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Abstract Two heterocyclic compounds of the pyrazole family were synthesized by
cyclocondensation reaction of chalcone derivatives with thiosemicarbazide. The struc-
tures of the synthesized pyrazoles, namely, 3,5-diphenyl-4,5-dihydro-1H-pyrazole-1-
carbothioamide (DPC) and 5-(3-methoxyphenyl)-3-phenyl-4,5 dihydro-1H-pyrazole-1-
carbothioamide (DPCM), were confirmed by infrared IR, '"H NMR and *C NMR
spectra. The surface activity of these compounds showed their tendency towards
adsorption at the interfaces. The prepared compounds were evaluated as corrosion
inhibitors for mild steel in 1 M HCI solution using the gravimetric method. These
measurements indicate that the inhibition efficiency of the pyrazole derivatives increased
with concentration inhibitor, whereas the latter decreased with temperature. The
adsorption of the inhibitors on the mild steel surface obeyed the Langmuir adsorption
isotherm, and the calculated AGYq, values of the synthesized inhibitors suggested that the
adsorption of these compounds involves two types of interaction, chemisorption and
physisorption. The results of the corrosion inhibition using two different heterocyclic
compounds showed that the DPCM is more effective than the PCM in 1 M HCl medium.
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Introduction

Mild steel is widely used in a variety of industrial applications such as the petroleum
industries. It has also become the metal of choice for pipelines, power plants, etc.
[1-4]. Hydrochloric acid solutions are widely used for pickling, descaling, acid
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cleaning, oil well acidizing, etc. [5]. The use of an inhibitor is very effective in
reducing the rate of dissolution of metals [6]. The organic compounds are known to
be applicable as corrosion inhibitors for steel in acidic environments [7-14]. Such
compounds typically contain nitrogen, oxygen or sulfur heteroatoms in a conjugated
system and function via adsorption of the molecules on the metal surface, creating a
barrier against corrosion attack [15-19].The adsorption bond strength depends on
the composition of the metal, the inhibitor structure and concentration, and
temperature. The corrosion inhibition of steel in acid medium has been reported
recently by using hetrocyclic compounds such as triazoles [20-23], thiadiazoles [24,
25], and oxadiazoles [26, 27] derivatives as inhibitors. Generally, corrosion can be
prevented by the action of adsorptive inhibitors which prevent the adsorption of the
aggressive anions or by the formation of organic layers on the metal surface [23,
28].

Pyrazole compounds have been reported as inhibitors against the corrosion of
mild steel [29, 30]. The action of such inhibitors depends on the specific
interaction between the functional groups and the metal surface. The presence of
the —.C-N- group and electronegative nitrogen in the molecules increases their
adsorption properties [31]. The adsorption of these molecules depends mainly on
certain physicochemical properties such as functional groups, steric factors,
aromaticity, electric density at the donor atoms and the p-orbital character of
donating electrons [32]. The inhibitor adsorption onto the metal surface is either
physisorption [33] or chemisorption [34], which depends on the strength and the
nature of the bonds formed between the inhibitor molecules and the metal surface.
Molecules that contain both nitrogen and sulfur are of particular importance since
these provide an excellent inhibition in comparison with the compounds contained
either sulfur or nitrogen [35, 36]. In this study, two series of pyrazoles, namely,
3,5-diphenyl-4,5-dihydro- 1 H-pyrazole-1-carbothioamide (DPC) and 5-(3-methox-
yphenyl)-3-phenyl-4,5 dihydro-1H-pyrazole-1-carbothioamide (DPCM) (Fig. 1),
were synthesized and evaluated for their inhibition towards mild steel corrosion
reactions in 1 M HCI solution at different temperatures. The relationship between
the surface activity and the corrosion inhibition efficiency of the synthesized
compounds is discussed.

3,5-diphenyl-4,5-dihydro-1H-pyrazole- 5-(3-methoxyphenyl)-3-phenyl-4,5-dihydro-
1-carbothioamide (DPC) 1H-pyrazole-1-carbothioamide (DPCM)

Fig. 1 Molecular structure of pyrazoles
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Experimental
Chemistry

The reaction sequences employed for synthesis of the target pyrazole derivatives are
illustrated in Schemes 1 and 2.

