N

N

The Synergistic Effect of Chloride Ion and
1,5-Diaminonaphthalene on the Corrosion Inhibition of
Mild Steel in 0.5 M Sulfuric Acid: Experimental and
Theoretical Insights
Abdelgader El Guerraf, Abderrahim Titi, Karima Cherrak, Naoual Mechbal,

Mohammed El Azzouzi, Rachid Touzani, Belkheir Hammouti, Hassane Lgaz

» To cite this version:

Abdelgader El Guerraf, Abderrahim Titi, Karima Cherrak, Naoual Mechbal, Mohammed El Azzouzi,
et al.. The Synergistic Effect of Chloride Ion and 1,5-Diaminonaphthalene on the Corrosion Inhibition
of Mild Steel in 0.5 M Sulfuric Acid: Experimental and Theoretical Insights. Surfaces and Interfaces,
2018, 13, pp.168-177. 10.1016/j.surfin.2018.09.004 . hal-02162223

HAL Id: hal-02162223
https://hal.science/hal-02162223

Submitted on 21 Jun 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02162223
https://hal.archives-ouvertes.fr

The Synergistic Effect of Chloride Ion and 1,5-Diaminonaphthalene on the
Corrosion Inhibition of Mild Steel in 0.5 M Sulfuric Acid: Experimental and
Theoretical Insights.

Abdelqader El Guerraf®, Abderrahim Titi®, Karima Cherrak®, Naoual Mechbal?,

Mohamed El Azzouzi”, Rachid Touzani”*, Belkheir Hammouti®, Hassane Lgaz

d,e,:;:

@ Laboratory of Applied Analytical Chemistry, Materials and Environment (LCA2ME), Faculty of Sciences, Mohammed Premier University, B.P. 4808, Oujda 60 046,

Morocco

P Multidisciplinary Faculty, Mohammed Premier University, B.P. 300, Selouane Nador 62 702, Morocco

€ Laboratory of Applied Chemistry and Environment, COSTE, Faculty of sciences, Mohammed Premier University, B.P. 717, Oujda 60 000, Morocco
d Laboratory of separation processes, Faculty of Science, University Ibn Tofail PO Box 242, Kenitra, Morocco

€ Laboratory of Applied Chemistry and Environment, ENSA, Ibn Zohr University, PO Box 1136, Agadir, Morocco

ARTICLE INFO

Keywords:

Corrosion inhibition

Mild steel

H,S04

DFT

Molecular dynamic simulations

ABSTRACT

The inhibition efficiency of 1,5-Diaminonaphthalene (1,5DNA) compound was studied by itself as well as in a
mixture that included sodium chloride (NaCl), noted [1.5DNA][C1™], for mild steel in 0.5M sulfuric acid.
Gravimetric, electrochemical techniques and computational chemistry calculations were utilized for the as-
sessment of corrosion inhibition efficiency and explanation of the mechanism involved during the corrosion
inhibition process. The results show that inhibition efficiencies on mild steel increase with increase in con-
centration of the inhibitor and enhancement in inhibition efficiency was observed on addition of sodium chloride
due to synergism. This inhibition has been attributed to the stabilization of adsorbed inhibitor film and, con-
sequently, increasing its inhibitive properties. The [1.5DNA][CI "] acts as mixed type inhibitor and the Nyquist
curves show that with the increase in the concentration, the charge transfer resistance R, increased. In addition,
[1.5DNA][C]I™] obeyed Langmuir monolayer adsorption isotherm. Moreover, Molecular Dynamic Simulations

and DFT calculations showed that [1.5DNA][Cl ] owned a higher adsorption ability.

