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Abstract

Six novel triazole derivatives were synthesized from some substituted benzoic acid with thiocarbohydrazide by grinding
method. The synthesized compounds were characterized by infra-red, 'H, and *C-NMR spectra investigations. Synthesized
triazole derivatives were tested and evaluated as corrosion inhibitors for low-carbon steel in 0.5 M HCI using weight loss
technique. It was found that these compounds had a promising inhibitory action against corrosion of mild steel in acidic solu-
tion. Inhibitor with highest performance was evaluated at different temperature and inhibitor concentrations. The inhibition
efficiency exceeded 96%. The excellent inhibitor performance was attributed to the formation of inhibitor adsorption films on
the steel surface. The adsorption of inhibitor on steel surface followed the Langmuir adsorption isotherm. The experimental
results were confirmed via theoretical quantum chemical calculations.
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1 Introduction

Steel can be in contact with acidic solutions during the
processes of pickling, metal cleaning, oil wells acidiz-
ing, etc. This contact can be very severe and harmful to
the metal surfaces. Metal surface protection against cor-
rosion is a practical means of corrosion control in acidic
solutions [1-4]. Using of organic compounds as corro-
sion inhibitors for metals in aqueous solutions received
a great attention in the industrial processes and scientific
research [5—8]. The most effective corrosion inhibitors are
those compounds containing heteroatoms such as nitrogen,
sulfur, oxygen, and phosphorus, as well as aromatic rings
which block the active sites, decreasing the corrosion rate
[9-13]. The compounds that contain both nitrogen and sulfur
showed excellent inhibition performance as compared with
compounds containing only nitrogen or sulfur [14, 15]. In
research on organic corrosion inhibitors, attention is paid
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to the mechanism of adsorption as well as the relationship
between inhibitor structures and their adsorption properties.
It has been observed that the adsorption depends mainly on
the electronic and structural properties of the inhibitor mol-
ecule such as functional groups, steric factors, aromaticity,
electron density on donor atoms and p orbital character of
donating electron [16, 17]. Also, efficient inhibitors should
possess plentiful p-electrons and unshared electron pairs on
either nitrogen atoms or sulfur atoms of the inhibitors to the
d-orbitals of iron, and by means of transference of electrons
chemical adsorption may occur on the steel surface. Thus,
the steel corrosion may be suppressed by the protective film
on the steel surface [18]. In the selection of a suitable com-
pound for corrosion inhibition, the geometric and the elec-
tronic properties of the compound influence the ability of the
compound to cover the metal surface and the ability of the
compound to react with the metal surface and therefore just
bind to the metal surface. In searching for suitable organic
corrosion inhibitors, several researchers have reported the
role of some triazole derivatives as corrosion inhibitors
on different metal surfaces and in different environments
[19-22]. Therefore, Quantum chemical methods combined
with experimental methods have been utilized to confirm
the potential of triazole derivatives as corrosion inhibitors
[21, 22]. In the present work, six triazole derivatives were

@ Springer


http://orcid.org/0000-0003-2284-6325
http://crossmark.crossref.org/dialog/?doi=10.1007/s40735-018-0209-1&domain=pdf

15 Page2of17

Journal of Bio- and Tribo-Corrosion (2019) 5:15

synthesized and tested as corrosion inhibitors of steel in
acidic solution.

