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Abstract: The efficiency of Schiff base derived from -ainoantipyrie,
namely 2(1,5-dimethyt4-(2-methylbenzylidene)aming)-phenyt1H-pyrazot3(2H)-ylidene)
hydrazinecarbothioamide & corrosion inhibitoron mild steel in1.0 M H,SO, was
investigated using electrochemical impedance spectroscopy (EIS), potentiodynamic
polarization (PD) and electrochemical frequently modulation (EFM) in additothe
adsorption isotherm, corrosion kinetic parameters and scanning electron microscopy
(SEM). The results showed that this inhibitor behaved as a good corrosion intetbaor

at low concentratignwith a mean efficiency of 93% andisq a reduction ofthe inhibition
efficiency as the solution temperature increasAs.polarization technique and EIS
were testedfor different concentrations and different temperaturesreveal that this
compound is adsorbed on the mild steel, therefore blocking the active asitbsthe
adsorption follows the Langmuir adsorption isotherm model. The excellent inhibition
effectiveness of 21,5-dimethyl4-(2-methylbenzylidene)amine)-phenyt1H-pyrazot3(2H)-
ylidene)hydrazinecarbothioamide was also verifieddanning electron microscope (SEM)
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1. Introduction

Inhibitors are chemical compounds added in small quantities in oodezduce the corrosion
rate [1]. The presence of such compounds retards the corrosion process and keeps its rate to :
minimum andthus prevents economic losses due to metallic corrodibr.chemicalshatcanact as
corrosion inhibitors mapeinorgantc or organic[2]. Inhibitors slow corrosion procesq&$ by:

1 Redudngthe anodic and cathodic reaction speed
1 Reducing the movement or diffusion of ions to and from the metallic surface
1 Increasing the electrical resistance of the metal surface.

Organic orrosion inhibitors are an attractive field of reseanire totheir usefulness in various
industries. The efficiency oén inhibitor depends on the stability of the formed chelate, and the
inhibitor molecule should have centdnatare capable of formgbonds with the metal surface via an
electron transfef4]. Most organic inhibitors adsorb on the metal surface by displacing water
molecules on the surface and forming a compact baffrier. availability of nonbonded (lone pair)
andp-electrons in inhiltor molecules facilitat¢he electron transfer from the inhibitor to the mdgil
The efficiency of the inhibitor depends on the stability of the chelate fof@jedo it mainly depends
on the type and the nature of thebstituentgresent in the inbitor molecule[7]. The choice of
the inhibitors is based on two considerations: first, they could be synthesized conventionally from
relatively cheap (our inhibitor synthesis from thiosemicarbazide) raw materials; second, they contain
the electron cloud®r the electronegative atonj8,9]. A coordinate covalent bond involvinipe
transfer of electrons frorthe inhibitor to the metal surface may be forn@@]. The strength of the
chemisorption bond depends upon the electron density on the donor atarfwidtional group and
also the polarizability of the group. When an H atom attached to the C in the ring (heterocyclic ring) is
replaced by a substituent groupNH,, i NO, 1 CHO ori COOH), it improvesthe inhibition [11]. The
electron density of the metat the point of attachment changessulting in the retardation of cathodic
or anodic reactions. Electrons are consumed at the cathode and are furnished at tH&2jnode
Generally a strong coordination bond causes higher inhibition efficiency, thbiiitm increasg in
the sequence © N < S< P[13]. Organic inhibitors generally have heteroatoms. O, N and S are found
to have higher basicity and electron density,dhds act as corrosion inhibiter O, N and S are the
active centers for the procesbadsorption on the metal surfafde!]. The inhibitor molecule should
have centers capable of forming bonds with the metal surfattee @lectron transfer, in which the
metal acts as an electrophile and the inhibitor acts as a Lewiswdasse nucleophc centers are O
and/or N atoms with free electron paimwhich are readily available for sharing. Schiff base
compounds are a condensation product of an amine and a ketone/aldehyde. Schiff base inhibitors hav
been reported as effective corrosion intuts for steel, copper araluminum[15i 17]. However, the
presence of a hydrophilic functional group in the molecule would increase the solubility of the
inhibitors [18]. The effectiveness of an organic substance as an inhibitor depends on the structure of
the inhibitor[19]. The aim of the present investigation is to examine the inhibitory action of Schiff
base derived from -dminoantipyrie and thiosemicarbazide for the corrosion of mild steel in
1.0 M H,SO, solution. The dfects of concentrations, temagures and molecular structures on the
inhibition efficiencies of the Schiff base have been studied systematically.
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2. Results and Discussion
2.1. ElectrochemicalmpedanceégectroscopyEIS)