In the present work, two types of pyrazole were prepared utilizing the
cyclocondensation reaction between chalcones derivatives and thiosemicarbazide.
In basic media, the key chalcone intermediates (3a, b) were synthesized through the
Claisen—Schmidt condensation of equimolar amounts of acetophenone (1) and
benzaldehyde derivatives (2a, b) through stirring the reactants in aqueous alcoholic
solution containing 20 % sodium hydroxide at room temperature for 24 h in
accordance with the method described in the literature (Scheme 1) [37-39]. The
newly synthesized compounds, 3,5-disubstitued pyrazolecarbothioamides (Sa, b),
were obtained by heating reflux equimolar amounts of thiosemicarbazide (4) and the
corresponding unsaturated ketones (3a-b) in hot ethanolic sodium hydroxide
solution for 8 h (Scheme 2) [40]. These pyrazole derivatives (5a, b) were
characterized using IR and NMR spectra. IR spectra showed strong absorption
bands at 3479.08 and 3344.21 cm™' due to the primary amine group (-NH,).
Furthermore, '>C NMR spectra displayed a signal at 176.55-176.90 ppm assignable
to thiocarbamoyl carbon (C=S).

v Synthesis of chalcones

0
CH,
©)J\ @)‘\ NaOH/EtOH
Reflux 1h
| 2a:R=H .R=H
2b : R=m-OCHs 3b R=m-OCH,

Scheme 1 Synthesis of chalcones derivatives

v Synthesis of pyrazoles

0O
_— , H
R+ H2N/N\”/NH2 NaOH / EtOH {
S Reflux,8-10h R’ N/N
3a: R’=C¢H;s 4 )\
3b : R>=m-OCH;C¢Hy4 S NH,
5a: R’=CgHs

5b: R’:m-OCH3C6H4

Scheme 2 Synthesis of pyrazol-carbothioamide derivatives
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Further evidence for the formation of the 4,5-dihydropyrazole ring was obtained
from 'H and '*C NMR spectra which provide diagnostic tools for the positional
elucidation of the protons. The geminal pyrazoline protons at (C2-H,) appeared in
the region of 3.10-3.36 ppm and 3.85-3.95 ppm as a doublet of doublets in all
compounds. The (Hy) proton at C3 also appears as a doublet of doublets in the
region of 5.90-5.95 ppm due to vicinal coupling with two nonmagnetically
equivalent geminal protons of C2 carbon. The signals obtained from the '*C NMR
spectra further confirmed the proposed structures; the C2 and C3 carbons of the
pyrazoline ring resonated at 42.85—42.81 and 63.30-63.22 ppm, respectively. All
compounds showed signals at 176.57-176.61 ppm, which was assignable to thione
carbon (C=S) of the pyrazoline ring. It should be noted that the '>*C NMR spectrum
of pyrazole 5b showed a characteristic signal at 55.42 matching the carbon of the
methoxy (-OCH3) group.

All the target compounds were characterized by using thin layer chromatography
and melting point techniques. Both analytical and spectral data of all the compounds
are in full agreement with the proposed structures. Moreover, comparison of the
spectroscopic data of the new compounds with those of the previously reported
analogues further confirmed the above structures [40]. These compounds were used
in the this work as a corrosion inhibitor of mild steel in 1 M HCl medium.

General

Melting points were determined with a Gallenkamp melting point apparatus and are
uncorrected. IR spectra (KBr, cmfl) were recorded on Bruker or Testscan
Shimadzu FT 8000 spectrometers. '"H NMR and '>C NMR spectra were recorded on
a Bruker AC 200 and Avance 300 MHz spectrometers, respectively, in DMSO-d6
as a solvent and tetramethylsilane (TMS) as an internal standard (chemical shift in
d, ppm). TLC was performed on silica gel G (Fluka) and spots were visualized by
iodine vapors or irradiation with UV light (254 nm). All the chemicals were
purchased from Sigma-Aldrich. The chalcone intermediates (3a, b) were synthe-
sized in accordance with the method described in the literature [37-39]. Pyrazole
(5a, b) derivatives were prepared according to the reported method [40].

General procedure for the preparation of chalcone analogues 3a—b

Chalcone analogues were prepared by condensation of acetophenone (1) and
aldehyde derivatives (2a, b) in ethanol solution, applying 20 % aqueous NaOHas a
catalyst. To a stirred solution of 6.17 g of acetophenone (0.051 mol) and aldehydes
(0.051 mmol) in ethanol (15 ml); an aqueous solution of 20 % NaOH was added.
The resulting solution was heated to 60 °C for 1 h and then allowed to stand
overnight at room temperature with continuous stirring. The reaction mixture was
poured into cold water and precipitate was collected by filtration, washed with 50 %
ethanol, dried, and recrystallized from ethanol to give 3a, b in good yields.

