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ARTICLE INFO ABSTRACT

Keywords: Herein, the target compound of S-benzyl-O,0'-bis(2-naphthyl)dithiophosphate (SBOB) as corrosion inhibitor
0,0'-diaryldithiophosphates with ultra-long lifespan was successfully synthesized and characterized by elemental analysis, single crystal X-
Synthesis ray diffraction and spectroscopy involving FT-IR, 'H, '3C and *'P NMR. Meanwhile, the inhibition performance

Crystal structure
Corrosion inhibition
Ultra-long lifespan

and mechanism of SBOB for mild steel (MS) in HCl medium were combined to investigate by weight loss,
potentiodynamic polarization, electrochemical impedance spectroscopy, scanning electron microscopy and
quantum chemical calculation. The potentiodynamic polarization results indicate that SBOB is a mixed-type
inhibitor. All experimental results are in good agreement and reveal that the corrosion inhibition increases with
the concentration of SBOB. Weight loss results indicate that the inhibition efficiency decreases with HCl con-
centration and temperature increasing, but the corrosion inhibition performance of SBOB keeps almost un-
changed after ultra-long storage time due to the formation of inhibitor film by the physisorption and chemi-

sorption of SBOB on MS surface.

Introduction

Acid solutions, especially the different concentrations of hydro-
chloric acid solutions, are widely used in industry for cleaning, des-
caling, pickling, and oil well acidizing [1,2]. In fact, the corrosion
phenomenon for various metals is especially prominent in these in-
dustries processes. More and more researchers have to admit that the
problem has become a serious challenge to scientists and engineers. As
a classical construction and engineering metal material, mild steel is
widely used in a variety of chemical and petrochemical industries re-
sulting from its excellent mechanical property, availability and low cost
[3]. But the mild steels are easily serious corroded by different acid
aggressive solutions. As a matter of fact, among various techniques to
control and suppress mild steel corrosion, one of the most efficient
methods is to use different inhibitors [4,5]. Therefore, to exploit new
corrosion inhibitors using for mild steel in aggressive acid solutions are
important not only in practical applications but also for academic value.

Up to now, organic compounds turn out to be a kind of effective
corrosion inhibitors. For example, Xhanari [6] and Lamaka [7]
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summarized and reported that more than two hundred organic com-
pounds can be used as inhibitors for magnesium, aluminium and their
alloys corrosion. Furthermore, the amine derivative of 1,3,5-tris(4-
aminophenoxy)benzene [8], 2-Pyridinecarbo-nitrile [9], acrylamide
methyl ether [10], N-Methylol acrylamide [10], 1,2,3-ttriazole deriva-
tives of (1-Benzyl-1H-1,2,3-triazole-4-yl) methanol [11] and (1-(pyr-
idin-4-ylmethyl)-1H-1,2,3-triazole-4-yl)methanol [11], and imidazoline
derivatives of 2-(2-trifluoromethyl-4,5-dihydro-imidazol-1-yl)-ethyla-
mine [12] and 2-(2-trichloromethyl-4,5-dihydro-imidazol-1-yD)-ethyla-
mine [12] also reported as the effective corrosion inhibitor in recent
years.

Based on the relationships between inhibitors structure and their
corrosion inhibition performance, the O,0'-diaryldithiophosphates and
their derivatives maybe can act as the effective inhibitors because of the
N, P and S atoms in the structures. The different O,0'-dialkyldi-thio-
phosphates diethyl ammonium as corrosion inhibitors has been re-
ported in our previous works [13,14], but the derivatives of 0,0'-dia-
ryldithiophosphates as the excellent corrosion inhibitor with ultra-long
lifespan has not been studied.
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Table 1

The composition of test specimens and working electrode (in wt.%).
Element Mn Si C P S Fe
Composition 0.419 0.268 0.165 < 0.015 < 0.011 Bal.

In order to develop more corrosion inhibitors, S-benzyl-O,0'-bis(2-
naphthyl)dithiophosphate (SBOB) with ultra-long lifespan would be
presented in this work. Meanwhile, different methods would be used to
evaluate the performance of corrosion inhibition and clarify the in-
hibition mechanism by SBOB.

