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KEYWORDS Abstract In this study, the broad-spectrum antimicrobial property of dodecyl dimethyl benzyl
Dodecyl dimethyl benzyl ammonium chloride (DDBAC) was investigated against three species of bacteria, Lysinibacillus
ammonium chloride; sphaericus (L. sphaericus), Acinetobacter Iwoffii (A. Iwoffii), and Sediminibacterium salmoneum (S.
Bactericide; salmoneum) isolated and purified from a naval aircraft fuel system. Through the inhibition zone
Electrochemistry; method and minimum inhibitory concentration test, DDBAC was found to have a good antimicro-
Corrosion inhibitor; bial performance with a minimum inhibitory concentration of 64 mg/L. The influence of DDBAC
Quantum chemical on the corrosion behavior of fuel tank material was evaluated by electrochemical measurements,

calculations such as polarization curve and electrochemical impedance spectroscopy (EIS). The polarization

curve indicated that DDBAC suppressed anodic and cathodic reactions as a mixed-type corrosion
inhibitor, and the inhibition efficiency was 68.38% at the concentration of 80 mg/L after 28 days of
immersion. The EIS results showed that DDBAC inhibited the corrosion of 7B04 aluminum alloy in
the concentration range of 40—120 mg/L. The DDBAC adsorption on the aluminum alloy surface
was in agreement with the modified Langmuir adsorption isotherm model. The quantum chemical
calculations proved that a lone pair of electrons of nitrogen atoms in DDBAC were able to form
coordinate bonds with the empty orbital in aluminum, resulting in a tight chemisorption layer
on the aluminum alloy surface and corrosion inhibition.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The naval aircraft corrosion is a problem that every country needs to
face in a harsh environment (Li et al., 2012). Specifically, for the
carrier-based aircraft moored on the aircraft carrier, in addition to

£ 8 the high temperature, high humidity, and high salt condition, the
ELSEVIER Production and hosting by Elsevier splash of waves and weak acidic exhaust emissions from the aircraft
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carrier and aircraft engines make the service environment severe. As
service time increases, corrosion problems of aircraft fuselages arise
frequently, and some even endanger flight safety, and many aircraft
have to be grounded for repairs (Pantelakis et al., 2012).

The vital function of the aircraft fuel system is to store aviation fuel
and ensure the regular operation of the engine with a sequential fuel
supply (Brown et al., 2010). Therefore, the cleanliness of aviation fuel
is directly related to the flight safety of the aircraft. Microbial contam-
ination in aviation fuel, due to its insidious and unavoidable nature,
has become a major problem in fuel contamination and material cor-
rosion. It has also attracted the increasing attention of researchers
(Passman, 2013; Biicker et al., 2014). Therefore, investigating the inhi-
bition of microbial contamination of aviation fuel is of great
importance.

The addition of bactericides is currently considered to be an effec-
tive measure for the prevention of microbial contamination (Liu et al.,
2020). Bactericides kill or inhibit microorganisms by affecting their
morphology, composition, metabolism, and physiological activities
(Cui et al., 2021). Many types of bactericides have been widely used
in various fields, but only a few of them are suitable for aviation fuel
systems (Wang et al., 2019). The reason is that bactericides for aviation
fuel must meet considerable requirements, such as good broad-
spectrum activity, chemical stability, and cost effectiveness (Finsgar
and Jackson, 2014). Most importantly, the bactericides themselves
should not accelerate the corrosion of the fuel system materials to
avoid further damage.

Quaternary ammonium compounds are probably the best chemi-
cals to inhibit microbial germination (Jennings et al., 2015). They have
been widely used in various fields, such as food, medicine, oil field and
industrial water treatment, owing to their broad antibacterial spec-
trum, good water solubility and environmental stability (Gu et al.,
2018; Zhang et al., 2018; Shi et al., 2020). Antimicrobial agents, such
as Cl, ClO,, and Os, usually cause environmental pollution (Deyab,
2018). In comparison, quaternary ammonium molecules provide a safe
way by increasing antimicrobial activity and reducing dual pollution
(Xue et al., 2015).

