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Abstract

5-(2-Hydroxyphenyl)-1,3,4-oxadiazole-2-thiol (5-HOT) was studied as corrosion inhibitor for mild steel in 1 M
HCI using different methods ( weight loss measurements and electrochemical techniques. The results showed
that this compound is good corrosion inhibitor for studied system, and its inhibition efficiency increased with
inhibitor concentration, reaching a maximum of 95 % with 0.5 mM of 5-HOT at 303 K. Potentiodynamic
polarization study revealed that 5-HOT acts as mixed inhibitor and The ac impedance study showed that the
double-layer capacitance decreased and charge-transfer resistance increased with increase in the inhibitor
concentration, involving increased in inhibition efficiency. The influence of the temperature on the inhibitor
efficiency was also studied. The adsorption of 5-HOT was well described by the Langmuir adsorption isotherm.
Activation and the adsorption thermodynamic parameters were calculated and discussed. The chemical
composition of the protective film was determined by X-Ray Photoelectron Spectroscopy (XPS).

Keywords: A. Mild steel; A. Acid solutions; B. XPS; B. EIS; C. Acid inhibition.

1. Introduction

Corrosion and corrosion inhibition of iron and iron alloys, in general, and steel, in particular, have
received a great attention in different media [1-5] with and without various types of inhibitors. Steel, the most
widely used in engineering material, accounts for approximately 85 % of the annual steel production worldwide
[6]. The corrosion inhibition efficiency of organic compounds is related to their adsorption properties [7-8].

Up to now, many N-heterocyclic compounds are reported as good corrosion inhibitors for iron or steel
in acidic media especially oxadiazole derivatives, such as 2,5-bis (3,4,5-trimethoxy phenyl)-1,3,4-oxadiazole[9],
4-(((4-((5-Mercapto-1,3,4-oxadiazol-2-yl)methyl)-5-methylthiazol-2-yl)imino)methyl)benz ene-1,2-diol[10], 4-
(((4-((5-Mercapto-1,3,4-oxadiazol-2-yl)methyl)-5-methylthiazol-2-yl)imino) methyl)-2,6-dimethoxyphenol
[10],-[1,2,4]-triazole-methyl-4-acetyl-5-nitrophenyl-[1,3,4]-oxadiazole [ 11], 1-phenyl-2-(5-(1,2,4) triazol-1-
ylmethyl-(1,3,4) oxadizaol-2-ylsulphanyl)-ethanone [12], 2-(4-tert-butyl-benzylsulphanyl)-5- (1,2,4) triazol-1-
ylmethyl-(1,3,4) oxadiazole [12 ], 3,5-bis(n-pyridyl)-1,2,4-oxadiazoles (n-DPOX) [13], 2,5-bis(4-
methoxyphenyl)-1,3,4-oxadiazole [14], 2,5-Bis(4-dimethylaminophenyl)-1,3,4-oxadiazole [15] and 2,5-bis(4-
dimethylamino-phenyl)-1,3,4-thiadiazole [15].

The present work was designed to study the corrosion inhibition of mild steel in 1 M HCI solutions by
5-(2-hydroxyphenyl)-1,3,4-oxadiazole-2-thiol (5-HOT) as corrosion inhibitor using weight loss, different
electrochemical techniques and X-ray photoelectron spectroscopy (XPS).
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2. Experimental details
2.1. Materials
The tested inhibitor, namely 5-(2-hydroxyphenyl)-1,3,4-oxadiazole-2-thiol (5-HOT), was synthesised according
to a previously described experimental procedure [16-18]. The molecular structure of 5-HOT is shown in Fig. 1.
Mild steel, composed of : C < 0.1 %, Si <0.03 %, Mn < 0.2 %, P <0.02 %, Cr <0.05 %, Ni < 0.05 %, Al <0.03
%, and the remainder iron, was used as the working electrode for all studies. The acid solutions (1 M HCI) were
prepared by dilution of an analytical reagent grade 37 % HCI with doubly distilled water.

OH

O
\ SH

N

N
Fig. 1. Structure of 5-(2-hydroxyphenyl)-1,3,4-oxadiazole-2-thiol (5-HOT).

2.2. Weight loss method

For the weight loss measurements, the experiments were carried out in solution of 1 M HCI acid
(uninhibited and inhibited) on mild steel sheets (15 mm x 15 mm x 2 mm). They were polished successively
with different grades of emery paper up 1000 grade and each run was carried out in a glass vessel containing
100 ml of the test solution. A clean weight mild steel sample was completely immersed at an inclined position in
the vessel. After 1 h of immersion in 1 M HCI with and without addition of inhibitor at different concentrations,
the specimen was withdrawn, rinsed with distilled water, washed with ethanol, dried, and weighed.

2.3. Electrochemical measurements

Electrochemical measurements were performed in a conventional three-electrode cylindrical Pyrex glass
cell. The temperature is thermostatically controlled at 303 K. Mild steel specimen was used as the working
electrode, a platinum electrode as the counter electrode and a saturated calomel electrode (SCE) as the reference
electrode. The working electrode (WE) in the form of disc cut from steel has a geometric area of 1 cm?and is
embedded in polytetrafluoroethylene (PTFE). A fine Luggin capillary was placed close to the working electrode
to minimize IR drop. All test solutions were de-aerated in the cell by using pure nitrogen for 10 min prior to the
experiment. During each experiment, the test solution was mixed with a magnetic stirrer and the gas bubbling
was maintained. Solartron Instruments SI 1287 potentiostat monitored by a personal computer via a GPIB
Interface and CorrWare 2.80 software were used to run the tests and to collect the experimental data. Before
each Tafel experiment, the mild steel electrode was pre-polarised at —800 mVsce for 10 min and thereafter the
WE was allowed to corrode freely and its open circuit potential (OCP) was recorded as a function of time up to
1 h, the time necessary to reach a quasi-stationary value for the open-circuit potential. This steady-state OCP
corresponds to the corrosion potential (Eco) of the WE.

