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Abstract

The effect of a new corrosion inhibitors, namely7-8imethylquinoxalin-2 (1H)-one (DMQ=0) and 3,7-
dimethylquinoxalin-2 (1H)-thione (DMQ=S), on corios of mild steel in 1 M HCI was investigated byigh loss
measurement and various electrochemical technigdesults obtained reveal that all the compounddopar
excellently as corrosion inhibitors for mild stéekcidic media. Potentiodynamic polarization sésdhave shown that
all these compounds slow down both the anodic atdodic processes and then act mixed-type inh#itbouble
layer capacitance and charge transfer resistanktessavere derived from Nyquist plots. Changes ipddance
parameters are indicative of adsorption of thesapounds on the metal surface. The inhibition edficly mainly
depends on the nature of the investigated compourtus adsorption of these compounds on mild stedhce is
found to obey Langmuir adsorption isotherm.
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1. Introduction

Hydrochloric acid is widely used in industries, thest important fields of application being acidkbing, industrial
acid cleaning, acid descaling and oil well acidigift is also used for removal of oxide from metaparts before
applying coating. The use of acid solution durimglustrial applications leads to the corrosive &ttano metal.
Therefore, inhibitors are commonly used to minimmzetal dissolution and acid consumption.

Various types of organic compounds are widely usedorrosion inhibitors for protection materialgiagt corrosion
deterioration [1]. A perusal of the literature aridacorrosion inhibitors reveals that most orgasubstance employed
as corrosion inhibitors act by adsorption on thdainsurface. Most of the efficient inhibitors usedindustry are
organic compounds which mainly contain oxygen, Isufpnitrogen atoms and multiple bonds in the makethrough
which they are adsorbed on metal surface [2—10& Jdsorption mainly depends on the presenceadéctrons and
heteroatoms, which induce greater adsorption ofirthébitor molecules onto the surface mild steel{15]. The
compounds containing both nitrogen and sulphurpranide excellent inhibition compared to those earihg only
nitrogen or sulphur [16]. In recent years, N- andoBtaining triazole derivatives have attracted enattention for
their excellent corrosion inhibition performance/{24]. In contrast to most commercial acid corrosichibitors
which are highly toxic, many N- and S-containingazole derivatives are environmentally friendly rosion
inhibitors [18,19].
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In view of the excellent performance of N- and @&taining organic compounds, were newly synthesimedur
organic laboratory partner, with the objective W@leate the influence of these compounds on camoisihibition of
mild steel in 1M HCI. The mode of adsorption medbkanis also discussed.

2. Experimental details

2.1. Material preparation

The structural formulas of the inhibitors examimedhis study are shown in Fig. 1. Corrosion testse performed on
a mild steel of following percentage compositio@9% P; 0.38% Si; 0.01% Al; 0.05% Mn; 0.21% C; 0.05%nd

remainder iron. The surface of specimens was chaig by grinding with emery paper of differenttgizes, rinsing

with distilled water, degreasing in ethanol, anginly before use. The aggressive solution of 1 M iW&$ prepared by
dilution of Analytical Grade 37% HCI with distillegater.

H H
H3C N /O HsC N S
= Z
N CH, N CHs

3,7-dimethylquinoxalin-2(1H)-one 3,7-dimethylquinoxaline-2(1H)-thione

Figurel: The chemical formulas of the studied organic conmgisu

2.2. Weight loss measurements

Weight loss measurements were carried out as #escim the literature [25]. Rectangular ordinasesispecimens of
size (4 cm x1 cm x 0.05 cm) were used as samptesofoosion tests. After having been polished veithery paper
(400-1200 grade) successively and weighted, thelsamvere immersed for one day in 100 ml of uniitedand
inhibited solutions at 20°C in the air. At the esfcexperiments, the specimens were cleaned aceptdiASTM G-81
and reweighed to 1% for determining corrosion rate [25].

The inhibition efficiency (IE%) is defined as folis:

oy~ @
IE (%) = =% = x100 1)
W,
The values of surface coveradh have been obtained from weight loss measurenmntdrious concentrations of
compoundHere,d can be given as [17]:
a, — @
g = =—o = (2)
w o w m
Where oy, and o are the values of corrosion weight loss after imgie@ in solution without and with inhibitor,
respectively, andn, is the corrosion weight loss giving a maximum bitibn obtained in our case at A and 107
M for DMQ=0 and DMQ-=S, respectively.

