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Abstract−The performance of sodium molybdate (Na2MoO4) (VI) as a corrosion inhibitor for medium carbon steel
corrosion in saline water containing nitrate and chloride ions was studied at various inhibitor concentrations, tempera-
tures, exposure times and rotational velocities. Mass loss and electrochemical techniques were used to evaluate the cor-
rosion rates. The individual and interactive effects of these four parameters were optimized for minimum response of
corrosion rate using central composite design (CCD) with response surface methodology (RSM). Nonlinear regression
strategy in light of Gauss-Newton technique was utilized for modeling and optimization of the corrosion inhibition
experiments. Second-order polynomial model was suggested to predict the corrosion rates as a function of four vari-
ables. The individual effect of temperature on corrosion rate was higher than the individual effects of inhibitor concen-
tration, exposure time and rotational velocity, respectively. The interaction effects of independents variables were also
addressed. Open circuit potential measurements were used as a significant way to gain information about the behavior
of steel corrosion. Steady state potential was reached after one hour of immersion time. Mass loss results were in a
good agreement with potentiodynamic polarization technique. Optimum inhibition efficiency was 95.9% at optimum
operating conditions. Polarization plots revealed that the inhibitor acts as the anodic-type inhibitor.
Keywords: Corrosion, Optimization, Inhibition, Mass Loss, Saline Water

INTRODUCTION

Medium carbon steel (MC-steel), because of its great mechani-
cal properties and low production costs, is in wide usage in vari-
ous fields of industry [1,2]. Unfortunately, MC-steel suffers from
corrosion problems when contacted with aggressive solutions [3].
Saline solutions are one of the harmful environments that affect steel
corrosion resistance. Besides the high salts content in saline solu-
tions there are other common factors that influence the metallic
corrosion rates. Temperature, flow velocity and time of exposure
are some examples of issues that may affect the corrosion rate of a
given metal in saline solutions. The changes in temperature have a
significant effect on the corrosion process. Corrosion rate in diffu-
sion control process is doubled for a certain increase in tempera-
ture, while in activation process may be increased by 10-100 times
depending on the magnitude of the activation energy [4]. Increas-
ing solution temperature leads to decreasing viscosity of solution
with a consequent increase in oxygen diffusivity, which leads to in-
crease the rate of mass transfer of dissolved oxygen to the cathode
surface, then increasing the corrosion rate. On the other hand, the
decrease in saline water viscosity with increasing temperature im-
proves the saline water conductivity with a consequent increase in
the rate of corrosion [5]. Generally, the dissolution rate of steel in-
creases with the increasing of the flow rate. This may be attributed
to a decrease in the thickness of hydrodynamic boundary layer and

diffusion layer across which dissolved oxygen diffuses and other
corrosive species to the metal surface. With the consequent increase
in the diffusion rate of oxygen, the resistance of surface film nearly
vanishes, the corrosion products, depolarization of oxygen, and pro-
tective film are continuously swept away and continuous corrosion
happens [6]. The exposure time is another important factor and the
corrosion rate may increase with time [5].

Corrosion of metals can be controlled using different methods.
Inhibitors represent one of these corrosion control techniques that
can be classified according to chemical structure and mechanism
of action [7-10]. Synthesis and natural organic inhibitors are widely
used as safe, cheap and environmentally friendly materials. In con-
trast, most inorganic inhibitors are dangerous and poisoning, such
as nitrites, arsenates, chromates [11]. Although molybdate is one of
the inorganic corrosion inhibitors, it can be used with nonhazard-
ous effects [12]. The inhibition impact of sodium molybdate (SM)
for the carbon steel protection corrosion in saline solution has been
reported in many research works [13-15]. Most of literature works
in the field of corrosion control focused on corrosion mechanism,
type and performance of inhibitor, kinetics studies, etc. Optimiza-
tion, statistical and mathematical studies received less attention. In
chemistry, the optimization procedure is a standout amongst the
most well-known applications. The principal target of optimization
is to decide the levels of free factors that prompt a minimum (or a
maximum) estimation of an outcome. This methodology can be
achieved in two diverse means: multivariate and univariate. Multi-
variate procedures are statistical techniques that measure connec-
tions among factors. In customary univariate techniques, the analyses
are led keeping every one of the factors consistent with the excep-
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tion of the variable whose impact is being considered. In any case,
it does not demonstrate what might happen if different factors are
altered. The consolidated impact of factors can be anticipated, which
is virtually tricky in conventional experimentation [16]. Recently,
multivariate methods have been utilized repeatedly for studies of
optimization in science, engineering, and manufacturing, taking into
account their points of interest, for example, the prerequisite of less
time, experimental work, and reagents. Thus, they are speedier and
more financially savvy than conventional univariate approaches just
utilized to optimize one test variable at once, keeping consistent the
staying ones. Response surface methodology (RSM) is utilized gener-
ally as an exact modeling of multivariate method to evaluate graphi-
cally the connection between response and various experimental
variables for optimization process RSM comprises of a set of mathe-
matical and statistical techniques. One of the RSM fundamental
aims is to decide the optimum settings of the control factors that
result in a maximum (or a minimum) response above a specific
interest area. It attempts to analyze the impact of the free factors on
a particular dependent variable (response), either exclusively or on
the whole. The design of experiment (DoE) studies the effects of
interactions of the process factors leading to the establishment of a
model correlating the process (independent parameters) with the
corrosion rate (response parameter). The usual one factor at a time
(OFAT) method of analysis fails to account for the interaction effects
between all factors, and therefore a greater number of experimen-
tal runs are needed.

