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Abstract. The effect of Mentha Spicata oil and the
mixture of BaCl, and Mentha Spicata oil on corrosion of
copper in 1M HNOs have been investigated using weight
loss methods and Raman spectroscopy. The study
revealed that copper is more efficiently inhibited by
Mentha Spicata oil in the presence of BaCl, than pure oil.
The inhibition efficiencies increased with increased
concentration of the additives. The highest inhibition
efficiency of 56.12 % was observed with single Mentha
Spicata oil. An improved inhibition efficiency of 75.13 %
was observed with the mixture of Mentha Spicata oil and
BaCl, at 298 K in 1M HNOs, an effect attributed to
synergism between Mentha Spicata oil and BaCls,.
Inhibition efficiency decreased with increase in tem-
perature from 298-328 K. The adsorption of inhibitor
molecules on metal surface followed Frumkin and
Langmuir isotherm. Thermodynamic parameters such as
enthalpy AH, free energy of adsorption AG and entropy of
adsorption are obtained from experimental temperatures
ranging from 298-328 K. Raman Spectroscopy and
mapping were used to characterize the surface layers.
Keywords: corrosion, copper, Mentha Spicata oil,
inhibitors, acid medium, synergism.

1. Introduction

Copper metal is considered one of the most im-
portant metals resistant to corrosion, so its strong presence
is noted in industrial structures and even in the means of
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daily human use, which ranked it among the important
metals in the world.>® However, many acids attack it quite
easily’ due to their uses in stripping or cleaning and
removing localized deposits (unevenly distributed scale,
rust, bacterial deposits, etc.). The aggressiveness of these
acidic solutions leads to the use of inhibitors which is the
most widely used method®° in acidic media'**? in order
to limit the attack on metallic materials.”-10.13

Inhibitors are chemical compounds that are added
in small quantities to the corrosive medium and lead to
stopping or slowing down the corrosion. They are of two
types, either mineral or organic,® and the latter is the most
used and has gained great importance in the recent times
due to their good results in inhibition.*3-*5

Current researches are increasingly directed to-
wards the development of non-toxic and stable organic
molecules. The use of plant extracts, as corrosion inhi-
bitors, is a topic of research in development. Indeed, these
natural extracts contain many families of natural organic
compounds (flavonoids, alkaloids, tannins, etc.), which
are “ecological”, easily available, and renewable.’® The
efficiency of these inhibitors is sometimes improved by
the addition of some other compounds which act in syner-
gism.

Mint is a plant with a pleasant smell; it has been
used since ancient times in alternative medicine as a
sedative and in solving many digestive problems. Mint
extract was used in the corrosion protection of carbon
steel in 1M HCI solution,22 corrosion of mild steel in
1M HCI,2 corrosion of Aluminum in 1 molar hydro-
chloric acid,®* mild steel in 0.5M H,SOs % using
electrochemical techniques and weight loss. In these
studies, it was found to be a very good inhibitor with an
efficacy reaching around 97 %.26 In this paper, we have
evaluated, by gravimetric measurements, the inhibitory
efficiency of the essential oil of mint vis-a-vis the
corrosion of copper in 1M nitric acid medium HNO3 and
studied its synergistic effect with BaCl.. In order to access
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the composition of the deposited film, the study was
completed by a characterization of the surface by Raman
spectroscopy.

2. Experimental

2.1. Materials

Mentha spicata was collected in May 2020 from
Beloul 40 km far from Saida (868 (m), 34° 502 003 N, 0°
092 003 E) in the west northern region of Algeria. Voucher
specimen was identified by Pr Nouri BENABADJI of
Department of Biology-University of Tlemcen, Algeria and
deposited in the institutional herbarium. The plants were cut
at ground surface and taken to laboratory to extract es-
sential oil. Chopped plants were used fresh for determi-
nation of essential oil content by hydro distillation method
using Clevenger type apparatus at 333 K for 3h. The
essential oil was dried with anhydrous sodium sulfate,
stored at 269 K and used for GC-MS analysis. The essential
oil content (%) was determined on fresh weight basis as an
average of three samples. The identification of the oil is
performed by Allali et al.?’

The metal used in this study is the commercial
copper of 99.9 % purity. The copper samples were pre-
treated prior to the experiments by grinding with emery
paper until to 1200 grade; rinsed with distilled water,
degreased in acetone, washed again with distilled water
and then dried at room temperature before use. The
aggressive solutions of 1M HNOsz were prepared by
dilution of analytical grade 67 % HNOs; with double
distilled water.