@ Springer



Experimental and quantum chemical studies on the corrosion...

{2}
0
(<2
S <
y wn
= it - =
® 2l g g 8
+ N g (08
B o 0
- g
%0 sk /|8 2
1 Q=N N <
20! L N85 ° 8
| oR| 3 S kel
1 “lo3| < N
10 8|5 I dow e
| T g g&8 NS
0! A-3 2
i ~— <
1 ~o Y
1 f=R=1
-10 gg
4000 3500 3000 2500 2000 1500 1000 500

Nombre d'onde (cm-1)

Fig. 2 IR spectra of (E)-1,3-diphénylprop-2-éne-1-one (3a)
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Fig. 3 "H NMR spectra of (E)-1,3-diphénylprop-2-éne-1-one (3a)

(E)-1,3-diphénylprop-2-éne-1-one (3a) Yield: 85 %; m.p: 55 °C; crystallized
from ethanol. IR (cmfl): 3055.77-3027.94 (C-H, aromatic), 1661.51 (C=0,
carbonyle), 1573.79 (C=C, oléfine) Fig. 2. 'H RMN (DMSO-dg, 300 MHz, 6(ppm)):
8.18 (d, 2H, H,), 7.99 (d, 1H, Hy), 7.58 (d, 1H, H,), 7.45-7.65 (m, 8H, Hy) Fig. 3.
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3¢ RMN (DMSO-ds, 300 MHz, 5(ppm)): 189.67 (C,), 122.51 (C,), 144.51 (C5),
138.01 (Cy), 135.11 (Cy), 133.64 (C5), 131.12 (C7), 128.61-129.27 (Cs Cg, Cs et
Cy), 128.11-128.38 (C5. Cg, Cy et Co) Fig. 4.

(E)- 3-(3-methoxyphenyl)-1-phenylprop-2-en-1-one (3b) Yield: 70 %; m.p: 60 °C;
crystallized from ethanol; IR (Cm_l):3050.13 (C-H, aromatique), 2955.15-2831.66
(C-H, OCHy;), 1655.35 (C=0, carbonyle), 1572.94 (C=C, oléfine), 1259.81 (C-O,
OCHs) Fig. 5, '"H RMN (DMSO-dg, 300 MHz, §(ppm)): 8.17 (d, 2H, H,), 7.94 (d,
1H, Hy), 7.59 (d, 1H, H,), 7.03-7.67 (m, 8H, Hy), 3.83 (s, 3H, -OCHj3) Fig. 6, °C
RMN (DMSO-dgs, 300 MHz, d(ppm)): 189.68 (C,), 122.76 (C,), 144.51 (C3), 160.11
(Ce) 137.98 (Cy), 136.52 (Cy), 133.66 (C7), 113.83 (Cs), 117.23 (C5), 55.77 (Ci0)
Fig. 7.

General procedure for synthesis of pyrazole compounds 5a—b

A suspension of chalcones (0.014 mol), sodium hydroxide (0.035 mol) in ethanol
(95 %) (30 mL) and thiosemicarbazide (0.014 mol) was added. The mixture was
refluxed for 8 h. The products were poured into crushed ice and the solid mass
which separated out was filtered, dried and crystallized from ethanol (95 %).

3,5-diphenyl-4,5-dihydro-1H-pyrazole-1-carbothioamide (5a) Yield: 57 %; m.p:
202 °C; crystallized from ethanol; IR (cmfl): 3479.08-3344.21 (NH,), 3053.44 (C-
H, aromatic), 1599.20 (C=C, aromatic) Fig. 8. 'H RMN (DMSO-ds, 300 MHz,
o(ppm)): 3.10-3.36 (dd, 1H, C2-H, of pyrazole), 3.85-3.95 (dd, 1H, C2-H, of
pyrazole), 5.90-5.95 (dd, 1H, C3-H, of pyrazole), 7.11-8.084 (m, 10H, ArH+ s,
2H, NH,) Fig. 9. *C RMN (DMSO-ds, 300 MHz, d(ppm)): 176.57 (Cy), 155.39
(Cy), 143.46 (Cy), 131.35 (Cy), 125.74-131.02 (C5—Cy et C5—Cy), 63.30 (C3), 42.85
(C,) Fig. 10.