2.3. Electrochemical measurements

For electrochemical measurements, a conventiomaétblectrode glass cell with a platinum countectebde and a
saturated calomel electrode (SCE) as referenceusead. Mild steel cylindrical rod of the same conipas as
working electrode were pressure fitted into a paitgfluoroethylene holder (PTFE) exposing only F sorface to the
solution. The test solution was thermostaticallntoalled at 20°C in air atmosphere without bubbliAd potentials
were measured against SCE.

The polarization curves were recorded by changire telectrode potential automatically with a
Potentiostat/Galvanostat type PGZ 100, at a saenofal mV/s. Before each experiment, the workilegteode was
immersed in the test cell for 30 min until reachgtgady state.

The data in Tafel region have been processed faluation corrosion kinetic parameters by plottihg polarization
curves. The linear Tafel segments of the anodiwesumwere extrapolated to corrosion potential foramling the
corrosion current values. The inhibition efficienegs evaluated using the relationship:

[ -1
IE % = -cor_
|

corr

cor % 100 ( 3 )

Wherei’ andi

corr corr @re the corrosion current densities values witlamat with inhibitor, respectively.
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The electrochemical impedance spectroscopy measutsnwere carried out using a transfer functionlysea

(VoltaLab PGZ 100), with a small amplitude ac. SibfL0 mV rms), over a frequency domain from 100z 10

mHz at 20°C and an air atmosphere. To determinentipedance parameters of the mild steel specimersidic

solution, the measured impedance data were analygied Bouckamp program based upon the electriévalgumt
circuit [27]. The inhibition efficiency of the inhitor has been found from the relationship:

0

E = Do R

R

Where Rf) andR, are the resistance transfer charge values inttbenge and the presence of inhibitor, respectively.

x 100 (4)

t

3. Resaults and discussion

3.1. Corrosion weight loss tests

Table 1 summarized values of the inhibition efficig obtained from weight loss measurements ané@dseifoverage

of mild steel at different inhibitors concentratiom 1 M HCI at 20°C after 24 hours of immersiowdl tests of
corrosion weight loss were realized and appareatigion resulting from used material and reprodtibwas
esteemed to 86%.

The inhibition efficiency increases with the incseaof inhibitor concentration and reaches a maxiratirt0* M for
DMQ=0 and at 18 M for DMQ=S. This behavior could be attributedthe increase of the surface area covered by
the adsorbed molecules of inhibitors with the iaseeof their concentration.

Table 1 : Inhibition efficiency of mild steel in 1M HCI obitzed from weight loss measurements at 20°C foroueri
concentrations of inhibitors

Compounds Conc. M Corrosion weight loss (mg‘di) 0 IE%
Blank solution 00 0.2510 -- -
10° 0.0750 0.8622 70
10° 0.0677 0.8979 73
10* 0.0469 1 81
DMQ=0 10° 0.1172 0.6556 67
102 0.1266 0.6096 50
10° 0.0505 0.929 80
5x10° 0.0448 0.959 82
DMQ=S 102 0.0354 1 86
5x10° 0.0445 0.955 82

3.2. Polarization curves

Figures 2 and 3 show polarization curves for miggkkin 1M HCI with and without various concentoatiof DMQ=0
and DMQ=S. It is clear that the addition of inhilsg hindered the acid attack on the steel electamdiea comparison
of curves in both cases, showed that, with resjpetite blank, increasing the concentration of tttehitors gave rise
to a consistent decrease in anodic and cathodierdudensities indicating that inhibitors acts asem type inhibitor
[28].