Inhibitor were dissolved in acid solution at the
required concentrations (in g/L), and the solution in the
absence of inhibitor was taken as blank for comparison
purposes. The test solutions were freshly prepared before
each experiment by adding M. Spicata oil directly to the
corrosive solution. Experiments were conducted on
several occasions to ensure reproducibility. Concentra-
tions of M. Spicata oil were 0.5, 1, 1.5, 2, and 2.5 g/L.. The
synergistic impact of chloride ions was studied by
introducing 5-10° M BaCls.

Raman spectra were measured using a HORIBA
LABRAM HR Raman spectrometer operated in single
spectrograph mode with a holographic dispersive grating
of 600 grooves/mm.

The samples were analyzed in the back-scattering
mode on the microscope stage of an Olympus confocal
microscope attached to the spectrometer using a long
working distance 50x objective. The detector used was a
liquid nitrogen cooled charge coupled device Symphony
IGA detector. A 663 nm holographic notch filter was used
to remove the Rayleigh-scattered light.

The entrance slit width was 100 um giving a
resolution of 2cm? in the range between 100 and
5000 cm?®. Repeated acquisition using the highest
magnification were accumulated to improve the signal to
noise ratio in the spectra. Spectra were calibrated using
the 520.5 cm line of a silicon wafer.

2.2. Weight loss measurements

This method has the advantage of being easy to
implement, and of not requiring significant equipment, its
principle is based on the measurement of the loss in
weight (4m) undergone by a sample of surface S, for a
time t immersion in a corrosive solution at constant
temperature. The mass loss tests were carried out in a 250
mL beaker. A water bath (Wise) was used to allow the
electrolyte to be maintained at the desired temperature.
Weight-loss experiments were conducted on copper
coupons with a surface area of 7.6 cm?,

Experiments on copper plates immersed in
solutions of nitric acid of concentration 1 mol-L, without
and with the addition of different concentrations of
inhibitor and 5-10° mol-L'BaCl,, under 6 hours of
immersions and with varying temperatures from 298 K to
328 K were performed.

The corrosion rate is calculated by the following
formula:

W=AM/S - t @)

AM =M; — M )

where AM represents the difference between the initial
mass M1 and the final mass M after a time t equal to 6 h.
S is the surface of the metal exposed to the study solution.

This value of the corrosion rate is the average of
three tests carried out under the same conditions for each
concentration. The value of inhibitory efficacy is given by
the following formula:

E%= 100.WO —W

®)

where Wo, W respectively represent the corrosion rates of
copper in the absence and in the presence of the inhibitor.

2.3. Raman spectroscopy

Many reference works on the atmospheric corro-
sion of copper developed the theory on the formation of
copper sulfates and, more particularly the difference in
formation of antlerite and brochantite. More information
can be found in the literature.?8-%

The corrosion products formed on the surface of
the samples were analyzed using Raman spectroscopy
technique. Raman spectra were obtained before and after
immersion of copper in solutions of: 1M HNO3 and 1M
HNO; containing: 25¢/L M.E.O, 25¢g/L MEEO +
+5.10°M BaCl; for 24 h.
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The idea is on the one hand to use Raman to detect
the presence of oxides after immersion of copper in a
corrosive medium and on the other hand to have copper
sheets mapped in order to see the distribution of the
corroded zones by compared to inhibited zones.

3. Results and Discussion

3.1. Weight loss measurements

3.1.1. Effect of inhibitor concentration

The variation in the mass loss (Am) of copper
expressed in (mg) in HNOs; medium at 6 hours of
immersion time at different concentrations (From 0.5 g/L
to 2.5 g/L) was studied in the absence and in the presence
of inhibitor at 298 K. It makes it possible to determine the
corrosion rate (W) expressed in (mg-cm2:-ht), the rate of
surface coverage (0) and to calculate the inhibitory effi-
ciency of M.E.O (IE %). The results obtained are summa-
rized in Table 1.

We can see from the measured data that increasing
the essential oil concentration increases surface coverage
(6) and thus IE%, but decreases corrosion rate (Weorr). The
highest level of inhibition is 56.12 % at 2.5 g/L of the
concentration of inhibitor. This implies that increasing the
concentration of essential oil on the copper surface raises
the amount of inhibitor molecules adsorbed on the surface
and decreases the surface area available for direct acid
attack on the metal surface.

