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Abstract. In the dental office, surgical instruments must be sterilized for each patient, following their contamination by
saliva and blood. Repeated sterilization cycles cause corrosion. A worn out and corroded instrument may cause toxicity to
the patient. The aim of our study is to improve the corrosion resistance of orthodontic pliers during sterilization using green
inhibitors. The behaviour of AISI 410 stainless steel with respect to corrosion was studied in a 0.5 M H2 SO4 , using cladodes
of Opuntia ficus-indica (OFI) as a green inhibitor. Temperature effect on OFI efficacy was studied for different ranges (25, 35
and 45◦ C). The study was carried out using the weight loss method, the stationary electrochemical techniques (polarization
curves), the transients (electrochemical impedance spectroscopy), and the scanning electron microscopy associated with
X-ray dispersive energy spectroscopy (SEM–EDX) and atomic force microscopy (AFM) observations. OFI behaves as a
mixed inhibitor, with a physisorbed adsorption obeying to Langmuir isotherm and, with an efficacy ranging from 95.12 to
15% (v/v) obtained after 12 h immersion at a temperature of 25◦ C. The SEM–EDX and AFM observations confirm the
obtained results. In conclusion, OFI improves corrosion resistance of AISI 410 stainless steels in 0.5 M H2 SO4 at 25◦ C.
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1. Introduction
Dentistry is a science area which requires an impressive
amount of equipment. Dental instruments must be sterilized
after each patient use [1]. The main purpose of sterilization
is to prevent both patient and practitioner from nosocomial
infection either by cross-contamination or infectious diseases
such as hepatitis B, pneumonia, HIV/AIDS, hepatitis C, and
airborne diseases like influenza and tuberculosis [2,3]. Its
major disadvantage lies in dental instrument deterioration by
corrosion. Therefore it becomes essential to study and understand the corrosion phenomenon, thus showing its significant
consequences on dental equipment durability and resistance.
There exist many methods to prevent metal corrosion. The
use of inhibitors to fight against stainless steel corrosion in a
H2 SO4 medium is widespread [4]. The development of green
inhibitors against corrosion is of a strong interest in the field
of science and technology.
Over recent decades, plant extracts used as green corrosion inhibitors were the subject of several studies for both
their non-toxicity aspect, and their biodegradable and environmental properties.
This study about the use of cladodes of grated Opuntia
ficus-indica (OFI) as a green corrosion inhibitor for martensitic stainless steel AISI 410 at 13% Cr in 0.5 M H2 SO4 .
The OFI inhibitor effect on steel corrosion in different acidic
media is studied [5–7]. In the literature, several other works
done on the use of different plant parts together with their
0123456789().: V,-vol

extracts as green inhibitors for steel corrosion in different
acidic media have emerged. Among which one can cite the
following:
Agave americana extract [8]; leaves of Cistus ladanifer
extract [9]; Aloe Vera extract [10,11]; Henna [12]; Oxandra
asbecki [13]; Musa paradisica peel [14]; Azadirachta indica
[15]; Mentha pulegium [16]; Damsissa [17]; Ananas comosus
[18]; Lasianthera africana [19]; Carica papaya [20]; Justicia gendarussa [21]; fruit barks [22]; Ferula assa-foetida
and Dorema ammoniacum [23]; Ephedra sarcocarpa [24];
Calligonum comosum [25]; Salvia officinalis [26]; Armoracia rusticana [27]; Myristica fragrans [28]; Cuscuta reflexa
[29]; and the extract of Sida cordifolia [30].
The corrosion study was carried out using the combination
of the weight loss method (WLM) with the electrochemical
impedance spectroscopy (EIS) and potentiodynamic polarization (PDP), as well as surface characterization techniques
such as scanning electron microscopy associated with Xray dispersive energy spectroscopy (SEM–EDX) and atomic
force microscopy (AFM).

2. Materials and methods
The material used in this study is a martensitic stainless steel
(AISI 410) produced from WITTEX brand orthodontic pliers
(figure 1), with the following chemical composition: 0.15%
C, 13.04% Cr, 0.18% Mn, 0.39% Si, 0.029% P, 0.020% S,
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equation (2):
V = m/St,

(1)

where m is the mass variation (g); S the metal surface
(mm2 ); t the time (h).

Figure 1. Orthodontic pliers.

