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ABSTRACT

The inhibitive effect of Trigonella stellate extragainst the corrosion of copper in 1M H®olution has been
investigated using weight loss, potentiodynamicpmdtion, electrochemical impedance spectroscdphs) and
electrochemical frequency modulation (EFM) techegjuSurface morphology was tested using scannewireh
microscope (SEM). The effect of the temperatureasrosion behavior of copper in 1 M HNGolution with and
without the extract was studied in the temperatamege of 25-48C by weight loss method. Polarization curves
revealed that the investigated extract acts as dhiype inhibitor. The inhibition efficiency was falto increase
with the increase in the extract concentration aedrease with raising solution temperature. Theoggison of the
inhibitor on copper surface was found to obey Ting&kedsorption isotherm. The results obtained fidifferent
techniques are in good agreement.
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INTRODUCTION

Copper is a metal that has a wide range of apjitatdue to its good properties. It is used in tetexics, for
production of wires, sheets, tubes, and also tm falfoys. The use of copper corrosion inhibitoradnd solutions is
usually to minimize the corrosion of copper durthg acid cleaning and descaling. The possibilityhef copper
corrosion prevention has attracted many researchersintii now numerous possible inhibitors have nbee
investigated [1-3].Most well-known acid inhibitoase organic compounds containing nitrogen , suléurgd oxygen
atoms. Among them, organic inhibitors have many adages such as high inhibition efficiency and easy
production [4-7]. Organic heterocyclic compoundséhdeen used for the corrosion inhibition of copf&jrin
different corroding media. Although many of thesempounds have high inhibition efficiencies, sevdnalve
undesirable side effects, even in very small comagons, due to their toxicity to humans, delaies
environmental effects, and high-cost [9]. Plantaottis low-cost and environmental safe, so thenradvantages of
using plant extracts as corrosion inhibitors am@eenic and safe environment. Uptill now, many plkxiracts have
been used as effective corrosion inhibitors for pgpin acidic media, such as: Zenthoxylum alatur@],[1
Azadirachta Indica [11] caffeine [12] Cannabis [13he inhibition performance of plant extract isrmally
ascribed to the presence of complex organic speielsiding tannins, alkaloids and nitrogen basasbohydrates
and proteins as well as hydrolysis products inrtbemposition. These organic compounds usuallyainrpolar
functions with nitrogen, sulfur, or oxygen atomsldrave triple or conjugated double bonds with atirméngs in
their molecular structures, which are the majoogation centers.

The present work was designed to study the inhipitxtion of Trigonella stellateextract for the corrosion of
copper in 1 M HNQ@using chemical and electrochemical techniques.
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EXPERIMENTAL SECTION

2.1 Composition of Copper Samples
Chemical composition of the copper samples in vi€igh

Element Sn Ag Fe Bi PP AA Cu
Weight% | 0.001| 0.001| 0.01 | 0.0005] 0.002| 0.0002| The rest

2.2. Materials and Solutions

Experiments were performed using copper specimensak working electrodemounted in Teflon, an epoxynres
was used to fill the space between Teflon and copfeetrode. The auxiliary electrode was a platinsmaet (1
cnt), saturated calomel electrode (SCE) as referelemgrede was connected to a conventional elecioobgll of
capacity 100 ml via a bridge with a Luggin cappiathe tip of which was very close to the surfaé¢he working
electrode to minimize the IR drop. The aggressilaten used was prepared by dilution of analytigedde 70%
HNO; with bidistilled water. The stock solution (100pmp) of Trigonella stellatewas used to prepare the desired
concentrations by dilution with bidistilled watéfhe concentration range dfigonella stellateused was 50-500
ppm.The main chemical componentsTofgonella stellateare saponins, coumarin, fenugreekine, nicotinid,ac
phytic acid, scopoletin and trigonelline.