The results also show that M.E.O alone cannot
effectively protect the corrosion of the metal in 1M nitric
acid so we have tried to improve its inhibition efficiency
by adding halide ions such as chloride which may help the
inhibitor to adsorb better to the metal surface.3%2

3.1.2. Synergistic study

We are going to study the effect of BaCl, on the
inhibition efficiency of Mentha Spicata essential oil in
nitric acid medium (1M). This step is carried out at
different concentrations of M.E.O (from 0.5 to 2.5 g/L)
with the addition of 5-10° M of BaCl,. Table 2 gives
values of the inhibition efficiency for the corrosion of
copper in 1M HNO; after addition of 5-10° M of BaCl, at
different concentrations of M.E.O.

We note that the addition of BaCl, to the acidic
medium HNOs 1M in the presence of menthol essential
oil leads to a decrease in the corrosion rate and therefore it
actually increases significantly the inhibitory efficiency of
M.E.O (75.13 %). These results clearly demonstrate the
synergistic effect between Cl ions and M.E.O.

3.1.2.1. Comparison of inhibitory efficiencies and
synergy

In order to clearly illustrate the role of synergy, i.e.,
the effect of chloride ions on the corrosion of copper in
1M HNO:s in the presence of M.E.O, we carried out this
comparison between the inhibitory efficiencies with
respectively single M.E.O and M.E.O + BaCl, through
histograms (Fig. 1).

Table 1. Values of the inhibitory efficacy of M.E.O at different concentrations in 1M HNOzobtained by gravimetry

at 298 K (6 hours of immersion)

Concentration (g/L) Weorr / (Mg-cm2h1) IE/% 0 (Surface Coverage)
Blank 00620 | e e
0.5 0.0470 24.09 0.24
1 0.0420 32.25 0.322
15 0.0375 39.51 0.395
2 0.0354 42.90 0.429
25 0.0272 56.12 0.561

Table 2. Inhibition efficiency for different concentrations of M.E.O on copper in 1M HNOs in the presence of 5-10° M

of BaCl, at 298 K

Concentration(g/L) Weorr / (mg-cm2ht) IE/% 0 (SurfaceCoverage)
Blank K e s

0.5 0.0348 43.97 0.439

1 0.0282 54.46 0.544

15 0.0273 55.83 0.558

2 0.0161 73.95 0.739

2.5 0.0154 75.13 0.751
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Fig. 1. Comparison between the inhibitory efficienciessM.E.O
alone and (M.E.O + 5-10° M BaCl,)

From this histogram (Fig. 1), it can be clearly seen
that the presence of BaCl, in the solution containing
(HNO3 + M.E.O) considerably influences the inhibitory
efficiencies, for example, for the concentration of 2.5 g/L,
we have an inhibitory efficacy rate of 56.12 % while in
the presence of the chloride ions we have 75.13 %. This
shows the existence of a beneficial synergistic effect
between M.E.O and BaCl..

3.1.2.2. Synergism parameter

The synergism parameters S are determined from
the mathematical equation proposed by Aramaki and
Hackerman:3334

S=(1-P12)/ (1 -P’142) 4

Pi2= (P1+P2)— (P1-P2) )
where P; represents the inhibition efficiency of M.E.O, P
is that of BaCly, and P’1 + 2 is the measured inhibition
efficiency for M.E.O and BaCl, together.

The values of the calculated S are given in the
following Table 3.

Table 3. Values of synergisms parameter for different
concentrations of M.E.O and 5-10° M of BaCl.

Concentration (g/L) Synergism parameter
0.5 0.55
1 0.61
15 0.56
2 0.90
25 0.72

It can be seen from this table that all values are less
than unity. This result suggests that the improvement of
inhibition efficiency generated by the addition of BaCl, to
M.E.O is generally due to a competitive adsorption
between M.E.O and BaCls.

It is important to emphasize that Aramaki®3*
explained the synergistic effect either by competitive
adsorption or by cooperative adsorption between the two
compounds. In the first case, the two compounds are
adsorbed on different sites on the surface of the electrode,
while in the second case, one is chemisorbed on the
surface of the metal and the other is physisorbed on it. If
S<1, we are in the presence of competitive adsorption. If,
on the other hand, S> 1, cooperative adsorption occurs. In
this study, values less than 1 show that we are in the
presence of competitive adsorption.