2 Experimental Work
2.1 Synthesis of Inhibitors

Synthesis and reaction process were carried out in a round-
bottomed flask (100 ml) contained in a water bath. Mag-
netic stirrer was used to keep uniform temperature distribu-
tion inside the flask. The flask was equipped with a reflux
condenser and temperature was controlled using a hot plate
heater.
2-(4-Amino-5-mercapto-4H-1,2,4-triazole-3-yl)benzene-
1,4-diol (T,) was synthesized by the fusion of 2,5-dihydroxy
benzoic acid (0.01 mol) and thiocarbohydrazide (0.015 mol)
in test tube immersed in oil bath for temperature control.
Hotplate was used as a source of heating (Heidolph instru-
ments, Germany). The reaction temperature was 145 °C. The
product obtained on cooling was treated in a round-bottomed
flask (100 ml) with sodium bicarbonate solution at 78 °C to
neutralize the unreacted carboxylic acid, if any. Water bath
was used for temperature control. It was then washed with
water and collected by filtration. The same apparatus and
tools were used in the synthesis of other inhibitors. Fur-
thermore, reaction temperatures for fusion process and neu-
tralization process were same (145 and 78 °C, respectively).
4-Amino-5-(pyridine-2-yl)-4H-1,2,4-triazole-3-thi-
aol (T,) was synthesized by the fusion of picolinic acid
(0.01 mol, 1.23 g) and thiocarbohydrazide (0.015 mol,
1.59 g). The product obtained on cooling was treated with
sodium bicarbonate solution to neutralize the unreacted car-
boxylic acid, if any. It was then washed with water and col-
lected by filtration.
4-Amino-5-(3-(((Z)-4-nitrobenzylidene) amino)-4-((4-
nitrobenzylidene) amino) phenyl)-4H-1,2,4-triazole-3-thiaol
(T;) was synthesized by the fusion of 3,4-bis((4-nitroben-
zylidene)amino) benzoic acid (0.001 mol, 0.83 g) and thio-
carbohydrazide (0.003 mol, 0.31 g). The product obtained
on cooling was treated with sodium bicarbonate solution to
neutralize the unreacted carboxylic acid, if any. It was then
washed with water and collected by filtration.
5,5'-(((1,4-Phenylenebis(methanylylidene))
bis(azanylylidene))bis(4,1-phenylene))bis(4-amino-4H-
1,2,4-triazole-3-thiol) (T,) and 4-amino-5-(4-((4-(4-amino-
S-mercapto-4H-1,2,4-triazol-3-yl)benzylidene)amino)
phenyl)-4H-1,2,4-triazole-3-thiaol (Ts) were synthesized
by the fusion of compounds substituted benzoic acid
(0.002 mol) and thiocarbohydrazide (0.006 mol). The prod-
uct obtained on cooling was treated with sodium bicarbonate
solution to neutralize the unreacted carboxylic acid, if any.
It was then washed with water and collected by filtration.
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4-((4-(4-Amino-5-mercapto-4H-1,2,4-triazole-3-yl)
benzylidene)amino)-1,5-dimethyl-2-phenyl-1,2-dihydro-
3H-pyrazol-3-one (T) was synthesized by the fusion of
compound [T5] (0.002 mol, 0.67 g) and thiocarbohydrazide
(0.003 mol, 0.31 g). The product obtained on cooling was
treated with sodium bicarbonate solution to neutralize the
unreacted carboxylic acid, if any. It was then washed with
water and collected by filtration.

For all above, the completion of the reaction and the
purity of the compound were checked by thin-layer chro-
matography (TLC, mobile phase hexane:ethyl acetate 1:2).
The product was recrystallized from appropriate solvent to
afford the title compound [23, 24]. Figure 1 shows the syn-
thesis scheme of inhibitors (T1-T6).

2.2 Quantum Chemical Calculations

The theoretical calculations of quantum chemical have been
widely employed to simulate the corrosion inhibition pro-
cess. The structural parameters, highest occupied molecular
orbital, lowest unoccupied molecular orbital, dipole moment
(u), and fraction of electron transferred, were calculated and
optimized by ChemoOffice version 14 software.

2.3 FTIR and NMR Analysis

Fourier transform infra-red (FTIR) spectra were verified in
an PerkinElmer Spectrum type 65, spectrophotometer (Ger-
many), which performed from 400 to 4000 cm™", using the
KBr disk technique, and nuclear magnetic resonance, 1H-
and 13C-NMR spectroscopy, 400 MHz (Bruker, Germany),
were used in the process of analysis and diagnosis of cor-
rosion inhibitors.

2.4 Weight Loss Measurements

Low-carbon steel test sample has the following chemical
compositions (wt%): 0.1 C, 0.335 Mn, 0.033 Si, 0.0067 S,
0.0056 P, 0.057 Al, 0.0476 Cu, 0.0201 Cr, 0.001 Co, 0.0007
Ti, and the balance is Fe. Rectangular test samples are with
dimensions of 3 cmXx 1 cm X 0.1 cm exposing an approxi-
mated surface area of 6.8 cm?. Prior to each measurement,
the steel sample was abraded with emery papers with grade
of 400-1000, washed ultrasonically with distilled water
(Distilled by Simtronics Water Distillation Unit, India),
acetone, and alcohol, dried under dry air, and then kept in
desiccators over silica gel bed until use. The dimensions of
each sample were measured with a vernier to 2nd decimal
of millimeter and accurately weighted to the 4th decimal of
gram. Testing electrolyte of 0.5 M HCI aqueous solution
was prepared by diluting Analar Grade 37% hydrochloric
acid with ultra-pure water. The metal samples were com-
pletely immersed each in 500 ml of uninhibited and inhibited



