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ABSTRACT

The corrosion inhibition effect of kynurenic acid (KYN) has been investigated against mild steel in 1M HCI solution
by using weight loss method, electrochemical impedance spectroscopy (EIS) and polarization measurements. In
weight loss studies, the inhibition efficiency is increased with increase in the concentration of the inhibitor. EISis
used to investigate the mechanism of corrosion inhibition. Polarization measurements infer inhibitor acts as mixed-
type inhibitor. The adsorption of inhibitor on mild steel surface followed Langmuir adsorption isotherm. The surface
morphology of inhibited and uninhibited mild steel is also analyzed using scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDX).
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INTRODUCTION

Metals and alloys are the backbones of enginediaid. Metals especially mild steel is widely usigd many
industrial applications such as food, power productpetroleum, chemical and electrochemical indest But in
fact it suffers from certain type of corrosion ioidic media. Several approaches, including anodit @athodic
protection, lubrication, painting, electroplatingdaelectroless plating have been proposed to grteanetal from
corrosion. Another important method is the usea@fasion inhibitors [1]. The use of inhibitor is @wf the most
practical methods for protection against corrosiespecially in acidic media [2-3]. The corrosiomhibition is a
surface process, which involves adsorption of ttganic compounds on metal surface. The adsorptepertds
mainly on the electronic structure of the molecidg The lone pair of electrons in heteroatoms detees the
adsorption of these molecules on the metal suiffslceThere is a problem that many proven inhibitaigh toxic
properties include aromatic and nitrogen contairiaterocyclic compounds, find applications in picglprocesses
and in the oil and gas industry [6-13]. In reces&ns, many amino acids were reported as good dadsaosion
inhibitors for metals in various aggressive medié-17]. To solve this problem, some researcherssiigated the
inhibition effect of environment friendly inhibitersuch as amino acids on metal corrosion [18-2@¢rdfore, the
development of corrosion inhibitors based on org@opmpounds containing nitrogen, oxygen atoms figgawing
interest in the field of corrosion and industrigipiications [23]. Moreover, the kynurenic acid is@mmercially
available amino acid. It acts as an antiexcitot@d anticonvulsant. Furthermore, kynurenic acia ¢heap, easily

available and environmental friendly inhibitor. tine view of these favorable characteristic propsrtkynurenic
acid was chosen for the corrosion studies.

The main objective here is to investigate the camw process of mild steel in 1M HCI acid solutiarthe absence
and presence of various concentrations of kynuranid. It is also the purpose of the present workesst the
various electrochemical studies and surface moqgies.
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MATERIALSAND METHODS

Materials preparations

Mild steel specimens having compositions of (wt. )04 % C, 0.58 % Mn, 0.035 % P, 0.026 % S and the
remainder Fe were used for the gravimetric, pabstdtic polarization and impedance studies. Miklsspecimens

of the dimension 1.5 Cm x 3.5 Cm x 0.2 Cm, polisteethirror finish with 1/0, 2/0, 3/0, 4/0, 5/0, 64hd 7/0 emery
polishing papers and degreased with AR grade aeetmre used in the gravimetric studies. The paistatic
polarization and impedance studies, 1 Cm x 1 Cn2x00n piece of the same material was welded omtidasteel

rod. The piece was polished to mirror finish witle tabove-mentioned emery polishing papers and deggdewith

AR grade acetone. Barring the 1 Cm x 1 Cm surfacket exposed for electrochemical studies, the atshe
surface was covered with epoxy resin. The acidtewsls were made from analytical grade 37% HCI Hutitig

with double-distilled water.

