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ABSTRACT

The efficacy of the aqueous extracts of Ammodaecestrichus fruits (E1 and E2) as corrosion inlios for C38
steel in 1M HCL solution has been studied by wdiggg measurement as well as potentiodynamic zaition and
electrochemical impedance spectroscopy (EIS) tect®si. From loss measurements, is clear that iribibit
efficiency values were significantly increased viittreasing both concentration of each inhibitodalemperature.
Polarization measurements showed that the studieithitors are mixed type with significant reductiohcathodic
and anodic current densities. The results of EISxsugeements indicated that the corrosion of steemanly
controlled by the charge transfer process. Vari@agtivation and adsorption thermodynamic parametars
evaluated and discussed. Linearity of Langmuirhiean adsorptions indicated the monolayer formatiéreach
inhibitor on C38 steel surface

Keywords: Ammodaucus leucotrichu8queous extracts, Corrosion.

INTRODUCTION

Carbon steel has wide spread industrial applicatidue to its availability and low cost comparedhwihany
metallic materials. In processes such acid cleanpickling, descaling and drilling operations in aind gas
exploration, acidic solutions are extensively udddwever, acidic solutions cause corrosion of carseel[1]. In
order to prevent unexpected metal dissolution amméss acid consumption in the process of clearthrguse of
inhibitors is one of the most practical methodspmtection against corrosi¢h,2].

Usually, organic compounds exert a significantuefice on the extent of adsorption on the metalkasarfind
therefore can be used as effective corrosion itdihi The efficiency of these inhibitors is relatedhe presence of
polar functions with S, O or N atoms as well asjegated double bonds or aromatic rings in their evolar
structures which are the major adsorption centsuslly regarded as the reaction center for thebbsitenent of the
adsorption proceg8,4]. Although many of these compounds have high itibibiefficiencies, several are highly
toxic to both human being and environment. Curgemésearch in corrosion is oriented to the devalem of
“green corrosion inhibitors”, compounds with goathibition efficiency but low risk of environmentgablliution
[5,6]. The plant extracts have become important, as si@moinhibitors, because they are environmentally
acceptable, inexpensive, readily available andwab& sources of materials, and ecologically aa®pf7]. These
extracts can be extracted by simple procedureslasticost and are biodegradable in the environmigpttill now,
many plant extracts have been used as effectivesion inhibitors for iron or steel in acidic medFor instance,
the essential oils dflentha spicatalLavandula multifidaandPulicaria mauritanica[8-10] and the aqueous extract
of FenugreekTrigonella foenum graecunseeds and leav§kl], the aqueous extract bibiscus sabdariffdeaves
[12], the aqueous extract Aftemisia Halodendroeaveg13] and the aqueous extract of Kalmegimdrographis
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paniculatg Leaveq14] have been test as corrosion inhibitors for mefsdsa contribution to the current interest on
environmentally friendly, green, corrosion inhibgpthe present study investigates the inhibitifigce of aqueous
extract ofAmmodaucus leucotrichfisits.

Ammodaucus leucotrichu@oss. & Dur. Apiaceaefamily) is the only one specie of the gefumemodaucu§l5]. It

is a small annual plant (10-12 cm. high) with eréoely striated stems. The leaves are finelyeligsd and slightly
fleshy. The flowers with 5 free petals are groupedmbels of 2 to 4 branches. The fruit (8-10 msndvered with
dense silky white hairs. The plant has a strondlsmhanise[15]. A. leucotrichugnhabits the maritime sands in the
Saharan and sub-Saharan countries of North Afliltapcco, Algeria and Tunisia, extending to Egypd aropical
Africa [16]. In Morocco, which locally known as “kammin esismfakdman”, the fruits are used either by thaloc
population as a powder or in a decoction to treetric-intestinal pain, gastralgias and indigesfibri. It is also
frequently used, as an infusion, for diverse irnfantiseases of the digestive apparatus: dysenteaysea,
regurgitation, vomiting. Aqueous extractsffleucotrichusvere shown to inhibit the formation of calcium tate
monohydrate crystals and also found to potentlybibithe nucleation, growth and aggregation phadesalcium
oxalate crystallizatiofiL8]. Antioxidant activities of the crude aqueous extisaf this plant were also reportd®].
The present work devotes to investigate the inkibiteffects of the aqueous extracts from the fraifsA.
leucotrichus on corrosion of C38 steels in hydrochloric actugon using weight loss, electrochemical polatita
measurements and electrochemical impedance spempyosT he thermodynamic parameters were also adtaand
discussed.