0.130% Cu, 0.008% Al, 0.003% Ti, 0.024% Nb, 0.269% Ni,
0.040% Mo, 0.031% V, 0.009% Sn, Fe (balance). It was made
by means of the atomic emission spectroscopy technique. A
sulphuric acid solution (H2 SO4 ) at 0.5 M was used, on the
basis of a concentrated acid at 98% brand Biochem, and a
volume of the order of 100 ml.
OFI (figure 2) was used as a corrosion green inhibitor originating from eastern Algeria, in a region known as El Hadjar
situated in the county of Annaba. The spines were removed,
washed with distilled water, and then peeled to eliminate the
green layer that protects the OFI cladodes. The internal viscous pulp was then collected, before being cut into small
pieces, then crushed and finally mashed to get the viscous
liquid used in our experiments.
2.1 Weight loss method
The weight loss measurements were made at different immersion times (2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22 and 24 h), all
at an ambient temperature of 25◦ C.
The orthodontic pliers were cut into semi-cylindricalshaped pieces with a surface area of 4.28 cm2 . The sample
was then polished, washed with distilled water and acetone,
air-dried and weighed before being immersed in different solutions, namely: 0.5 M H2 SO4 and 0.5 M H2 SO4 at
various concentrations (1.5; 5; 10 and 15% v/v) of OFI,
in order to calculate the corrosion rate (Vc ) according to
equation (1) below, and the inhibitory efficacy (IE%) using

Figure 2. Opuntia ficus-indica.

IE% = (Vc − Vcinh )/Vc × 100,

(2)

where Vcinh and Vc represent the corrosion rates either with
and without inhibitor, respectively.
2.2 Electrochemical methods
The study of AISI 410 stainless steel electrochemical
behaviour in 0.5 M H2 SO4 with and without use of OFI was
first carried out using EIS method, proceeding by a scan from
high frequencies 10 kHz (HF) to low frequencies 10 mHz
(LF) with a sinusoidal disturbance of 10 mV per decade.
Semi-circular curves were obtained for stainless steel AISI
410 in 0.5 M H2 SO4 with and without use of inhibitors at
different concentrations. From EIS spectra fit, all of the charge
transfer resistance (Rct ), the solution resistance (Rs ) and the
double layer capacitance (Cdl ) were obtained.
The inhibitory efficacy was calculated according to
equation (3):
IE% = (Rct − Rct◦ )/Rct × 100,

(3)

where Rct and Rct◦ are the charge transfer resistances without
and with use of inhibitor, respectively.
The polarization resistance (Rp ) can be calculated using
equation (4):
Rp = (RL × Rct )/RL + Rct ,
where RL is the induction resistance.

(4)
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The impedance of a CPE [31] is defined as:
Z CPE = 1/Q( jω)−n ,

(5)

where Q and n are the CPE constants, j the imaginary unit
and ω the angular frequency (ω = 2n f , the frequency in
Hz). Constant n is a binary digit that can be used to define the
degree of homogeneity or roughness of the working electrode
surface. Thus, its values can vary in the interval −1 ≤ n ≤ 1;
where CPE describes either an ideal inductor for n = −1 or
an ideal resistor for n = 0 or else an ideal capacitor for n = 1.
In a second time, by the potentiodynamic polarization
method, we have swept in potential interval from −800 mV
to 0 mV/(Ag/AgCl) with 1 mV s−1 scan rate. The inhibitor
efficacy is calculated according to equation (6):
◦
◦
IE% = (i corr
− i corr )/i corr
× 100,

(6)

◦
where i corr
and i corr are the respective values of steel corrosion
current without and with inhibitor.
The aim of potentiodynamic curves is to determine the
polarization resistance and the corrosion rate. The Tafel plots
allow us to derive directly the current densities values, as we
can deduce them from the Stern and Geary equation (7):

i corr = (1/2.3Rp )[(βa × βc )/(βa + βc )].

(7)

It is to be noted that all electrochemical tests are carried out
using a Gamry interface 1000 Potentiostat/Galvanostat managed with the Gamry Framework software. The whole system
is connected to an electrochemical glass cell and a thermostatic double wall with three electrodes: a stainless steel AISI
410 working electrode coated in a 0.6 cm2 epoxy resin, a
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reference electrode (Ag/AgCl) and a plate platinum auxiliary
electrode, bearing an immersion time of 2 h.
Before each electrochemical test, the working electrode
undergoes a polishing using abrasive paper with different
grain sizes (SiC: 800, 1200, 2400 and 4000), followed by
a distilled water rinse, and a degreasing with methanol before
drying with cold air. A sulphuric acid solution (H2 SO4 ) at
0.5 M was used for electrolyte.
2.3 Surface analyses
Fourier transform infrared (FT-IR) spectroscopy was applied
to grated OFI to identify functional groups. The spectra were
recorded on the KBr powder (PERKIN ELMER Spectrum
RX/FT-IR System).
The morphology and composition of the inhibitive films
on surface after 2 h immersion of AISI 410 stainless steel in
0.5 M H2 SO4 , either with or without inhibitor were examined
by SEM–EDX and AFM.