The mechanism of quaternary ammonium salts as bactericides has
also been intensively studied (Ding et al., 2011; Zhu et al., 2015a,b).
The active agent on the bactericide surface penetrates the bacterial cell
membrane by electrostatic gravity to cause the internal substances
leaking out and eventually results in cell lysis and death (Zhang
et al., 2020a,b; Samy et al., 2015). In addition, some quaternary ammo-
nium bactericides have corrosion inhibition properties (Zhu et al.,
2016).

Dodecyl dimethyl benzyl ammonium chloride (DDBAC) is a kind
of quaternary ammonium compound with broad-spectrum and highly
effective antimicrobial ability (Shi et al., 2020). It is also a cationic sur-
factant. Surfactant is commonly used as a corrosion inhibitor for the
corrosion protection of metal materials (Karn et al., 2017; Verma
et al., 2020). The amphiphilicity of surfactant molecules creates an
affinity for adsorption at interfaces such as the metal/metal oxide-wa-
ter interface (Abd-Elaal et al., 2017). Surfactants adsorb on the metal
and metal oxide surfaces to form a barrier that prevents the exposure
of the active sites to the corrosive medium and thereby reduces corro-
sion (Migahed et al., 2012; Krishnaveni and Ravichandran, 2014; Tan
et al., 2021; Samy et al., 2015). The presence of specific atoms, such as
N and O, in these compounds plays an important role in determining
the adsorption mechanism and corrosion inhibition efficiency (Zhu
et al., 2015a,b). Although several studies have been reported in the lit-
erature on the use of quaternary ammonium compounds as antimicro-
bial agents and corrosion inhibitors, the effect of DDBAC on
microorganisms in aircraft fuel systems has almost hardly been
involved.

In this study, the microorganisms used in the experiments were all
extracted from naval aircraft fuel systems in previous work (Wang
et al., 2022). The broad-spectrum antimicrobial property of DDBAC
against three representative bacteria, Lysinibacillus sphaericus (L.
sphaericus), Acinetobacter lwoffii (A. Iwoffii), and Sediminibacterium

salmoneum (S. salmoneum) was investigated using the inhibition zone
method and minimum inhibitory concentration test. Taking L. sphaer-
icus as an example, the influence of DDBAC on the corrosion of fuel
tank material was evaluated by polarization curve and electrochemical
impedance spectroscopy (EIS). The adsorption mechanism of DDBAC
on the aluminum alloy surface was discussed through quantum chem-
ical calculations and density functional theory (DFT) calculations.

2. Experimental

2.1. Materials

The fuel sample was taken from a naval aircraft fuel system.
Three strains of L. sphaericus, A. lwoffii, and S. Salmoneum
were isolated and selected for this study. The Luria-Bertani
(LB) medium was used for the bacteria culture. The purity
of DDBAC was 95%, provided by Shanghai McLean Bio-
chemical Reagent Co., Ltd.

The main chemical compositions of the 7B04 aluminum
alloy in the experiment were Ni (less than0.1%), Ti (0.05—
0.4%), Si (0.3%), Cu (3.2-3.7%), Zn (0.1%), Mg (2.1-
2.6%), Mn (0.50-0.80%), Fe (0.3%), and Al balance. The
7B04 aluminum alloy sample was processed into a sheet of
10 mm x 10 mm x 2 mm. The working face of the sample
was cut with a square working area of 1 cm? and the non-
working surface was welded with a copper wire and then sealed
with epoxy resin and ethylenediamine. Before the experiment,
the sample was polished with 800 to 2000 # sandpapers, rinsed
with distilled water and degreased with acetone.

Fig. 1 shows the chemical structure and optimized structure
of DDBAC.