MATERIALS AND METHODS

Plant material and preparations of the aqueous extct (E1 and E2)

The Ammodaucus leucotrichdiguits were bought in a local market at Errachi@#rocco). The botanical origin of
samples was certified by the department of Biolofjifaculty of Sciences and Technology of Errach{tarocco).
A portion (100 g) of dried plant material was exteal with 1L of water under refluxing for 3 h. Thguid retentate
was collected, filtered and centrifuged at 5000 fpm30 min. The supernatant was also filteredlimiaate any
residues and lyophilized to give finally odorizeguaous extractEl) in a yield of 9.37 % (w/w). However, the
liquid retentate obtained after completion of hydistillation of 100 g dried plant material in 1L wfater for 3 h
using a Clevenger-type apparatus to isolate velatimpounds, was collected, filtered, centrifuged lgophilized
to give finally deodorized aqueous extré€p) in a yield of 5.82 % (w/w})20].

Preparation of materials

C38 steel coupons containing 0.09 wt.% (P), 0.380w{Si), 0.01 wt.% (Al), 0.05 wt.% (Mn), 0.21 wt.f&), 0.05
wt.% (S) and the remainder iron (Fe) used for weigbs measurements. The surface preparation oc€8%steel
coupons (2 cm x 2 cm x 0.087 cm) was carried oth emery papers by increasing grades (400, 600.264d grit
size), then degreased with AR grade ethanol aredi dii room temperature before use. The aggressivions of 1
M HCI was prepared by dilution of analytical gra@ie¥ HCI with double distilled water. The concentatrange
of each inhibitor was 0.25-3 g/L. This concentmtiange was chosen upon the maximum solubility bhEd E2.
All reagents used for the study were of analytgrade.

Weight loss measurements

Weight loss tests were carried out in a doubleedafjlass cell equipped with a thermostat-coolingdemser. The
solution volume was 100 mL with and without thegenece of different concentrations of E1 and E2 irapnfrom

0.25 to 3 g/L at various temperatures (308-343Afler 6 h of immersion, the specimens of steel weasefully

washed in double-distilled water, dried and thenghed. The rinse removed loose segments of the dilrthe

corroded samples. Triplicate experiments were pewd in each case and the mean value of the winghtis

reported using an analytical balance (precisionmg). Weight loss allowed us to calculate the mearrosion
rate as expressed in mg.ém™.

The corrosion rate (W, and inhibition efficiency E (%) were calculated according to the Egs. (1) é2id
respectively:

_Am
St
EW 0% = Weorr —Wcorr(inh) %

corr

1)

100 @)
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whereAm (mg) is the specimen weight before and after insioa in the tested solution, ¥ and W.orinny are the
values of corrosion weight losses (mgfdm of C38 steel in uninhibited and inhibited sios, respectively, S is
the area of the C38 steel specimen?jcand t is the exposure time (h).

The degree of surface coverage was calculated:using

_ Wcorr —Wcorr(inh)
Weorr

6 (3)

where® is surface coverage; W nnis corrosion rate for steel in presence of inhibiW, is corrosion rate for
steel in the absence of inhibitor.

Electrochemical studies

Electrochemical measurements were carried outonaentional three-electrode electrolysis cylindriéyrex glass
cell. The working electrode (WE) in the form ofdisut from steel has a geometric area of ¥ andl is embedded
in polytetrafluoroethylene (PTFE). A saturated oadb electrode (SCE) and a disc platinum electrodeswised
respectively as reference and auxiliary electrodespectively. The temperature was thermostaticadhytrolled at
308 K. The WE was abraded with silicon carbide pajgeade P1200), degreased with AR grade ethandl an
acetone, and rinsed with double-distilled wateoheiise.

Potentiodynamic polarization curves

Polarization curves studies were carried out uEiB&G Instruments potentiostat-galvanosta (Model/&)6at 308

K without and with addition of various concentrasoof E1 and E2 (0.25-3 g/L) in 1 M HCI solutionaascan rate
of 0.5 mV/sec. Before recording the cathodic pskion curves, the C38 steel electrode is poladse800 mV for

10 min. For anodic curves, the potential of thectetale is swept from its corrosion potential aB@r min at free
corrosion potential, to more positive values. Thst tsolution is deaerated with pure nitrogen. Galsbling is

maintained through the experiments.

In the case of polarization method the relatioredeines the inhibition efficiency (%o):

|corr - |corr(inh)

B %= x10C (4)

ICOIT

where Lo and Lo inny are the corrosion current density values withat with the inhibitor, respectively, obtained
by extrapolation of cathodic and anodic Tafel lit@she corrosion potential.

Electrochemical impedance spectroscopy (EIS)

The electrochemical impedance spectroscopy (El$sorements were carried out with the electrochdraiciem
which included a digital potentiostat model Vol IPGZ 100 computer atdg after immersion in solution without
bubbling, the circular surface of C38 steel expg®in 1 cnf to the solution were used as working electrodeerAf
the determination of steady-state current at angpadential, sine wave voltage (10 mV) peak to pealirequencies
between 100 kHz and 10 mHz were superimposed onrdbe potential. Computer programs automatically
controlled the measurements performed at rest pateafter 30 min of exposure.

