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The aim of this research study was to apply experimental design in the optimization of
influencing parameters on the corrosion inhibition efficiency of Methyl Green (MG) dye using
the weight loss (WL) technique. Corrosion inhibition of carbon steel (CS) in the presence of
different concentrations of MG dye in 1 M HCIO4 solution has been studied. Results showed that
inhibition efficiency (IE) increased with increasing concentration of MG dye up to
1.0 x 10 mol/L, and decreased with raising temperature. The free energy values calculated
from the Langmuir adsorption isotherm for MG dye (-36.24 to -38.04 kJ/mol) suggested that
MG dye molecules adsorbed onto CS surface via a physicochemical mechanism.
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Carbon steel is composed of a mixture of iron and
carbon, accounting for about 85% of the total yearly
steel production worldwide [1]. It is amply used in
different industries, such as construction, marine,
automotive, mining, and chemical processing
industries, and petrochemical plants for applications
involving alkaline, saline, and acidic environments
due to its high mechanical properties, ready
availability, and low cost.

Corrosion is a chemical or electrochemical
process that gradually returns metal to its natural state
in the environment. Corrosion inhibition is one of the
great practical importance, being widely employed in
reducing or stopping wastage of engineering materials
and minimizing costs of corrosion control [2]. It
employs chemical compounds that in small quantities
can be used in processes to control metal dissolution
[3, 4]. Organic compounds containing a heteroatom,
such as oxygen, nitrogen, sulfur, and phosphorus, or
containing double and triple bonds as well as aromatic
rings are considered one of the most important
materials recognized in practice and used as anti-
corrosion inhibitors [5, 6].

The study of corrosion process and its
inhibition by organic compounds, such as dyes, is a
very active field of research in acidic or basic
environments [7-13]. Dyes have long been applied in
the coloring, printing, paper, leather, textile, plastics,
cosmetic, medical, pharmaceutical, and agri-food
industries, and in recent times as corrosion inhibitors
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of metals and alloys in aggressive environments [14,
15].

Experimental design has been frequently used
in the statistical optimization of analytical approaches
because of its advantages such as reduction in the
number of experiments that leads to the considerably
less laboratory work and lower reagent consumption,
as well as faster to implement and more cost effective
than traditional one-at-a-time approach [16-20].

As a continuation of the studies on the use of
organic dyes as corrosion inhibitors in acidic
solutions, we have investigated the effect of Methyl
Green dye on the corrosion inhibition of carbon steel
in 1.0 M HCIO4 solution using weight loss and
experimental design. The effects of concentration,
temperature, and immersion time on inhibitor
performance have been studied. The thermodynamic
activation parameters for both dissolution and
adsorption processes will be calculated and discussed.

MATERIALS AND METHODS
Material Preparation

The carbon steel used had the following composition
(wt.%): C: 0.37%, Mn: 0.68%, 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. Carbon steel samples were initially polished with
emery paper (400, 800, and 1200) starting with coarse
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until the mirror appearance was obtained and then
washed with distilled water. They were cleaned again
with acetone and finally dried using a hot air blower.
The solution of 1 M HCIO4 was prepared by dilution
of perchloric acid (70-72%, Sigma-Aldrich) with
distilled water. Methyl Green dye (Sigma Aldrich)
was prepared in molar concentrations and varied from
5x10°to 5 x 10 mol/L per 50 mL in solution of one
molar of perchloric acid, maintained at 293 — 333 K in
a thermostatic water bath.

Weight Loss Measurement

The weight of carbon steel specimens before and after
immersion was determined by using an analytical
balance with the precision of 0.1 mg. The immersion
time for the WL measurement was 2 h. All
experiments were in triplicates and the illustrated data
are presented in mean values of the obtained results.

The following equations were used to calculate
corrosion rate (CR), inhibition efficiency (IE) and
surface coverage (0) [21]:

CR = (wp, —wy)/St 1)
IE = 100x(CR' — CR)/CR’ )
6 = IE/100 3)

Where: wp and w, are the sample mass (g) before and
after immersion in the test solution, respectively; S is
the total area of the specimen (cm?); t is the exposure
time (h); and CR’ and CR are corrosion rates of CS
samples in the absence and presence of inhibitor (g
cm 2 h™), respectively.

