PVP—-AMPS.

Table 6: Tafel parameters of the dissolution of copper and brass in different concentrations of PVP—AMPS.

Concentration of Copper Brass
PVP-AMPS (ppm) Ecorr lcorr ﬁa Bc Ecorr lcorr Ba '30
Blank -345.41 278.94 90.8 155.2 -360.17 291.41 78.1 107.6
200 —343.82 169.87 77.7 138.10 —356.66 172.28 83.1 208.3
300 -356.31 144.46 86.5 126.14 -357.47 130.87 82.6 1115
400 -352.29 128.16 87.2 124.59 -362.12 108.77 84.9 108.2
500 -360.26 118.86 87.3 108.11 —360.33 93.10 88.6 124.6
600 -365.22 94.30 83.8 205.79 -344.15 74.33 82.3 152.1
700 -361.09 62.56 88.9 114.32 —346.67 63.21 76.0 119.8
800 —339.77 55.23 65.4 145.45 —333.39 54,527 65.9 125.2
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Figure 13: Tafel plot for (a) Copper and (b) Brass in a blank HCI solution and various concentrations of PVP—-AMPS.
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Figure 14: Nyquist plot for (a) Copper and (b) Brass at various concentrations of PVP—-AMPS.
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Figure 15: Bode plots for (a) Copper and (b) Brass at various concentrations of PVP AMPS.

While the cathodic Tafel slope B¢ changes with
the concentration of PVP—AMPS inhibitor, the anodic
Ba slope indicates that the change is due to the
adsorption of the inhibitor PVP-AMPS onto the
surfaces of copper and brass. As a result of adsorption
phenomena, the PVP—-AMPS inhibitor film is formed
film on the surfaces of copper and brass. The
adsorption includes interactions between the -

electrons of the heterocyclic structure of PVP-AMPS
inhibitor and the vacant d-orbitals of copper and brass
surface atoms. Further, the type of the inhibitor i.e., an
anodic and a cathodic inhibitor, is decided based on
the shift in Ecor. In the case of the E¢or>85 mV as
compared to the blank solution, it indicates that both
reactions are affected by the inhibitor [4], [44], [45].
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Table 7: Potentiodynamic polarization IE data for
Copper and Brass in 1M HCI.

Concentration of Copper Brass
PVP-AMPS (ppm) lcorr WIE leorr %IE
Blank 278.94 0 291.41 0
200 169.87 39.10 172.28 40.88
300 14446  48.21 130.87 55.09
400 128.16 54.05 108.77 62.70
500 118.86 57.38 93.10 68.05
600 94.30 66.19 74.33 74.49
700 62.56 77.57 63.21 78.30
800 55.23 80 54.527 81

The corrosion densities for copper and brass at
different concentrations of PVP-AMPS are given in
Table 7. The corrosion current density (observed in the
case of the blank solution) is despaired by the addition
of the inhibitor at different concentrations [46]. It is
observed from Table 7 that the current corrosion
density (leor) decreases with the increase in the
concentration of PVP-AMPS. The inhibition
efficiency was calculated using Equation 10. The
calculated IE values are included in the Table 7. It is

observed in Table 7 that the corrosion current densities
are smaller than the blank solution. Also, the IE
increases with an increase in the concentration of
PVP-AMPS, and at 800 ppm, the IE is 80% and 81%
for copper and brass respectively.

I -1 —
IE = corr(blank HC1) “‘corr(PVP—AMPS) % 100

(10)

Icorr(PVP-AMPS)

3.3.1 Electrochemical Impedance Spectroscopy of
PVP-AMPS

The Nyquist plots for copper and brass at various
concentrations of PVP—AMPS are shown respectively
in Figure 14(a) and (b). The Bode plots for copper and
brass are shown in Figure 15(a) and (b).

It is observed from the Nyquist plots that an
increase in the concentration of the PVP-AMPS
corrosion inhibitor enhances the corrosion inhibition
efficiency. The spectra in both copper and brass are
characterized by two slightly distorted semicircles one
at a higher and the other at a lower frequency [47].

Table 8: EIS parameters for Copper and Brass at different concentrations of PVP-AMPS.