The impedance diagrams are given in the Nyquigessmtation. Values of,Rnd G, were obtained from Nyquist
plots. The charge-transfer resistancg (Rlues are calculated from the difference in idg®e at lower and higher
frequencies, as suggested by Tsuru ef2dl]. The inhibition efficiency got from the charge+isdier resistance is
calculated by the following relation:

R't— Rt
—  Tx

1
t

Ert% = 100 (5)

Where Rand R;are the charge-transfer resistance values withwditaath inhibitor respectively. Rs the diameter
of the loop.

The double layer capacitanceqfCand the frequency at which the imaginary comporednthe impedance is
maximal (-Z,ay are found determined by Eq. (6):
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1
w.R:

Ca =

where w = 27T fa (6)

Impedance diagrams are obtained for frequency raf8eKHz—10 mHz at the open circuit potential f@8Csteel
in 1 M HCI in the presence and absence of Aquegtiacs.

RESULTS AND DISCUSSION

Weight loss measurement
The non-electrochemical technique of weight loss wane in order to determine the corrosion rate mj
percentage of inhibition (f at various concentrations of Aqueous extractsatmifferent temperatures (Table 1).

Table 1: Corrosion Rate (W) and inhibition efficiercy (E,) of C38 steel in 1 M HCI in absence and presencédifferent concentrations of
aqueous extract (E1 and E2) obtained from Weight Les Measurements at different temperatures

C (D) 308 K 313K 323K 333K 343K
w Ew w Bv W (mglenih)y B w(mgienth) E. (%) W (mgicni.h) E. (%)
(mglent.h) (%) (mglcnfh) (%) 9Iem.n) - gp) giemt.n) - Ba (%o giemt.n) - B (%
0 0942 ... 1751 ... 2836 ... 3641 . 6301 ...

025 013 8619 024 8631 0371 8692 0475 8695 0820  86.98

g, 100 0102 8917 018 8938 0204  89.63 0369 89.86 0607  90.36

El 500 0093 9013 0168 9041 0256 9097 0326  91.06 0531 9157
300 0053 9439 0094 9461 0148 9478  0.189 9481 0325 94.84

025 0187 8014 0345 8029 054 80.95 0679  8L35 1.08 82.85

£, 100 0167 8227 03 8286 0482 83 0618 8302 1009 83.98
E2 500 015 8407 0266 848 0.43 8483 0526 8555 8600  86.2
300 0093 9012 017 9029 0254 9104  0.349 90.41 0514 91.84

The results indicated that the corrosion rate (W88 steel decreased continuously with increa#irginhibitor

concentration, ie, the corrosion of steel is regdrdy each inhibitor, or the inhibition enhanceshvthe inhibitor

concentrations. This behavior is due to the faat the adsorption coverage of inhibitor on steefase increases
with the inhibitor concentration. Also, the cormsirate (W) increases with temperature both in hibited and

inhibited solutions, especially goes up more rapidithe absence of inhibitor. These results shotlvatE1 and E2
acts as an effective inhibitor in the range of teragure studied.

Moreover, the results reveal also that inhibitidficeency E, increases sharply with increase in concentration o
inhibitor, indicating that the extent of inhibitiois dependent on the amount of E1 and E2 (condenmira
dependent). At any given inhibitor concentratidme tnhibition efficiency follows the order:,HE2) < E, (E1),
which indicates that E1 exhibits better inhibitperformance than  E2.  This difference in the irtoityi
efficiency can be explained by the nature of théemdes of these inhibitors. Therefore, the effemtiess of E1 is
due to the synergic effect of their volatile andh volatile compounds.

Also, we note that the efficiency (Edepends on the temperature and increases sligittiythe rise of temperature
from 308 to 343 K, and when the concentration reddb 3 g/L, the efficiency (f reached a high values of 94.84
and 91.84 % in 1 M HCI solution at 343 K for E1 &8, respectively, indicating the excellent inhistabilities of
these inhibitors. The increase in inhibition effiecy with increase in temperature may be attribtdetie increased
adsorption of inhibitor molecules from metal sugfaand the inhibitory effect of inhibitor is reiné@d at elevated
temperature. Increase in inhibition efficiency wittiereasing inhibitor concentration and increasditieficy with
increase in temperature is suggestive of chemiasdrtion mechanism.

