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ABSTRACT

In this article, we are interesting to investigate the corrosion inhibition of mild steel in sulfuric acid by two
surfactants phospohonates already synthesized namely sodium methyldodecylphosphonate (Phol) and sodium
methyl (11-methacryloyloxyundecyl) phosphonate (Pho2).

The inhibition performances of Phol and Pho2 on mild steel corrosion in 0,5M H,SO, solution were studied
using the electrochemical impedance spectroscopy (EIS), weight loss, and Tafel polarization technics. The
experimental results suggest that those surfactants are effective corrosion inhibitors and the inhibition efficiency
increases with the increase surfactants concentrations. Polarization measurements proved that the inhibitors
behave as mixed-type. EIS diagram appears a large capacitive loop at high frequencies (HF) followed by a small
inductive loop at low frequencies (LF) for Pho2, and the addition of this surfactant inhibitor increases the
impedance of electrode. The adsorption of each surfactant on steel surface obeys Langmuir adsorption isotherm.
The thermodynamic and Kinetic parameters were calculated and discussed. Values of inhibition efficiency
calculated from weight loss, Tafel polarization curves, and EIS are in good agreement.
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I. INTRODUCTION corrosion inhibitors for aluminum, copper and steel

Acid solutions are widely used in industry. The
corrosion of steel in acidic solution receives
considerable concern. Sulfuric acid is one of the most
aggressive acids for iron and its alloys and is often
used during cleaning, pickling, descaling, acidizing,
we use corrosion inhibitors to reduce the corrosion
rates of metallic materials in acidic media [1-3].

The use of corrosion inhibitors is one of the most
practical methods for protection of steel against
corrosion in acidic solutions. Most of well-known
acid corrosion inhibitors are organic compounds
containing nitrogen, sulfur or oxygen atoms [4-6].
Those organic inhibitors molecules apply their
inhibition action via the adsorption of the inhibitor
molecules onto the metal/solution interface [7-9]. The
adsorption process is affected by the chemical
structures of the inhibitors, the nature and charged
surface of the metal and the distribution of charge
over the whole inhibitor molecule.

The phosphonate derivatives have been
successfully used as corrosion inhibitors in many
practical applications [10-12], and they are effective

in hydrochloric, nitric and sulfuric acid solutions [13-
18]. The encouraging results obtained by these
compounds have incited us to test their effect on the
corrosion behaviour of mild steel insulfuric acidic
media (0,5M H,SO,).

In this article, we are interesting to investigate
the corrosion inhibition of mild steel in sulfuric acid
by two already synthesized phospohonate derivatives

[19,20] (scheme 1) namely sodium
methyldodecylphosphonate  (Phol) and sodium
methyl (11-methacryloyloxyundecyl) phosphonate

(Pho2). The chemical structures of those compounds
are given in scheme 1. The corrosion inhibitive
activity of those organic compounds was examined
successively via weight loss, potentiodynamic
polarization curves, electrochemical
impedancespectroscopy (EIS). The Kkinetic and
adsorption parameters of corrosion inhibition process
are also evaluated.
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Scheme 1.Chemical formulas of Phol and Pho2.

Il. EXPERIMENTAL SECTION

2.1. Materials

The steel used in this study is a mild steel with a
chemical composition (in wt%) of 0.09%P, 0.01 %
Al, 0.38 % Si, 0.05 % Mn, 0.21 % C, 0.05 % S and
the remainder iron (Fe). The steel samples were pre-
treated prior to the experiments by grinding with
amery paper SiC (220, 400, 800, 1000 and 1200);
rinsed with distilled water, degreased in acetone,
washed again with bidistilled water and then dried at
room temperature before use.

2.2. Solutions

The aggressive solutions of 0,5M H,SO, were
prepared by dilution of analytical grade 97% H,SO,
with distilled water. The concentration range of
sodium  methyldodecylphosphonate  (Phol) and
sodium methyl (11-methacryloyloxyundecyl)
phosphonate (Pho2) used was 10°M to 10°M.