Fig. 1: Structure of Trigonella stellateextract

2.3 weight Loss Measurements

Seven parallel copper sheets of 2x1.5x0.2 cm wbkradad with emery paper (grade 320-500-1200) aed th
washed with bidistilled water and acetone. Aftecumate weighing, the specimens were immersed il
beaker, which contained 100 ml of HNOwith and withaddition of different concentrations Dfigonella stellate
All the aggressive acid solutions were open to/siter 180 minutes, the specimens were taken oashed, dried,
and weighed accurately. The average weight loseweén parallel copper sheets could be obtained irfilgition
efficiency (IE %) and the degree of surface covera®f the extract were calculated as follows [14]:

%= x100=1 [( / °)]x100 (2)
where W° and W are the values of the average wéigkés without and with addition of the extraespectively.
2.4. Electrochemical Measurements

All the measurements were done in solutions opeatiosphere under unstirred conditions. All potdnialues
were reported versus SCE. Prior to each experinteatelectrode was treated as before. Tafel peléoiz curves
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were obtained by changing the electrode potentiairaatically from (-0.8 to 1 V vs. SCE) at opercait potential
with a scan rate of 1 mV/s Stern-Geary method [15], used for the determimadif corrosion current is performed
by extrapolation of anodic and cathodic Tafel lites point which gives (logd,) and the corresponding corrosion
potential (E,y) for extract free acid and for each concentratibthe extract. Then ;) was used for calculation of
inhibition efficiency (IE %) and surface coveragg 4s in equation 2:

%= x100=1 [l ( )/ i( )] x100 (2)

where iqoniree)@nd korginny@re the corrosion current densities in the absandgoresence of the extract, respectively .
Impedance measurements were carried out in frequemge (2x10Hz to 8x10° Hz) with amplitude of 10 mV
peak-to-peak using ac signals at open circuit piaterThe experimental impedance was analyzed atetpreted
based on the equivalent circuit. The main parareeteduced from the analysis of Nyquist diagramtlagecharge
transfer resistance ;R(diameter of high-frequency loop) and the doublgetacapacity &. The inhibition
efficiencies and the surface coveragedbtained from the impedance measurements arelasdd from equation 3:

%= x100=1 [  ]x100(3)

where Ry and R, are the charge transfer resistance in the absandepresence of the extract, respectively.
Electrochemical frequency modulation (EFM) was ieairout using two frequencies 2 and 5 Hz. The highe
frequency must be at least two times the lower die higher frequency must also be sufficientlystbat the
charging of the double layer does not contributthéocurrent response. Often, 10 Hz is a reasotiatite The large
peaks were used to calculate the corrosion cudemsity (i.), the Tafel slopes { and ) and the causality factors
CF-2&CF-3 [16]. The electrode potential was allovie stabilize 30 min before starting the measurémeill the
experiments were conducted at 25°C.

All electrochemical measurements were performedngusiGamry Instrument (PCI4/750) Potentiostat.
Galvanostat/ZRA. This includes a Gamry frameworktessmn based on the ESA400. Gamry applications ieclud
DC105 software for potentiodynamic polarizationSB00 software for electrochemical impedance spsoiy,
and EFM140 software for electrochemical frequen@dufation measurements via computer for collectiatp.
Echem Analyst 6.03 software was used for plottiggaphing, and fitting data. To test the reliabilij;nd
reproducibility of the measurements, duplicate expents, which performed in each case at the samditions.

2.5. Surface Morphology

For morphological study, surface features (1 cm gnl x 0.2cm) of copper were examined before andr aft
exposure to 1 M HN@®solutions for 12 hours with and without the extratftOL JSM-5500 scanning electron
microscope was used for this investigation.

RESULTS AND DISCUSSION

3.1 Weight Loss Tests

Weight loss measurements were carried out for coppd M HNO; in the absence and presence of different
concentrations ofrigonella stellateand are shown in Figure (2). The inhibition e#iaty (IE %) values calculated
are listed in Tables 1& 2. From these tables, indged that the IE% increases steadily with indrepshe
concentration of the extract and decrease withngithe temperature from 25-45°C. The inhibitioficégncy (IE

%) and surface coveragg(were calculated by equation (1).
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Fig.2: Weight loss-time curves for the corrosion ofopper in 1 MHNGO; in the absence and presence of different concentians of
Trigonella stellateextract at 25°C

Table 1: Corrosion rate (C.R.) and inhibition effidgency data obtained from weight loss measurementsif copper in 1 M HNOjs solutions
without and with various concentrations ofTrigonella stellateextract at 25°C