5-(3-methoxyphenyl)-3-phenyl-4,5-dihydro-1 H-pyrazole-1-carbothioamide (5b)
Yield: 67 %; m.p: 190 °C; crystallized from ethanol; /R (Cm_l):3428.44—3253.59
(NH,), 3140-3055.01 (C-H, aromatic), 2999.70-2832.85 (C-H, -OCH3), 1576.08
(C=C, aromatic) Fig. 11. '"H RMN (DMSO-dg, 300 MHz, o6(ppm)): 3.10-3.36 (dd,
1H, C2-H, of pyrazole), 3.82-3.93 (dd, 1H, C2-H, of pyrazole+ s, 3H, OCHj3),
5.87-5.92 (dd, 1H, C3-H, of pyrazole), 7.11-7.89 (m, 10H, ArH+ s, 2H, NH,)
Fig. 12. 3C RMN (DMSO-ds, 300 MHz, o(ppm)): 176.61 (Cyp), 159.79 (Cg), 155.44
(Cy), 145.04 (Cy), 131.34 (Cy), 127.57-131.03 (Cg—Cqy et C5—Cy), 111.84-112.30
(Cs et Cy), 63.22 (C3), 55.42 (Cyy), 42.81 (C,) Fig. 13.

Surface activity of pyrazole derivatives
Material
Tests were performed on a freshly prepared sheet of mild steel of the following

composition (wt%): 0.1 % C, 0.03 % Si, 0.2 % Mn, 0.02 % P, 0.05 % Cr,
0.05 % Ni, 0.03 % Al, and balance Fe. Specimens used in the weight loss

@ Springer



Experimental and quantum chemical studies on the corrosion...

o DTN T OO LD AN
< FOOOAD OB MOS I D
~ =S AN~ O 00 v~ v (ad
© NOTOTNOOMT IO oy
=2} < 09 LG 9~ S O3 00 00 O N @
=) FOAONAODANNNNNN =)
~ Al kol bl ol ol a
———
n Jl " )
T ‘ T T T ‘ T T ‘ T T | T T ‘ T T ‘ T ‘ T T T ‘ T
180 160 140 120 100 80 60 [ppm]
Fig. 4 '>C NMR spectra of (E)-1,3-diphénylprop-2-éne-1-one (3a)
100 -
90 -
80 -
70 - e
S
3
60 - % "
- & s 0]
x %0 ﬁ/o X
40-
s
<
30 - 3 8 =8
sl ¢ SIS
3| 3 e ~
20 - eff  ~
10 - 3 o
J 2
5 g
0 T
4000 3500 3000 2500 2000 1500 1000 500

Nombre d'onde (cm-1)

Fig. 5 IR spectra of (E)-3-(3-methoxyphenyl)-1-phenylprop-2-en-1-one (3b)

@ Springer



H. B. Ouici et al.

~— ~ o
™ wn N~
o =3 (=2]
o o o~
[
(=4 (==}
(=2 [==]
(=1 o
T T T ‘ T T T
3 [ppm]
Fig. 6 'H NMR spectra of (E)-3-(3-methoxyphenyl)-1-phenylprop-2-en-1-one (3b)
< < DONLD WD =00 Nt
N o 60 O = T ¥= 00 O LD © AN O =
— oo T ONWOODRODINN I~
-« TRV ONO N =8
o o oSINCOITIANANN® ~o@
> ©© OITONONNNN—— [T B -
- - T T T T T T YT T T T w0 [3r]
[ e \ [
i . HH[ 1] A R
T I T T | T T T T I T I I T
200 150 100 50 [ppm]

Fig. 7 '3C NMR spectra of (E)-3-(3-methoxyphenyl)-1-phenylprop-2-en-1-one (3b)

@ Springer



Experimental and quantum chemical studies on the corrosion...

experiment were mechanically cut into 13.35 x 10.25 x 2.85 mm dimensions,
and then abraded with SiC abrasive papers 320, 400, 600, 800 and 1000 grit,
respectively, washed in absolute ethanol or acetone, dried at room temperature
and stored in a moisture-free desiccator before their use in the corrosion
studies.

Solutions

An aggressive solution, 1 M HCI, was prepared by dilution of analytical grade 37 % HCl
with distilled water. This solution was used for all experimental purposes. The concentration
range of DPC and DPCM prepared and used in this study was 4 x 10~*t0 107> M.

