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Abstract

The inhibition of copper corrosion by acid extract of Gnetum africana was studied using weight
loss method of monitoring corrosion rate. The inhibition of Gnetum africana on copper corrosion
was optimized by application of 23 factorial design. While the interactive effects of temperature,
inhibition concentration and reaction time were investigated, the input factors and output re-
sponse were also optimized. Optimum conditions for inhibition of Gnetum africana on copper
corrosion were recorded at temperature of 303 K, reaction time of 24 h and inhibition concentra-
tion of 0.003 g/L. It could be concluded that factorial design was adequately applicable in the op-
timization of process variables and that Gnetuma africana sufficiently inhibited the corrosion of
copper at the conditions of the experiment.
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1. Introduction

Copper and its alloys are good corrosion resistant in water and have excellent heat conductivity, but readily cor-
rode in acid solutions. Copper and its alloys are broadly used in heating systems and condensers [1]. However,
these systems should be regularly cleaned due to inlays of carbonates and oxides. Dilute acids are normally used
to clean these surfaces. In order to prevent the corrosion of copper metals, corrosion inhibitors are generally
added to the acids. The use of inhibitors is an important method of protecting materials against deterioration. In-
hibitors are chemicals that often work by adsorbing themselves on the metallic surface by forming a film [2]-[6].
Most corrosion inhibitors are either synthesized from cheap raw materials or are chosen from organic com-
pounds containing electronegative functional groups and n-electrons in triple or conjugated double bonds. The
sites of aromatic rings and hetero atoms (such as S, N, O and P) are the major adsorption centers for these inhi-
bitors [7]. Broad spectra of organic compounds are available as corrosion inhibitors. Of these, only very few are
actually used in practice. This is partly due to the fact that desirable properties of an inhibitor usually extend
beyond those simply related to metal protection. Considerations of cost, toxicity, availability and environmental
friendliness are of considerable importance. Accordingly, the replacement of some toxic, expensive chemical
inhibitors by inhibitors obtained from natural sources is necessary. Apart from being readily available, cheap
and a renewable source of materials, naturally occurring substances are eco-friendly and ecologically acceptable.
Naturally occurring substances are biodegradable and do not contain heavy metals or other toxic compounds.

Therefore, the present study of inhibition of Gnetum africana on copper corrosion and the optimization of the
independent variables is necessary, as well as important to the environment.

The experiments dicussed in this work were designed to optimize the inhibition of copper by acid extract of
Gnetum africana where several variables, including temperature, time and inhibitor concentration would influ-
ence the corrosion rate.

Design of experiment is a statistical procedure that can reduce significantly the number of experiment, keep-
ing, however, the reliabilty of the conclusions at high standard. The traditional experiment method, one factor at
a time approach can hardly be used to establish relationships among all the experimental input factors and the
output responses. Even though the traditional approach can be useful in finding predominant factors in this situ-
ation, it is difficult to observe the optimum value of the working parameters as no interaction among them is
considered. To solve this problem and obtain a probable optimum, design of experiment (DOE) offers a better
alternative to study the effect of variables and their responses with minimum number of experiments [8] [9]. A
factorial design is used to evaluate two or more factors simultaneously. The treatments are combinations of level
of the factors. The advantages of factorial design over one-factor-at-a-time experiment are that they are more ef-
ficient and they allow interactions to be detected. Design expert 8.0.5.2 software provides a useful and powerful
mathematical and statistical tool in order to develop the experimental planning and to analyse the results while
aiming for a valid conclusion.

2. Materials and Method

2.1. Metal Preparation

The sheet employed in this work was made of pure copper (99.9%).The copper sheet was mechanically pressed
cut into different coupons of dimension 5 x 1.5 x 0.01 cm. Each coupon polished and drilled at one end, was
degreased in ethanol, dried in acetone and preserved in a desiccator. Solutions were prepared using analar grade
reagents and distilled water.

2.2. Extraction of Inhibitor

Samples of the inhibitor were obtained from Akwata axis of Ogbete Main Market Enugu. The leaves were
rinsed with distilled water, dried and ground. 1 g of ground inhibitor sample was soaked for 24 h in different
concentrations (1 M, 1.5 M, 2 M and 2.5 M) of 150-mL of HNOj; to obtain a mixture. The mixture was filtered.
The filtrate obtained from the mixture served as the stock solution of inhibitor extract. The same procedure was
used to obtain extracts for 2 g and 3 g of the samples.

