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Abstract

The inhibitory capacity of the Senecio hoggariensis extract was studied on the corrosion of carbon steel X70 in 1 M hydrochloric
acid medium through weight loss and electrochemical ways. The results obtained from the weight loss method clarified that the
increased concentration of the plant extract improved the inhibitory action up to a maximum rate of 95.23 % at 12. 5% (v/v) of the
inhibitor. We also studied the impact of temperature on the corrosion with non-attendance and attendance of the optimum
concentration in temperature range from 290 to 350 K and computed the activation energy, enthalpy, and entropy. The study of
the Tafel curves showed that our green inhibitor bottled-up the corrosion processes of steel X70 in hydrochloric acid and acted as
a cathodic type inhibitor. Impedance data also indicated that adsorption of the extract on the metal surface afforded protection

from corrosion in the acidic solution. The adsorption isotherm was found to follow the Langmuir model.
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1. Introduction

Iron and its alloys are used in many industrial
applications of acids, such as oil extraction, crude oil
refining, and petrochemical fittings. These industries require
different processes, such as acid pickling, industrial
cleaning, acid expansion, and regular intervals that improve
the productivity of industrial processes and stronger
solutions using hydrochloric acid [1-2]. Corrosion destroys
alloy and metal components, resulting in many structural
losses such as tides and repairs [3]. To minimize corrosion
losses, many different methods are used, such as material
recovery, mixing of production fluids and control of
chemical inhibition [3-4]. To avoid damaging metal surfaces
in corrosive environments, inhibitors have been used as the
best way to lower corrosion [5]. To protect metals from
corrosion, many organic and inorganic compounds have
been used owing to the presence of m electrons, polar
functions with their S, O or N atoms and heterocyclic
compounds. The adsorption of these compounds in the area
of the metal causes the closure of its active sites and thus
Bellaoueur et al., 2020

reduces the rate of corrosion. Most inhibitors are highly
active against corrosion, but they affect humans and
environment since they are not biodegradable and expensive
[6].

Currently, plant extracts are used as alternative
inhibitors of synthetic compounds containing many oxygen-
containing compounds in addition to sulfur and nitrogen.
They are of ecological nature, non-hazardous, inexpensive
and renewable [7]. Various plant extracts have demonstrated
their inhibitory ability against metals and alloys corrosion
such as Parthenium hystophrous L [8], Zygophyllum album
[9], Henna leaves (Lawsonia inermis L) [10], Kopsia
singapurensis [11], Nypa fruticans wurmb [12] and Opuntia
ficus indica [13]. The objective of this study is to estimate
the effect of Senecio hoggariensis extract on the corrosion
of X70 carbon steel in a 1 M HCI solution by weight loss
and electrochemical studies.

2. Experimental
2.1. Sample preparation
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The sample used in this study is X70 carbon steel
and its chemical ingredients are noted in Table 1. The
carbon steel sample was cut into two shapes, one which
parallels of rectangles with a size of 1.2 x 1.1 x 0.75 cm and
was used in the weight loss method and the other was used
as a working electrode in the electrochemical methods and it
is surface roof tested 1 cm2 Before each corrosion test, the
samples were mechanically polished with an emery paper of
different grades (150, 320, 400, 600, 800 and 1200), then
washed with distilled water then dehydrated at room
temperature of 15 °C.

2.2. Inhibitor making

Senecio hoggariensis (SH) plant was collected in
February 2017 in the region of Tamanrasset (Algeria). The
aerial part of the plant was dried in shade and stored in
paper bags away from light and moisture. 100 g of dry
powder was steeped in a 1 M hydrochloric acid solution for
24 hours. After a full day, the acid solution was filtered, the
filtrate collected and maintained until used.

2.3. Phytochemical screening

To determine and limit the different active
substances present in SH extract, we performed many
preliminary phytochemical tests [14, 15].

2.4. Solutions preparation

The electrolyte of corrosive medium (1M HCI) was
prepared by dilution of analytical reagent grade 37 % HCI
with distilled water. The stock solution of SH extract was
used to prepare different concentrations that changed as
follows: 0.25 %, 0.62 %, 1.25 %, 3.75 %, 6.25 % and 12.5
% (VIV).