The orrosion of mild steel inl.0 M H,SQO, solution in the premnce of corrosion inhibitora/as
studied at temperatws®f 30 °C, 40°C, 50°C and 60°C. Figure 1 illustrates the Nyquist plots for
mild steel in 1.0M H,SQO, with different concentrations dhe corrosion inhibitor at 30C, while
Figure 2 represents thélyquist plots for mild steel in 1.8 H,SO, containing 0.25 mMof the
corrosion inhilttor at different temperatures.

Figure 1. Nyquist plot for mild steel in 1.0 M O, with different concentrations of the
corrosion inhibitor at 3€ .
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Based on Figre 1, the increase in resistance can be detected significantly with increasing
concentrations ahe corrosion inhibitor. Each concentrationtbé corrosion inhibitor has a distinctive
semicircular graphA semicircle diameter can be associated with the saorrosion inhibition. The
semicircle diameter increases witke increase in the concentration e corrosion inhibitoy which
means that the corrosion rate decreases. In other words, the rate of corrosion inhibition is increasing
Based on Figre 2, the diameter of the semicircle becomes smaller as the tempestuceeased to
30 °C andto 60 °C. The higherthe temperature of the solution, the smaller the diameter of the
semicircle. This result means that the rate of corrosion inhibition is d&wgewith the solution
temperaturencreasing The semicirclan Figures1 and 2 is less perfect whéme corrosion inhibitor
concentration increases (in the solutiash)e to roughness and other imperfections on the surface of
the mild steel samples andhé phenomenon known aise fdispersing effect [20]. Gamry Echem
Analyst software caanalyze thalata ofelectrochemical impedance spectroscopy (Ed§)eriments
such as th€PE matching, calculatinghe solution resistancdis, the constant phase eleme@PE, the
charge transfer of resistand®;, and the doubléayer chargeCy. Table 1 shows th€EPE matching
data for mild steel in 1.8 H,SO, with different concentrations dhe corrosion inhibitor at 30C,
whereas Table 2 shows t#E matching d&a for mild steel in 1.0 H,SO, having 0.25mM of the
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corrosion inhibitor at different temperatures. Based on Table 1R$healue increases witlthe
increasing concentration of the corrosion inhibitor. This meanghbatorrosion inhibitor molecules

were adsorbed on the surface of mild steel samples and form a film that protects the mild steel
samples. Therefore, thahibition efficiency (E) increases withthe increasing concentration of the
corrosion inhibitor. Based on Table 2, an increase in ¢eatpre from 30C to 60°C has caused the

R.: andIE to decreaseThe @rrosion inhibitor molecules adsorbed on a metal surface will experience
desorption if the solution temperature is increasing.

Figure 2. Nyquist plot for mild steel in 1.0 MH,SO4 with 0.25 mM of the corrosion
inhibitor at differentemperatures
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Table 1 Data ofconstant phase eleme{@PE) matching for mild steel in 1.M H,SO,
with different concentration dhe corrosion inhibitor at 30C. R, solution resistance,
charge trasfer of resistancé&y, doublelayer chargelE, inhibition efficiency (E).

Concentration R Ret CPEy Ca IE
(mM) (chmcenf)  (ohmem?) Y,(S8s’cm?d U  (Fcm™d (%)
Blank 1.31 64.08 425.33 0.91 293.46 0.00

0.05 1.42 85.14 980.89 0.90 754.01 24.74
0.10 1.59 247.01 432.67 0.78 232.05 74.06
0.15 1.89 441.59 329.56 0.77 182.66 85.49
0.20 1.53 606.15 504.00 0.80 376.16 89.43
0.25 1.71 893.70 348.44 0.76 243.20 92.83

Once the results of tredectrochemical impedance spectroscopy (Ei&e measwed, the matching
of the circuit was performed using the equivalent circuit modeCRE circuit was selected as an
equivalent model to do the matching. Scheme 1Rs is the solution resistanc&®; is the charge
transfer resistance ai@PEis the constat phase element.
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Table 2 Datafor the CPE matching for mild steel in 1.M H,SO, with 0.25 mMof the
corrosion inhibitor at different temperatare

