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Abstract

Weight-loss, thermometric, and electrical conductance techniques were employed for the
investigation of the influence of polyethylene glycol 400, 4000, and polyvinylpyrrolidone K15
as cost-effective, efficient, and eco-friendly inhibitors on the corrosion inhibition of copper in
H2SO4 solution. The corrosion rates of copper in H2SO4 solutions increase with an increase in
acid concentrations and temperatures in the absence of inhibitors. The addition of PEG 400,
PEG 4000, and PVP K15 to the corrosive solutions was found to have a considerable inhibitory
influence on the corrosion rates of copper at various temperatures. Consequently, the inhibition
efficiency of PEG 400, PEG 4000 and PVP K15 increases with an increase in their
concentrations. Remarkably, PVP K15 was a more efficient inhibitor than PEG 400, and PEG
4000, this effect might be attributed to the nature of the functional groups and the size of the
PVP K15 chains. An evaluation of the temperature effect was studied to show that rising
temperatures lead to an increased corrosion rate and lower inhibition efficiencies. However,
PEG 400, PEG 4000, and PVP K15 inhibited copper corrosion by virtue of adsorption, which
was found to accord with the Langmuir and Temkin adsorption isotherm models. Moreover, the
thermodynamic aspects (AH?, AS® and E.) of the adsorption process were calculated and
discussed.

Received: November 15, 2022. Published: March 7, 2023 doi: 10.17675/2305-6894-2023-12-1-13

Keywords: corrosion inhibitor, copper, polyethylene glycol, polyvinylpyrrolidone, Temkin
and Langmuir adsorption isotherms.

1. Introduction

Copper and its alloys have a broad range of applications owing to their good properties such
as conductivity, workability, and resistance, which make them a suitable choice for the
manufacture of wires, thick/thin sheets, and electrical/electronic instruments. In addition,
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they play a vital role in the car industry, oil refineries, sugar factories, and the marine
environment [1]. As a result, copper alloys must be cleaned on a regular basis to descale
these systems, and they will be exposed to an acidic corrosive environment during the
cleaning process [2—4]. Many researchers have used a wide range of organic corrosion
inhibitors that contain w-system and/or O, N, P, or S heteroatoms to reduce damage in
corrosive environments [5, 6]. For example, Munoz et al. investigated the effect of three
various inorganic inhibitors (chromate CrO; , molybdate MoO3 , and tetraborate B,03")
on the inhibition of the corrosion rate of copper in LiBr solution [7]. Gerengi and his group
reported that benzotriazole has a significant role in the inhibition of copper corrosion in
artificial seawater [8]. Similarly, Lee and colleagues demonstrated imidazole’s inhibition
influence as a powerful inhibitor of copper corrosion in a 1.0 mol-dm= HNOs solution [9].
Matjaz Finsgar used 2-mercaptobenzimidazole as an efficient copper corrosion inhibitor in
a 3.0 wt.% aqueous NaCl solution, employing 3D-profilometry, electrochemical impedance
spectroscopy, and potentiodynamic curve measurements to detect its efficiency [10].

On the other hand, recently, plant extracts have attracted more attention as powerful
green corrosion inhibitors for several metals. In this field, Y.M. Abdallah et al. have utilized
Euphorbia helioscopia Linn extract as a green inhibitor of copper corrosion in a
1.0 mol-dm= HNQOg solution [11]. H.T. Rahal and his group studied the corrosion inhibition
effects of plant leaf extracts, such as Crataegus oxyacantha (Hawthorn) and Prunus avium
(Sweet Cherry), on the corrosion of mild steel in a 0.5 M HCI solution [12]. R.S. Al-
Moghrabi et al. used willow (Salix) plant leaf extract to reduce the corrosion of mild steel in
0.5 M HCl and 0.5 M HNOj solutions [13]. A.M. Abdel-Gaber and colleagues investigated
the inhibition effect of Eucalyptus plant leaf extract on mild steel corrosion in acidic
mediums [14]. H.T. Rahal et al. found that Fragaria ananassa (Strawberry) and Cucurbita
pepo L. (Zucchini) leaf extracts behave as efficient corrosion inhibitors of mild steel in HCI
solutions [15]. K.M. Hijazi et al. investigated the inhibitive effect of sumac, Rhus Coriaria
(RC) on corrosion of mild steel in 0.5 M of hydrochloric acid and sulfuric acid solutions
using various techniques, like Atomic Force Spectroscopy (AFM), Electrochemical
Impedance Spectroscopy (EIS), and Fourier Transform Infrared Spectroscopy (FTIR) [16].

Polyethylene glycols and polyvinylpyrrolidone are playing a significant role as green
catalysts in multicomponent, oxidation-reduction and synthetic organic reactions due to their
bio-compatibility, non-toxicity, low cost, recyclability, biodegradability and high thermal
stability [17—23]. In addition, polyethylene glycol and polyvinylpyrrolidone were efficiently
employed as green corrosion inhibitors. For instance, Ashassi-Sorkhabi and his colleague
demonstrated the inhibition effect of various polyethylene glycols on carbon steel corrosion
in sulfuric acid, where the efficiency of inhibition increases with increasing concentrations
and molecular weights of polyethylene glycols [24]. Praveen et al. used polyethylene glycols
as corrosion inhibitors for lead and lead-free solders in a 1.0 N HCI solution and found that
the inhibition efficiency increased as the polyethylene glycol concentration increased [25].
While Nasr-Esfahani etal. used a mixture of polyethylene glycol and imidazole
(PEG/IMZ)) to inhibit carbon steel in a 0.5 M H,SO, solution, the efficiency of inhibition
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increased with increasing temperature [26]. Al Juhaiman et al. used polyvinyl pyrrolidone
as an efficient corrosion inhibitor for carbon steel in NaCl solutions [27]. Layla A.
Al Juhaiman used polyvinylpyrrolidone carbon steel in an HCI solution to report that the
inhibition efficiency of PVP increased significantly as PVP and temperature increased [28].