Concentration Copper Brass

of PVP-AMPS R1 Q R2 Qs Rs Ri1 Q1% R Qs Rs
(ppm) (©ohm) x10° *  (ohm) x107 (©hm) ©hm) 120° *  (omm) x10° *®  (ohm)
Blank 172 037 091 288 964 052 5573 226 016 064 157 871 018 008
200 272 032 077 237 975 071 10200 187 846 047 458 184 100 146.10
300 446 017 082 232 869 072 10573 188 016 084 498 856 073 103.18
400 499 490 049 463 507 081 9869 239 019 084 533 859 071 9847
500 542 535 0.52 396 494 083 9628 207 986 046 580 191 1.00 103.81
600 575 525 050 375 483 081 9500 1.09 009 088 625 911 069 7891
700 631 996 044 794 148 099 8775 214 017 084 686 9.06 068 72.26
800 692 02 067 28 656 070 9633 181 013 086 157 928 063 7814
As discussed earlier, as a result of desorption  resistance against corrosion increases. At optimal

there is a formation of a copper-oxide and zinc-oxide inhibitor concentrations, defect-less layers with

film on the surfaces of copper and brass respectively.
The oxide layer on the surface of the samples reflects
as a semicircle at a higher frequency. Similarly, the
diffusion of CuCl, and the ZnCl, charge into the
solution reflects as the second semicircle in the bode
plots, and the diffusion is determined by the Warburg
parameter [5], [47]-[50]. The results also suggest that
the PVP-AMPS composite obeyed the Langmuir
adsorption isotherm for adsorption on the surfaces of
copper and brass. In the low-frequency region
observed in the Bode plot, the |Z| increases with a
decrease in frequency due to the diffusion of oxygen
and chloride from the solution resulting in longer
immersion times. As the concentration of the inhibitor
increases, the |Z| value increases, and thus the

promising inhibition are seen in the Bode plots. The
equivalent electrical circuit (ECC) in Figure 16 is used
to show the behavior of copper and brass respectively
in the presence of PVP—AMPS. The EIS parameters
for both copper and brass are given in Table 8.

\y
7}
A 1—» oz —1
= L 1 F3
2 )

03
Figure 16: An equivalent circuit model was used to
analyze the electrical behavior.
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Figure 17: VASP plots for (a) Copper and (b) Brass at different concentrations of PVP—AMPS.

In the circuit (Figure 16), the Ri element
indicates the solution resistance, the R, element
indicates the charge resistance (Rc) of both copper and
brass and the Rz element represents the resistance to
charge transfer as a result of the formation of inhibitor
film. The Q2 and Qs are constant phase elements that
represent the layer between the metal solution
interface before and after the formation of the thin-
film layer. The calculated EIS parameters are given in
Table 8. The corresponding IE based on the EIS
parameters are given in Table 9.

Table 9: Corrosion efficiencies for copper and brass
calculated from EIS.

Concentration of RC::opper RctBrass
PV(Pp—';‘}\nI\;IPS (Ohm/cm?) IE (Ohm/cm?) IE
x 10? x 102

Blank 1.70 0 1.57 0
200 2.72 375 2.65 40.8
300 4.46 61.9 458 65.7
400 4.99 65.9 4,98 68.5
500 5.42 68.6 5.33 70.5
600 5.75 70.4 5.80 72.9
700 6.31 73.1 6.25 74.9
800 6.92 75.4 6.86 77.1

Table 10: VASP Parameters of copper and brass at
different concentrations of PVP—AMPS.

Concentration of R (xfg))pper R (XKI?)rass

PVP-AMPS (ppm) ma % IE ma % IE
Blank 4.25 0 35 0
200 4.75 10.5 4.5 22.2
300 4.76 10.7 4.6 23.9
400 4.8 115 49 28.6
500 4.9 13.3 51 314
600 5.15 175 53 34
700 52 18.3 55 36.4
800 5.35 20.6 5.7 38.6

It is observed that, in the presence of the PVP-
AMPS inhibitor, the values of R¢ and the resultant
inhibition efficiency increase. The increase is
attributed to the formation of a protective film at the
interfaces between the metal (copper and brass) and
HCI [41]. The charge transfer resistance (Rz) and the
layer of resistance (R1) for the copper and brass at the
various concentrations of PVP-AMPS, increases as
compared to the blank solution and the increase is due
to the hindering of the oxygen diffusion onto the
surfaces of the copper and brass. The resistance in the
blank solution for copper and brass is 1.703x10?
Ohm/cm? and 1.57x10? Ohm/cm? respectively while
in the presence of PVP-AMPS, the charge transfer
resistance increases. At the concentration of 800 ppm,
the charge transfer resistance for copper and brass is
6.917x102Ohm/cm?> and  6.862x10%2 Ohm/cm?,
respectively. However, the capacitance decreases and
is attributed to the adsorption mechanism of PVP-
AMPS, and also the increase in the charge transfer
resistance results in a decrease in the metal oxidation
reaction [43], [51].