CP

Temperature Concentration Rs Rt v By Cua IE

(°C) (mM) (ohmcn?)  (ohm cn?) (15 ?:m‘ ; U @@Fcem' 3 (%)
30 Blank 1.31 64.08 425.33 0.91 293.46 0.00
0.25 1.71 893.70 348.44 0.76 243.20 92.83
40 Blank 1.21 9.34 4368.89 0.70 113542 0.00
0.25 1.05 114.41 490.67 0.69 136.68 91.84
50 Blank 1.19 6.06 3882.22 0.70 774.62 0.00
0.25 0.97 90.99 466.00 0.69 109.38 93.34
60 Blank 1.07 4.04 2962.22 0.72 539.09 0.00
0.25 0.93 15.53 553.11 0.74 100.06 72.70

Schemel. The equivalent circuit model used to fit the impedance data for mild steel in the

presence athe inhibitor
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2.2. Potentiodynami®olarization
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where icor’ and icor are the corrosion current density values without and wthle corrosion

inhibitor, respectively.

Based on Figre 3, the transition of values d&. to more negative values were detected in
different corrosion inhibitor concentratiann addition, the cathodic and anodic current density also
decreasevith the ircreasing concentrations tife corrosion inhibitor. This point can be explained by

the adsorption of corrosion inhibitor molecules on the sample syrfacging a protective mild steel
surface. Based on Table 3, it was found theata n o d i ¢

( b bayl changed with the addition tbfe corrosion inhibitors. This shows that the corrosion inhibitor
influences the anodic and cathodic reactions. As shown in Table 3, the corrosion currentidgnsity (
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became lower andhe inhibition efficiency (E) increased with increasing concentrataosf the
corrosion inhibitorThe orrosion inhibitor is effectiven protecing mild steel ina H,SO, solution.

Based on Figre4 and Table 4, it was found thdteta nodi ¢ Taf el sl ope (be
s | o p encr¢abed With the increasing of the temperature of #&OHsolution with 0.25 mM of the
corrosion inhibitor. Corrosion current density,{) was higher, and the inhibition efficienchej also
deceased. Increasing temperatures of th8® solution with the corrosion inhibitors has resulted in
corrosion inhibitor molecule desorption from the surface of the metal and caused corrosion of the
metal occurring at a faster rate.

Figure 3. Potentiodynami@olarization curve for mild steel in 1.0 M5O, with different
concentration of thecorrosion inhibitor at 3&€ . SCE,saturated calomel electrode.
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Table 3 Polarization parameters for mild steel in 1.0 MSKHy with different
concentratios of the corrosion inhibitor at 30C. mpy, milli-inch per year.

Potentiodynamic Polarization Measurement

Con?r?]r;;r)atlon Da ) b ) i corr ) T Ecorr Corrosion Rate IE
(VdedJ (vdedJ (A cm'§ (mV vs SCE) (mpy) (%)
Blank 0.077 0.099 342.22 441.00 156.90 0.00
0.05 0.068 0.096 224.44 424.00 102.70 34.42
0.10 0.058 0.090 46.44 446.00 21.24 86.43
0.15 0.060 0.091 22.44 455.00 10.32 93.44
0.20 0.055 0.088 13.80 421.00 6.32 95.97

0.25 0.070 0.098 12.18 440.00 5.58 96.44
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Figure 4. Potentiodynamic polarization curéer mild steel in 1.0M H>SO, with 0.25 mM
of thecorrosion inhibitor at differertemperature
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Table 4. Polarization parameters for mild steel in MOH,SO, with 0.25 mM of the
corrosion inhibitor at differertemperaturg

Potentiodynamic polarizatiqrD) Measurement

Temperature Concentration

b, b icorr T Ecorr Corrosion Rate |E
(°C) (mM) ; ; ;