1000+ - - - - ; '
1004
10+
P 1]
i
< o1 ‘ ‘
E /| ——10*m
§ 0,011 5x10° M
—o—10°M
1E-3+ ——— Blank solution
1E-4-— - - ' - ' ' ' '
0.8 -0,6 -0,4 -0,2 0.0
E(V/sce)

Figure 2: Polarization curves of mild steel recorded in 1KalIHt different concentrations of DMQ=S
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Table 2 : Inhibition efficiency and electrochemical paraarst for the mild steel corrosion in 1M HCI at 20%ar
various concentrations of DMQ=0 and DMQ=S

Compounds Conc. (M) E (mVisce) | ior (MA/CT) | by(mV/deyy | K (mV/dec) IE °/°
Blank solution yy -456 290 64.5 -146.4 -
DMQ=0 10° -453.1 82 66.6 -133.1 72

10° -451.2 76 66.5 -123.5 74
10* -455.5 54 63.3 -142.4 81
10° -452.5 98 66.3 -134.2 66
10° -450.8 154 87.9 -143.6 47
10° -470.9 100 77 -162.3 65
DMQ=S 5x10° -460.2 71.3 70.9 -256.9 75
10° -446.1 57.2 77.3 -200.6 80
1000 T T T T T T T T
100

10

FEERRTTTY BRI B RN TTTY B AW RTTTY BTSN RTTTT B S W R TTTT AW

NA
g 1 —%—10°M
<E. 0.1 —o0—10°M E
\E/: | 10°M
8 o001 u —10°M
6
1E-3 — é?an'\liI solution
1E-41— - r '

-0,8 -0,6 0,4 -0,2 0,0
E(v/sce)

Figure 3 : Polarization curves of mild steel recoded in BiI at different concentrations of DMQ=0

3.3. Electrochemical impedance spectroscopy (EIS)

The corrosion behavior of mild steel in 1 M HClwabn in the presence of the studied organic comgswas also
investigated by the EIS method at 20°C after 30 afimmersion. Typical Nyquist diagrams obtainedhia presence
of these compounds at different content in 1 M ld@ shown in Fig. 4 and 5. The impedance diagrasteireed are
not perfect semicircles and this difference hasitagibuted to frequency dispersion [30, 31].

It is apparent from these plots that the impedaasponse of mild steel in uninhibited HCI solutiwas significantly
changed after the addition of inhibitors. The kingtarameters derived from the Nyquist plots andc@atage
inhibition efficiency are given in Table 3. The gtest effect was observed at?1® of DMQ=S where Ris 893
Q.cn?, and at 18 M of DMQ=0 which produced Rralue of 503Q.cn? in 1M HCI. For all compounds, when the
concentration increased thg, @alues decreased. These results can be imputdiéorease result in local dielectric
constant and/or an increase in the thickness ofethetrical double layer suggests that the inhibitmolecules
function by adsorption at the metal—solution iraedf [32]. The inhibition efficiency of DMQ=S is fod to be greater
than of DMQ=0. This may be due to the availabitifymore sites on metallic surface in inhibitor DM®=solution
because of the easer adsorption of the sulphuraarthie steel surface [33]. EIS impedance study edmfirms the
inhibiting character of inhibitors obtained withlanzation curves and weight loss measurement$imtiCl medium.
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Figure 4: Nyquist diagrams for mild steel in 1M HCI at diféeit concentrations of DMQ=0.
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Figure5: Nyquist diagrams for mild steel in 1M HCI at difést concentrations of DMQ=S.

Table 3: Impedance data and inhibition efficiency for mstgel in 1M HCI at different concentration of intdbrs.

Compounds Conc. (M) Br R Ca IE °/°
(mV/sce ) (Q.cm?) (LF.cn?d)
Blank solution 00 -490 60 912 | -

10° -491 469 334 87.20

10° -490 478 333 87.44

DMQ=0 10* -474 503 330 88.07
10° -468 277 353 78.33

102 -468 118 511 49.15

10° -510 400 320 85.01

DMQ=S 5x10° -483 700 230 91.42
102 -492 893 100 93.27

3.4. Effect of temperature

The effect of temperature on inhibition efficiensgs determined in 1M HCI containing A® of DMQ=S and 1¢
M of DMQ=0 at range temperatures 20-60°C using madedynammic polarization curves. The resultsgiven are
given in table 4. Corrosion current density forestancreased more rapidly with temperature in thseace of

133



J. Mater. Environ. Sci. 1 (2) (2010) 129-138

inhibitor. These result confirmed that these conmuisuact as efficient inhibitors in the studied rarfigemperature.

The corrosion reaction can be regarded as an Atrsidype process, the rate of which is:

where Lo, is the corrosion current density,, 5 the apparent activation corrosion energy, Tthie absolute

icorr = K exp (- B/RT)

temperature, K is the Arrhenius pre-exponentiaktamt and R is the universal gas constant.