1. Introduction

Basically, the most popular steel used by companies is the mild
steel; it is also usually the cheapest option, making it a great choice for
industrial projects [1-5]. That's why it is easily exposed to the phe-
nomenon of the corrosion due to the use of the acid solutions (HCI and
H,S0,) in several industrial processes such as cleaning and descaling
[6]. The organic compounds with N, S, and or O atoms are widely used
as effective corrosion inhibitors for several industrial metals in corro-
sive media. Additionally, functional electronegative groups and -
electrons in triple or conjugated double bonds enable inhibitors to ad-
sorb to the metal surface and form protective complex layers [7-9].
Bentiss et al. [10], El Azhar et al. [11] and Elkadi et al. [12] have
studied many inhibitors which contain nitrogen on the minimization of
the corrosion of steel in H,SO4 and HCI using chemical and electro-

chemical methods. In recent years, some attempts were made to further
improve the inhibition efficiency of organic corrosion inhibitors of
maximally, proposing them as efficient compounds for steel protection.
The synergism between an inhibitor and other ions such as iodide has
been extensively studied by many authors [13-15]. The information
about the synergistic effect of chloride ion was rarely reported.

The theoretical study of the structure-reactivity relationship of
corrosion inhibitors is an innovative and promising approach. This
approach not only explores the intrinsic electronic properties of each
inhibitor but also allows their modes of adsorption to be modeled on the
metal surface [16-18].

In the present study, the effect of the addition of 1,5-
Diaminaphthalene, shown in Fig. 1, and their synergism with 0.1 M
NacCl on the corrosion inhibition of mild steel in 0.5 M sulfuric acid was
studied using chemical, electrochemical and theoretical calculations.
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Fig. 1. 1,5-Diaminonaphthalene.

2. Experimental
2.1. Materials

The experiments were performed with mild steel have the following
composition: Fe (99.21%),Si (0.38%), C (0.21%), P (0.09%), Mn
(0.05%), S (0.05%), Al (0.01%). The steel sample were grinded with
emery paper Sic (90, 240, 400, 600 and 1000), washed with distilled
water, acetone and finally dried to eliminate the liquid.

2.2. Solution

Test solutions were prepared immediately prior to use from 97%
H,SO, (analytical grade, Sigma Chemical, St. Louis MO, USA) diluted in
distilled water, and then the 1,5-Diaminonaphthalene was dissolved in
this solution to prepare the corresponding concentration in mol L, a
solution containing H,SO, alone was taken as blank. The range of
1,5DAN concentration was 10 ~®M to 10~ 3 M while the concentration
of NaCl was 0.1 M NaCl. All the experiments were carried out in tri-
plicate with an experimental errors not exceed 3% (data not shown).

2.3. Weight loss method

Gravimetric method has been realized using steel samples that have
asize of 1 X 1 x 0.2 cm®. The time of the immersion was 6 h at 308 K
using a thermostat in beakers which contained 50 mL of 0.5M H,SO,4
alone, then with the addition of 1,5DAN and finally with the addition of
the system 1,5DAN/0.1 M NaCl. 6 h later, we bring the sample; wash it,
dry it and weighed with a precision scale. The following equations were
used to calculate the corrosion rates (Cr) and the inhibition efficiency
(Mwz(%)) [19]:
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where W}, and W, are the weight of the sample before and after im-
mersion in the different solutions, Cy and Cy are the corrosion rate
without and with addition of inhibitor respectively, A is the area of the
sample (cm?) and t is the time of exposure (h).

2.4. Electrochemical measurements

Tafel curves were achieved using a Potentiostat/Galvanostat(PGZ
100) related to a computer with analysis software model (Volta master
4). The experiment were realized with a cell having three electrode,
mild steel is as working electrode, saturated calomel as the reference

electrode and the auxiliary electrode was platinum (Pt). Mild steel
electrode surface was prepared like we did in gravimetric method and
immersed in various concentrations of the solution for 30 min to sta-
bilize the electrochemical system. The Tafel plots were realized with the
change of the potential from —800 to —200 mV/SCE and with a scan
rate of 1 mV/s. The percentage protection efficiency nppp(%) is defined
as [20]:

Topp (%) = [1 - ’°°“] X 100

lcorr

3

ioore and icoare the current density without and with addition of in-
hibitor in 0.5 M sulfuric acid.

The Nyquist presentation in the EIS method were performed with
the same material already used in realization of the Tafel plots with a
range of frequencies (10 mHz-100 KHz) at corrosion potential and an
amplitudes of 10 mV. With the following equation we can calculate the
inhibition efficiency (ngs(%)) [21]:

RoGnny — R
Ngrs (%) = ["“““)"] X 100
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where Ryinny and R;, are the polarization resistances with and without
addition of inhibitor in 0.5 M sulfuric acid.

