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Abstract Q :
g@

Carb ) corrosion prevention is a significant problem in the industry. The

development of an effective protection strategy is a popular research area. In this work,
three thiazole derivatives (3-(2-methoxyphenyl)-4- methylthiazol-2(3H)-thione (P1), 3-
phenyl-4-methylthiazol-2(3H)-thione (P2) and 3-(2-methyl-phenyl)-4-methylthiazol-2(3H)-
thione (P3)) were used in 0.5 M H>SO;4 solution for CS corrosion mitigation. Weigh loss and
electrochemical tests were used to assess their corrosion prevention effectiveness, while X-ray

photoelectron spectroscopy was used to examine the steel surface (XPS). Electrochemical


https://www.sciencedirect.com/topics/chemistry/hydrazone

tests showed an inhibition efficiency between 90.1% and 98.4% for CS exposed to acidic
solution containing 2x10* M of the three thiazole derivatives. The three inhibitors were
categorized as mixed type inhibitors since they inhibited both cathodic and anodic corrosion
and they follow the Langmuir isotherm. XPS showed that inhibitor molecules formed a stable
layer on steel surface through chemical and physical interactions. Furthermore, these

experimental outcomes are well complemented from results analysed by quant@stry

calculations. Additionally, MD simulation outcomes helped in visualizgtio bed

configuration of these compounds on the metal surface. \

Keywords: Thiazole derivatives; Carbon steel corrosion; A%&XPS; Theoretical
approach. Q

1. Introduction
%ny industries. During the corrosion

cost of corrosion amounted to US $ 2,500

Metal corrosion has been seen as a major pr

awareness day, it was pointed out that th
billion [1] making the protection o S agaihst corrosion is essential. However, this cost
can be reduced if the usegof h% nt corrosion reduction technologies is made. One
such method to control myrrosion is the use of inhibitors [2-12] in acidic medium.
The literature re e presence of hetero-atoms, non-bonding electrons and =-
electrons m he o ¢ compound an efficient corrosion inhibitor [13-16]. Thiazolic and
thei ivatives flave been shown to be good inhibitors. This is due to their polar groups and
potentiall for complexation with the metal surface. In addition, they exhibit different
pharmacobiological properties [17-20]. The objective of this study is to evaluate the
anticorrosion performance of three synthesized thiazolic compounds, namely 3-(2-
methoxyphenyl)-4- methylthiazol-2(3H)-thione (P1), 3-phenyl-4-methylthiazol-2(3H)-thione
(P2) and 3-(2-methyl-phenyl)-4-methylthiazol-2(3H)-thione (P3) wusing weight loss

measurement and electrochemical techniques (polarization curves and impedance



spectroscopy). The carbon steel surface was also examined by X-ray photoelectron
spectroscopy (XPS). Quantum chemistry calculations and molecular dynamic simulation
(MD) have been established.

2. Materials and Methods

2.1 Inhibitors
See Table 1. \
Table 1 ®
Nomenclature of molecules, their structures and abbreviated names. \/\
Nomenclature Molecular structure w iation
3-phenyl-4-methylthiazol- Y H P1
2(3H)-thione S/( @
. /
)\( -
H
\»
3-(2-methyl-phenyl)-4- $ P2
methylthiazol-2(3H)-thione ,
S
cH, H H
3-(2-methox -4- S HCO H P3
methylthiaZel-23H)thione S/<
N H
/‘\(
H
CH, H H
4-methyl-2-(methylthio)-3- ML ST IE= 95.25% to 103 M in
S H H
phenylthiazol-3-ium iodide /< 0.5 M H2SO4 (T =303 K and
S +

)\(N H 1 h of immersion) for
A I
. ] y comparison by DFT and

Molecular simulation [13]




2.2 Material and solution

The detailed description of the nature of the steel, its preparation as well as the acid solution
used during this study was given in one of our works published previously [13].

2.4 Weight Loss tests

Weight loss measurement was used to evaluate the inhibition action of the thr hibitors.

The corrosion rate (C.R.) and inhibition efficiency (Elcr%) were caIcuIa%@ and
CR="T0"Th C-) (1)

Sxt
where mg and m; are the mass of carbon steel befor itlnmersion, S its and t is the
time of immersion (1 h). %
Ele (%)=1- CR ()

CR,

where C.Ri and C.Ro are corrosi the carbon steel with and without inhibitors,
respectively. \Q
2.5 Electrochemical S %

The performa 1, P2yand P3 on carbon steel in 0.5 M H>SOs was performed by
m

electroche% ds. A standard three-electrode cell (carbon steel as working electrode,
satur electrode as reference electrode and platinum as counter electrode) was
used. The, electrochemical system is composed of an electrochemical cell connected to a
potentiostat (Versastat) controlled by Volta master 4 software. The immersion time of the
electrochemical tests was 1h (to reach the equilibrium state). The polarization curves were
produced by applying a potential range going from -700 to -300 mV with a scan rate equal of
0.5 mV/s. The potentiodynamic polarization parameters were determined by extrapolation

from the cathodic part to the corrosion potential. Electrochemical impedance spectra (EIS)
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were obtained by scanning frequency from 10° Hz to 0.1 Hz at corrosion potential with an
alternating current of £ 10 mV of amplitude.