Gravimetric measurements

The gravimetric method (weight loss) is probably the most widely used method of
inhibition assessment. The simplicity and reliability of the measurement offered by the
weight loss method is such that the technique forms the baseline method of measurement
in many corrosion monitoring programmes. Weight loss measurements were conducted
under total immersion using 250-mL beakers containing 200 DPC and DPCM test
solutions at 303-313 K maintained in a thermostated water bath. The mild steel coupons
were weighed and suspended in the beaker with the help of a rod and hook. The coupons
were retrieved after 1 h immersion, washed in distilled water, dried in acetone, and re-
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Fig. 8 IR spectra of 3,5-diphenyl-4,5-dihydro-1H-pyrazole-1-carbothioamide (5a)
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Fig. 13 '°C spectra of 5-(3-methoxyphenyl)-3-phenyl-4,5-dihydro- 1 H-pyrazole- 1-carbothioamide

weighed. The weight loss, in grams, was taken as the difference in the weight of the mild
steel coupons before and after immersion in different concentrations of the DPC and
DPCM solutions. Then, the tests were repeated at different temperatures. In order to get
good reproducibility, experiments were carried out in triplicate. In this present study, the
standard deviation values among parallel triplicate experiments were found to be
smaller than 2 %, indicating good reproducibility.

The corrosion rate (W) in mg/cm? h was calculated from the following equation [41]:

Aw (1

V:Sxt
where Aw is the average weight loss of three mild steel sheets, S the total area of one
mild steel specimen, and ¢ is the immersion time (1 h). With the calculated corro-
sion rate, the inhibition efficiency (%IE) was calculated as follows:

Vo —

IE% =" x 100 (2)

Vo

where vy and v are the corrosion rates of the mild steel coupons in the absence and
presence of the inhibitor, respectively.
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Results and discussion
Gravimetric studies
Effect of DPC and DPCM concentration and temperature on inhibition efficiency

The electrochemical theory of corrosion proposed that corrosion of metals is largely
accompanied by the action of a network of short-circuited electrolytic cells on the
metal surfaces [42]. Iron (II) ions go into solution at the anodes of these cells in
amounts chemically equivalent to the reaction at the cathodes. The anodic
dissolution reaction of iron in hydrochloric acid solution is as follows:

Fe — Fe’t +2e (3)

On the other hand, the reaction at the cathodes which lead to hydrogen evolution
can be represented as:

2H' + 2e — 2H,q, (4)
2H,4 — H, (5)

Thus, reactions (3)—(5) lead to the corrosion of mild steel in a hydrochloric acid
solution. It is generally accepted that the first step in the adsorption of an organic
inhibitor on a metal surface usually involves the displacement of one or more water
molecules adsorbed at the metal surface [43].

Inh(sol> + nH;0 < Inh(ads) + nH20<sol) (6)

where n is the size ratio, that is, the number of water molecules replaced by one
organic inhibitor. The inhibitor may then combine with freshly generated Fe*" ions
on the steel surface (Eq. 3), forming metal—inhibitor complexes:

Fe?* + Inh(,q) — [Fe—Inh] ) (7)

The resulting complex could, depending on its relative solubility, either inhibit or
catalyze further metal dissolution. Weight loss measurements were carried out in
1 M HCl in the absence and presence of different concentrations of DPC and DPCM
at 303 and 313 K in order to determine the effectiveness of these compounds as
corrosion inhibitors. Figures 14 and 15 show the corrosion rate values of mild steel
with different concentrations of DPC and DPCM in 1.0 M HCI solution at 30 and
40 °C. The corrosion rate values decrease as the concentration of the inhibitors
increases; this behavior is due to the absorption of inhibitors on the mild steel
surface [44]. It should be noted that the corrosion rate strongly decreases in the
presence of DPCM at the two temperatures; indeed, the presence of the methoxy
(—~OCHj;) group in the DPCM structure increases the adsorption of this compound on
the metal surface. This observation shows the importance of the molecular structure
on the inhibitory capacity of the organic compounds used for the inhibition of
corrosion.
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The values of inhibition efficiency of the investigated compounds are given in
(Table 1). From this table, the order of the inhibition efficiency of pyrazole
derivatives is as follows: DPCM > DPC. It is obvious that the inhibition efficiency
increases with increasing the concentration of pyrazole derivatives [29, 45].

Corrosion rate (mg/cm?h)
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Fig. 14 Relationship between corrosion rate (v) and concentrations of DPC and DPCM in 1 M HCI at
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40 °C

@ Springer



Experimental and quantum chemical studies on the corrosion...