Central composite design (CCD) is a common method for re-
sponse surface methodology (RSM) in the design of experiments
that is appropriate for a quadratic surface model and for corrosion
process optimization. Central composite design (CCD) exhibited
by Box and Wilson is a second-order multivariate plan method that
permits the assurance of both quadratic and linear models. The
total number of experiments in the CCD can be calculated based
on both the number of independent variables and the number of
repetitions of the central points. So, CCD consists of three differ-
ent sets of experimental points. The factorial design in the vari-
ables studied (each variable having two levels), the set of center
points (this point is frequently replicated to improve the experiment
precision), and the set of axial points (experimental runs like to
the center points except for one variable that takes on values both
above and below the median of the two factorial levels) [17,18].

The analysis of the optimum corrosion inhibition treatment fac-
tors, temperature and sodium dodecyl benzene sulfonate (SDBS)
concentration on aluminum corrosion rate in hydrochloric acid
(HCl) solution was studied by Deniz and Sibel [19] by utilizing the
methodology of response surface RSM with design of central com-
posite CCD. Nine experiments were designed using CCD and they
found the lowest corrosion current icorr was obtained at SDBS con-
centration at high level and temperature at lowest level. Khadom
and Rashid [20] studied the application of central composite rotat-
able Box-Wilson experimental design (BWED). The optimum con-
ditions of steel corrosion in HCl solution in absence and presence
of kiwi juice as green corrosion inhibitor were evaluated success-
fully. The objective of this work is to investigate the inhibitive
activity of SM (VI) and other operating parameters (temperature,
rotational velocity and exposure time) on the rate of corrosion of

MC-steel alloy in the saline solution containing nitrate and chloride
ions under optimum inhibition conditions using CCD with RSM.

EXPERIMENTAL WORK

1. Corrosive Solution, Material and Samples
Aerated saline water containing nitrate and chloride ions were

used as a corrosive solution. Sodium molybdate, Na2MoO4 (VI)
(99.5% purity) was used as a corrosion inhibitor. Corrosion rate of
carbon steel in presence and absence of sodium molybdate Na2MoO4

(VI) in a concentrations of 7, 7.5, 8, 8.5 and 9 ppm/(0.5 M NaNO3

and 0.5 M NaCl solution), at various temperatures (10, 30, 50, 70
and 90 oC), various exposure times (2, 4, 6, 8 and 10 h), and vari-
ous rotational velocities (1,000, 1,125, 1,250, 1,375 and 1,500 rpm)
was optimized. Weight loss and potentiodynamic polarization meth-
ods were used for corrosion rate evaluation. Analar benzene (C6H6

of 98.9% purity) and analar acetone (C3H6O of 99.5% purity) were
utilized for cleaning and drying the samples. The specimen dimen-
sions were 2.07cm long, 2cm outside diameter, and 0.12cm thick-
ness with an overall area of surface approximated to 13 cm2. The
material of the working electrode used was a medium carbon steel
alloy with chemical composition (wt%) of 0.337 C, 0.046 S, 0.163
Si, 0.053 P, 0.102 Ni, 0.813 Mn, 0.178 Cr, 0.018 Mo, 0.004 V, 0.002
W, 0.36 Cu and the balance is iron.
2. Weight Loss Measurements

Steel specimens were cleaned by washing with cleanser and
flushed with tap water, then by deionized water, degreased by analar
C6H6 and C2H6O. Steel samples were annealed in a vacuum fur-
nace at 600 oC for one hour and cooled under vacuum to 25 oC.
Then, the samples were kept in a desiccator over a silica gel. Before
each test, medium carbon-steel was abraded with sandpaper of grade
number 220, 320, 400 and 600. Then, the samples were washed
with running tap water, and by deionized water, dried with clean
tissue, degreased with C6H6, dried, degreased with C2H6O, dried,
left to dry for one hour in a desiccator over silica gel. Measurement
of weight loss is probably the most widely used method to measure
corrosion rate. Samples were accurately weighted to the fourth deci-
mal of gram and dimensions were measured with a Vernier to the
second decimal of millimeter. Steel samples were immersed com-
pletely in corrosive solution of 2,500 cm3 size contained in a coni-
cal flask for a specific period of time at the desired inhibitor con-
centration and temperature. Mass losses in gm·m−2·day−1 (gmd) were
evaluated in absence and presence of sodium molybdate as a cor-
rosion inhibitor. Tests were in a standard glass cell. The cell was
equipped with six necks, but only three necks were used: One for
the working sample (MC-steel ring), one for the thermometer, and
one for the condenser. The other necks were plugged with a rubber
stopper. The specimen was hung on a rotating Teflon shaft at specific
conditions. After that, the specimen was cleaned, washed with flow-
ing tap water using a brush to remove the corrosion products, washed
with deionized water, dried with the clean tissue, degreased with
C6H6, dried, degreased with C2H6O, dried, left for one hour, then
the weight loss was recorded.
3. Multivariate Optimization Strategy