2.3. Gravimetric study

Gravimetric  experiments  were  performed
according to the standard methods; the mild steel
sheets of 1.5 cm x 1.5 cm x 0.03 cm were abraded
with a series of emery papers sic (220, 400, 800,
1000 and 1200) and then washed with distilled water
and acetone. After weighing accurately, the
specimens were immersed in a 50 mL beaker
containing 100 mL of 0,5M H,SO4solution with and
without addition of different concentrations inhibitor.
All the aggressive acid solutions were open to air.
After 6 h of acid immersion, the specimens were
taken out, washed, dried, and weighed accurately. In
order to get good reproducibility, all measurements
were performed few times and average values were
reported to obtain good reproducibility. The

inhibition efficiency (nw. %) and surface coverage (8)
were calculated as follows:

W —W
CR — b a
At 1)
Ty (%) = (1—ﬂJ %100
Wo @

4
Yo ()

where W, and W, are the specimen weight before
and after immersion in the tested solution, wy and w;
are the values of corrosion weight losses of mild steel
in uninhibited and inhibited solutions, respectively, A
the total area of the mild steel specimen (cm?) and t is
the exposure time (h).

2.4. Electrochemical measurements

The electrochemical measurements were carried
out using Volta lab (Tacussel- Radiometer PGZ 100)
potentiostate and controlled by Tacussel corrosion
analysis software model (Voltamaster 4) at under
static condition. The corrosion cell used had three
electrodes. The reference electrode was a saturated
calomel electrode (SCE). A platinum electrode was
used as auxiliary electrode of surface area of 1 cm?
The working electrode was mild steel of the surface
0.04 cm? All potentials given in this study were
referred to this reference electrode. The working
electrode was immersed in test solution for 30 min to
a establish steady state open circuit potential (Eqcp).

After measuring the E,,, the electrochemical
measurements were performed. All electrochemical
tests have been performed in aerated solutions at 308
K. The EIS experiments were conducted in the
frequency range with high limit of 100 kHz and
different low limit 0.1 Hz at open circuit potential,
with 10 points per decade, at the rest potential, after
30 min of acid immersion, by applying 10 mV ac
voltage peak-to-peak. Nyquist plots were made from
these experiments. The best semicircle can be fit
through the data points inthe Nyquist plot using a
non-linear least square fit so as to give the
intersections with the x-axis.

After ac impedance test, the potentiodynamic
polarization measurements of mild steel substrate in
inhibited and uninhibited solution were scanned from
cathodic to the anodic direction, with a scan rate of 1
mV s’ The potentiodynamic data were analysed
using the polarization VoltaMaster 4 software. The
linear Tafel segments of anodic and cathodic curves
were extrapolated to corrosion potential to obtain
corrosion current densities (I¢orr)-

I11. RESULTS AND DISCUSSION
3.1. Polarization Measurements
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Potentiodynamic polarization data of various
concentrations of Phol and Pho2 are shown as the
Tafel plots steel in 0,5M H,SO, in Figures 1 and 2.
The corrosion kinetic parameters such as corrosion
potential (Ecor), corrosion current density (leor),
cathodic Tafel slopes (B;) were derived from these
curves and are given in Tablel.
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Figurel. Polarization curves of steel in 0.5M H,SO,
containing various concentrations of Phol.
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Figure 2.Polarization curves of steel in 0.5M H,SO,
containing various concentrations of Pho2.

The values of inhibition efficiency (E,%) were
calculated using the following equation:
E]% — Icorr —lcorr (inh ) x 100 (4)

corr

Where leor and leorgony are the values of
corrosion current densities of steel without and with
the additive, respectively, which were determined by
extrapolation of the cathodic Tafel lines to the
corrosion potential Eq.

Table 1.Electrochemical data of steel at various
concentrations of Phol and Pho2 in 0.5M H,SO, and
corresponding inhibition efficiencies.

The data in Table 1 indicate that in both cases
leorr Values gradually decreased with the increase of
the inhibitor concentration with respect to the blank.
Inhibition efficiency (E,) at 10° M reaches up to a
maximum of 86% for Pho2; and 75% for Phol,
which again confirms that both inhibitors are good
inhibitors for steel in 0,5M H,SO,, and E, follows the
order: Pho2 > Phol. According to the literature [21],
it has been reported that (i) if the shift in Ec, is < 85
mV the inhibitor can be claimed as mixed type and
(ii) if the shift in Ecorr is > 85 mV, with repect to
Ecor, the inhibitor behave as either cathodic or
anodic. In this investigation, the shift in Ecorr is less
than 25 mV for Pho2 and is even less for Phol,
suggesting that both Pho2 and Phol act as mixed type
of inhibitors [22].