IE of potentiodynamic polarization measurement was defined as:

leorr — icorr in
i—“‘) %100 ©)

corr

where iy, and i, are the current density values in absence and in prwc the
inhibitors, respectively. °® Q

El_ (%) =

El of EIS measurements was defined as:

Rp(inh) - Rp Q\
El,, (%) = —25"—" 100 ( @)

p(inh)

where R, and R, are the charge transfer resistance @ nd uninhibited solutions.

2.6. X-ray photoelectron spectroscopy (XPS) lys

The detailed study of the XPS part was ording to the protocol mentioned in one of

our previous article [16]. In this pre ork it*has been presented that the results of the best
inhibitor P1 (2x10*M).

2.7 DFT and Molecula N’x etails

DFT method has or P1, P2, P3 and ST1 in order to provide more details on the
electronic beh im molecular structure level of these compounds [21]. This method
was r imyorder to correlate the inhibitory efficiency obtained experimentally with the
quantumtdescriptors found theoretically [22]. The lowest energy inhibitor shapes were tested
in the DFT calculations conducted under pressure and in the aqueous phase. Additionally, the
molecular structures of the compounds studied have been optimized to the final geometry by

means of the Gaussian 09 software suite at the DFT level in a functional B3LYP

implementing a 6-31G (d, p) basis set [23].



The quantum descriptors like energy frontier molecular orbitals ( ELumo and Enomo), gap

cC_ 99

energy (AE_, ), electronegativity “y” , global hardness “%”, fraction of electrons transferred

gap
from the inhibitor molecule to the metal surface “4N110” calculated using the equations used
in our previously published work [24].

The adsorption of the molecules onto the Fe (1 1 0) was established using the molecular

dynamics simulation. This process was performed using the Forcite mod&hifh is
n f the

sented with a 6-

integrated in the materials studio?®® software [25-26]. The study of thése i

molecules with the Fe (1 1 0) surfaces was carried out from a simulatio&
as

36.13 A®) with periodic boundary conditions. The Fe (1 1 0) s c%

couche slab model in each layer representing a (9x9) unit cell. comstructed simulation box

is emptied by 24.14 A3 This vacuum is occupied , 10H30*, 5S04* and the

u%t of 303 K was controlled by the

ulation time of 400 ps and a time step of 1.0

inhibitory molecule. The temperature of the si

Andersen thermostat, NVT ensemble, wit

fs, all under the COMPASS force fi 7].
3. Results and Discussion %

3.1 Weight Loss Measu x

3.1.1. Effect of con a

The variation th% loss (1 hour of immersion) at 303 K is displayed in Table 2.

Ta Q
Effect onceéntration of P1, P2 and P3 in 0.5 M H,SOs..

Inhibitors  Conc. C.R. IEcr (%)
(M) (mgcm?h?t)
Blank 6.65
1x107 5.34 19.7
1x107° 3.19 52.0

P1 1x10 1.25 81.1
2x10™ 0.33 95.0
Blank 6.65




5x10° 4.40 33.8

p2 1x10° 3.80 42.8
1x10™* 1.99 70.0
2x10™* 0.57 91.3
Blank 6.65
5x10 4.07 38.6

P3 1x10° 2.69 59.4
1x10* 1.96 70.5
2x10™ 1.11 83.2

Even though weight loss are primary results, they are of great interest afid g ghts
about the performance of tested compounds. Based on this finding; N obviously

assume that tested thiazole derivatives act by adsorption on theggste which can be
a

favored by the presence of several nonbonding electrons om,he s of functional groups
(-CHs, -OCH3), and =n-electrons of the aromatic rings&NFro e 2, we can notice that the

eas%h the increase of the amount of

o0 their adsorption on the active sites of the

corrosion rates of carbon steel gradually d

inhibitors. This behavior is generally attri
surface of carbon steel, which limit ion of metal with a decrease in the corrosion

rate. It should be noted that the tes of the three compounds follows the order P1 >

P2 > P3. The presenc e and = S groups on the same side in the most stable

conformation (in %} steric gene between the non-binding oxygen electron and the
non-binding sulfur n, which influences the flatness of the molecule as well as its
adsorpiion Op theymetal surface. All of this will appear clearly on the effectiveness of the P3

molecu

3.1.2 Effect of immersion time
To better visualize the effect of the aggressive solution on the corrosion rate of the carbon
steel studied and its inhibition, we examined the evolution of the gravimetric parameters at

different immersion times for the optimal concentration (2x10* M) of P1. The measurements



were taken for different immersion times ranging from t = 1 to 24 hours. The results obtained
are presented in the Table 3.

