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Abstract

In the present work, we present the first studyuaboe effect olChamaerops humilis
L. extract on the behavior of reinforcement steed warbonated concrete pore solution
(pH~9). This study has been realized using electroctemieasurements: open circuit
potential (OCP) and electrochemical impedance spsmipy (EIS). The phytochemical
screening was used to reveal the presence of sdwi-ponstituents in the plant
extract. The Folin—Ciocalteu method and the Al@loration were used to determine
the total phenolic and flavonoid contents, respebtivResults show that the plant
extract has a beneficial effect on the developnoémt passive layer. The extract plays
an important role in the corrosion potential evioint and in the polarization resistance
increase. The inhibition efficiency of the plantrext is close to 60% at a concentration
of 0.75 g/L. Corrosion parameters also changed @xgfosure time.

Keywords: Reinforcement steel, carbonated concrete; poreutisol inhibitor;
Chamaerops humilik., and plant extract.

Introduction

Reinforcement steel corrosion in concrete has vedeconsiderable attention
from academics and practical engineers. It has lidemtified as the primary
cause of deterioration in concrete structures [1tZ}der normal conditions,
reinforcement steel is protected by the formatidnaopassive film mainly
composed of Fe(Il)/Fe(lll) oxides, due to the hajkalinity of the concrete pore
solution (pH around 13) [3]. However, the passiMitgakdown becomes easy
when the chloride ions reach a threshold valuéénpiore solution, and/or the pH
of the pore solution drops from its normal valuesdlues approaching neutrality
(pH around 9), due to the carbonation of concr&tg][
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Various methods of protection and repair curreeiist. One of the methods of
combating corrosion is the use of corrosion inbitst which decrease the
corrosion rates to the desired level, with minimavironmental impact. Harmful
or toxic admixtures used in the construction indukave to be replaced, due to
strict environmental protection regulations [6 &hjd

Environmental concerns have led researchers tevalant extracts containing
various phytochemical compounds in industrial aggtions, to replace some
inhibitors classified as toxic and unfriendly. Rlamtracts have been widely used
as green corrosion inhibitors, because they aresidered as nontoxic,
biodegradable, a rich source of organic molecudes, cost-effective [8-9]. In
practical terms, the application of these natureddpcts [10-12] is still
insufficient.

In this work, to provide more information, the beiwa of reinforcement steel
has been studied in a simulated carbonated coroe¢esolution in the presence
of the methanolic extract d@hamaerops humilik. (Arecaceagamily) leaves.
The phytochemical screening revealed the presehserne phyto-constituents
in the plant extract, and the electrochemical mesamsants were used to
understand the behavior of the reinforcement steethe extract molecules
presence.

Experimental

Preparation of the plant extract

Chamaerops humilig. (CHL) plant was collected in the region of Essaaui

Morocco. The plant leaves were cut into small sesred air-dried for ten days in
the laboratory at room temperature. The extractas realized by the Soxhlet
technique during six hours, with methanol as sdlvéhe extracted solution was
filtered, and the solvent was evaporated until mearthe solid phase. The solid
phase was kept at 4 °C. To study the corrosionbitibn properties, the

methanolic extract was used at different conceaptratranging from 0.25 g/L to

1 g/L. The extraction yield of the methanolic egtravas 13%.

Phytochemical screening

Phytochemical screening was done using standarceguoes, as described in
literature [13-14]. Samples of the leaves methanektract of (CHL) were
screened for the following phyto-constituents: sap®, terpenoids, flavonoids,
tannins and steroids.

Determination of total phenolic contents

The total phenolic content was determined accordmghe Folin-Ciocalteu
colorimetric method [15]. The sample (0.5 mL), &whL of a sodium carbonate
solution (75 g/L) were added to 2.5 mL of 10% of folin-Ciocalteu reagent.
After 30 min of reaction at room temperature, theabance was measured at
765 nm. Gallic acid was used as standard for thibration curve. The results
are expressed in mg gallic acid equivalents pemgextract (mg GAE/g
extract). All determinations were performed in lidate.
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Determination of total flavonoid contents

The content of this group of compounds was quaatiAs described elsewhere
[16]. To 0.5 mL of the sample or standard, it wdded 0.5 mL of the 2% Alg&l
ethanol solution. After 10 min at room temperatutke absorbance was
measured at 420 nm. Quercetin was used as a Sidodalotting the calibration
curve, and the results are expressed in mg queresfuivalents per gram
extract (mg QuUE/g extract). Samples were analyzedglicate.