3.2. Electrochemical Impedance Spectroscopy

The EIS was carried out on a newly polished
steel surface in acidic solution in the absence and
presence of Pho2 at open circuit potential at 308 K
after 30 min of immersion. Nyquist plots of steel in
0,5M H,SQO, in the presence and absence of additive
are given in Figure 3. These curves have obtained
after 30 min of immersion in the corresponding
solution. Impedance parameters derived from the
Nyquist plots are given in Table 2. The charge
transfer resistance, R; values are calculated from the
difference in impedance at lower and higher
frequencies. To obtain the double layer capacitance
(Cq), the frequency at which the imaginary
component of the impedance is maximum (-Znq) is
found and Cy, values are obtained from the equation:

TE 2 p—— ©
27C,R

The figure 3 represents the Nyquist diagrams for
mild steel in 0,5M H,SO, in the presence of Pho2,
respectively. Clearly, the impedance spectra exhibit a
large capacitive loop at high frequencies followed by
a small inductive loop at low frequency values. In the
presence of Pho2, comparing with blank solution, the
shape is maintained throughout all tested
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concentrations, indicating that almost no change in
the corrosion mechanism occurs due to the inhibitor
addition [23]. The capacitive loop indicates that the
corrosion of steel is mainly controlled by a charge
transfer process, and usually related to the charge
transfer of the corrosion process and double layer
behavior. On the other hand, the inductive loop may
be attributed to the relaxation process obtained by
adsorption species like FeSO, [24] or inhibitor
species [25] on the electrode surface.
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Figure 3.Nyquist diagrams for steel in 0.5M H,SO,
containing different concentrations of Pho2.

The diameter of the capacitive loop in the
presence of inhibitor is bigger than that in the
absence of inhibitor (blank solution) and increases
with the inhibitor concentration. This indicates that
the impedance of inhibited substrate increases with
the inhibitor concentration. Noticeably, these
capacitive loops are not perfect semicircles which can
be attributed to the frequency dispersion effect as a
result of the roughness and inhomogeneousness of
the electrode surface [26].

Table 2.Characteristic parameters evaluated from the
impedance diagram for steel in 0.5M H,SO, at
various concentrations of Pho2.

Cone R, Ca F
(M) Qo) (nFem’) (“e)
Blank 0.5 10.04 79.2 -
10® 274 16.45 63
102 3717 34.25 72
Pho2
10+ 69.34 31.24 85
103 101.8 2892 90

Data in Table 2 shows that additional Pho2 inhibits
the corrosion of mild steel in 0.5 M H,SO,. The
inhibition efficiency is calculated using charge

transfer resistance from the equation [15]:
-1 -1
t B (inh)
ERt% — corr R_1 corr (In X 100 (6)

tcorr

Where Rior and Riconginny are the charge transfer
resistance values in absence and presence of
inhibition for steel in 0.5M H,SO,, respectively.

By increasing the inhibitor concentration the R;
values increase but Cy values decrease. According to
Helmoltz model, the double layer capacitance Cy is
given by:

g€
Cqy = %5(7)

Where § is the thickness of the deposit, S is the
surface of the electrode, g, is the permittivity of the
air, and ¢ is the medium dielectric constant.

As can be seen from this Table 2 and figure 4 the
decrease in Cg, which can result from a decrease in
local dielectric constant and/or an increase in the
thickness of the electric double layer [27,28],
suggested that Pho2 molecules function by
adsorption at the metal/solution interface. Thus, the
decrease in Cyvalues and the increase in R; values
and consequently of inhibition efficiency may be due
to the gradual replacement of water molecules by the
adsorption of the Pho molecules on the metal surface,
decreasing the extent of dissolution reaction [29].

50
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Figure 4. Evolution of Cgy with the inhibition
efficiency of Pho2

3.3. Weight Loss Tests
3.3.1.  Effect of concentration

The table 3 collects the corrosion rates and the
inhibition efficiencies evaluated from weight loss
measurements for different inhibitor concentrations
in 0,5M H,SO,. The corrosion rate reduces after
addition of the selected two compounds, and
decreases with the inhibitor concentration. This
behaviour is due to the fact that the adsorption
coverage increases with the increase of inhibitor
concentration, which shields the mild steel surface
efficiently from the medium. In the absence of
inhibitor, the corrosion rate is as high as 11.679 mg
cm? h. While in the presence of 10° M inhibitor,
the corrosion rate values are reduced to 1.353 and
0.891 mg cm? h™* for Phol and Pho2, respectively.
At any given inhibitor concentration, the corrosion
rate follows the order: Cr (Pho2) < Cg (Phol), which
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indicates that Pho2 exhibits the best

performance among two compounds.

inhibitive

100

Table 3. Gravimetric results of steel in acid without
and with addition of Phol and Pho2, 6h at 308K.
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Figure 5.Variation of corrosion rate with temperature

3.3.2. Effect of temperature and thermodynamic
activation parameters

Temperature has a great effect on the corrosion
phenomenon. Generally the corrosion rate increases
with the rise of the temperature. For this purpose, we
made weight loss experiments in the range of
temperature 313-353 K, in the absence and presence
of various concentrations of Phol and Pho2 after 1h
of immersion. The corresponding data are shown in
Table 4, it is clear that the inhibition efficiencies
decrease with the increase of temperature.

of steel at 10° M of inhibitors.
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Table 4.

at different temperatures at 1h.

