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ABSTRACT

Corrosion processes are responsible for numerous losses, especially in the industrial sector.
Inhibitors are commonly used to prevent corrosion in acidic medium. The aim of this study
was to apply an experimental design to optimize the influencing parameters such as inhibitor
concentration, temperature and immersion time on the corrosion inhibition of
polyvinylpyrrolidone-iodine (PVP-1) complexes on carbon steel using the weight loss
technique (WL). The parameters of the corrosion protection process were optimized and
predictive mathematical models were developed using the Response Surface Methodology
(RSM) using the Central Composite Design (CCD). It was also found that the data predicted
by the regression analysis had a good agreement with the data obtained from the experiments,
with the values R? = 0.999 and Adj. R® = 0.997 for the inhibitory effect. The best efficiencies

for experiments that were not performed were determined by experimental design (DOE).

1. Introduction

Carbon steels are used for various applications, such as
construction materials, especially in the petroleum, oil and
gas industries. Corrosion phenomena have become
particularly important due to their applicability in acidic
media, which is increasing especially in cleaning,
descaling, pickling and oil well acidizing processes [1, 2].
Therefore, protective measures should be taken to reduce
the corrosion rate in acids by using chemical and other
agents. Among the various methods, the use of inhibitors is
the most common and economical [3, 4]. A corrosion
inhibitor is a chemical compound that, when added in small
amounts to an environment, minimizes or prevents
corrosion [5]. The effectiveness of inhibition depends on
various factors such as the corrosive medium, temperature,
pH, duration of immersion, composition of the metal, and
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the concentration and chemical nature of the inhibitor [6,
7]. The study of corrosion processes and their inhibition by
organic compounds is a very large area of research [8].
Corrosion inhibition by organic compounds is mainly due
to chemical, physical or mixed adsorption resulting from
the interaction of the inhibitor with the metal surface [9,
10]. The use of polymers as corrosion inhibitors has
recently attracted much attention due to their ability to
form complexes with metal ions on the electrode surface.

Polyvinylpyrrolidone (PVP) together with iodine (12)
forms a complex called polyvinylpyrrolidone-iodine
complex (PVP-I). This is used for its antiseptic properties
in various products such as ointments, liquid soaps,
surgical scrubs and pessaries or as an antibacterial and
antimicrobial agent in medical devices [11, 12]. This
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complex is commonly known by the trade names Pyodine,
Cipladine, Wokadine or Betadine surface. Most of the
research work in the field of corrosion control has focused
on the mechanism of corrosion, type and design of
inhibitor, nature of materials, energy residues, high cost of
maintenance, damage and repair etc. Many researchers in
the field of corrosion inhibition have used design of
experiments software and techniques to optimize the
parameters of the corrosion inhibition process and predict
their responses [13-16]. Design of experiments (DoE) has
been widely used in statistical optimization of analytical
approaches due to its advantages, such as reduction in the
number of experiments, resulting in significantly reduced
laboratory time and reagent consumption, faster
implementation, and higher cost efficiency than the
traditional single experiment [17-18]. Response Surface
Methodology (RSM) is statistical and mathematical Design
Experimental software that is widely used for optimization
purposes. This study aims to optimize the inhibition effect
of polyvinylpyrrolidone-iodine complex as a suitable
corrosion inhibitor for carbon steel in HCIO, and to
establish mathematical models to predict the inhibition
effect in the acidic medium.

2.  Materials and Methods

2.1. Material preparation

The sample of carbon steel with a chemical composition of
Mn: 0.68%, C: 0.37%, Cu: 0.16%, Cr: 0.077%, Ni:
0.059%, Si: 0.023%, S: 0.016%, Ti: 0.011%, Co: 0.009%
and the remaining portion was Fe. The carbon steel
samples were first polished with emery paper and then
washed with distilled water. They were cleaned again with
acetone and finally dried with a hot air blower. The
solution of 1 M HCIO, was prepared by diluting perchloric
acid (70 - 72%, Sigma-Aldrich) with distilled water. The
inhibitor was prepared (Sigma Aldrich) in molar
concentrations and was varied from 5x10° to 5x10° M,
per 50 cm® in solution of one molar of perchloric acid, at
293 — 333 K maintained in a thermostat water bath.