3. Results and discussion
3.1 Method of weight loss and surface morphology
Table 1 summarizes all the results obtained by the gravimetric
method, for the AISI 410 stainless steel behaviour to corrosion
in 0.5 M H2 SO4 at 23◦ C, either with or without OFI, at various
concentrations (1.5; 5; 10 and 15% (v/v)).
The AISI 410 corrosion rate without OFI after 16 h time
is equal to 87.420 µg mm−2 h−1 , as compared to the 1.5%
(v/v) OFI case where it dropped to 15.349 µg mm−2 h−1
with a ratio of 82.44% of maximum efficacy. The presence of
5% (v/v) OFI gives 11.766 µg mm−2 h−1 corrosion rate with
an efficacy of 86.54%. By doubling the latter concentration,

Table 1. Corrosion rates of AISI 410 stainless steel in 0.5 M H2 SO4 without and with OFI at different concentrations and calculated
inhibitor efficacies.
Immersion
time (h)
0
2
4
6
8
10
12
14
16
18
20
22
24

0.5 M H2 SO4
V (µg

mm−2 h−1 )

—
10.182
21.193
26.915
34.601
48.069
64.269
73.524
87.420
110.963
125.630
135.462
156.410

1.5% (v/v) OFI

5% (v/v) OFI

10% (v/v) OFI

mm−2 h−1 )

mm−2 h−1 )

mm−2 h−1 )

V (µg

—
5.677
8.305
8.375
10.513
13.666
13.982
13.487
15.349
24.787
32.664
35.067
41.022

IE (%) V (µg
—
44.24
60.81
68.88
69.62
70.11
78.24
81.66
82.44
77.66
74.00
74.11
73.77

—
3.069
5.780
6.309
6.599
9.330
10.146
9.734
11.766
18.052
24.247
30.229
37.549

IE (%) V (µg
—
69.85
72.72
76.56
80.93
80.59
84.21
86.76
86.54
83.73
80.7
77.68
75.99

—
3.0434
2.228
4.159
6.795
8.377
10.174
8.975
10.443
18.962
25.754
31.024
45.060

15% (v/v) OFI

IE (%) V (µg mm−2 h−1 ) IE (%)
—
70.11
89.49
84.55
80.36
82.57
84.17
87.79
88.65
82.91
79.5
77.09
71.19

—
1.185
1.407
4.741
1.815
3.437
3.1358
4.148
6.907
10.568
14.824
22.343
35.346

—
88.36
93.36
82.39
94.75
92.85
95.12
94.36
92.09
90.48
88.2
83.51
77.40
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Figure 3. Corrosion rate variation of AISI 410 in 0.5 M H2 SO4
without and with OFI at different concentrations according to time.
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Figure 5. Open circuit potential diagram of AISI 410 according
to time in 0.5 M H2 SO4 without and with 15% (v/v) OFI, after 2 h
immersion, at 25◦ C.

The surface morphologies of AISI 410 stainless steel
immersed for 2 h time in 0.5 M H2 SO4 either with or without 15% (v/v) OFI were examined by SEM. The micrograph
analyses of AISI 410 without inhibitor (figure 11a and b)
present a very rough surface with the appearance of pitting
corrosion, which can be attributed to sulphuric acid effect.
However, using inhibitors, the stainless steel AISI 410 surface (figure 13a and b) is smooth and forms a film covering
the entire surface. SEM observations confirmed the gravimetric results.
Figure 4. Inhibitor efficacy of OFI at different concentrations on
AISI 410 in 0.5 M H2 SO4 according to time.

the speed remains almost unchanged (10.443 µg mm−2 h−1 ).
On the other hand, the efficacy improves (88.65%). However, tripling the concentrations 15% (v/v) will yield a speed
decrease down to 6.907 µg mm−2 h−1 , while the efficacy
increases to 92.09%. From figure 3, representing the corrosion
rate variation of AISI 410 immersed in 0.5 M H2 SO4 either
with or without OFI at different concentrations with time, one
notes that the corrosion rate without inhibitor increases exponentially with time, whereas in the presence of an inhibitor, it
is nearly stationary until 16-h immersion time, beyond which
it increases gradually with time. This may be due to inhibitor
film desorption of steel surface.
The inhibitor efficacy variation of OFI on AISI 410 in
0.5 M H2 SO4 with time is shown in figure 4. One can see
that for each concentration considered, there corresponds a
maximum efficacy after a certain immersion time. This is the
case for the concentration 1.5% (v/v) OFI, where the efficacy
is 82.44% after 16 h time. However, for 5% (v/v) OFI, the
efficacy is 86.76% after 14 h time, 88.65% after 16 h for 10%
(v/v) OFI, and finally the efficacy is 95.12% after 12 h time
for 15% (v/v) OFI.