Figures 16 and 17 show the inhibition efficiency of DPC and DPCM at two
temperatures, 30 and 40 °C. Globally, the inhibition efficiency obtained from
weight loss measurements for different methods has been estimated at about 73 and
68 % and 97 and 99 % at very low concentrations (10_3 M) of DPC and DPCM,
respectively for 7= 30 and 40 °C. These results indicate that DPCM is more
effective than DPC for corrosion inhibition of mild steel in 1 M hydrochloric acid.

Table 1 Calculated values of corrosion rate and inhibition efficiency for mild steel corrosion in 1 M HC1
in the absence and presence of DPC et DPCM

Inhibitor Conc. (Mol/L) 303 K 313 K
V (mg/ecm? h) % IE V (mg/em? h) % 1E
DPC Blanc 4.2 - 4.70 -
4 x 107 1.96 53.00 2.80 40
5% 1074 1.55 63.09 2.70 42.60
7 x 1074 1.42 66.19 2.20 53.20
1073 1.13 73.09 1.15 68.00
DPCM 4 x 107 0.40 90.47 0.16 96.60
5% 107* 0.34 91.90 0.14 97.02
7 x 1074 0.23 94.52 0.09 98.08
1073 0.12 97.14 0.04 99.14
0 2 4 6 8 10
100 : . : . : ; : . : 10
| /.
95 /.
o] o * —=—DPC {8
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85-
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Fig. 16 Variation of inhibition efficiency % IE of DPC and DPCM at 30 °C
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Fig. 17 Variation of inhibition efficiency % IE of DPC and DPCM at 40 °C
Adsorption isotherm

The adsorption isotherms describe the behavior of the inhibitor molecules and
provide information about the interaction of the inhibitor molecules with the
electrode surface [33, 34, 46]. The adsorption of inhibitors at the metal-solution
interface is represented as a substitution adsorption process between the inhibitor
molecules (Inh)) and the water molecules on the metallic surface(H,O,qs):

Inh(sol) + nH,O <~ Inh(ads) + nH20<Sol)

where Inh;y and Inh,qs) are the inhibitor species dissolved in the aqueous solution
and adsorbed onto the metallic surface, respectively. HyO(aqs) is the water molecules
adsorbed on the metal surface and # is the ratio which represents the number of
water molecules replaced by a single inhibitor molecule. Fitting of the gravimetric
measurement data describes the mode of interaction occurred between the inhibitor
molecules and the metal surface. One of the most famous models used to fit the
surfactant systems in the adsorption state is the Langmuir adsorption isotherm [46].
This model considers two interactions: the inhibitor—-molecules interaction and the
inhibitor-aqueous medium interaction. The correlation between 6 and inhibitor
concentration C; in the corrosive medium can be represented by the Langmuir
adsorption isotherm according to Eq. (8):

G 1

0 B Kads * Cl (8)
where K, is the equilibrium constant of the inhibitor adsorption process and C; is
the inhibitor concentration. Straight line plots of Ci/6 versus C; indicate that the
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Fig. 18 Langmuir adsorption plot for mild steel in the presence of DPC at 30 and 40 °C
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Fig. 19 Langmuir adsorption plot for mild steel in the presence of DPCM at 30 and 40 °C

adsorption of the inhibitor molecules on the metal surface obeyed the Langmuir
adsorption model (Figs. 18, 19). The regression coefficients of the fitted curves are
around unity (r > 0.985). This reveals that the inhibition tendency of the inhibitors
is due to the adsorption of these molecules on the metal surface [47] (Table 2).
However, the slopes of the Ci/0 versus C; plots are close to unity which indicates
that the adsorption of pyrazole compounds under consideration on the mild steel/
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Table 2 Thermodynamic

parameters of the adsorption of Inhibitor T (K) Regfrgs§ 10? Slope  Kaas (Ak(;/ads )
DPC and DPCM on mild steel ?‘;"' cren mo
surfaces in 1 M HCl r
DPC 303 0.99 1.07 333 x 10° —30.55
313 0.99 097 12 x 10* =36
DPCM 303  0.99 096 1.8 x 10* —34.80
313 0.99 097 5x10° —38.60

acidic solution interface follows the Langmuir adsorption isotherm [47, 48]. K,qs
values were calculated from the intercepts of the straight lines on the Cy/f axis [49,
50] and correlated to the standard free energy of adsorption (AGYy) as:

1 Angs

The value 55.5 in Eq. 9 is the molar concentration of water in solution. The
values of K,q and A% of DPC and DPCM inhibitors are listed in Table G2. The
negative sign of AGY indicates that the inhibitor molecules are spontaneously
adsorbed onto the metal surface [51].