Design of Experimental Strategy

Optimization of inhibition efficiency (IE) and
corrosion rate (CR) is reached by using the response
surface methodology (RSM) based on two methods
for estimating the model’s coefficients: PLS (partial
Least Squares) [22, 23] and MLR (Multiple Linear
Regression) [24]. RSM is a technique to determine
design factor settings to improve or optimize the
performance of the response. It combines design of
experiments, regression analysis, and optimization
methods in a general-purpose strategy to optimize the
expected value of a stochastic response. In particular,
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the empirical relationships between the response and
the factors are investigated using the central composite
face-centered design (CCF) [25, 26].

The behavior of the system is explained by the
following quadratic equation:
Y =ag+ % aX; + XiagXP + NijaXX;+e (4)
Where: y is the matrix of responses; X1, X2, X3, ..., Xn
are the independent coded variables; a, is the
intercept; a;, a; and a;; represent the linear pure
quadratic and interaction regression coefficients; and
€ is the statistical random error term.

The implementation of experimental design
is important to identify the significant factors that
impact the efficiency of the tested inhibitor and the
corrosion rate. In our study, optimum experimental
conditions based on central composite face-
centered design 2% were used. The experimental
design and statistical analysis were performed using
MODDE Software Version 9.1. A standard RSM
based on PLS (Partial Least Squares) was used to
determine the individual and interactive effects of
the process on independent factors, i.e.,
concentration of inhibitor (Xi), temperature (X»),
and immersion time (X3). On other hand, inhibition
efficiency and corrosion rate (Y) were selected as
response functions. The variable range was divided
into three levels (-1, 0, +1), as shown in Table 1.
Response (Y) was fitted to a general function
indicating the interaction between dependent and
independent variables by following the quadratic
(second degree) polynomial equation given by
Equation 4.

RESULTS AND DISCUSSION

Effect of Concentration and Temperature on
Inhibition Efficiency

The weight loss measurements were
determined in 1 M HCIOs with different
concentrations of MG dye (from 5 x 105 to 5 x 1073
mol/L) for two hours of immersion time. Fig. 1 shows
the variation of calculated inhibition efficiency values
as a function of logarithmic concentration of the
inhibitor. It is obvious from the data of Fig. 1 that
inhibition efficiency increased with increasing

Table 1. The real and coded experimental design range parameter levels for corrosion inhibition of MG dye

Levels
Factors Names Units Low (1) Middle (0) High (+1)
X, Concentration (mol/L) 5.0x10°° 2.5x10°3 5.0x10°3
X, Temperature (°C) 20 40 60
X3 Time (h) 1 2 3
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Figure 1. The relation between IE (%) and log (Cinn) of MG dye at different temperatures at 2 hrs

concentration of the inhibitor because of the
availability of a large number of adsorption sites
brought about by molecules of MG dye. Moreover,
it was found that at a given inhibitor concentration,
inhibition efficiency decreased in general with
increasing temperature. At higher temperatures,
MG was desorbed from CS surface. Methyl Green
dye was found to work properly at lower
temperatures, with poor inhibition capabilities at
higher temperatures. At 5 x 10-® mol/L, inhibition
efficiency was observed to be stable for all studies
after 1 x 10" mol/L. This behavior was attributed to
the saturation of inhibitor molecules on CS surface.
The maximum IE (%) was obtained at the optimum
concentration of 1 x 10-* mol/L at 303 K.

Effect of Immersion Time

Time duration of the surface exposed to the corrosive
environment directly affects the rate of corrosion. The
variation of weight loss of CS immersed in different time
intervals up to 24 hours in 1 M HCIO4 solution at 303 K
in the absence and presence of MG dye is shown in Fig.
2. From Fig. 2, we observe that the two curves are almost
linear (with and without MG dye); this implies that the
metal surface was free of insoluble corrosion products.
So, we can deduce that this quantity was almost constant
from the first hour of immersion, which allows us to say
that immersion time has no significant effect on the
corrosion inhibition of CS in 1.0 M HCIO4 by MG dye
for the optimum concentration of the inhibitor.
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Figure 2. Weight loss-time for CS in 1.0 M HCIOy in the absence and presence of 1 x 10 mol/L of MG dye at

303 K
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Thermodynamic and Kinetic Parameters

The efficiency of the inhibitor may decrease due to the
absence of protective film formed or removed as a result
of localized erosion corrosion [27]. It has been reported
elsewhere that for the acid corrosion of CS, the
logarithm of the corrosion rate is a linear function of
1/T, where T is the absolute temperature following
Arrhenius eg. (5) and the transition state eq. (6) [28, 29].