Ac impedance measurements were performed using a potentiostat Solartron SI 1287 and a Solartron
1255B frequency response analyzer and ZPlot 2.80 software was used to run the tests and to collect the
experimental data. The response of the electrochemical system to ac excitation with a frequency ranging from
10° Hz to 10" Hz and peak to peak amplitude of 10 mV was measured with data density of 10 points per decade.
All EIS diagrams were recorded at the open circuit potential, i.e., at the corrosion potential E.,. One EIS
spectrum is recorded usually within 10 min. The impedance data were analysed and fitted with the simulation
ZView 2.80, equivalent circuit software.

For linear polarization resistance (LPR) measurements, the WE was polarised only in the range +10 mV
vs. Eqor at a scan rate of 0.167 mV s *. After studying ac impedance and LPR tests, the potentiodynamic Tafel
measurements were scanned from cathodic to the anodic direction, E = E.,, £ 200 mV, with a scan rate of 0.5
mV s '. The Tafel and LRP data were analysed and fitted using the polarization CorrView 2.80 software
(Scribner Associates, Inc.).

2.4. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) spectra were recorded by a XPS KRATOS, AXIS Ultra®°
spectrometer with the monochromatized Al-Ko. X-ray source (hv = 1486.6 eV) and an X-ray beam of around
1mm. The analyser was operated in constant pass energy of 40 eV using an analysis area of approximately 700
um x 300 um. Charge compensation was applied to compensate for the charging effects that occurred during the
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analysis. The C1s (285.0 eV) binding energy (BE) was used as internal reference. The spectrometer BE scale
was initially calibrated against the Ag 3ds, (368.2 eV) level. Pressure was in the 10™ torr range during the
experiments. Quantification and simulation of the experimental photopeaks were carried out using CasaXPS
software. Quantification took into account a non-linear Shirley background subtraction [19]. The disk mild steel
(1 cm?) was pre-treated by the same procedure as for the gravimetric test. After 6 h of immersion at 303 K, the
mild steel sheet was rinsed with acetone and ultra pure water.

3. Results and discussion
3.1. Corrosion inhibition evaluation
3.1.1. Weight loss studies

Table 1 gives the corrosion rate (W) and inhibition corrosion efficiency (7w.) obtained by conducting
weight loss measurements for mild steel in the absence and presence of different concentrations of 5-(2-
hydroxyphenyl)-1,3,4-oxadiazole-2-thiol (5-HOT) in 1 M HCI after 1 h of immersion in the different
temperatures (303-333 K) and the inhibition efficiency (%) was determined by using the following equation:

M (%) = [1— ﬂj x100 &)
WO

where wy and w; are the values of corrosion weight losses of mild steel in uninhibited and inhibited solutions,

respectively.

Analyse of the obtained results in Table 1 reveals that mw. (%) of mild steel increases with the increase
of 5-HOT concentration up to 95% at 303 K and as the temperature increases, the inhibition efficiency
decreases. It should be noted that, at 313, 323 and 333 K maximum inhibition efficiencies of 90.85, 88.53 and
84.37 % were obtained in studied system and the increase in corrosion rate is more pronounced with the rise of
temperature for the uninhibited acid solution. The presence of inhibitor leads to decrease of the corrosion rate.

Table 1.Corrosion parameters obtained from weight loss for mild steel in 1 M HCI containing various
concentrations of 5-HOT at different temperatures.

Temperature Concentration Weorr wi
(K) (mM) (mg cm” h™) (%)
Blank 4.20 —
0.1 1.32 68.57
303 0.2 1.05 75.00
0.3 0.60 85.70
0.4 0.44 89.50
0.5 0.21 95.00
Blank 4.70 —
0.1 1.75 62.76
0.2 1.32 7191
313 0.3 0.81 82.76
0.4 0.77 83.60
0.5 0.43 90.85
Blank 8.20 —
0.1 4.22 48.53
0.2 2.73 66.70
323 0.3 2.13 74.02
0.4 1.47 82.07
0.5 0.94 88.53
Blank 14.14 -
0.1 7.30 48.37
333 0.2 6.59 53.39
0.3 4.22 70.14
0.4 3.60 74.54
0.5 2.21 84.37
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The corrosion inhibition tests at different immersion times were also carried out on mild steel under
similar conditions using the optimal concentration of the inhibitor (Fig. 2). From this figure, we can see that the
inhibition efficiency of 5-HOT increased with immersion time. The increase in the inhibition efficiency may be
due to the adsorption of 5-HOT to form an adherent film on the metal surface and suggests that the coverage of
the metal surface with this film decreases the double layer thickness.
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Fig. 2. Variation of inhibition efficiency with immersion time for M-steel in the presence 5-HOT at 303 K.