2.5. DFT calculations

Quantum chemical calculations were obtained using Gaussian pro-
gram package, module version 9.0 [22]. The calculation was performed
using a basis set denoted by 6-31 G (d, p) [23,24]. All quantum cal-
culations were carried out in aqueous phase using Self-Consistent Re-
action Field (SCRF) theory, with Polarized Continuum Model (PCM)
[25]. The ionization energy and the electronic affinity were determined
by the values of the energies of the HOMO and LUMO orbital using the
following Egs. (5) and (6) [26]:

IP = —Eyomo %)
EA = —Epumo (6)

Mulliken electronegativity () and Absolute hardness (1) can be
approximated using [27,28]:

_IP+EA
T2 @)
_IP—EA
=T ©)

The number of transferred electrons (AN) is calculated by applica-
tion of the Pearson method using the equation [29]:

— ¢ — Xinh
2(Mp, + Mipn) (C)]

where ¢ =4.82 is the work function used as the appropriate mea-
sure of electronegativity of iron, and ng.= 0 [30,31].

2.6. Molecular dynamics (MD) simulations

Molecular dynamic simulations studies were carried out using
Materials studio package [32]. The behavior of the 1,5DAN molecule on
the Fe (110) surface was simulated in a 10 X 10 super cell using the
COMPASS force field and the Smart algorithm. Fe (110) surface has
been preferred as it has a packed surface and high stability [33]. MD
simulation was performed under 303 K, NVT ensemble, with a time step
of 1 fs and simulation time of 2000ps in a simulation box of
(24.82 x 24.82 x 35.69 A%). More detail of MD simulation is refer-
enced from our published articles [34,35].



Table 1

The parameters calculated by weight loss method for 1,5DAN and 1,5DAN + 0.1 M NaCl in 0.5M H,SO, solution at 308 K.

Inhibitor Concentration (M) Cg (mg.cm™~2h') nw(%) % 0
H,S0, 0.5 12.4 — —
NaCl 0.1 4.466 63.9 0.639
1,5DAN 1073 9.042 27 0.27
5x 1074 9.426 23.9 0.239
10°* 11.335 8.5 0.085
5x107° 11.376 8.2 0.082
10°° 11.642 6.1 0.061
10°° 12.245 1.2 0.012
1,5DAN + 0.1 M NaCl 1073 1.063 91.4 0.914
5x107* 3.479 71.9 0.719
104 3.756 69.7 0.697
5x10°° 3.859 68.8 0.688
10°° 4.335 65 0.65
10°° 4.362 64.8 0.648

Table 2

The influence of temperature on Gravimetric parameters for mild steel immersed in 0.5 M sulfuric acid with and without addition of 1,5DAN and 0.1 M NacCl.

T (K)

Concentration (M)

1,5DAN

Cg (mg.cm™~2h")

nwi %

1,5DAN + NaCl

Cg (mg.cm~%h")

nwi %

308

318

328

338

Blanc
1073
Blanc
1073
Blanc
1073
Blanc
1073

10.9301
5.5923
22.9891
14.1207
50.7996
33.2923
88.9004
59.9041

48.83

38.576

34.46

32.61

0.2728

0.5732

1.1759

1.72872

97.5

97.5

97.68

98.05

3. Results and discussion
3.1. Weight loss measurements

3.1.1. Effect of concentration

Table 1 and presents the corrosion rate (Cr) and the efficiencies
(nwz(%)) of single 1,5DAN, single 0.1 M NaCl and the system containing
both of NaCl and 1,5DAN calculated from the gravimetric method after
6h of immersion. It is clear that Cg decreases when 1,5DAN con-
centration increase, and is also evident that ny;(%) increase with in-
creasing in 1,5DAN concentration. At 1,5DAN concentration equal
10~ 3M alone in the solution, the maximum of efficiency was 27%,
which shows that the single inhibitor cannot protect effectively the
corrosion of the metal in 0.5M sulfuric acid. The results also indicate
that the values of the efficiency increase considerably after the addition
of constant NaCl concentration (0.1 M) and a maximum efficiency in-
crease to reach 91%. We conclude that the combination of inhibitor and
0.1 M NaCl is more effective for reducing the phenomenon of corrosion
of the metal, meaning that it is possible to exit a synergistic effect be-
tween NaCl and 1,5DAN.