Therefore, the major target of the current work is to explore the inhibiting influence of
some water-soluble polymers as low-cost, nontoxic, and eco-friendly corrosion inhibitors,
namely polyethylene glycols (PEG 400 and 4000) and polyvinylpyrrolidone K15 (PVP K15),
on the corrosion of copper in various concentrations of H,SO, solutions by the use of
gravimetric, thermodynamic, and electrical conductance techniques at 25—-55°C. To the best
of our knowledge, no studies have reported the use of electrical conductance as a simple,
available, and efficient method to investigate the corrosion inhibition of copper.

2. Experimental

The copper samples (1.20 cmx1.20 cm) have been mechanically cut from commercially
pure copper (Cu 99.5%) at 1.00 mm thick. They were polished with emery paper down to
grade 600, then degreased with acetone and rubbed with a cotton rag. The samples have been
dried in an oven to be stored in moisture-free desiccators before use in the corrosion studies.
Stock solutions of 2.0, 1.5, 1.0, and 0.50 mol-dm~3 of sulfuric acid (95-97%; Sigma-Aldrich,
USA) were prepared using the appropriate amounts of H,SO, dissolved in doubly distilled
water. In the same manner, solutions of 0.001 mol-dm= of each polyethylene glycol 400
(PEG 400) (Schariau, Spain) and 0.001 mol-dm= polyethylene glycol 4000 (PEG 4000)
(Schariau, Spain) and polyvinylpyrrolidone (PVP K15) (with an approximate molecular
weight of 10,000 g-mol?; Appli Chem, Germany) were made at the moment of their use.
The study was carried out at 25-55°C with the help of a thermostated water bath.

2.1. Gravimetric measurements

In gravimetric measurements, four copper samples were completely immersed in 2.0, 1.5,
1.0, and 0.5 mol-dm~3 of H,SO, solutions without inhibitors at 25, 35, 45, and 55°C. In each
case, after 15.0 hours, the samples were taken out and washed in ethanol and water. However,
the weight loss was accurately evaluated in mg for each copper sample at a specific
temperature by calculating the difference between the initial weight and the weight after the
removal of the corrosion product using a digital analytical balance with a precision of
0.0001 g, as shown in table 1S—4S. Each measurement was repeated three times under the
same conditions to guarantee the reliability of the results, and an average value was reported.
Weight loss was employed to estimate the corrosion rate using the following formula [29]:

534W
— 1)
pAt

where W is the weight loss (g), p is the density of the copper (g/cm?3), A is the area of the
copper sample (cm?), and t is the exposure time (h). To explore the effect of PEG 400,

Corrosionrate =
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PEG 4000, and PVP K15 as green corrosion inhibitors, the previous procedure was applied
using (7.70x10°°, 1.53x10%, 2.30x104, and 3.07x10* mol-dm3) of PEG 400, PEG 4000,
and PVP K15 in a 2.0 mol-dm= H,SO;, solution, as shown in table 6S—16S. The inhibition
efficiency of the inhibitors in a 2.0 mol-dm= H,SO, solution was evaluated using the
following expression [29, 30] as illustrated in figures 1S—3S:

o) —|1_ Ve %x100%
|(m)_{1 w} 100% )

where, W; and W; are the weight losses of the copper samples in the absence and presence
of the corrosion inhibitors, respectively, in a 2.0 mol-dm= H,SO, solution at the specific
temperature. The degree of surface coverage (0) was also calculated from equation (3):
W
0=1-— 3
o 3)

3. Results and Discussion

3.1. Effect of H,SO, concentration and temperature on the corrosion rate

The corrosion rate of copper in various concentrations of H,SO, solution at 25—-55°C in the
absence of inhibitors was tested. Figure 1 exhibits the relationship between the corrosion
rate versus concentrations of H,SO, solutions at all temperatures. The corrosion rate of
copper, on the other hand, increases as the concentration of H,SO, solution increases.
Figure 1 also shows that the corrosion rate of copper increases with increasing temperature.
Noteworthy, the maximum corrosion rate for copper was achieved in a 2.0 mol-dm=3 of
H,SO, solution at 55°C. This observation might be attributed to the fact that the rates of
chemical reactions often increase with an increase in the concentration of reactants,
temperature, and time.
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Figure 1. The corrosion rate of copper against various [H2SO4] at different temperatures.
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3.2. Effect of inhibitors concentration and temperature on the inhibition efficiency