Temp

Cg

w1

Inhibition efficiencies obtained from the
corrosion rate 10° M of phosphonates in 0.5M H,SO,

(K) Inhibitors (mg/cmh) (%) o
Blank 16,241 = =

313 Phol 0,227 98.6 0.98
Pho2 0,324 97.9 0,97
Blank 30,160

323 Phol 8,093 3,1 0.73
Pho2 0,696 6 0,97
Blank 46,535 == =

333 Phol 17,637 62,0 0,62
Pho2 3,117 93,3 0,93
Blank 59,750 = =

343 Pholt 35,235 41,0 0,41
Pho2 14,293 76,0 0.76
Blank 85,672 . .

353 Phol 57,534 328 0,32
Pho2 36,0 57.9 0,57

The figure 5 shows that the corrosion rate
increases as temperature rises, and the values of
inhibition efficiency of Pho2 is more than Phol.The
results show that the inhibition efficiencies decrease
with increasing temperature, indicating that at higher
temperature dissolution of steel predominates over
inhibitor adsorption at the surface.

RN
N
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10

T T T T T T T T
310 320 330 340 350
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Figure 6:Variation of inhibition efficiency with
temperature of steel at 10° M of inhibitors.

The activation parameters for the corrosion
process were calculated from Arrhenius type plot
according to the following:

Eq
Cg —Aexp<—ﬁ> (8)

Where E, is the apparent activation corrosion
energy, T is the absolute temperature, A is the
Arrhenius pre-exponential constant and R is the
universal gas constant.

And the alternative formulation of Arrhenius
equation is:

c _RT AS, AH, ©
RENR PR ) &P\ RT

Where h is Planck’s constant, N is Avagadro’s
number, AS, is the entropy of activation and AH,is
the enthalpy of activation.

Arrhenius plots for the corrosion rate of steel are
given in (Figure 7). Values of (E,) for steel in 0,5M
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H,SO,4 without and with optimum concentrations of
Phol and Pho2 were calculated by linear regression
between Ln (Cg) and 1/T.

=
e 2
Q
o
E 15 0
c 0
-
H,S0, 0.5M
-19 | 0 Phol A
A Pho2

3 —
2,80 2,85 2,90 2,95 3,00 3,05 3,10 3,15 3,20

1000/T (K™)

Figure 7: Arrhenius plots of steel for 10° M of Phol
and Pho2 in 0.5M H,SO,

Results are shown in (Table 5). All the linear
regression coefficients are close to 1. The decrease of
inhibition efficiencies with increasing temperature
and the increase of E, in the presence of the inhibitor
indicate the physical adsorption mechanism [30].

The figure 8 shows the variation of Ln (Cgr/T)
function (1/T) as a straight line with a slope of (-H, /
R) and the intersection with the y-axis is [Ln(R/Nh) +
(AS; / R)]. From these relationships, values of AS,
and AH, can be calculated. The activation parameters
(Es, AHzand AS,) calculated from the slopes of
Arrhenius lines in the absence and presence of our
inhibitors (Fig.7 and Fig.8) are summarized in Table
5.

Inspection of these data reveals that the AH,
values for dissolution reaction of steel in 0,5M H,SO,
in the presence of inhibitors are higher than that of
the absence of inhibitors.The positive signs of AH,
reflect the endothermic nature of the steel dissolution
process suggesting that the dissolution of steel is
slow in the presence of inhibitors [31].

Moreover, for all systems, the average value of
the difference between E, and AH, is about 2.87 kJ
mol™ which approximately around the average value
of RT (2.68 kJ mol™).

E,— AH,=RT (10)

H‘; a4
=
A
S
£
= 5 °
S
2
c -6
5 0 HSO,05M
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74| & Pho2

— T T T T T T T 1
280 28 290 29 300 305 310 315 320

1000T (K™)

Figure 8: Plots of In(C/T) against T for 10 of
Phol and Pho2 in 0.5M H,SO,

Table 5.Values of activation parameters (E,, AH,,
AS,) for steel in 0.5M H,SO, in the absence and
presence of Phol and Pho2.