2.5. Weight loss study

In weight loss studies, steel X70 specimens with
dimensions 1.2 x 1.1 x 0.75 cm were tested in non-
attendance and attendance of different concentrations
prepared from plant extracts in 1 M HCI. The volume of the
solution used for every test was 100 ml and the required
immersion time was 60 minutes. The sample was weighed
by an electronic balance before and after immersion. Then,
it was washed with distilled water and dried before being re-
weighed.

The surface coverage (6), inhibition efficiency (EI
%) and corrosion rate (Cr) were calculated from the
following equations [16]:

0 =W...(1)
£ = V0~ W 00 2
= ——-100...(2)

0
Wi and Wy are the weight loss values in non-attendance and

attendance of inhibitor, respectively.
87.6 xW

Cr (mm/y) = s ...(3)
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Where, W is a weight loss of carbon steel (mg), S the size of
the piece (cm?), t is the exposition time (h) and D the density
of steel (g.cm3).

2.6. Electrochemical tests

Electrochemical measurements were performed
using a personal computer-driven Volta lab 40 model
PGZ301 Potentiostat/Galvano station equipped with
VoltaMaster 4 software. A typical three electrodes cell with
a working electrode made of carbon steel X70. The auxiliary
electrode was a platinum plate (1cm?) and the reference
electrode was represented by a saturated calomel electrode
(SCE). Polarization curves were taken with the scan speed
of 0.5 mV.s?, in the potential range of -750 mV to -200 mV.
The immersion time of the X70 plates in the blank as well as
in the existence of various concentrations of SH extract was
40 minutes in open circuit at room temperature of 26 °C.

We obtained the inhibition efficiency (IE %)
through the Tafel curves according to the following
equation:

IE% = (1 - %f"”) 1100 ... (4)
corr

Where icorr, icorr iS the corrosion current density in non-
attendance and attendance of the inhibitor, respectively.

Electrochemical impedance spectroscopy (EIS)
measurements were taken after 30 minutes of immersion
time of the carbon steel plates in corrosive media, at the
corrosion potential of -493 mV (Ecorr), in a frequency range
from 100 KHz to 10 mHz by a parturition signal of 10mV
amplitude peak to peak, at room temperature 26 °C [17, 18].

Rt was used to calculate the 1E%, according to the
equation:

o

Rct
IERct% = 1 —=——.100...(5)
Rct
R’ Re is the charge transfer resistances of metal in non-

attendance and attendance of plant extract, respectively.

3. Results and discussion
3.1. Characteristics of inhibitors and their effect on
inhibition of corrosion

The role of inhibitors is to form a single layer or
several molecular layers against the aggression of the acidic
solution. This depends on the phytochemical compounds
that are present at different rates from one organ to another
at the plant level as well as its geographical position [19].
The inhibitory characteristics of these compounds are
derived from the adsorption capacity of their molecules,
where the polar group acts as a reaction center for the
adsorption operation [20]. The photochemical screening
studies of SH extract are shown in Table 2. The results
obtained showed that the SH extract contains alkaloids,
tannins, flavonoids, terpenoids, saponosides, resins,
glycosides, and phenols. This confirms that the efficiency of
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inhibition is due to the existence of metabolites that have
many functional groups.

3.2. Weight loss method
3.2.1. Effect of concentration

The method of weight loss found wide practical
applications. The main feature of this way is its relative
simplicity [21,22]. The weight loss measurements for the
corrosion of carbon steel in the solution of HCI including
various concentrations of SH extract were shown in Figure 1
and Table 3. The results in Table 3 showed that the inhibitor
reduced the corrosion rate of carbon steel. It was remarked
that by raising the concentration of the plant extract, the
corrosion rate decreased, while the inhibition efficiency (IE
%) and surface coverage (6) increased. The inhibition
efficiency reached a maximum value of 95.23 % at 12.5%
(v/v) of plant extract. The addition of plant extracts in the
acid medium raises the performance of inhibition. This
proves that the chemical constituent of these extract was
adsorbed on the surface of the metal, resulting in the
covering the reaction sites [22].

3.2.2. Effect of temperature

To study of the impact of temperature on the
corrosion speed and the inhibition efficiency of SH extract
was conducted. The weight loss measurements were made at
a temperature between 290 and 350 K in non-attendance and
attendance of the inhibitor at 12.5% (\V/V) for one hour. The
results are exposed in Figure 2 and Table 4. The results in
Table 4 show that the higher the temperature, the higher the
corrosion speed and the lower the inhibition efficiency. It
can be said that the reduction in the inhibition efficiency
with high temperature is due to increased adsorption of
inhibitor particles in the surface of the steel [23].