Figures 2—4 illustrate the plots of copper corrosion rates against different concentrations of
PEG 400, PEG 4000, and PVP K15 solutions in a 2.0 mol-dm= H,SO, solution at 25-55°C.
Generally, PEG 400, PEG 4000, and PVP K15 inhibit the corrosion of copper to acceptable
levels. These figures reveal that rate of copper corrosion in a 2.0 mol-dm= H,SO, solution
in the presence of inhibitors were reduced with an increase in the concentrations of PEG 400,
PEG 4000, and PVP K15 solutions at all the temperatures studied. On comparing the
inhibition of corrosion rates, it is seen that the corrosion rates of copper in a 2.0 mol-dm=
H,SO, solution have been retarded in the following order: PVP K15 > PEG 4000 > PEG 400
at various temperatures.
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Figure 2. The corrosion rate of copper against various [PEG 400] in a 2.0 mol-dm= HzSO4
solution at different temperatures.
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Figure 3. The corrosion rate of copper against various [PEG 4000] in a 2.0 mol dm™3
H>SO4 solution at different temperatures.
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Figure 4. The corrosion rate of copper against various [PVP K15] in a 2.0 mol-dm= H,SO4
solution at different temperatures.

Tables 1-3 show the inhibition efficiencies of the inhibitors versus their concentrations
at 25-55°C. However, these tables disclose that the inhibition efficiency of PVP K15 is
higher than that of PEG 400 and PEG 4000 at all temperatures. While the inhibition
efficiency of PEG 4000 is somewhat better than that of PEG 400, on the other hand, in all
cases, the inhibition efficiencies decrease with an increase in temperature. For example, the
inhibition efficiency of 3.07-10 mol-dm= of PVP K15 exceeded 89% at 25°C, but this
value decreased to reach 31% at 55°C. Thus, the superior inhibition efficiency of PVP K15
can be attributed to the presence of the n-system as well as O and N as heteroatoms inside
very long PVP K15 chains, which play an important role in the interaction of « electrons and
uncharged electron pairs in the chains with the copper surface via the adsorption process,
resulting in an increase in the degree of surface coverage (0) [25—-30, 31]. Inturn, the inverse
relationship between inhibition efficiency and increasing temperatures indicate the
mechanism of adsorption is physical adsorption.

Table 1. Change of the inhibition efficiency of PEG 400 at different concentrations for copper corrosion in
a 2.0 mol-dm~ H,SO4 solution for a 15.0-hour immersion period at different temperatures (25—55°C).

Concentration of Inhibition Inhibition Inhibition Inhibition
PEG 400 efficiency (%ol) efficiency (%ol) efficiency (%ol) efficiency (%ol )
at 25°C at 35°C at 45°C at 55°C
0.000077 M 7.26 3.52 3.29 2.21
0.000153 M 21.59 12.68 9.39 6.70
0.00023 M 32.31 21.13 13.50 11.26

0.000307 M 41.10 28.88 17.06 14.21
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Table 2. Change of the inhibition efficiency of PEG 4000 at different concentrations for copper corrosion
in a 2.0 mol-dm~3 H,SO4 solution for a 15.0-hour immersion period at different temperatures (25—55°C).

Concentration of Inhibition Inhibition Inhibition Inhibition
PEG 4000 efficiency (%ol ) efficiency (%ol ) efficiency (%ol ) efficiency (%ol)
at 25°C at 35°C at 45°C at 55°C
0.000077 M 32.30 11.97 11.26 7.08
0.000153 M 53.57 23.94 17.84 11.00
0.00023 M 70.09 34.08 21.18 15.55
0.000307 M 80.87 41.09 25.1 17.19

Table 3. Change of the inhibition efficiency of PVP K15 at different concentrations for copper corrosion in
a 2.0 mol-dm~ H,S0x4 solution for a 15.0-hour immersion period at different temperatures (25—55°C).

Concentration of Inhibition Inhibition Inhibition Inhibition
PVP K15 efficiency (%ol) efficiency (%ol) efficiency (%ol) efficiency (%ol)
at 25°C at 35°C at 45°C at 55°C
0.000077 M 39.67 23.9 22.54 13.67
0.000153 M 59.83 41.17 31.99 22.04
0.00023 M 74.48 54.37 41.85 26.27
0.000307 M 89.78 67.54 48.36 31.37

3.3. Thermodynamic adsorption parameters

The performance of a chemical compound as an effective corrosion inhibitor depends on its
capability to be adsorbed on the surface metal at various temperatures, which leads to the
replacement of corrosive molecules at a corrodible interface. Therefore, the adsorption
process of these organic or inorganic molecules on the metal surface is influenced by their
electronic structures, in addition to the steric factors, aromaticity, and electronic density at
the donor atoms [28—-32]. In general, thermodynamic adsorption in the corrosion inhibition
process is divided into physical and chemical adsorption. Physical adsorption is the
electrostatic interaction between the ionic charges or dipoles of the inhibitor molecules and
the electric charge at the surface of a metal. As a result, because the heat of physical
adsorption is nearly zero, it will be stable at low temperatures. On the other hand, chemical
adsorption takes place by charge sharing or transfer from the molecules of inhibitors to the
metal surface to construct new chemical bonds. These formed bonds are stronger and more
stable at higher temperatures compared with physical adsorption [33, 34].