Table 3

Corrosion rates and inhibitory efficiencies for different immersion times for P1 at 2x10 M in

0.5 M H>S04 for corrosion of carbon steel at 303 K.

Immersion times Conc. C.R. IEcr (%)
(h) (M) (mg cm? h) \
Blank 6.65 -9

2x10* 0.33 95
) Blank 7.64

2x10* 0.34
4 Blank 6.40

2x10* 0.24
8 Blank 6.6

2x10*

Blank
24 2x10* 95.9

From the Table 3, it is mentioned t he corkgsion rate of blank solution increases after an

immersion of 2 hours. This va% again then it stabilizes towards a constant value
n

(6.65 mg/cm?). This decre&

rface. In the presence of P1, the corrosion rate remains almost

ion rates without inhibitor is due to the adsorption of

then it decreases slightly. Regarding the inhibition efficiency,

constant at firm
we pete that their es are greater than 95% for the all immersion time, which confirms the

film formed by the inhibitor molecules and its adhesion [28].

3.1.3. Effect of temperature

The temperature effect is very important in the corrosion study, because an increase in
temperature accelerate the dissolution of metals [29-30]. The gravimetric measurements in
0.5 M of the H2SO;4 acid solution obtained at different amounts of P1 are established (Table

4). It can be seen from this table that the corrosion rate in the presence of inhibitor



concentration is less than those obtained in the blank solution indicating the adsorption
behavior of P1 molecules [31]. Also, it shows a significantly decreases in the inhibition
efficiency with the rise of temperature from 303 K to 318 K, indicating the inhibitor is prone
to desorb from the surface at higher temperature [32].

Table 4

Corrosion rates and inhibitory efficiencies of P1 at different temperatures \

Temperature Conc. C.R. IEcrg%)
(K) (M) (mg cm? )
Blank 6.65
1x107® 5.34 g
303 1x10° 3.19 5
1x10* 1.25 c?
2x10* 0.33 .0

Blank 9.5
1x10®
308 1x10° % 30.4
1x10™ 56.6
- . 85.4
2.62
10.41 17.5
313 8.87 29.7
7.56 50.2
3.60 715
17.93

14.78 17.1
1x10° 11.64 25.1

Q 1x10 9.37 41.7
2x10* 6.00 66.5

3.1.4. Activation parameters
The values of activation energy (Ea) of carbon steel in aggressive solution calculated through

Arrhenius equations [33].

,Ea

C.R.= AxeRrT ()

where R = 8.314 J/mol.K, A is pre-exponential factor and T is the temperature (K).



The logarithmic transformation of the equation 5 for all concentration is given in Figure 1 and

the obtained results are presented in Table 5.

—~
o
L a
s
u
e 1x10°M v
0 A 1x10°M
v 1x10*M
-4
® 2x10*M ®
1F -

Il Il Il Il
0.00315 0.00320 0.00325 0.00330
UT (K

Fig. 1. Arrhenius plots of carbon steel in absence a %e e of P1.

The comparison of the activation parameters a ithout (E,) and with P1 (E™)

predicts the dependence of the protective r inhibitor on the temperature and the

classifier according to the classificati ropoSed by Radovici [34-35]:

e Inhibitors for which Ej orbs to the substrate through weak bonds of an

electrostatic nat Is typ€-of bond is temperature sensitive and does not effectively

fight again% hen the temperature rises.
e Inhibitags fo ich "E™ < E, present their protective power increase with

tube. These inhibitors are the most effective since they adsorb to the metal
rface by chemical adsorption.
e Inhibitors for which E[" ~E_, Very few compounds belong to this category which
does not show changes in inhibitory power with temperature.
Table 5

Values of E, of carbon steel in the absence and presence of P1.
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Conc. E

(M) (kJ/mol)
Blank 54.07
1x10° 56.90
1x10° 68.94
1x10° 111.59
2x104 160.26

In addition, the activation energies obtained with P1 are higher than those obtain%case

of aggressive solution alone. The increase in energy activation in %he %
x.

compound is attributed to this the physisorption on the metal surft 3 his result

clearly indicates that the addition of P1 to the corrosive mediun@®implies a higher energy for

overcome the energy barrier of the dissolution reaction af steel due’to the formation of a
protective film, which hinders the access of corro% the surface and therefore
decreases the rate of corrosion of the metal. Other re s have reported similar results as

part of their studies on the corrosiop inhi nof steel in sulfuric acid by thiazole derivatives

% rgy reported in the case of carbon steel in 0.5 M H2SOa.