Conc., Weight Ic_)zss, CI? . %WIE
ppm mg cmi mg cm” min
1 M HNG; 5.587 0.047 | | e
50 3.283 0.027 0412 | 41.2
100 2.768 0.023 0.504| 50.4
150 2.450 0.020 0.561| 56.1
200 2.244 0.019 0.598 | 59.8
250 2.048 0.017 0.633| 63.3

Table 2: Data of weight loss measurements for coppa 1 M HNO ; solution in the absence and presence of differenbncentrations of
Trigonella stellateat 25-45°C

Conc., Teomp., CI§ . %IE
ppm C mgcmi“min

25 0.027 0.412 | 41.2

30 0.058 0.333 | 33.3

50 35 0.076 0.255 | 25.5

40 0.097 0.186 | 18.6

45 0.126 0.095| 9.5

25 0.023 0.504 | 50.4

30 0.048 0.446 | 44.6

100 35 0.064 0.373 | 37.3

40 0.080 0.329 | 32.9

45 0.105 0.245 | 24.5

25 0.020 0B61 | 56.1

30 0.043 0.507 | 50.7

150 35 0.057 0.435 | 435

40 0.072 0.400 | 40

45 0.094 0.327 | 32.7

25 0.019 0.598 | 59.8

30 0.040 0.548 | 54.8

200 35 0.052 00487 | 48.7

40 0.067 0.438 | 43.8

45 0.085 0.391 | 39.1

25 0.017 0.633 | 63.3

30 0.037 0.574 | 574

250 35 0.048 0k31 | 53.1

40 0.061 0.485 | 48.5

45 0.079 0.435 | 435
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3.2. Effect of Temperature

The effect of temperature on the corrosion ratecagper in 1M HNQ and in presence of different inhibitor
concentrations was studied in the temperature rasfg®98-313K using weight loss measurements.As the
temperature increases, the rate of corrosion isese@and the inhibition efficiency of the additivéscreases as
shown in Table2forTrigonella stellateextract. The adsorption behavior of inhibitor ompper surface occurs
through physical adsorption.

3.3. Adsorption Isotherms

One of the most convenient ways of expressing atisorquantitatively is by deriving the adsorptisntherm that
characterizes the metal/inhibitor/ environmenteystVarious adsorption isotherms were appliedtto ¥ialues, but
the best fit was found to obey Temkin adsorptioothierm which is represented in Figure 3fbrigonella
stellate Temkin adsorption isotherm may be expressed by:

a =InKC 4)

Where C is the concentration (ppm) of the inhibitorthe bulk electrolyte, is the degree of surfacwerage
( =%/100), K ads is the adsorption equilibrium const# plot of versus log C should give straight lines with
slope equal 2.303/a and the intercept is (2.3@8/&l4). The variation of the adsorption equilibrium ctamt (Kq9
of the inhibitor with their molar concentrationssmgalculated according to Eq. (2). The experimethdizd give good
curves fitting for the applied adsorption isotheas the correlation coefficients YRwere in the range (0.943-
0.999).The equilibrium constant of adsorptiogydobtained from the intercepts of Temkin adsorpigstherm is
related to the free energy of adsorptid®°,4sas follows:

Kags1/55.5 exp [- G° aad / RT] (5)

Where, 55.5 is the molar concentration of watehasolution in M

25°C R2= 0.999
0.65 4

0.60 -/
0.55

- |

0.50 u

0.45

0.40

— 1T - T - T T T T T T T T 1T T T 1
-1.4 -1.3 -1.2 -1.1 -1.0 -0.9 -0.8 -0.7 -0.6 -0.5

Log C, ppm

Figure 3: Temkin adsorption isotherm of Trigonella stellateon copper surface in 1 M HNQ at 25°C

Plots of ( G°q9 versus T Figure 4gave the heat of adsorptidd’{;) and the standard entropySaqd according
tothe thermodynamic basic equation 6:

Goads: Hlads- T S)ads (6)