Potentiodynamic polarization curves

Potentiodynamic anodic and cathodic polarizatianipfor C38 steel specimens in 1 M HCI solutionthie absence
and presence of different concentrations of E1 BRdit 308 K are shown in Figs. 1 and 2. The respmekinetic
parameters including corrosion current density,)| corrosion potential (&), cathodic and anodic Tafel slop@s, (
B.) and inhibition efficiency (IE%) are given in Tal2.
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Fig. 1. Anodic and cathodic polarization curves 0€38 steel in 1 M HCI with various concentrations oE1
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Fig. 2. Anodic and cathodic polarization curves 0€38 steel in 1 M HCI with various concentrations oE2
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Table 2 Polarization parameters for the C38 steehil M HCI in absence and presence of various condeations of aqueous extract from
A. leucotrichusfruits (Eland E2)

C(9L) - Eeor (MVISCE) leor (MA/ICM?) -Bc (MV) Ba(MV) IE%
0 490.1 21.69 100  73.37 U
0.25 460.3 0.0857 1009 664 85.17
g, 100 446.8 0.0778 1044 641 86.53
= 200 4458 0.0701 109.2 629 87.86
3.00 455.7 0.0518 99.09  60.791.03
0.25 469.3 0.2211 1453 922 6174
g, 100 466.2 0.1019 1422 801 8237
== 200 483.1 0.0803 134 84.7 86.1
3.00 492.0 0.0573 1287  72.790.08
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Inspection of Figs. 1 and 2 shows that the additibaach inhibitor has an inhibitive effect in theth anodic and
cathodic parts of the polarization curves. Thisidates a modification of the mechanism of cathodidrdigen

evolution as well as anodic dissolution of stedijolu suggest that each inhibitor powerfully inhébibhe corrosion
process of C38 steel, and its ability as corrosibiibitor is enhanced as its concentration is iaseal. Further, the
parallel cathodic Tafel curves in Figures 1 andiggested that the hydrogen evolution is activationtrolled and

the reduction mechanism is not affected by thegmes of the inhibitor.

From Table 2, it is clear that increasing conceintnaof each inhibitor resulted in a decrease irr@gion current
densities (o) and an increase in inhibition efficiency (IE ¥@aching its maximum value, 92.46 and 90.67 %, at 3
g/L for E1 and E2, respectively. This behavior ®gig that the inhibitor adsorption protective filonnfied on the
carbon steel surface tends to be more and more lemmand stable. In addition, the fact that thepetoof the
cathodic B and the anodicpf) Tafel lines are approximately constant with thddiion of aqueous extracts
indicates that these inhibitors act by simply blagkthe available surface area. In other wordss thsult also
indicates that the adsorbed molecules did not taffex mechanism of C38 steel dissolution or hydnogeolution
[22]. The presence of E1 and E2 caused a slight dhifbroosion potential towards the positive valuempared to
that in the absence of inhibitor. In literaturehdts been also reported that if the displacemeBjnis >85 mV the
inhibitor can be seen as a cathodic or anodic itypibitor and if the displacement of Ecorr is <8% nthe inhibitor
can be seen as mixed ty[#8]. In our study, the maximum displacement i Bsalue was 23.9 mV for E1 and
44.39 mV for E2 which indicates that the inhibit@sts as mixed type inhibitor with predominantlyntol of
anodic reaction.

Electrochemical impedance spectroscopy (EIS)

The corrosion of C38 steel in 1 M HCI solution wasgestigated by EIS at 308 K after an exposureqggedf 30
min. Nyquist plots for C38 steel obtained at theiiface in the absence and presence of differemtertrations of
inhibitors is given in Figs. 3 and 4.

120 —s— 1M HCL
1004
v '/v/v‘v\\
N/E\ 80 J % v\v
o o/ v
e 60 / v
< he \v
o / \
~ /' v
E 40 /" /.,0/0 o9 \v
T » 4 L) [
1 F Y
20 » e v
] Y
04 ,
r T T T T T T T T " T T |
0 50 100 150 200 250 300

Zre(ohm,cmz)

Fig. 3. Nyquist plots for C38 steel in 1 M HCI withvarious concentrations of E1

336
www.scholarsresearchlibrary.com



L. Majidi et al Der Pharma Chemica, 2014, 6 (6):331-345

100
—=— 1M HCL
e +0.25g/L E4
807 +1.00 g/L E2
—v—+2.00 g/L EZ
(\TE\ 60 +3.00 g/L EZ
S vvavvv ——
= A "
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Fig. 4. Nyquist plots for C38 steel in 1 M HCI withvarious concentrations of E2

As shown in Figs 3 and 4, in uninhibited and inteilil M HCI solutions, the impedance spectra ekbibé single
capacitive loop, which indicates that the corrosidsteel is mainly controlled by the charge trangfroces$24]. It
is noted that these capacitive loops in 1 M HCUsBohs are not perfect semicircles which can bebatied to the
frequency dispersion effect as a result of the hoegs and inhomogeneous of electrode suffgle Furthermore,
the diameter of the capacitive loop in the preseriasach inhibitor is larger than that in blankugmn, and enlarges
with the inhibitor concentration. This indicategtlthe impedance of inhibited substrate increas#ésthe inhibitor
concentrations, and leads to good inhibitive penfamce.

The electrochemical parameters of & and f,. derived from Nyquist plots and inhibition efficienEg, (%) are
calculated and listed in Table 3.