2.2. Weight loss measurements

The weight loss of carbon steel samples before and after
immersion were calculated by using an analytical balance.
All experiments are in triplicates and illustrated data are
mean values of obtained results.
The following equations were used to calculate the weight
loss (AW), the corrosion rate (CR) and the inhibition
efficiencies (IE) [19, 20]:

AW =w; —w, (€8]

CR =AW/(AX t) (2)

IE = 100 x (CR' — CR)/CR’ (3)

where w; and w, are the sample mass (mg) before and after

immersion in the test solution, respectively. A is the total

area of the specimen (cm?), t is the exposure time (h), CR’

and CR are the corrosion rates (mg cm 2h™%) of carbon steel

samples in the absence and presence of inhibitor,
respectively.

2.3. Experimental design

Design of Experiment (DoE) is a method used on a very
large scale to study experiments in industrial processes.
DoE is a statistical technique that was applied
simultaneously to determine the influence of multiple
variables. In this study, the parameters affecting the
corrosion inhibition of carbon steel in perchloric acid were
investigated, including temperature, immersion time and
concentration of inhibitor. The matrix for the three
variables was varied in 3 levels (-1, 0 and +1). A low level
and a high level should be defined for each factor; the low
level of all factors is coded -1 and the high level is coded
+1. The mean is then the average of the two values and is
coded as 0. The experimental range and values of the
independent variables for corrosion inhibition of carbon
steel are given in Table 1

Table 1. Experimental range and level of independent variables
for inhibition of corrosion of carbon steel by PVPI.

Independent Variables Levels

-1 0 +1
X; Inhibitor Concentration (M)  5.0x10°  2.5x10° 5.0x10°
Xz Temperature (K) 298 313 333
X3 Time of immersion (h) 1 2 3

3. Results and Discussion

3.1. Optimization of inhibition efficiency using RSM

RSM was used to model the inhibitory effect and optimised
using the CCD tool from MODDE Design of Experiments
Software (DOE). A quadratic design model was used in the
analysis. Temperature, immersion time and inhibitor
concentration were set as independent variables, while
inhibition efficiency was set as a response variable. A total
of 17 experimental runs were performed to obtain the
responses of the dependent variables shown in the
experimental design (Table 2). The polynomial equation
describing the process in terms of the factors given is
expressed below as equation (1)
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IE (%) = 90,2503 + 3,966x, — 6,34101x, + 3,218x3 —
1,7955x% + 2,16952x2 — 7,4155x% + 1,37375x,x, +
0,103753x;x3 — 0,143749x, x5 (1)
where Xy, X, and X3 are inhibitor concentration, temperature
and time of exposure, respectively.

The equation calculated the parameters as the combination
of second order (x2, xZ, x2), first-order (in terms of Xy, X,,
X3), 3 interlinked effects (x;x,, x; x5, x,%3) with a constant,
according to Eq. (1).

In general, the negative sign represents the antagonistic
effect of the factors and the positive sign represents the

Table 3. Coefficients of factors, interaction and probability values
of approximate polynomials for response variables in the
experimental design.

IE (%)
R? 0.999
Adj. R? 0.997
Q2 0.994
RS.D 0.437
Conf. level 0.95

synergistic effect of the factors.
Table 2. Actual design layout.

Factor Response
Exp Run X3 X, X3 IE
No Order  (mol/L) (K) (h) (%)
1 2 5x10° 298 1 83.79
2 9 5x10° 298 88.68
3 7 5x10° 333 1 68.53
4 10 5x107 333 1 78.95
5 6 5x10° 298 3 90.37
6 4 5x107 298 3 95.71
7 1 5x10° 333 3 74.57
8 11 5x10° 333 3 85.37
9 15 5x10° 313 2 84.20
10 16 5x107 313 2 92.41
11 14 2.5x103 298 2 98.41
12 12 2.5x103 333 2 86.13
13 8 2.5x103 313 1 79.63
14 13 2.5%10 313 3 85.74
15 17 2.5x107% 313 2 90.45
16 5 2.5%x10° 313 2 91.03
17 3 2.5x103 313 2 89.87

3.2. Statistical test and analysis of models

The statistical parameters obtained from ANOVA are
shown in Table 3. The reliability of the analysis with 95
percent confidence level. The coefficient of determination
(R?) indicates how well the model fits. In this case, R?
(0.999) indicates that only 0.1% of the total variations are
not explained by the model. Consequently, the value of
Adj. R? (0.997) confirms that the model is also highly
significant, indicating good agreement between predicted
and experimental efficiency of PVP-I. The predicted R?
also agrees well with the fitted R%. The Q2 value is a
measure of how well the model will perform for future
predictions.