(mvVdedj (mvdedj (mAcm § (mVvs SCE) (mpy) (%)
30 Blank 76.70 99.00 0.34 441.00 156.90 0.00
0.25 70.20 98.10 0.01 440.00 5.58 96.44
40 Blank 99.70 138.30 7.94 425.00 807.80 0.00
0.25 96.40 131.70 0.95 418.00 97.12 87.98
50 Blank 117.40 166.10 21.30 414.00 2,169.00 0.00
0.25 202.60 150.20 2.40 481.00 244.40 88.73
60 Blank 189.70 286.30 87.70 415.00 8,925.00 0.00
0.25 142.40 163.10 9.99 463.00 1,017.00 88.60

2.3. Adsorptiorisotherm

Adsorption isotherms can provide basic informatsoutthe interaction between the inhibitor and
mild steel surfac§21]. The @rrosion inhibition of organic inhibitors on mild steel in sulfuric acid can
be explaied via the molecular adsorption method. The adsorption process is influenced by the
structure of the organic compounds, the charge distributiothenmolecules, the nature of the
surfacecharged metals and the types of media y22 The phenomenon afteraction between the
metal surface and the inhibitor can be better understood in tertime adsorption isotherm. The plots

of — (Figure 5) againsCiy, yield a straight line witlan approximately unislope, indicating that the

inhibitor under study obeythe Langmuir adsorption isotherf3], as in the equation below.
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— § )

whereCi, is the concentration dhe inhibitor andK,gs is the adsorption constant obtained from the
intercept of the straight lin&ags is associated with the standard free energy of adsorptfag),
wherea®s’,sis givenasbelow:

YO 24 Tu@v (3)
where the value of 55.5 represents the molar concentration of water in solution expressed in units of
M, R is the universal gas constant dnid the absolute temperatJ@?,25]
Figure 5. Adsorption isotherm for mildteel in 1.0 M HSOy with different concentration

of thecorrosion inhibitor
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From Figire 5, the value of kags and a5’ was calculated. The value OKags is
12,048.19 mdl* dm®, while the value ofesG’%qs is T33.81 kJ mdtt. The negative value o Gags
indicatesthe spontaneous adsorption thie corrosion inhibitor orthe mild steel surface and the strong
interaction between the inhibitor moleculasd the surface othe mild steel corrosion. Generallg,
value of & G,4s aroundr 20 kJ/mol is consistanwith physical adsorptignwhile a value of ae Gags
aroundr 40 kJ/mol or higher is chemical adsorption ogouy with the sharing or transfer of electrons
from organic molecules to the surfacetbé mild steel. The calculated value af C.4s is around
140 kJ/mol and explam the adsorption mechanism ofhe corrosion inhibitor though
chemical adsorptio[26].

Corrosion Kinetic Parameters

The activation energyE{) in the corrosion process is calculated based on the results of
experimental measurements dtentiodynamic polarization. The correlation between the corrosion
current density on corrosion temperature can be expressed by the Arrhenius efbhatmhenius
equationis represented by the following equati@®]:
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— - E,
icorr = AEXD( RT ) 4

whereicor is the corrosion current density in theoi' 2, A is the electrochemical constaf, is the
activation energy in-éhol'!, R is the gas constant worth 8314ndl'*-K'* and T is the temperature
in units of K. The Arrhenius equation can be converted into Idgaiit form and becoméhe
following equation:

- E,
R

. 1

Nicor = ( )(?) +InA )
The Arrheniusplot represented bthe graph of In.o against 10007 is plotted based on the results

of potentiodynamic polarization measurement. As shown iaréig E, can be calculated hysing the

slope of the graph andshown in Table 5.

Figure 6. The Arrheniusplot for mild steel in 1.0 M SO, with 0.00 mM and 0.25 mM
concentration of the corrosion inhibitor
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Table 5. Corrosion kinetic parameters for mild steel in 1.0 M5B, without and with
0.25 mM ofthe corrosion inhibitor E,, activation energyse H, activation enthalpyse §
entropy of activation.

Concentration Ea ) &MT 6?51 ;
(kd mol' § (kJ mol' 3 (I mol *K"J

without inhibitor 149.00 146.36 194.59

0.25 mM of inhibitor 183.44 180.80 282.01

The following equation shows the Arrhenius equation transition Stageactivationenthalpy and
entropy of activationee H andae § arecalculated by the Arrhenius equatigtj:

DS,
(R

- DHa
) (6)

. RT :
lcor = ——EXP ) exp

Nh
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where N is Avogadrés number valued 6.02 x 0 mol ! and h is the Plank constant,
6.63 x10 3 fn?kg-s ® The Arrhenius equation of state will transition into the following equation by
using the algorithm:

DS, ]
- ™

In(“;") = [;Hax%)ﬂln(%w

The pots of In(icor/T) versus 1000 are shown in Figre 7. The graph is a stigiit line graphThe
value of the enthalpy of activatiose H, is calculated from the slope of the graflee H/R), while the
entropy of activationge § is calculated from the intersection with th@xis[In(R/Nh) + (ee §R)]. The
valuesareshown in Tabléb.