Journal of Bio- and Tribo-Corrosion (2019) 5:15

Page3of17 15

HI

N_T(' N=N
‘l‘\ L Il %‘GH
i, H
w ML
T
N 1
1
CH
Meh, A I
NIl HEK K
NT T ‘\\ e
}‘_.-
m \ CERHI
T5 et \©\“unu i
\\ \
sl .
’/’k NHNH,

3
eSS p—
\\II\III
/ +
N /

-l!" /_/ 00N Q
Melt, A~
,/ canll
(Iill o 1”" el A
. -
00
|
a o
M= =N 1
‘l'h\/u_w‘ Sl
sH T T
4 2

Fig. 1 Synthesis scheme of inhibitors (T |-Ty)

0.5 M HCI solution contained in a conical flask. Water bath
was used for temperature control. They were exposed for a
period of 3 h at the desired temperature and inhibitor con-
centration. Then the metal samples were cleaned, washed
with running tap water followed by distilled water, dried
with clean tissue, and then immersed in acetone and alco-
hol and dried again. Weight losses in g/m%/day (gmd) were
determined in the presence and absence of inhibitor. At the
beginning, all inhibitors were tested at inhibitor concentra-
tion of 0.001 M and 30 °C to select the best one. Then, the
inhibitor with higher efficiency was evaluated at different
temperatures (20, 30, 40, and 50 °C) and inhibitor concen-
tration of 1x107%,2Xx 1072, 3% 1073, and 4x 107> M. All
measurements were performed for three times to obtain a
satisfactory reproducibility.

3 Results and Discussion
3.1 Diagnoses of Inhibitors
FTIR spectra and nuclear magnetic resonance, 1H- and 13C-

NMR spectroscopy were used in the process of analysis and
diagnosis of corrosion inhibitors. Figures 2 and 3 show FTIR
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and NMR spectrum of inhibitors. The active groups and
specifications were evaluated. For T, the observed values of
were OH (3568), NH, (3356), N-H,,, (3283), aromatic C—H,
(3173), C=Ng, (1654), aromatic C=C, (1566, 1497), C=S
(1241). The spectrum of "H-NMR to compound appears to
show the following data: 12.5 (S, 1H, OH), 8.4 (S, 1H, SH),
6.02-7.1 (4H, Aromatic H), 5.2 (S, 2H, NH,). T, shows NH,
(3432-3323), N-H,, (3178), aromatic C-Hy,, (3087), C=N,
(1636), aromatic C=C, (1576-1451), C=S (1272). The spec-
trum of "H-NMR (400 MHz, d6-DMSO, ppm) to compound
(S¢) appears to show the following data: SH=8.7 (S, 1H, SH),
8.6 (S, 1H, N=CH), 7.5-8.1 (3H, Aromatic H), 5.3 (S, 2H,
NH,). The following specifications were observed for T5: NH,
(3480—3422) N-H,,, (3071), aromatic C-H,, (3001), aliphatic