Table 3 Electrochemical parameters for C38 steel ih M HCI with various concentrations of agueous exacts E1 and E2

C (g/L) - Eor(MV/SCE) R (Q.cn?) fma (H7) Cu (UF.cn®) Er%
0

490.1 21.69 100 73.37
0.25 469.3 105.6 31.64 47.63 86.46
E1 1.00 466.2 197.2 20 40.35 89
== 2.00 483.1 218.2 20 36.46 90.05
3.00 492.0 287.6 20 27.66  92.46
0.25 460.3 128.27 25 52.52 83.09
E2 1.00 446.8 168.94 25 46.46 87.16
== 200 445.8 179.52 25 41.39 87.92
3.00 455.7 232.41 25 40.24 90.67

It is apparent from Table 3 that the \Rlues increase with inhibitor concentration andsequently the inhibition
efficiency (B increases to 92.46 and 90.67 % at 3 g/L for Ed BA, respectively. In fact, the presence of
inhibitors is accompanied by the increase of theevaf R in acidic solution confirming a charge transfeoqess
mainly controlling the corrosion of C38 steel. Atyagiven inhibitor concentration, the inhibitiorfiefency follows
the order: k (E2) < K (E1), which indicates that E1 exhibits better bitive performance than E2. Values of
double layer capacitance are also brought dowhedartaximum extent in the presence of each inhil§2@r66 and
40.24 pF.crhat 3 g/L for E1 and E2, respectively) and the desedn the values ofJollows the order similar to
that obtained forch, in this study. The decrease ig 3 due to the adsorption of the aqueous extratth® metal
surface leading to the formation of film or compfeam acidic solutiorj26].

Moreover, the EIS results of these capacitive lomgssimulated by the equivalent circuit showniig. B to pure
electric models that could verify or rule out megistic models and enable the calculation of nunaén@lues
corresponding to the physical and/or chemical priigseof the electrochemical system under investgd27]. In
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the electrical equivalent circuit sk the electrolyte resistance,tRe charge transfer resistance apdsthe double
layer capacitance.

Car

Rs
— 1]
R;
1
|

Fig. 5. Equivalent circuit used to fit the EIS dataof C38 steel in 1 M HCI without and with different concentrations of aqueous extract
from A. leucotrichusfruits (E1 and E2)

Moreover, the variation of inhibition efficiency &), determined by the three methods (weight Ipsfarization
curves and EIS methods), as a function of conceémtraf each inhibitor in 1 M HCI show a good agremt with
the three methods used in this investigation.

Kinetic/Activation parameters

In order to calculate activation parameters ofdbeosion reaction such as activation energy Ectivated entropy
AS°a and activation enthalpyH°a for the corrosion of C38 steel in acid solutionabsence and presence of
different concentrations of inhibitors, the Arrhesiequation (7) and its alternative formulationlezhltransition
state equation (8) were employj@a].

o

_ Ea
W = Aexp(- = ) ()
RT ASo AH . a,
W = T p( )exp(-——— R (8)

where E°a is the apparent activation corrosion@ner is the absolute temperature, R is the unategas constant,
A is the Arrhenius pre-exponential factor, h isfHank’s constant, N is the Avogrado’s numhi$’°a is the entropy
of activation and\H°a is the enthalpy of activation.

3
O Blank
0.25 g/L E1
2 7 y=-5211x+17,04 ¢1.00g/LE1
Re = 0987 42.00g/L E1
1 4 y=-5010x+14,43 m3.00 g/L E1

—
= R? = 0,955
‘E
o O
> 1
e
N
; y = -4,885x + 13,76
c 2 - R2 = 0,952
-1
=-4,763x + 13,26
Y Res of954 ) {
3
y = -4,979x + 13,39 u
R2 = 0,960
-4 T T T T T T T .
2,85 2,9 2,95 3 3,05 3,1 3,15 3,2 3,25 3,3

10T (K1)

Fig. 6. Arrhenius plots for C38 steel corrosion rags (W) in 1 M HClwithout and with different concentrations of E1
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3
OBlank
©0.25 g/L E2|
5 | ¢1.00g/L E2
y=-5,211x + 17,04
R?= 0,957 A2.00¢g/LE2
o m3.00 g/L E2|
rf y= —4;799x +14,10
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O
Es)
O
E
= 1
C
y =-4,968x + 14,51
- R2 = 0,958
-2 - y=-4,821x + 13,93
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y = -4,750x + 13,23
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3 [ ]
2,85 2,9 2,95 3 3,05 3,1 3,15 3,2 3,25 3,3

109T (K2

Fig. 7. Arrhenius plots for C38 steel corrosion rag¢s (W) in 1 M HClwithout and with different concentrations of E2

Plotting the logarithm of the corrosion rate (W)ses reciprocal of absolute temperature, the addivanergy can

be calculated from the slope (-E°a/R). Figures@® ashows the variations of the logarithm of ther@sion rate (Ln

W) versus reciprocal of absolute temperaturé/f)Qwith the presence and absence of each inhibitoe activation

energy (E°a) values were calculated from the s{elp®a/R) and the results are shown in Table 4.Heurtusing Eq.