3.2.3. Kinetic and thermodynamic parameters for the
inhibition operation

Activation energies of corrosion operation in non-
attendance and attendance of the green eco-friendly were
computed depending on the Arrhenius equation:

Cr = Aexp F/RT _ (6)

Where A is Arrhenius Pre-exponential factor, R is a
universal gas constant and T is absolute temperature.

Linearization of equation (6) gives an equation (7) [24].

LnCr = LnA Ea 7
nCr = Ln RT...()

A plot of LnCr against %gives a slope of - %a, where

activation energy (Ea) values are presented in Table 5.
Arrhenius diagrams for the corrosion speed of carbon steel
in 1M HCI in non-attendance and attendance inhibitor are
shown in Figure 3. The calculated activation energy rises
with the addition of SH extract compared to a blank (Table
5). This marked rise in activation energy with a increase in
temperature may be attributed to the observed reduction in
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adsorption of the inhibitor on the surface of steel [25].
Furthermore, it was suggested that Ea values between 40 to
80kJ.mol* would be obedient to physical adsorption [26].

Enthalpy of activation (4H*) and entropy of
activation (45*) values were obtained through the linearized
transition state theory equation [24]

Cr R AS* AH*
Where h is Planck’s constant and N is Avogadro's number. A
plot of Ln (%) Versus % will give a straight line and the
slope is equal to - A% and the intercept is Ln (%) +A%
from where values of AH* and 4S* were calculated and are
presented in Figure 4 and Table 5.

Table 5 shows that enthalpy values in the absence
of the inhibitor were lower than those in its presence. The
positive values of 4H* account for the endothermic nature
of the steel degeneracy process, indicating that this process
is slow in the existence of inhibitors [27, 28]. Enthalpy of
the physical adsorption process is typically less than
80KJ.mol* while enthalpy of the chemical absorption
process is approximate 100KJ.mol [29]. The negative value
of 4S8* in existence of the inhibitor shows that the activation
complex in the rate-determining step is an association rather
than dissociation step, meaning that a diminution in the
chaos when moving from the reactant to the activated
complex [30].

Also, free energy (4G*) was calculated at different
temperatures according to equation (9) and the results
recorded in Table 5.

AG* = AH* — TAS* ... (9)
Free energy is a measure of the stability of the activated
complex. Therefore, as shown in Table 5, this stability
diminished with a rising temperature [31].

3.3. Electrochemical methods
3.3.1. Open circuit potential

Open circuit changes in terms of the time of 1M
HCI working electrode with the non-attendance and
attendance of inhibitor as plotted in Figure 5. In the case of
the blank solution, the steady-state values of OCP were
more negative than the immersion potential (Eocp at t = 0).
This suggests that before the steady-state condition is
achieved, the oxide film formed from the air must dissolve
on the electrode before immersion [32]. With the addition of
the inhibitor at different concentrations, the steady-state
potential of the test electrodes has been converted to more
positive values. This denotes the passivation of the alloy
[33].

3.3.2. Potentiodynamic polarization
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Potentiodynamic polarization curves for carbon
steel in 1M HCI including various concentrations of SH
extract are shown in Figure 6. The electrochemical kinetic
factors such as corrosion potential (Ecorr), COrrosion current
density (icorr), cathodic Tafel slope (bc) and anodic Tafel
slope (b.) are presented in Table 6.

The polarization Tafel curves showed that the
anodic and cathodic reactions resulting from the corrosion
of the metal in 1M HCI solution were inhibited by adding
various concentrations of the plant extract. We observed
from Table 6 that the current density diminished with a
rising concentration of the SH extract, which proves that the
inhibitor molecules were absorbed in the surface of the
carbon steel sample. The highest percentage of inhibition
was 97.40% at the highest concentration of green inhibitor.
We also noticed that the addition of the plant extract
changed the values Ecqr in the cathodic and anodic direction
as well, but the change is clear in the cathodic direction.
This denotes that the inhibition mechanism was following a
cathodic type. An inhibitor can be categorized as either
anodic or cathodic if the displacement in the Ecor iS greater
than £ 85 mV compared to the corrosion of the blank
solution [34]. Besides, the displacement of the Ecor With
more than -85 mV at 12.5% (v/v) of plant extract confirms
that SH extract acts as a cathodic type inhibitor.