[38-39].
Table 6

Comparative values of

Reference Ea Reference
ol (kJ/mol)
26 “ M) This work 105.0 (100 ppm) [33]
%E 00 ppm) [33] 119.88 (103 M) [40]
.2 (100 ppm) [33] 78.98 (10°M) [40]
2.4 (100 ppm) [33] 76.95 (10°M) [41]

3.2 Potentiodynamic polarization
The monitoring of the progression and mechanism of electrochemical reactions (the anodic
and cathodic) as well as the identification of the effect of the concentration of the inhibitor on

the latter is generally done by the method of potentiodynamic polarization. Tafel curves for

11



carbon steel in 0.5 M H2SOy4 in the presence of P1, P2 and P3 are presented in Figures 2a, 2b

and 2c, respectively.

o -3 7
g e ]
< 41 [=—210"M ®
9 —v—10°M
ol | 108 M

—+— Blank

O V \
7 Q
-8 - T T T T T T T T T T - T T T §
-0,600 -0,575 -0,550 -0,525 -0,500 -0,475 -0,450 -0,4257%;0,40
E vs SCE/ mV Q
Fig. 2a. Polarization curves of carbon steel / 5 SO4 system at 303 K.

Log I/ Acm?

T T T T T T T T T T T T T T T
-0,575 -0,550 -0,525 -0,500 -0,475 -0,450 -0,425 -0,400
E vs SCE/ mV

Fig. 2b. Polarization curves of carbon steel / P2/ 0.5 M H2SO4 system at 303 K.
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M %
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3,0
£
o -4,5 -
<
@
o -6,0
- —e— 10" M
—+—10°M
754 | —~v—510°M *
—o— Blank il
-9,0 — 1T - 1 T T T 7 L
-0,625 -0,600 -0,575 -0,550 -0,525 -0,500 -0,475 -0,450 -0,42%\ -0,400 375
E vs SCE/ mV
Fig. 2c. Polarization curves of carbon steel / P3/ 0.5 m at 303 K.
The Electrochemical including corrosion potenti ~eurrent density (icorr), Tafel slopes
(bc and ba), inhibition efficiency (IEicorr) an ro e (Cr) are displayed in Table 7.

The corrosion rate could be estimatedWsing cogtosion current density as:

27 icorr (EQ.W/ d) (6)
where, icorr denotes the v %@Sion current density in mA.cm2, Eg. Wt. while d
represents the equivale ght and density of mild steel respectively.
In this work z% cowgelated polarization resistance using the Stern—Geary equation
(7): {S)
v RP - 2.303.i:;fa(ba+ba) )

where ba and bc are the anodic and cathodic Tafel slopes and icorr the corrosion current

density in mA.cm™2.

The values of Rp are also given in table 7.

13



Table 7. Electrochemical parameters for carbon steel /0.5 M H>SOs with P1, P2 and P3

systems.
Conc. Ecorr -be ba Icorr Elicorr Cr Rp Elrp
(M) (mV vs (mV (mVv (mA (%) (mmY- (2 (%)
SCE) dect) decl) cm? h cm?)
Blank -445 199 194 5.22 -—-- 60.39 8.17
1x107 -468 214 210 3.57 31.6 41.62 12.89 36.6
1x107° -463 194 188 2.45 52.9 28.57 51.7
P1 1x10 -494 87 9 0.71 86.4 8.28 &0.0
2x10* -457 99 96 0.07 98.6 0482 7.3
5x10® -510 192 162 3.62 30.6 42 22.63
1x107° -516 183 155 2.81 2. 37.0
P2 1x10* -497 158 125 1.30 23.31 64.9
2x10* -488 117 97 0.30 76.76 89.4
5x10° -511 178 145  3.65 950 26.6
1x107° -510 165 135 1.95 16.53 50.6
P3 1x10* -498 152 128 1.38 21.86 62.6
2x10* -495 115 108 0 39.64 794
An overview in Table 7, it is clealy state@ thab the icorr values of carbon steel after the

addition of P1, P2 and P3 are lowe

x

nd¥eaches a minimum value at 2 x 10~* M. Consequently, the

strong adsorption of the

increase in the concentyg

w ose of white d, which is explained by better and

steel surface. This decrease is proportional to the

he opposite direction and reach a maximum value of 98.4% for

inhibitory effici %
P1, 96.5%@ 90.1% for P3. It is also noted that the addition of P1, P2 and P3 had a

clear values of b and ba, indicating that the addition of these molecules involves

a modifigation of the mechanism of the cathodic and anodic reactions. This same
phenomenon has been noticed by several researchers and in different environments (sulfuric,
hydrochloric, phosphoric, perchloric acid) [42-45].

It is evident that the corrosion inhibitors act by adsorption on the metal blocking the active
sites, and the result will be the reduction of the anodic reaction and also retards the reaction of

evolution of cathodic hydrogen. It should be noted here that the inhibitors treated in this study

14



come within this context and exhibit a mixed type inhibitory effect. Moreover, it is clear that
the addition of the latter causes a slight displacement of the corrosion potential (Ecorr) towards
cathodic values. According to the literature, if the displacement of the corrosion potential in
presence of the inhibitor relative to that of the acid alone is less than £ 85 mV, the inhibitor
can be considered to be of mixed type [13,46-48].