Inhibitors

The compound kynurenic acid was purchased from SAGMALDRICH and used as inhibitors without further
purification. Stock solution were made in 1gm dfibitor is dissolved in 1000 ml of 1M HCI solutiohhese stock
solutions were used for all experimental purpoBegire 1 shows the molecular structure of the uskithitor.
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Figure 1. Molecular structure of kynurenic acid
(IUPAC Name: 4-Hydroxy quinoline-2-carboxylic acid)

Weight loss method

The weight loss method (gravimetric) is the mostlely used method of inhibition assessment [24-2THe
simplicity and reliability of the measurement offdrby the weight loss method is such that technfquas the
baseline method of measurement in many corrosiomitoring programmes [28, 29]. All the tests weomd@ucted
in 100 ml aerated 1M HCI solution at room tempeamtuith various concentrations (50-300 ppm) of kymic acid
for 3 hours immersion period. These samples welishaa with emery paper of 1/0, 2/0, 3/0, 4/0, &M and 7/0
grades, washed thoroughly with double-distilledervatiegreased with acetone and finally dried. Atéhd of the
tests the specimen were carefully washed in acedodethen weighed. Duplicate experiments were pmed in
each and the mean value of the weight loss has tegemted. From the weight loss measurements, dh@sion
rate {\) was calculated by using the following equation:

C.R.:W:M (1)
S

where,m; is the mass of the specimen before corrosigris the mass of the specimen after corros®is, the total
area of the specimenjs the corrosion time, and/ is the corrosion rate. The (IE %) was determingdising the
following equation [30] :

o6 %W 109 8

o

where, W is the corrosion rate in the absence of inhibitad\&/ is the corrosion rate in the presence of inhibitor.

Electrochemical impedance spectroscopy (EIS)

EIS is now a sophisticated and established labogragzhnique, with the relevant software to det@emimportant
parameters like corrosion charge transfer resistgRg) rate and double-layer capacitance;X@31-35]. The
working electrode was polished with different graaé emery papers, washed with water and degreaikdAR

grade acetone. All electrochemical measurements wamied out using a CHI 760D Electrochemical idgee
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analyzer model. Prior to the electrochemical mezament, a stabilization period of 30 minutes wasvedid, which
was proved to be sufficient to attain a stable eafiopen circuit potential (OCP) [36].

The electrochemical studies were made using a-#iestrode cell assembly at room temperature wiphaginum

counter electrode and a saturated calomel elect{f®G&) as the reference electrode. The workingtrelde was
mild steel with the exposed surface of 1Cand the rest being covered by using commerciaiijiable resin. The
EIS measurements (charge transfer resistance aridedelayer capacitance) were carried out from Nstopiot by

using ac signal of 0.1V amplitude for the frequemspectrum from 100 kHz to 0.01Hz. The Tafel polatin

curves were recorded in the potential range of G-r2¥ from the open circuit potential at a sweep @ft0.1mV/s.

Surface analysis - Scanning Electron Microscope (SEM)

The scanning electron microscopy (SEM) JEOL/EO J340 model was used to study the morphology of mild
steel surface in the absence and presence of apticoncentration of kynurenic acid for the immersidr8 hours

at room temperature. The plates were washed withimg water and dried for SEM analysis. The SEMdesa
were taken from that portion of the specimen whoatter information was expected.

RESULTSAND DISCUSSION

Weight loss method

The values of corrosion rate and percentage obitibin efficiency were calculated from weight losethod at
various concentrations of kynurenic acid in 1M H&fter 3 hours immersion at room temperature. They a
summarized in Table 1. It is evident from tablehattthe inhibition efficiency is increased from 2% to 87.42%
with the addition of 50 ppm to 300 ppm of kynureadaid, which confirmed that the number of molecw@dsorbed
increased over the mild steel surface, blockingattve sites from acid attack and thereby, praigcthe metal
surface from corrosion. The maximum inhibition eiffincy was shown at 300 ppm concentration of kymaracid.
Indeed, corrosion rate values of mild steel de@ed®m 39.76 mmjto 5.0 mmy* on the addition of 50 ppm to
300 ppm of kynurenic acid. The increased inhibitidficiency (IE %) and decreased corrosion rate)(@Ryht be
due to the result of increased adsorption and &s&@ coverage of kynurenic acid on the mild stadbee with
increasing concentration of kynurenic acid [37].