3.1.2. Polarization curves
Fig. 3 presents the potentiodynamic polarization curves for mild steel in 1 M HCI in the absence and

presence of different concentrations of 5-HOT at 303 K and 1h of immersion. Values of associated

electrochemical parameters such as corrosion potential (E..r ), corrosion current density (lcorr ), cathodic Tafel

slope (f;) and the calculated #14r (%) are presented in Table 1. In this case, the inhibition efficiency is defined

as follows:

lcorr — Icorr(i)

77Tafel(%) = x 100 (2)
corr
where leor and leongy are the corrosion current densities for steel electrode in the uninhibited and inhibited

solutions, respectively, determined by extrapolation of cathodic Tafel lines to the corrosion potential.
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Fig. 3. Potentiodynamic polarization curves for M-steel in 1 M HCI containing different concentrations of 5-HOT at 303 K.

From Fig. 3, in the cathodic domain, it is clear that the cathodic current density decreases with
increasing the concentration of the inhibitor; this indicates that these compounds are adsorbed on the metal
surface and hence inhibition occurs. The values of b, changed with increasing inhibitor concentration, which
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indicates the influence of the compound on the kinetics of hydrogen evolution. The presence of 5-HOT
displaces E.o towards more negative potentials; this displacement in E.,, is < 85 mV. This result shows that 5-
HOT influences both cathodic and anodic branches. This implies that the inhibitor, 5-HOT, acts as a mixed-type
inhibitor, affecting both anodic and cathodic reactions [19-22].

For anodic polarisation curves, it seems that the working electrode potential is higher than -380 mV/SCE, the
presence of the inhibitor does not change the current versus potential characteristics, this potential can be
defined as desorption potential [23]. The phenomenon may be due to the obvious metal dissolution, leading to a
desorption of the inhibitor molecules from the electrode surface, in this case the desorption rate of the inhibitors
is higher than its adsorption rate, so the corrosion current increases more obviously with rising potential [24]. As
it can be seen from these polarization results, the Iy, values decrease considerably in the presence of 5-HOT
and decreased with increasing inhibitor concentration, and we notice that the inhibition efficiency increased
with inhibitor concentration reaching a maximum value of 92.45% at 0.5 mM.

Table 2. Polarization data of mild steel in 1 M HCI containing different concentration of 5-HOT at 303 K.

Concentration -Ecorr -5 leorr Re Thratel LR
(mM) (MWsSCE) (mVdec) (pAem?)  (Qemd) (%) (%0)
Blank 445.5 185 4.24 6.87 — —

0.1 505.8 161 1.59 18.17 62.5 62.19
0.2 512.7 154 1.10 19.94 74.05 65.55
0.3 506.7 141 0.51 42.59 87.97 83.87
0.4 505.8 140 0.50 70.66 88.21 90.27
0.5 501.8 137 0.32 74.58 92.45 90.79

Linear polarisation resistance (LPR) technique was also performed in 1 M HCI with various
concentrations of 5-HOT. The corresponding polarisation resistance (Rp) values of mild steel in the absence and
in the presence of different concentrations are given in Table 2. The inhibition percentage, 7.pr(%), calculated
from R, values are also presented in this Table. The increase in the R, value suggests that the inhibition
efficiency increases with the increase in the inhibitor concentration.

The inhibition efficiency of corrosion of mild steel is calculated by R, as follows:

RF’(i) B Rp
mer(%) = ——— x 100 ©)
P()
where R, and R, are the polarization resistance of mild steel electrode in the uninhibited and inhibited
solutions, respectively.

3.1.3. Electrochemical impedance spectroscopy (EIS)

The effect of the 5-HOT on the corrosion behaviour of mild steel in 1 M HCI was also studied by ac
impedance method at 303 K. Fig. 4 shows the Nyquist and Bode diagrams obtained at the open-circuit potential
in 1 M HCI solution in the absence and presence of different concentrations of the inhibitor. Compared to
uninhibited solution (blank), the size of the impedance diagram increases as the concentration rises and
therefore the protection efficiency increases, which is an indication of the inhibition of the corrosion process.
The Nyquist plots for all systems, in Fig. 4, generally have the form of only one depressed semicircle
(capacitive loop) with one capacitive time constant as illustrated in Bode plots. The shape of the capacitive
loops suggests that the corrosion process was mainly charge transfer controlled [25]. The general shape of the
curves is very similar for all cases, indicating that no change occurs in the corrosion mechanism after inhibitor
addition [26]. The impedance spectra were fitted by a simple Randles circuit, given in Fig. 5, which consists of
Rs solution resistance, R charge transfer resistance and CPE constant phase elements for the double layer. A
constant phase element (CPE) is used instead of a pure capacitor to compensate for non-ideal capacitive
response of the interface and to get a more accurate fit of experimental data set. Its impedance is given by Eg.
(4):

Z e =A™ (iw)in 4)

where A is proportionality coefficient (in [ s" cm™), w s the angular frequency and i is the imaginary number,
n is an exponent related to the phase shift and can be used as a measure of surface irregularity. For ideal
electrodes, the CPE is equal to an ideal capacitor when n =1,
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Fig. 4. Nyquist and Bode plots in absence and presence of different concentrations of 5-HOT in 1 M HCI.

Rs CPE
Ret

Fig. 5. Electrical equivalent circuit used for modeling the interface mild steel/1 M HCI solution without and
with 5-HOT.