3.3.2  Variable Amplitude Micro-Sinusoidal Polarization
(VAMSP) Studies of PVP-AMPS

The polarization resistance (Rp) was determined using
VASP. The calculated resistance and the corresponding
IE values are listed in Table 10. Figure 17(a) and (b)
show the plots of R, vs sine amplitude for the
dissolution of copper and brass at different
concentrations of PVP-AMPS.

Depending on the dominance of the reaction,
polarization may take place either on the anodic or
cathodic side, and in the present case, the cathodic side
was more dominant, and hence both copper and brass
were cathodically polarized [52]. The VASP
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inhibition efficiency of copper and brass at different
concentrations of PVP-AMPS is calculated using
Equation (11).

R0
IE = 2278 « 100
Rp

(11)

where Ry, is the polarization resistance of the electrode
with the presence of PVP-AMPS inhibitor and RY, is
the polarization resistance of copper and brass in the
blank solution. The R, of the system increases with
increasing concentrations of the PVP-AMPS
inhibitor. The increase in Rp is also due to the film
formation of the inhibitor (PVP-AMPS) on the
surfaces of copper and brass as the concentration is
increased. Increasing the concentration of the PVP-
AMPS offers more active sites for the absorption
process to take place consequently protection is
increased by the formation of the protective film.

4  Discussion

The process parameters for corrosion inhibition for
current work were concentration, exposure time, and
temperature. The effect of each parameter was
studied; however, it was also important to understand
the phenomena (thermodynamic, kinetics, and
electrochemical) that exactly enhance the inhibition
performance of the PVP-AMPS composite. The
current studies first distinguished the microstructural
features of AMPS, PVP copolymer, and PVP-AMPS
composite. These characteristics were studied using
SEM, XRD, and FTIR techniques. A distinguished
difference in microstructure was observed. The AMPS
exhibited various interconnected uniformly sized
pores. It is suggested that these pores were the result
of significant mobility related to a flexible
microstructure and water-binding ability of AMPS
[53]. A similar observation was also reported by
Shaban et al. [54] On the other hand, the PVP
copolymer envisages a spherical-shaped microstructure;
a similar spherical-shaped microstructure was
reported in earlier findings [55], [56]. It is suggested
that the spherical agglomeration and spherical
crystallization envisage this specific microstructure
[57]. The PVP-AMPS composite microstructure
envisages a rod-like morphology due to the directional
growth of crystals envisaged by interfaces [58].

The gravimetric studies considering weight loss
tests envisage a decreasing corrosion rate (or
increasing corrosion inhibition) with a concentration

of PVP-AMPS. It is suggested that the higher
concentration leads to the higher solubility of PVP—
AMPS in the corrosive medium. Karthikaiselvi et al.,
studied similar studies for mild steel in HCL solution;
they reported that the PVP—AMPS inhibited corrosion
at all (100-2000 ppm) concentrations [34]. The
corrosion inhibition was related to electronegative
atoms like oxygen (O) and nitrogen (N) in the crystal;
the PVP-AMPS contained heterogeneous atoms (O
and N) having the ability to transfer the electron,
which further leads to the envisaged adsorption
phenomena [35]. The desorption process plays an
important role in IR% for copper and brass; a higher
exposure time in the corrosive media increases the
desorption, which leads to a decrease in IR%. This
process envisages an adsorbed atom/molecule to be
released in the corrosive medium (HCL). It is
suggested that the molecules gained the chemical
energy supplied by the corrosive medium to overcome
the activation barrier and the binding energy [59], [60].