The multivariate optimization was done using central compos-
ite matrix design (CCD) and the developed data were used in
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STATISTICA software program. Experimental design is a way for
systematically changing the controllable input parameters and moni-
toring the influences of these parameters on the result of output
factors. The utilizing of supposition in our investigation was that
the input parameters singular impacts on the output factors prod-
uct are divisible. That implies the independent parameter’s influ-
ence on the execution variable does not rely upon some other free
parameter for diverse level settings. Before directing of the experi-
ment, the learning of the product/process under study is of prime
significance in recognizing the variables inclined to impact the
result. With a specific end goal to arrange an exhaustive rundown
of variables, the contribution to the experiment is by and large
acquired from the specialists engaged with the venture. The goal
of this examination was to deliver the corrosion inhibition with
the minimum corrosion rate. The temperature, inhibitor concen-
tration, rotational velocity and exposure time were chosen as the con-
trollable information parameters for our situation. Once the free
parameters are chosen, the number of levels for each factor must
be chosen. The range of operating parameters (temperature, time,
inhibitor concentration and velocity) was in the range of values avail-
able in the literature [4-7]. The determination of various levels relies
upon how the result (corrosion rate for our situation) is influenced
because of various level settings. On the off chance that the result
is a straight capacity of the chosen parameter, at that point the
quantity of level setting will be two. However, if the parameter is
not straightly related, at that point one could go to more elevated
levels. A relationship between the corresponding real factors and
the coded one was constructed as follows:

(1)

where k represents the number of variables. Tarantino [21] proposed
that the coded factors take a value between 2 and −2 as per the
central composite rotatable. The range of temperature was 10-90 oC,
inhibitor concentration range 7-9 ppm, rotational velocity 1,000-
1,500 rpm and exposure time range 2-10 h. The expressions of level
in the coded form for the system are evaluated from Eq. (1):

(2)

where CNa2MoO4 is inhibitor concentration (ppm), T is temperature
of saline water (oC), ω is rotational velocity (rpm) and t is expo-
sure time (h) studied at two levels. The relationship between the cor-
responding real factors and coded level is shown in Table 1. Normally,

in the case of four parameters with two levels and repeated experi-
ments of the center’s conditions four times, 24+2×4+4 yields 28
runs. Experimental design of Box-Wilson is not difficult to apply
to numerous engineering cases, making it one of strongest and easi-
est tool for arrangement of tests and describing a physical mecha-
nism. These experiments’ arrangement was efficiently used to develop
process mathematical models [22-24]. For four variables, the sec-
ond-order quadratic model can be represented as follows:

yp=ao+a1x1+a2x2+a3x3+a4x4+a5x1
2+a6x2

2+a7x3
2+a8x4

2

yp=+a9x1x2+a10x1x3+a11x1x4+a12x2x3+a13x2x4+a14x3x4 (3)

where yp is predicted corrosion rate (gmd), x1is temperature (oC),
x2 is inhibitor concentration (ppm), x3 is rotational velocity (rpm),
x4 is exposure time (h) and ao, a1, …, a14 are constants. It is clear
that the quadratic model takes into account the individual effect of
each variable and the interaction effect between them, which makes
it more preferred than other models.
4. Open-circuit Potential Measurements

The open circuit potential (OCP) analysis was evaluated in the
system shown in Fig. 3. The extent of the working electrode poten-
tial was registered as a function of time against saturated calomel
electrode (SCE) bridged by a lugging Haber Probe. The testing strat-
egy is proficient by setting the lugging Haber capillary at a space of
2 mm from the working electrode. The potential of open-cell can
be inspected directly using a voltmeter. Initially for 40 minutes, the
corrosion potential was estimated every 3 minutes, and then every
30 minutes a reading was taken by a digital voltmeter until reach-
ing the steady state conditions [25].
5. Potentiodynamic Polarization Measurements