Sample and solution preparation

The FeE500 reinforcement steel with the chemicalmmsition showed in Table

1 was used as working electrode. The electrodeawialy embedded in Teflon,
leaving a surface area of 0.158 cm?. Before eamttrelchemical experiment, the
exposed area was mechanically polished with 400, 8200 and 1500 grades of
abrasive papers, rinsed with demineralized wated, degreased with acetone.
The testing solution was composed ofCOs (0.125 M, KHCQ (0.25 M),
NaCOz (0.025 M) and NaHC®(0.05 M), simulating the carbonated concrete
pore solution (CCPS). The pH value was around @ Jdlution was prepared
using grade chemical reagents and demineralizegrwat

Table 1. Chemical composition of the reinforcement steel.

C P S N2 Mn Cr Ni Cu Sn Mo \ S Fe
0.22 0.05 0.05 0.012 080 03 03 05 0.05 0.05 80.m.3 balance

Electrochemical measurements

Electrochemical measurements, including open dircgotential and
electrochemical impedance spectroscopy, were peddrin a three-electrode
cell. The reinforcement steel was used as workiagi®de, platinum as counter
electrode, and a saturated Ag/AgCl as referencetretbe. The open circuit
potential curves were recorded during four hour€@PS, with and without the
extract. Electrochemical impedance spectroscopysureaents were carried out
at different immersion times using AC signals of m¥ of amplitude in the
frequency range of 100 KHz to 10 mHz, with data siignof 10 points per
decade. Electrochemical experiments were performvégtd a 40 PGZ 301
potentiostat/galvanostat voltalab model (analyticadiometer), monitored by
voltamaster 4 software. The electrode rotation wede fixed at 1000 rpm. Each
experiment was repeated three times to confirnrépeoducibility of the results
at 22+1 °C, and in an aerated solution.

Results and discussion

Phytochemical analysis

The phytochemical tests were employed to qualifg thifferent chemical
families present in the extracts [17]. The testdized on the methanolic extract
of CHL leaves confirmed the presence of flavonoitisnnins, saponins,
terpenoids, and the absence of steroids. The sesudis were obtained with the
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methanolic extract of Algeria (Tlemcen area) andrédco (Benslimane area)
CHL [18-19]. The plant extracts showed a good iitlab action in acidic and
alkaline environments, measured by different etettemical methods [20-21].
No studies related to the anticorrosion propertésthis plant extracts in
carbonated concrete pore solutions were founderalure.

Phenolic and flavonoid contents

In the present study, we applied the Folin-Cioealteethod and the AlGI
coloration to determine the total phenolic and dila®id contents of the
methanolic extract of CHL leaves. The total phenobntent was 125.847+0.378
mg gallic acid equivalent GAE/g extract, while tflavonoid content was
2.663+0.244 mg QUE/g extract.

According to the showed results, the presence ebethphyto-constituents
indicates several organic compounds of high moércwkight with heteroatoms
in their chemical structures. The majority of orgasompounds containing
heteroatoms such as O, N or S, and multiple baisys an adsorption onto the
metal surfac§22-23]. To evaluate the effect of the CHL extragctrochemical
measurements have been realized using open cipaigntial (OCP) and
electrochemical impedance spectroscopy (EIS) teciesi.

Electrochemical measurements

Fig. 1 illustrates the evolution with time of theem circuit potential, &, of
reinforcement steel without and with different centations of the extract, after
4 hours immersion.
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Figure 1. Evolution of the potential, with immersion timef, reinforcement steel in a
simulated carbonated concrete pore solution, witlama with different concentrations
of CHL leaves methanolic extract.