2.2. Bacteriostatic test

Three strains of bacteria were cultured for 20 h in a constant
temperature shaker at a speed of 170 r/min at 37 °C (Sylvie
and Pierre, 2012). The concentration of the bacteria medium
was adjusted to 5 x 10°-5 x 10° cfu/ml with sterile diluted
water, so the absorbance values measured by the ultraviolet
spectrophotometer at 600 nm ranged between 0.800-1.000.
The bacterial suspension and the culture medium were mixed
at a ratio of 15 ul: 25 pl, and then added to a culture plate
for condensation. After the medium solidification, three holes
with a 2 mm diameter were punched in each culture plate and
filled with 10 pl bactericide. The DDBAC concentrations were
40, 60, 80, 100 and 120 mg/L, respectively. The culture plate
was placed in a constant temperature incubator at 37 °C for
20 h, and then the diameter of the bacteriostatic zone was
measured.

2.3. Minimum inhibitory concentration

The 10 pl of bacterial suspension was added to wells 1-11 of a
96-well plate and 85 pl of sterile medium was added to wells 1—
10. The 90 ul of the sterile liquid medium was added to well 11
as a positive control (PC) and 100 pl of the sterile liquid med-
ium into well 12 as a negative control (NC). The bactericide
was serially diluted from 256 mg/mL to 1 mg/mL by using
the double dilution method. Wells 1-10 were filled with 5 pl
of bactericide in order of concentration with three parallel
groups of each concentration. These wells were then cultured
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in an incubator at 37 °C for 20 h. Finally, 10 pl of resazurin
with a concentration of 1 mg/mL was added to wells 1-11,
and the color change of the indicator was observed
(Chowdhuri et al., 2017).

2.4. Electrochemical measurements

The electrochemical workstation (PARSTAT2273, USA) was
used for electrochemical analysis. A three-electrode system
was used, with 7B04 aluminum alloy as the working electrode,
Pt electrode as the auxiliary electrode, and saturated calomel
electrode (SCE) as the reference electrode. The open circuit
potential was measured in a 3.5% NaCl solution with DDBAC
concentrations of 40, 60, 80, 100, and 120 mg/L and a blank
system without DDBAC. EIS was carried out in the frequency
range from 10~ to 10° Hz, and the sinusoidal voltage signal
was 10 mV (Liu et al., 2017). The data were processed using
ZSimpWin software to analyze the structure of the equivalent
circuit and the parameters of the components. The electro-
chemical polarization curve was scanned with a scanning rate
of 0.333 mV/s and a range of +350 mV relative to the open
circuit potential. Furthermore, the data were analyzed by C-
view software.

2.5. Quantum chemical study

Quantum chemical studies were defined by Materials Studio
software based on DFT. The molecular structure was opti-
mized using the Dmol 3 module in the software (Shaban
et al., 2015). The PBE functional under the generalized gradi-
ent approximation (GGA) was chosen for the structure opti-
mization process. After structure optimization, the DDBAC
molecule was calculated. The quantum chemical parameters
computed included the lowest unoccupied molecular orbital
energy (Er yumo), the highest occupied molecular orbital energy
(Ezomo), energy gap (AE = Erumo — Enomo), Mulliken
atomic charge distribution, and molecular electrostatic poten-
tial (MEP).

3. Results

3.1. Bacteriostatic test

Fig. 2 shows the bacterial inhibitory activity at different
DDBAC concentrations against L. sphaericus, S. salmoneum,
and A. Iwoffii. The antibacterial ability of DDBAC against
the three species of bacteria was evaluated using the inhibition
zone method. The experimental results revealed that S. salmo-

Chemical structure (a) and optimized structure (b) of DDBAC.

neum, A. lwoffii, and L. sphaericus were inhibited when the
DDBAC concentration reached 60 mg/L, and the DDBAC
had the best inhibitory effect on A. /woffii at all concentrations.
The above analysis showed that DDBAC was a broad-
spectrum and effective bactericide for inhibiting microbial
growth in an aircraft fuel system.