The data obtained from the current work showed that the inhibition efficiencies of
PEG 400, PEG 4000, and PVP K15 were enhanced with an increase in the concentration of
the inhibitors, while they were reduced with an increase in temperature. The inhibition of
copper corrosion by PEG 400, PEG 4000, and PVP K15 can be attributed to the physical
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adsorption of inhibitor molecules on the surface of copper, whereas the decrease in inhibition
efficiency with an increase in temperature is a result of the desorption process of the inhibitor
molecules from the copper surface at higher temperatures [35, 36]. Because of the presence
of m-systems in addition to oxygen and nitrogen atoms with lone pairs of electrons, which
promote easy electron exchange with copper atoms (which have vacant d orbitals) on the
copper surface, these complexes will cover a large surface area as an adhesive layer to protect
the copper from the corrosive agents present in the solution [37, 38]. Undoubtedly, the
molecular weight of the polymer as a corrosion inhibitor plays an important role in the
interactions between inhibitor molecules and the metal surface; this is evident by the high
inhibition efficiency of PEG 4000 in comparison with PEG 400.

Figures 5—7 depict the Temkin adsorption isotherm relationship between the number
of PEG 400, PEG 4000, and PVP K15 molecules adsorbed on a unit area of the copper
surface as a function of the logarithm of the inhibitor concentration in corrosive solutions at
different temperatures. The values of surface coverage (0) for various concentrations of the
inhibitors were studied at 25-55°C by Temkin equation (4) to interpret the best isotherm
model to determine the suitable adsorption process during the corrosion inhibition
mechanism. Where a is the molecular interaction parameter in the adsorption layer and the
heterogeneity of the metal surface, 0 is the degree of surface coverage, K is the equilibrium
constant of the adsorption process, and C is the concentration of the inhibitors. Accordingly,
the linear relationship between 6 and the logarithm of the concentrations of PEG 400,
PEG 4000, and PVP K15 indicates that they obey the Temkin adsorption isotherm at the
temperatures studied [29, 30].

exp(—2a0) = KC 4)
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Figure 5. Temkin adsorption isotherm plot for the inhibitor PEG 400 at different temperatures
(Surface coverage (8) versus Log inhibitor concentration).
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Figure 6. Temkin adsorption isotherm plot for the inhibitor PEG 4000 at different temperatures
(Surface coverage (0) versus Log inhibitor concentration).
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Figure 7. Temkin adsorption isotherm plot for the inhibitor PVP K15 at different temperatures
(Surface coverage (0) versus Log inhibitor concentration).

Table 4 exhibits the values of that calculated by the Temkin equation, which is smaller
than zero at all temperatures, referring to the repulsion that exists in the adsorption layer [39].
Here, the linear correlation coefficients are perfect in all experiments. K value denotes the
strength of the interaction between inhibitor molecules and the metal surface in the same
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context. Hence, larger values of K point to efficient adsorption and hence better inhibition
efficiency. Furthermore, the values of K presented in Table 4 illustrate that the adsorption
coefficients decline as the temperature rises. Nonetheless, K values for PVP K15 are higher
than PEG 400 and PEG 4000 to reflect the significant ability of PVP K15 molecules to
adsorb on the copper surface due to the presence of characteristic heteroatoms and w-bonds
inside long polymer chains.

Table 4. Parameters of the linear regression from Temkin isotherm plot.

- Temperature 1 Linear correlation
Inhibitor (°C) A K (M) coefficient
25 —0.68 226.98 0.993
35 -0.71 52.36 0.985
PEG 400
45 -0.67 9.12 0.995
55 -0.70 6.90 0.982
25 —0.50 4365.16 0.995
35 -0.58 125.89 0.991
PEG 4000
45 —0.44 10.72 0.994
55 -0.50 6.03 0.984
25 —0.45 5248.07 0.983
35 -0.52 1380.38 0.983
PVP K15
45 -0.43 91.20 0.991
55 —0.45 20.42 0.992

In turn, the plot of log[6/(1-6)] versus logC was investigated for its appropriateness to
the Langmuir adsorption isotherm model, which is elucidated by equation (5): where 6 is the
surface coverage degree, K represents the equilibrium constant for the adsorption process,
and C is the inhibitor concentration. Anyway, linear plots were achieved, as shown in Figures
8-—10, which indicates that the experimental data obey the Langmuir adsorption isotherm at
all temperatures. The application of Flory—Huggins’ isotherm model to the adsorption of
inhibitors on the surface of copper, on the other hand, is illustrated by equation (6) [40-42].
Unfortunately, these green inhibitors disobeyed the Flory—Huggins adsorption isotherm, as
seen in Figure 11.

=KC (5)

}exp(l —X) (7)
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Figure 8. Langmuir adsorption isotherm plot for the inhibitor PEG 400 at different
temperatures (Log Surface coverage (8)/(1—0) versus Log inhibitor concentration).
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Figure 9. Langmuir adsorption isotherm plot for the inhibitor PEG 4000 at different
temperatures (Log Surface coverage (8)/(1—6) versus Log inhibitor concentration).
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Figure 10. Langmuir adsorption isotherm plot for the inhibitor PVP K15 at different
temperatures (Log Surface coverage (8)/(1—6) versus Log inhibitor concentration).
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Figure 11. Flory—Huggins adsorption isotherm plot for the inhibitors PEG 400, PEG 4000,
and PVP K15 with a copper surface in a 2.0 mol-dm~3 H,SO4 solution at 25°C.