3.1.2. Effect of temperature

The corrosion reaction and the inhibition mechanism can be ef-
fected by the factor of the temperature, so it is necessary to study the
effect of this parameter. The effect of the temperature on the corrosion
inhibition property of 1,5DAN was performed with weight loss method
and with a range of 308-338 K with and without addition of various
concentrations of 1,5DAN and 0.1 M NacCl (Table 2).

The first experience without NaCl, when the temperature increases,
the inhibition efficiencies decrease, this behavior is associated to des-
orption of 1,5DAN from the metal surface, because the increase of the
temperature accelerates the corrosion phenomena [36]. However, the
addition of 0.1 M NaCl makes the efficiencies practically constant in the

Ln C, (mg/cmz.h]

-1

L]
A

H,S0, 0.5M

1,5DAN
1,5DAN + 0,1M NaCl

T
3,05

T
3,10

1000/T (K

Fig. 2. Arrhenius curves for mild steel with and without addition of 1,5DAN
and 0.1 M NaCl in 0.5M sulfuric acid.

temperature range explored. These results show that the presence of
NaCl increase the stabilization of the complex already adsorbed on the

surface [37].

3.1.3. The activation parameters
The temperature dependency of current density can be best re-
presented by the Arrhenius and transition state equations [38,39]:
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Fig. 3. Arrhenius curves for mild steel with and without addition of 1,5DAN
and 0.1 M NaCl in 0.5 M sulfuric acid.

CGr=A exp(_Ea)

RT (10)
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AS, is the change in entropy of activation, AHa is the change in
enthalpy of activation, E, is the apparent activation energy, R is the gas
constant, A is the Arrhenius pre-exponential factor, h is Plank's constant
and N, is Avogadro's number.

The values of E, were calculated by linear regression between In
(Cr) and 1/T (Fig. 2). Fig. 3 shows that the Arrhenius plots of Ln (Cr/T)
versus 1/T gave straight lines with slope (-AH,/R) and intercept (Ln R/
Nh + AS,/R) from where AH, and AS, values were calculated.

Table 3 show that the calculated value of Ea for the corrosion of
steel in 0.5 M sulfuric acid is about 61 KJ mol ~'. But, the value of this
parameter with the addition of 10"3M of 1,5DAN is about
69 KJ mol ~ !, which is higher than that for blank, when we add 0.1 M
NaCl to our inhibitor we see that the apparent activation energy de-
crease compared to the blank. The higher value of E, in presence of
1,5DAN indicates that more energy barrier is required for the corrosion
reaction to occur [40], while the lower value observed after addition of
0.1 M NaCl is attributed to the higher adsorption of the [1.5DNA][C] "]
on the mild steel surface mainly via strong chemical interaction. If we
look again to the Arrhenius equation above, we can easily see that the
corrosion phenomenon is controlled by two factor, the first is Ea and
the second A (pre-exponential factor). So we tried to calculate this
factor and the results show that it increase remarkably with the addi-
tion of 0.1 M NaCl, so we can conclude that the inhibition process in the
complex containing both of 1,5DAN and NaCl is mostly dominated by
the pre-exponential factor [41,42].

The large negative number of the entropies (AS,) indicates a de-
crease in disordering [43], and the negative signs of the enthalpies

Table 3
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Fig. 4. Tafel curves of mild steel in 0.5M H,SO4with and without addition of
1,5DAN.

N
o
1

=
[8,]
1

=
o
1

o
(4]
1

J—=—1.s0,05m

o
o

Log | (mA/ch)

{—&— 10° + nacl 0,1M

o
(4]
1

—&— 10° + NaCl 0,1M
—%— 510" + NaCl 0,1M
109 o 16* +naciom
—4— 5.10" + NaCl 0,1M

—»— 10° + NaCl 0,1M
T L T ¥ T L

-800 -700 -600

-1,5

500  -400  -300  -200
E (mV)

Fig. 5. Tafel curves of mild steel in 0.5M H,SO,4 with and without addition of
1,5DAN and 0.1 M NaCl.