(8), plots of Ln (W/T) versus 20 gave straight lines (Figures 8 and 9) with gslof (AH°a/R) and an intercept
of (Ln(R/Nh) + AS°a/R)) from which the values aH°a andAS°a were calculated and are listed in Table 4.

The logarithm of the corrosion rate of steel Ln (¥dh be represented as straight-lines functiod@fT) with the
linear regression coefficient {Rwas close to 1, indicating that the corrosiorstfel in hydrochloric acid without
and with inhibitor follows the Arrhenius equation.

-3,5
OBlank
-4,0 - ©0.25¢g/L EY
4,5 - y=-4,887x+10,26 ¢ 1.000/LEY
Q R2=0,951 A2.009/LEY
= 5,0 - m3.00g/L EL
o~ y =-4,694x + 7,651
o -5,5 - R2=0,949
2 ]
(@) -6,0
S
N—r
—~ -6,5
—
—
; -7,0
N—r
s y= -4,25550x +6,981
S 75 - R?=0,945

8.0 1 y=-4,438x+6,484
! R2 = 0,947

-8,5 | y=-4,655x+ 6,610
R2 = 0,954 [ ]

-9,0 ‘ ‘ ‘ ‘ T ‘ ‘ T
2,85 2,9 2,95 3 3,05 3,1 3,15 3,2 3,25 3,3

109/T (K

Fig. 8. Transition-state plot for C38 steel corrogin rates (W) in 1 M HCI without and with different concentrations of E1
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a5 | Y=4887x+ 1026
Q ) R?= 0,951 A2.00¢g/LE2
. m3.00g/L E2
£ 504 y-surace 7310
N R?=0,940
=
O 55
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E O
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—~
I: ®
< 65 .
~ y =-4,643x + 7,735
c R2=0,952
- -7,0-
y = -4,496x + 7,151
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-8,0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
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Fig. 9. Transition-state plot for C38 steel corrosin rates (W) in 1 M HCI without and with different concentrations of E2

Table 4 Activation parameters E°aAS°a,AH°a of the dissolution of C38 steel in 1 M HCI witbut and with different concentrations of

E1l and E2
Inhibitor C E°a AH°a E°a-AHa AS°a

(/L) (KJ.mo) (Kimol) (KJ.mol') (J. moltK?)

0 43.35 40.65 2.70 -112.32

0.25 41.76 38.67 2.70 -134.03

E1 1.00 40.64 37.94 2.70 -139.60
== 2.00 39.63 36.92 2.71 -143.74
3.00 41.42 38.72 2.70 -142.69

0.25 39.93 37.22 2.71 -136.79

E2 1.00 41.33 37.13 2.70 -133.33
== 2.00 40.11 37.41 2.70 -138.19
3.00 39.52 36.82 2.70 -144.00

It is evident that the addition of the studied bitdrs affects the values of E°a; these values woserved lower
than those in uninhibited acid solution (Table Bhis results show that the addition of each inbibilecreases
metal dissolution in 1 M HCI medium. In additiomet increase of f£(%) with temperature is explained by a
specific interaction between the steel surfacethadnhibitor. Generally, the increase qf &d the lower value of
E°a of the corrosion process in an inhibitor's pnee when compared to that in its absence is atitidbto its
chemisorption on the steel surface, while the opppdsthe case with physical adsorpt[@8].

Also, the inspection of the data of table 4 revéladd the activation parametersH°a andAS°a) of the dissolution
reaction of steel in 1 M HCI in the presence of thieibitors were less than those in uninhibiteddasolution
(blank). The positive value of enthalpy of actieatiaH°a) in the absence and presence of various comatiemt of
inhibitors reflects the endothermic nature of C38ek dissolution process meaning that dissolutibrsteel is
difficult [30]. The negative values of entropies of activatia®°@) imply that the activated complex in the rate
determining step represents an association ralizer & dissociation step, meaning that a decreadesandering
takes place on going from reactants to the activetenplex31].

On the other hand, the average difference valuteE’a-AHCa is 2.7 KJ.mét, which is approximately equal to
the average value of RT (2.69 KJ.fMpét the average temperature (323 K) of the domiidied. This result agrees
that the corrosion process is a unimolecular reacs described by the known Eq. (9) of perfect gas

E°a —AH°a = RT (9)
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Adsorption isotherm and thermodynamic parameters

It is know that the adsorption process of inhibitpends on its electronic characteristics, theraadf metal
surface, temperature, steric effects and the vgrglagrees of surface-site activity. In fact, thdvet HO
molecules could also be adsorbed at the metaligolutterface. In the aqueous solution, the adsampif inhibitor
molecules can be considered as a quasi-substitptmeess between the inhibitor in the aqueous phigg) and
water molecules at the electrode surfag®is)[32]:

Org(sol) + XHZC)(ads) < XHZ QSOI) + Orgads) (10)

where x is the size ratio, that is, the number afewmolecules re-placed by one organic inhibitor.