3.2. Minimum inhibitory concentration

In this study, the critical point of the minimum inhibitory con-
centration was determined by the resazurin indicator. It is
shown as blue when the bactericide has antibacterial activity,
and pink or white color indicated weak or no antibacterial
activity. Therefore, the minimum inhibitory concentration
could be determined according to the color change. As illus-
trated in Fig. 3, the minimum inhibitory concentration of
DDBAC was 64 mg/L.

3.3. Polarization measurements

The bactericide should not accelerate the corrosion of aircraft
fuel system material to avoid further damage. In the aerospace
industry, high-strength aluminum alloys, such as Al 7B04, are
still the preferred material for manufacturing different struc-
tural components. Therefore, the influence of DDBAC on
the corrosion of aluminum alloy was investigated by electro-
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Fig. 2 Inhibitory results of DDBAC.
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chemical experiments. Fig. 4 shows the polarization curve of
7B04 aluminum alloy immersed in different systems for
28 days. The Tafel zone corresponding to the polarization
curve was linearly fitted, and the electrochemical corrosion
parameters obtained are presented in Table 1.

Table 1 also shows that i, decreased in the presence of
DDBAC, indicating that the DDBAC had an inhibitory effect
on the corrosion of 7B04 aluminum alloy. With the addition of
DDBAC, E,,,, changed slightly. However, if the displacement
of E.o in the presence of an inhibitor compared with the
blank solution is more than +85 mV/SCE, then the inhibitor
is classified as cathodic or anodic type (Hsissou et al., 2020).
The maximum displacement in this study was less than
48 mV/SCE, indicating that DDBAC acts as a mixed-type
inhibitor. The inhibition efficiency (n) is defined as:

IZorr — ICO”‘

= x 100 ()

corr

where I(C’Orr and i.,,, represent corrosion current density values
without and with inhibitor, respectively.

The values calculated from Eq. (1) are shown in Table 1.
When the DDBAC concentration was 60-120 mg/L, the inhi-
bition efficiency was over 60%. The maximum inhibitory effi-

ciency was obtained at 80 mg/L (68.38%).

3.4. EIS measurements

Fig. 5 illustrates the Nyquist and Bode plots of 7B04 alu-
minum alloys immersed in systems with different DDBAC
concentrations.

As shown in Fig. 5(a), after 21 days of immersion, the
radius of the capacitive resistance arc of each system with
the addition of different DDBAC concentrations was larger
than that of the blank system. The increase in the Nyquist
diameter could be attributed to the protection given by
DDBAC molecules. These data proved the DDBAC adsorp-
tion on the aluminum alloy surface (Yadav et al., 2016). More-
over, the addition of 60 mg/L DDBAC had the best corrosion

Fig. 3 Minimum inhibitory concentration results of DDBAC
against S. salmoneum(a), L. sphaericus(b), and A. Iwolffii(c).

-0.2
—— Blank P
D4 ——qomgL g
—— 60mg/L
06 F ——80mg/L
——— 100mg/L
08 F —— 120mg/L

E/V (vs. SCE)
=

-6 -5 -3 -2
logi / (A/cm?)

Fig. 4 Polarization curves of 7B04 aluminum alloy immersed in
different systems.

Table 1 Electrochemical parameters obtained by polarization
curve fitting.

CDDBAC icorr Ecorr n
(mg/L) (uA-cm?) (mV vs SCE) (%)
0 0.623 —1139 -
40 0.298 —1170 52.17
60 0.219 —1144 64.85
80 0.197 —1096 68.38
100 0.213 —1091 65.81
120 0.225 —1142 63.88

inhibition effect on aluminum alloy. In Fig. 5(c), the capacitive
reactance arc radius of 60 mg/L DDBAC increased with time.
It indicated that the corrosion of the aluminum alloy was
inhibited by 60 mg/L DDBAC throughout the 21 days.

Two time constants are evident in the Bode plot, as seen in
Fig. 5, and the one in the high frequency region suggests the
formation of an oxide layer on the aluminum alloy surface
(Shen et al., 2020). The wide phase angle peak revealed that
the oxide film had a certain corrosion resistance. The other
time constant at low frequencies could be attributed to the for-
mation of a double electric layer.