H,, (2942), C=N, (1617), C=C, (1445), C=S (1241).
The spectrum of 'H-NMR (400 MHz, d6-DMSO, ppm) to
compound (S ,) appears to show the following data: SH=10.5
(S, 1H, SH), 8.3 (S, 2H, N=CH), 7.9-8.2 (7H, Aromatic H),
5.8 (S, 2H, NH,). For T, NH, (3483-3418), N-H,, (3134),
aromatic C-Hg,, (3011), C=N, (1614), C=C, (1505-1414),
C=S (1323). The spectrum of "H-NMR (400 MHz, d6-DMSO,
ppm) to compound T, appears to show the following data:
0H=10.7 (S, 1H, SH), 8.7 (S, 2H, N=CH), 7.1-8.3 (8H,
Aromatic H) 5.5 (S, 2H, NH,). 3C-NMR (400 MHz,
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d6-DMSO, ppm): 6C=164 (CH=N) 135 (N-C-N), 149,
143, 126 (Ar-CH). However, the specifications of Ty are: NH,
(3276-3166), N-H,,, (3128), aromatic C-H, (2995), C=N,
(1588), C=C,, (1504-1434), C=S (1237), yield: 70%. The
spectrum of '"H-NMR (400 MHz, d6-DMSO, ppm) to com-
pound (S;;) appears to show the following data: SH=10.9
(S, 1H, SH), 8.7 (S, 2H, N=CH), 7.6-8.2 (4H, Aromatic H)
5.5 (S, 2H, NH,). 3C-NMR (400 MHz, d6-DMSO, ppm):
8C=167 (CH=N), 131 (N-C-N), 149, 142, 138, 129, 128,
125 (Ar—CH). The following are specifications of T¢: NH,
(3374-3287), N-H,,, (3185), aromatic C-H, (2931), C=N,
(1596), C=C,, (1498-1443), C=S (1309), yield: 64%. The
spectrum of 'H-NMR (400 MHz, d6-DMSO, ppm) to com-
pound T appears to show the following data: 53H=9.6 (S, 1H,
SH), 8.3 (S, 2H, N=CH), 7.3-7.9 (4H, Aromatic H), 5.5 (S,

@ Springer

20 200 1750 1500 1250 1000 75

2H, NH,), 2.1 (S, 6H, 2CHy;). Table 1 shows the summary of
inhibitor physical properties.

3.2 Weight Loss Measurements

Table 2 summarizes the results of weight loss technique of the
low-carbon steel alloy corrosion in 0.5 M hydrochloric acid
solution at 30 °C and 0.001 M inhibitor concentration. The
values of corrosion rate were evaluated using the following
equation [25]:

weight loss (g)
R = g g )

area (m?) X time (day)
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From the corrosion rate, the percentage inhibition effi-
ciency of weight loss experiments (%IE) was calculated
using the following equation [26]:

CRuninibit B CRinhibit
CR

%IE = x 100, )

uninhibit

where CRpinnivic @0d CRyppinic are the corrosion rates
in the absence and presence of inhibitors, respectively.
Table 2 shows that inhibitor efficiency ranged from 72.89
to 81.08%. T, shows the higher performance. In order to
have a clear vision of T, behavior, the effects of inhibitor
concentration and temperature were studied. The results are
shown in Table 3. Corrosion rate increased with increase

3500 W00 25000 2000 1750 1500 1250 1000 750
cm-1

500 400

of temperature and decrease of inhibitor concentration,
while inhibitor efficiency increased with the increasing
inhibitor concentration and temperature. Tezcan et al. [27]
investigated newly synthesized sulfur containing Schiff
base (4-((thiophene-2-ylmethylene)amino)benzamide)
compound. Inhibition performance on mild steel in 1.0 M
HCI solution was studied. The results showed the high-
est inhibitor efficiency of 96.8%. Chaitra et al. [28] stud-
ied the effect of newly synthesized thiazole hydrazones
on the corrosion of mild steel in 0.5 M hydrochloric acid.
Adsorption of the inhibitors followed Langmuir isotherm
and addition of inhibitors simultaneously decreased corro-
sion rate. Messali et al. [29] studied the inhibition effect
and adsorption behavior of 4-((2,3-dichlorobenzylidene)

@ Springer
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amino)-3-methyl-1H-1,2,4-triazole-5(4H)-thione on mild
steel in 1 M HCI solution. The inhibitor can be adsorbed
onto surface by both physical and chemical means obeying
Langmuir adsorption isotherm.