Table 1. Inhibition efficiency values of mild steel in presence and absence of various concentrations of kynurenic acid in 1M HCI solution
(weight loss method)

Conc. Weight loss CR Surface coverage | 1E (%)
(PPmM) (mg cm ) (mmy™) (0) n
Blank 16.7 39.76 - -

50 6.3 15.0 0.6227 62.27
100 4.2 10.0 0.7484 74.84
150 3.5 8.33 0.7904 79.04
200 2.9 6.90 0.8264 82.64
250 2.8 6.67 0.8322 83.22
300 2.1 5.0 0.8742 87.42

Electrochemical impedance spectroscopy (EIS)

Table 2 shows the experimental results obtaineth fEHS measurements for the corrosion of mild stedhe
absence and presence of kynurenic acid at roomemype. The impedance spectra for mild steel in H®A

solution without and with the various concentrasigg0-300 ppm) of kynurenic acid are presented @St plots
in Figure 2. The impedance spectra exhibit a laagacitive loop at high frequencies followed byrah inductive
loop at low frequency values. The diameter of thpacitive loop in the presence of inhibitor is @gghan in the
absence of inhibitor (blank solution) and increaséh the inhibitor concentration [38]. It is sedrat addition of
inhibitor, increases the values of charge trangsistanceR) and reduces the double layer capacitag. (The

interfacial double layer capacitandgyj values have been estimated from the impedaneg vading Nyquist plot
by the formula:

Ca=(erf max Ret ) (3)
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The values ofCy decreased with an increase in the inhibitor comatan. This is due to an increase in the surface
coverage by this inhibitor, resulting in to an e&se in the inhibition efficiency.

g, = £ €&,
CdI

(4)

n

where,gg is the dielectric constant amsds the relative dielectric constant. This decraasgy values from 1230.91

to 25.016 pF ciis due to the reduction in local dielectric constand/or an increment in the thickness of the
electrical double layer. The changeGpis due to the gradual replacement of water molebyléhe adsorption of
the inhibitor molecule on the metal surface, desirep magnitude of metal dissolution [39]. The iEge inR,
values from16.08@ cn? to 113.076Q cn? is due to the formation of protective film on tetal/solution interface
[40]. These observations suggest that kynurenid awdlecules function by adsorption at metal surfaereby
causing the decrease @y values and increasing Ry values.Ry values were used to calculate the IE %, according
to the following expression:

IE(%)= RA 100 (5)
0)— T

where, F{t and F{i are the charge transfer resistance values withvatibut kynurenic acid, respectively. The

Table 2 confirms that the inhibition efficiency (P&) increases with increase the concentrationsynfitenic acid
and maximum efficiency (85.77%) reaches at 300 ppmhibitor. All the above results infer that withcrease in
kynurenic acid concentration, the protective fisrmore and more protective.
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Figure 2. Nyquist plotsof mild steel in 1M HCI with various concentrations of inhibitor at room temperature
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Table 2. Electrochemical impedance parametersfor mild steel in 1M HCI containing various concentrations of kynurenic acid

conc. Y max Ra Cual IE (%)

(Ppm) | (Qcnf) | @cnf) | (uF cm?) n
Blank 8.045 | 16.080| 1230.91 B
50 17.638 | 35.313] 25565 54.4b
100 22.268 | 44.643] 160.17 63.98
150 33.175| 66.407] 72279 75.7B
200 38.404 | 77.338] 53613 794
250 48.789 | 98.471] 33.144  83.6f
300 56.292 | 113.076 25.014 85.7

Tafel polarization

The corrosion potentiaE(,,), corrosion current density.§), anodic ) and cathodicf{;) slopes are obtained by
the anodic and cathodic regions of the Tafel pldise corrosion current density.f) can be obtained by

extrapolating the Tafel lines to the corrosion ptisd [41] and the inhibition efficiency (IE %) uas were
calculated from the relation:

IE(%)=| Lo oo 15700 (6)

corr

o i . - . s .
where, | ., and |, are the corrosion current densities in the absamcepresence of inhibitor, respectively.