(AH,) show the exothermic process of the adsorption. We can see, on
the other hand, that E, and AH, vary in the same way, which satisfies
this relationship [44]:

Ea—AH, = RT 12)

3.2. Polarization potentiodynamic results

The Tafel plots of mild steel in 0.5M H,SO, with and without ad-
dition of 1,5DAN and the complex [1.5DNA][C]l "] are shown in Figs. 4
and 5, while electrochemical data obtained from the curves are

The activation parameters for mild steel in 0.5 M sulfuric acid with and without addition of 1,5DAN and 0.1 M NaCl.

AS, (KJ mol'’K™1) Ea - AH, (KJ mol~1)

Inhibitor Ea (Kj‘mol’l) Pre-exponential factor (mg m~2hY AH;1 (KJ mol™1)

Blank 61.32 2.7990 x 10! 58.64 -34.73 2.68
1,5DAN 69.10 3.1181 x 10'? 66.42 -14.70 2.68
1,5DAN + 0.1MNaCl 54.29 4.6867 x 10° 51.61 —-87.85 2.68




Table 4

Polarization data of the mild steel in 0.5 M sulfuric acid with and without addition of 1,5DAN and 0.1 M NacCl.

Inhibitor Concentration (M) Ecorr (mV/SCE) Be (mV dec™ 1) Ba (mV dec™ 1) icorr (MA cm™2) NTater (%)
H,S04 0.5 —436 -333 287 13.51 —
NaCl 0.1 —434 -286 245 8.70 35.58
1073 —425 262 190 8.49 37.11
5x1074 —431 —280 227 10.92 19.17
1,5DAN 1074 —-428 -312 233 11.11 17.77
5x107° -431 -301 235 11.75 13.04
107° —434 -303 265 11.78 12.81
10°° —432 -315 262 13.15 2.68
1,5DAN + 0.1 M NaCl 1073 —456 -175 86 0.42 96.85
5x107* —458 -174 92 0.47 96.50
107* —442 —-212 134 2.34 82.61
5x107° -434 -222 168 4.54 66.35
107° —434 —264 213 6.67 50.64
10°° —447 -271 230 7.46 44.73
presented in Table 4. Table 4 shows that with the increase in 1,5DAN 6 - v v -
concentration, the corrosion current density (i..;) decrease, this de- J —0— 10" M
crease is really marked with the addition of Cl ™. 54 ——10°M
Also we can see a very small change in the position of the cathodic | —<— 5x10° M
and anodic plots. According to some published papers, if the change of 4- & 10*M
the potential E ., was > 85 mV/SCE the inhibitor can be classified as
cathodic or anodic type [45,46]. This work shows that 1,5DAN is a & ]
mixed inhibitor in 0.5 M sulfuric acid. We can see also from the results g 34
that the efficiency of the system [1.5DNA][C] ] is large compared to ® 1
1,5DAN alone, these results also confirm the possibility of the existence ‘,;_ 24
of a strong synergism between 1,5DAN and NaCl. N
14
3.3. Electrochemical impedance spectroscopy
. . . o 0+
For studying the impedance parameters of mild steel specimens in ]
0.5M H,SO, with different concentrations of 1,5DAN and [1.5DNA]
[C17] inhibitor, EIS measurements were carried out. The results are o
shown in Fig. 6 and Table 5. The Nyquist diagrams describe two phe-
nomenon, the first one show that the corrosion of our metal in the
corrosive solution is controlled by the process of the charge transfer
(capacitive loop appearing at HF) and the second indicate the phe- 1604 i v " [Fo—0.5MH_sO,
nomenon of adsorption and relaxation of the present species controlling - y 4 10°M + 0.1 M NaCl
the anodic process (small inductive appearing at LF) [47]. Further, it 1404 % 5 10° M + 0.1 M Nacl
can be seen from Fig. 6 that the diameter of the impedance spectra in -E. F —— 5x10° M + 0.1 M NaCl
presence of inhibitor is much higher than that in the uninhibited so- 120¢ P o —0— 10" M + 0.1 M NaCl
lution, and this increase became more pronounced as inhibitor con- = 1 -l e —5—5x10" M + 0.1 M NaCl
centration increased, especially, after addition of NaCl, which suggests NE 100+ P‘ﬁ‘“ R %y Jm;y 7 10° M +0.1 M NaCl
that the studied inhibitor adsorbed on the metal surface and a protec- (] ) 1