This equation showed that the interaction forcavbeh metal and inhibitor must be greater than tiberaction
force of metal and water molecule. The characteaddorption of inhibitor in combination with halslevas
elucidated from the degree of surface coverdjevélues calculated from the weight loss ddta=(E,/100) at
different temperatures. The values of surface @ger® for the inhibitor have been used to explain thetbe
isotherm to determine the adsorption process. Aitsrwere made to fii values to various adsorption isotherms
namely Frumkin, Temkin. Langmuir and Freundlich.

It was assumed that the adsorption of E1 and Eddavollow the Langmuir adsorption isotherm. The tpdd CH
versus C (Figs. 10 and 11) yields a straight liité il linear correlation coefficients {Rare almost equal to 1, and
the slope values are also close to 1, supportirg atsumption that the adsorption of each inhibftom
hydrochloric acid solution on the C38 steel surfabeys a Langmuir adsorption isotherm, which igesented by
Eq. (11). This result showed that the adsorbed ontds occupy only one site and there are no intierec with
other adsorbed specig33].

C 1
—=—+C (11)
0 K
3,5
3,0
2,5
2,0
—~
1
>
~ 1,5 4 y =1,053x + 0,05
g R2 = 0,998 ¢ 308K
@) y = 1,051 + 0,055
1,0 R2=0,998 m313K
= 1,048x + 0,05p
7 Re= 0,999 323K
05 - y= ;5)18&9*98‘051 ©333K
343 K
0,0 . : : : . .
0 0,5 1 1,5 2 2,5 3

C (g/L)

Fig. 10. Langmuir adsorption isotherm of E1 on theC38 steel surface in 1 M HCI
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o R2= 0,997 +308K
~~
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© / R2=0,997 313K
y =1,090x + 0,08
1.0 - R2=0,997 323K
' =1,096x + 0,078
" Recoces | ©333K
0,5 - * 343 K
0,0 ‘ ‘ ‘ ‘ ‘
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Fig. 11. Langmuir adsorption isotherm of E2 on theC38 steel surface in 1 M HCI

Thermodynamic parameters are important to furtimeleustand the adsorption process of inhibitor erl&olution
interface. The equilibrium adsorption constantsielated to the standard Gibb’s free energy obmgodi®n AG°,q9
with the following equation:

o
K = L_exp _M (12)
55.5 RT
The standard adsorption enthalpyHC.q9 could be calculated on the basis of Van't Hoffiatipn[34]:
o
LnK = —m +D (13)
RT

where R is the universal gas constant, T is thenthdynamic temperature, D is integration constant| the value
of 55.5 is the concentration of water in the soltin mol/L (1 g/L).

The standard adsorption enthalpyHC.q9 can also be calculated from the Gibbs-Helmhdadzagion:

AGoads - AHoads+ k
T T

(14)

To calculate the enthalpy of adsorptiohHC,4), LnK was plotted against 1/T (Fig. 12) and sthaitjine was

obtained with slope equal toAH,¢dR). Also, the variation oAG°,dT vs 1/T gives straight line with slope equal
to AH® s (Fig. 13).

With the obtained both parametersAgb©,4sand AH,qs the standard adsorption entrogy&(,q9 can be calculated

using the following thermodynamic basic Equ. (1&).the standard thermodynamic parameters aredisteTable
5.

AH°ads AG*®
AS®.. = ads - ads

(15)
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Table 5 Thermodynamic parameters for adsorption o1 and E2 on C38 steel in 1 M HCI solution at diffent temperatures from
Langmuir adsorption isotherm

Inhibitor T(K) R? K (L/g) AG°ads (KJ.mol) AH°ads (KJ. md) AS°ads (J.mdl.K™)

308 0.998 18.18 -25,13 124,75
E1 313 0.998 18.18 -25,54 13.21 Eq (13) 125,03
- 323 0.999 19.23 -26,51 13.21 Eq (14) 126,58
333 0.999 19.60 -27,38 125,63
343 0.999 21.28 -28,44 124,52
308 0.997 11.49 -23,96 84,94
313 0.997 12.05 -24,47 2.205 Eq (13) 85,23
E2 323 0.997 11.49 -25,12 2.207 Eq (14) 84,61
333 0.998 12.82 -26,21 85,32
343 0.997 12.50 -26,92 84,92

Data in Table 5 revealed that the adsorptive dmjuilin constant (K) increased with increasing terapee, which
indicated that the inhibitors were easily and sjtgradsorbed onto the C38 steel surface at relgtitigher
temperature. This could be due to formation of dowmted bond between the prepared aqueous extmadtthe d-
orbital of iron on the surface of steel throughdqguair of electron of hetero atofi35].