Table 3clearly shows a good dependence @f.ss on T, indicating the good correlation among thedgrmamic
parameters. The negative value 0B’ ensures the spontaneity of the adsorption proaadsstability of the
adsorbed layer on copper surface. Generally, vadfie$s%,qs around -20 kJ mdl or lower are consistent with the
electrostatic interaction between the charged nudscand the charged metal (physical adsorptior)ddiculated
G.qs values are closer to -20 kJ roindicating that the adsorption mechanism of thehiitor on copper in 1 M
HNO; solutions was typical of physical adsorption. Madues of thermodynamic parameters for the adsorpf
extract(Table 3)can provide valuable informationoatb the mechanism of corrosion inhibition. While an
endothermic adsorption processH 4> 0) is attributed unequivocally to an exothermids@ption process
( H%q<0) may involve either exothermic adsorption or@hermic adsorption or mixture of both processeshé
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presented case, the calculated valuesHiff,ys for the adsorption of extract in 1 MHNG@ndicating thafTrigonella
stellatemay be physically adsorbed. Th&’,4svalues in the presence of inhibitor in 1 M HN&e positive. . This

indicates that an increase in disorder takes planegoing from reactants to the metal-adsorbedtiacomplex
[17].

-16.5 4
-17.0 H
-17.5 o

-18.0 o

DG° ads KJ mol™*

-18.5 o

-19.0 - -

295 300 305 310 315 320

Figure 4: Variation of G°gsVversus T for the adsorption of the inhibitor on cgper surface in 1 M HNG; at different temperature

Table 3: Thermodynamic parameters for the adsorptio of Trigonella stellateon copper surface in 1 M HNQ at different temperatures

i Temp- Kads -G ads H ads S ads
Inhibitor °C M? | kImol? | kI mol? | J mol'K?

25 0.150 16.9 103.3

30 0.051 17.5 103.5

Trigonella stellate| 35 2.090 18.0 13.9 103.6

40 0.056 18.5 103.6

45 0.033 19.5 103.3

3.3 Kinetic —Thermodynamic Corrosion Parameters
The activation parameters for the corrosion proeese calculated from Arrhenius-type plot accordimg@q. (7):

Keor= A exp (Ea/RT) (7)

Where k. is the rate of metal dissolutiongHs the apparent activation corrosion energy, Bhésuniversal gas
constant, T is the absolute temperature and A és Alrhenius pre-exponential constant. Values ofaagmt

activation energy of corrosion for copper in 1M HM@hout and with various concentrationsTafgonella stellate

were determined from the slope of log.fk versus 1/T plots and are shown in Figure 5. Ttezreative formulation
of transition state equation is shown in Eq. (8):

keor = (RT/Nh) exp (S/R)exp (- H/RT) (8)

Where h is Planck’s constant, N is Avogadro’s numb&' is the entropy of activation ancH is the enthalpy of
activation.Figure 6shows a plot of log k againgTjlin 1 M HNG;. Straight lines are obtained with slopes equal to
( H'/2.303R) and intercepts log (R/Nh €/2.303R), their values are recorded in Table 4ifibeease in E with
increase inextract concentration (Table 4)is typiéahysical adsorption. The positive signs of émthalpies (H)
reflect the endothermic nature of the copper dig&mi process. Value of entropiesS) imply that the activated
complex at the rate determining step representassociation rather than a dissociation step, mgattiat a
decrease in disordering takes place on going feantants to the activated complex [18,19].
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Figure 5: Log keorr VS. (1/T) curves for Arrhenius plots for copper caosion rates after 120 minute of immersion in 1M HNOjs in the
absence and presence of various concentrationsTaigonella stellateextract
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Figure 6: Log (Keorr/T) vs. (1/T) curves for Transition plots for coppe corrosion rates after 120 minute of immersion inLM HNO3 in the

absence and presence

of various concentrationsTaigonella stellate

Table 4: Activation parameters for copper corrosionin the absence and presence of various concentiatis of Trigonella stellateextract

in 1M HNO;

Conc. E. , H, - S,
ppm kd mol* | kI mol?* | J mol*K*

1 M HNG; 35.6 14.5 156.3

50 43.7 18.2 130.5

100 47.4 19.0 126.3

150 49.7 20.3 117.7

200 52.9 20.5 117.3

250 55.9 21.3 112.0
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3.5 PolarizationTests

