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Isopropylamine was taken as a raw material to synthesize a new multi-alkyl multiple quaternary-ammonium salts gemini
surfactant bis[2-hydroxy-3-(dodecyldimethylammonio)propyl]-isopropylamine dichloride.The structure of the synthetic product
was characterized by 1HNMR and FTIR.The surface activity was investigated; the inhibition efficiencies and inhibitionmechanism
of the synthetic product were studied by weight loss method, electrochemical method, microscopic morphology observation, and
adsorption model calculation. The results indicate that cmc of synthetic product was 9.204 ×10−4mol/L; when the concentrations
were lower than cmc, the inhibition efficiencies rose substantially, which was up to 89.3% with the concentration of 9.204
× 10−4mol/L; when they were higher than cmc, inhibition efficiencies were basically unchanged; polarization tests showed that the
synthesis product could restrain both anodic and cathodic reactions; when the concentrations were lower than cmc, the adsorption
of the synthetic product conformed to the Langmuir model, which formed monolayer on the 2024 Al-Cu-Mg alloy surface; when
they were higher than cmc, it formed bilayer, so the adsorption of the synthetic product did not conform to the Langmuir model
anymore.

1. Introduction

Aluminium and aluminium alloys have been widely used
in aerospace, transportation, and construction industries
because of their goodmechanical properties, low density, and
high corrosion resistance [1]. In the process of metal acid
pickling, corrosion inhibitors are usually added to reduce
the corrosion of acid to metallic matrix. During this process,
surfactants are often selected as the corrosion inhibitors
because of their good corrosion inhibition performance [2–
5]. Unlike traditional surfactants, gemini surfactant has novel
structure and excellent performance: using the spacer; it
can connect two hydrophilic groups by chemical bonds to
form a structure with double hydrophilic groups and double
hydrophobic chains. This structure owns more advantages,
such as higher surface tension, highermicelle forming ability,
and better water solubility [6–8]. At present, gemini sur-
factant has been widely used in metal corrosion inhibition,
transportation, medicine, and other industries, which plays

a huge role in improving production process, enhancing
product quality, reducing the cost, and increasing the added
value [8–13]. Therefore, it is of great significance to study the
synthesis process of gemini surfactant with novel structure
and excellent properties and to apply it to pickling process of
aluminium alloy for aviation.

In recent times, the studies of the corrosion inhibition
performance of gemini surfactants are getting more and
more; in particular, multiple quaternary-ammonium salts
gemini surfactants have been reported [14–22]. Kim et al.
[15] synthesized a series of new alkyl based quaternary-
ammonium cationic surfactants by inserting a methylim-
ino group (>NCH3), a dodecylimino group (>NC12H25), a
dimethylammonium group (>N+(CH3)2), and a dodecyl-
methylimmonio group (>N+(CH3)C12H25) into two dode-
cyldimethyl quaternary-ammonium salts, respectively, and
their properties were studied. The result showed that the
multi-alkyl hydrophobic group was the main reason leading
to the decrease of the critical micelle concentration; even
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Figure 1: Synthetic route of bis[2-hydroxy-3-(dodecyldimethylammonio)propyl]-isopropylamine dichloride.

with long carbon chains, spacers did not play the role
of hydrophobic groups. Lim et al. [17] synthesized single,
double, triple quaternary-ammonium salts gemini surfactant
by using condensation reactions. Surface tension test showed
that the lowest surfactant tension was 28.88mN/m, which
meant these gemini surfactants could be used to reduce
the surface tension of the aqueous solution and to act
as emulsifiers; foaming performance tests showed that the
foam volume’s decline rate increased when the number of
ammonium and hydroxyl groups increased. In recent times,
the studies of the corrosion inhibition performance of gemini
surfactants are getting more and more [23–29]: Xu et al.
[23] synthesized a new amide gemini inhibitor (OPDO) and
studied its corrosion inhibition performance to Q235 carbon
steel in hydrochloric acid solution. The results showed that
OPDO had excellent corrosion inhibition effect for carbon
steel, and it was a mixed inhibitor; its maximum inhibi-
tion rate was up to 99%; the results also showed that the
adsorption on the surface of carbon steel conformed to
the Langmuir isothermal adsorption model. Hegazy et al.
[24] synthesized three kinds of gemini surfactants with long
chains containing benzene rings as spacers; results showed
that, in acidic solution, those three kinds of surfactants could
be used as mixed-type inhibitors with both physical and
chemical adsorption models and its corrosion inhibition rate
for carbon steel decreased firstly and then increased with
temperature’s increase.