Simulation of Nyquist and Bode plots with above model is very close to the experimental data (Fig. 6,
representative example). The fitting impedance parameters are given in Table 3. In the same table are shown
also the calculated “‘double layer capacitance” values (Cq), using the Hsu and Mansfeld formula [27]:

1/n
Ca = (ARct t n) ©)
and the relaxation time constant (z) of charge-transfer process using the Eq. 6 [28]:
T= Cd| Rct (6)

The inhibition efficiency in the case of ac impedance study, 72(%), was evaluated by R values using Eq. 7,
where R and Ry were the charge transfer resistance of mild steel electrode in the absence and the presence of
the inhibitor, respectively.

R..—R
n2(%) = —% < % 100 @)
ct(i)
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Fig. 6. EIS Nyquist and Bode diagrams for mild steel / 1 M HCI + 0.5 mM of 5-HOT interface: (-=-)
experimental; (—) fitted data.

The inspection of the impedance results, given in Table 3, clearly shows that in the whole concentration
range the increase of concentration 5-HOT increases the values of R, indicating amelioration of the inhibitive
properties. This effect is connected with diminishing of the Cy value, often observed when adsorption of organic
molecules on electrode surfaces takes place [29]. However, the values of the phase shift (n) remains almost
constant after addition of 5-HOT in the corrosive medium, indicating therefore that the charge transfer
controlled dissolution mechanism of mild steel in 1 M HCI without and with inhibitor. The value of the
proportional factor Q of the Zcpe also varies in a regular manner with inhibitor concentration (Table 3). Also, the
addition of 5-HOT to the corrosive solution increases the time constant (z) value as well as the Cy value
decreases (Table 3), signifying that the charge and discharge rates to the metal-solution interface is greatly
decreased. This shows that there is agreement between the amount of charge that can be stored (i.e. capacitance)
and the discharge velocity in the interface (z) [30]. Therefore, the double layer between the charged metal
surface and the solution is considered as an electrical capacitor. Then, the adsorption of 5-HOT molecules on
the mild steel surface decreases its electrical capacity because they displace the water molecules and other ions
originally adsorbed on the surface. The decrease in this capacity with increase in 5-HOT concentration may be
attributed to the formation of a protective layer on the electrode surface [31]. The thickness of this protective
layer increases with increase in concentration, since more 5-HOT molecules will electrostatically adsorb on the
electrode surface, resulting in a noticeable decrease in Cg. This trend is in accordance with Helmholtz model,
given by the following equation [32]:
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C, :‘gdi ®)
where d is the thickness of the protective layer, ¢ is the dielectric constant of the protective layer and & is the
permittivity of free space (8.854x107** F cm ™).

The surface coverage (6) can be estimated using from the inhibitor efficiency as 8 = 7,(%) / 100. The
linear decrease of Cy with surface coverage 6, given in Fig. 7, means that the capacitance contribution from the
inhibitor-covered surface is solely due to the flat-adsorbed molecules at low surface coverage [33]. The ac
impedance results also shows that the 7,(%) increases continuously with increasing of the 5-HOT concentration
and the maximum of 92.06 % was achieved in the case of 0.5 mM. The inhibition efficiencies, calculated from
ac impedance study, show the same trend as these obtained from weight loss and polarization measurements.
Therefore, these results suggest, once again, that this oxadiazole derivative (5-HOT) could serve as an effective
corrosion inhibitor.

Table 3. Impedance data of mild steel in absence and presence of different concentrations of 5-HOT at 303 K.

Concentration R, Ry n Q x 10 Cal T 17
(mM) Qem®)  (Qemd) "Q'em?  (uFem?)  (8) (%)
Blank 1.69 6.25 0.86 47.56 184.3 0.0011 _
0.1 1.789 18.50 0.85 1.88 63.6 0.0012 66.21
0.2 1.908 21.15 0.85 1.55 51.7 0.0012 70.45
0.3 1.608 44.59 0.88 0.87 40.4 0.0018 85.98
0.4 1.873 46.41 0.88 0.83 37.7 0.0018 86.53
0.5 1.881 78.69 0.87 0.69 30.8 0.0024 92.06

3.2. Effect of temperature
3.2.1. Thermodynamic adsorption parameters

The nature of corrosion inhibition has been deduced in terms of the adsorption characteristics of the
inhibitor. Metal surface in aqueous solution is always covered with adsorbed water dipoles. Therefore,
adsorption of inhibitor molecules from aqueous solution is a quasi substitution process. A correlation between
surface coverage (0), defined by #7(%) / 100, and the concentration of inhibitor (Ci,,) in electrolyte can be
represented by the Langmuir adsorption isotherm:

Cim = L"'Cinh (5)
0 Kads

where Ci,; is the concentration of inhibitor and K,y the adsorptive equilibrium constant.

70

60

50

Cy (uF cm?

30

20 T T T T T T T T T T T T T T T T T T T
0.6 0.7 0.8 0.9 1.0

0
Fig. 7. The double-layer capacitance as function of the surface coverage.
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Surface coverage values (¢) for the inhibitor were obtained from the weight loss measurements for various
concentrations at different temperatures (303-333 K), as shown in Table 1. The best fitted straight lines were
obtained for the plot of Ciy/0 versus Ciy, with slopes around unity. The correlation coefficient (R®) was used to
choose the isotherm that best fit experimental data. This suggests that the adsorption of 5-HOT on metal surface
followed the Langmuir adsorption isotherm (Fig. 8).