An equivalent electrical circuit for the fitting of EIS is
established in Fig. 6. In the equivalent circuit, Q is a constant
phase element (CPE) and given by:

1

YoGa) 2

ZCPE =

where Zcpg is the impedance of CPE, Y|, is a parameter related
to capacitance, j is the unit imaginary number, o is the angular
frequency of the alternating voltage, and » is an exponential
term related to the roughness of the electrode surface. Ry rep-
resents the solution resistance. Ry and Qg correspond to the
resistance and capacitance of the corrosion film and/or
DDBAC adsorption layer, respectively. R, and Qg represent
the charge transfer resistance and electric double layer capaci-
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Fig. 5 EIS of 7B04 aluminum alloy immersed in 3.5% NaCl solution with different concentrations of DDBAC for 21 days (a, b) and

with 60 mg/L DDBAC over time (c, d).

tance, respectively. Considering the capacitance value, C is
proportional to admittance coefficient Yy,

B Yown- 1
"~ sin(nn/2)

the latter is used to reflect the relative magnitude relationship

of the capacitance. The fitting results are shown in Table 2.
The R, values in all DDBAC concentration systems were

larger than those of the system without DDBAC addition

3)

DDBAC adsorption film

804 aluminiim alloy o .~ <=
9 ¥ ) s L . - ; = ’

7]

(Table 2), indicating that DDBAC had an inhibitory effect
on the corrosion of 7B04 aluminum alloy (Deyab, 2014). In
addition, the decrease in Qg was induced by the decrease in
the local dielectric constant and/or the increase in electric dou-
ble layer thickness. This behavior indicates that DDBAC
molecules displace water molecules and other ions which are
originally adsorbed at the metal/solution interface (Deyab
et al., 2016). Consequently, the protective layer adsorbed at
the aluminum alloy surface slows down the dissolution process

7y

%
/p.

\-

L/

/] a

\‘

Iday 3day Tday 21day

Fig. 6 The equivalent circuit for the fitting of EIS (a) and the fitting results for 7B04 aluminum alloy immersed in 60 mg/L DDBAC over

time (b).
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of the aluminum alloy. Indeed, the largest effect is obtained
with the addition of the 80 mg/L DDBAC which gives an
R, value equal to 443 kQ-cm? Compared with the system
absence of DDBAC, Table 2 also clearly shows that the
increase of the ‘n’ value suggests the decrease of surface inho-
mogeneity, due to the DDBAC molecules adsorbed on the
active adsorption sites at the aluminum alloy surface (see
Table 3).

Given that the reciprocal of the charge transfer resistance
(RZ) corresponds to the corrosion rate of metal in corrosive
solutions (Deyab et al., 2017), the inhibition efficiency (1) of
DDBAC could be calculated using the following equation:

_ (R('/ + Rf) - (R?r + R?)
R+ Ry

x 100% (4)
where Rgl and R, are charge transfer resistance values in the
absence and presence of an inhibitor, respectively.

The values calculated from Eq. (4) are presented in Table 2.
The maximum inhibition efficiency was obtained at 60 mg/L
after the 21-day immersion. DDBAC had a certain inhibitory
effect on aluminum alloy. Meanwhile, Fig. 6 illustrates that R,
gradually increased in the system with 60 mg/L DDBAC
within 21 days, revealing that the inhibition effect of DDBAC
on 7B04 aluminum alloy increased with time.

3.5. Adsorption isotherm

The adsorption isotherm is very significant for evaluating the
adsorption mechanism of the electrochemical reaction between
DDBAC and aluminum alloy (Obot et al., 2015). In this study,
Temkin, Frumkin, and Langmuir adsorption isotherms were
used for the electrochemical polarization data fitting to discuss
the mechanism of DDBAC adsorption onto the aluminum/so-
lution interface, which were calculated by the following equa-
tions (Xiong et al., 2021):

Langmuir:
C(;nh = Kids + Cinn (5)
Temkin:
exp(f9) = KuasCint 6)
Frumkin:
0
5 X0 (- 20) = K Co ™

where C;,y, is the concentration, K,q4s is the equilibrium con-
stant for the adsorption/desorption process and 0 is the degree
of surface coverage. It is found that the experimental data are

most consistent with the Langmuir isotherm through calcula-
tion. The curve of C;,;,/0 versus Cj,;, is shown in Fig. 7.