tive film is formed [48,49]. Fig. 7 shows the equivalent electric circuit
models which represent the interface solution/metal. These circuits
contain a CPE (constant phase element) which is used to take into ac-
count the inhomogeneities in the surface resulted from impurities and
formation of porous layers [50]. The circuits contain also a resistance of
the charge transfer R, a resistance of the solution Rs, and an in-
ductance resistor, Ry related with an inductance L explain the small
inductive appearing at LF [51]. The impedance of a CPE is expressed as
[52]:
1

Zere = Qe
where Q is the CPE constant and CPE exponent, n is the phase shift
which can be used as a measure of surface inhomogeneity [53]; j is an
imaginary number and w is the angular frequency in rad.s~'. However,

the values of Cq; were computed from the Q and n values, using Eq. (17)
[54]:

Ca=%QxR;™"

Table 5 represents the impedance data in 0.5 M sulfuric acid with

(13)

14)
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Fig. 6. Nyquist plot for mild steel in 0.5M sulfuric acid without and with ad-
dition of (A) 1,5DAN and (B) 1,5DAN + NaCl.

and without addition of 1,5DAN alone and in combination with 0.1 M
NaCl. The results presented in Table 5 shows that R, and ng(%) in-
crease when 1,5DAN concentration increase, this increase is more im-
portant with the addition of the chloride ion. We can explain the in-
crease in R by the formation of a protective complex in the surface. In



Table 5

EIS parameters for corrosion of the metal in 0.5 M sulfuric acid with and without addition of inhibitor and 0.1 M NaCl.

Inhibitor Conc. (M) R, (Q cm?) Rp (2 cm?) QG uQ 'em™? n Ry (Q cm?) L(Hcm™? Car (WF cm™2) Nes(%)
H,S0, 0.5 1.1 2.34 20.6 0.86 0.72 1.11 870 —
NaCl 0.1 1.7 6.12 6.6 0.85 0.76 1.15 249 61
1073 1.9 3.5 12.6 0.82 1.14 1.31 383 33
5x10°% 2.1 3.4 13.4 0.87 0.89 1.11 598 31
1,5DAN 1074 2.3 3.1 13.7 0.89 1.43 0.97 697 24
5x107° 1.7 2.9 15.1 0.88 1.09 1.19 720 19
10°° 1.6 2.7 17.3 0.87 1.21 0.87 775 13
10°¢ 2.8 2.3 19.4 0.87 1.03 1.17 864 -1.7
1,5DAN + 0.1 M NaCl 1073 2.6 146.8 1.2 0.89 - - 72 98
5x10°* 2.7 144 1.8 0.85 - - 94 98
1074 2.0 19.4 5.8 0.84 3.5 0.95 246 88
5x10°° 1.7 8.7 7.1 0.86 3.4 0.89 310 73
10°° 1.9 7.8 10.2 0.85 3.1 0.77 432 69
10°° 1.8 6.3 15.5 0.82 2.1 0.98 561 62
[0] 0.0040
& 8 150AN « NaCIOIM
| »
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Fig. 7. Equivalent electric circuits for EIS measurements. 00000 0.0002 0.0004 0.0008 0.0008 0.0010
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another case the Cg4 values decrease with increasing the 1,5DAN con-
centration, this phenomenon can be attributed to the adsorption of the
inhibitor, leading to the formation of an insoluble film [55]. The
comparison of the results of EIS and potentiodynamic polarization
method indicate the same tendency.

4. Thermodynamic parameters of adsorption

To better understand the inhibitor/metal interaction and the ad-
sorption of our inhibitor, we tried to use various isotherms such as
Langmuir [56], Freundlich [57], Temkin [58] and Frumkin [59]. The
corresponding isotherm for our inhibitor is obtained from the com-
parison of the correlation coefficients (R?) presented in Table 6.

