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ABSTRACT

The use of inhibitors for the control of corrosion of metals which are in contact with
aggressive environment is an accepted practice. It is needless to point out the importance of
cheap, safe inhibitors of corrosion. Plant extracts have become important as an
environmentally acceptable, readily available and renewable source for wide range of
inhibitors. The inhibition of the corrosion of copper in nitric acid solutions by senesio
extract has been studied using chemical and electrochemical techniques. Inhibition was
found to increase with increasing concentration of the senesio extract. Senesio extract is a
rich source of ingredients which have very high inhibition efficiency. The adsorption of
senesio extract on copper surface was found to obey Langmuir adsorption isotherm. The
polarization data revealed that senesio extract acts as mixed type inhibitors. The surface
morphology was analyzed.
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Introduction

Copper has been in use since ancient times and it has played
an important role in the human life history due to its high
corrosion resistance, its mechanical properties, ease of
workability and good heat transfer properties. Copper is resistant
toward the influence of atmosphere and many chemicals.

The possibility of the copper corrosion prevention has
attracted many researchers so until now numerous possible
extracts have been investigated. Amongst them there are
inorganic extracts [1].

Copper metal surfaces can undergo oxidation when in
contact with a gas, a liquid or a solid oxidizer. The process of
metal loss due to oxidation is also called corrosion. Corrosion of
base metal contacts, before and during the fabrication cycle can
have negative consequences on performance, plating,
appearance and in extreme cases result in component failure and
costly reclaiming operations.

The use of copper corrosion extracts in such conditions is
necessary since no protective passive layer can be expected. The
possibility of the copper corrosion prevention in different
aqueous solutions has attracted many researchers so until now
numerous possible extracts have been investigated.

Some investigations have in recent time been made into the
corrosion inhibiting properties of natural products of plant
origin, which have been found to generally exhibit good
inhibition efficiencies [2-12].

This area of research is of much importance because in
addition to being inexpensive, readily available and renewable
sources of materials, plant products are environmentally friendly
and ecologically acceptable. Plant products are organic in nature
and some of the constituents including tannins, organic and
amino acids, alkaloids and pigments are known to exhibit
inhibiting action.

The aim of this research is to study the corrosion inhibition
of copper in 1 M HNO; solutions using senesio extract as
corrosion extract using different techniques.
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Experimental Method
Materials and solutions

The experimental measurements were carried out in 1M
HNO; solution in absence and presence of various
concentrations of senesio extract.
Methods used for corrosion measurements
Weight loss tests

For weight loss measurements, square specimens of size 2 x
2 x 0.2cm were used. The specimens were first abraded to a
mirror finish using different grades (320-1200 grade) of emery
papers, degreased with acetone, washed with bidistilled water
and dried with soft paper before weighed and immersed in to the
test solution. The weight loss measurements were carried out in
a 100 ml capacity glass beaker placed in water thermostat. The
specimens were then immediately immersed in the test solution
without or with desired concentration of the investigated plant
extract. Triplicate specimens were exposed for each condition
and the mean weight losses were reported in order to verify
reproducibility of the experiments. The inhibition efficiency (IE)
and the degree of surface coverage (0) of the investigated
extract on corrosion of copper were calculated as follows:

%IE = 0 x 100 = [1-(W/W°)] x100 (1)

Potentiodynamic polarization tests

Electrochemical experiments were performed in a
conventional three-electrode electrochemical cell at 25°C with a
platinum counter electrode and saturated calomel (SCE) as
reference electrode. The working electrode was in the form of
disc cut from the copper under investigation, first was immersed
into the test solution for 30 min to establish a steady state open
circuit potential. The potentiodynamic current-potential curves
were recorded by changing the electrode potential automatically
from -250 mV to +250 mV with scanning rate of 1ImV s using
Gamry framework instruments (version 3.20). Corrosion current
densities (jecorr) and corrosion potential (Ecor), Where evaluated
from intersection of the linear anodic and cathodic branches of
Tafel plots and all of them will calculated in absence and
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presence of different concentrations of extract. Experiments
were always repeated at least three times. Degree of surface
coverage (0) is calculated using the following equation:

0= (jcorr - jlcorr)/jcorr (2)
and % IE were calculated as in Eq (3):
% IE =0 x 100 (3)

where jeor and j'corr are the current densities in the absence and
presence of extracts, respectively and 6 is surface .
Electrochemical impedance spectroscopy (EIS) tests

Electrochemical impedance spectroscopy were performed at
corrosion potentials, Eq, over a frequency range of 10° Hz to
0.5 Hz with a signal amplitude perturbation of 10 mV. Data
were presented as Nyquist and Bode plots. Experiments were
always repeated at least three times. Degree of surface coverage
(6) and % IE were calculated using the following equations:
6= [(I/R‘ct )'(1/Rct)]/ (1/Rlct) (4)

% IE=0x 100 (5)

where R’ and Ry are the charge transfer resistance in the
presence and absence of extract, respectively .

Electrochemical frequency modulation (EFM) tests

EFM experiments were performed with applying potential
perturbation signal with amplitude 10 mV with two sine waves
of 2 and 5 Hz. The choice for the frequencies of 2 and 5 Hz was
based on three arguments [13-15]. The larger peaks were used to
calculate the corrosion current density (i), the Tafel slopes (B,
and fB.) and the causality factors CF-2 and CF-3 [16]

All electrochemical experiments were carried out using
Gamry PCI1300/4 Potentiostat/ Galvanostat/Zra analyzer, DC105
corrosion  software, EIS300 electrochemical impedance
spectroscopy software, EFM140 electrochemical frequency
modulation software and Echem Analyst 5.21 for results
plotting, graphing, data fitting and calculating.

Scanning electron microscopy (SEM) tests

The electron surface of copper was examined by Scanning
Electron Microscope- type JOEL 840, Japan before and after
immersion in 1 M HNO; test solution in the absence and
presence of the optimum concentrations of the investigated
extract at 25°C, for 2 days immersion time. The specimens were
washed gently with bidistilled water, then dried carefully and
examined without any further treatments.

Results and Discussion
Chemical methods (Weight loss method)

Weight-loss of copper was determined, at various time
intervals, in the absence and presence of different concentrations
of the extract. The obtained weight-loss time curves are
represented in Figure 1 for senesio extract.

The inhibition efficiency of corrosion was found to be
dependent on the extract concentration. The curves obtained in
the presence of extract fall significantly below that of free acid.
In all cases, the increase in the extract concentration was
accompanied by a decrease in weight-loss and an increase in the
percentage inhibition. These results lead to the conclusion that
senesio extrct under investigation is fairly efficient as extract for
copper dissolution in nitric acid solution. Also, the degree of
surface coverage (O) by the extract, calculated from Eq. (1),
would increase by increasing the extract concentrations.

Effect of Temperature

The effect of temperature on the corrosion rate of copper in
1M HNO; and in presence of different extract concentrations
was studied in the temperature range of 298-313K using weight
loss measurements. As the temperature increases, the rate of
corrosion increases and the inhibition efficiency of the additives
increase as shown in Table 3 for senesio extract. The adsorption
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behavior of extract on copper surface occurs through chemical
adsorption.

244 —=— Blank(1M HNO,)
—e— 50 ppm

—A— 100 ppm

—v— 150 ppm
—<4— 200 ppm
—»— 250 ppm
—4—300 ppm

o
1

Weight loss, (mg cm‘z)
o
@
1

0.0 ':: T T T T T
60 120 180
time (min)

Figure 1. Weight loss-time curves for the corrosion of copper
in 1 M HNO; in the absence and presence of different
concentrations of senesio extract at 25°C

Adsorption isotherms

One of the most convenient ways of expressing adsorption
quantitatively is by deriving the adsorption isotherm that
characterizes the metal/extract/ environment system. Various
adsorption isotherms were applied to fit 6 values, but the best fit
was found to obey Langmuir adsorption isotherm which are
represented in Figure 2 for senesio extract, Langmuir adsorption
isotherm may be expressed by:

C/ O =1/Kyst C (6)

Where C is the concentration (mlI\L) of the extract in the
bulk electrolyte, © is the degree of surface coverage, K is the
adsorption equilibrium constant. A plot of © versus C/0 should
give straight lines. The experimental data gave good curves
fitting for the applied adsorption isotherm as the correlation
coefficients (R?) were in the range (0.9808).