The degree of surface coverage for the DDBAC was
obtained from polarization data and could be calculated by
the following relationship (Ansari et al., 2016):
9 — 120“‘ — ICO”‘

corr

(3)

The slope is slightly higher than unity (Fig. 7), which can be
due to the interactions between DDBAC molecules and alu-
minum atoms. Therefore, the DDBAC adsorption on the alu-
minum surface could be appropriately represented by the
modified Langmuir equation (Umoren et al., 2013), which con-
siders the interactions between adsorbed substances and the
adsorption heat change with surface coverage, as follows:
Cinn . n

0 Kads

+ nCiny )
where n is the slope of the adsorption plot.

According to Eq. (5), K.qs can be calculated from the inter-
cept line on the C;,,/0 axis. The free energies of the adsorption
(AG;dS) of DDBAC are determined from K,q4s by (Tan et al.,
2020):

AG,,, = - RT In(55.5K,,,) (10)

where R is the molar gas constant, T is the absolute tempera-
ture and 55.5 is the water concentration in the solution
expressed in a molar. The calculated value of AG,,, value is
—38.46 kJ mol~!. The negative value demonstrates that the
surfactant adsorption on the aluminum alloy surface is a spon-
taneous process and a strong interaction exists between surfac-
tant molecules and the aluminum surface (Okafor and Zheng,
2009).

Importantly, the AG,, value is closely related to the
adsorption type. When the value of AG;dS is greater than
—20 kJ/mol, then the interaction between the surfactant and
metal is classified as physisorption (Ramezanzadeh et al.,
2019). When the adsorption free energy is less than —40 kJ/-
mol, then the surface undergoes chemisorption (Biswas et al.,
2018). Based on the calculated value of adsorption free energy,
—38.46 kJ mol ™!, the adsorption mechanism of the DDBAC
can be classified as a combination of chemisorption and
physisorption.

3.6. Quantum chemical calculations

Quantum chemical calculations were carried out to further
investigate the corrosion inhibition mechanism of DDBAC.
DFT has been widely used to explore the corrosion inhibition

Table 2 Fitting electrochemical parameters of 7B04 aluminum alloy after immersion in different concentrations of DDBAC for

21 days.

Cppeac R Qr Ry n; Qai R np n
(mg/L) (Q-cm?) (F-cm™?) (Q-cm™3) (F-cm™2) (Q-cm™?) (%)
0 12.06 1.87 x 107 1.13 x 10° 0.8733 4.89 x 10™ 1.65 x 10° 0.8042 =
40 5.96 1.90 x 10° 2.57 x 10° 0.9054 4.77 x 10°° 2.75 x 10° 0.8647 47.74
60 8.91 1.69 x 107 4.08 x 10° 0.9116 439 x 107 3.86 x 10° 0.9227 64.99
80 6.66 1.78 x 107 247 x 10° 0.9064 5.69 x 107 4.43 x 10° 0.8872 59.71
100 7.55 1.60 x 107 2.97 x 103 0.9222 5.37 x 107 3.51 x 10° 0.8869 57.10
120 7.17 1.86 x 10° 3.29 x 10° 0.9136 6.99 x 10 3.24 x 10° 0.8902 57.43
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Table 3 The calculated quantum chemical parameters for DDBAC.
Inhibitor Enomo/eV Erumo/eV AE/eV x/eV n/eV
DDBAC —0.129 —0.053 0.076 0.091 0.038
200 As shown in Table 3, the values of Eyomo, ELumo, and AE
% DDBAC * were —0.129, —0.053, and 0.076 eV respectively, indicating
— Linear fit that DDBAC had excellent adsorption ability and corrosion
160 inhibition efficiency.
Fig. 9 shows the Mulliken charges of the heteroatoms in the
- DDBAC molecule. The electron density distribution in the
_'_]l 20 - molecule directly affects the corrosion inhibitor adsorption
g on the metal surface. In general, the electrophilic groups first
= y=1.409x + 14.148 attack the locations where the negative charges are concen-
i‘ig R*=0.9864 trated in the corrosion inhibitor molecules. These locations
< A * are the active centers where the corrosion inhibitor molecules
= are adsorbed. In Fig. 9, the highest negative charge was located
on the nitrogen atom with a value of —0.382 eV. Therefore, the
40 - nitrogen atom readily supplies electrons to the metal alu-
minum atom and can bind with the aluminum atom. It is the
active position for interaction with the aluminum alloy. That
0 0 3'( ) (:0 9'0 I’l’() is, the adsorption process may occur through nitrogen atoms
C,,/(mgL™) - in the DDBAC molecule.
MEP is important for mapping the molecule surface and
Fig. 7 Langmuir adsorption isotherm of DDBAC on the used to predict the most active site of proximity and/or reac-