R E. AH, AS,

(kJ/mol) (k)/mol) (J/mol.K)
Blank 0978 371 34.23 -111.8
Phol 0.982 71.41 68.65 -16.68
Pho2 0.984 114,08 111.25 98.83

On comparing the values of the entropy of
activation (AS,) in (Table 5), it is clear that AS, is
more positive in presence of the studied surfactant
inhibitor compared to free acid solution. The increase
of AS, in the presence of inhibitors implies that the
activated Phol and Pho2 in the rate determining step
represent an association rather than a dissociation
step [32].

3.4. Adsorption isotherm and thermodynamic
parameter

Adsorption isotherms are usually used to
describe the adsorption process. The establishment of
adsorption isotherms that describe the adsorption of a
corrosion inhibitor can provide important clues to the
nature of the metal-inhibitor interaction. Adsorption
of the organic molecules occurs as the interaction
energy between molecule and metal surface is higher
than that between the H,O molecule and the metal
surface [33]. The best correlation between the
experimental results and isotherm functions was
obtained using the Langmuir adsorption isotherm
intercepted by the following equation:

clic (11)
0 k

WWW.ijera.com 27IPage



R. Ghibate et al. Int. Journal of Engineering Research and Applications

WWW.ijera.com

ISSN: 2248-9622, Vol. 5, Issue 12, (Part - 4) December 2015, pp.22-30

Where C is the inhibitor concentration, K is the
equilibrium constant and 0 is the surface coverage.
From the values of surface coverage, the linear
regressions between C/0 and C are calculated by
computer, and the parameters of adsorption are listed
in Table 6. Figure 9 shows the relationship between
C/6 and C at 308 K. these results indicate that the
adsorption of inhibitor onto steel surface agrees the
Langmuir adsorption isotherm.

The obtained values of AG;, show a good

correlation among thermodynamic parameters; those
results ensure the spontaneity of the adsorption
process and the stability of the adsorbed layer on the
steel surface as well as strong interaction between the
inhibitors and the metal surface [34].

0,0014

0,0012 o
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0,0008 +

(e]:]

0,0006

0,0004 —

0,0002 - O  Phol
A Pho2
T T T T T
0,0000 0,0002 0,0004 0,0006 0,0008 0,0010
C (mol/L)

Figure 9.Langmuir adsorption isotherm of Phol and
Pho2 on steel in 0.5M H,SO, at 308 K.

Table 6. Adsorption parameters of the linear
regression between C/0 and C of Phol and Pho2

. AGH

bit ) oyt

Inhibitor (R d/mol)
Phol 0.9822 ~33.85
Pho2 0.9871 «34.43

Table 6 shows the negative values of ads jndicate
the spontaneity of adsorption of the inhibitor
molecules on the mild steel surface [35]. In general,

o

s yalues below -20 kJ mol? are due to the

physisorption of the inhibitor, whereas as yalues
above -40 kJ mol™ are attributed to the chemisorption
of the inhibitor molecules on metal surface. The

values of Guas are -33.85kJ mol™ and -34.43 kJ
mol™ for Phol and Pho2, respectively. The calculated

values of | G | of Pho in H,SO, indicate that the
adsorption mechanism of Phol and Pho2 on mild
steel involves both chemisorption and physisorption
[36-38]. Owing to the adsorbed water molecules on
the surface of mild steel, it may be assumed that the
adsorption occurs first due to the electrostatic
interaction, and then the removal of water molecules

from the surface is accompanied by chemical
interaction between the metal surface and the

o

adsorbate [39-42]. Moreover, the value of A, for
Pho2 is lower than that for Phol, further
demonstrating that Pho2 exhibits the stronger
tendency to adsorb on metal surface.

IV. CONCLUSION

Two phosphonate derivatives of Phol and Pho2
are good inhibitors for the corrosion of mild steel in
0,5M H,SO, solution. n increases with the inhibitor
concentration but decreases with temperature. Both
Phol and Pho2 act as mixed-type inhibitors. EIS
spectra exhibit a large capacitive loop at high
frequencies followed by a small inductive loop at low
frequency values. The presence of inhibitor in 0,5M
H,SO, solutions increases R; while reduces Cy. The
value of apparent activation energy (E,) in the
presence of inhibitors are higher than that in the
absence of inhibitor.
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