The values obtained are given in Table 4. The extent of
inhibition is directly related to the performance of adsorption
layer which is sensitive function of a molecular structure. The
equilibrium constant of adsorption K, obtained from the
intercepts of Langmuir adsorption isotherm is related to the free
energy of adsorption 4G°,4s as follows
K =1/ 55.5 exp (-AG®,qs/ RT) 7

Where, The value 55.5 is the concentration of water on the
metal surface in mol/ L. Plot of (AG®,qs) versus T gave the heat
of adsorption (AH°%gs) and the entropy (AS°gs) (Figure 5)
according to the thermodynamic basic equation (8):

AGads: AHoads—-r ASoads (8)

Table 5 clearly shows a good dependence of AGgs on T,
indicating the good correlation among thermodynamic
parameters. The negative value of of AG,ys reflects that the
adsorption of studied extracts on copper surface from 1M HNO;
solution is spontaneous process and stability of the adsorbed
layer on copper surface.

Generally, values of AGggs around -20 kJ mol™ or lower are
consistent with the electrostatic interaction between the charged
molecules and the charged metal (physical adsorption); those
around -40 kJ mol™ ° higher involves formation of coordinate
bond (chemisorption) [17].

From the obtained values of AG®°, it was found the
existence of comprehensive physical and chemical adsorption.
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Fig 2. Langmuir adsorption isotherm plotted as C/0 vs. C of
senesio extract for corrosion of copper in 1M HNO; solution
from weight loss method at 298K

Plot of (AG%g) versus T Figure 3 gave the heat of
adsorption (AH,qs) and the standard entropy (ASgs) according
to the thermodynamic basic equation 6:

AG®as= AH g5~ T As’ags 9)

Table 5 clearly shows a good dependence of AG%g on T,
indicating the good correlation among thermodynamic
parameters. The negative value of AG®,qs ensures the spontaneity
of the adsorption process and stability of the adsorbed layer on
copper surface. Generally, values of AG®gs around -20 kJ mol™
or lower are consistent with the electrostatic interaction between
the charged molecules and the charged metal (physical
adsorption).The calculated AG%q values are closer to -20 kJ
mol ! indicating that the adsorption mechanism of the extract on
copper in 1 M HNO; solutions was typical of physical
adsorption. The values of thermodynamic parameter for the
adsorption of extract Table 5 can provide valuable information
about the mechanism of corrosion inhibition. While an
endothermic adsorption process (AH%g> 0) is attributed
unequivocally to an exothermic adsorption process (AH%gs <0)
may involve either exothermic adsorption or endothermic
adsorption or mixture of both processes. In the presented case,
the calculated values of AH’g, for the adsorption of extract in 1
M HNOj; indicating that chenopodium extract may be physically
adsorbed. The AS°qs values in the presence of extract in 1 M
HNO; are positive. . This indicates that an increase in disorder
takes places on going from reactants to the metal-adsorbed
reaction complex [18].
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Figure 3. Variation of AG®,4 versus T for the adsorption of
extract on copper surface in 1 M HNOj;at different
temperatures
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Kinetic —Thermodynamic Corrosion Parameters

The activation parameters for the corrosion process were
calculated from Arrhenius-type plot according to eq. (10):

Keorr= A exp (E 4/RT) (10)