3.4. Thermodynamic studies

The influence of temperature on copper corrosion in a 2.0 mol-dm= H,SO, solution in the
absence and presence of PEG 400, PEG 4000, and PVP K15 was explored from 25 to 55°C.
The thermodynamic results obtained in the current work displayed that an increase in
temperature leads to an increase in the corrosion rate as well as a decrease in inhibition
efficiency at all concentrations of inhibitors. In this regard, the activation energy (E.) of
copper corrosion in a 2.0 mol-dm= H,SO, solution in the absence and presence of PEG 400,
PEG 4000, and PVP K15 was evaluated by the Arrhenius equation (7):
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Ea
2.303RT "’

where CR is the rate of corrosion, A is the Arrhenius constant, R is the molar gas constant,
and T is the absolute temperature.

logCR=Ilog A— (7)

Table 5. Activation parameters for copper corrosion in the presence of PEG 400, PEG 4000, and PVP K15
in a 2.0 mol-dm= H,S04 solution.

C;Q(’;‘éﬁf&;’(} ) Ea (kJ/mol) AH* (kJ/mol) AS* (3/mol-K)
Blank 35,25 14.66
PEG 400
0.000077 37.18 15.32 _183.91
0.000153 41.20 16.73 _179.74
0.00023 43.67 17.65 _177.08
0.000307 471 19.05 172,93
PEG 4000
0.000077 44.22 17.79 17650
0.000153 52.78 21.85 _164.11
0.00023 65.22 27.84 _154.82
0.000307 75.71 32.41 _131.86
PVP K15
0.000077 455 18.45 _174.84
0.000153 53.91 22.33 _163.20
0.00023 66.61 27.61 _147.24
0.000307 87.40 37.41 11739

Plotting logCR versus 1/T yields straight lines, as shown in Figures 12—14. The values
of E, were estimated from the slope of straight lines, as illustrated in Table 5. The E;, values
were discovered to increase in the following order as inhibitor concentrations increased:
PVP K15>PEG 4000>PEG 400 at different temperatures compared to the blank, and
consequently, the rates of copper corrosion were retarded. The enthalpy and entropy of
activation of copper dissolution in a 2.0 mol-dm= H,SO, solution were also calculated via
the following transition state equation (8):

RT AS* —AH*
CR =——exp| — |ex , 8
Nh p( RT} p( RT j ®)




Int. J. Corros. Scale Inhib., 2023, 12, no. 1, 215-243 228

where his Planck’s constant and N is Avogadro’s number. The plots of In(CR/T) against 1/T
are displayed in Figures 12—14, which show a straight line with slope and intercept, are
~AH*R and In(R/Nh) + (AS*#/R), respectively. The values of entropy (AS*) and enthalpy
(AH*) as elucidated in Table 5 indicate that the activation complex in the rate-determining
step during the corrosion process represents association rather than dissociation, resulting in
a reduction in randomness on the way from the reactants to the activated complex.

While, the free energy of adsorption, AG., values obtained using the following

ads
equation (9):

~AG?
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Figure 12. Transition state plot as log (CR/T) versus 1/T for copper in a 2.0 mol-dm= H,SO4
solution containing different concentrations of PEG 400.
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Figure 13. Transition state plot as log(CR/T) versus 1/T for copper in a 2.0 mol-dm= H,SO4
solution containing different concentrations of PEG 4000.
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solution containing different concentrations of PVP K15.

The value of 55.5 is the concentration of water in the solution expressed in mol, while
K is the equilibrium constant of the adsorption process. The free energies of adsorption AG?

ads

have been calculated from equation (8) for the inhibitors PEG 400, PEG 4000, and PVP K15.
Table 6 shows AG., values for all inhibitors at (25-55°C) to reveal that AG., values for

ads ads

PEG 400 ranged from —7.05 kJ/mol to —10.16 kJ/mol with an average value of —8.31 kJ/mol.
The AG., values for PEG 4000 are 6.89 kJ/mol to —13.12 kJ/mol with an average of

ads

—9.30 kd/mol. In turn, the AG?. values for PVP K15 range from —8.36 kJ/mol to

ads
~13.31 kJ/mol, with an average of —11.00 kJ/mol. As a result, the values of AG), indicate
that the inhibitor molecules spontaneously adsorb to the copper surface. Remarkably, the
average AG,, value for PVP K15 is relatively more negative than that for PEG 400 and
PEG 4000, which indicates the high adsorption efficiency of PVP K15 with copper atoms at
various concentrations and temperatures. AG_,. values less than —40 kJ/mol, on the other
hand, are consistent with the nature of the electrostatic interaction between the inhibitor
molecules and the copper surface via weak physical adsorption [43—46]. On the other hand,
by employing equation (10) to plot AG., against T as shown in Figures 1517, the entropy
of adsorption (AS?, ) and enthalpy of adsorption (AH_., ) was estimated by the slope and the
intercept, respectively. The obtained values of the line parameters are listed in Table 6. In
this regard, the negative values of AH_, refer to the adsorption of inhibitor molecules on
copper surfaces, which follows exothermic physical adsorption. Furthermore, the negative
ASJ, values in a 2.0 mol-dm H,SO, solution indicate a decrease in randomness moving

from reactants to adsorbed species.