Materials and methods
Materials

All chemicals containing reagents and solvents involving P,Ss
(phosphorus pentasulphide), 2-C,0H,OH (2-naphthol), HNEt, (diethy-
lamine), CH,Cl, (dichloromethane), PhCH,Br (benzyl bromide), PhCH;
(toluene), CH3COCH3; (acetone) and HCI (hydrochloric acid, 37%) used
to synthesize corrosion inhibitor and prepare the test solutions were
analytically pure and purchased from Sinopharm Chemical Reagent
Co., Ltd (China). The test specimens (2 X 25 X 50 mm, S = 28.0 cm?)
and working electrode (working area 0.785 cm?) used to evaluate in-
hibition action that were fabricated by MS (mild steel) and the chemical
compositions given in Table 1.

Moreover, the synthesized inhibitor would be confirmed by ele-
mental analysis (1106), fourier transform infrared spectrometer (FT-IR,
Nicolet-6700) and nuclear magnetic resonance (NMR, Brucker AV400).
Meanwhile, crystal data were collected on a Bruker Smart Apex II CCD
diffractomenter. Electrochemical tests were employed by electro-
chemical workstation (CHI 660D) using a Pt electrode and saturated
calomel reference electrode (SCE) as the counter and reference elec-
trode, respectively.

Synthesis of SBOB

For synthetic the corrosion inhibitor of S-benzyl-O,0'-bis(2-naph-
thyl)dithiophosphate (SBOB, (2-C;oH;0),P(S)SCH,Ph), the ammonium
salt of (2-C10H;0)>P(S)SNH,Et,, namely O,0-bis (2-naphthyl)
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dithiophosphate diethyl ammonium, was synthesized by the reaction of
P,Ss, 2-C1oH,OH and HNEt, in toluene based on our previous reports
[13,14]. Then, the target inhibitor of SBOB was synthesized by (2-
C10H;0)2P(S)SNH,Et, and PhCH,Br in CH,Cl, as solvent according to
the detailed process described in references [15,16]. The synthetic
route and corresponding chemical structures of (2-C;0H;0)5P(S)
SNH,Et, and target compound of SBOB are shown in Fig. 1.

Weight loss measurement

To evaluate the inhibition action of inhibitor, weight loss mea-
surement was described in different literatures [17-19]. By using this
method, the corrosion rate (v) and inhibition efficiency (4w, %) were
calculated from Egs. (1) and (2), respectively. Where m, and m; are the
mass of the test specimen before and after corrosion, S = 28.0 cm?, t is
the immersion time, v; and v, are corrosion rate of the MS specimen in
HCI medium with and without different concentrations SBOB.

Mo
TSt @
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Potentiodynamic polarization measurement (Tafel)

According to this measurement, the potential sweep rate was
0.5mVs~ . Corrosion current density (I.;) was determined from the
intercept of extrapolated cathodic and anodic Tafel lines at the corro-
sion potential (E.q,). The inhibition efficiency (51, %) obtained by this
method was calculated by Eq. (3) [20-22], where I and I, are the
corrosion current density values of MS corrosion in HCl medium with
and without different concentrations SBOB.
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0o (%) = x 100%
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Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) was performed in
frequency range of 100 kHz to 10 mHz using a sinusoidal AC pertur-
bation with amplitude of 10 mV. Charge transfer resistance (R.) was
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Fig. 1. Synthetic route of SBOB.
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Table 2
The elemental analysis data of SBOB.

Molecular Molecular Anal. Caled (%) Anal. Found (%)
formula weight

C H S C H S
Cy7H2102PS, 473 68.62 4.48 1.357 68.64 4.50 1.358

obtained from the diameter of semicircle by Nyquist plot. The corre-
sponding inhibition efficiency (yg, %) derived from this method was
calculated by Eq. (4) [20-22], where R.yq) and R, are the values of
charge transfer resistance observed by MS corrosion in HCl medium in
the absence and presence of different concentration of SBOB.

Rety—Ret(0)
Ry

X 100%

%
771"( ) @

The working electrode was immersed in test solution at open circuit
potential (OCP) for 30 min to be sufficient to attain a stable state before
Tafel and EIS measurement. Meanwhile, all measurements containing
weight loss, Tafel and EIS measurements were taken in the static test
solutions.

Calculation details

The molecular structure of SBOB using to quantum chemical cal-
culations was fully optimized by density functional theory (DFT) using
B3LYP functional with 6-311+ +G (d, p) basis set [23,24]. The para-
meters of EHOMO: ELUMO; and AE (AE = ELUMO - EHOMO) were obtained
and calculated.