Where E, is the apparent activation corrosion energy, R is
the universal gas constant, T is the absolute temperature and A is
the Arrhenius pre-exponential constant. Values of apparent
activation energy of corrosion for copper in 1 M HNO; shown in
Table 6, without and with various concentrations of senesio
extract determined from the slope of log (Kcor) versus 1/T plots
are shown in Figure 4. Inspection of the data shows that the
activation energy is lower in the presence of extract than in its
absence. This was attributed to slow rate of extract adsorption
with a resultant closer approach to equilibrium during the
experiments at higher temperatures according to Hoar and
Holliday [19]. But, Riggs and Hurd [20] explained that the
decrease in the activation energy of corrosion at higher levels of
inhibition arises from a shift of the net corrosion reaction from
the uncovered part of the metal surface to the covered one.
Schmid and Huang [21] found that organic molecules inhibit
both the anodic and cathodic partial reactions on the electrode
surface and a parallel reaction takes place on the covered area,
but the reaction rate on the covered area is substantially less than
on the uncovered area similar to the present study. The
alternative formulation of transition state equation is shown in
Eg. (11):

Keorr = (RT/Nh) exp (AS/R)exp (-AH'/RT) (11)
Where Ko is the rate of metal dissolution, h is Planck’s constant,
N is Avogadro’s number, AS” is the entropy of activation and
AH’ is the enthalpy of activation.

Figure 5 shows a plot of log k/T against (1/T) in 1 M HNO:..
Straight lines are obtained with aslopes equal to (AH" /2.303R)
and intercepts are [log (R/Nh + AS’/2.303R)] are calculated
Table 6.

The increase in E,  with increase extract concentration
Table 6 is typical of physical adsorption. The positive signs of
the enthalpies (AH") reflect the endothermic nature of the copper
dissolution process. Value of entropies (AS’) imply that the
activated complex at the rate determining step represents an
association rather than a dissociation step, meaning that a
decrease in disordering takes place on going from reactants to
the activated complex [22,23].
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Figure 4. Arrhenius plots for copper corrosion rates (Keorr)
after 120 minute of immersion in 1 M HNO; in the absence
and presence of various concentrations of senesio extract
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Figure 5. Transition-state for copper corrosion rates
log(Keor/T) vs 1/T in 1 M HNO3 in the absence and presence
of various concentrations of senesio extract

Potentiodynamic polarization measurements

Figures 6 show typical polarization curves for copper in 1 M
HNO; media. The two distinct regions that appeared were the
active dissolution region (apparent Tafel region), and the
limiting current region. In the extract-free solution, the anodic
polarization curve of copper showed a monotonic increase of
current with potential until the current reached the maximum
value. After this maximum current density value, the current
density declined rapidly with potential increase, forming an
anodic current peak that was related to Cu (NOj), film
formation. In the presence of extract, both the cathodic and
anodic current densities were greatly decreased over a wide
potential range.

Various corrosion parameters such as corrosion potential
(Ecorr-), anodic and cathodic Tafel slopes (Ba, Bc), the corrosion
current density (jeorr), the degree of surface coverage (0) and the
inhibition efficiency (%IE) are given in Table 7. It can see from
the experimental results that in all cases, addition of extract
induced a significant decrease in cathode and anodic currents.
The values of E.,, were affected and slightly changed by the
addition of extract. This indicates that senesio extract acts as
mixed-type extract. The slopes of anodic and cathodic Tafel
lines (B, and B.), were slightly changed (Tafel lines are parallel),
on increasing the concentration of senesio extract which
indicates that there is no change of the mechanism of inhibition
in the presence and absence of extract. The orders of inhibition
efficiency of extract at different concentrations as given by
polarization measurements are listed in Table 7. The results are
in good agreement with those obtained from weight-loss
measurements.

log i.mA em?

T T T T T
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Figure 7. Potentiodynamic polarization curves for the
dissolution of copper in 1M HNOj in absence and presence
of different concentrations of senesio extract at 25°C
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Electrochemical impedance spectroscopy (EIS) tests