0.0007
0.00086 -
0.0005
2 0.00041]
o ]
0.0003
] 303 K
0.0002 - 313K
] 323K
1 333K
0.0001

T T T T T
0.0001 00002 00003 00004  0.0005  0.0006
Cinn (M)

Fig. 8. Langmuir’s isotherm adsorption model of 5-HOT on the mild steel surface in 1 M HCI at different
temperatures.

Moreover, the essential characteristic Langmuir isotherm can be expressed in terms of a dimensionless
separation factor, R, which describes the type of isotherm and is defined by [34-36]:
1
R = (6)
1+ (Kads x Cinh)
The smaller R_ value indicates a highly favorable adsorption. If R_ >1, unfavorable and

0 < R_ <1, favorable. Table 4 gives the estimated values of R_ for 5-HOT in 1 M HCI at different temperature. It
was found that all R_ values are less than unity, confirming that the adsorption is favorable.

Table 4. imensionless separation factor R, for 5-HOT at various temperatures

Conc. Dimensionless separation factor (R,)

(mM) 303 K 313K 323K 333K
0.1 0.40 0.42 0.53 0.58
0.2 0.25 0.27 0.36 0.41
0.3 0.18 0.20 0.27 0.32
0.4 0.14 0.15 0.22 0.26
0.5 0.12 0.13 0.18 0.22

From the intercepts of the straight lines C;n/8-axis, Ky values were calculated and are given in Table 5. The
most important thermodynamic adsorption parameters are the free energy of adsorption (AG®,), the heat of
adsorption (AH®,s) and the entropy of adsorption (AS°s). The adsorption constant, K., is related to the

standard free energy of adsorption, AG,., with the following equation:

ads’

1 —AG?
Kaas = e 0o 7
@ 5555 Xp[ RT J ()

where R is the universal gas constant and T is the absolute temperature. The value 55.55 in the above equation is
the concentration of water in solution in mol/l. The standard free energy of adsorption (AG®,s) values were
calculated and given in Table 5. The negative values of AG®,4 indicate the stability of the adsorbed layer on the
steel surface and spontaneity of the adsorption process. The increase of AG°,4s With temperature reveals that the
inhibition of mild steel by 5-HOT is an exothermic process. In an exothermic process adsorption was
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unfavourable with increasing reaction temperature due to the inhibitor desorption from the steel surface [37,38].
On the other hand, temperature increase is known to accelerate chemisorption on the inhibitor on the metal
surface. If in a series of experiments the temperature increase causes an inhibition efficiency increase, especially
when the AG®,qs diminishes reaching values higher than -40 kJ mol™, the inhibitor adsorption is recognized as a
chemisorption, involving an out-and-out sharing or transfer of electrons [39]. This really did not happen for the
5-HOT and found AG°,q values were not lower than -40 kJ mol™, but not higher than -34 kJ mol™. It can be
argued that 5-HOT adsorption mechanism in the temperature range of 303-333 K is ranging between a
physisorption and chemisorption. The thermodynamic parameters AH®,4s and AS°,qs for the adsorption of 5-HOT
on mild steel can be calculated from the following equation:

AGS.= AH

ads T ASz:l)ds (8)
where AH®s and AS®,q are the variation of enthalpy and entropy of the adsorption process, respectively. Fig. 9

shows the dependence of AG°,s on T which indicates an appropriate relationship between thermodynamic
parameters. The calculated values are given in Table 5.

Table 5 Thermodynamic parameters for the adsorption of 5-HOT in 1 M HCI on the mild steel at different
temperatures.

Temperature Kads Slope R AGS, AH?, AS?,
(K) (L/mol) (kimol")  (kjmol™)  (jmoltK?
303 1.47 x 10* 0.98 0.994 -34.17
313 1.37 x10* 1.04 0.996 -34.74 10.23 49.4
323 0.88 x10* 0.96 0.998 -35.18 ' '
333 0.71 x 10* 1.05 0.976 -35.67

-34.0
-34.4 ]
T 348 .
[e) ]
£
g 352
' ]
<
-35.6 1
_36'0 ] LA L A B AL AL L R L L AL L R R AL L AL R L L L L RN L L AL E L L R
300 305 310 315 320 325 330 335
T (K)

Fig. 9. Dependence of AG,¢s on T for mild steel in 1 M HCI containing 5-HOT.

Adsorption is an exothermic phenomenon (AH®,s < 0): the value obtained for the 5-HOT adsorption,
-19.23 kJ mol™, well agreed with this statement [40]. In aqueous solutions, the model of adsorption of organic
molecules is generally accompanied by the desorption of water molecules, since the adsorption of an organic
adsorbate at the metal-solution interface is considered a substitutional adsorption phenomenon [40]. Therefore,
the adsorption of organic molecules is generally an exothermic phenomenon accompanied by a decrease in
entropy; the contrary occurs for the desorption of the water molecules. The AS®,4s value obtained for the 5-HOT
adsorption (49.4 J/mol K) is the algebraic sum of both contributions of the organic molecules adsorption and
water molecules desorption [41]. Therefore, the positive AS°,4s value, related to substitutional adsorption, can be

2980



J. Mater. Environ. Sci. 7 (8) (2016) 2971-2988 Ouici et al.
ISSN : 2028-2508
CODEN: JMESC

attributed more to the increase of adsorbed inhibitor molecules rather than the decrease of water molecule
desorption.