AGaods =AH a?ds -T ASa?ds (10)
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Table 6. Thermodynamic parameters for the adsorption of the inhibitors during copper corrosion at different
temperatures.

0 0 0 . .
Inhibitor Templerature K (M) AH AS AG, Linear ]cc:fc_)r_relatlon
(°C) (kd/mol)  (I/mol-K)  (kJ/mol) coefficient
25 226.98 —48.84 -130.04 -10.16 0.993
35 52.36 -8.87 0.985
PEG 400
45 9.12 —6.69 0.995
55 6.90 —6.40 0.982
25 4365.16 —89.56 -258.1 -13.33 0.995
35 125.89 -9.52 0.991
PEG 4000
45 10.72 —6.87 0.994
55 6.00 —6.25 0.984
25 5248.07 —77.76 —208.2 -13.54 0.983
35 1380.38 -12.09 0.983
PVP K15
45 91.20 -9.18 0.991
55 20.42 —17.57 0.992
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Figure 15. Plot of AG.,. versus T for the adsorption of PEG 400 in a 2.0 mol-dm 3 H,SOx
solution.
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Figure 16. Plot of AGfdS versus T for the adsorption of PEG 4000 in a 2.0 mol-dm3 H,SO4
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Figure 17. Plot of AG_,. versus T for the adsorption of PVP K15 in a 2.0 mol-dm 3 HzSO4
solution.

3.5. Electrical conductance measurements and mechanism of the copper corrosion

Copper corrosion rates in aerated H,SO, solutions depend considerably on the length of time
of contact between the copper surface and the corrosive environment [47]. When copper is
immersed in a 2.0 mol-dm= H,SO, solution in the presence of atmospheric oxygen as a
powerful oxidising agent in the corrosive medium, copper will start to corrode, giving off
Cu?* ions, and then the accumulated Cu?* ions in the solution will react with metallic copper
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to release Cu* ions, which will be reoxidised by oxygen to provide further Cu?* ions
according to the following chemical reactions [48, 49]:

2Cu+0,+ 2H,50, — 2CuS0, + 2H,0

Cu+2

+
et Cu(s) —2Cu

(ag)

Figure 17 shows the change in the electrical conductance by time in a 2.0 mol-dm™3
H,SO, solution in the presence and absence of 3.05x 104 mol-dm= of PEG 400, PEG 4000,
and PVP K15 at 25°C. The electrical conductance increases with time as the corrosion
process progresses, increasing the concentration of Cu*? ions in an acidic solution. Generally,
the electrical conductance of solutions depends on the ionic charge, concentration, and
mobility of the solute [50]. On the other hand, in the presence of inhibitors, the electrical
conductance was reduced in the initial stage of electrical measurement compared to the blank
solution, and then the electrical conductance became almost constant in the remaining time
under the hindrance of generating further Cu*? ions in the corrosive solution, which confirms
a significant inhibition property of PEG 400, PEG 4000, and PVP K15 in the corrosion
process.
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Figure 18. The changes in electrical conductance by time for copper specie immersed in a
2.0 mol-dm~ H,S04 solution in the presence and absence of 3.05x10~* mol-dm= of PEG 400,
PEG 4000, and PVP K15 at 25°C.

Conclusion

Polyethylene glycol 400, 4000, and polyvinylpyrrolidone K15 were investigated for their
potential use as green inhibitors for copper corrosion in various concentrations of sulfuric
acid solutions by using gravimetric, thermometric, and electrical conductance techniques. It
was found that their inhibition efficiencies increased with an increase in the concentration
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of the inhibitors. In all cases, the inhibition efficiency of PVP K15 was higher than that of
PEG 400 and PEG 4000. Accordingly, the protective effect of these inhibitors might be
attributed to the nature of functional groups, lengths of polymer chains, and their adsorption
ability on the copper surface. On the other hand, PEG 400, PEG 4000, and PVP K15 were
found to obey the Temkin and Langmuir adsorption isotherms at all temperatures studied.
The thermodynamic adsorption free energy (AG.,. ) value and sign indicate that the process
was spontaneous and exothermic.
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Supplementary Materials

Table 1S. Copper samples immersed in different concentrations of H.SO4 solution at 25°C for 15.0 hours.

Weight after

Weigr_\t of immersed in Aw  Corrosion rate  Concentration Dimension
copper piece (g) H2S04 (g) (mg) g/cm?-h of H2SO4 (cm)
5.7578 5.7510 6.8 0.00978 2.0 mol-dm3 2.3x1.2x0.1
5.7037 5.6987 5.0 0.00720 1.5 mol-dm=3 2.3x1.2x0.1
5.7024 5.6983 4.1 0.00590 1.0 mol-dm™3 2.3x1.2x0.1
5.6916 5.6881 35 0.00502 0.5 mol-dm™3 2.3%1.2x0.1

Table 2S. Copper samples immersed in different concentrations of H.SO4 solution at 35°C for 15.0 hours.

Weight of Welght aftgr Aw  Corrosion rate Concentration Dimension
. immersed in ) of H2SO4
copper piece (g) H2S04 () (mg) g/cm4-h solution (cm)
5.6765 5.6666 9.9 0.0142 2.0 mol-dm™3 2.3x1.2x0.1
5.6689 5.6689 7.9 0.0108 1.5 mol-dm™ 2.3x1.2x0.1
5.6659 5.6594 6.5 0.00936 1.0 mol-dm=3 2.3x1.2x0.1
5.6639 5.6588 51 0.00733 0.5 mol-dm™3 2.3x1.2x0.1

Table 3S. Copper samples immersed in different concentrations of H.SO4 solution at 45°C for 15.0 hours.