Scanning electron microscopy

The surface morphologies of MS samples before and after immersion
in 1.0 M HCI at 303K in the absence and presence of 40mg L.~! and
100 mg L™ SBOB for 2.0 h were examined by scanning electron mi-
croscopy (SEM, Tescan Vega III) at the points of interest.

Results and discussion
Characterization of SBOB

Elemental analysis, FT-IR and NMR

In order to confirm the molecular structure of the synthesized
compound of SBOB, the elemental analysis, FT-IR, 'H NMR, '*C NMR
and 3P NMR were employed to analyze the inhibitor structural of
SBOB. The elemental analysis results were listed in Table 2. The value
of the calculated and observed data (Anal. Calcd. and Anal. Found, %)
for SBOB is in good agreement and fit well with the SBOB structure
presenting in Fig. 1. The FT-IR (Table 3 and Fig. 2) and NMR (*H, *3C
and 3P, see Table 4) results further confirmed the SBOB structure.

Table 3
The FT-IR spectra data of SBOB.

Results in Physics 10 (2018) 558-567

100 1
80
~
S
N’
o 60
Q
§
=
S 40
S
S
20 4
0 _ 16‘00 14'00 lzbﬂ 11;00 8(‘]0 6(}? b!()(] T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)
Fig. 2. The FT-IR spectra of SBOB.
Table 4
'H, 3C and *'P NMR data of SBOB.
8 (ppm)
'H NMR 13C NMR 3lp NMR
4.36 (d, J = 16.81 Hz, 2H, 39.29 (SCH,), 118.56, 90.21 (t,
SCH»), 7.31-7.72 (m, 118.60, 121.30, 125.80, J =16.81 Hz)
5H, Ph-H), 7.51-7.93 126.72, 127.85, 128.76,
(m, 14H, 2 (2-C10H)) 129.16, 129.68, 131.36,
133.79, 136.49, 148.18(Ph-C,
2(2-C10H7))
Crystal data, structure determination and analysis of SBOB
A colorless block single crystal ~with  dimensions

0.34 x 0.30 x 0.26 mm® was selected and used to determine the
structure of SBOB by single crystal X-ray diffraction. All the crystal data
were collected and summarized in Table 5. The final cycle of refinement
gave (Ap)max Was 0.448 e A~2 and (Ap)min was —0.498 e A~3. (CCDC
1818270).

The molecular structure of SBOB is shown in Fig. 3. Meanwhile, the
selected bond distances and bond angles of SBOB are listed in Table 6. It
can be found that the compound of SBOB is crystallized in the mono-
clinicspace group P2;/c. A distorted tetrahedral environment around
phosphorus atom can be clearly seen with two sulfur atoms and two
oxygen atoms bonded to phosphorus in Fig. 3. The bond lengths of
P1—1 and P1—S2 in SBOB are 2.051 (3) and 1.893 (3) A, respectively.
The bond length of P1-S2 (1.893 (3) 1°\) is significantly shorter than
that of P1—-S1 (2.051 (3) 10\), that is slightly shorter than those pre-
viously reported in the compounds R(S) SP(OC¢H,). (R = Me, Et or n-
Pr, the P=S bond length range from 1.899 (2) to 1.913 (2) A) [25].
Because of formation of S—C bond, the bond length of P1-S1 is

Wavenumber (%, cm ™)

(=C-H) (C=0) ((P)-0-0)

(P—0—(C) (5—0 (PS3)

3030.3 (w), 3057.6 (w). 1461.9 (m), 1508.2 (m),

1596.6 (m)

1152.3 (s), 1208.4 (s),
1242.0 (s)

934.1(s),1119.3(s) 891.3 (m) 698.3 (s), 725.7 (s), 755.2 (m), 475.8 (m), 512.1

(m), 554.0 (m)
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Table 5
Crystallographic data of SBOB.