Ln (CR) = Ln (A) + —E,/RT

®)

Ln (CR/T) = [In (R/Nh) + AS,/ R] — AH,/ RT (6)

The change in Gibbs energy can be deduced at
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313K by Eq. 7.
AGa = AHs—TAS, )

Where, E. is the apparent activation energy, AS; is the
entropy of activation, AH, is the enthalpy of
activation, R is the gas constant (8.314 J/molK), N is the
Avogadro number (6.022 x 10 2mol™), and his
Planck’s constant (6.626 x 10734 J/s).

Eacould be obtained by plotting Ln (CR) against
1/T, as shown in Fig. 3. Moreover, from Eq. 6, a plot of
Ln (CR/T) against 1/T should give a straight line with a
slope of (—AH«/R) and an intercept of (Ln (R/Nh) —
AS/R), as shown in Fig. 4. The calculated parameters of
Ea, AHa, AS,, and AGaare given in Table 2.
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Figure 3. Arrhenius plots for the corrosion of CS in 1 M HCIO4 medium in the absence and presence of different
concentrations of MG dye
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Figure 4. Alternative Arrhenius plots for CS dissolution in 1 M HCIO4 medium in the absence and presence of
different concentrations of MG dye



64 Tarik Attar, Abbes Benchadli, TayebMellal, Boumediene

Dali Youcef and EsmaChoukchou-Braham

Use of Experimental Designs to Evaluate the
Influence of Methyl Green Dye as a Corrosion
Inhibitor for Carbon Steel in Perchloric Acid

Table 2. The thermodynamic activation functions of CS dissolution in 1 M HCIO4 without and with different
concentrations of MG dye by applying Arrhenius and transition state plots

Cinn(mol/L) R? Ea (kJ/mol) AHa (kJ/mol) ASa (J/molK) AGa 313x) (kJ/mol)
- 0.992 58.79 56.20 -105.44 89.20
5.0 x 10" 0.995 80.06 77.46 -46.02 91.86
7.5 % 10% 0.991 85.09 82.49 -31.81 92.45
1.0 x 10* 0.992 90.17 87.58 -17.91 93.18
1.0 x 103 0.995 106.41 103.82 -29.91 113.18
5.0 x 107 0.991 111.24 108.65 -44.48 122.57

The addition of MG dye to the acid solution
increased E, and the extent of the increase was
proportional to the inhibitor concentration,
indicating that the energy barrier for the corrosion
reaction increased with MG dye concentration. The
average value of the difference between activation
energy and enthalpy change (Ea — AH) was 2.59
kJ/mol for all concentrations, which was the exact
value of the product of gas constant and the average
temperature of the experiment (313 K). That is
Ea—AH=RT. This result indicated that the corrosion
process was a unimolecular reaction with the
evolution of hydrogen gas. The entropy of
activation in the absence and presence of MG dye
was large and negative. The high negative value of
AS, in the absence of inhibitor implies that the
activated complex was the rate-determining step,
rather than the dissociation step. The positive signs
of enthalpy of activation reflect the endothermic
nature of the steel dissolution process. The positive
values of free Gibbs energy mean a non-
spontaneous corrosion reaction and it increased
with increasing the concentration of inhibitor.
Moreover, the higher values of AG, of the process
in the inhibitor’s presence when compared to that in
its absence were attributed to its physisorption,
while the opposite is the case with chemisorption.

Adsorption Isotherm

Adsorption isotherms provide information about the
interaction of adsorbed molecules not only among
themselves but also their interactions with a metal
surface. The process of adsorption is influenced by
various factors like the nature and charge of the
metal, and the type of aggressiveness and chemical
structure of the inhibitor (aromaticity, functional
groups, possible steric effects, etc.). The adsorption
of dye molecules at the metal solution interface
reduces the corrosion rate and it is considered as a
substitution adsorption process where an organic

compound from the aqueous media displaces the
water molecules associated with the surface
(Hzoads)-

Orgsol +n HZOads < Orgads +n HZO

Where, 'n' is the number of water molecules replaced
by the adsorption of one inhibitor molecule.