Weight after Concentration

Weight of . ; Aw Corrosion rate Dimension
: immersed in 9 of H2SO4
copper piece (g) H2SOs (g) (mg) g/cm4-h solution (cm)
5.6819 5.6671 14.8 0.0213 2.0 mol-dm™3 2.3x1.2x0.1
5.6737 5.6632 10.5 0.0151 1.5 mol-dm™3 2.3x1.2x0.1
5.6682 5.6598 8.4 0.0121 1.0 mol-dm™3 2.3x1.2x0.1
5.5955 5.5948 7.0 0.01 0.5 mol-dm3 2.3x1.2x0.1

Table 4S. Copper samples immersed in different concentrations of H>SO4 solution at 55°C for 15.0 hours.

Weight after Concentration

Weigr_lt of immersed in Aw (mg) Corrosiozn rate of H2SO4 Dimension
copper piece (g) H2S04 () g/cm4-h solution (cm)
5.8835 5.8576 25.9 0.0373 2.0 mol-dm™3 2.3x1.2x0.1
5.8220 5.7995 225 0.0323 1.5 mol-dm™3 2.3x1.2x0.1
5.8068 5.7877 19.1 0.0275 1.0 mol-dm™3 2.3x1.2x0.1
57714 5.7698 16.0 0.023 0.5 mol-dm™3 2.3x1.2x0.1
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Table 5S. Copper samples immersed in 2.0 mol-dm= of H2SO4 solution for 15 hours in the presence of

PEG 400 at 25°C.
Ig:é)gc.drg(f) AW (g) Corrosiozn rate Concentratio_n of Dimension (cm)
g/cm?-h H2SO4 solution
0.000077 M 6.3 0.00907 2.0 mol-dm™3 2.3x1.2x0.1
0.000153 M 5.3 0.00767 2.0 mol-dm 2.3x1.2x0.1
0.00023 M 4.6 0.00662 2.0 mol-dm™3 2.3x1.2x0.1
0.000307 M 4.0 0.00576 2.0 mol-dm™3 2.3x1.2x0.1
Table 6S. Copper samples immersed in in 2.0 mol-dm~ of H,SO4 solution for 15 hours in the presence of
PEG 4000 at 25°C.
PC[:ECES(ZOOJO AW (g) Corrosiozn rate Concentratio_n of Dimension (cm)
g/cm?-h H2SO4 solution
0.000077 M 4.6 0.00662 2.0 mol-dm3 2.3x1.2x0.1
0.000153 M 3.2 0.00454 2.0 mol-dm™3 2.3x1.2x0.1
0.00023 M 1.9 0.00273 2.0 mol-dm™3 2.3x1.2x0.1
0.000307 M 1.3 0.00187 2.0 mol-dm™3 2.3x1.2x0.1

Table 7S. Copper samples immersed in in 2.0 mol-dm~ of H,SO4 solution for 15 hours in the presence of

PVP k15 at 25°C.

g\(;r;cl.((l); AW (g) Corrosi02n rate Concentratio_n of Dimension (cm)
g/cm4-h H2SO4 solution

0.000077 M 4.1 0.00590 2.0 mol-dm™3 2.3x1.2x0.1

0.000153 M 2.7 0.00392 2.0 mol-dm™3 2.3x1.2x0.1

0.00023 M 1.6 0.00230 2.0 mol-dm™3 2.3x1.2x0.1

0.000307 M 0.7 0.001 2.0 mol-dm™3 2.3x1.2x0.1

Table 8S. Copper samples immersed in in 2.0 mol-dm= of H2SO4 solution for 15 hours in the presence of

PEG 400 at 35°C.
Fc)ié)gc;lgg AW (g) Corrosiozn rate Concentratio_n of Dimension (cm)
g/cm4-h H2SO4 solution
0.000077 M 9.6 0.0137 2.0 mol-dm3 2.3x1.2x0.1
0.000153 M 8.6 0.0124 2.0 mol-dm™3 2.3%1.2%0.1
0.00023 M 7.8 0.0112 2.0 mol-dm™3 2.3x1.2x0.1
0.000307 M 7.0 0.0101 2.0 mol-dm™3 2.3%1.2%0.1
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Table 9S. Copper samples immersed in in 2.0 mol-dm~ of H,SO4 solution for 15 hours in the presence of
PEG 4000 at 35°C.

PCI:EOC?ZO(SCO AW (g) Corrosiozn rate Concentratio_n of Dimension (cm)
g/cm?-h H2SO4 solution

0.000077 M 8.7 0.0125 2.0 mol-dm™3 2.3x1.2x0.1

0.000153 M 75 0.0108 2.0 mol-dm 2.3x1.2x0.1

0.00023 M 6.5 0.00936 2.0 mol-dm™3 2.3x1.2x0.1

0.000307 M 5.1 0.00734 2.0 mol-dm™3 2.3x1.2x0.1

Table 10S. Copper samples immersed in in 2.0 mol-dm~2 of H2SO4 solution for 15 hours in the presence of

PVP k15 at 35°C.