The values of corrosion rate obtained from Eq. 6 (Table 7). The corrosiomyrate values
decreased in the same trend by the presence of inhibitors as from other mgth \

Among the most effective analytical tools for the behavior ott@r on the metal

3.3 Electrochemical Impedance Spectroscopy measures

surface is electrochemical impedance spectroscopy. The partigularityyof the latter is that it
does not disturb the double layer of the metal solutio e Nyquist diagrams of the
acid solution in the presence in the absence of inRibi P2 and P3 are shown in Figures
3a, 3b and 3c. This diagrams show a® ircle capacitive loop at all studied
concentrations of inhibitors. The incrgase in the,concentration of inhibitors causes an increase
in the diameter of the capaci ndicating that the corrosion of carbon steel is

&addition, we clearly notice that the capacitive loops are

managed by a load transfe&
flattened towards this phenomenon is mainly related to the roughness, the
irregularity an% ughcydispersion effect of metal electrode surface.

15
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Fig. 3. EIS diagrams of carbon steel immersed in diverse amounts P2 at 303 K.
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Fig. 3. EIS diagrams of carbon steel immersed in diver $ at 303 K.

So in this case a constant phase element (CPE) esythe double layer capacitance (Ca)

because the perfect double layer is not for T imentally obtained Nyquist diagram
were fitter by a simple Randel circury(Fig. rmed of a solution resistance (Rs), a CPE and

a polarization (Rp). The param 3 om the impedance spectra (the charge transfer

resistance Ry, n values, th lues, the double layer capacitance Ca and inhibition
efficiency) are given are ¢ in Table 8.

Ddetailed met %Ia ng Cai values from CPE values is identical to that given in our
previous rk&

; Re CPE
N

L4
Rp

Fig. 4. Schematic representation of the equivalent electrical circuit used to model the inhibited

or uninhibited carbon steel-acid medium interface.
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Table 8

EIS for carbon steel /0.5 M H2SO4 with P1, P2 and P3 systems.

Conc. Rp Q n Cal Elrp

(M) (2cmd) (Qt.cm2 s (UF cm™) (%)

Blank 2.77 3.44x10" 0.86 397

1x10° 4.30 7.43x10" 0.87 315 35.6
Pl 1x10° 5.85 4.38x10" 0.90 226 52.6

1x10™ 14.76 1.57x10™ 0.89 187

2x10 348.7 3.31x10°S 0.88 18

5x10° 4.30 4.68x10 0.94 M5 .
P2 1x10°® 4.98 5.46x10° 0.90 \

1x10* 10.65 4.16x10* 0.90 ég

2x104 60.93 1.44x10™ 0.86 67 95.4

5x10° 8.87 4.13x10" 0.95 34.7
P3  1x10° 12.21 5.10x10" 0. 290 52.6

1x10™ 16.35 3.38x10" \ 215 64.6

2%x10™ 33.08 1.84x10™ 118 82.5

P

From Table 8, it should be mentioned that an increase in the amount of the compounds in
question is accompanied by a growth in the values of Rp, on the other hand the values of Cq
vary in the opposite sens. This decrease in Cq is proportional to the increase in the thickness
of the electric double layer, which proves the adsorption process of these compounds (P1, P2
and P3) on the metal surface. Besides, an increase in Ry, confirms the formation of a barrier
film at the metal / solution interface. On the other hand, for the three compounds, n reaches
approximately in the same value. This result can be interpreted as an indication of the degree
of heterogeneity of the metal surface, corresponding to a small depression of the double layer
capacitance semicircle [49].

Finally, it should be noted that these results confirm those who abstained from the method of

mass loss and polarization curves.

3.4. Adsorption isotherm

18



The literature study has shown that in an acidic environment, the corrosion inhibition of
metals by organic compounds is generally explained by their adsorption [50-54]. The latter
can be classified into two large families according to the nature of the interactions which
"retain” an adsorbate given on the surface of an adsorbent: physical adsorption and chemical
adsorption which involve respectively weak or strong bonds between chemical species
adsorbed and adsorbent. The laws of variation which relate, at a given te% the

concentration of adsorbate (in the occurrence of the inhibitor) in a give the

amount of this adsorbate adsorbed on a solid adsorbent (steel) in

medium can be described by equations called adsorption isoth . the Objective being to
correlate the adsorption isotherms with thermodynamic prepertie$) characteristic of the

adsorbate-adsorbent pair.

The best fit of the results was made by the Langm%% adsorption equation [55-57]:

c 1
L (8)
6 Kads
where C is the concentration of i gs IS the adsorptive equilibrium constant.
Plots of C/0 against C yie s as shown in Fig. 5.
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Fig. 5. Langmuir adsorption isotherm of inhibitors in 0.5 M H2SQO;4 at 30

0,00000

Both linear correlation coefficient (R > 0.975) and slope are very <ose 1, indicating the
adsorption of P1, P2 and P3 on carbon steel surface obeys th Iradsorption isotherm.