Results in Physics 10 (2018) 558-567

Empirical formula Ca7Hz21 O2PS,

Formula weight 472.53
Temperature (K) 293(2)
Wavelength (A) 0.71073
Crystal system Monoclinic
Space group P2y/c

aA) 23.5358 (16)
b (A) 12.2682 (8)

¢ (A) 8.1869 (5)

a () 90.000

B®) 95.396 (6)

v () 90.000

V (A% 2353.4 (3)

z 4

Deare (Mg m™2%) 1.334

p (mm~1) 0.317
F(000) 984

Crystal size (mm®) 0.340 x 0.300 x 0.260
O range (°) 3.001-25.008

Index ranges
Reflections collected/unique

—-16<h<27, -14<k<14, -9<1<9
9152/4146 (Rin = 0.0421)

Completeness (%) 99.7
Data/restraints/parameters 4146/166/379
Goodness of fit on F? 1.077

Final R indices (I > 20(D))

R indices (all data)

Largest diff. peak and hole/(e
A

R; = 0.1066, wR, = 0.3077
R; = 0.1360, wR; = 0.3289
0.448 and —0.498

significantly longer than those of the ion compounds [Et,NH,] " [(4-
MeCgH,40)-P(S)S]~ [28], [EtsNH]*[(2-MeCcH40)-P (S)S1~ [27],
[EtsNH]* [(2,5-Me;CeH30),P(S)S]1~ [28] and [EtsNH]*
[(OCH,CMe,CH,0)P(S)S]~ [29]. The S1-P1—S2 bond angle for SBOB
is 117.89 (15)°, which is slightly smaller than that in R(S)SP(OCgH4)>
(R = Me, Et or n-Pr, 118.55 (9)-119.27 (2)°) [25], [Et,NH,]* [(4-Me-
CgH40),P(S)S]~ (118.68 (7) and 118.61 (7)°) [28], [EtsNH]* [(2-Me-
CeH,40),P(S)S]~ (118.62 (4)°) [27], [Et;NH]™* [(2,5-Me, CgH30),P(S)
S1~ (119.06 (5)°) [28] and [EtsNH]* [(OCH,CMe,CH50)P(S)S]~
(119.8 (1)°) [29], and significantly smaller than those in [EtsNH]*
[CH{6-t-Bu-4-Me-CgH40},P(S)S]~ (121.03 (9)°) [30]. The O1—-P1—-02
bond angle of 98.0 (3)° in SBOB is slightly larger than those in the
compounds [Et,NH,]* [(4-MeCgH40),P(S)S]7(96.27 (16) and 96.11
(16)°) [26] and [EtsNH] " [(2-MeCgH,40)-P(S)S]1~ (97.07 (8)) [271],
whereas significantly smaller than that in cyclic dithiophosphate salts

Table 6

Selected bond distances (A) and bond angles (°) of SBOB.
S1-P1 2.051 (3) S2—-P1 1.896 (3)
P1-01 1.598 (6) P1-02 1.591 (5)
O1-C1A 1.43 (4) 01-C1B 1.35 (5)
02-C11 1.396 (8) S1-C21 1.824 (10)
C21-S1-P1 99.7 (4) 02—-P1-01 98.0 (3)
02—P1-S2 116.4 (2) 01-P1-S2 117.4 (3)
02-P1-S1 103.0 (2) 01-P1-S1 101.0 (2)
S2—P1-S1 117.89 (15) C1B—01-P1 123.0 (2)
ClA—-01-P1 128.0 (2) Cl11-02—-P1 125.2 (5)

[EtsNH] © [(OCH,CMe,CH,0) P(S)S]~ (101.4 (2)°) [30] and [EtsNH] *
[CH{6-t-Bu-4-Me-CcH40},P(S)S 1~ (103.5 (4)°) [30].

Weight loss measurement

Fig. 4 exhibited the effect of SBOB concentration on the inhibition
efficiency (yw, %) for MS in 1.0 M HCl at 303 K. Clearly, the 7y increase
with SBOB concentration increasing. With SBOB concentration increase
to 80mg L~ ' that the 5w change slightly with SBOB concentration
further increasing. The growth of 5y is due to the surface coverage of
SBOB on MS surface increasing with the concentration increase. The ny
are 95.15% and 97.92%, when SBOB concentration increase to 80 mg
L' and 100 mg L', which further demonstrate that SBOB can act as
an effective inhibitor.

Potentiodynamic polarization measurement

Fig. 5 presented the polarization curves (Tafel curves) for MS in
1.0 M HCI with various concentrations of SBOB obtained from Tafel
curves at 303 K. Meanwhile, the electrochemical parameters including
nr (inhibition efficiency), I.) (corrosion current density), E.) (vs SCE,
V) (corrosion potential), . and 8, (cathodic and anodic Tafel slopes)
were listed in Table 7.