3.1.3. Temperature Effect

Temperature is one of the factors that can affect
both the behavior of the inhibitor, either in its form or in
the way it adsorbs or desorbs to the copper surface. In
general, temperature has an important effect on corrosion
phenomena; the increase in temperature accelerates the
corrosion phenomena, because it decreases the domains of
stability of metals and accelerates the kinetics of reactions
and transport. Singh et al. consider that the increase in
temperature produces an increase in electron density
around the adsorption centers.3*

Also, the corrosion rate increases when the tempe-
rature increases. However, the extent of its influence
differs depending on the corrosive environment in which
the material is found.® In order to know the influence of
the temperature on the evolution of the corrosion, we
carried out a series of measurements keeping the same
operating parameters.

We conducted gravimetric measurements on cop-
per in HNO3 1M in the absence and presence of various
additives, in the temperature range of 298-328 K, which
we present in Table 4.

As can be seen from Fig. 2, the inhibitory efficacy
values for M.E.O alone decrease with increasing tem-
perature. However, these values increase with increasing
temperature in the existence of BaCl,. As a result, the
addition of BaCl; significantly improved the efficiency of
M.E.O inhibition at all temperatures.

Ivanov considers the increase in (EI) with tempe-
rature as the change in the nature of the mode of adsorp-
tion; the inhibitor is physisorbed at low temperatures,
while chemisorption is promoted as the temperature
increases. 6.3

Table 4. Effect of temperature on the inhibition efficiency (E %)

M.E.O (25g/L) M.E.O (2.5 g/L)+ 5-10° M BaCl.

T (K) Wocorr Weorr E/% Wocorr Woeorr E/%
298 0.0620 0.0272 56.12 0.0620 0.0154 75.13
308 0.3070 0.0930 69.70 0.3070 0.0359 88.30
318 1.4831 0.5632 62.02 1.4831 0.0521 96.48
328 7.3941 3.7659 49.06 7.3941 0.1551 97.90
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Fig. 2. Variation of the inhibitory efficiency as a function of temperature

3.1.4. The activation parameters

The Arrhenius equation is used to account for the
effect of temperature (T) on the corrosion rate and
therefore considers that the logarithm of the corrosion rate
Weorr is a linear function of T (Eq. 6):37:38

Inw=(-EJRT) + A (6)
where w represents the corrosion rate calculated from
gravimetric measurements, A represents the Arrhenius
frequency factor, R represents the molar gas constant, and
T represents the absolute temperature.

Fig. 3 shows the Arrhenius coordinate plot of the
copper corrosion rate in HNO3; 1M in the absence and
presence of inhibitors.

We notice from this figure that the curves In
Weorr = f (U/T) gives linear lines so they follow the
Arrhenius law. We can therefore calculate the activation
energies from the Arrhenius relation. The activation
energies for the various concentrations without and with
addition of inhibitors are given in Table 5.

Table 5. Activation energy for dissolving copper in 1M
HNO:; alone and in the presence of inhibitors

Inhibitor Ea (kJ-mol?)
Blank 129
M.E.O 134

M.E.O + BaCl, 59

The calculations show that E. increases in the
presence of M.E.O (134 kJ/mol) but decreases in the
presence of the mixture M.E.O+BaCl; (59 kJ/mol).

The higher Ea value observed in the presence of
2.5g/L M.E.O suggests that a higher energy barrier is
needed for the corrosion reaction to occur® while the
lower value observed after addition of 5-10° M BaCl- is
related to the higher adsorption of the mixture
(M.E.O+BaCly) on the copper surface, which is primarily
due to strong chemical interaction.?6:4041

An alternative formula of the Arrhenius equation
(6) allows to determine the enthalpy and the entropy of
activation according to the following equation:#43

RT ASa AHa
w = e () e (= 55) )
where h is Planck's constant, N is Avogadro's number,
AH_, is the change in enthalpy of activation, and AS,, is the
change in entropy of activation.

The variation of In(W/T) as a function of the
inverse of the temperature is a straight line (Fig. 4), with a
slope of (-AH, /R) and an ordinate at the origin equal to
(In R/Nh + AS,/R).%2

We can therefore calculate the values of AH, and
AS,. The values of the enthalpies AH, and of the
entropies AS,, are given in Table 6.