Among the hypotheses of the application of this is is that the adsorbed molecule

equation:

AG,, =—RT xLn

The values of <ads a s

Neg values bf AG,_,. indicate that the phenomenon of adsorption of molecules on the

9)

are listed in Table 9.

steel sufface is a spontaneous process. Generally, values of AG,, up to -20 kJ/mol

correspond to electrostatic interactions (a physical adsorption) between the metal and the
inhibitory molecules while those more negative than -40 kJ/mol involve the formation of
coordination bonds between molecules and the metal surface (chemisorption) [60-61]. On the
other hand, the values of the standard free energy of adsorption are situated between these two
values, resulting in the contribution of the two types of adsorption [62]. According to the
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values obtained for AG.,, we can say that the adsorption phenomenon in this case is

ads !
provided by mixed adsorption (both chemical and physical) with a tendency to chemical
adsorption.

Table 9.

Thermodynamic parameters for the studied systems.

Inhibitors  Kags Slope AG,,
-1
(M) (kIimol) o
P1 1.11x10° 0.998 -39.38
P2 6.49%10% 1.010 -38.03 \

P3 5.69x103 1.040 -31.9

3.5 X-ray photoelectron spectroscopy &

The XPS analysis of carbon steel immersed in 0.5 M %presence of P1 (2x10* M) for

24 h at 303 K is shown in Fig. 6. A

10*

90

80_]
1 Name Pos. FWHM Area ALY
1s 85.0 5622.7 26.2

1.3
2.6
20 N 1s 400. 1.7
2.7 447.3
1.2
4.9

H
©
A,
&

2000

nwoh

78740.9 3

60_]
50
a0

30

QSi:

Fig. 6. Survey spectra of XPS analysis for the system: carbon steel/0.5 M H,SO4 + 2x10* M

T I !
200 &00 300 o
Binding Energy (eV)

of P1.
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It contains C, O, N, S, Fe and adventurous contaminates such as Cl. The spectrum of the C 1s
peak is shown in Fig. 7. Three peaks are evident independently of the microstructure. The first
component at 286.4 eV is related to the carbon atoms bonded (nitrogen in C=N and C-N
bonds in the thiazole ring and sulfur in C—S bond); the second component at a BE 285.0 eV is

due to the C-C, C=C and C—H. The third peak situated approximately at 289 eV) is ascribed

to the carbon atom of the C=N" in the tiazole ring [30, 63-64]. \
- ® Q
| ()\\

| r

/o
"/

7N
/

~

,,,,,,,,,,,,,,,,,
7

Bind

Fig. 7. High resolution C 1s spectra PS analysis.

The XPS spectra of O 1 (Fi@ ent three distinct peaks, the first one at 529.6 eV

attributed the oxide bo e second peak at the 531.1 eV is due to metal hydroxide

(MOH) and the thi% 532.8 eV is due to metal water bonds (MH20) [65].

40
N\
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35| f‘ I‘
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Fig. 8. High resolution O 1s spectra of XPS analysis.

The S 2p spectrum shows two main peak, the first one located around at 163-164 eV (Figure
9). This peak can be attributed to the C-S—C and to C= § structure in the thiazole ring [66-
67]. The second of bending energy at 169-170 is attributed to the characteristic peak of SO4>
[68]. Globally, from the spectrum S 2p we can say that the presence sulfur is of low quantity

&
AR

on the metal surface.

10

350

)”f' a

225 | !
330] /'J ‘

’||"\I\ N
'\-’1 |‘\” r\| | I Al

i ¥
L hmv“w“umv/
|

305

CPS

T T T T T T
168 164 160 156
Binding Energy (eV)

Fig. 9. Hi ti 2p spectra of XPS analysis.

The rum of protected carbon steel with P1 in 0.5 M H2SOs, given in Figure 10,
shows on& main peak (399-400 eV). From the literature, this peak is attributed to the —N <
(in the thiazole) [69]. The same remark of the presence of a small quantity of sulfur on the

surface was noticed for the case of the nitrogen atom.
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Fig. 10. High resolution N 1s spectra of XPS ana|%Q

For the spectrum of Fe 2p (Fig. 11) in theqgkeseénce 0f the product P1, there is the presence of
a doublet: 712 eV (Fe 2pl/2) and V' (Fe®2p3/2), which confirms the oxidation of the
ittle peaks, the first one at 707 eV characteristic of

surface of carbon steel [70-71] %
Fe® and the second one & eV (Fe(l11)) [66]. The peak at 712.56 eV represents the

ferric ion of ferric &) and ferric oxyhydroxide (FeOOH) [72].
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Fig. 11. High resolution Fe 2p1/2 and Fe 2p3/2 spectra of XRS %

3.6 Computational results via DFT reactivity Q
o

The use of organic molecules as inhibitor corrosion process in an aggressive

medium allowed us to investigate ptikely the@getical approaches to explain the nature of action

of these inhibitors on the metal s der study [73]. Among these most widely used

approaches, we note the xo and molecular dynamics simulation (MDS) [74]. The

DFT method focuses | reactivity issues such as electronic behavior at the

e
molecular strui%, while MDS investigates interatomic interactions at the

inhibitor/ | Wgterface. Fig. 12 illustrates the optimized structures, the electron density
distm%”&OMo and LUMO. The computational results reveal that the special
configuration of the optimized molecules P1, P2, P3, and TS1 do not indicate any negative
frequencies, which explains that the spatial representation of these molecules is more stable.