In general, chemisorption process involves
sharing or transfer of charges from the inhibitor
molecules to the metal surface to form a coordinate
type of a bond, on the other hand the proceeding of
physisorption requires the presence of both
electrically charged metal surface and charged species
in the bulk of the solution.

Corrosion inhibition of CS in the presence of
different inhibitor concentrations has been studied to
the adsorption on the CS surface, and this was
generally confirmed from the fit of the experimental
data to different adsorption isotherms.

Langmuir model is based on the hypothesis that
each site of metal surface has adsorbed species
(Equation 8) [13]:

Cinn/6 = 1/Kads + Cinp (8)

Where, 0 is the surface coverage by inhibitor
molecule, C is the concentration, and Kags is the
equilibrium constant (L/mol) for the adsorption-
desorption process.

The plots of Cinn/0 against Cinn (Fig. 5) yielded
straight lines with slope values equal to unity,
indicating that the inhibitor under study obeyed the
Langmuir adsorption isotherm.
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Figure 5. Langmuir isotherm for the adsorption of MG dye on CS in 1 M HCIO4

Table 3. Thermodynamic parameters for the adsorption of MG dye in 1 M HCIO4 solution on C-Steel at
different temperatures

T R? Kads (m3/mol) AHads(kJ/mOD ASads(J/m0| K) AGads(kJ/mOD
293 1 52.27 50.53 -36.24
303 1 34.99 49.61 -36.47
313 1 34.03 -21.44 51.64 -37.60
323 1 23.99 50.85 -37.86
333 1 16.74 49.86 -38.04

The free energy of the adsorption of an
inhibitor on CS surface can be evaluated with the
following equation [29]:

AG,qs = —RT In(55.5 Kags) 9)

Where, R is the gas constant (J/mol K) and T is the
absolute temperature (K). The constant value of 55.5
is the concentration of water in the solution (mol/L).

The results of the present studies at 293 K to
333 K indicated that the mechanism of adsorption of
the inhibitor onto CS surface is better obeyed by the
Langmuir adsorption isotherm (Table 3).

The negative value of the heat of adsorption of
-21.44 kJ/mol indicates that the adsorption of the
inhibitor on CS was an exothermic process. The
adsorption equilibrium constants are positive,
indicating the feasibility of the adsorption of the
inhibitor to the metal surface. The high value of the

equilibrium constant at lower temperature reflects the
high adsorption ability of MG dye on CS surface [30].
This result further confirms the trend obtained for
activation energy. Generally, if the values of AGqs are
more than -20kJ/mol, then the physisorption
mechanism is favored. Whereas, if the values
of AGags are -40 kJ/mol or lower, then the adsorption
process is chemisorption. As shown in Table 3, the
AGags Values are negative and between -20 kJ/mol and
-40 kJ/mol. This result indicates that adsorption of MG
dye on CS surface was spontaneous, feasible, and
occurred according to possible mixture of
physisorption and chemisorption mechanism

Regression Analysis and Optimization

The experiments performed for optimization of IE and
CR are presented in Table 4, which were analyzed
using analysis of variance. The technique for coding
the corrosion parameters is clarified. The final
equations in terms of actual factors are presented in
Egs. (10) and (11).

ViE %) = 85.101 + 7.494 X; — 12.421 X, — 1.525X; — 5.038 X7 — 3.232 X7 — 2.156 X + 0.986 X, X, —

0.595 X, X5 + 1.249 X, X,

(10)
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yer = 1.02076 1073 — 1.0848 103X, + 5.82913 103X, + 1.39063 104X, + 1.01021 1073X2 +
2.52387 1073X2 + 6.90914 10~*X2 — 1.0559 103X, X, — 4.90627 10~5X, X, + 3.65838 1075X, X,

(11)

Table 4. The experimental design of the coded and real factors with the corrosion rate and inhibition efficiency