Figure 7. The stuation plot for mild steel in 1.0 M $$0, with 0.00 mM and 0.25 mM
concentratios of the corrosion inhibitor
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As shown in Table 5, the value &, for mild steel in 1.0M H,SO; without any corrosion
inhibitor is 149.00 kdnol', while for mild steel in 1.0M H,SQ, with 0.25 mM of the corrosion
inhibitor it is 183.44 kdmol'*. The increase in the value of the activation endEgyin the presence of
corrosion inhibitors suggesteke adsorption othe corrosion inhibitor on the surfacof mild steel as
0.25 mM of the corrosion inhibitor is added in 1.0 H,SO;. When the temperature increasas,
reduction ofthe inhibitor adsorption on metal surfaces occurs. At higher temperatures, corrosion
inhibitor molecule desorption occurs and eusild steel surfacds beexposed to corrosiormhe
valuesof E, also suggest that the inhibition procesa e®ntrolled surface reactiphecausehe values
of E, for both situations, with and without the presence aofcorrosion inhibitoy exceed
20kJ-mol * [27].

The \alue of the enthalpy of activatioegH,, for mild steel in 0.25 mMof the corrosion inhibitor is
higher tharthatwithout the corrosion inhibitor. This can be explained by the presence of the energy barrier
for the reaction, which is ¢hcorrosion inhibitor adsorption procéisat led to the higher value aHa [28].

The alue of the entropy of activatioes,, increased when 0.28M of thecorrosion inhibitoiwas
added in 1.M H,SO,. The mild steel surface is covered by corrosion intobmolecule. This will
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slow down the release of hydrogen ions on the metal syudaasng the systento move from a more

organized into anorerandom order andhus increagng the entropy of activatiof29].

2 4. ElectrochemicaFrequency ModulatiogEFM)

The eperimental results oélectrochemical frequency modulation (EFMde the spectrum of
current response as a function of frequency. This spectrum is knavaiatermodulation spectrum.
The gectrum ontaining the current response is useddtenine the peak harmony current and peak
intermodulation curreni larger peak was used to calculate the current dengity (
b,) and causality factorQF-2 andCF-3). The dectrochemical parameters were determined by Gamry
EchemAnalyst softwarg28]. Table 6 shows the EFM electrochemical parameters for mild steel in
1.0 M H,SO, at 30°C with different concentrations a@he corrosion inhibitor, while Table 7 shows the
EFM electrochemicaparameters for mild steel in 1.0 M,&0, with 0.25 mM of the corrosion

inhibitor at different temperatures.

Based on Table 6, the corrosion current dengidy, decreased by increasiiige concentration of

Taf génd s |

thecorrosion inhibibr. The inhibitionefficiency (E) is calculated by the followingfmula[29]:

where icor’ and icor are the corrosion current density values without and wie corrosion

inhibitor, respectively.

The pmrameters in Tab#e6 and 7 show that the data collecdoesnot havea good quality if

0

[
|Eerm (%) = =5—>-2 100

corr

797

(8)

comparedo the standard value of 2.0 f@F-2 and 3.0 forCF-3 [30]. If the CFs differ significantly
from the theoretical value, it can be concluded that the measurements are affected by noise. When th

difference inCF-2 andCF-3 is in the range of 0.2 and 0.BetEFM data is accurate. The differemte

the theoretical value of th€F may be caused bgn amplitude perturbatiohatis too small ora

spectral frequency resolutidhatis not high enougf26]. Values ofi.o,r were converted to a corrosion

rate withunits of milli-inch per yearrtpy). The ®rrosion rate as shown in Tablestlow, with the

increasing othe corrosion inhibitor concentration. The efficiencytb&inhibition increased when the
concentration ofhecorrosion inhibitor changed from 0.0@M to 0.25 mM.