In the present study, the calculated values of AGY,, ads obtained for DPC and
DPCM range between —30.55 and —36 at 30 °C and —34.80 and —38.60 at 40 °C,
respectively, indicating that the adsorption of mechanism of DPC and DPCM on
mild steel in 1 M HCI solution at the studied temperatures may be a combination of
both physisorption and chemisorption (comprehensive adsorption) [52-58]. How-
ever, physisorption was the major contributor while chemisorption contributed only
slightly to the adsorption mechanism judging from the decrease of %IE with the
increase in temperature in the presence of the DPC inhibitor. In the case of DPCM,
the chemisorption process is favored because the inhibition efficiency % IE
increases with increasing temperature. The high K4 and Angs values may be
attributed to higher adsorption of the inhibitor molecules at the metal-solution
interface [35, 36]. In the physisorption process, it is assumed that acid anions such
as Cl™ ions are specifically adsorbed on the metal surface, donating an excess
negative charge to the metal surface. In this way, the potential of zero charge
becomes less negative which promotes the adsorption of inhibitors in cationic form
(Fig. 20) [33, 59] (Scheme 3).

Theoretical calculations

Quantum chemical calculations

To investigate the correlation between the molecular structure of pyrazoles and its
inhibition effect, a quantum chemical study has been performed. Geometric
structures and electronic properties of DPC and DPCM have been calculated by

GAUSSIAN 09W software [60], using the Becke’s three-parameter hybrid density
functional B3LYP [61] method with the standard 6-31G* basis set. Figure 21 shows
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Fig. 20 Physisorption process of pyrazole on mild steel surfaces by the synergistic effect of chloride C1™
ions

Scheme 3 Cationic form of pyrazole derivatives in 1 M HCl medium (protonation)

the optimized molecular structures, highest occupied molecular orbital (HOMO)
and lowest occupied molecular orbital (LUMO), of pyrazoles. It shows that the
benzene ring, N and S atoms have larger electric density. It is suggested that the
benzene ring, N and S atoms can be suitable places for adsorption onto surfaces,
especially in the case of N and S because of their lone pair of electrons. DPC and
DPCM molecules can be directly adsorbed at the steel surface on the basis of donor—
acceptor interactions between the m-electrons of conjugated systems (benzene and
pyrazole ring), heteroatoms (S, N and O), and the vacant d-orbitals of iron atoms.

Thus, we suggest that the electron pair of the nitrogen and sulfur atoms is able to
make a complex with vacant d-orbitals of Fe?" (Scheme 4).

The HOMO and LUMO energies, the LUMO-HOMO energy gap the dipole
moment and the volume of the pyrazole derivatives are presented in Table 3.

Eyowmo 1s often associated with the electron donating ability of the molecule and
a high value of the Eyono usually indicates a tendency of the molecule to donate
electrons to appropriate acceptor molecules with low energy, empty molecular
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Scheme 4 Schematic representation of adsorption behavior of the studied pyrazoles on mild steel

Table 3 Calculated quantum chemical parameters of the studied pyrazole derivatives

Inhibitor EI (%) V(A% 1 (D) Exomo (€V) Eromo (V) AE (eV)
DPC 73.09 211.85 5.40 —0.20866 —0.07304 0.13562
DPCM 97.14 282.18 5.11 —0.20625 —0.07079 0.13546

orbitals. On the other hand, Ey ymo, the energy of the lowest unoccupied molecular
orbital, indicates the ability of molecule to accept electrons. The lower the value of
Ey umo, the more probable that the molecule accepts electrons [62, 63]. A low
energy band gap value of <8.0 eV as estimated by the quantum mechanical method
suggests stronger chemisorptions and good inhibition efficiency [64].

The value of dipole moment for pyrazoles is estimated to be of the order of 5.2 D,
which indicates high compound polarity leading to greater inhibition [65, 66]. The
HOMO and LUMO electronic density distributions of the two molecules are plotted
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in Fig. 13. The occurrence of sufficiently high values of HOMO densities around the
sulfur and nitrogen further indicates that these atoms behave as centers for
chemisorptions [65].