The measurement was performed in aerated, saline water con-
taining 0.5 M nitrate and 0.5 M chloride ions (0.5 M NaNO3 and
0.5 M NaCl) at optimum conditions acquired from mass loss tech-
nique in absence and presence of sodium molybdate (SM) as a cor-
rosion inhibitor using potentiodynamic polarization technique.
Polarization measurement is probably the most used method for
studying the corrosion behavior of a metal in corrosive media. Metal-
lic surfaces can be polarized by the application of an external volt-
age which causes current flows between anode and cathode caused
a change in the electrode potential. This change, termed as polar-
ization, affects the rate of corrosion. The test was done using a stan-
dard polarization glass cell spherical flat bottom flask of 2,500 cm3.
The cell has six necks; five of these necks were used. One for the
steel sample that acts as a working electrode (MC-steel cylinder),
One had a tube-shaped gap for the lugging Haber probe mount-
ing that acts as a reference standard calomel electrode (SCE), one

xcoded = 
xreal −  xcenter

xcenter − xlowest

k
------------------------------

------------------------------

x1= 
T − 50

20
--------------, x2 = 

CNa2MoO4
 −  8

0.5
---------------------------, x3  = 

ω  −1250
125

-------------------, x4  = 
t −  6

2
---------

Table 1. Corrosion inhibition factors and their real and coded levels

Independent factors
Levels of factors

Lowest
−2

Low
−1

Centre
0

High
+1

Highest
+2

A: Temperature (oC) 10 30 50 70 90
B: Inhibitor conc. (ppm) 7 7.5 8 8.5 9
C: Rotational velocity (rpm) 1000 1125 1250 1375 1500
D: Exposure time (h) 2 4 6 8 10
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for the thermometer, one for the auxiliary graphite electrode, one
for the condenser. The other neck was plugged with a rubber stop-
per. The working electrode was (2 cm outside diameter×2.07 cm
long) MC-steel alloy cylinder specimens; this cylinder was fixed
on the brass zone on the shaft. Graphite electrode was utilized as
an auxiliary electrode has a measurement of (1.5 cm diameter×4 cm
long); a wire was associated with graphite electrode. The electrode
was mounted specifically to the working electrode. To ensure a
saturated potassium chloride solution, a small amount of potas-
sium chloride (solid) was kept in the solution of calomel electrode
during the test. Samples readiness was completed as in weight loss
method portrayed beforehand. The cell and electrodes were washed
with running tap water, then, by distilled water and then by saline
water. The cell was fitted in a water bath for an appropriate time
until reaching thermal equilibrium (i.e., temperature inside the cell
equal to the temperature of the water bath). The auxiliary and ref-
erence electrodes were fitted and dipped into the corrosive media.
An electrical connection was made among the electrodes. All cor-
rosion cell parts were fixed and connected to power supply, resis-
tors, voltmeter and ammeter. Cathodic polarization was started

from low potential of −1,000mV until reaching the corrosion poten-
tial, and then the connection to the power supply was inverted and
continued with anodic polarization up to 600 mV. The potential
was changed by a step approximately equal to 10 to 15mV per min-
ute and the current density was recorded.

RESULTS AND DISCUSSION

1. Mass Loss Measurements Regression Analysis
Corrosion rate of MC-steel in saline water containing 0.5 M

NaNO3 and 0.5 M NaCl ions in presence and absence of various
concentrations of sodium molybdate (SM) as a corrosion inhibitor
at different rotational velocities, temperatures and exposure times
was studied by weight loss measurements. The corrosion rate of
MC-steel was determined using the following formula:

(4)

where C.R represent the corrosion rate in g/m2·day (gmd). Table 2
shows the results of nonlinear regression analysis. Temperature,

C.R = 
Weightloss g( )

Area m2
( ) time day( )×

------------------------------------------------------

Table 2. Experimental design of the independent factors against experimental and predicted response

Exp.
No.

Coded
parameters

Real
parameters

Experimental
C.R

Predicted
C.R Root-mean-square

error (RMSE)
x1 x2 x3 x4 T (oC) CNa2MoO4 (ppm) ω (rpm) t (h) C.RE (gmd) C.RP (gmd)