This equation can be used to calculate theaflies of the corrosion reaction without and vi€f M of DMQ=S and
10* M of DMQ=0. Plotting the logarithm of the corrosi@urrent density against 1/T., the activation gperan be
calculated from the slope. Arrhenius plots for toerosion current density of mild steel are givarfigure 6. The
calculated values of the apparent activation casrosnergy in the absence and the presence of DM@wCDMQ=S
are 50.54 KJ.md|, 10.17 KJ.mot and 8.08 KJ mdl, respectively. The reduction in the activation rggein the

Adardour et al.

presence of inhibitors may be attributed to thengkerptions of inhibitors on steel surface [34,.35]

Table 4: Electrochemical parameters of mild steel in 1 MIM@h and without 1¢ M of DMQ=S and 14 M of

DMQ=0 at various temperatures.

Temperature Ecorr i corr IE
(°C) (mV/sce) (uA/cnT) %
Blank solution 20 -459 290 --
30 -440 392 --
40 -441.9 492 --
50 -448.2 1628 --
60 -441.5 3293 --
DMQ=0 20 -455.5 54 80
30 -431.5 75 74
40 -444.1 75 74
50 -431.7 84 70
60 -431.5 95 67
DMQ=S 20 -446.1 57 80
30 -446.4 69 76
40 -397.6 75 74
50 -398.3 85 70
60 -402.6 84 70
8'5 T T T T T T
60 A DMQ=S A
) O DMQ=0 )l
7.5 m  Blank solution f 4
7,0 1 .
E 6,5 .
i i i
= 6,04 .
~ i E
=5 55 .
5 g ]
5,0 | .
4,5 -
4,0 -
T T T T T T T T T T
2,9 3,0 31 3,2 33 3,4 35

Figure 6: Relation between corrosion rate and reciprocéoiperature with and without inhibitors

1000/T (K')
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3.5. Immersion time

Figure 7 and 8show the impedance spectra obtained after diffdrantersion times in aerated 1 M HCI with and
without 10° M of DMQ=S and 1d M of DMQ=0, separately .

The evolution of the characteristic parameters@aged with the capacitive loop with time is sumiped inTable 5
The diameter of the capacitive loop increasesza siith increasing immersion time, reaching a maxmafter 2 h,
and then starts to decrease. These results indltatt¢he adsorption model, arrangement and otientaf inhibitor
on the surface of the carbon steel, changes witte.tiConsidering that adsorption is essentially radled by
electrostatic attraction, as the immersion timedases, more chlorides will be adsorbed on thasertielping to the
formation of the inhibitor layers [36].

However as soon as all the active sites becomeasetliwith inhibitor, the development of the inkdipilayer is
gradually slows down. Furthermore, with time it msethe inhibiting effect decreases probably becaosae defects
exist on the film leading to the access of agguesanions to the mild steel/inhibitor interface eTormation of these
weaker sites can be explained with basis in liteeaf37], where the decrease of the inhibition cédficy was
attributed to the formation of film by the initigldeposited inhibitor molecules, reducing the effecarea covered by

the inhibitor.

400 T T T T T T T T T T
(a): DMQ=0 1/2 h § -
300 ) Lh
° 2 h
Ng = 6 h J
£ A 12h
a 200 e Lo e -
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Figure 7: Nyquist diagrams for mild steel in 1M HCI at fdifent time immersion of 10M for DMQ=0
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Figure 8: Nyquist diagrams for mild steel in 1M HCI at fdifent time immersion of 7OM for DMQ=S

135



J. Mater. Environ. Sci. 1 (2) (2010) 129-138 Adardour et al.

Table 5: EIS parameters for mild steel in 1 M HCI with 4@ of DMQ=S and 14 M of DMQ=0 after different
immersion times

Compounds Immersion time E R Ca
(h) (mV/sce) (Q.cnf) (LF/cnf)
1/2 -474 503 330
1 -484 537 310
DMQ=0 2 -486 513 313
4 -490 452 404
6 -488 416 447
12 -496 155 600
1/2 -492 893 100
1 -455 958 98
2 -510 967 101
DMQ=S 4 -518 776 160
6 -548 551 178
12 -560 352 200