Based on Fig. 5 and Table 7, it shows that both anodic and cathodic
curves shift to lower current densities with adding SBOB in HCl solu-
tion, which show that SBOB acting as corrosion inhibitor can reduce the
MS corrosion and retard the hydrogen ion (H™) reduction. The in-
hibition effect enhances with the increase of SBOB concentration, re-
sulting from the adsorption of SBOB on MS electrode surface. Moreover,
from Table 7, the current density is much lower in the presence of SBOB
comparing with that in the absence of SBOB in HCI blank solution, and

Fig. 3. ORTEP view of SBOB with displacement ellipsoids at the 30% probability level.
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Fig. 4. The effect of SBOB concentration on inhibition efficiency (nw, %).
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Fig. 5. The Tafel curves of MS in 1.0 M HCI with and without different con-
centrations of SBOB at 303 K.

which decreases with SBOB concentration increasing. When the con-
centration of SBOB increases to 100 mg L.~ 1, that 5r will be increased to
95.67%. The result also shows that SBOB can act as effective corrosion
inhibitor. Additionally, all corrosion potential for MS corrosion in 1.0 M
HCl with different concentration of SBOB at 303K shifts less than
10mV (< 85mV), which shows that SBOB is a mixed-type effective
inhibitor [31,32].

Electrochemical impedance spectroscopy

The Nyquist diagrams of MS in 1.0M HCl with different con-
centrations SBOB at 303 K from EIS were shown in Fig. 7 according to
equivalent circuit mode in Fig. 6. Furthermore, the electrochemical
parameters of impedance involving the double layer capacitance (Cdl),
charge transfer resistance (Rct) and corresponding inhibition efficiency
(ng, %) obtained from this method were listed in Table 8 in detail.

As shown in Fig. 7, the Nyquist plots show a single capacitive loop,
in 1.0M HCI as the blank solution and aggressive solution with in-
hibitor (HCl + SBOB), which is attributed to the charge transfer of
corrosion process. The impedance spectra show that the single semi-
circle and the diameter of semicircle increase with SBOB concentration.
Moreover, the double layer capacitance decease and charge transfer
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Table 7
The polarization parameter and inhibition efficiency (41, %) of MS in 1.0 M HCl
with and without different concentration of SBOB at 303 K.

cmgL™") Eq (V) Ba(mVdec™') B.(mVdec™') I (WAem™?)  ny (%)
0 —0.497 131.23 113.25 1970.08 -
40 —0.494 125.79 89.45 588.46 70.13
80 —-0.493 123.59 87.41 194.64 90.12
100 —0.491 105.60 81.90 85.30 95.67
/\. /\ N\
/7 7/

Rp

Fig. 6. Equivalent circuit mode.

Table 8

The electrochemical parameters of impedance and corresponding inhibition
efficiency (yg, %) for MS in 1.0 M HCl with and without different concentrations
of SBOB at 303 K.

c(mgL™h) R, (Qem™?) Ca (WF em ™) e (%)
0 25.30 77.93 -

40 33.34 56.25 72.44
80 48.95 38.83 88.32
100 62.82 29.23 94.17

resistance increase with SBOB concentration increasing (seen in
Table 8). The decrease of double layer capacitance may be due to the
decrease of the local dielectric constant or the increase of the thickness
of the electrical double layer, indicating that SBOB adsorbed on the MS
surface. The increase of charge transfer resistance is resulting from the
formation of protective film on the MS/solution interface. The inhibi-
tion efficiencies recorded by EIS is 94.17% for MS in 1.0 M HCI with
100 mg L™ ! SBOB. This result also is in good agreement with the results
obtained from weight loss and Tafel measurement.

400
" 0 mg L
3204 ° 40mg L'
4 80 mg L
240 - v 100 mg L-l
g
t v v
S 160- v 7 v
N v !
1 v v
v
vV a AdLa, v
804 va ‘s \
A v
.ooo.\ a %
0 T T T T T T T T 1
0 90 180 270 360 450
Z(Qcm’)

Fig. 7. The Nyquist plots for MS in 1.0 M HCl with and without different
concentrations of SBOB at 303 K.
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Table 9

Fitting results of different adsorption isotherms for SBOB on MS in 1.0 M HCI at

303 K.

Adsorption isotherms

Pearson's R?