3.3 Effect of Inhibitor Concentration
and Adsorption Studies

As shown in Table 3, at specific experimental temperature,
corrosion rate of steel decreases with an increase in T,
concentration. Values of inhibitor efficiency increase with
the increasing T, concentration and approach the maxi-
mum value of 96.02% at higher level of temperature and
inhibitor concentration. This increase in inhibitor perfor-
mance with temperature is apparently due to an increase in
chemisorption of the inhibitor. Crucial step in the action of

@ Springer

inhibitor behavior in acidic media is commonly agreed to
be the adsorption on the metal surface. This includes the
assumption that the corrosion reactions are prevented from
occurring over the area or active sites of the metal surface
protected by adsorbed inhibitor molecules, whereas these
corrosion reactions occurred generally on the inhibitor-
free active sites [30]. The surface coverage (6 = %IE/100)
data are very valuable in discussing the adsorption fea-
tures. Surface covered is related to the concentration of
inhibitor at constant temperature by well-known adsorp-
tion isotherm relationships that are evaluated at equilib-
rium condition. The dependence of 6 on the concentration
of T, concentration was tested graphically by fitting it to
Langmuir adsorption isotherm that assumes a metal sur-
face contains a fixed number of adsorption sites and each
site takes only one adsorbed molecule. Figure 4 shows



Journal of Bio- and Tribo-Corrosion (2019) 5:15

Page70f17 15

T].
ey I
S ufJ AW
12 12 11 w8 8 7 & : 4 3 2z 1 @
w2
TZ
_j\_;fl' \LJLJ—..——-‘ ‘l\A_P'\lL ' !
: ' ' ' [ - a z 1 * pom

13 12 1" ik 2 a8

Fig.3 NMR spectrum of inhibitors (T,-Ty)

linear plots for C/6 versus C with average R>=0.99 cor-
relation coefficient, suggesting that the adsorption follows
the Langmuir adsorption isotherm [31]:

c 1

—==+C,

where C is the inhibitor concentration and K is the adsorp-
tion equilibrium constant, representing the degree of adsorp-
tion; in other words, the higher the value of K specifies that
the T, molecules is strongly adsorbed on the metal surface.
The slops of Langmuir adsorption lines are near unity

meaning that each inhibitor molecule occupies one active
site on the metal surface.

The standard adsorption free energy (AG,,,) was calcu-
lated using the following equation [31]:

K= — exp | — AGads (4)
55.5 RT )’

where 55.5 is the concentration of water in solution
expressed in molar, R is the gas constant, and 7 is the abso-
lute temperature. Table 4 shows the adsorption parameters.
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Fig.3 (continued)

The average value of standard adsorption free energy was
ads €nsures the

—34.85 kJ/mol. The negative value of AG
spontaneous adsorption process and stability of the adsorbed
layer on the metal surface. Commonly, the value of AG,,°
up to — 20 kJ/mol is consistent with electrostatic interac-
tion between the charged molecules and the charged metal

@ Springer

(physical adsorption), while those around — 40 kJ/mol or
higher are associated with chemical adsorption as a result
of sharing or transfer of electrons from the molecules to the
metal surface to form a coordinate type of bond [32]. How-
ever, other researchers suggested that the range of standard
adsorption free energy of chemical adsorption processes for
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Fig.3 (continued)

inhibitor in aqueous media lies between —21 and —42 kJ/  an increase in temperatures, indicating that the adsorption
mol [33]. Therefore, for the present work the values of  was somewhat favorable with increasing experimental tem-
adsorption heat have been considered within the range of  perature and T, adsorbed according to chemical mechanism.
chemical adsorption. As can also be observed from Table 4,

there is a limited increase in the absolute value of AG,,, with
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Table 1 Physical property of

: Inhibitor m.p. (°C) Color Molecular formula Res. solvent % Yield
the synthesis compounds
T, 231-233 Deep brown CgHgN,O,S Ethanol/water 67
T, 193-195 Yellow C,;H;NsS Ethanol/water 70
T, ”300 Deep brown Cy,H,(NgO,S Ethanol/water 78
T, 263-265 Green Cy HyoN (S, Ethanol/water 76
Ts 287-289 Yellow Ci7H5NgS, Ethanol/water 70
T 207-209 Orange C,oH,4N;0S8 Ethanol/water 64

Table 2 Corrosion rate of low-carbon steel alloy and inhibitor effi-
ciency of synthesis compounds corrosion in 0.5 M hydrochloric acid
solution at 30 °C and 0.001 M inhibitor concentration