well-established and it is powerful technique for studying
the corrosion. Surface properties, electrode Kkinetics and
mechanistic information can be obtained from impedance
diagrams [24-28]. Figure 8 shows the Nyquist (a) and Bode (b)
plots obtained at open-circuit potential both in the absence and
presence of increasing concentrations of chenopodium extract at
25°C. The increase in the size of the capacitive loop with the
addition of lemon oil shows that a barrier gradually forms on the
copper surface. The increase in the capacitive loop size (Figure
8a) enhances, at a fixed extract concentration, following the
order. Bode plots (Figure 8b), shows that the total impedance
increases with increasing extract concentration (log Z vs. log f).
But (log f vs. phase), also Bode plot shows the continuous
increase in the phase angle shift, obviously correlating with the
increase of extract adsorbed on copper surface. The Nyquist
plots do not yield perfect semicircles as expected from the
theory of EIS. The deviation from ideal semicircle was generally
attributed to the frequency dispersion [29] as well as to the
inhomogenities of the surface.

Rz Rct W.E.
CPE
Figure 9. Equivalent circuit model used to fit experimental

EIS

EIS spectra of the investigated compound were analyzed
using the equivalent circuit, Figure 9, which represents a single
charge transfer reaction and fits well with our experimental
results. The constant phase element, CPE, is introduced in the
circuit instead of a pure double layer capacitor to give a more
accurate fit [30].The double layer capacitance, Cy, for a circuit
including a CPE parameter (Y, and n) were calculated from
eq.12 [31] :

CdI = YO (mmax) i (12)

whereY is the magnitude of the CPE, ®mayx = 2ntfiax, fmax 1S
the frequency at which the imaginary component of the
impedance is maximal and the factor n is an adjustable
parameter that usually lies between 0.50 and 1.0. After
analyzing the shape of the Nyquist plots, it is concluded that the
curves approximated by a single capacitive semicircles, showing
that the corrosion process was mainly charged-transfer
controlled [32,33] .The general shape of the curves is very
similar for all samples (in presence or absence of extract at
different immersion times) indicating that no change in the
corrosion mechanism [34].From the impedance data Table 8, we
concluded that the value of R increases with increasing the
concentration of the extract and this indicates an increase in %
IEg;s, which in concord with the EFM results obtained. In fact
the presence of extracts enhances the value of Ry in acidic
solution. Values of double layer capacitance are also brought
down to the maximum extent in the presence of extract and the
decrease in the values of CPE follows the order similar to that
obtained for ic in this study. The decrease in CPE/Cy results
from a decrease in local dielectric constant and/or an increase in
the thickness of the double layer, suggesting that organic
derivatives inhibit the copper corrosion by adsorption at
metal/acid [35, 36] .The inhibition efficiency was calculated
from the charge transfer resistance data from eq.13 [37]:
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% IEgis = [1 -(R ol Re)] X100 (13)
Where R°%; and R are the charge-transfer resistances without
and with extract, respectively
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Figure 8a. The Nyquist plots for corrosion of copper in 1M
HNO; in absence and presence of different concentrations of
senesio extract at 25°C
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Figure 9b. The Bode plots for the corrosion of copper in 1M
HNO; in absence and presence of different concentrations of
senesio extract at 25°C
Electrochemical frequency modulation (EFM) tests

EFM is a nondestructive corrosion measurement technique
that can directly and quickly determine the corrosion current
values without prior knowledge of Tafel slopes, and with only a
small polarizing signal. These advantages of EFM technique
make it an ideal candidate for online corrosion monitoring
[38].The great strength of the EFM is the causality factors which
serve as an internal check on the validity of EFM measurement.
The causality factors CF-2 and CF-3 are calculated from the
frequency spectrum of the current responses.

Figure 10 shows the EFM Intermodulation spectra (current
vs frequency) of copper in HNO; solution containing different
concentrations of senesio extract. The experimental EFM data
were treated using two different models: complete diffusion
control of the cathodic reaction and the “activation” model. For
the latter, a set of three non-linear equations had been solved,
assuming that the corrosion potential does not change due to the
polarization of the working electrode [39].The larger peaks were
used to calculate the corrosion current density (jeor), the Tafel
slopes (B; and B,) and the causality factors (CF-2 and CF-
3).These electrochemical parameters were listed in Table 9.The
data presented in Table 9 obviously show that, the addition of
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senesio extract at a given concentration to the acidic solution
decreases the corrosion current density, indicating that this
compound inhibits the corrosion of copper in 1 M HNO;
through adsorption. The causality factors obtained under
different experimental conditions are approximately equal to the
theoretical values (2 and 3) indicating that the measured data are
verified and of good quality. The inhibition efficiencies %IEgry
increase by increasing the extract concentrations and was
calculated as from Eq. (14):
%IEgrm = [1-(jcor/i°corr)] X100 (14)