Table 6. Enthalpy AH_, and entropy AS,, of activation for
copper in 1M HNGQO;s in the absence and presence of
inhibitors

Inhibitor AH, (kJ/mol) AS,(J/mol)
Blank 126.69 156.701
M.E.O 131.814 165.482
M.E.O + BaCl, 56.583 -89.9187

From these results we can draw information on the
mechanism of inhibition of copper corrosion. The positive
signs of enthalpy AH,, reflect the endothermic nature of
the copper dissolution process.’*84 The increase in
adsorption enthalpy in the case of single M.E.O
corresponds to a decrease in metal dissolution.

In the presence of single M.E.O the value of AS,
increases and is generally interpreted as an increase in
disorder as the reactants are converted to the activated
complexes.*

The negative value of the standard entropy AS, in
the presence of BaCl, reflects a reduction in the disorder
that occurs during the formation of the complex metal /
adsorbed molecules.*



12 Nadia Belarbi et al.

Blank
2.5g/IM.E.O
2.5g/IM.E.O + 5.10°M BaCl,

corr
nN
1

INW_/(mg/cm".h)
1

T T T T T T T 1
0,00300 o0,00305 0,00310 o0,00315 0,00320 0,00325 0,00330 0,00335 0,00340
1UT(KT)

Fig. 3. In Weorr vs. /T for copper in 1M HNO; in the absence and
in the presence of 2.5 g/L M.E.O and 2.5¢g/L M.E.O + 5-10°M BaCl,
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Fig. 4. Plots of In (W/T) vs. 1/T for copper in 1M HNOsin the absence
and in the presence of M.E.O and M.E.O + BaCl,

3.1.5. Adsorption isotherm and
Thermodynamic parameters

The inhibition of corrosion of metals by organic
compounds is explained by their adsorption on the metal
surface. Adsorption isotherms are then an important
complement capable of determining the electrochemical
mechanism that leads to the adsorption of these organic
compounds to the surface. To identify the type of
adsorption corresponding to this study, different types of
isotherms were tested: Langmuir, Temkin, Frumkin,
Frundlich, and Flory Huggins using the data of Tables 1
and 2. The coefficient (R?) was used to select the proper
isotherm. It is noted that the linear correlation coefficients
are close to 1. The Frumkin isotherm provides the most
accurate fit for M.E.O alone and Langmuir isotherm the
best fit for M.E.O with addition of BaCl, in 1M nitric

acid. Figs.5 and 6 represent the adsorption isotherms
plotted at 298 K from the values obtained from the
gravimetric measurement. According to these isotherms,
the recovery rate (0) is related to the concentration of
inhibitor by the following equations:

Frumkin adsorption isotherm:

6
In ((1—9)><c) = InK, 45 + 2a0 (8)
Langmuir adsorption isotherm:
Cinh __1 4 Cinh
o Kads 9)

The adsorption constant Kags is related to the standard free
adsorption energy AGags by the following equation:*047
AG, 4= —RTIn(Kgqs X 55.5) (10)
R is the gas constant, T is the temperature, and 55.5 is the
concentration of the water in the solution in mol-L, and T

is the temperature in Kelvin.*8



Synergistic Effect of BaClz on Corrosion Inhibition of Copper by Mentha Spicata Oil in 1M Nitric Acid... 13

04

024
yd

In(théta/c*(1-théta))
S
o

— T T T T T T T T T
0,20 025 030 035 0.40 0,45 0.50 055 0,60
théta

Fig. 5. Frumkin adsorption isotherm for copper immersed in 1M
nitric acid with addition of M.E.O

2

R*=0.968 .

Fig. 6. Langmuir adsorption isotherm for copper immersed in
1M nitric acid with addition of (M.E.O + BaCl.)

The values of the free energy of adsorption as calculated
from Eq. (10) in the absence and the presence of BaCl, are
-11.86 and -17.69 kJ/mol, respectively.

Negative values of AG,, indicate the spontaneity
of the adsorption process and the stability of the adsorbed
layer on the metal surface.”® Generally, the values of
AG, 45, around —20 kJ-mol or less negative, are linked to
electrostatic interactions between charged molecules and
the metal (physical adsorption), at this level the inhibition
activity is mainly dominated by coulombic interactions,**
while those close to —40 kJ-mol' or more negative
involve a charge transfer between the organic molecules
and the metal surface (chemisorption).505!