3.3.3. Electrochemical impedance spectroscopy (EIS)

Nyquist diagrams for carbon steel in 1 M HCI
solutions in non-attendance and attendance at different
concentrations of SH extract is presented in Figure 7. The
impedance parameters for carbon steel in 1M HCI solutions
in non-attendance and attendance of the inhibitor obtained
from the Nyquist plots are listed in Table 7.

The double-layer capacitance (Cq) and the
frequency at which the imaginary component of the
impedance is maximal —Zin(max) is found and represented
using the following equation:

= R ..(10)
We observed through the Nyquist curves (Figure 7) that the
half-circle depressant equal to one and the diameter
increases with the increased concentration of the inhibitor.
This explains that the corrosion of steel is verified by the
charge transfer process as well as the surface of the
heterogeneous metal due to the roughness of the electrode
surface or interfacial effect [35]. Table 7 shows that the
charge transfer resistance (Rc) increased from 41.85 to
799.70hm.cm? at the optimum concentration of the inhibitor
while the capacitance decreased from 85.18 to 40.63uF.cm™
at the addition of 12.5% (v/v) of plant extract. A decrease in
capacitance resulted when adding the SH extract. This may
be assigned to the growing thickness of the double layer
and/or augmentation of the local dielectric constant [36].
This indicates that the inhibitor works by adsorption at the
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interface of the metal/solution and that the decrease in Cq
values is due to the gradual replacement of the water
molecules by adsorbing the inhibitor molecules on the
electrode surface, thereby reducing the extent of the metal
degradation [37]. The impedance data were analyzed by an
electrical equivalent circuit consisting of the solution
resistance (Rs), Ret and Cq as illustrated in Figure 8.

Bode and phase angle plots of carbon steel in 1M
HCI in non-attendance and attendance at different
concentrations of SH extract are shown in Figure 9. These
plots show that log |Z| and the phase angle increases in the
high-frequency region, and this increase was associated with
the increased concentration of plant extract. However, in the
presence of the blank, the phase angle is small due to the
corrosion of the surface of the working electrode by
hydrochloric acid which makes it irregular. The single
narrow peaks in the phase-angle diagrams (Figure 9b)
indicate a one-time stability of the corrosion process in the
metal-solution interface in both cases [38]. Raising the
roughness of the metal roof in the existence of the inhibitor
diminished the phase angle in the corrosion process. While
the addition of the SH extract resulted from the homogeneity
of the surface and this led to an increase in the phase angle
[34].

3.4. Adsorption isotherm

The adsorption inhibitor process depends on its
electronic properties, the nature of the metal surface, the
temperature, the steric effects and varying degrees of
movement of the roof sites. The water molecules could also
be adsorbed at the metal/solution interface. In the aqueous
solution, the inhibitor molecules act as an alternative to the
H20 molecules on the surface of the electrode [39].

Org(sol) + XHzo(ads) « XHZ O(sol) + Org(ads) (11)
X is the size ratio, that is, the number of water molecules
replaced by one organic inhibitor.

The preceding equation explained that the power of
the interaction among the metal and the inhibitor should be
greater than the strength of the interaction between the metal
and water molecules. To understand adsorption processes
using adsorption temperature. Langmuir adsorption isotherm
explains whether the adsorption phenomenon is physical or
chemical, while Temkin adsorption isotherm explains the
heterogeneity formed on the surface of the metal. The
chemical adsorption is attributed to Temkin isotherm [40].
To identify the method of adsorption of chemical
constituents of plant extract on the surface of steel X70,
experimental data were tested with several isothermal
adsorptions, including Langmuir, Frumkin, and Temkin.

Langmuir:g = ]3(+ aC...(12)

Temkin: log% = logK — g6 ...(13)

Frumkin: log [ﬁ] = logK + g6 ... (14)
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Where o the surface coverage, k is the adsorption
equilibrium constant, C is the concentration of inhibitor, "a"
and "g" are the adsorbate factors.

The data obtained in the Langmuir, Temkin and
Frumkin isotherms of three methods, which are based on the
correlation coefficient R? resulting from the plot of the
surface coverage against the concentration of the adsorbate,
are shown in Figures 10, 11, 12 and Table 8.