Interaction and binding energy

Adsorption of DPC and DPCM heterocyclic molecules on iron surface (1 1 0) has been
studied to find the lowest energy adsorption sites of these molecules on the steel under
investigation. The geometry optimization for the two target inhibitors is carried out
using an iterative process, where atomic coordinates are adjusted until and unless the
total energy of individual structure reaches the minimum energy. Therefore, the selected
molecules DPC and DPCM are placed on the iron surface (1 1 0) to discover the lowest
energy adsorption sites along with their suitable configuration.

The equilibrium geometries for the complexes (Inh—Fe) in vacuum and aqueous
solution were obtained using Becke’s three-parameter exchange functional B3LYP
with 6-31G (d) basis [61]. The effective contacts between the inhibitor molecules
and the mild steel surface, as well as the best adsorption conformation for the both
compounds, are presented in Figs. 22 and 23. As can be seen, the heteroatoms such
as sulfur, nitrogen and oxygen play the main role of adsorption of inhibitors on the
iron surface.

The interaction and binding energy (Ey,, Eg;j,) between the inhibitor molecules
and the Fe (1 1 0) surface was calculated for the minimum energy structure with the
basis set superposition error (BSSE) and evaluated using the counterpoise method to
eliminate basis functions overlap effects using Eqs. 10 and 11 [60, 67]:

Eint = Enh-—re— (Enn + Ere) (10)
EBin - _Elnt (11)

where Ep,,_pe is the total energy of the iron crystal together with the adsorbed
inhibitor molecule, Ey,, and Ef. are the total energy of the free inhibitor molecular
and the iron crystal, respectively. The calculated interaction and binding energy
values are listed in Table 4.

The calculated interaction energy values of the DPC-Fe and DPCM-Fe
complexes in vacuum and HCl media are —27.37 and —34.13 kcal/mol and
—40.51 and —43.99 kcal/mol, respectively. The hither negative values of interac-
tion energy can be attributed to the strong adsorption between the pyrazole
molecules and the iron surface [68]. DPCM has the highest interaction energy
compared to DPC, which indicate that the DPCM molecule will give the best
inhibition activity. Moreover, the higher value of binding energy for the DPCM
(43.99 kcal/mol) inhibitor also suggests a more stable adsorption system for DPCM
with higher inhibition efficiency [69]. The relative inhibition action of the studied
molecules can be drawn from the parameters of interaction energy as well as
binding energy. The stability of the inhibitor molecules and its inhibition efficiency
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Fig. 22 The most stable configuration for adsorption of DPC inhibitor on the iron surface

Fig. 23 The most stable configuration for adsorption of DPCM inhibitor on the iron surface

are ranked as DPCM > DPC. These results confirmed that theoretical quantum
chemical calculations are in good agreement with the experimental data [70]. In this
way, we may infer that, of the two studied inhibitors, DPCM is more effective and
can be strongly adsorbed on the iron surface through the pyrazole heterocyclic ring
and the heteroatoms. The iron surface can be protected by the formation of an
inhibitor layer which limits the attack from an aggressive solution.
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Table 4 Interaction and binding energy values for DPC and DPCM using DFT calculations

Systems Interaction energy Binding energy
(kcal/mol) (kcal/mol)

Fe-DPC

Vacuum —27.37 27.37

HCI solution —34.13 34.13
Fe-DPCM

Vacuum —40.51 40.51

HCI solution —43.99 43.99
Conclusions

Based on the above results, the following conclusions can be drawn:

Pyrazole derivatives were found to be inhibitors for mild steel corrosion in HCI
solution. The inhibition efficiency increases with increasing concentration of
DPC and DPCM at all temperatures studied. However, the inhibition efficiency
of DPCM is increased with increasing temperature as a result of the
performance of this inhibitor at higher temperatures in HCl medium.

The inhibition is probably due to the adsorption of the inhibitor on the metal
surface and blocking its active sites by the phenomenon of chemi-physical
adsorption.

Insertion of the methoxy group in the pyrazole structure increases inhibition
efficiency. On the other hand, the methoxy group enhances the adsorption of
DPCM on the surface of the steel under investigation.

Pyrazole derivatives are adsorptive inhibitors and their adsorption process
obeys the Langmuir’s adsorption isotherm, and is spontaneous.

All gravimetric measurements show that the DPCM is more effective than DPC
in 1 M HCL

The quantum chemical method shows that DPC and DPCM molecules can be
directly adsorbed at the steel surface on the basis of donor—acceptor interactions
between the m-electrons of the benzene ring, N and S atoms and the vacant
d-orbitals of iron atoms.
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