2.3. Factorial Experimental Design and Optimization of Variables

Inhibitor concentration, time of exposure and temperature were taken as independent variables, and the weight
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loss as the response. The experimental range and levels of independent variables for inhibition of copper corro-
sion are given in Table 1. The design is based on a full factorial design with three categorical factors. If we have
k-factors, each run at 2-level, there will be 2¥ different combinations of the levels. In the present case, k is 3 and
23 combinations (runs) would be generated. With inclusion of star and center points, a total of 27 runs and cor-
responding responses would be generated and displayed in design matrix of Table 2.

A single additional validation experiment was conducted using optimal input results obtained from Equation
(1) and displayed in elsewhere in this work.

Table 1. Experimental range and levels of independent variables for inhibition of copper corrosion by acid extract of Gnetum
africana.

Range and Level
Independent Variables

Lower Limit (1) 0 Upper Limit (1)
Time (hrs) (x1) 24 72 120
Inhibitor Concentration (g/L) (x2) 0.001 0.002 0.003
Temperature (K) (x3) 303 318 333

Table 2. A 23 full factorial design showing runs in actual factors for independent variables.

Runs Time (Min) Inhibitor Concentration (g/L) Temperature (K) Response
1 72 0.001 333 3.54
2 24 0.003 333 1.36
3 24 0.001 318 0.96
4 120 0.001 333 5.37
5 72 0.003 303 1.32
6 72 0.002 333 14
7 120 0.002 303 2.18
8 24 0.003 318 0.85
9 24 0.002 333 1.72

10 120 0.003 303 1.96
11 72 0.003 333 2.88
12 24 0.001 303 0.9
13 72 0.002 303 14
14 24 0.002 318 1.09
15 120 0.002 333 4.84
16 120 0.002 318 3.07
17 72 0.003 318 1.64
18 72 0.001 303 1.68
19 72 0.002 318 1.95
20 120 0.001 303 2.84
21 24 0.003 303 0.62
22 24 0.001 333 1.86
23 120 0.003 318 2.67
24 120 0.001 318 3.18
25 24 0.002 303 0.7
26 120 0.003 333 4.2
27 72 0.001 318 2.02
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3. Results and Discussion
3.1. Regression Analysis

Figure 1 shows Half-Normal plot of the independent variables. From the Figure, the effect of time (effect =
11.91) is much more significant than that temperature (effect = 8.41) and inhibitor concentration (effect = 3.20).
It can be concluded that the influence of time on the final response was obviously higher. One must attend to the
period of immersion more to that of temperature and inhibitor concentration.

From Table 3, the Model F-value of 24.10 implies the model is significant. Values of p-values less than
0.0500 indicate the model terms to be significant. In this case A, B, C, AC are significant model terms. Values
greater than 0.100 indicate the model terms are not significant. The fit of the model was checked with the coef-
ficient of determination R?. The predicated R? is 0.8227 which is in agreement with the adjusted R? of 0.08988.
Adequate precision measures the signal to noise ratio. A ratio greater than 4 is desirable. The calculated ratio is
18.175 which indicates an adequate signal. The polynomial equation describing the process in terms of denoted
factors is expressed below as Equation (1)

Yoeightioss = 2.16—1.04X; —0.17X/ +0.33X, —0.12X} —0.64X, O

—0.22X2 +0.27X,X, +0.13X * X, +0.068X, X2 +0.11X/ X2

where X3, X, and X5 are time, inhibitor concentration and temperature, respectively.

Table 3. Anova report for selected factorial model.

Sources Sum of squares Degree of freedom Mean squares F-values P-values
Model 37.92 10 3.79 241 0.0001
Time (X1) 23.19 2 11.6 73.68 0.0001
Inhibitor Conc (X2) 1.49 2 0.75 474 0.0242
Temp (Xs) 10.88 2 5.44 34.56 0.0001
XXz 2.36 4 0.59 3.76 0.0244
Residual 2.52 16 0.16
Cor total 40.44 26
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Figure 1. Half-normal plot for the effect of the independent variable.
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The effects of the factors and interactions on the response (weight loss) are shown in Figures 2-5. Figure 2
and Figure 3 show the one-factor plot showing the main effects of time and temperature, respectively. The ef-
fects are not usually interpreted because the factors (time and temperature) are involved in an interaction, hence,
the warning on the plot. Interpretation can result in misleading information. Figure 4 shows the one-factor plot
indicating the main effect of inhibitor concentration. From the plot it can be revealed that increase in inhibitor
concentration resulted in the decrease in weight loss. Figure 5 shows the interaction between temperature and
time. From the plot, the spread of points on the right side of the graph (where time is high) is larger than the
spread between the points at the left side of the graph where time is low. In other words, the effect of tempera-
ture is less significant where time is low. Therefore, at a very low time of exposure, the effect of reaction tem-
perature can be reduced, thus reducing the weight loss. Also, there exists generic increase in weight loss as tem-
perature increases.