AH®,4 and AS?

a5 Tor the adsorption of 5-HOT on steel surface can be also deduced according to the
Van’t Hoff equation.

AH,
LnK,, = —?ads + constant 9)

o
ads

Fig. 10 shows the plot of Ln K,4s versus 1/T which gives straight line with slope of AH
(AS,,./R —Ln55.5).

ads

/R and the intercept of

10.00

9.75 4

9.50 L]

ads

9.25 4

In K

9.00

8.75 1

8.50

'O.OIO30' - '0.0I031 S 'O.OI032' - '0.0I033'
1T (K7
Fig. 10. Vant’t Hoff plot for the mild steel/5-HOT/1 M HCI system.

The calculated AH?

ads

using the Van’t Hoff equation is -20.9 kJ mol™, confirming the exothermic behaviour of

o
ads

the adsorption of 5-HOT on the steel surface. Values of AH_, obtained by the both method are in good

° . value of 44.61 Jmol™*K™ is very close to that obtained using the Eq. 8.

agreement. Moreover, the deduced AS,,,
3.2.2. Thermodynamic activation parameters

Temperature can modify the interaction between the mild steel electrode and the acidic medium in the
absence and the presence of inhibitors. To assess the influence of temperature on corrosion and corrosion
inhibition processes, the weight loss measurements were carried out at 303-333 K temperature range. The
results obtained indicated that corrosion rates increase with rise of temperature both in uninhibited and inhibited
solutions. The dependence of corrosion rate on the temperature can be regarded as an Arrhenius-type process,
the rate of which is given by [42]:

E
W, = Aexp(— R'Ia'j (10)
where E, is the apparent activation corrosion energy, R is the universal gas constant, A is the Arrhenius pre-
exponential factor, and T is the absolute temperature. The Arrhenius plot is shown in Fig. 11 for mild steel in
free acid solution and inhibited solution containing 5-HOT. Linear plots were obtained from the slope (-E./R),
activation energy (E,) values are deduced and listed in Table 6.

The temperature dependence of the inhibiting effect and the comparison of the values of the apparent
activation energy of the corrosion process in the absence and presence of inhibitors can provide further evidence
concerning the mechanism of the inhibiting action [43-45]. The decrease of the inhibitor efficiency with
temperature rise, which refers to a higher value of E,, when compared to that in an acid with no inhibitor, is
interpreted as an indication for an electrostatic character of the inhibitor’s adsorption. The lower value of E, in
an inhibited solution when compared to that of an uninhibited one shows that strong chemisorption bond
between the inhibitor and the metal is highly probable [46]. Activation energy, E, values in the table are higher
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for inhibited solution (for the different concentration) than the uninhibited one, indicating a strong inhibitive
action of the additives by increasing energy barrier for the corrosion process, emphasizing the electrostatic
character of the inhibitor’s adsorption on the mild steel surface (physisorption).

124
0.9—:
0.6—:
0.3—:
5 0.0
= ]
< ]
- -0.3 1
]| m Blank
064 ® 01mM
11 & 02mM
1| v 0.3mm
'0'9': ¢ 04mM
1| « 0.5mM
-1.2 1
T T T T T T T T T T T T T T T T T T
0.0030 0.0031 0.0032 0.0033

1T (K™
Fig. 11. Arrhenius plots for mild steel corrosion rate (W) in 1 M HCI in absence and in presence of different
concentrations of 5-HOT.

Table 6. Activation parameters for mild steel corrosion in 1 M HCI in the absence and presence of
5-HOT.

Concentration E. LnA AH,
(mM) (kJ mol™) (kJ mol™)
Blank 22.60 6.59 20.31
0.1 21.84 8.73 19.20
0.2 22.56 8.89 19.92
0.3 24.62 9.48 21.98
0.4 25.25 9.62 22.61
0.5 28.29 10.53 25.65

3.3. XPS Surface analysis

In order to confirm the thermodynamic results and elucidate the nature of the organic thin film formed
on the steel surface, the surface analysis was studied by XPS. For comparison purpose, the XPS spectra were
obtained from the 5-HOT solid chemical, and the mild steel surface after 1 h of immersion in 1 M HCI
containing 0.5 mM of 5-HOT (at this concentration, the highest inhibition efficiency was achieved as shown
previously). The obtained XPS spectra (C 1s, N 1s, S 2p, O 1s, and Fe 2p core levels), given in Figs. 12 and 13,
show complex forms, which were assigned to the corresponding species through a deconvolution fitting
procedure. The binding energy (BE, eV) and the corresponding quantification (%) of each component are
summarised in Table 7.