aluminum alloy surface at 298 K.

mechanism. The corrosion inhibition depends on the electronic
and geometric structures of corrosion inhibitor molecules
(Singh et al., 2017; Verma et al., 2021). Quantum chemical
parameters were used to correlate the experimental studies
for the inhibition efficiency of DDBAC and its structural
and electronic properties.

The chemical reactivity depends on the interaction between
the highest occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO) levels of the reac-
tants (Mai et al., 2019). The HOMO and LUMO electronic
density distributions for the DDBAC molecule are shown in
the graphical images in Fig. 8. As shown in the figure, the elec-
tron density distributions of HOMO regions were focused
mainly on nitrogen atoms. Those of LUMO regions were con-
centrated on nitrogen atoms and benzene rings. Thus, benzene
rings and nitrogen atoms were the active parts in the DDBAC
molecule. The HOMO and LUMO electronic surfaces revealed
that the DDBAC molecule could the potential to donate and
accept electrons under favorable conditions (Errahmany
et al., 2020; Manssouri et al., 2020). It is supposed to be the
main reason for DDBAC adsorption on aluminum alloy.
The Energy gap (AE) represents the adsorption tendency of
the corrosion inhibitor on the metal interface. The adsorption
ability of the corrosion inhibitor on the steel surface increased
as AE decreased.

The electronegativity (y) and the global hardness (n) of the
inhibitor molecules are as follows:

= —EH0M02— Ervmo (11)

n= ELUMO ; EHOMO (12)

tion with other molecules on the basis of the charge and elec-
tron distributions on the molecule surface (Abd El-Lateef and
Alnajjar, 2020). When two molecules are in close proximity,
MEP plays a key role in the approach mode, as the elec-
trophilic reagents always attack the most negative site.
Fig. 10 displays the MEP of the DDBAC molecule with the
maximum value located at the nitrogen atom. Combined with
the charge distributions of HOMO, LUMO, and Mulliken,
nitrogen atoms are proven to be the active center adsorbed
on the metal surface. The results obtained from quantum
chemical studies are in accordance with the experimental
results.

4. Discussions

Considering that the cell surfaces of bacteria are generally neg-
atively charged, the higher the positive charge density in the

Fig. 8 HOMO density distribution and the LUMO density
distribution for DDBAC molecule obtained with DFT.
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Fig. 9 Mulliken atomic charges calculated for DDBAC molecule.