01. −1 −1 −1 −1 30 7.5 1125 .04 .07.55 .08.88 0.252
02. 1 −1 −1 −1 70 7.5 1125 .04 20.04 18.46 0.299
03. −1 1 −1 −1 30 8.5 1125 .04 35.67 32.35 0.629
04. 1 1 −1 −1 70 8.5 1125 .04 21.71 21.67 0.008
05. −1 −1 1 −1 30 7.5 1375 .04 18.56 18.97 0.077
06. 1 −1 1 −1 70 7.5 1375 .04 43.48 38.57 0.932
07. −1 1 1 −1 30 8.5 1375 .04 15.34 20.13 0.909
08. 1 1 1 −1 70 8.5 1375 .04 25.04 19.46 1.058
09. −1 −1 −1 1 30  7.5 1125 .08 16.17 17.24 0.203
10. 1 −1 −1 1 70 7.5 1125 .08 40.43 34.85 1.058
11. −1 1 −1 1 30 8.5 1125 .08 20.35 24.47 0.781
12. 1 1 −1 1 70 8.5 1125 .08 26.73 21.81 0.934
13. −1 −1 1 1 30 7.5 1375 .08 25.07 24.32 0.142
14. 1 −1 1 1 70 7.5 1375 .08 53.13 51.94 0.226
15. −1 1 1 1 30 8.5 1375 .08 12.17 .09.24 0.556
16. 1 1 1 1 70 8.5 1375 .08 18.71 16.59 0.402
17. −2 0 0 0 10 8.0 1250 .06 18.27 13.25 0.952
18. 2 0 0 0 90 8.0 1250 .06 19.90 30.19 1.952
19. 0 −2 0 0 50 7.0 1250 .06 20.81 23.75 0.558
20. 0 2 0 0 50 9.0 1250 .06 .09.54 11.87 0.442
21. 0 0 −2 0 50 8.0 1000 .06 22.67 24.47 0.342
22. 0 0 2 0 50 8.0 1500 .06 25.88 29.35 0.658
23. 0 0 0 −2 50 8.0 1250 .02 23.77 25.55 0.337
24. 0 0 0 2 50 8.0 1250 10 27.55 31.04 0.662
25. 0 0 0 0 50 8.0 1250 .06 .07.77 .07.65 0.022
26. 0 0 0 0 50 8.0 1250 .06 .07.80 .07.65 0.028
27. 0 0 0 0 50 8.0 1250 .06 .07.56 .07.65 0.017
28. 0 0 0 0 50 8.0 1250 .06 .07.49 .07.65 0.031
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mum C.Rp in Table 2. This may be ascribed to the fact that Eq. (3)
considers the interaction and individual influences of free factors.
While, experimental data performed at particular conditions. Work-
ing at the high level of concentration of inhibitor and exposure
time, the center level of rotational velocity, and lower level of tem-
perature gave a minimum inhibited C.Rp of 9.21 gmd. The higher
level of concentration of inhibitor improved the likelihood of adsorp-
tion of more SM molecules on steel surface. The center level of
rotational velocity reduces corrosion attack depending on its influ-
ence on the corrosion mechanism involved between the surface
metal and environment to which it is exposed. The higher level of
exposure time increases the chance of covering more areas on the
surface of the metal. While, dealing with the lower level of tem-
perature diminishes the reaction rate of metal dissolution. The lin-
ear coefficients (a1, a2, a3 and a4) of the operating free factors (x1,
x2, x3 and x4) were 4.23, −2.96, 1.21, and 1.37, respectively. These
demonstrate that the influence of each factor on inhibiting C.Rp

can be ordered as x1>x2>x4>x3 and C.Rp is exceedingly influenced
by temperature, then inhibitor concentration and the exposure time
and to less extent by rotational velocity.

The variance analysis (F-test) can be utilized for testing the sig-
nificance of each influence in the model [23]. The variance of coef-
ficients (S2

r and S2
b) [24] is calculated using Eqs. (7) and (8), and the

results are shown in Table 4.

(7)

(8)

where γ is degree of freedom that represents the difference between
number of experiments and number of coefficients.

The results of Table 4 show that most of the interaction and
individual influences of factors are significant and must be consid-
ered. According to ANOVA analysis, the insignificant terms of model
3b were removed and the new response model can be written as
follows:

Sr
2

 =  Σ
εi

2

γ
----

Sb
2

 = 
Sr

2

Σx2
--------

inhibitor concentration, rotational velocity and exposure time were
considered in the development of the mathematical model for the
corrosion inhibition rate. Eq. (3) represents the interaction between
the variables and the individual effect of each variable. STATIS-
TICA 10 software was used to derive the model using nonlinear
estimation method. The model in terms of real variables can be
written as shown below with correlation coefficient of 0.95:

C.Rp(W.L)=−6.59+1.83T−7.24CNa2MoO4−0.07ω +18.94t+0.008T2

C.Rp(W.L)=+10.16C2
Na2MoO4+0.0003ω 2+1.29t2

−0.51TCNa2MoO4+0.001Tω (3a)
C.Rp(W.L)=+0.05Tt−0.08CNa2MoO4ω −4.06CNa2MoO4t−0.003ωt

where C.RP(W.L) is the predicted weight loss corrosion rate (g/m2·
day). The model in coded form can be written as:

C.Rp(W.L)=7.65+4.23x1−2.96x2+1.21x3+1.37x4+3.51x1
2

C.Rp(W.L)=+2.54x2
2+4.81x3

2+5.16x4
2
−5.06x1x2+2.5x1x3 (3b)

C.Rp(W.L)=+2.01x1x4−5.57x2x3−4.06x2x4−0.75x3x4

The predicted corrosion rate was in a good agreement with exper-
imental one and the root-mean-square error (RMSE) was relatively
low.