Where j.orr and jeorr are corrosion current densities in the absence
and presence of senesio extract
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Figure 10. EFM spectra for copper in 1M HNO; an absence
and presence of different concentrations of senesio extract at
25°C

SEM examination

In order to verify if the senesio extract molecules are in fact
adsorbed on copper surface, SEM experiments were carried out.
The SEM micrographs for copper surface alone and after 48 h
immersion in 1 M HNOz without and with the addition of 11x10°
® M of senesio extract are shown in Figures (1la-c). As
expected, Figurella shows metallic surface is clear, while in the
absence of senesio extract, the copper surface is damaged by
HNO; corrosion (Figurellb). In contrast, in presence of the
investigated compound (Figures (11c)); the metallic surface
seems to be almost no affected by corrosion. The formation of a
thin film of senesio extract observed in SEM micrograph
protects the surface against corrosion.
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Table 1. chemical composition of the copper in weight %
ElementSn |Ag |Fe [Bi Pb |As |Cu
\Weight % |0.001/0.001/0.01/0.0005|0.002/0.0002[The rest

Table 2. Values of inhibition efficiencies (%IE) and surface coverage (0) of extract for the corrosion of copper in 1 M HNO;
from weight-loss measurements at different concentrations and at 25°C

[inh]x10° M | © | WIE
1 0.542 | 54.2
3 0.598 | 60.0
5 0.663 | 66.3
7 0.691 | 69.1
9 0.738 | 738
11 0.775 | 775

Table 3. Values of inhibition efficiencies %IE and corrosion rate (C.R) of senesio extract for the corrosion of copper in 1M
HNO; from weight-loss measurements at different concentrations at temperature range of 298-313 K

[Inh]x10°, M298  [303K [308K [313K [318K

C.R%IEIC.RI%IEIC.R%IE|C.R[%IE|C.R|[%IE|
5.1054.2/6.97/69.1/8.02(75.0(9.58/77.7(10.0/79.7
4.47/60.0/6.14{72.8|7.18/77.58.64/80.0[9.5882.0,
3.75/66.3]5.20[77.0/6.04{81.1]7.3982.7|8.4384.2
3.43/69.1/4.3780.6/5.1484.06.3585.1(7.39)86.1]
2.50[73.8]3.95[82.54.37/86.3/5.41187.3/5.9388.8
1 2.0877.53.12186.1{3.43189.2}4.06/90.514.45(91.7

NEIRIEITEIE

Table 4. Adsorption parameters for senesio extract in 1 M HNO; obtained from Langmuir adsorption isotherm at different

temperatures
Temperature, °C | Kug, M [ slope
25 16.7 1.052
30 36.4 1.086
35 45.1 1.059
40 50.6 1.054
45 55.4 1.045

Table 5. Thermodynamic parameters for the adsorption of senesio extract on copper surface in 1 M HNOj; at different
temperatures

Temperature, °C | 0ate, | (e, | A0
25 16.9 207.3
30 19.1 211.2
35 20.0 44.8 210.6
40 20.6 209.3
45 21.2 207.8

Table 6. Activation parameters for copper corrosion in the absence and presence of various concentrations of senesio extract

in 1M HNO;
[Inh]x10°M [ E,", kJ mol* | AH kJ mol™? | -AS"J mol'K™!
0 60.69 56.23 196.99
1 32.66 29.26 190.18
3 31.98 29.04 192.03
5 3131 28.69 194.49
7 31.13 27.59 199.27
9 30.69 24.63 210.25
11 28.50 23.93 214.75

Table 7. Corrosion potential (Eco), cOrrosion current density (jcorr), Tafel slopes (Ba , Bc), degree of surface coverage(0) and
inhibition efficiency (%IE) of copper in 1M HNO; at 25°C for senesio extract

Inh]x| .