The studies on corrosion inhibition performance for
carbon steel are quite a lot now, while there are still few
studies on corrosion inhibition performance of gemini sur-
factants for aviation used aluminium alloys; at the same
time, the corrosion inhibition studies of multi-alkyl multiple
quaternary-ammonium salts cationic gemini surfactants with
imino groups as spacers are more focused on using straight
chain imino groups as spacers, those using branched chain
imino groups as spacers are rarely reported. In this paper,
isopropylimino (>NCH(CH3)2) is used as the spacer to

connect two dodecyldimethyl quaternary-ammonium salts
to finally synthesize a novelmulti-alkyl bisquaternary ammo-
nium cationic gemini surfactant; then its surface properties
and its corrosion inhibition efficiency and the inhibition
mechanism for aviation used Al-Cu-Mg 2024 alloy in HCl
solution (1mol/L) are studied.

2. Experimental

2.1. Reagents and Instruments

Reagents. The reagents were isopropylamine, epichloro-
hydrin, dodecyldimethylamine, hexane, acetone, absolute
ethanol, and hydrochloric acid (mass fraction: 36%–38%). All
the chemicals were of analytical reagent grade and were used
without further purification.

Instruments. Bruker-400 NMR Spectrometer, BS 224S Elec-
tronic Analytical Balance (degree of accuracy: ±0.1mg), Par-
Stat 2273 Electrochemical Workstation, HITACHI S-3400N
Scanning Electron Microscope, 79-1 Magnetic Heating
Stirrer, DSA25 Drop Shape Analyzer, Avatar 300 Fourier
Infrared Spectrometric Analyzer, ZDHW Electric Heating
Jacket, RE-25 Rotary Evaporator, iron stand, 150mL round-
bottom flask, Allihn condenser, separating funnel, 150mL
conical flask, and 250mL beaker were used.

Al-Cu-Mg alloy for aviation with composition (in wt.%)
Cu 3.8–4.9, Mg 1.2–1.8, Mn 0.3–1.0, Cr 0.1, Zn 0.25, and Al
(balance) was used as the subject investigated.

2.2. Synthesis of Bis[2-hydroxy-3-(dodecyldimethylammo-
nio)propyl]-isopropylamine Dichloride. The preparation pro-
cedure of bis[2-hydroxy-3-(dodecyldimethylammonio)pro-
pyl]-lsopropylamine dichloride is shown as Figure 1:

Preparation of Middle Product. In a beaker of 250ml,
epichlorohydrin (9.3ml) was added at the speed of 10 seconds
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per drop to a mixture of absolute ethanol and isopropamide
(5ml) under icewater bath. After that, themixturewas stirred
at indoor temperature for 10 h.Then, rotatory evaporator was
used to remove solvent and redundant epichlorohydrin in
the 40∘C water bath for 1 h from which the transparent vis-
cous liquid bis(2-hydroxy-3-chloropropyl) isopropylamine
was obtained as the middle product.

Preparation of Final Product. The middle product (12.2 g),
dodecyldimethylamine (27ml), and absolute ethanol were
mixed and heated to reflux for 10 h. From reduced pressure
distillation at 60∘C for 1 h and being washed three times by
hexane, the white waxy product (32.6 g) bis[2-hydroxy-3-
(dodecyldimethylammonio)propyl]-isopropylamine dichlo-
ride was finally extracted.

2.3. Surface Tension Measurement. At 25∘C, the DSA25 Drop
Shape Analyzer was applied to measure surface tension
curves of the mixed solution of 1mol/L HCl and different
concentrations of synthetic product. In addition, the critical
micelle concentration (cmc) and its corresponding surface
tension can be ensured by the intersection point of the curves.

2.4. Weight Loss Measurement. The 2024 Al-Cu-Mg alloy
specimens were applied with dimensions 50mm × 25mm
× 2mm. The surface was abraded in sequence by abrasive
papers ranging from #800 to #2000 and then washed by
deionized water, acetone, and absolute ethanol in order to
remove the grease and impurities of the surface. Cold-blast
air was used to dry the specimens and then initial weights
of specimens were measured and recorded. After that, speci-
mens were immersed in different corrosion solutions for 4 h
and then a soft brush was dipped in acetone and absolute
ethanol to remove the corrosion products on the metal
surface. Finally the specimens were cleaned ultrasonically in
deionized water and ultimate weights were measured and
recorded again.