F?\(;BCI.(?; AW (g) Corrosiozn rate Concentratio_n of Dimension (cm)
g/cm?4-h H2SO4 solution

0.000077 M 7.5 0.0108 2.0 mol-dm™3 2.3x1.2x0.1

0.000153 M 5.8 0.00835 2.0 mol-dm™3 2.3x1.2x0.1

0.00023 M 4.5 0.00648 2.0 mol-dm™3 2.3x1.2x0.1

0.000307 M 3.2 0.00461 2.0 mol-dm™3 2.3x1.2x0.1

Table 11S. Copper samples immersed in in 2.0 mol-dm= of H,SOx solution for 15 hours in the presence of

PEG 400 at 45°C.
Eé)gc;lgg AW (g) Corrosiozn rate Concentratio_n of Dimension (cm)
g/cm#-h H2SO4 solution
0.000077 M 14.3 0.0206 2.0 mol-dm=3 2.3x1.2x0.1
0.000153 M 13.4 0.0193 2.0 mol-dm™2 2.3x1.2x0.1
0.00023 M 12.8 0.0184 2.0 mol-dm=3 2.3x1.2x0.1
0.000307 M 12.2 0.0176 2.0 mol-dm™2 2.3x1.2x0.1

Table 12S. Copper samples immersed in in 2.0 mol-dm= of H,SOs solution for 15 hours in the presence of

PEG 4000 at 45°C.
P%giocgo AW (g) Corrosiozn rate Concentratio_n of Dimension (cm)
g/cm4-h H2S04 solution
0.000077 M 13.1 0.0189 2.0 mol-dm™3 2.3x1.2x0.1
0.000153 M 12.2 0.0175 2.0 mol-dm3 2.3x1.2x0.1
0.00023 M 11.8 0.0170 2.0 mol-dm™3 2.3x1.2x0.1
0.000307 11.0 0.0159 2.0 mol-dm™3 2.3x1.2x0.1
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Table 13S. Copper samples immersed in in 2.0 mol-dm= of H,SOx solution for 15 hours in the presence of

PVP k15 at 45°C.

F?\(}Bckf; AW (g) Corrosiozn rate Concentratio_n of Dimension (cm)
g/cm?4-h H2SO4 solution
0.000077 M 115 0.0165 2.0 mol-dm=3 2.3x1.2x0.1
0.000153 M 10.0 0.0144 2.0 mol-dm™3 2.3%1.2x0.1
0.00023 M 8.6 0.0123 2.0 mol-dm=3 2.3%1.2x0.1
0.000307 M 1.7 0.011 2.0 mol-dm3 2.3x1.2x0.1
Table 14S. Copper samples immersed in in 2.0 mol-dm~ of H.SO4 solution for 15 hours in the presence of
PEG 400 at 55°C.
lg:é)gc.drg(f) AW (g) Corrosiozn rate Concentratio_n of Dimension (cm)
g/cm?4-h H2SO4 solution
0.000077 M 25.3 0.0364 2.0 mol-dm™3 2.3x1.2x0.1
0.000153 M 24.2 0.0348 2.0 mol-dm=3 2.3%1.2x0.1
0.00023 M 23.0 0.0331 2.0 mol-dm=3 2.3x1.2x0.1
0.000307 M 22.2 0.0320 2.0 mol-dm™3 2.3%1.2x0.1

Table 15S. Copper samples immersed in in 2.0 mol-dm~=2 of H.SO4 solution for 15 hours in the presence of
PEG 4000 at 55°C.

Pcli:(JCg]CLio(go AW (g) Corrosiozn rate Concentratio_n of Dimension (cm)
g/cm#-h H2SO4 solution

0.000077 M 24.0 0.0347 2.0 mol-dm=3 2.3x1.2x0.1

0.000153 M 23.1 0.0332 2.0 mol-dm™2 2.3x1.2x0.1

0.00023 M 21.9 0.0315 2.0 mol-dm™3 2.3%1.2x0.1

0.000307 M 21.4 0.0308 2.0 mol-dm™2 2.3x1.2x0.1

Table 16S. Copper samples immersed in in 2.0 mol-dm~3 of H2SO4 solution for 15 hours in the presence of

PVP k15 at 55°C.

F?\(;gckg AW (g) Corrosiozn rate Concentratio_n of Dimension (cm)
g/cm4-h H2S04 solution
0.000077 M 22.4 0.0322 2.0 mol-dm™2 2.3x1.2x0.1
0.000153 M 20.2 0.0291 2.0 mol-dm=3 2.3x1.2x0.1
0.00023 M 19.1 0.0275 2.0 mol-dm™2 2.3x1.2x0.1
0.000307 17.8 0.0256 2.0 mol-dm™3 2.3x1.2x0.1
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Figure 1S. Plot of inhibition efficiency (%) against inhibitor concentration for copper in
2.0 mol-dm= H,S04 solution containing PEG 400 at different temperatures.
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Figure 2S. Plot of inhibition efficiency (%I) against inhibitor concentration for copper in
2.0 mol-dm= H2S04 solution containing PEG 4000 at different temperatures.
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Figure 3S. Plot of inhibition efficiency (%I) against inhibitor concentration for copper in
2.0 M H2S04 solution containing PVVP k15 at different temperatures.
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