3.2 Electrochemical methods
3.2a Open circuit potential: Figure 5 shows the open corrosion potential diagram relatively to time of AISI 410 in
0.5 M H2 SO4 either with or without 15% (v/v) OFI, after
2 h time immersion at 25◦ C. To be noted that without inhibitor,
the corrosion potential (E corr ) stabilizes after 5400 s bearing a
value of −0.490 V/Ag/AgCl. The addition of 15% OFI shifts
the potential to positive values reaching −0.447 V/Ag/AgCl.
Therefore, the presence of OFI causes a displacement of E corr
to noble values compared to those without inhibitor, indicating the absorption of inhibitor film present on steel surface.
3.2b Electrochemical impedance spectroscopy: Electrochemical impedance diagrams relate the adsorption behaviour
of OFI molecules on stainless steel surface, either in Nyquist
representation (figure 6a), or Bode in relation with the phase
angle (figure 6b), or depending on the module (figure 6c), or
else the equivalent electrical circuit (figure 6d).
It is noted from the obtained Nyquist spectra either with or
without OFI at different concentrations (figure 6a), the presence of two loops of a capacitive nature, at high frequencies
whose diameter increases with the inhibitor concentrations,
due to a charge transfer phenomenon. It is followed by an
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Figure 6. Electrochemical impedance diagrams of AISI 410 in 0.5 M H2 SO4 without and with OFI at different concentrations after
2 h immersion: (a) Nyquist, (b, c) Bode and (d) the equivalent circuit.

inductive one at low frequency, which is attributed to localized corrosion due to the adsorbed species relaxation using
inhibitors at the metal–solution interface [32,33].
Nyquist diagrams for all concentrations are similar, suggesting that the mechanism of stainless steel corrosion does
not change as the concentration of OFI varies in the range of
0–15% (v/v).
The obtained Nyquist impedance diagram in most cases
does not show perfect semicircles. This may be attributed to
the frequency dispersion because of the heterogeneity of the
electrode surface in 0.5 M H2 SO4 .
Figure 6b shows a single time constant related to capacitive semicircles, indicating that the corrosion phenomenon is
mainly controlled by charge transfer [34], and figure 6c shows
a polarization resistance increase with OFI rising concentration.
The results of electrochemical impedance spectroscopy
were well adjusted with the following equivalent circuit:
R1 + Q 1 /(R2 /L 1 + R3 ). The simulated equivalent electrical circuit (figure 6d) consists of an electrolyte resistance

(Rs = R1 ) in series with a constant phase element (CPEdl =
Q 1 ) in parallel with a charge transfer resistance (Rct = R2 )
due to the charge transfer reaction, and an induction (L = L 1 )
in series with an induction resistance (RL = R3 ). Because,
and according to the physics system logic: successive processes are connected in series, while simultaneous processes
are connected in parallel [35].
The best agreement between experimental and fitting data
was observed when the electrochemical equivalent circuit
was used to analyse Nyquist plots, shown in figure 7, at
15% (v/v) OFI. The EC-Lab exhibits the best fit between
the experimental and fitting data. The results confirm that in
0.5 M H2 SO4 , the impedance response of stainless steel significantly changes with OFI concentrations.
Table 2 presents the electrochemical parameters deduced
from Nyquist curves. We observe that the inhibitor concentration increase induces charge transfer resistance (Rct ),
inductance resistance (RL ), polarization resistance (Rp ) and
the inhibitor efficacy (IE%) increase. This can be attributed to
the improvement of protective film thickness, despite CPEdl
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Figure 7. Fitted and experimental EIS plots for 0.5 M H2 SO4 in presence of OFI (15% (v/v)).
Table 2. Electrochemical parameters deduced from Nyquists of AISI 410 in 0.5 M H2 SO4 with OFI at different concentrations after 2 h
immersion and calculated inhibitor efficacies.
[OFI] % (v/v)
0
1.5
5
10
15

Rs ( cm−2 )

Rct ( cm−2 )

CPEdl (µF cm−2 )

n

L (H)

RL ( cm−2 )

Rp ( cm−2 )

IE (%)

2.53
4.50
4.32
4.47
3.09

12.32
29.32
55.01
63.89
124.20

0.000845
0.000465
0.000362
0.000218
0.000377

0.946
0.889
0.887
0.898
0.727

1.790
2.793
1.230
2.573
3.079

1.012
4.085
4.214
9.011
56.020

0.935
3.585
3.914
7.897
38.606

—
57.98
77.60
80.72
90.08

decreasing. This is expected to be a result of adsorption of the
inhibitor on the metal surface [36,37].
The adsorption of OFI organic molecules increases the
charge transfer resistance and decreases the double layer
capacity at the metal–electrolyte interface, this phenomenon
may result, if water molecules are replaced by inhibitor
molecules at the electrode interface, in reducing dielectric
constant and/or an increase in the thickness of the electric
double layer formed on the metal surface [38,39]. The best
efficacy is obtained from 90.08 to 15% (v/v) OFI.