Equation (y = a + b*x)

Results in Physics 10 (2018) 558-567

Adsorption isotherm

According to the data of weight loss measurement from Fig. 4,
various isotherms including Langmuir, Frumkin, Flory-Huggins, Al-
Awady and Temkin adsorption isotherms are employed to confirm the

Langlin“ir 0.99082 y = 0.8531*x + 20.008 reasonable adsorption isotherm for SBOB on MS surface in HCl solution.
Temkin 0.94107 y = 0.57711%*x — 0.20180 . - . L.
Freundlich 0.93350 7 = 0.33228" — 0.68461 Meanw.hlle, the fitting I‘ESI.lltS of the five adSQrPtlon isotherms for SBOB
El-Awady 0.89547 Y = 2.17858*x — 2.93134 on MS in 1.0 M HCI were listed in Table 9. Fitting results reveal that the
Flory-Huggins 0.84804 y = 0.32159*x — 1.53943 adsorption of SBOB on MS surface obey Langmuir adsorption isotherm
showed in Eq. (5) [33,34]. Where ¢ is SBOB concentration, K, is the
160
1(a) R*=0.99082
140 - -
120
100 "
~
- i 4
o 80
g
- 60 -
40
20 T T T T T T
20 40 60 80 100 120 140
¢(mgL")
0.05
104 (b) R=0.94107 {(c) R’=0.93350
" " 0.00 .
|}
0.9 -0.05
0.8 o 0101
) |
® 2 _0.15
0.7 - 1
-0.20
0.6 1
-0.25 4
0.5 T T T T T T ‘0-30 T T T T T T T T T T
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log (c) log (¢)
s - -15
.8 R =0.89547 J
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-1.61 R=0.84804
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Fig. 8. The plots of Langmuir (a), Temkin (b), Freundlich (c), El-Awady (d) and Flory-Huggins (e) adsorption isotherms for SBOB on MS in 1.0 M HCI at 303 K.
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adsorption equilibrium constant and O is the surface coverage. The
surface coverage (0) for different concentrations of SBOB in 1.0 M HCl
is obtained based on Eq. (6) [14,23,32]. In Eq. (6), v; and v, are cor-
rosion rate of the MS in HCl medium with and without different con-
centrations of SBOB.

LA T
0 Ka (5)
0 Vo—V;

T v 6

Fig. 8(a) shows the plots of c/0 versus c yield the straight lines.
While the strong correlation (R? = 0.99082, see Fig. 8(a)) suggest the
adsorption of SBOB on MS surface obeying Langmuir adsorption iso-
therm. And AGY, (adsorption standard free energy) can be determined
by Eq. (7). The value of intercept (1/Kj, in Eq. (5)) = 20.008 (mg L_l),
according to this value, the K 4 can be calculated using Eq. (8), and the
standard free energy of adsorption (AGY;, kJmol™ kJ mol™!) can be
obtained following Eq. 7, AGY, = —8.314 X
303.15 X In(55.5 X 2.364 x 10%) = —35.50 (kJ mol~!). The calculated
values of AGY for MS corrosion in 1.0 M HCl with different con-
centrations of SBOB at 303K is higher than —40.00 kJ mol ~!, which is
—35.50 kJ mol %, and it also indicates that the adsorption processes of
SBOB on MS surface in 1.0 M HCI belongs to mixed adsorption invol-
ving both physisorption and chemisorption [31,35].

AGY = —RTIn(55.5Kq5) @
473 x 103
Kags = M, X Ky X 10° = ————— = 2.364 X 10*(mol !
ads SBOB A 20.008 ( ) (8)
Effect factors

The effect of temperature (7T, K) on inhibition efficiency (4w, %) was
presented in Fig. 9. It is obvious that with temperature increasing from
298K to 318K, the 5y drops from 98.36% to 92.33% for MS in 1.0 M
HCl with 100 mg L.~ * SBOB. The decrease of iy is due to the increase of
desorption for SBOB on MS surface at the higher temperatures [36].

Meanwhile, the effect of HCI concentration (cyc, M) on 7w at 303 K
was shown in Fig. 10. It is obvious that 7y decreases as cyc increasing,
and the 7w of MS corrosion in 0.01 M and 5.0 M HCl with 100 mg L™*
SBOB are 99.03% and 60.17%. The decrease of 5y is contributed to the
increase of H* concentration, and the similar varying tendency was
reported by Gou [37].