From Table 3, the Q2 obtained is greater than 0.9
indicated the using an excellent model in this study. Q2
should be more than 0.1 for a significant model, and more
than 0.5 for a good model. Moreover, for Q2 is higher to
0.9 the model is excellent [15, 21]. The difference between
R? and Q2 should also be smaller than 0.3 for a good
model. The residual standard deviation (RSD) for the
model was 0.437. The small value of RSD indicates good
model that gives near value between predicted and actual
values for the responses.

R1=0.9985

o n 1 0 84 E] n 9% 10
Predicted (%)

Fig 1. Diagnostic representation of predicted versus observed inhibition
efficiency.

As can be seen in Figure 1, there was a linear trend in the
diagnostic plots of predicted inhibition efficiency versus
actual inhibition efficiency. These trends indicate that the
design model is suitable to predict the inhibition efficiency
of the polyvinylpyrrolidone-iodine complex. It also showed
that the chosen model was suitable for predicting the
response variables for the experimental data.

3. 3. Contour plot

The interactive effects of process variables on inhibition
efficiency (%) were investigated by constructing a contour
plot as a function of two independent variables
(temperature and inhibitor concentration) for 2 hs of
immersion. The contour plot for inhibition efficiency is
shown in Figure 2. The figure shows that the inhibition
efficiency decreases with increasing temperature for a
given inhibitor concentration. This could be due to the fact
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that there is a physical adsorption of the inhibitor on the
surface of the carbon steel [12, 22].

Imbibition efficiency (%) I
/( s
o
o

Fig 2. Contour plot showing the effects of concentration and
temperature on the corrosion inhibition efficiency of PVP-I.

3. 4. Main Effects
The diagram is the additional output we obtained from the

regression analysis. Figure 4 shows the effects of each of
the parameters examined. A fundamental effect occurs
when different degrees of a factor affect the response in
unexpected ways. The efficiency of corrosion inhibition
increased with an increase in PVP-I concentration.

Efficiency (%)
2

Inhibition Efficiency (%8)
Inhibition Efficiency (%)

Tnhibition

50/ 50 sor |

300 305 310 315 320 325 330

00000 00015 00030 00045

Concentration (mol/L) Temperature (K) Time (hrs)

Fig 3. Main graph plot for inhibition efficiency

The increase in surface coverage improves the
availability/adsorption of the active inhibitor components
on the corroding metal surface [23]. According to Fig. 3,
among the levels of factors considered, the maximum
inhibition efficiency was observed with 5x10° mol/L
concentration of PVP-1 and a temperature of 298 K and at
an immersion time of two hours.

3.5. Predicted optimal levels
The optimum values of the selected variables such as

temperature, inhibitor concentration and exposure time

References

were obtained by solving equation (1). The optimal values
of the input variables for a maximum inhibition efficiency
of 99.95% are listed in Table 4.

Table 4. Optimal values of process parameters for maximum

efficiency.

Parameters Optimum values
Inhibition efficiency (%) 99.95

Inhibitor Concentration (mol/L) 3.97x1072
Temperature (K) 293.50

Time of immersion (hrs) 2

The final objective of corrosion control is to increase the
inhibition efficiency and decrease the corrosion rate. The
results are shown in Table 4.

3.6. Mechanism of inhibition
In general, the action of an inhibitor is based on the
adsorption mechanism. The adsorption of the inhibitor on
the metal surface occurs either by physisorption or by
chemisorption adsorption. The process of adsorption can be
considered as an exchange effect between the inhibitor in
the solution phase Orgs, and the water molecules on the
metal surface H,O.s to obtain the polymer compounds
adsorbed on the steel surface Org.ys and thus an increased
inhibition effect due to the following equation:

OrgSOl +x H20ads « Orgads +x H,0
where X is the size ratio and simply indicates the number of
adsorbed water molecules replaced by a single inhibitor
molecule.

4. Conclusion

The work investigated the inhibition of carbon steel in
perchloric acid using polyvinylpyrrolidone iodine complex
under different independent variables of inhibitor
concentration, temperature and time. With the help of
experimental design, it was possible to study the effects of
the variables on the inhibition effect. A full factorial design
using the CCF model of RSM was successfully employed
for the experimental design and analysis (17 experiments).
This technique could also provide more information for
understanding each application, from laboratory scale to
industrial processes. The optimal inhibitory concentration,
temperature and time were 3.97x10°° mol/L, 293.50 K and
2 hours, respectively.
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