The linear relationship between (C/0) and (C) is
represented in Figures 10a, 11a, and 12a. The factors of
Langmuir isotherm are shown in Table 8. The ideal
Langmuir isotherm plot should have a slope equal to the unit
and the intercept is close to zero [41]. The tendencies of
Langmuir curves here was close to the unit and the
intercepts were zero, and correlation coefficients (0.998,
0.999 and 0.999) were close to 1, which confirms that the
Langmuir isotherm was appropriate for the adsorption
behavior of SH extract [42].

Temkin isotherm is considered to be one of the
properties of the chemical adsorption and monolayer, in
addition to its reference to the interaction of uncharged

particles on a heterogeneous roof [43]. Figure 10b, Figure
11b, and Figure 12b shows the linear relationship between
log (6/C) and (6) for Temkin adsorption isotherm, where the
adsorption factors are taken are shown in Table 8, which
indicates the positive values of "g". This shows that there is
an act of attraction in the adsorbent layer. However, in the
current study, we found that this adsorption property of
physical adsorption and this is confirmed by a decrease in
IE% despite the increase in temperature [42].

Frumkin isotherm is expanded to Langmuir
isotherm [46]. It takes into account the possibility of
interaction between the adsorbent species and the range of
minerals, by attraction or repulsion [44]. Figure 10c, Figure
11c, and Figure 12c show the linear relationship between
log (6/ (1- 8) C) and (6) for Frumkin adsorption isotherm
and the adsorption parameters obtained are recorded in
Table 8. The value of the adsorption factor "g" is positive
and it explains the attractive action of the inhibitor on the
surface of the electrode [45]. However, in this adsorption,
the parameter "g" was negative, indicating the repulsion
behavior of inhibitor on the roof of carbon steel.

Table 1. Table of chemical elements of carbon steel X70.
Element C P S Si Mn Cr Ni Cu Al Nb \V Ti Mo Fe
S
wt.10°3 65 2 1 245 1685 42 26 10 42 67 14 19 5 Residual

Table 2. The phytochemical checking studies of SH extract.
Tests | Alkaloids | Tannins | Flavonoids | Terpenoids | Saponosides | Resins | Phenols | Glycosides

Results () () (+) ) () () () ()
Table 3. Corrosion factors for the steel in 1M HCI containing various concentrations of SH extract.
C% (viv) Cr (mmly) El % (7]
Blank 4.137
0.25 1.571 62.02 0.620
1.25 1.115 73.04 0.730
3.75 0.590 85.73 0.857
6.25 0.394 90.46 0.904
12.5 0.197 95.23 0.952

Table 4. The action of temperature on corrosion speed and the inhibition efficacy of carbon steel in 1M HCI in non-attendance
and attendance of 12.5% (v/v) of inhibitor.

T (K) Cro (mmly) Crinh (Mm/y) El %
290 5.078 0.262 94.82
311 1491 1.325 91.11
330 75.67 4.579 93.94
350 330.2 26.00 92.12

Table 5. Activation parameters of the dissolution of carbon steel in 1M HCI in non-attendance and attendance optimum
concentration inhibitor.

Ea(kd.mol?)  AH*kJ.mol?)  4S*(J.molt.K?) AG"(KJ.mol?)
290 311 330 350
Blank 59.45 56.81 -37.16 67.59 | 68.37 | 69.08 | 69.82
12.5% (v/v) of SH 63.44 60.80 -46.93 74.42 | 75.40 | 76.29 | 77.23

Bellaoueur et al., 2020 43



1JCBS, 17(2020):39-51

| extract

Table 6. Potentiodynamic polarization factors for the corrosion of carbon steel in 1M HCI solution including various

concentrations of inhibitor.

C%(VIV) Rp Ecor(MV) icorr Ba(MV) | fe(mV) IE%
(ohm.cm?) (mA/cm?)

Blank 43.75 -493.4 1.005 131.7 -163 —
0.25 108.9 -509.2 0.277 113 -130 72.37
0.62 209.7 -485.2 0.190 208 -232.8 81.05
3.75 211.8 -611.1 0.101 275.7 -98.7 89.91
6.25 202.1 -607 0.036 170.2 -78.2 96.39
125 2135 -629 0.026 170.9 -69.2 97.40

Table 7. The impedance parameters for carbon steel in 1M HCI solutions in non-attendance and attendance of the inhibitor.