The results show that Langmuir isotherm have the biggest coeffi-
cient values, so we can conclude that 1,5DAN alone and with addition
of NaCl accords to the Langmuir isotherm in 0.5 M sulfuric acid (Fig. 8).
The equation corresponding to Langmuir adsorption isotherm is:

Cinh 1

= +C
6 K (15)

With the following equation, the standard free energy of adsorption

Table 6
The correlation coefficient R? for each isotherm.
Langmuir Freundlich Temkin Frumkin
1,5DAN + 0.1MNacCl 0.98452 0.61047 0.57134 0.34803
1,5DAN 0.96257 0.95084 0.81951 0.4855

Fig. 8. Langmuir isotherm for mild steel immersed in 0.5 M sulfuric acid with
and without addition of 1,5DAN and 0.1 M NaCl.

Table 7
The thermodynamic parameters obtained for 1,5DAN and the system [1.5DNA]
[C1T].

Inhibitor Kags (L/mol) AG:ds (kJ /mol)
1,5DAN + 0.1MNaCl 37,462.16 -37.23
1,5DAN 2790.84 - 30.59

AG.:dS has been calculated [60]:

AG,y = —RT In(Kygs X 55.5) 16)

R is the gas constant, T is the temperature and 55.5 is the con-
centration of the water in the solution in mol L*.The strong positives
values of K,4s (Table 7) indicate the important interactions in the in-
terface inhibitor/metal. According to some authors, a value around
—20kJ/mol or lower of AG,, indicate that we have an adsorption with
electrostatic interaction (physisorption), on the other hand a value
around or higher than —40kJ/mol indicate that we have a charge
sharing between the inhibitor and the surface of the mild steel (che-
misorption) [8]. In our case, the AG;:ds values are between — 20 kJ/mol
and —40kJ/mol so the inhibitor are both physisorbed and chemi-
sorbed, and we can conclude also from the negatives values that the
reaction of the adsorption of 1,5DAN is spontaneous.



Table 8
Synergism parameters of 1,5DAN and 0.1 M NaCl in 0.5M H,SO,.

Concentration of 1,5DAN with 0.1 M NaCl Synergism parameter

1073 17.63
5x 104 18.94
10°* 2.92
5x10°° 1.48
10°° 1.20
10°° 1.09

5. The synergistic effect of the system [1.5DNA] [C]l ]

The reason why we used NaCl in our work is that generally halide
ions like the chlorure can help the inhibitor to better adsorb in the
surface of the metal [61]. Table 8 shows the parameters of synergism
that we can calculate with the relationship given by Aramaki and
Hackerman [62]:

S = 1—a,
1—-ay, a7)

ap = (2 + a) — (. a) (18)

where a; is the surface coverage by NaCl, a, is the surface coverage by
1,5DAN and a'; 4 is the surface coverage by both NaCl and 1,5DAN.
According to Aramaki and Hackerman, when S, < 1 we have a com-
petitive adsorption between the inhibitor and the halide ion, however,
when S, > 1 we are in the presence of synergistic effect. The surface
coverage values were evaluated using the inhibition efficiencies ob-
tained from the EIS techniques.

S, values given in Table 8 are mostly superior to the unit, so we can
conclude that the improve of the inhibition efficiency when we add
NaCl to 1,5DAN can be explained by the existence of a synergistic effect
between these two. Regarding the mechanism we suggest that Cl~ is
adsorbed in first place on the surface after that the protonated form of
the inhibitor will be adsorbed by the interaction of coulomb with C1™
already adsorbed on surface. After this first process, the inhibitor in its
neutral form shares its electron with metal surface, i.e. chemisorption.

6. DFT calculations

Fig. 9 represents the geometry optimization, the density distribution

Table 9

The quantum parameters for 1,5DAN calculated using DFT

method.
Quantum parameters Value
Erumo (ev) -0.794572
Enowmo (ev) -5.494794
AEg,p, (ev) 4.70022
1 (Debye) 0.0006
I(ev) 5.494794
A (ev) 0.794572
1 (ev) 2.350111
Xinh(eV) 3.144683
AN 0.820241

dipole n AN...etc. are given in Table 9.