3.4 Effect of Temperature and Activation Studies

As shown in Table 5, at specific experimental temperature,

Inhibitor Formula Corrosiorzl Inhibitor  Standard corrosion rate of steel decreases with an increase in T, con-
fiate)(g/ m ‘E?f,ﬁ)“emy ?;V)l)at‘on centration. The kinetics of the T, action can be realized by
a . . . .
Y i comparing the activation parameters in the presence and
T, CgHgN,O,S  17.22 75.79 0.181 absence of the inhibitor. Activation energy (E,), enthalpy of
T, C,H;N,S 18.55 76.95 0.195 activation (AH,), and entropy of activation (AS,) for both
T, Cp,H(NgO,S 21.61 73.16 0.227 uninhibited and inhibited 0.5 M hydrochloric acid steel cor-
T, CpHyN S, 15.23 81.08 0.159 rosion at different temperatures and acid concentration were
T, C;HsN,S,  35.16 78.16 0.369 evaluated from an Arrhenius-type plot (Eq. 5) and transition
T, C,0HoN,OS  21.82 72.89 0.229 state theory (Eq. 6) [33]:
CR=A Ey
=Aexp| ——
PA\"rr ©)
'1I'ab|e 3 bCorrtosilorhrate 02 Test number Inhibitor concen-  Temperature  Corrosion rate (g/ Inhibitor effi- Standard
iﬁhwi_bciz:(r)r(::r;ﬁscf;ncay 2%1 sa;nthesis tration (M) (&(®) m? day) ciency (%) deviation
SD
T, in 0.5 M hydrochloric acid ®D)
solution at different conditions 1 0 20 75.39 _ 1.938
2 0 30 80.52 - 2.138
3 0 40 154.79 - 2.032
4 0 50 420.05 - 3.371
5 1x107° 20 10.29 86.35 0.401
6 2x1073 7.78 89.67 0.303
7 3x1073 7.35 90.24 0.286
8 4x1073 6.14 91.84 0.239
9 1x1073 30 15.33 80.95 0.597
10 2x107 15.23 81.08 0.593
11 3%107 13.43 83.31 0.523
12 4x1073 10.78 86.61 0.421
16 1x1073 40 21.17 86.32 0.825
14 2x1073 21.04 86.4 0.821
15 3%107 20.97 86.45 0.817
16 4%1073 16.39 89.4 0.639
17 1x1073 50 27.89 93.35 1.087
18 2x107 17.89 95.74 0.697
19 3%1073 16.81 95.99 0.655
20 4x1073 16.68 96.02 0.651
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Fig.4 Langmuir adsorption 0.0050

isotherms of T, on the steel
surface in 0.5 M HCl solution at

. 0.0045
different temperatures

0.0040 |

0.0035 |

0.0030 |
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0.0015 |
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Table 4 Adsorption parameters of T, at different temperatures

T (°C) KM™h Slop R? AG,y, (kJ/mol)
20 10471.2 1.07 0.99 —32.33
30 11005.4 1.13 0.99 —-33.56
40 12706.5 1.11 0.99 —35.04
50 30303.3 1.03 0.99 —38.49
Average value 16121.6 1.09 0.99 —34.85

Table 5 Activation parameters for steel corrosion reaction in uninhib-
ited and inhibited 0.5 M HCI

cM) A(gmd) E,(kl/mol) AH, (kJ/mol) AS, (J/mol K)
0 6.5x10° 45.18 42.63 —65.02
1x107°  47x10° 26.12 23.56 —144.33
2x107%  1.1x10° 2261 20.05 —157.23
3x1073  13x10° 23.44 20.88 —155.06
4%x1073  47%x10° 27.15 24.58 —144.41

RT AS, AH,
CR = —ex exp | — ,

Nk P ( R )P\ "R ©)

where CR is the corrosion rate, A is the Arrhenius constant,
R is the universal gas constant, 4 is Plank’s constant, and N
is Avogadro’s number. As shown in Fig. 5, plot of In(CR)
versus 1/T gives straight lines with slopes of AE,/R and
intercept can be used for evaluating A, while Fig. 6 shows a