The C 1s spectrum for the 5-HOT solid chemical was deconvoluted into three peaks indicating three
chemical forms of C atoms present on the oxadiazole derivative (Fig. 12a and Table 7). The largest peak can be
attributed to contaminant hydrocarbons [47] and to the C—H, C—C, C=C aromatic bonds [13] with characteristic
binding energy (BE) of 285.0 eV. The second peak may be ascribed to the C-O and C=N bonds in the
oxadiazole ring and also to the carbon atom of the C-O bond in the phenol group located at 286.6 eV [48-49].
The last peak at a BE 288.8 eV may be attributed to C-—O and C-S bonds [50]. However, C 1s spectrum for 5-
HOT-treated mild steel displayed only two main peaks (Fig. 13a, Table 7). The deconvolution of this spectrum
showed three components. Indeed, the first component at a BE ~ 285.0 eV is attributed to contaminant
hydrocarbons and to the C-C, C=C and C-H aromatic bonds which the largest contribution. The second
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component at 286.1 eV may be assigned to the carbon atoms bonded i) to nitrogen in C=N bonds in the
oxadiazole ring, ii) to sulphur in C-S bond; and iii) to oxygen in the oxadiazole ring and in the phenol group.
The last component at higher binding energy (located at approx. 288.8 eV) may be ascribed to the carbon atom
of C-O bond and/or probably du to the C=N" [50], resulting from the protonation of the =N structure in the
oxadiazole ring.

The deconvolution of the N 1s spectrum of 5-HOT solid chemical might be fitted into two main
components (Fig. 12b, Table 7). The first one at 400.4 eV was attributed to the unprotonated N atoms (=N-
structure) in the oxadiazole ring [13,51]. The second component at higher binding energy (401.5 eV) is
attributed to positively charged nitrogen, and could be related to protonated nitrogen atoms (=N*H-) in the
oxadiazole ring [52]. Indeed, the molecular conformation of 5-HOT can yield intermolecular hydrogen bonding
which leads to a positive polarization of the nitrogen atom and therefore an increased its binding energy [52].
Thus, the presence of the positively charged nitrogens (=N°® structure) can be explained by hydrogen bonding
between one hydrogen atom bonded to oxygen atom of the hydroxyl group and lone electron pair of a nitrogen
atom of another oxadiazole molecule as illustrated in Fig. 14. The deconvolution of the N 1s spectrum of 5-
HOT-treated mild steel revealed two components (Figs. 13b, Table 7). The most intense component, located at
400.2 eV, is assigned to =N- structure in the oxadiazole ring, while the less intense component (centered at
402.4 eV) can be ascribed to the positively charged nitrogen, and could be related to protonated nitrogen atoms
(N*H-) in oxadiazole ring [53]. By comparing N 1s spectrum for the 5-HOT-treated steel with N 1s spectrum
for the 5-HOT solid chemical, no significant change in peak position of =N- structure can be noticed.
Moreover, the lower nitrogen content can be observed for the 5-HOT-treated steel. This behaviour suggests that
5-HOT molecules are not lying flat on the surface and that the N atoms in the 5-HOT molecules are not
involved in the surface bonding with the steel substrate. This N 1s XPS result is consistent with the
thermodynamic assumption that the 5-HOT was electrostatically adsorbed on the steel surface and the
chimisorption has no substantial contribution.

The S 2p core-level of 5-HOT solid chemical is best resolved with at least two spin-orbit-split doublets
(S 2ps2 and S 2py,, separated by 1.2 eV with an intensity ratio of lpeak s 2pa2 / lpeak s 2012 = 2), With binding energy
(BE) for S 2ps, peak lying at about 162.8 eV (Fig. 13c, Table 7). This former can be assigned to the exocyclic
sulphur atom (the thiol group (SH)) as mentioned previously [54]. After immersion in 1 M HCI, the S 2p
spectrum of 5-HOT-treated steel, centered at 162.6 eV, can be attributed to the exocyclic sulphur atom (Fig.
13c). By comparing the S 2p spectra of 5-HOT-treated steel and 5-HOT solid chemical, one can notice the
presence of sulphur on the steel surface but in low content. Moreover, the both S 2p spectra do not differ at the
exocyclic S atom position, indicating that this sulphur is not involved in the 5-HOT bonding with the steel
surface. In addition, the species containing an S—O bond are not present, as no additional peaks in the S 2p
spectrum of 5-HOT-treated steel at a BE higher than 166 eV were detected [55]. Therefore, oxidation of the
thiol group in the acidic medium did not occur.

The O 1s spectrum of 5-HOT solid chemical was fitted by three components (Fig. 13d, Table 7). The
first two components at 531.8 and 533.4 eV may be assigned to singly bonded oxygen (-O-) in C-O in phenol
group and O-H in hydroxyl group and also to O< structure in the oxadiazole moiety [56-57]. The last
component at 535.0 eV can be attributed to oxygen of adsorbed water [58] and/or to oxygen of hydroxyl group,
bonded to intermolecular hydrogen (Fig. 14). Indeed, the charging effect du to intermolecular hydrogen bonding
could slightly move the peak position. The O 1s spectrum for mild steel surface after immersion in 1 M HCI
solution containing 5-HOT could be fitted into three main peaks (Fig. 13d, Table 7). It's important noting that it
is not possible to separate contributions of organic oxygen (O in C-O bond, OH...) since O 1s signal. The first
peak, at approx. 530.3 eV, is ascribed to O° and could be related to oxygen atoms bonded to Fe** in the Fe,O,
and/or Fe;0, oxides [59]. The second peak, observed at 531.7 eV, is attributed to OH", can be associated to the
presence of hydrous iron oxides, such as FeOOH [60]. Finally, the third peak at 532.9 eV may be assigned to
oxygen of adsorbed water [61], which remained on the surface after drying the sample. These two last
components may be also attributed to singly bonded oxygen (-O-) in phenol and hydroxyl groups, and to O<
structure in the oxadiazole moiety which are present in 5-HOT.