Figure 7 shows potentiodynamic polarization cumezprded for copper in 1 M HNGolutions in the absence and
presence of various concentrationsTafjonella stellateextract at 25°C. The presenceTlofgonella stellateextract
shifts both anodic and cathodic branches to theetowvalues of corrosion current densities and thasses a
remarkable decrease in the corrosion rate. Therpeas derived from the polarization curves aregin Table 5.
In 1 M HNG;solution, the presence dfigonella stellateextract causes a remarkable decrease in the mornege
i.e., shifts both anodic and cathodic curves toelowurrent densities. In other words, both cathadid anodic
reactions of copper electrode are retardedrigonella stellatein 1 M HNG; solution. The Tafel slopes ofand .

at 25°C do not change remarkably upon additiorhefihhibitor, which indicates that the presencéo§onella
stellateextract does not change the mechanism of hydregelution and the metal dissolution process. Géiyera
an inhibitor can be classified as cathodic typthé shift of corrosion potential in the presencehaf inhibitor is
more than 85 mV with respect to that in the abseridbe inhibitor [20,21]. In the presence Trigonella stellate
E.or Shifts to less negative but this shift is very Br@@bout 20-30 mV), which indicates th@itigonella stellate
extract can be arranged as mixed type inhibitarc&ic> a, Trigonella stellateextract can be classified as mixed
type inhibitor but the cathode is more polarizeahtthe anode when an external current was applied.

10
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é 183 —BLANK
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Figure 7: Potentiodynamic polarization curves for he corrosion of copper in 1 M HNQ solution without and with various concentrations
of Trigonella stellateat 25 C

Table 5: Effect of concentration ofTrigonella stellateon the electrochemical parameters calculated usirgptentiodynamic
polarization technique for the corrosion of coppelin 1 M HNOjz at 25 C

Conc. icorr -Ecorr, CR,

P ® oA oA 1 %IE
, ppm Acm mV vs. SCE | mVdec™ | mVdec™ | mmy

1 M HNG; 267 19.6 100.1 173 266 e B
50 169 26.3 87.3 190. 163 0.388 | 38.8
100 126 18.3 84.8 188.9 121 | 0.543| 54.3
150 125 13.1 81.2 179.2 120 0.547| 54.7
200 82.3 15.6 117.8 204.1 79.3 0.702 | 70.2
250 60.9 843 81.7 177.1 58.7 | 0.779] 77.9

3.6 Electrochemical Impedance Spectroscopy (EIS) $&s

EIS is well-established and it is powerful techmdar studying the corrosion. Surface propertiéesteode kinetics
and mechanistic information can be obtained frompddance diagrams (22-26).Figure8shows the Nyqgal)sard
Bode (b) plots obtained at open-circuit potentiaihbin the absence and presence of increasing ntatiens of
Trigonella stellateat 25°C. The increase in the size of the capacitoop with the addition offrigonella
stellateextract shows that a barrier gradually forms ondbpper surface. The increase in the capacitivp kipe
(Figure 8a)increase by increasing inhibitor conaitn.. Bode plots (Figure 8b), show that the Itatgpedance
increases with increasing inhibitor concentratitwy (Z vs. log f). But (log f vs. phase), also Bagaet shows the
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continuous increase in the phase angle shift, aislyocorrelating with the increase of inhibitor adsed on copper
surface. The Nyquist plots do not yield perfect isinties as expected from the theory of EIS. Theiat®n from
ideal semicircle was generally attributed to thegfrency dispersion [27]as well as to the inhomoigerd the
surface.

EIS spectra of the investigated compound were aedlyising the equivalent circuit, Figure 9, whiepresents a
single charge transfer reaction and fits well wotlr experimental results. The constant phase elen@®E, is

introduced in the circuit instead of a pure doublger capacitor to give a more accurate fit [28&Tdouble layer
capacitance, & for a circuit including a CPE parameter,@hd n) were calculated from eq.9[29]:

Ca=Yo( mad™ (9)

whereYO0 is the magnitude of the CPE,ax = 2 fnax fmaxiS the frequency at which the imaginary compordrihe
impedance is maximal and the factor n is an adjetparameter that usually lies between 0.50 afd After
analyzing the shape of the Nyquist plots, it is doded that the curves approximated by a singleacitipe
semicircles, showing that the corrosion processmaisily charged-transfer controlled [30,31]. The ggah shape of
the curves is very similar for all samples (in gmse or absence of inhibitor at different immerdiores) indicating
that no change in the corrosion mechanism [32].Rterimpedance data Table 6,we concluded thatahes\of R,
increases with increasing the concentration ofitheébitor and this indicates an increase in %dEwhich in
concord with the EFM results obtained. In fact, firesence of inhibitors enhances the value gfirRacidic
solution. Values of double layer capacitance as® drought down to the maximum extent in the preseof
inhibitor and the decrease in the values of CPBYid the order similar to that obtained fay,iin this study. The
decrease in CPE/Cresults from a decrease in local dielectric camstad/or an increase in the thickness of the
double layer, suggesting that organic derivativeshit the copper corrosion by adsorption at matadf [33, 34]
.The inhibition efficiency was calculated from ttiearge transfer resistance data from eq.10[35]:

% IEeis = [1 —(R%/ Re)] X100 (10)
Where Ro ct and Rare the charge-transfer resistance values witlndiwith inhibitor respectively.

Table 6: Electrochemical kinetic parameters obtaind by EIS technique for copper in 1 M HNG without and with various
concentrations ofTrigonella stellateextract at 25°C

Conc., Ret, Ca,
ppm, cn? | Fcm? %IE
1.0 MHNG; | 123.0 780 | ----- | -
50 190.2 430 0.353| 35.3
100 630.6 360 0.805| 80.5
150 711.8 310 0.827 | 82.7
200 966.6 307 0.873| 87.3
250 1276.0] 230 0.904 | 90.4
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Figure 9a: The Nyquist plots for the corrosion of opper in 1M HNOj in the absence and presence of different concentians of
Trigonella stellateat 25°C
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Figure 9 b: The Bode plots for the corrosion of coper in 1M HNOj in the absence and presence of different concentians of Trigonella
stellateat25°C
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Figure 9: Equivalent circuit model used to fit expeimental EIS

3.7Electrochemical Frequency Modulation (EFM) Tests

EFM is a nondestructive corrosion measurement tqaknthat can directly and quickly determine therasion
current values without prior knowledge of Tafelpds, and with only a small polarizing signal. Thadeantages of
EFM technique make it an ideal candidate for ontiorosion monitoring [36].The great strength af 8FM isthe
causality factors which serve as an internal chatkhe validity of EFM measurement. The causabistdrs CF-2
and CF-3 are calculated from the frequency spectafrthe current responses.Figure 10shows the EFM
Intermodulation spectra (current vs frequency) @bpper in HNQ solution containing different concentrations of
Trigonella stellate The larger peaks were used to calculate the siomacurrent density ), the Tafel slopes (
and ) and the causality factors (CF-2 and CF-3).Thésetrechemical parameters were listed in Table &.d&ta
presented in Table 7obviously show that, the amiulitif Trigonella stellateat a given concentration to the acidic
solution decreases the corrosion current densitlicating that this compound inhibits the corrosafrcopper in
1M HNOs; through adsorption. The causality factors obtainetdler different experimental conditions are
approximately equal to the theoretical values (@ @pindicating that the measured data are verified of good
quality. The inhibition efficiencies %Hgy increase by increasing the inhibitor concentratiand was calculated as
from Eq. (11):

%lEgrm = [1'(icorr/i0corr)] %100 (11)

Where .., and icorr are corrosion current densities in th&eace and presenceTofgonella stellate

Table 7: Electrochemical kinetic parameters obtaind from EFM technique for copper in 1M HNO; in the absence and presence of
different concentrations of Trigonella stellateextract at 25°C

Cpop”rﬁ" oo, Acmi? [ & e %;?y' CF-2 | CF-3 %IE
IMHNO, | 1275 0.072 138 | 122.9] 1812 2.667] o | v
50 64.87 0.058 137 | 6253 1.829| 2.518| 0.491| 49.1
100 42.76 0.057 | 295 | 4122] 1.827] 3.241] 0.665] 66.5
150 3229 | 00500 | 218 | 3112 1.834] 2.957| 0.747 ] 74.7
200 25.31 0.052 | 218 | 24.39] 1.836] 3.071] 0.802] 80.2
250 1062 | 00504 | 106 | 18.01] 1.788] 2.875] 0.846| 84.6
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Figure 10: EFM spectra for copper in 1 M HNG;in the absence and presence of different concentiahs of Trigonella stellateat 25°C