3.2c Potentiodynamic polarization: Figure 8 shows the
potentiodynamic polarization curves (Tafel) of AISI 410 in
0.5 M H2 SO4 either with or without OFI at different concentrations, after 2 h time immersion, at 25◦ C. Tafel line shapes
give information on the activity of steel surface, as well as on
the corresponding charge transfer reactions, or the reaction

Figure 8. Potentiodynamic polarization curves of AISI 410 in
0.5 M H2 SO4 without and with OFI at different concentrations, after
2 h immersion at 25◦ C.
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Table 3. Electrochemical parameters deduced from polarization curves of AISI 410 in 0.5 M H2 SO4 without and with OFI at different
concentrations and calculated inhibitor efficacies.
[OFI] % (v/v)

–E corr (mV/Ag/AgCl)

i corr (µA cm−2 )

βa (mV per decade)

βc (mV per decade)

Rp (m cm−2 )

IE (%)

467.614
457.441
453.983
450.702
445.476

1120.266
552.237
170.953
121.355
58.140

57.5
71.5
45.6
40.1
34.5

136.7
167.0
126.6
131.7
123.7

15.7
39.4
85.3
110.1
201.7

—
50.70
84.74
89.17
94.81

0
1.5
5
10
15

Table 4. Modelling of AISI 410 polarization curves in 0.5 M
H2 SO4 with OFI by different adsorption isotherms.
Adsorption isotherms
Langmuir
Temkin
Freundlich
Frumkin
Flory-Huggins
El-Awady et al

R2

Slope

0.998
0.976
0.983
0.975
0.972
0.983

1.0774
0.4361
0.1847
0.4459
1.4622
0.7136

(E corr ) value is less than 85 mV, then the inhibitor is classified
as of a mixed type [41,42]. These facts lead us to conclude that
OFI is of a mixed-type corrosion inhibitor. OFI affects anodic
reactions during metal dissolution and cathodic reactions during hydrogen wide spreading. Electrochemical parameters
deduced from polarization curves such as the corrosion current density (i corr ), the polarization resistance (Rp ) and the
inhibitor efficacy (IE%) calculated from i corr are presented
in table 3. One observes that the rising of OFI concentration
increases the corrosion potential, the polarization resistance
and the inhibitor efficacy up to 94.81% corresponding to
15% v/v OFI, while decreasing by a factor of 19 times the
corrosion current density. Therefore, the addition of OFI in
0.5 M H2 SO4 inhibits AISI 410 corrosion process.
3.2d Adsorption isotherms: To understand the interactions
between OFI molecules and AISI 410 stainless steel surface,
the following adsorption isotherms are calculated: Langmuir,
Temkin, Freundlich, Frumkin, Flory-Huggins and El-Awady
et al, using their respective equations (8–13) as shown below:
Langmuir Cinh /θ = 1/K ads + Cinh ,
Temkin e(−2aθ) = K ads Cinh ,
Freundlich log θ = log K ads + n log C,
Frumkin [θ/1−θ ]e(−2aθ) = K ads Cinh ,

(8)
(9)
(10)
(11)

Flory-Huggins log(θ/C) = log K ads + a log(1−θ ),
(12)
El-Awady et al log(θ/1−θ ) = log K ads + y log C,
Figure 9. Langmuir adsorption isotherm of AISI 410 in
0.5 M H2 SO4 with OFI, after 2 h immersion.

mechanism deduced from the anodic and cathodic slopes [40].
It is noted that the concentration increase of OFI decreases
the densities of anodic and cathodic currents and shifts the
corrosion potential towards the ennoblement compared to the
inhibitor less one.
If the variation of the corrosion potential (E corr ) is greater
than 85 mV, compared to the one without inhibitor, then the
latter is considered either anodic or cathodic. However, if the

(13)
where K ads is the equilibrium constant of the adsorption process; θ is the recovery rate of metal surface. θ was calculated
from the electrochemical impedances at different concentrations of OFI, and it is calculated according to equation (14)
below:
θ = IE(%)/100.