The negative values &fG°,4s Suggest that the adsorption of inhibitor molecde® steel surface is a spontaneous
phenomenon. It is well known that values &&°,4s around -20 KJ.mot or lower are associated with the
physiosorption phenomenon where the electrostatigraction assemble between the charged moleculettan
charged metal, while those around -40 KJ7hot higher are associated with the chemiosorptibenpmenon
where the sharing or transfer of organic molecalearge with the metal surface occi8§]. In the present study,
the value ofAG®,s computed and shown in Table 5 were about -23.9@8x%4 KJ.mot; which may be due to
mixture physical and chemical adsorption of eattibitor on C38 steel surfa¢a6].

Also, the positives values ofH°,ys mean that the dissolution process is an endotlephenomenon which
indicates that, the inhibition efficiency increasegh the temperature increasifjg7]. Such behavior can be
interpreted on the basis that the increase in tesiye resulted in sorption of inhibitor molecul@s the metal
surface. In addition, the value of the enthalpyd$orption found by the two methods such as Vaoff tEq (13))
and Gibbs—Helmholtz relations (Eq (14)) are in gagteement.

Moreover, the positive value @dfS°qsin the presence of inhibitor is an indication nfrease in solvent entropy.
This increase of entropy was the driving forcehaf adsorption of inhibitor onto carbon steel swe{&8]. Also, the
positive value oAS°,yssince the endothermic adsorption process is al@aegsmpanied by an increase of entropy.

3,6
*E1
3,4 * . =E2
y =-1,588x + 8,154
R2=0,824

3,2
—~
(@)
~~
—
~— 3 4
x *
[
—

2,8

y =-0,265x + 3,309
R2=0,533
2,6
]
—
|
[ ] .
2.4 : ‘ : ‘ : ‘ ‘ ‘
2,85 2,9 2,95 3 3,05 3,1 3,15 3,2 3,25 3,3
10T (K-Y)

Fig. 12. Van't Hoff’s plot of Ln K against 1/T for the adsorption of E1 and E2 onto C38 steel
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Fig. 13. The relationship betweenXG°.4JT) and 1/T of E1 and E2

Explanation for inhibition

The inhibition mechanism involves the adsorptiorttef inhibitor on the metal surface immersed inemmys HCI

solution. Four types of adsorpti¢d9] may take place involving organic molecules atrtretal—solution interface:
electrostatic attraction between the charged médscand the charged metal; interaction of unshakectron pairs
in the molecule with the metal; interactionmélectrons with the metal; and a combination offedl above.

The predominant adsorption mode of E1 and E2 depapdn factors such as the nature of the extrataules,
type of acid anion, as well as chemical changehéenextracts. Molecule adsorption of the E1 ancaEthe metal
surface can be attributed to the presence of eleegative elements such as oxygen and nitrogensaaoich also to
the presence of-electrons. The high inhibitive performance of E-dile to the synergic effect of their volatile and
non volatile compounds.

In general, there are two ways to explain the iitibib of the dissolution reaction by adsorptiortte metal surface
[40]. In acid solution, the protonation of the agueexsacts may occur easily, so it is difficult fdret protonated
extracts to approach the positively charged carfteel surface (§0'/metal interface) due to the electrostatic
repulsion. Since chloride ions have a smaller degfehydration, thus they could bring excess negatharges in
the vicinity of the interface and favour more agimn of the positively charged inhibitor molecylése protonated
fruits extracts adsorbed through electrostatic rattons between the positively charged moleculed the
negatively charged metal surface. Another way tplar the inhibition involves the donation of lopairs of
electrons to the surface and the interactiom-efectrons of the aromatic/heterocyclic ring witle tmetal surface,
which may be the main role. The two ways can inflieein the inhibition corrosion in cooperative mode

CONCLUSION

The inhibition efficiency of aqueous extracts/Aofleucotrichudruit (E1 and E2) on corrosion of C38 steel in 1 M
HCI was examined by weight loss and electrochemizadsurement. The aqueous extractd.deucotrichudfruit
showed significant corrosion inhibition activityh& results obtained from the weight loss measur&msare in
good agreement with those obtained from the padytiamic polarization and EIS methods. From welghs
measurements, the inhibition efficiency value iases with the increasing of inhibitor concentraticand
temperature. Polarization curves indicated thatdabibitor acts as a mixed type inhibitor in 1 MCH The
inhibition is accomplished by a mixture physicalacthemical adsorption of the extract componentshensteel
surface leading to a reduction in the double lapggracitance as well as an increase in the chagsfér resistance.
The adsorption of E1 and E2 is spontaneous andsabeyLangmuir isotherm.
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