The distribution of the frontier molecular orbitals (HOMO and LUMO) on the skeleton of the
considered molecules is detailed in Fig. 12. The evaluation of this figure suggests that the
electron density of HOMO and LUMO is repatriated over the entire molecular structure of P1,
P2, P3, and TS1. This result shows that these molecules have several active centers spread
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over the entire molecular surface. Therefore, this performance may lead to parallel adsorption
of species on the metal surface of interest. In this case, it is obvious that these derivatives

adsorb strongly on the metal support in order to reduce the corrosion phenomenon in H2SOa.

Optimized structure HOMO LUMO

Fig .12. Optimized structures, the electron density distributions of HOMO and LUMO of P1,

P2, P3, and TS1.
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The global descriptors surveyed in this novel research are summarized in Table 10. It is well
known that the HOMO energy (Enomo) is associated with the power of molecules to
contribute electrons. On the other hand, the LUMO energy (ELumo) is directly proportionate to
the capability of molecules to receive electrons [75]. The values gathered in Table 10
demonstrate that the P1 molecule classifies as the first and most electron donating inhibitor at
the vacant orbitals located in the iron surface in comparison with the oth rivatives
evaluated. Conversely, the electron acceptor capacity of this molecule iglo gKther

optimized compounds. The reactivity of an organic molecule can be asgésse value of

the energy gap (4Egap) [76]. It is widely agreed that the small value @f 4FEgapof this molecule

indicates a high chemical reactivity, hence a very high anti-cort@sion pkoperty [77]. The AEgap
values listed in Table 10 are ordered as follows: PlQ P3. Thus, their corrosion
inhibition efficiency displays an inverse trend, consistentWwith the experimental results. The

number of transferred electrons (4N110) i her\parameter that allows us to evaluate the

power of an organic molecule to release elect s [71]. It is recognized that the positive value

ng capacity and vice versa as this. The degree of

of this descriptor indicates an e% ati .
AN110 of the selected mole n as follows: P1 > ST1 > P2>P3. The high inhibitory

power of P1 due to i s 0 pnor-acceptor interactions with iron atoms can be supported by

the low ValueQ al ‘®lectronegativity (y = 3.077 eV) and the global hardness (n =

2.288.eV) [78].

Table

DFT-descriptors describing the reactivity of P1, P2, P3, and TS1.

Quantum descriptors P1 P2 P3 ST1
Enomo (eV) -5.366 -5.847 -5.971 -10.340
ELumo (eV) -0.789 -0.620 -0.381 -5.523
AEgap (eV) 4577 5.227 5.590 4.817

x (eV) 3.077 3.233 3.176 7.931
n (eV) 2.288 2.613 2.795 2.408
ANa110 0.381 0.304 0.294 -0.646
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It is recognized that the adsorption of an inhibitor compound onto a test metal surface is
generally via active sites that are electron donors and acceptors. The more these sites are
distributed throughout the molecular structure, the more protection there is for the attacking
surface against corrosive species [79]. In our present analysis, the local selectivity (active

sites) of P1, P2, P3, and TS1 was determined using Fukui functions a olecular

electrostatic potential (MEP). ¢
The Fukui indices are obtained via GGA/PBE under the DNP (4.4) &kg DMol®
module in Materials Studio 2°%® as used by Rbaa et al. [80]. On (e 0

local reactivity were also mapped by the molecular elect@ ntial (MEP) using the
Materials studio software. MEP is a very relevant a chte the analysis of regions or sites

of electrophilic and nucleophilic attacks as

nd, the regions of

as gen bonding interactions. Fig. 13

shows the MEP distribution on thegstruct timized compounds. In this figure, it is
evident that the red (negative) a (positive) regions indicate the nucleophilic and

electrophilic reactivity of S% , respectively. Furthermore, the visual analysis of

the images in the figur the,P1, P2, and P3 reveals that the sulphur atoms (S1 and S6)

carry a higher tota% MEPs (red color), which explains why these two heteroatoms
d

behave as e c%
|

of 0 hows just the blue color, which means that this molecule has a receptor
propertyifor electrons arriving from occupied orbitals located in the metal surface.

sites. On the other hand, the topological aspect of the cationic form
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Fig. 13. MEP r Wﬂ P1, P2, P3and TS1.