Additionally, according to the effect of storage time on 5y in Fig. 11,
the ny slightly fluctuates with storage time changing. At 303K, the nw
in 1.0 M HCl with 100 mg L.~ " SBOB is still up to 97.44% and 97.33%
after 10 and 240 days, respectively. The results show that SBOB can act
as the long-acting corrosion inhibitor, which further reveals that SBOB
can exhibit the excellent corrosion inhibition. Compared the ionic
compounds of N,N-diethylammonium O,0'-di(p-methoxyphenyl)di-
thiophosphate in our previous work [13,14] with the covalence com-
pound of SBOB, it is evidently seen that the SBOB can stable present in
HCI solution.

Quantum chemical study

To explore the correlation between the inhibition performance and
molecular structure of SBOB, the quantum chemical calculations were
used to investigate the relationships between the inhibition ability and
electronic structure of SBOB. Based on this technique, the related
quantum chemical results including optimized geometric structure,
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Table 10
Quantum chemical parameters for SBOB.
Enowmo (V) Erumo (eV) AE (eV)
—5.878 —2.422 3.456

LUMO and HOMO orbital of SBOB were presented in Fig. 12(a), (b) and
(c). Clearly, the electron density distribution of both HOMO and LUMO
are localized principally on the sulphur (S) atoms and naphthalene ring,
which suggests that the S atoms can be as the active sites for adsorption
of SBOB on MS surface. Moreover, the naphthalene ring is a plane
conjugated structure, and the inhibitor molecules are likely to take the
flat mode adsorbed on MS surface based on the m back bonding. This
result is a good confirmation of our previous reports about using dia-
lkyldithiophosphate derivatives as the effective corrosion inhibitor be-
cause of the presence of S atoms [38-40].

In addition, the calculated quantum chemical indices including the
energy of the lowest unoccupied molecular orbital (E;ymo) and highest
occupied molecular orbital (Egomo), as well as energy gap
(AE = Erymo — Enomo) was listed in Table 10. As a fact, the HOMO and
LUMO are often associated with the ability of inhibitor molecule to
donate electron and electron-accepting. It is well known that high
Enomo value indicates a strong electron-donating ability to the suitable
acceptor, whereas low Ejyyo value means the ability of the molecule as
an electrons-accepter. From Table 10, the higher value of Eyomo and
Erumo indicates that the SBOB more tends to donate electrons rather
than accept electrons. Meanwhile, the AE can reflect the stability of the
inhibitor molecule, where a smaller AE (3.456 eV) implies that SBOB is
much easier to be adsorbed on MS surface.

565

Results in Physics 10 (2018) 558-567

(©

Fig. 12. Optimized molecular structure (a), LUMO orbital (b) and HOMO orbital (c) of SBOB.

Scanning electron microscopy

The SEM images of MS before and after corrosion in 1.0 M HCI,
1.0 M HCI + SBOB (40 mg L™") and 1.0 M HCI + SBOB (100 mg L™ ") at
303K for 2.0 h were presented in Fig. 13(a), (b), (c) and (d), respec-
tively. Fig. 13(a) show the SEM images of MS before corrosion, which
appears more uniform and some abrading scratches. However, when
the MS sample is immersed in blank solution, which is deeply corroded
and becomes rough and too uneven displayed in Fig. 13(b), it reveals
that the MS surface is highly corroded and damaged in 1.0 M HCI.
Furthermore, from Fig. 13(c) and (d), it can be found that the corrosion
and dissolution would be suppressed by SBOB in 1.0 M HC], and it can
be concluded that the high performance of inhibitive is due to the ad-
sorbed protective film on MS surface by SBOB.

Conclusions

In conclusion, the new corrosion inhibitor of S-benzyl-O,0'-bis(2-
naphthyl)dithiophosphate (SBOB) with ultra-long lifespan was suc-
cessful synthesized and confirmed by elemental analysis, FT-IR, 'H, 3C,
3P NMR and single crystal X-ray diffraction, respectively. The corro-
sion inhibition performance was demonstrated by experimental results
and quantum chemical calculations analysis. The evaluation of inhibi-
tion action shows that the inhibitor of SBOB for mild steel in HCI so-
lution is a mixed-type inhibitor, and the inhibition efficiency decreases
with HCl concentration and temperature increasing. However, the
corrosion inhibition performance of SBOB keeps almost unchanged
after ultra-long storage time. Additionally, the adsorption of SBOB on
MS surface obeys Langmuir isotherm.
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