3.8Surface Morphology

In order to verify if theTrigonella stellatemolecules are in fact adsorbed on copper surfscaning electron
microscope (SEM) experiments were carried out. $B& micrographs for copper surface alone and &#eh
immersion in 1 M HNQ@ without and with the addition of 250 ppm are showrFigures (11a-c). As expected,
Figurellashows metallic surface is clear, whil¢him absence dfrigonella stellatethe copper surface is damaged
by HNOscorrosion (Figurellb). In contrast, in presencehef investigated compound (Figures 11c); the metall
surface seems to be almost no affected by corro$iom formation of a thin film ofrigonella stellateobserved in
SEM micrograph, thus protecting the surface agaiosbsion.
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(©
Figure 11: SEM micrographs of copper surface (a) ere of immersion in 1 M HNO;, (b) after 24 h of immersion in 1 M HNQ, (c) after
24 h of immersion in 1 M HNG;+ 250 ppm  Trigonela stellate extract at 25°C

3.9 Mechanism of Corrosion Inhibition
In acidic solutions, transition of the metal/sabutiinterface is attributed to the adsorption ofitifebitor molecules
at the metal/solution interface, forming a proteetfilm. The rate of adsorption is usually rapiddahence, the
reactive metal surface is shielded from the aciditems [49]. The adsorption of an inhibitor depsnoin its
chemical structure, its molecularsize, the natune éharged surface of the metal, anddistributioohafrge over the
whole inhibitor molecule. Infact, adsorption progesin occur through the replacementof solvent méscfrom
the metal surface by ions andmolecules accumula¢ad the metal/solution interface.lons can accuraudh the
metal/solution interface in excessof those requiedbalance the charge on the metal at the opgraiitential.
These ions replace solvent molecules from the nsetdhce, and their centers reside at the innemHeltz plane.
This phenomenon is termed specific adsorption,asradsorption. The anions are adsorbed when tkel meface
has an excess positive charge in an amount grisarthat required to balance the charge correspgrd the
applied potential. The exact nature of the intéoastbetween a metal surface and an aromatic meleepends on
the relative coordinating strength towards the giveetal of the particular groups present [37]. Galhe two
modes of adsorption were considered. In one menéutral molecules of extract can be adsorbeti@surface
of copper through the chemisorption mechanism, liirg the displacement of water molecules from to@per
surface and the sharing electrons between thedattens and Cu. The inhibitor molecules can als@rdden the
Cu surface based on donor-acceptor interactiongdeet -electrons of the aromatic/heterocyclic ring andard d-
orbitals of surface Cu. In another mode, since Well known that the Cu surface bears the positharge in acidic
solutions [38], so it is difficult for the protoreat extract to approach the positively charged Gfase (HO/metal
interface) due to the electrostatic repulsion. Siockloride ions have a smaller degree of hydratious they could
bring excess negative charges near the interfadefaarors more adsorption of the positively chargeibitor
molecules, the protonated extract adsorbed throgigbtrostatic interactions between the positiveharged
molecules and the negatively charged metal surfacéccording to Ben abdellalet al [38], synergistic
intermolecular effects of the active molecules oigdnela stellate extract adsorbing on the cormgdiarface, as
well as its cathodic inhibitory effect, which coutdodify the hydrogen reduction, are responsibleitfoefficiency
as a corrosion inhibitor.

CONCLUSION

Trigonella stellate extractwas good corrosion inhibitor for copper inM HNO; solution.Reasonably good
agreement was observed between the values obtayngek weight loss and electrochemical measureniedsilts
obtained from potentiodynamic polarization indichtiat Trigonela stellate is mixed-type inhibit@rentage
inhibition efficiency of Trigonella stellatewas temperature dependent and its addition led tocrease of the
activation corrosion energy. The thermodynamic petars revealed that the inhibition of corrosionTbigonella
stellateextract is due to theformation of a physical adedrfilm on the metal surface.The adsorptiodgonella
stellateonto copper surface follows the Temkin adsorptsmtherm model. The negative values of the freegnef
adsorption and adsorption heat are indicatingttif@process was spontaneous and endothermic.
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