Design-Expert® Software
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Figure 2. One-factor plot for the main effect of time.
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Figure 3. One-factor plot for the main effect of temperature.
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Figure 4. One-factor plot for the main effect of inhibitor concentration.
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Figure 5. Interaction plot between temperature and time at various temperatures.

Figure 6 shows the response for interactive factors of temperature and time. Figure 7 shows the response for
the interactive factors of inhibitor concentration and time. The 3D plots indicate that weight loss increases for
any given inhibitor concentration with time. Higher inhibitor concentration and lower time of immersion re-
duced the rate of copper deterioration. This confirms that acid extract of Gnetum africana is an adsorption inhi-
bitor for copper corrosion in HNO; [10]-[14].

However, in reference to the work of Nkuzinna et al. [15], it was shown that the calculated values of corro-
sion rate in the absence of the inhibitor was higher compared to that in the presence of the inhibitor under the
same experimental conditions. This confirmed that acid extracts of Gnetum africana actually inhibited the cor-
rosion of copper in HNOs. Higher values of weight loss was highly enhanced at higher temperature and longer

time of exposure (see Figure 6).
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Figure 6. 3D plot for interaction between temperature and time.
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Figure 7. 3D plot for interaction on weight loss between inhibitor concentrations and time.

3.2. Inhibition Optimization Result

The optimum values of the selected variables (time, inhibitor concentration and temperature) were obtained by
solving Equation (1). The optimum values of the input variables for minimum copper weight loss of 0.55 g are
shown in Table 4. The ultimate goal in corrosion control is to reduce the rate of corrosion, which was maximal-
ly reduced at optimal results displayed in Table 4.

3.3. Confirmation of Optimization Results

In order to confirm the validity of optimization results obtained from the solution of Equation (1), one additional
experimental run was carried out using the optimal results of input variables displayed in Table 4. The mini-
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Table 4. Optimum values of the process parameters for maximum efficiency.

Parameters Optimum values
Weight loss (g) 0.55
Time (Xy) (hrs) 24
Inhibition concentration (Xz) (g/1) 0.003
Temperature (Xs) (K) 303

mum copper weight loss determined directly from the single confirmation experiment was 0.54 + 0.3. The result
is significantly close to the optimal weight loss determined from Equation (1). This shows that the use of DOE
was appropriate for optimizing of selected process parameters.

Generally, however, the action of an inhibitor is based on adsorption mechanism. In this process inhibition
action is assumed to be related to its adsorption at the metal/solution interface [16]. The adsorption of an organic
adsorbate at a metal/solution interface can be regarded as a substitution adsorption process between the organic
molecules in the agueous solution Orgsy and the water molecules on the metallic surface H,Oqs). Equation (2)
[17] amply demonstrates this process.

Orgesoy + XHyOagsy @ Orgeagsy + xH,0 )

where: X is the size ratio representing the number of water molecules replaced by a molecule of organic adsor-
bate.

In order to achieve effective adsorption of an inhibitor on a surface of a metal, the interactive forces between
metal and inhibitor interface must be greater than the interactive force of metal and water molecule interface
[18]. Adsorption of inhibitor on metal interface follows, either physisorptionor chemisorption adsorptive me-
chanism.

4. Conclusions

The work studied the inhibition of copper using acid extract of Gnetum africana under various independent va-
riables of time, inhibitor concentration and temperature. Consequently, employing design of experiment, it was
possible to study the effects of the variables on corrosion rate. A full factorial design was successfully used for
experimental design and analysis (27 assays). Prediction equation was derived for the process response. Solving
the regression equation and with the help of the 3-D plots, it was possible to locate the optimum points. The op-
timum inhibition concentration, time and temperature were 0.003 g/L, 24 h and 303 K, respectively.

This research showed that factorial design of experiment was an efficient tool for predicting the effects of the
independent variables on the process response.
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