(14)

The values of the slope and regression coefficient (R 2 )
for the isotherms Langmuir, Temkin, Freundlich, Frumkin,
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Table 5. Dimensionless separation constant of adsorption-inhibitor
(K L ) at different concentrations of OFI at 25◦ C in 0.5 M H2 SO4 .
[OFI]% (v/v)
1.5
5
10
15
Average

KL
0.434
0.187
0.103
0.071
0.796

(2020) 43:242

Flory-Huggins and El-Awady et al are as shown in table 4,
respectively:
(1.07742, 0.998); (0.43614, 0.976); (0.1847, 0.983);
(0.4459, 0.975); (1.46219, 0.972); (0.7136, 0.9834).
The OFI adsorption in 0.5 M H2 SO4 obeys to Langmuir
isotherm (figure 9), whose slope and regression coefficient are
very close to unity. Although the datasets show a good fit, the
slope is rather slightly deviated from the unit. This does not
fall under the adsorption hypothesis of Langmuir isotherm,
relative to the monolayer adsorption of inhibitor molecules
on metal surface. This difference can be explained in terms of

Figure 10. SEM micrographs of AISI 410 surface: (a) front view, (b) cross-section and (c) EDX spectrum.
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the dimensionless separation constant of adsorption inhibitor
(K L ), and calculated using equation (15) [43–46]:
K L = [1/1 + K ads Cinh ].

Figure 11. Micrograph (AFM) of AISI 410.

(15)

The K L values calculated at different concentrations of OFI,
at 25◦ C in 0.5 M H2 SO4 are shown in table 5. Ideally, when
the value of K L < 1 the adsorption process is favourable
and the experimental data agree with Langmuir adsorption
isotherm. However, when K L > 1 the adsorption process is
unfavourable and in the case of K L = 1, the adsorption process is said to be irreversible. The average K L value at different
OFI concentrations at 25◦ C is 0.796, which is less than unity,
indicating that the adsorption process is favourable and OFI
forms a monolayer on AISI 410 surface with no molecular

Figure 12. SEM micrograph of AISI 410 surface in 0.5 M H2 SO4 after 2 h immersion at 25◦ C: (a) front view,
(b) cross-section and (c) EDX spectrum.
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interaction. A similar study of the adsorption adaptation of
Langmuir isotherm was previously carried out [47–49].
The adsorption equilibrium constant (K ads ) is linked to the
standard free energy of adsorption (G oads ) by Gibbs equation
(16):
G oads = −RT ln(1000 K ads ),

Figure 13. Micrograph (AFM) of AISI 410 in 0.5 M H2 SO4 after
2 h immersion at 25◦ C.

(16)

where R is the perfect gases constant (R = 0.008314 kJ mol−1
K−1 ), T the temperature (K) and the value 1000 is water concentration in the solution in g l−1 .
According to Idouhli et al [50], if G oads value is between
−20 and −40 kJ mol−1 ; both physisorption and chemisorption contribute to the inhibitor adsorption on metal surface.
In addition, the negative sign indicates that the adsorption
is spontaneous. Generally, if G oads ≤ −20 kJ mol−1 , it is
a physisorption associated with an electrostatic interaction
between charged inhibitor molecules and metal surface; and
if G oads ≥ −40 kJ mol−1 , then it is a chemisorption based

Figure 14. SEM micrographs of AISI 410 surface in 0.5 M H2 SO4 with 15% (v/v) OFI, after 2 h immersion at 25◦ C:
(a) front view, (b) cross-section and (c) EDX spectrum.
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Figure 15. Micrograph (AFM) of AISI 410 surface in 0.5 M
H2 SO4 with 15% (v/v) OFI after 2 h immersion at 25◦ C.

on charge sharing or transfer of inhibitor molecules at metal
surface to form coordination bonds [51].
In our study, G oads = −16.76 kJ mol−1 , indicating that
the adsorption is spontaneous [52,53] and of physisorbed type
[54].