The values of AG®ys obtained in this investigation
are close to —20 KJ.mol* in both cases, suggesting that
single M.E.O and M.E.O + BaCl; are physisorbed on the
surface of metal, which results in electrostatic interactions
between the surface of the metal and the film formed. The
increase in the values of AG®ys in the presence of BaCl,
indicates stronger interaction of the inhibitor molecules
with the metal surface in the presence of chloride ions.>

3.2. Raman Spectroscopy analysis

The Electronic Microscopy of the Raman (Fig. 7)
of the surfaces of copper samples were taken at same
magnification to see the changes that occurred during
corrosion process in the absence and presence of mint
essential oil at 2.5 g/L during 24 h at 303 K.

Fig. 7. Raman Electronical microscopy morphologies of (A) copper (B) in 1M HNO;
and (C) 1M HNO;s + 2.5 g/L Mint Oil and (D) 1M HNO; + 2.5 g/L Mint Oil with BaCl,
for 24 h immersion (magnification *100)
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The EM image of the copper specimen in the absence
of the inhibitor (Fig. 7B) shows an irregular and damaged
surface owing to rapid corrosion attack if we compare that
with pure copper (Fig. 7A). However, a relatively smoother
and less corroded morphology of copper surface can be
observed in the presence of inhibitor (Fig. 7C), this effect is
improving in presence of BaCl, (Fig. 7D). This may be in-
tercepted by the adsorption of molecules of this inhibitor on
the electrode surface. It is thought that the molecules of inhi-
bitor depress the corrosion by the formation of an adherent
deposit on the electrode surface limiting the access of the
electrolyte to the surface of the copper. This result confirms
those from weight loss and electrochemical measurements.

Fig. 8 show the Raman spectra of copper, three
characteristic peaks of Cu,O are observed at 97, 147,
615cm™ in the spectrum of copper plates. The Raman

microscope make possible to do spectra by targeting the
oxidized parts and the pure parts. We observe in the zone
(A) the characteristic spectrum of copper with two peaks
615cm?, for the oxidized zones (B) we observe the
appearance of peaks at 1370 and 1578 cm* corresponding
to D and G bands due to the deposition of a thin layer of
cuprite (CuxO) on the surface on areas not inhibited by
essential oils, these two peaks are observed in the
presence of BaCl, but with a very low intensity.>3

We provide a Raman mapping of our copper plates
which were put in an aggressive 1M HNOz; medium in the
presence of inhibitor with and without BaCl, (Fig. 9).
These maps will allow us to see the distribution of the
corroded parts on the copper plate and to see the effect of
the inhibitor by delimiting the areas having been attacked
by the acid and the areas inhibited by our essential oil.

—— copper plates HCI 1M + es:

35000

97 cm*’!
30000 +

25000 4 |

20000 4
i 612 cm’!

Intensity (counts)

15000 -

10000 ||+ 1

5000 1!
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1370 em™!

——— copper plates HCI 1M + es:
—— copper plates HCI 1M + es:

T T
0 500 1000
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1500

T T 1
2000 2500 3000

Raman Shift (cm')

Fig. 8. Raman spectra of copper 1M HNO; + 2.5 g/L Mint Qil (zone 1),
copper 1M HNO;3; + 2.5 g/L Mint Qil (zone 2) and copper 1M HNO; + 2.5 g/L Mint Oil+BaCl,
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Fig. 9. Raman mapping of copper plates in HNOs; 1M + Mint essential oil
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Fig. 10. Raman mapping of copper plates in HNO; 1M + Mint essential oil and BaCl.

The Electronic Microscopy morphology of copper
in HNO3z and MEO shows two different kind of area. We
have chosen an area comprising the two colors of our
copper plate with a number of points to make our
mapping of 164 in order to have a number of Raman
spectra covering the entire area. The spectra show the
presence of two spectra the first areas for which we have
chosen a red color and a second area corresponding to the
appearance of the peaks at 1370 and 1578 cm™ corres-
ponding to D and G bands due to the deposition of a thin
layer of carbon. If we compare the distribution of the two
given zones compared to the results obtained by gra-
vimetry, we observe the same ratio which corresponds to
56 % of inhibition (Fig. 10).