E_OG I ~Ecorr., Ucorr- Ba, Be, CR o % IE
M MV Vs SCEpA em?mV decimV decimpy

Blank |16 512.0 [318 222 252.6| ------—--
1 45 66.40 |72 207 32.75(0.87087.0
3 39 65.80 |71 189 32.47|0.871)87.1
5 43 64.70 |75 198 31.920.874{87.4
7 49 37.60 |59 203 18.56/0.926/92.6
9 89 33.50 [100 228 16.530.935093.5
11 83 28.00 |71 217 13.830.94594.5
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Table 8. Electrochemical kinetic parameters obtained by by EIS technique for in 1 M HNO; without and with various
concentrations of senesio extract at 25°C

" 6 -4

Extract R/I”h]xm gp'cmz Eg';‘;(_)z ) % IE

Blank 0 28.6 6.05 e s
1 104.1 | 3.40 0.725 | 725
3 523.2 | 351 0.945 | 94,5
5 688.3 | 1.13 0.958 | 95.8

senseo 7 800.7 | 8.65 0.964 | 96.4
9 835.7 | 1.02 0.966 | 96.6
11 934.3 | 3.39 0.97 | 97.0

Table 9. Electrochemical kinetic parameters obtained by EFM technique for copper in the absence and presence of various
concentrations of senesio extract in 1M HNOj at 25°C

Conc,x10% j corr Ba Be CR

Inh. M uAcm'szdec“deec'ICF'zCF'gMpy 6 IE
Blank 0 523.7 64 92 [2.3253.897]258.5| ---- | -----

1 193 64 169 |1.9332.89995.220.631] 63.1

3 43.99 67 102 |1.8652.614i21.71/0.916/ 91.6

Senseo extract 5 33.34 90 159 |1.7832.83116.450.936 93.6
7 31.9 48 128 |1.83412.49015.740.939 93.9

9 30.62 34 151 [2.0482.737/15.11/0.941{ 94.1

11 29.55 89 129 |1.9672.91914.58(0.9441 94.4

Figure 11. SEM micrographs of copper surface (a) before of
immersion in 1 M HNO3, (b) after 48 h of immersionin 1 M
HNOj, (c) after 48 h of immersion in 1 M HNOs+ 11x10° M
of senesio extract at 25°C
Mechanism of Corrosion Inhibition

The inhibition mechanism involves the adsorption of the
extract components on the copper surface immersed in aqueous
HNO; solution. Four types of adsorption [40] may take place
involving organic molecules at the metal-solution interface: 1)
Electrostatic attraction between the charged molecules and the
charged metal; 2) Interaction of unshared electron pairs in the
molecule with the metal; 3) Interaction of m-electrons with the
metal; 4) Combination of all the above. From the observations
drawn from the different methods, corrosion inhibition of copper
in 1M HNO; solutions by senesio extract as indicated from
weight loss, potentiodynamic polarization and EIS techniques

were found to depend on the concentration and the temperature
of the medium.

Conclusions

From the results of the study the following may be concluded:
1-Senesio extract is good corrosion inhibitors for copper in 1 M
HNO; solution. 2- Reasonably good agreement was observed
between the values obtained by the weight loss and
electrochemical measurements.

3-Results obtained from potentiodynamic polarization indicated
that senesio extract is mixed-type inhibitor.

4- Percentage inhibition efficiency of senesio extract was
temperature dependent and its addition led to a decrease of the
activation corrosion energy in all the studied acid media.

5- The thermodynamic parameters revealed that the inhibition of
corrosion by senesio extract is due to the formation of a physical
adsorbed film on the metal surface.

6- The adsorption of senesio extract onto copper surface follows
the Langmuir adsorption isotherm model.

7- The negtive values of the free energy of adsorption and the
positive values of heat of adsorption are indicating that the
process was spontaneous and endothermic.
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