The Fe 2p spectrum for mild steel surface treated with 5-HOT depicts a double peak profile located at a
binding energy (BE) around 711 eV (Fe 2ps;) and 725 eV (Fe2p,s,) together with an associated ghost structure
on the high energy side showing the subsequent oxidation of the steel surface. The deconvolution of the high
resolution Fe 2pz, XPS spectrum consists in four peaks (Fig. 13e, Table 7). The peak at lower bending energy
(706.9 eV) is attributed to metallic iron as previously reported [62]. The peaks at 710.6 and 711.7 eV assigned
to Fe** [63], are in agreement with the presence of the iron oxide/hydroxide layer as detected in the O 1s
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spectrum. The last peak at 713.5 eV was ascribed to the satellite of Fe(lll) [64] and probably related to the
presence of a small concentration of FeCl; on the steel surface due to the testing environment [65]. By
comparing the Fe 2ps, spectra for 5-HOT-treated steel (Fig. 13e) and untreated surface steel previously
described [66], it’s evident that the acidic medium containing 5-HOT induces a significant decrease in Fe’
amount in favour of Fe** species, indicating therefore that the oxide layer (iron oxide/hydroxide) thickness is
increasing. Therefore, the addition of 5-HOT in the 1 M HCI solution promotes the formation of a stable and
insoluble oxide layer (Fe,O;, FeEOOH) and improves the corrosion resistance of mild steel in the corrosive
environment.

On the basis of XPS analyses, the obtained results give evidence of electrostatic interactions between
the 5-HOT inhibitor and mild steel surface (physisorption) and therefore corroborate the thermodynamic studies.

Intensity (a.u.)

Intensity (a.u.)

290 288 286 284 22 00 T T
Binding energy (eV) 403 402 401 400 399

Binding energy (eV)

O1s c SZp d

Intensity (a.u.)
Intensity (a.u.)

Binding energy (eV) Binding energy (eV)

Fig. 12. The XPS deconvoluted profiles of a- C 1s, b- N 1s, ¢- O 1s, and d- S 2p for pure 5-HOT
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Fig. 13. The XPS deconvoluted profiles of a- C 1s, b- N 1s, c- S 2p, d- O 1s and e- Fe 2p, for 5-HOT treated mild steel.
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Table 7. Binding energies (eV), relative intensity and their assignment for the major core lines observed in 5-HOT solid chemical and 5-HOT treated mild

steel substrate spectra.

Substrate C1s S2p O 1s Fe 2psp
BE / eV Assignment BE / eV Assignment BE /eV Assignment BE /eV Assighment BE /eV Assignment
C-H/C-C/ 162.8 (59 Thiol group (SH) S 0 g .
5-HOT solid 285.0 (66%) Cc=C/ 400.4 (42 =N- %) 2Pz 5318(9%) O C(/)S H/
chemical ' Contaminant %) structure 164.0 (41 Thiol group (SH) S 533.4 (40 (oxadiazole) o o
hydrocarbons %) 2P %)
286.6 (14 _ g 401.5 (58 15
%) C=N/C-0 %) =N — — 5350(51  O-H_/ - -
0,
288.5 (14 C.S/C-0 . o . o %) Adsorbed H,0O . .
%)
C-H/C-C/
5-HOT treated 0 c=C/ 400.2 (89 =N- i . 530.3 (27 0 0
mild steel 285.0 (70%) Contaminant %) structure 160 - 166 Thiol group (SH) %) Fe,03 / Fe30, 706.9 (1 %) F
hydrocarbons
286.1 (19 C=N/C-S 4024 (11 “N*_H 531.7 (60 FeOOH/O-C  710.6 (17 %) Fe,O3/Fes04/
%) %) T T %) / 1O-H/0< 711.7 (39 %) FeOOH
. 532.9 (13 Adsorbed H,O Satellite of
0, - = R N J— J— 9
288.8 (11%) C-0/C=N %) /O /O< 713.5 (43 %) Fe(I11) / FeCl
T
o
O
\ >/SH
_,«—"N\’\{
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| 3C)
O
O
\ )’SH
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Fig. 14. Intermolecular hydrogen bonding of 5-HOT.
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Conclusions

5-(2-hydroxyphenyl)-1,3,4-oxadiazole-2-thiol (5-HOT) has been investigated as a corrosion inhibitor for mild
steel in 1 M HCI medium at 303 K using weight loss and electrochemical techniques. The results showed that 5-
HOT is effective inhibitor for mild steel corrosion in 1 M HCI solutions and its inhibition efficiency increases
with the increase of 5-HOT concentration. Reasonably good agreement was observed between the obtained values
from the weight loss, polarization, and electrochemical impedance techniques. Tafel polarization study showed
that 5-HOT acts as mixed-type inhibitor. The EIS spectra were described well by the proposed structural model.
The adsorption behavior of 1,3,4-oxadiazole derivative is consistent with Langmuir adsorption model at different
temperatures. The calculated activation and the adsorptions thermodynamic parameters suggested that the
corrosion inhibition mechanism of 5-HOT is mainly electrostatic-adsorption. XPS results supported the
physisorption mode, and showed that the protective film is mainly composed by an iron oxide/hydroxide stable
layer in which the 5-HOT molecules are incorporated, blocking therefore the active sites of the steel surface.
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