As shown by gravimetry, the presence of BaCl,
increases the inhibition rate to 75 %, this increase is
reflected in the Raman mapping by an increase in the
copper zone given by the red color and a decrease in the
bands given in blue color, this result shows the increase of
the inhibitory effect in the presence of BaCl, and confirms
the results obtained by gravimetry.

4. Conclusions

We carried out a study on the evaluation of the
inhibitory power of menthol essential oil on copper
corrosion in HNOs; 1M medium using the gravimetric
method and Raman spectroscopy.

= The work performed on M.E.O revealed that
this inhibitor has a moderate inhibitory potency against
copper corrosion in 1M HNOs; medium, which increases
with increasing concentration to reach a maximum value
0f56.12 % at 2.5 g/L.

= The addition of BaCl, at increasing concent-
rations of the inhibitor resulted in a decrease in corrosion
rates; this decrease is accompanied by an increase in
inhibitory efficiencies to reach a maximum value of
75.13 % at the concentration of 2.5g/L, therefore the
addition of BaCl, enhances the inhibition performance of
the M.E.O in 1 M HNO:s solution.

= The increase in temperature affects the inhi-
bitory effectiveness.

= The synergism parameter suggests that there is
a competitive mechanism between the chloride ions and
M.E.O.

= The adsorption of M.E.O alone and in combi-
nation with chloride ions obeys Frumkin and Langmiur
adsorption isotherms, respectively.

= Negative values of the activation enthalpy
indicate the spontaneity of the adsorption process and that
the copper dissolution is endothermic.

= The thermodynamic parameters calculated
from the adsorption isotherms showed that physisorption
is involved in the inhibition process.

= Raman Spectra and Raman Mapping confirm
the results obtained by gravimetry and the use of this
method shows a new possibility in the treatment of the
results of corrosion inhibition, the mapping shows very
well the distribution of the corroded parts compared to the
parts inhibited by MEO with an increase of the inhibition
in the presence of BaCl..
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CHUHEPI'TYHU ED®EKT BaCl, HA IHTIBYBAHHSI
OJIIEIO Mentha Spicata KOPO3Ii MIJII B 1M
HITPATHIA KUCJIOTI: TPABIMETPUYHE

TA PAMAH-CHEKTPOCKOIIYHE JOCJIAKEHHSI

Anomauin. 3a donomoeoro memoodie empamu eacu ma ha-
MaH-cnekmpockonii docniodiceno enaue cymiui onii Mentha Spicata
ma cymiwi BaClz it onii Mentha Spicata na xoposito mioi ¢ IM
HNOs.  Jocnioocennss  nokasano, wo onis Mentha Spicata
eexmusniwe ineibye miob y npucymuocmi BaClz nopiensnj 3
camoro oniero. Eghexmusnicmv  incibysanns 30inbuiysanacsy i3
niOGUWEHHAM KOHYeHmpayii 000a6oK. 3 GUKOPUCMAHHAM CAMOT
nuwe onii Mentha Spicata dslpyfxtyj natieuwy epexmusnicmo
ineioyeanns 56,12 %. Iliosuweny egexmusnicmo ineiOyeanHs
75,13 % cnocmepicanu ons cymiwi onii Mentha Spicata i BaClz 3a
298 K 6 IM HNOs; yeil ecpexm nosicHIOEMbCs CUHEP2IZMOM MIdiC
onicto Mentha Spicata i BaClz. E¢hexmuenicmo ineiOyeans 3Hudicy-
sanacs 3 niosuwennsim memnepamypu 6io 298 oo 328 K. Aocopbyis
MONeKyn iH2IOimopa Ha Nnoeepxui Memany 6i0nosioana izomepmi
Dpymxina ma Jlenemiopa. Tepmoounamiuni napamempu, maxi sk
enmanvnis AH, einbna enepeis aocopoyii AG ma ewmponis ao-
copbyii, Gymu OMpUMAHi 3 eKCNepUMEHMANIbHUX MeMnepamyp y
oianazoni 298-328 K. /s Oocniosicenns noeepxHesux wapis
sukopucmosysanu Paman-cnexmpockoniio ma manine.

Knrouosi cnosa: koposis, miov, onis Mentha Spicata, inei6i-
mopu, Kucie cepedosuuye, CUHeP2izm.
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