Isosurfacel
- 8.124e-2
- 2.958e-2
- -2.207e-2
- -7.372e-2
--1.254e-1

Fig. 10 The MEP surfaces of the DDBAC.

molecule of cationic bactericide, the better the ability to adsorb
on the cell surface (Vieira and Carmona-Ribeiro, 2006); the
more positive charges adsorbed on the bacterial surface, the
better the effect on cell wall permeability alteration and mem-
brane disruption, and the easier it is for intracellular compo-
nents of the bacteria to leak out and die (Campanha et al.,
1999). As displayed in Fig. 11, the antimicrobial activity of
DDBAC is due to the adsorption of positively charged quater-
nary ammonium ions onto the surface of negatively charged L.
sphaericus, A. lwoffii, and S. salmoneum, thus altering cell wall
permeability. Moreover, the DDBAC molecular chain con-
tains dodecyl. According to the relationship between antimi-
crobial ability and the toxicity of quaternary ammonium salt
and its structure, the alkyl chain has strong membrane affinity
and a good antimicrobial effect when the number of carbon
atoms is 10-16 (Lincopan et al., 2005). Due to the good floc-
culation and sedimentation effect of DDBAC, microorganisms
are effectively concentrated in the sediment through floccula-
tion. It is beneficial for the concentrated killing of microorgan-
isms and enables DDBAC a good antimicrobial activity (Singh
et al., 2018).

Fig. 12 reveals that DDBAC molecules form a chemisorbed
layer on the aluminum alloy surface. As seen from Figs. 810,
the nitrogen atom in DDBAC molecule provided a lone pair of
electrons, which coordinated and combined with metal atoms
to form a solid chemisorption layer. In addition, the benzene
ring could be chemisorbed on the metal surface through the
action of m bonds, resulting in the formation of stable com-
plexes between the DDBAC and the metal (Luo et al., 2019).
DDBAC was combined with the active sites on the aluminum
alloy to prevent from the corrosion reaction. The inhibition
mechanism is explained by reaction formula (13):

Al+ DDBAC — Al — DDBAC 4 (13)

The strength of the bond between the adsorbed layer and
the metal depends on the adsorption properties and the
strength of the chemical bond between them (Luo et al.,
2017). In addition, the nonpolar group of the DDBAC mole-
cule is hydrophobic. It is located in the direction away from
the metal and acts as a barrier through the water-repellent base
to separate the metal surface from the corrosive medium
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Fig. 11

Antimicrobial mechanism diagram of DDBAC.

L

7B04‘aluminum alloy. ~

Fig. 12

(Ramezanzadeh et al., 2019). Thus, a physical barrier is
formed between the metal and the solution to reduce the
corrosion.

5. Conclusions

Microbiologically influenced corrosion is an important problem for
naval aircraft. In this study, the antimicrobial ability of DDBAC on
contaminative microorganisms in naval aircraft fuel systems was eval-
uated by the inhibition zone method and minimum inhibitory concen-
tration test. The effect of DDBAC on the corrosion of fuel tank
material was investigated by polarization curve and EIS. The quantum
chemical calculation was carried out to study the correlation between
the inhibitory effect and molecular structure of DDBAC. The results
showed that DDBAC had an antimicrobial performance for S. salmo-
neum, A. Iwoffii, and L. sphaericus isolated and purified from the navy
aircraft fuel system. Moreover, the minimum inhibitory concentration
of DDBAC was 64 mg/L. The polarization curve indicated that

Y )i’ 7];?95-)4‘al}lftiinum 3-;17103_(.;- .

Corrosion inhibition mechanism diagram of DDBAC.

DDBAC acted as a mixed-type inhibitor that suppressed both anodic
and cathodic reactions. The impedance results showed that DDBAC
formed an adsorption layer on the aluminum alloy surface to prevent
the charge transfer. The metal corrosion process was inhibited by the
DDBAC adsorption on the aluminum alloy surface and its adsorption
fitted the modified Langmuir adsorption isotherm model. The corre-
sponding value of AG;cls revealed that the adsorption mechanism of
the DDBAC could be classified as a combination of chemisorption
and physisorption. A good consistency among the experimental and
DFT results were also observed. The lone pair of electrons of nitrogen
atoms in DDBAC were able to form coordinate bonds with the empty
orbital in the aluminum alloy, resulting in a tight chemisorption layer
and corrosion inhibition.
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