In all cases, the shape of the curves is similaririy the first 2 hours of
immersion, Eor significantly increased with time, and then pragreely
stabilized. The shift of the corrosion potentialtihe anodic potential direction
can be attributed to the formation of an oxide f[l2¢4]. Thickening of the film
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continues until passivity is reached [25]. Withthe extract this process is rather
slow, but in the presence of different concentretiof the extract it is much
more rapid. The potential value is more positivedicating more passivation
[26]. In the extract presence, the electrode pi@eimcreases about 200 mV,
compared to the case without extract, after 4 hof@iisnmersion. This finding
can be explained by the contribution of the extraotecules to the development
of the passive layer. A similar result was obsenisd adding nitrite ions,
especially in the first hours of immersion; thiglicated that ions promote and
accelerate the passivation of steel in a carborsatledion [24].
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Figure 2. Nyquist(a) and Bodgb) plots of reinforcement steel in a carbonated cetecr
pore solution, without and with different extracincentrations.

Electrochemical impedance spectroscopy is a weédlbished and powerful
technique in the study of corrosion. The protectdficiency results from the
metal and alloys surface films in various environise Electrode kinetics and
mechanistic information can be obtained from thpadance studies [8, 26, 27].
In this work, this technique has been used to sthdybehavior of reinforcement
steel in a carbonated concrete pore solution irpthet extract presence. Fig. 2
(a) and (b) show the Nyquist and Bode plots obthaiethe open circuit potential
after 4 hours of immersion. The curves evolutiosimilar for all the samples,
which indicates that no change in the corrosionhaeism occurs as a result of
the inhibitor addition [8 and 28]. One capacitivep is observed on the Nyquist
representation, which means that the phenomenaredcat the same rat€his

is in accord with the observation of the Bode reprgation. Independently of the
extract concentration, the Bode plots are chanaetrby one time constant
represented by a large peak. The same behavioobtamed by Chen-Quing Ye
et al. [29]. This large peak may also indicate pinesence of two phenomena
which have overlapped, or have very close time teons.

Authors have frequently used equivalent electricakuits to obtain the
parameters associated with the impedance diagramsthe corrosion of
reinforcement steel [29-32]. Constant phase elef@RE) is used instead of a
capacitance to assess the non-ideal behavior ah#tal/solution interface. The
CPE is given by:

Zr= — (1)
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whereaq is related to the rotation angle of a purely c#pacline on the complex
plane plots, and Q is a constant expresse@ifr? ) or (F cm? s(@1) [33 and
34]. In the present study, the parameters werehigally obtained. The solution
resistance (Rs) and the resistance associated etocdpacitive loop (Rp),
physically related to the corrosion resistance,ewdirectly measured on the
impedance spectra [33]. The inhibition efficienci#és) are calculated by the
following equation:

IE (%) = [(Rp — RE) /Rp]x 100 ®)

whereRY and R, are, respectively, the polarization resistanceaated to the
capacitive loop, without and with the plant extract

Then, the parameters and Q were determined using the graphical methods
presented by Orazem et al., and Musiani et alaj8536]. Thex CPE parameter
was determined by the following formula, accordiaddirschorn et al. [37]:

_ ‘n‘ leg Zil
- dlog F

3
The Q CPE parameter was obtained by the followgqagon [35]:

Qeff = sin (E;—Y) ( —1 ) (4)

Zi(2nf) e

The plot ofa and Q CPE parameters was presented in Fig. i¢aje.
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Figure 3. « CPE parameters (imaginary part of the impedance dgnction of
frequency / logarithmic scalefa) Effective Q CPE parameters defined by Eq. (4) and,
(b), of reinforcement steel in a carbonated concrete golution, without and with
different concentrations of the extract.