3.2e Surface analyses: According to SEM micrographs
of AISI 410 stainless steel surface (figure 10a and b), after
polishing with abrasive paper of different grain sizes, a smooth
and homogeneous surface is observed. Figure 11 representing
the AFM micrograph of AISI 410 confirms the observations
made by SEM.
From figure 12a and b, one can observe that the surface of
AISI 410, immersed in sulphuric acid at 0.5 M during 2 h, is
corroded in the form of different size pits; implying that we
are in the presence of pitting corrosion. The EDX spectrum
(figure 12c) reveals the oxygen peak appearance (13.37%)
due to iron oxide forming. In the last are corrosion products,
lying on the metallic surface.
Figure 13 shows the AFM micrograph of the AISI 410
surface, the main characteristic of pitting corrosion, appearing
in dark areas form, distributed on the surface, whose reliefs
constitute corrosion products.
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From the SEM micrographs (figure 14a and b), with 15%
(v/v) OFI, one can see that the number of pits on AISI 410
steel surface decreased due to the presence of an inhibitor
film.
According to figure 15, the AFM micrograph shows that
AISI 410 surface is more or less uniform after 2 h immersion
in 0.5 M H2 SO4 + 15% (v/v) OFI. This is due to inhibitory
molecules adsorption on steel surface thus inducing the reduction of corrosion rate.
The composition of AISI 410 surface after 2 h immersion
in 0.5 M H2 SO4 either with or without 15% (v/v) OFI was
studied using the EDX analysis model. Figures 10c, 12c and
14c show the corresponding EDX spectra. Mass percentages
of various elements formed on AISI 410 stainless steel surface
are represented in table 6. In comparison with the AISI 410
composition either with or without 15% (v/v) OFI, content
decrease of O, Cu, S, and Ca are observed.
The diminution of sulphur amount, with inhibitor addition,
may be due to the adsorption decrease of aggressive sulphide
because of inhibition. Moreover, the increase of Cr and Fe
confirms the protective film forming of AISI 410 in the case
of inhibited solution. Likewise, the increase of C is mainly
linked to the organic molecule adsorption of inhibitor on AISI
410 surface.
3.3 Temperature effect
In order to determine the thermodynamic parameters, a study
of the temperature effects by plotting the potentiodynamic
polarization curves of AISI 410 in 0.5 M H2 SO4 either with
or without 15% (v/v) OFI after 2 h immersion at 25, 35 and
45◦ C, is performed. The temperature is controlled using a
stirring less thermostatic bath.
Figure 16, shows temperature influence on polarization
curves of AISI 410 stainless steel in 0.5 M H2 SO4 either
with or without 15% (v/v) OFI, after 2 h immersion, shows
a decrease in cathodic and anodic current densities with 15%
(v/v) OFI, by a factor of 9 and 5 times for temperatures equal
to 25 or 35◦ C, respectively. In addition, corrosion potential is
displaced towards ennoblement. On the other hand, at 45◦ C,
the polarization curve of AISI 410 is mixed up with the one
without OFI. Therefore, temperature increase has a negative
influence on the inhibitor efficacy (IE%), leading us to conclude that OFI acts better at room temperature (25◦ C). This is
confirmed by the value of its inhibitor efficacy, i.e., 92.34%
(table 7).

Table 6. EDX analysis (% by weight) of the composition of AISI 410 surface before and after immersion in 0.5 M H2 SO4 without and
with 15% (v/v) OFI.
Elements (% weight)
AISI 410
AISI 410 + 0.5 M H2 SO4
AISI 410 + 0.5 M H2 SO4 + OFI 15% (v/v)

C

O

Cu

Si

S

Ca

Cr

Fe

2.52
2.09
3.67

—
13.37
6.64

—
3.96
2.73

0.32
0.35
0.32

—
2.84
1.1

0.06
0.14
0.07

12.07
10.35
10.97

85.05
66.89
74.49
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Figure 16. Temperature effect on AISI 410 polarization in 0.5 M H2 SO4 without and with 15% (v/v) OFI, after 2 h
immersion.
Table 7. Electrochemical parameters deduced from the polarization curves of AISI 410 in 0.5 M H2 SO4 without and with 15% (v/v) OFI
at different temperatures and calculated inhibitor efficacies after 2 h immersion.
25
T (◦ C) parameters
E corr (mV/Ag/AgCl)
i corr (µA cm−2 )
βa (mV per decade)
βc (mV per decade)
Rp × 10−4 ( cm−2 )
IE (%)

0.5 M H2 SO4
−467.751
1124.285
54.3
139.9
157
—

35
0.5 M H2 SO4 +
15% (v/v) OFI
−450.589
85.901
39.7
117.2
1101
92.34

0.5 M H2 SO4
−473.057
4745.181
252.7
272.7
122
—

Thermodynamic parameters (activation energy E a , enthalpy
Hao , entropy Sao ) could be determined using the two
Arrhenius expressions. The first representation of Arrhenius equations (17) allows calculating the activation energy
(E a ) at various temperatures. Figure 17 shows the straight

45
0.5 M H2 SO4 +
15% (v/v) OFI
−439.891
684.086
50.7
137.7
175
85.58

0.5 M H2 SO4
−468.28
14520.963
298.7
287.4
56
—

0.5 M H2 SO4 +
15% (v/v) OFI
−453.345
9463.851
137.7
262.4
52
34.45

line, log i corr = f (1/T ), of AISI 410 stainless steel in
0.5 M H2 SO4 either with or without 15% (v/v) OFI:
log i corr = −E a /2.303RT + log A,

(17)
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Figure 17. Arrhenius straight lines of ln i corr according to 1/T of
AISI 410 in 0.5 M H2 SO4 without and with 15% (v/v) OFI.

where i corr : corrosion current density (µA cm−2 ); A: Arrhenius constant; E a : activation energy (kJ mol−1 ); R: perfect
gases constant (J mol−1 K−1 ); T : Absolute temperature (K).
The second representation of Arrhenius equation (18)
determines both the variation of the standard activation
enthalpy (Hao ) and the variation of the standard activation entropy (Sao ). Figure 18 shows the straight line
ln(i corr /T ) according to (1/T ), of AISI 410 stainless steel
in 0.5 M H2 SO4 either with or without 15% (v/v) OFI. The
Hao and Sao values are calculated with (−Hao /RT ) slope
and an interception of (ln(R/ h N ) + Sao /R), respectively.
ln(i corr /T ) = ln(R/Nh) + (Sao /R) − Hao /RT,

(18)

where i corr : corrosion current density (µA cm−2 ); R: perfect gases constant; T : temperature (K); h: Planck’s constant
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Figure 18. Arrhenius straight lines of ln(i corr /T ) according to 1/T
of AISI 410 in 0.5 M H2 SO4 without and with 15% (v/v) OFI.