E,ijop ORr lézr Factors Responses

Xi:Concentration Xo:Temperature Xa:Time IE CR
Coded Real Coded  Real Coded Real (%)  (gcm?h?)
1 9 -1 5.0x107° -1 20 -1 1 79.58  8.168x10°
2 11 1 5.0x10°3 -1 20 -1 1 96.61  1.356x10°
3 5 -1 5.0x10°° 1 60 -1 1 43.07  1.839x10°2
4 13 1 5.0x10°° 1 60 -1 1 63.11  1.192x10°2
5 8 -1 5.0x10°° -1 20 1 3 75.49  5.882x10*
6 15 1 5.0x10°° -1 20 1 3 85.21  3.549x10*
7 16 -1 5.0x10°° 1 60 1 3 4293  1.889x10°2
8 1 1 5.0x10°3 1 60 1 3 63.04  1.223x1072
9 12 -1 5.0x10°° 0 40 0 2 61.43 3.05x10°3
10 14 1 5.0x10°3 0 40 0 2 86.69 1.05x10°3
11 10 0 2.5x10°3 -1 20 0 2 96.27  1.343x10*
12 17 0 2.5x10°3 1 60 0 2 63.33  1.232x1072
13 6 0 2.5x10°3 0 40 -1 1 83.57 1.08x10°3
14 2 0 2.5x10°3 0 40 1 3 80.61 1.61x10°3
15 7 0 2.5x10°3 0 40 0 2 86.31 1.08x10°3
16 4 0 2.5x10°3 0 40 0 2 86.31 1.08x10°3
17 3 0 2.5x10°3 0 40 0 2 86.31 1.08x10°3

The values of correlation, adjusted, and
predicted R-squares (Table 5) show that the model
equations are predictive and can reliably be useful
for sampling data within the experimental range of
parameters. For both CR and IE attested to the
reliability of the analysis with 95 percent
confidence level. The Q2 value is a measure of how
well the model will work for future predictions. Q2
should be greater than 0.1 for a significant model,
and greater than 0.5 for a good model. Moreover,
for a good model (Q2 > 0.9), the model validity can

95T

[[y=1*x+1,424e-005
R2=0,9858 2

still be low because of high test sensitivity or
extremely good replicates. From Table 5, the Q2
obtained for IE and CR is close to 0.9, which
indicates a good model in this study.

Both IE (%) and CR indicated high dependence
and good correlation between the observed and
predicted values of the responses. These results of the
relationship between the experimental and predicted
values can be confirmed by the good agreement
described in Fig. 6 [31].
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Figure 6. Comparison of responses of predicted values and experimental data of (a) inhibition efficiency and (b)
corrosion rate
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Table 5. Analysis of variance for corrosion rate and inhibition efficiency of CSin 1 M HCIO4

Inhibition efficiency (%)

Corrosion rate (g/h.cm?)

RZ

Adj. R?
Q2

R.S.D
Conf. level

0.986 0.987
0.968 0.971
0.852 0.856
2.961 1.155 107
0.95 0.95

To observe the optimum zone of the two
responses, we plotted the response surfaces. The
response surface plots (Fig. 7) and the 4D contour
plots, the projection of the response surfaces as 4-
dimensional planes, (Fig. 8 and 9) were made to
verify the effects of the three parameters on IE (%)
and CR. This analysis gives a better understanding
of the effects of variables and their interactions on

Concentration (mol/L) Temprature (°C)

60 0,005

responses. It also allows determining any value of
the response without even doing an experimental
study. From Fig. 8, as inhibitor concentration
increased  from  minimum to  maximum

concentration, IE (%) increased with the decrease
of temperature. For any fixed amount of MG dye in
the system, IE increased with time, but higher for
higher concentrations of inhibitor.

Figure 7. Response surface plots of the effects of temperature and inhibitor concentration on inhibition efficiency

(left) and corrosion rate at two hours (right)
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Figure 8. 4D Contour plots of effects of temperature, concentration, and time on inhibition efficiency
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Figure 9. 4D Contour plots of effects of temperature, concentration, and time on corrosion rate

CONCLUSION

The experimental design has enabled us to study
inhibition efficiency and corrosion rate with different
factors such as MG dye concentration, immersion time
and temperature, and through a limited number of
carefully selected tests, to get a description of the
studied response behavior within the experimental
area and thus determine experimental conditions that
maximize the efficiency of inhibition. In this regard,
the obtained efficiency was 97.45% for the treatment
at 20.5°C for two hours, for a quantity of inhibitor of
3.66 x 10 mol/L. The negative value of Gibbs free
energy is an indication of a spontaneous adsorption
process. Both chemisorption and physisorption are
proposed from the values of activation energy and
changes in Gibbs free energy. The corrosion process
was inhibited by adsorption of the molecules of
Methyl Green dye on carbon steel surface following
Langmuir adsorption isotherm.
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