Fukui fun&'ons describing the reactive sites that are responsible on the electrophilic
(i)

condensed functions show the most active sites (atoms) [81]. The Fukui indices, which

ophilic (f;*) attacks of the molecules under review. Generally, the most

represent the local reactivity, are listed in Table 11. The data in the table shows that the
sulphur heteroatoms S1 and S6 for P1, P2, P3 and ST1 are the electrophilic (f;”) attack sites
that are able to share their electrons with the nucleophilic (f;*) centers in the iron surface.

This effect can lead to the formation of covalent bonds that strengthen the adsorbed layer
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against the corrosion process. Alternatively, the nucleophilic attack sites (electron attractors)
for P1, P2, P3 and TS1 are represented by the atoms C5 and C10. These centers can receive
electrons from the centers occupied in the iron surface. This behavior is due to the cationic
form of TS1. For compound TS1, no electron-donor centers are seen, while several sites are

observed to behave as electron-acceptor centers.

Table 11
Active sites revealed by the Fukui indices approach for TO1, TO4, TO6gnd i\i

3.7 Molecular simulation

Interatomic interactions occurred at the metal/inhibitor interface are investigated using
theoretical approaches such as molecular dynamics simulation as a method used more
frequently in recent years [82-83]. In this section, the interaction performance between the

target species and the simulated iron surface is illustrated in Fig.14 under the temperature of
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303 K. The configurations represented in this figure show that the Tested molecules will
adsorb by all their molecular structures on the first layer of the iron atoms. This quality
indicates that the inhibitor molecules studied form a protective barrier against the corrosion

process. This reveals that these inhibitory species carry several active sites spread across the

molecular surface of the selected compounds.
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Based on the most re XStable adsorption configurations displayed in Fig. 14, the

molecular dynami th as used to calculate the values of different interaction and
binding energigs, of )P1, P2, P3 and TS1 on the simulated iron. The interaction energy
(E int mding energy (E vinding) between studied molecules and Fe (110) is calculated
by Eqs.3%nd 9 [84]:

E

interaction Etotal - (Esurface+solution + Einhibitor) (8)

Ebinding = _Einteraction (g)
The results of the whole molecular simulation show that the values of Einteraction for P1, P2, P3

and TS1 in relation to the adsorption surface are -128.340, -110.954, -100.434 and
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-119.458 kJ/mol. These results imply that the adsorption procedure by the tested inhibitor
molecules occurs spontaneously [85]. In contrast, the lower values of Epinding Can be due to the
aggressiveness of the study medium such as H2SO4. A high value of Epingina Shows that an
inhibitor molecule adsorbs strongly to the metal surface. The adsorption intensity of the
selected components is ranked in the following order: P1 > TS1 > P2 > P3. This order is in

reasonable agreement with the order of inhibitory efficacy obtained experimenta
I

The degree of corrosion resistance of the metal surface depends on thegads

es.
This adsorption may also be influenced by the bonds that are conductXN be of a
chemical or physical nature or both [86]. In general, if the value : % gth in the range

of 1-3.5 A, so, the adsorption is controlled by chemisorptio this value is excluded

from the range, so, there is chemisorption. In the pre Fig.14 reveals that all the

values appearing in the first peak at the inhibitor/metal ace are within the chemisorption
interval except the Fe-N6 value of TS1. T m sorption of the simulated compounds
onto the first layer of iron atoms i ted that these compounds successfully inhibited the
degradation of the investigated

A

01 (FesS)=265 4 sl —)—r (Fe-S1)=269 A

r(FeN4)=1304 - (FeN4)=3304
——r (Fe-56)=3.30 A —A—r (Fe-S6)=330A

-]
T

gm

33



—O—r(FeS1)=3.29 A 8 —Q—r(Fe-S1)=3.30A
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Fig. 14. RDF of P1, P2, P3, and TS1 on iron at 303 K. \\
4. Conclusion Q:

Three thiazole derivatives were tested as corro§iornyi itors for carbon steel in H2SO4
solution in this study. Weight loss, electr migal,“and XPS investigations were used to
characterize the performance of inhibitorsNin depth. In addition, using DFT and MD
simulations, the interactions be or molecules and carbon steel were investigated
theoretically. The three i ito e found to be highly efficient against carbon steel
corrosion in H2SO inhibitor having the best inhibition performance. Investigated
inhibitors inhiPited€ b odic and cathodic corrosion processes, according to
electroche ms. The Langmuir isotherm model is used to explain the adsorption of

compounds adsorb in a mixture of ways (physisorption and/or chemisorption). DFT
calculations and MD simulation allowed us a good understanding between the anticorrosive
activity and the chemical structure properties of these three inhibitors. This research
demonstrated that this class of chemical compounds (thiazole derivatives) can be effective

corrosion inhibitors and emphasized the need for further variants to be developed.
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