Eq. (3b) can be optimized for minimum corrosion rate. The first-
order derivative of Eq. (3b) can be obtained and equated to zero to
yield the following partial derivatives:

(5)

Arrangement of Eq. (5):

2a11x1+a12x2+a13x3+a14x4=−a1

a12x1+2a22x2+a23x3+a24x4=−a2 (6)
a13x1+a23x2+2a33x3+a34x4=−a3

a14x1+a24x2+a34x3+2a44x4=−a4

Eq. (6) can be solved easily via Cramer’s rule. Optimum conditions
in terms of real and coded variables are shown in Table 3.

The optimum C.Rp at optimum levels of x1, x2, x3 and x4 was
9.21 gmd. However, this optimum value has veered off from mini-

∂yp

∂x1
------- =  a1+  2a11x1+  a12x2  + a13x3 +  a14x4  = 0

∂yp

∂x2
------- =  a2 +  2a22x2  +  a12x1+  a23x3 +  a24x4  =  0

∂yp

∂x3
------- =  a3 +  2a33x3  +  a13x1+  a23x2 +  a34x4  =  0

∂yp

∂x4
------- =  a4 +  2a44x4  +  a14x1+  a24x2 +  a34x3  =  0

Table 3. Minimum corrosion rate and optimum values of variables
(factors)

Corrosion parameters

Optimum values
(medium carbon

steel alloy)
Coded Real

Temperature (oC) −0.610 0040.27
Na2MoO4 (VI) Concentration (ppm) −0.002 0008.09
Rotational Velocity (rpm) −0.029 1257.45
Exposure Time (h) −0.012 0006.08
Function minimum (corrosion rate, gmd) 9.21

Table 4. Results of analysis of variance (ANOVA)
Factor

evaluated Σx2 Estimated
factor (b)

Variance
Sb

2
F-value
=b2/Sb

2
F0.95(1,13)

=4.67
b10 24 −4.23 1.1475 15.5929 S
b20 24 −2.96 1.1475 07.6354 S
b30 24 −1.21 1.1475 01.2759 NS
b40 24 −1.37 1.1475 01.6356 NS
b11 48 −3.51 0.5737 21.4748 S
b22 48 −2.54 0.5737 11.2456 S
b33 48 −4.81 0.5737 40.3279 S
b44 48 −5.16 0.5737 46.4103 S
b12 16 −5.06 1.7212 14.8754 S
b13 16 −2.50 1.7212 03.6312 NS
b14 16 −2.01 1.7212 02.3473 NS
b23 16 −5.57 1.7212 18.0252 S
b24 16 −4.06 1.7212 09.5768 S
b34 16 −0.75 1.7212 00.3268 NS
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rate of MC-steel in a saline solution containing nitrate and chlo-
ride ions 0.5 M NaNO3 & 0.5 M NaCl at various inhibitor concen-
trations of sodium molybdate are shown in Table 2. Eq. (3a) or (3b)
represents a significant relationship between the dependent variable
(corrosion rate) and independent variables with high correlation

C.Rp(W.L)=7.65+4.23x1−2.96x2+3.51x1
2+2.54x2

2+4.81x3
2 (3c)

C.Rp(W.L)=+5.16x4
2
−5.06x1x2−5.57x2x3−4.06x2x4

The main variables of rotational velocity and exposure time and
the interaction between temperature and rotational velocity (x1, x3),
temperature and exposure time (x1, x4) and rotational velocity and
exposure time (x3, x4) were insignificant. The relation between pre-
dicted and experimental corrosion rate is shown in Fig. 1. The nega-
tive sign for the SM concentration parameter demonstrates that
the corrosion rate increases with the increase in the inhibitor con-
centration. The positive sign for the parameters of the temperature,
rotational velocity and exposure time indicates that the corrosion
rate decreases with the increase in these three factors. Fig. 2 rep-
resents a Pareto chart for MC-steel in saline water containing nitrate
and chloride ions, which suggests that the prevailing process fac-
tor is the temperature, while the effects of the inhibitor concentra-
tion, rotational velocity and exposure time are impressively smaller.
The interaction parameters (CNa2MoO4×ω), (T, CNa2MoO4) and the qua-
dratic parameter (t2, ω 2) have significant influence.
2. Influence of Independent Variables on Corrosion Rate

The effects of independent variables on the inhibited corrosion

Fig. 1. Performance of the quadratic mathematical model.

Fig. 2. Pareto chart for MC-steel in a saline solution containing nitrate
and chloride ions.

Fig. 3. Variety of predicted inhibited corrosion rate with temperature.