The highest occupied molecular orbital energy, Eyowmo is related to
the tendency of the inhibitor to donate electrons while Ejymo, the
lowest unoccupied molecular orbital, indicates the tendency of the in-
hibitor to accept electrons [19]. The difference between the energy
HOMO and LUMO is called AEg,, this parameter is very useful in the
quantum chemistry and can be used to predict the stability of the
formed complex, generally the decrease in the energy gap is related to
an increase in the inhibition efficiency [8]. In the present study, it can
be seen that, generally, the band gap energy of our inhibitor is higher
compared to some of efficient corrosion inhibitors previously published
[8,63], which can give us some explanation of the lower inhibition
efficiency of tested compound. The number of transferred electrons
(AN) means also electron-donating ability, give us information of the
ability of the inhibitor to donate electrons (if AN > 1), the positive
value of this parameter is related to the ability of tested compound to
donate electron to metal surface [20,21].

7. MD simulations

MD simulations can provide a good insight into the interaction
between inhibitor and iron surface [8,21]. MD simulations are first
performed in a vacuum slab without any solvation effect, and the cor-
responding stable configuration for 1,5DAN is presented in Fig. 10 both
in vacuum and in presence of solvent. In the stable configuration,
1,5DAN molecule is nearly parallel to the Fe (110) plane and exhibits
an approximately planar conformation. The interactions and binding
energies are calculated using Eqs. (8) and (9) [64]:

of the highest occupied molecular orbital (HOMO) and density dis- Einteraction = Etotal — (Esurface+solution + Einhibitor) (19)

tribution of the lowest unoccupied molecular orbital (LUMO) of

1,5DAN, while the quantum chemical parameters Eyomo, ELumo, AE, Eginding = —Einteraction (20)
Optimized molecular structure HOMO LUMO

Fig. 9. Optimized molecular structure, HOMO and LUMO of1,5DAN.
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Fig. 10. Equilibrium configurations of 1.5DNA in vacuum and in aqueous systems.

where E, is the total energy of the entire system Egyrface + solution I€-
ferred to the total energy of Fe (110) surface and solution without the
inhibitor and Ejnnibitor represents the total energy of inhibitor.

In vacuum, the interaction energy value of 1,5DAN adsorbed on Fe
(110) is —104.7 KJ/mol. It can be seen that the E;,, value is generally
lower, which is in agreement with our previous conclusions in experi-
mental section. Therefore, solvation effect is taken into consideration in

the MD simulations in order to study the adsorption of tested compound
in presence of all concerned species. A parallel mode is observed for the
adsorption of 1,5DAN in the presence of solvation. The interaction
energy between [1.5DNA][CI"] and Fe (110) plane in the aqueous
systems is more negative (—241.8 KJ/mol) than that in vacuum, in-
dicating that [1.5DNA]J[Cl™] can more tightly adsorb on iron surface
and achieve a better corrosion inhibition effectiveness [9,19].




8. Conclusions

In this work, the inhibition efficiency of 1,5DAN was studied using

gravimetric and electrochemical method; the following conclusions can
be noted:

v The efficiency of 1,5DAN becomes higher when we increase the

concentration but the inhibitor steel ineffective.

v The efficiency of 1,5DAN becomes more important when we add

0.1 M NacCl to our solution.

v The temperature affects the processes of the adsorption in the

absence of NaCl, however, with the addition of NaCl to our system
the inhibition efficiency increase and remains constant.

v The adsorption of 1,5DAN alone or with NaCl in 0.5M H,SO,

follows the Langmuir isotherm.

v The Tafel plots show that 1,5DAN is a mixed type inhibitor in

0.5 M sulfuric acid.

v The synergism parameters values clearly show that the corrosion

inhibition by the combination of 1,5DAN and chloride ion is sy-
nergistic in nature.

v In MD simulations, the interaction of [1.5DNA][C]l™] in aqueous

system with the iron surface is stronger than that of vacuum system,
resulting better blocking effect of inhibitor for the mild steel surface.
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