C%(V/IV) Rct(ohm.cm?) Cai(uF/cm?) fmax(HZ) IErc%
Blank 41.85 85.18 44.66
0.25 116.6 68.22 20.01 64.10
0.62 176 57.13 15.83 76.22
3.75 432.8 46.33 7.941 90.33
6.25 493.5 40.63 7.941 91.51
125 799.7 49.75 4.002 94.76

Table 8. Isotherms parameters for Adsorption of SH extract on steel X70 surface in HCI solution by weight loss, polarization, and

EIS methods.
Methods Isotherm Equation R? "a"or"g"
Langmuir c/e =1.029c + 0.365 0.998 1.029
Weight loss Temkin Log(e/c) = 3.7506 + 2.466 0.979 3.750
Frumkin Log(e/(1- 6)c)=-1.7736 + 1.790 0.742 -1.773
Langmuir ¢/e =1.015¢c + 0.172 0.999 1.015
Polarization Temkin Log(e/c) =6.0776 + 4.919 0.960 6.077
Frumkin Log(e/(1- 6)c)=-2.0596 + 2.468 0.598 -2.059
Langmuir ¢/ =1.045¢c + 0.190 0.999 1.045
EIS Temkin Log(e/c) = 4.847¢ + 3.626 0.936 4.847
Frumkin Log(e/(1- 6)c)=-2.2556 + 2.352 0.923 -2.255
100
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Figure 1. Variations of corrosion speed and inhibition efficiency of corrosion of carbon steel in 1M HCI with various
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concentrations of SH extract

44



1JCBS, 17(2020):39-51

28 al 950 b
L]
»
24 ] 94.5
20 9.0,
= 93.5
£ 16 o
£ £ 93.01
£12-
g 92.5 4
s
92.0
4] . 1
/ 9154
;—f. 1
04 * 91.0 1
200 300 310 320 330 340 350 200 300 310 320 330 340 350
T (K°) T (K°)

Figure 2. Effect of various temperatures on (a) the corrosion speed and (b) inhibition efficiency of carbon steel in 1M HCI in the
existence 12.5% (v/v) of inhibitor

« Blank
. a 12.5%(viv)

InCr

-2 T T T T
28 29 30 34 32 33 34 35

10%T (K™)
Figure 3. Arrhenius plots for the corrosion speed of carbon steel in 1M HCI in non-attendance and attendance of inhibitor
o] . e Blank
v 12.5%(viv)
A4
2]
L

£ 3
S
E

28 29 30 31 32 33 34 35
10°T (K™)

Figure 4. Transition state plot for the corrosion rate of carbon steel in 1M HCI in non-attendance and attendance of inhibitor
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Figure 6. Potentiodynamic polarization curves for carbon steel in 1M HCI including various concentrations of SH extract.
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Figure 8. The electrical equivalent circuit model used to fit the EIS spectra
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Figure 9. (a) Bode and (b) phase angle plots of carbon steel in 1M HCI in non-attendance and attendance various concentrations
of SH extract.
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Figure 10. (a) Langmuir, (b) Temkin and (c) Frumkin isotherms for the adsorption of SH extract on the roof of steel X70 in HCI
solution by weight loss method
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Figure 11. (a) Langmuir, (b) Temkin and (c) Frumkin isotherms for the adsorption of SH extract on the roof of steel X70 in HCI

solution by polarization method
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Figure 12. (a) Langmuir, (b) Temkin and (c) Frumkin isotherms for the adsorption of SH extract on the roof of steel X70 in HCI
solution by EIS method
Note: All Curves were drawn by OriginPro 8

Conclusion

1)

2)

3)

4)

The weight loss, polarization, and EIS tests
indicated that SH extract acted as a good protector
of carbon steel from corrosion in 1 M HCI solution.
This can be imputed to the fact that it contained
chemical compounds that were adsorbed on the
area of the metal.

The inhibition efficacy raised with the increased
concentration of the inhibitor while it shown a
decrease with increasing temperature.

The thermodynamic results confirmed that the
process of adsorption of the plant extract particles
on the surface of steel was of the physical type and
endothermic.

Adsorption of green inhibitor on the surface of the
metal obeys Langmuir adsorption isotherm.
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