Table 8. Thermodynamic parameters of AISI 410 in 0.5 M H2 SO4
without and with 15% (v/v) OFI.
Parameters
E a (kJ mol−1 )
Hao (kJ mol−1 )
Sao (J mol−1 K−1 )

0.5 M H2 SO4 0.5 M H2 SO4 +15% (v/v) OFI
101.011
98.346
143.882

184.99
182.400
403.310

(6.626 × 10−34 J s); N : Avogadro number (6.022 × 1023 );
Hao : variation of standard activation enthalpy; Sao : variation of standard activation entropy.
Table 8 shows that the value of calculated activation energy
with 15% (v/v) OFI (E a = 184.99 kJ mol−1 ) is greater
than that without inhibitor (E a = 101.011 kJ mol−1 ). This
E a increase was associated with (IE%) inhibitor efficacy

Figure 19. SEM micrographs of AISI 410 surface in 0.5 M H2 SO4 with 15% (v/v) OFI, after 2 h immersion at 35◦ C:
(a) front view and (b) cross-section.
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Figure 20. SEM micrographs of AISI 410 surface in 0.5 M H2 SO4 with 15% (v/v) OFI, after 2 h immersion at 45◦ C:
(a) front view and (b) cross-section.

decrease, in terms of temperature, suggesting that the OFI
molecules adsorption on AISI 410 surface is a physisorption
process. The E a increase with OFI increases the energy barrier of the corrosion process. In other words, the inhibitor is
effective and it slows down the corrosion reaction by forming a physical barrier on the metal surface. This result was
compatible with previous study results [55–57].
The Hao > 0 values indicate that steel dissolution is
endothermic [58]. Positive values of Sao with OFI, indicate that the activated complex in the rate determination step
means a dissociation rather than association, and this was confirmed by an inductive loop presence. That is, the inhibitor
film desorption inducing the molecular disorder increases
[59].
3.4 Surfaces analyses
Figure 21. Spectroscopy FT-IR of grated Opuntia ficus-indica.

According to SEM micrographs (figures 19a and b and
figures 20a and b) representing, respectively, the AISI 410
stainless steel surface at 35 and 45◦ C, immersed for 2 h
in 0.5 M H2 SO4 with 15% (v/v) OFI, when compared
to the SEM micrograph at 25◦ C (figures 14a and b), the
increase in steel surface roughness due to the deterioration
of adsorbed inhibited film on the metallic surface [60] is
noticed.

Table 9.

Results of FT-IR.

Band (cm−1 )

Group

3454.60
2364.18
1637.72
669.64

O–H
C–H
C=O
N–H

3.5 FT-IR spectroscopy study
The OFI inhibitory layers, formed on AISI 410 surface
after 2 h immersion in 0.5 M H2 SO4 , were studied using
FT-IR spectral analysis. FT-IR bands identify the structure
and components of organic species. Figure 21 shows the
FT-IR spectrum of grated OFI, and the identification of
functional groups is represented in table 9. The functional
groups are: (C=O), (C–H), (N–H) and (O–H), which would
be adsorbed forming an inhibiting film on AISI 410 surface.

4. Conclusions
The aim of this work is to study the effect of OFI as an ecological corrosion inhibitor on AISI 410 steel in 0.5 M H2 SO4 .The
results obtained are as follows:
• As a function of time, maximum inhibitor efficacy,
obtained after 12 h immersion, is 95.12 to 15% (v/v)
OFI;
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•
•
•
•

OFI adsorption obeys to Langmuir isotherm;
OFI behaves as a mixed inhibitor;
OFI molecules are physisorbed;
Presence of a capacitive loop followed by a second
inductive one;
• The thermodynamic parameters of adsorption indicate
that the AISI 410 stainless steel dissolution process is
endothermic, and OFI adsorption is spontaneous and
favourable, and it can occur by physisorption;
• The best inhibitor efficacy of OFI was obtained at 25◦ C;
• The SEM–EDX and AFM micrographs confirm the
results obtained by the gravimetric method and electrochemical methods, stationary (potentiodynamic) and
transient (EIS).
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