The values obtained from polarization measuremsuats) as corrosion potentidty,), corrosion current density
(Ieorr), @nodic B, cathodic ) Tafel slopes and inhibition efficiency (IE %) agaven in Table 3. Figure 3 shows
the polarization curves for mild steel in 1M HCintaining with and without inhibitor. From Table I3at the values
of IE % increased with increase in the concentratibthe inhibitor. At the optimum concentration30 ppm the
value of IE % was 80.95 %, which confirmed the stradsorption on the mild steel surface to coritrelcorrosion
rate. The increase in the concentration of inhibitecreasé,,, values.E.,, values do not vary significantly in the
increase of concentration of inhibitor that theg ardicate the used inhibitor is a mixed-type iitioib The change
in the values of. in the presence of inhibitor clearly indicates #ifect of the inhibitor compound on the kinetics

of hydrogen evolution. The shift in the anodic Tafpe () values may be due to the adsorption of sulphide
ions/or inhibitor molecules onto the mild steelfage [42].

The inhibition efficiency calculated from the eleethemical impedance spectroscopy and tafel paioiz is 85.77
% and 80.95%, respectively. These values are evectlwith IE % obtained by weight loss method (87%4).

Table 3. Tafel polarization valuesfor the corrosion of mild steel in 1M HCI containing various concentrations of kynurenic acid

lE (%

Conc. (ppm) | #s (UV) | Ae (W) |E o (MVISCE) 1 o (malem) R Ohm) | 1= 120

Blank 6.531 6.511 -449.6 1.087 31 -
50 8.348 7.739 -356.5 0.4940 55 54.55
100 7.898 8.430 -486.5 0.4288 62 60.%5
150 10.492 8.950 -476.6 0.3255 69 70.05
200 9.831 9.105 -469.2 0.2966 77 72.71
250 9.256 7.900 -489.9 0.2332 109 78.54
300 8.995 8.606 -479.6 0.2070 119 80.95
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Figure 3. Anodic and cathodic Tafel polarization plots of mild steel in 1M HCI with various concentrations of kynurenic acid

Adsor ption isotherm

Adsorption isotherms are very important to undeditag the mechanism of inhibition of corrosion i@t of
metals and alloys. The adsorption isotherm studscrilees the interaction between inhibitor molecidaed metal
surface. The most frequently used adsorption isothere Frumkin, Temkin and Langmuir isothermse#upts to
fit data obtained from the weight loss measuremanttsdifferent adsorption isotherms revealed that data best
fitted to the Langmuir adsorption isotherm. Assu of Langmuir relate the concentration of theabate in the
bulk of the electrolyteG;.) to the degree of surface covera@eds in equation:

Cinh — 1
0 K

+ Cinh (7)

ads

where,K,qs is the equilibrium constant of the inhibitor adstizn andC;,,is the inhibitor concentration. The linear
regressions parameterZQR)etweerthle andC;,, were listed in Table 4. Figure 4 shows the refetiop between
Cin/0 and G, for optimum concentration of inhibitor, which givasstraight line at room temperature. The slope of
the Ci/0 versusCi, plots shows a small deviation from unity, whichamg non-ideal simulating and is unexpected
from the Langmuir adsorption isotherm [43]. Adsaptequilibrium constantiy) and free energy of adsorption (
AG 2, ) were calculated using the following relationship:

AGS, =-RTIn(55.% ) (8)

a

where, 55.5 is the concentration of water in sohuth mol L* and R is the universal gas constant. Generallyesa

of Angs around -20 kJ mdior lower are consistent with the electrostatieiiattion (or) physisorption and when
it is around -40 kmdior higher values then this is chemical interacfibdi.
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Figure 4. Langmuir adsor ption isotherm plotsfor the adsor ption of kynurenic acid in 1M HCI on the surface of mild steel

Here, the calculatedXngS value is -19.2560 KJ/mol indicating that the adsorpmechanism of kynurenic acid

on mild steel surface in 1M HCI solution followedhysical adsorption (ionic). Thé&(.;gds negative value of
ensure the adsorption of inhibitor molecule torttikel steel surface is a spontaneous process.