Fig. 4. Surface plot (A) and contour plot (B) of temperature and
rotational velocity at the optimum conditions (8.09 ppm and
6.08 h) for corrosion rate of MC-steel.
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mathematical equations used to evaluate the optimum conditions
of the factors within the ranges considered [29]. It is clear from
Figs. 4(A), 5(A), and 6(A) that the corrosion rate decreases, reaches
a minimum, and then increases with the increase in the levels of
the variables under consideration. The bottom of the response plot
gives the minimum corrosion rate. The contours can aid in the
forecast of the responses for any zone of the experimental domain
and perform a very significant role in the study of a response sur-
face. The contour plots are shown in Figs. 4(B), 5(B), and 6(B). Each
contour curve denotes an infinite number of value combinations
of two test variables derived from the quadratic model within the
measured range. The minimum predicted value is recognized by
the surface limited in the least circle or ellipse of the contour plot.
The elliptical contour diagram specifies that the interactions between
the corresponding factors are significant, while the circular contour
plot indicates that the interactions between the corresponding fac-
tors are negligible [30]. These results agree with results of the Pareto
chart. Moreover, a contour diagram is shaped to show the region
of the optimum conditions visually. For quadratic response surfaces,
such diagrams can be more complex compared to the simple series
of parallel lines that can occur with first-order empirical relationships.

coefficient. It can be used to assess the predicted rate of inhibited
corrosion as a function of any factor [26,27]. For example, C.Rp(W.L)=
f(T)C, w, t rate of inhibited corrosion rate as a function of tempera-
ture at constant concentration of inhibitor, optimum conditions of
rotational velocity 1,257.45 rpm and exposure time 6.08 h. Fig. 3
shows the variation of corrosion rate with temperature at different
inhibitor concentrations.

Another graphical representation of Eq. (3a) and (3b) is 3-dimen-
sional and 2-dimensional curves, respectively. Fig. 4(A) and (B)
shows the corrosion rate variation as a function of the tempera-
ture and the rotational velocity at optimum conditions. It can be
seen that corrosion rate was significantly affected by rotational veloc-
ity and temperature, which agrees with the results of Cedeno et al.
[28]. Similar figures can be obtained for other effects. Fig. 5(A) and
(B) demonstrates the synergistic effect between temperature and
exposure time on corrosion rate of steel at optimum conditions of
inhibitor concentration and rotational velocity (8.09ppm and 1,257.45
rpm). While, Fig. 6(A) and (B) represents the corrosion rate devel-
opment as a function of the rotational velocity and the exposure
time. Thus, the two-dimensional contour and three-dimensional
response surface plots are the graphical representations of the

Fig. 5. Surface plot (A) and contour plot (B) of temperature and ex-
posure time at the optimum conditions (8.09ppm and 1,257.45
rpm) for corrosion rate of MC-steel.

Fig. 6. Surface plot (A) and contour plot (B) of rotational velocity
and exposure time at the optimum conditions (40.27 oC and
8.09 ppm) for corrosion rate of MC-steel.
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3. Open Circuit Potential (OCP) Measurements
OCP can afford significant information about the behavior of

steel corrosion. The variation of the open circuit potential of MC-
steel alloy with the immersion time in a saline water containing
0.5 M NaNO3 & 0.5 M NaCl in absence and presence of 8.09 ppm
Na2MoO4 at 40.27 oC, 1,257.45 rpm and 6.08 h has been studied.
As shown in Fig. 7, the free corrosion potential shifts to more pos-
itive value in the presence of Na2MoO4 (Curve A). After one-hour
immersion the steady state potential was recorded in the presence
and absence of Na2MoO4; it was approximately −344.3 and −576
mV, respectively, relative to saturated calomel electrode. Many fac-
tors, such as, oxygen, chloride concentration, and electrolyte may
affect the open circuit potential data. A higher probability of cor-
rosion is expected with more negative reading of OCP. Evaluation
of metal corrosion from the (absolute) free corrosion potential val-
ues may mislead engineers and cause errors in judgment if other
factors are not considered. It must be stressed that the free corro-
sion potential measurement only reveals the corrosion probability
at a given location and time. It is evident that long-term monitor-
ing of the free corrosion potential reading is more meaningful.
The reason for this variation with time depends and is affected by
many parameters (i.e., material purity, surface treatment, oxygen
contact …) [31].
4. Potentiodynamic Polarization Measurements

Polarization measurement was performed in an aerated, saline
water containing nitrate and chloride ions (0.5M NaNO3 and 0.5M
NaCl) at the weight loss optimum conditions in absence and pres-
ence of sodium molybdate (SM) as an inhibitor at a temperature of

40.27 oC, 8.09ppm of SM concentration, rotational velocity 1,257.45
rpm and exposure time of 6.08 h. Fig. 8 shows potentiodynamic
polarization curves. From these curves, the kinetics electrochemi-
cal parameters, such as, corrosion potential (Ecorr), corrosion cur-
rent density (Icorr), and Tafel slopes (βc and βa) were obtained and
presented in Table 5. The linear polarization resistance (RP) can be
evaluated from the Stern and Geary equation [32]:

(9)

where Rp is a linear polarization resistance in (Ω·cm2), Icorr is the
current density of corrosion (μA/cm2), βa and βc are the Tafel slopes
in (mV/dec) for anodic and cathodic curves, respectively. The cor-
rosion rate also can be expressed in terms of penetration rate using
the following equation [33]:

(10)

where C.R (mpy) is corrosion rate in mils/year, EW is the equiva-
lent weight of the corroding iron species (28 g/eq), and d is the
density of the corroding iron species (7.87g/cm3). This form of cor-
rosion rate unit may be useful in predicating equipment age. Another
important parameter is the percentage inhibition efficiency (η %)
at the optimum conditions that can be calculated by using the fol-
lowing [34]:

(11)

Rp = 
βaβc

2.303Icorr βa +  βc( )
-----------------------------------------

C.R mpy( )  = 
0.129 Icorr× EW×

d
---------------------------------------

%η = 
Icorr − Icorr inh( )

Icorr
------------------------------ 100×

Fig. 7. Free corrosion potential for the MC-steel corrosion at the
optimum conditions in presence (Curve A) and absence (Curve
B) of Na2MoO4.

Fig. 8. Polarization curves for the MC-steel corrosion in aerated saline
water containing 0.5M NaNO3 & 0.5M NaCl ions at the opti-
mum conditions. Curve A: inhibited water with Na2MoO4.
Curve B: uninhibited water.

Table 5. The results of electrochemical corrosion in the aerated saline solution containing 0.5 M NaNO3 & 0.5 M NaCl ions at the optimum
corrosion inhibition rate

Case OCP (mV)
SCE Icorr (μA/cm2) Ecorr (mV)

SCE βc (mV/dec) βa (mV/dec) RP (Ω·cm2) CR (mpy) Efficiency
η (%)

Inhibited −344.3 036.87 −350 −62 84 27.88 016.92 95.90Blank −576.0 900.00 −580 −55 47 05.10 413.06
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where Icorr(inh) and Icorr are the corrosion current densities in pres-
ence and absence of inhibitor, respectively. Both C.R (mpy) and
percentage inhibition efficiency (η %) are collected in Table 5. With
the presence of sodium molybdate (SM) inhibitor concentration,
the corrosion current density decreased and the polarization resis-
tance increased.

Fig. 8 shows that the effect of an anodic-type Na2MoO4 inhibi-
tor (sometimes referred to as passivator) acts on the metal surface
producing a large corrosion potential anodic shift. This shift forces
the metallic surface into the passivation region. Icorr is reduced, while
the Ecorr shifts towards higher (more positive) values. The inhibi-
tor can be categorized as cathodic or anodic when the change in
the Ecorr value is larger than 85mV [35]. From Table 5, the maximum
shift of Ecorr value at optimum conditions was 230 mV, which is
higher than the recommended value. This postulates that the SM
corrosion inhibitor is adsorbed to large extent on anodic areas, which
slows the main anodic reaction of the steel dissolution. It is also
clear from Table 5 that the current corrosion density is reduced in
the presence of inhibitor. Correspondingly, η % value is high, which
indicates the excellent performance of the inhibitor. Furthermore,
no significant changes were detected in the Tafel slope of cathodic
region (βc) value in polarization curve, while the anodic one (βa)
was significantly affected. This suggests that there was no change
mechanism of cathodic reaction. The effect was more pronounced
with anodic corrosion mechanism in the presence of the inhibitor.

CONCLUSIONS

The effects of the sodium molybdate inhibitive action and cor-
rosion behavior of MC-steel in saline water at different conditions
of temperature, inhibitor concentration, rotational velocity and the
exposure time were investigated. Experimental design was used to
construct the weight loss tests, and a mathematical model was sug-
gested. The effect of independent variables on corrosion rate fol-
lows the sequence of temperature, then inhibitor concentration,
exposure time, and rotational velocity. Mathematical model was use-
ful in evaluating of optimum conditions. Generally, the results of the
model are in good agreement with the experimental data. Steady-
state open circuit potential was approached after one hour. Open
circuit potential measurements showed that the steady state poten-
tial was reached after one hour of immersion time. Polarization stud-
ies showed that sodium molybdate (VI) was an anodic-type inhibitor.
Corrosion current density decrease and corrosion potential shifted
to more positive direction. Optimum inhibition efficiency was 95.9%,
which indicates the high performance of sodium molybdate.
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NOMENCLATURE

 ao, a1, …, a14 are constants symbol for the model
C.R is the corrosion rate in g/m2·day [gmd]
k represent

s the number of variables
t is exposure time [h]
T is temperature of saline water [oC]
Where CNa2MoO4 is inhibitor concentration [ppm]
x1 is temperature symbol for the model [oC]
x2 is inhibitor concentration symbol for the model [ppm]
x3 is rotational velocity symbol for the model [rpm]
x4 is exposure time symbol for the model [h]
yp is predicted corrosion rate for the model [gmd]
ω is rotational velocity [rpm]
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