These parameters calculated for both uninhibited @hibited solutions are

summarized in Table 2. The effective capacitance,,(@xpressed in Faradays),
was calculated from the CPE parameters using the dtsl Mansfeld formula

[38]. Many authors used this formula for the stddaassive film [39 and 40] and
corrosion inhibitors [17 and 41].
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From Table 2, it is clear that the extract additionreases the polarization
resistance (Rp) and decreases the effective capaeit Consequently, the
corrosion inhibition efficiency calculated from EZ.increases with time in the
presence of different extract concentrations. Tleerehse in the Q CPE
parameter and in the effective capacitancer)(Quith the extract addition
confirms the formation of a protective adsorptiaydr onto the reinforcement
steel surface, and the increase in the corrosiobitron [8 and 17]. Alsop CPE
parameter value close to 0.9 can be related tgpacta/e response, typical of a
protective passive layer [42]. Therefore, thesaltesuggest, once again, that
this extract participates in the formation of tlesgve film with an improvement
in its polarization resistance. The Rp values iaseel from 124 to 302®& cm?2,
after 4 hours of immersion, to record a maximunrasion inhibition efficiency
of = 60 % for 0.75 g/L of the plant extract.

Table 2. Values obtained from the EIS data of reinforcemsteel in a carbonated
concrete pore solution without and with differertract concentrations.

CCPS Immersion Extract concentrations (g/L)

parameters time Blank 0.25 0.5 0.75 1

Rs Q.cm?) 5.24+0.77 3.71+0.07 3.70+0.02 3.71+0.08 3.69+0.01
Rp (kQ.cm?) 9945 11143 14343 153+4 148+2

Q. 108 (F.cm?.s(®1) 2 hr 8414 50+1 42+3 40+1 49+3

a 0.92+0.01 0.93+x0.00 0.93+0.01 0.94+0.00 0.93%0.01
Cett (UF.CcP) 10045 57+1 48+3 46+1 5845

|E % - 11 31 35 33

Rs Q.cm?) 5.94+0.42 3.64+0.02 3.65+0.04 3.79+0.04 3.69+0.02
Rp (kQ.cm?) 12712 161+4 194+4 209+7 207+2

Q. 10° (F.cm?.s (D) 3hr 75+1 48+3 37+4 38+1 44+1

a 0.93+0.01 0.93%x0.01 0.94+0.01 0.94+0.00 0.93%0.00
Ceit (LF.c?) 88+3 56+4 4245 43+1 52+1

| E % - 21 35 39 39

Rs Q.cm?) 5.6+0.8 3.69+0.01 3.65+0.01 3.87+0.03 3.74+0.00
Rp (kQ.cm?) 124410 174+1 23544 30242 27141

Q. 108 (F.cm?.s(*1) 4 hr 71+2 46+4 34+1 36+1 42+1

a 0.93+0.00 0.93+0.01 0.94+0.01 0.94+0.00 0.94+0.01
Ceit (LF.c?) 83+3 54+5 38+2 42+1 50+1

|E% - 29 47 59 54

Effect of exposure time

The immersion time also plays an important rol¢hie formation of the passive
film without and with the extract. We notice annease in Rp and a decrease in
Q and Gs. This allows us to say that the immersion timenpotes the formation
and growth of a compact passive film. Considerihgt tthe carbonate and
bicarbonate ions have an inhibitory effect agajpifting corrosion [43], it is
possible that a synergy effect is established déetwthese ions and the extract
molecules adsorbed onto the reinforcement steéhir This may explain the
evolution of open circuit potential to more posiivalues with immersion time,
in the extract presence, and confirm their contrdsuto the enhancement of the
passive film protection.
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Conclusion

Based on the obtained data and above analysidpllogving conclusions are
drawn:

- The methanolic extract of (CHL) is viewed as awcredibly rich source of
naturally synthesized chemical compounds.

- The extract showed a beneficial effect, and & imaproved the resistance of a
passive film formed on the steel surface.

-The optimal corrosion inhibition efficiency of tletract iss 60 % for 0.75 g/L.

- The extract improves the electrochemical pararsetey ennobling the
corrosion potential and increasing the polarizati@sistance. It may be
considered as a good inhibitor for reinforcemerekin a carbonated concrete
pore solution.
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