0.0015

0.0025 0.0030 0.0035 0.0040

ca

0.0020 0.0045

liner straight lines of In(CR/T) versus 1/T slopes of AH,/R
and intercept can be used for evaluating AS,. Table 5 illus-
trates the activation parameters for steel corrosion reaction
acidic solution at different conditions. It is clearly shown
that the activation energy and enthalpy vary in a similar way.
The activation energy and activation enthalpy for uninhib-
ited acid were higher than the inhibited one. The decrease
in the value of activation energy and enthalpy appears to be
unreliable. However, this may be attributed to the increase
of metal surface coverage by the inhibitor molecules at
higher temperatures and also suggested that the formation
rate of the chemisorbed layer may be greater than its rate of
dissolution at higher temperatures [34]. Other researchers
[35] found that some anticorrosion materials in the acidic
solutions alter the kinetics of corrosion reaction by propos-
ing alternate reaction paths with lower activation energies.
Table 5 illustrates also that all the values of frequency factor
are lower than uninhibited one, which is benefit for inhibit-
ing the corrosion rate of steel. It is also well known that the
increase in A raises the corrosion rate of steel [36]. Further-
more, at all cases, the values of E, are higher than AH, by a
value which is approximately equal to RT, which confirm the
thermodynamic principle of the reactions is characterized by
the following equation [37]:

E, — AH, = RT 7
The negative value of AS, for both cases of the absence
and presence of inhibitor indicates that activated com-

plex in the rate-determining step denotes an association
rather than a dissociation step, which means a decrease in
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Fig.5 Arrhenius plots of steel 6.5
in uninhibited and inhibited
0.5 M HCl1

(gmd)

In (corrosion rate)

0.00305 0.00310 0.00315 0.00320 0.00325 0.00330 0.00335 0.00340 0.00345
Ut ®hH

Fig. 6 Transition—state plots of
steel in uninhibited and inhib-
ited 0.5 M HCI

(gmd/K)

In (corrosion rate/T)

A5 ' : : ' : ' '
000305  0.00310 000315  0.00320 000325  0.00330  0.00335  0.00340  0.00345

UT ®hH

disorder takes place during the course of transition from  [39]. It is also verified to be a very important tool for
reactant to the activated complex [38]. studying corrosion control mechanism and to obtain
insight view to the inhibition mechanism of inhibitors.
3.5 Quantum Chemical and Theoretical Calculations By using quantum chemical calculations, the structural
parameters, such as HOMO (highest occupied molecular
Calculations of quantum chemical have been widely used  orbital), LUMO (lowest unoccupied molecular orbital),
to investigate reaction mechanism of inhibition process

@ Springer



Journal of Bio- and Tribo-Corrosion (2019) 5:15

Page130f 17 15

I3

Fig. 7 Optimized structure of inhibitors

dipole moment (u), and fraction of electron transferred
(AN), were calculated. Figure 7 shows the optimized struc-
tures, HOMO and the LUMO structure of all synthesis
inhibitors. The calculated quantum chemical properties
are summarized in Table 6. As shown in Fig. 7, both the
HOMO and LUMO distributions of synthesis inhibitors
were concentrated mainly over sulfur and nitrogen atoms.
E; umo and Eygypo characterized the electron-receiving
and electron-donating capability of synthesis inhibitors. In
general, a low E; ;o implies that inhibitors tend to accept
electrons, while a high Eyqo\o refers to a strong electron-
donating [40]. Energy gap (AE) specifies the chemical sta-
bility of inhibitors, and a lower energy gap value typically
leads to higher adsorption on the metal surface, resulting

in greater inhibition efficiencies [41]. The order of energy
gap was T, > Ts>T,> T,> T3> T, which is in agreement
with the order of the inhibition efficiency that is obtained
from experimental studies.

The number of transferred electrons (AN) was also cal-
culated according to Eq. 8 [42]

Xpe — Xinn

e hil

AN = —Fe_Zinh
2(nge + Minn)

®)
where X, and X, denote the absolute electronegativity of
iron and the inhibitor molecules, respectively; #p. and 7,
denote the absolute hardness of iron and the inhibitor mol-
ecule, respectively. These quantities are related to electron
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T4

Ts

Ts

Optimized structure

Fig.7 (continued)

affinity (A) and ionization potential (/) that are both related
in turn to Eyopo and Ep pyo:

_I+A _ —(Eyomo *+ ELumo)
o2 2
_I1-A _ —(Euomo — ELumo)
o2 2

X

©))
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HOMO structure

LUMO structure

Values of X and 5 were considered using the values of
I and A gained from quantum chemical calculation. The
theoretical value of Xp, is 7 according to Pearson’s elec-
tronegativity scale and 7y, is 0 eV/mol, respectively [43].
The fraction of electrons transferred from inhibitor to the
steel surface (AN) was calculated and is listed in Table 6.
According to Lukovits [44], if AN < 3.6, the inhibition effi-
ciency increased with increasing electron-donating ability
at the steel surface. In this study, synthesis inhibitors were
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Table 6 Calculated quantum chemical parameters of prepared inhibi-
tors