Table 6 Electrochemical frequency modulation (EFMlectrochemical parameters for
mild steel in 1.0 M SO, with different concentratiaof the corrosion inhibitor at 3€ .
icomy C U T r e ntTafel dopeCF, capsalityfactor.

Concentration i corr ) b, ) b, ) Corrosion Rate |Egem CE-2 CF-3
(mM) A cm§ (MmvVdedj (mVded]) (mpy) (%)
Blank 286.67 75.69 94.14 131.30 0.00 1.85 4.30
0.05 224.00 73.30 96.07 102.60 21.86 190 4.53
0.10 91.51 83.47 133.40 41.92 68.07 1.85 2.68
0.15 60.87 89.83 160.00 27.88 78.77 196 3.60
0.20 44.80 97.93 149.60 20.52 84.37 2.00 4.11
0.25 33.13 98.35 155.40 15.18 88.44 196 5.41

op
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Table 7. EFM electrochemical parameters for mild steel in 1.0 M® with 0.25 mM of
the corrosion inhibitor at differenemperature

Temperature Concentration i corr ) by _ b, _ Corrosion Rate |Egeum CE-2 CE-3
(T) (mM) (mAcm § (mVded3 (mVded) (mpy) (%)

30 Blank 0.29 75.69 94.14 131.30 0.00 1.85 4.30

T 0.25 0.03 98.35 155.40 15.18 88.44 196 541

40 Blank 6.81 89.93 111.90 692.80 0.00 1.99 3.61

T 0.25 1.16 107.80 193.70 117.90 8298 195 4.18

50 Blank 19.14 93.68 109.60 1,948.00 0.00 2.06 5.77

T 0.25 2.26 129.40 242.70 230.50 88.17 196 5.77

60 Blank 56.74 119.60 146.50 5,776.00 0.00 1.81 1.42

T 0.25 10.85 144.00 192.50 1,104.00 80.89 190 5.14

Based on Table 7, the data afsd a poor quality when compared with the standard value of 2.0 for
CF-2 and 3.0 forCF-3. The \alue oficr increased withthe increasing temperature tfie H,SOy
solutions with 0.25 mMof the corrosion inhibitors. Theoorosion rate became higher witicreasing
solution temperatur&he nhibition efficiency became lower when the solution temperature increased
from 30°C to 60°C.

2.5. The Mechanism dhhibition

Generally organic inhibitors are adsorbed on the metal surface and prevent furtheutaiasof
metalby blocking either the cathodic or anodic reaction or both. Organic inhibitors, capable of forming
insoluble complexes, or chelates, with metallic ions present on the surface df3tjetahe inhibition
efficiency of our corrosion inhibitcagainst the corrosion of steel if0M H,SO, can be explained on
the basis of the number of adsorption sites, their charge density, molecular size, mode of interaction
with the metal surface and the ability to foametallic complexT h e °~ e |ddreetelecranson a n
the S and N atoms ffim bonds with the metal surface; seheme 2.

Scheme 2Themechanism of inhibition

2.6. Scanning Electron Microscope

A scanning electron microscope test was conducted at the UKM Electron Microscopy Unit. Based
on Figure 8, as expected, serious corrosion of mild steel occurred where the mild steel surface, which
was originally clean and smooth, became rough. The mild steel surface was significantly attacked by
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H,SO,. Based on Figre 9, the mild steel surface didonsuffer serious corrosion. The corrosion
inhibitor provided protection to the mild steel from the corrosion attack causegba}.H

Figure 8. The SEM micrograph for mild steel in 1.0 M HSO, without the corrosion
inhibitor at 30C . (a) 100x; (b) 500x; (c) 1000x; (d) 3000x; (e) 5000x.
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Figure 9. The SEM micrograph for mild steel in 1.0 M HSOs with 0.25 mM of the
corrosion inhibitor at 30C. (a) 100x; (b) 500x; (c) 1000x; (d) 3000%; (e) 5000x.

EHT = 15.00 kV
Signal A = SE1

3. Experimental Section

All of the chemicals used in the present study were reagent grade (suppliedAfugicta, Kuala
Lumpur, Malaysia) and were used as supplied without further purification FTHe spectra were
measured using a Thermo Scientific Model Nicolate 63p@ctrophotometeMMR spectra were
recorded on a odel AVANCE 11l 600 MHz spectrometer.