3.5. Adsorption isotherm

The values of surface covera@ecorresponding to different concentrations of DM®Rand DMQ=S have been used
to explain the best isotherm to determine the gugor process. The adsorption of an organic adsatbat a metal-
solution interface can be represented as subsaltamsorption process between the organic moleduldse aqueous
solution Org (sol) and the water molecules on tle¢aftic surface KD (ads) [38]:

ORG (sol) + Y HO (ads)

ORG (ads) + XkD (sol)

Where ORG (sol) and ORG (ads) are the organic rmtdscin the aqueous solution and adsorbed on thallioe
surface, respectively, B (ads) is the water molecules on metallic surfacis, the size ratio representing the number
of water molecules replaced by one molecule ofmiyadsobate

The values of surface coverafenave been obtained from weight loss measurementdidous concentrations of
inhibitors. Attempts were made to fitvalues to various isotherms including frumkin, garuir and Timken. By far
the best fit was obtained with the Longmuir isotheT his Longmuir model has been used for othemiidr systems
[39,36].

A correlation betweert and inhibitor concentration (C) in the electrolydtan be represented by the Langmuir
adsorption isotherm [40]:

KC
0=—— 6
1+ KC (6)
Rearranging this equation
E = i +C 7
6 K

where K is the constant of adsorption. The relatietween Ch and C at 20°C for both compounds is shown in Egur
9 and 10. The plot of @& versus inhibitor concentration (C) showed a lineanrelation of slope close to unit. The
strong correlation (r = 0.99967 with DMQ=0 and r0z= 99975 with DMQ=0 and DMQ=S for the Langmuir
adsorption isotherm plot confirmed the validitytbis approach. The constant K may be determined fte intercept
in Figure 9 and 10.

The adsorption constant K is in relation with theefenergy of adsorption [41]:

K =1 exp(- 2o ®)
55.55 RT

where R is the universal gas constant, value 55.8% water concentration in the solution (mol/l).

The value of the adsorption free energ$.q is calculated from the adsorption isotherm, iali®ut -31.27 kJ.mdl
and -44.51 kJ.mdl with DMQ=S and DMQ=0, respectively, at 20°C. Gy, the values 0AG,¢s below -20 kJ.
mol™ are consistent with electrostatic interaction, latihose above -40 kJ.mbinvolve chemisorption [42]. The
value of AG,4s for DMQ=0 and DMQ=S point to the spontaneity ot thdsorption process under investigated
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experimental conditions and it also point out tHeaaption of this compound occur predominantly bgroisorption.
The largest negative value ofAG®,4in the case of 1M HCI with DMQ=S indicates thag timhibitor is strongly

adsorbed on the steel surface [43].
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Figure 9: Langmuir isotherm adsorption of DMQ=S in 1M HGbrin weight loss measurements at 20 °C

0000104 (b): DMQ=0 i
0,00008 - 4

0,00006 —

clo (molll)

0,00004 E

0,00002 — -

0,00000 . , : , ; , ; , ; .
0,00000  0,00002  0,00004  0,00006 000008  0,00010

C (mol/l)

Figure 10: Langmuir isotherm adsorption of DMQ=0 in 1M H@bim weight loss measurements at 20 °C

4. Conclusion

DMQ=0 and DMQ=Sinhibits the corrosion of mild steel in 1 M HCI nmieth and the better performance is seen in

the case of DMQ=S.
The adsorbed inhibitors molecules are assumedtaodreorrosion by reducing the number of availaigace sites

for corrosion and also by slowing the rate of ther@sion reactions.

DMQ=0 and DMQ=Sare found to effect both the cathodic and anodorgss; that is, the inhibitors are of mixed
type. The concentration dependence of the inhibidficiency calculated from weight loss measuretseand
electrochemical studies has the same tendency.

The inhibition efficiency of inhibitors is tempeuaé dependent and its addition leads to a deceasetivation
corrosion energy.

Adsorption of DMQ=S and DMQ=0 on mild steel surfagel M HCI flow the Langmuir isotherm , indicagj that
the main inhibition process occurs via adsorptidhe negative values afG,4s 0btained from this study indicate that
inhibitors are strongly adsorbed on the steel setfa
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