Compounds Eyomo (€V) Ejymo (€V) AE(eV) AN u(Debye)
T, —7.828 —5.236 2.592 0.185 5.113
T, —7.690 -5.716 1.974 0.151  6.643
T, —7.840 -1.318 6.522 0.371 4350
T, —6.981 -5.711 1.271 0.515 11.16

Ts —-5.551 -2.728 2.823 1.013  6.916
Ty -7.675 —0.606 7.069 0.405 3.174

the donor of electrons, and the metal surface was the accep-
tor. This result supports the assertion that the adsorption of
inhibitors on the surface of steel can occur on the bases of
donor—acceptor interactions between the JI electrons of the
compound and the vacant d-orbitals of the steel surface. The
dipole moment (u) is also a significant factor and there is a
lack of agreement on the relation between u and inhibitive
performance. Some researchers found that a low u value will
favor accumulation of the inhibitor on metal surface and
increasing the inhibitor performance [45, 46]. While other
researchers suggested that a high value of dipole moment
associated to the dipole—dipole interaction of inhibitor and
metal surface can enhance the adsorption on the metal sur-
face and increasing efficiency [47, 48]. In the present work,
the value of u for T, was the higher one among all tested
inhibitors that agree with the second opinion. This may be
attributed to the fact that O, N, S, and some C atoms have
high charge densities. The regions of the highest electron
density are commonly the sites to which electrophiles can
attach [49, 50]. Therefore, these atoms are the active cent-
ers, which have the high capacity to bond to the steel sur-
face. The relative higher efficiency of T, may be attributed
to higher number of carbon atoms as compared with other
inhibitors.

Khaled [51] used molecular simulation technique to
optimize the structure of triazole derivatives as a corro-
sion inhibitor for iron. Experimental and theoretical data
showed that aminotriazole was the best inhibitor among tri-
azole, aminotriazole, and benzotriazole. Babi¢-SamardZija
and Hackerman [52] also applied molecular modeling
to get insights into structural and electronic effects of
polypyrazolylborates, dihydrobis(1-pyrazolyl) borate, and
hydrotris(1-pyrazolyl)borate in relation to their adsorption
behavior and inhibition efficiencies. According to the find-
ings of their electrochemical measurements, both polypyra-
zolylborates were relatively efficient inhibitors against acidic
iron corrosion. Lebrini et al. [53] studied the influence of
2,5-bis(4-pyridyl)-1,3,4-thiadiazole (4-PTH) and some
of its derivatives on the corrosion of mild steel in acidic
media by quantum chemical method. The HOMO energy
and LUMO energy and dipole moments were evaluated.

These parameters were correlated in a model with correla-
tion coefficient higher than 0.93 that indicated a good rela-
tion between the corrosion inhibition and the structure of the
inhibitors. Sahin et al. [54] studied the dependence of inhibi-
tion efficiencies of three heterocyclic compounds using the
quantum chemical method. Parameters, such as the LUMO
and HOMO energies, net atomic charges, energy gap, dipole
moments, total and interaction energies, were calculated. A
good agreement was found between theoretical and experi-
mental data.

4 Conclusion

The following points can be concluded from the present
work:

1. The six inhibitors were synthesized and tested success-
fully as corrosion inhibitors for steel in acidic solution.

2. Experimental results show that the order of inhibition
efficiency was Ty >Ts>T,>T; >T;>Tg.

3. The addition of T, to the 0.5 M HCl solution at different
temperatures and inhibitor concentration reduces cor-
rosion of mild steel with inhibitor efficiency exceeding
96.02%.

4. Inhibitor efficiency of T, increased with an increase in
the inhibitor concentration. The high inhibition effi-
ciency of inhibitor was attributed to the formation of a
layer on the steel surface.

5. Adsorption follows Langmuir adsorption isotherm with
high negative value of heat of adsorption, which indi-
cates the formation of chemical layer on metal surface.

6. Experimental studies were confirmed and agreed with
theoretical quantum chemical calculations.
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