Table4. Langmuir adsor ption isotherm parameter sfor the adsor ption of kynurenic acid in 1M HCI on the surface of mild stedl

Inhibitor| R? | Kags(10°M™) | AG%a4s (kJ mol™)
KYN | 0.9984 37.6177 -19.256

Surface analysis

Scanning Electron Microscope (SEM)

The SEM images were recorded in Figure 5a&b todtabdishing the interaction of inhibitor moleculegh metal

surface. The SEM images show the features of nddl surface after 3 h in 1M HCI in absence andgmee of
300 ppm kynurenic acid at 303K. The SEM images akack that the mild steel specimen immersed in itdib
solutions is in better conditions having smoothfae while the metal surface immersed in blank goidtions is
rough covered with corrosion products and appebkedull of bits and cavities. This indicated thtae kynurenic
acid molecules hinder the dissolution of iron byniing protective film on mild steel surface andréi®y reduce the
corrosion rate.
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Figure5. SEM Micrographsof mild steel: a after immersion in 1M HCI solution in absence of kynurenic acid, b after immersion in 1M
HCI solution in presence of 300 ppm kynurenic acid
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Figure 6. EDX spectra of the surface of mild steel: a after immersion in 1M HCI solution in absence ofinhibitor, b after immersionin 1M
HCI solution in presence of 300 ppm kynurenic acid
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Energy dispersive X-ray spectroscopy (EDX)

EDX spectra recorded for mild steel samples exptsdd HCI in the absence and presence of 300 ppmrenic

acid is shown Figure 6a&b. The EDX spectra in absef inhibitor, Figure 6a shows the characterigiaks of the
elements constituting mild steel sample. Howeves, EDX spectra in presence of inhibitor, FiguresBbw some
additional and strong lines of nitrogen and oxydHmese additional and strong lines are due to gtncand oxygen
of the adsorbed inhibitor species. From the EDXcpedata, the inhibitor was strongly adsorbedhenrhild steel
surface.

M echanism of Corrosion Inhibition

A clarification of mechanism of inhibition requirdsll knowledge of the interaction between the potitve

compound and the metal surface. Many of the orgamiosion inhibitors have atleast one polar unihvatoms of
nitrogen, sulphur, oxygen and phosphorous. It lee lveported that the inhibition efficiency decesaim the order
to O < N < S < P. In addition, iron is well knowar fits co-ordination affinity to heteroatom bearligands [45].

In HCI acid medium, inhibitor molecule exist as fomated species and it is assumed thato@k are first adsorbed
on the metal surface and the net positive chargemetal surface enhances the specific adsorpfi@hloride
ions [46]. Generally, in acid solution inhibition of metalltorrosion occurs through (i) electrostatic intei@ciof
protonated molecules with already adsorbed chlands, (ii) donor-acceptor interactions betweensthedectrons
of aromatic ring and vacamt-orbital of surface iron atoms, (iii) interactiorettveen unshared electron pairs of

heteroatoms and vacashorbital of iron surface atoms [47]. In the pressmidy, the values oAG 2. are around -

20 kJ mot*. Hence, showing that adsorption of kynurenic aoaecules on the surface of mild steel predomiryantl
take place by physical adsorption.

CONCLUSION

The inhibition effect of kynurenic acid on mild sten various concentrations of HCl was studiedwsight loss
method. From this study, the inhibition efficienaf/the inhibitor increases with an increase in @niation.The
adsorption of kynurenic acid on the mild steel acefin 1M HCI obeys the Langmuadsorption isothermrlhe

value of AG 2, indicates that kynurenic acid is inhibiting the romion of mild steel by purely physisorptichafel

polarization technique suggests that kynurenic acidas a mixed-type of inhibitor. Electrochemitapedance
spectroscopy was used to investigate the mechaofsoorrosion inhibition. The SEM and EDX images @er
confirm the formation of protective layer on thddrsteel surface. Based on all experimental reskytsurenic acid
was found to act as good corrosion inhibitor foldnsteel in 1M HCI media.
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