Corrosion is proportional to the rate of diffusion,
which increases at higher temperatures vis-a-vis the
electrolytic resistance decreases [61], [62]. The
exothermic reactions are also favorable at higher
temperatures, which accelerates desorption of the PVP—
AMPS inhibitor, and hence the corrosion inhibition
decreases with temperature. It is also important to
understand that if the temperature is raised beyond a
critical limit the rate of corrosion decreases, however in
current studies this temperature range was not achieved
in present experimental conditions [63]. The current
studies further considered adsorption Isotherm process
parameters which exhibited the best correlation
coefficient (R?) for the Langmuir adsorption
mechanism for given experimental conditions.
However, it is suggested that with a change in process
parameters other adsorption mechanisms like Frumkin,
and Temkin-Parsons may be dominant [64], [65]. It was
felt that the hypothesis of the adsorption process needs
to be validated; hence other thermodynamics process
parameters considering entropy, activation energy, and
the enthalpy of adsorption were studied using Arrhenius
and transition state equation. The hypothesis of the
adsorption process was validated considering the
increasing activation energy. The resultant surface
coverages AGa Wwere calculated for different
temperatures and concentrations to study the inhibitive
mechanism, strength, and mode of adsorption. The
|AGags| Was less than 20 kJmol envisaging the process
was a physisorption rather than chemisorption.

On the other hand, the electrochemical and
surface analytical studies also confirm the adsorption
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process; a drop in the anodic current suggests the
phenomena. The adsorption of CuClags and ZnClags
envisages the formation of oxide films on the surfaces;
these films hinder the corrosion process. There was a
shift in anodic and cathodic branches in the presence
of the PVP-AMPS inhibitor indicating a mixed-type
inhibitor behavior of the PVP-AMPS composite. A
change in cathodic and anodic Tafel slopes (Bc and Ba)
with the concentration of PVP—AMPS inhibitor also
supports the adsorption phenomena. The similar
observation from Nyquist plots once again validated
the dependence of corrosion inhibition on
concentration. Variable amplitude micro-sinusoidal
polarization studies were done considering the
polarization resistance of the electrode with the
presence of PVP—AMPS inhibitor and the same in the
blank solution for comparison. The increasing
concentration envisages a similar effect on corrosion
inhibition as confirmed by other adopted
characterization techniques in the current studies.

5 Conclusions

The following are the major conclusions drawn from
the present work. The polymerization between PVP
and AMPS was achieved; the disappearance of the
peaks at 3000-3100 cm™ in FTIR spectra was due to
the stretching vibration of HC during the crosslinking
polymerization. The O-H peak was not observed in the
PVP-AMPS composite indicating the removal of
water molecules during the polymerization process.
The PVP copolymer exhibited the spherical-shaped
microstructure; when it polymerized with the AMPS
having several interconnected uniformly sized pores,
it produced a PVP-AMPS composite with rod-like
microstructure.

The effect of concentration, time, and temperature
on the corrosion inhibition efficiency of the PVP-—
AMPS composite was studied. The IE increases with
concentration and decreases with time and
temperature. The increase in IE with concentration
was attributed to the solubility of PVP-AMPS
composite in HCI; however, the decrease in IR with
time and temperature was due to the “desorption of
PVP-AMPS composite from the surface of copper and
brass” and exothermic reactions at higher temperature,
respectively.

The adsorption isotherm process envisages the
best correlation coefficient (R?) for the Langmuir
adsorption mechanism. The hypothesis of the
adsorption process was also validated considering the
increasing activation energy. The AG values were

negative indicating the spontaneity of the adsorption
process and the |AGyg| was less than 20 kJmol™
envisaging the process was a physisorption rather than
chemisorption.

The adsorption of CuClags and ZnClags was due to
the formation of oxide films, these films hinder the
corrosion process. There was a shift in anodic and
cathodic branches in the presence of the PVP-AMPS
inhibitor indicating a mixed-type inhibitor behaviour
of the composite. A change in cathodic and anodic
Tafel slopes (Bc and Pa) with the concentration of
PVP-AMPS inhibitors was observed.

Based on the current studies, the PVP-AMPS
composite (also an eco-friendly material) showed
excellent corrosion inhibition efficiency in an acidic
medium. Therefore, it can be used in copper and its
alloys which are susceptible to corrosion in heat
exchangers and coolers specifically during acid
cleaning, and impede and prohibit the materials loss
due to the corrosion process.
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