The average corrosion rate (𝑉) and the inhibition effi-
ciency (IE,%) the synthetic product were calculated as
follows:

𝑉 = 𝑚0 − 𝑚𝑆 × 𝑡 ,

IE (%) = 𝑉0 − 𝑉𝑉0 × 100,
(1)

where 𝑚0 and 𝑚1 are, respectively, the initial and ultimate
weight; 𝑆 is the immersed surface; 𝑡 is the corrosion duration;
𝑉 and 𝑉0 are, respectively, the average corrosion rate in
presence and absence on synthetic product.

2.5. Electrochemical Measurement. Electrochemical mea-
surement was carried out by using ParStat 2273 Electrochem-
ical workstation at room temperature 25∘C. In the three-
electrode assembly, 2024Al-Cu-Mg alloywork electrodewith
working surface 1 cm2, Pt wire auxiliary electrode with area
3 cm2, and Ag/AgCl reference electrode filled with saturated
KCl solution (0.1981 V versus NHE) were used. Among them,
the distance between work electrode and auxiliary electrode
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Figure 2: OCP test result.

was about 12 cm, and the distance between work electrode
and reference electrode was about 2 cm.

Before the impedance test, open circuit potential (OCP)
test was carried out to ensure that the follow-up experiments
were tested in a stable state. The OCP plot of 2024 Al-Cu-Mg
alloy in 1mol/L HCl solution with 9 × 10−4mol/L synthetic
product was shown in Figure 2.

It can be seen that, after soaking for about 15 minutes, the
curve reaches a stable stage, and the OCP is basically stable at
−0.48V. Therefore, impedance tests were carried out after 15
minutes of immersion in the specimens.The results obtained
by adding other concentrations of the synthetic product are
basically the same.

In order to make an approximate equilibrium of the
system, potentiodynamic polarization curves were measured
under scanning range of ±250mV relative to the OCP, and
scanning rate of 0.166mV/s.The following equation was used
to compute the inhibition efficiency as

IE (%) = 𝐼0 − 𝐼𝐼0 × 100, (2)

where 𝐼0 and 𝐼 are, respectively, the corrosion current inten-
sity in absence and presence of synthetic product.

The impedance measurements were carried out under
frequency range of 10mHz∼100 kHz and amplitude of 10mV.
Equivalent circuits were simulated from ZsimpWin software.
The inhibition efficiency of synthetic product was calculated
as follows:

IE (%) = 𝑅𝑝 − 𝑅

𝑝

𝑅𝑝 × 100,
(3)

where 𝑅𝑝 and 𝑅𝑝 are, respectively, the polarization resistance
in absence and presence of synthetic product.

2.6. Corrosion Surface Observation. HITACHI S-3400N
scanning electronic microscope (SEM) was applied to
observe the corrode surface in absence and presence of
synthetic product in order to determine their corrosion state
and degree.
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2.7. Adsorption Isothermal Model. The adsorption mecha-
nism of inhibitor can be justified by the adsorption isother-
mal model where a classic Langmuir adsorptionmodel obeys
the following assumption: every adsorption site on the metal
surface shares the same properties and can only adsorb one
molecule at best, the molecules onside exert no acting force
on each other. The adsorption isothermal formula is

𝐶
𝜃 = 𝐶 +

1
𝐾, (4)

where𝐶 is the concentration of inhibitor;𝐾 is the adsorption
equilibrium constant; 𝜃 is the fraction of coverage which can
be attained from

𝜃 = IE
IE𝑚
, (5)

where IE is the inhibition efficiency of corresponding
inhibitor concentration; IE𝑚 is the maximum inhibition
efficiency. Besides, the Langmuirmodel can be also presented
as follows [30]:

1
𝑉 = 𝐾

 + 𝐾𝐶, (6)

where 𝑉 is the corrosion rate; 𝐾 is the reciprocal of the
uninhibited corrosion rate; 𝐾 is a constant, which resulted
from the weight loss method.

2.8. Adsorption Thermodynamics Parameters. The adsorp-
tion equilibrium constant 𝐾 could be concluded from Lang-
muir simulated curve. The relation between 𝐾 and the
adsorption free energy Δ𝐺0ads can be expressed as

𝐾 = ( 155.5) exp
−Δ𝐺0ads
𝑅𝑇 , (7)

where 𝑅 is molar gas constant, 8.314 J⋅mol−1⋅K−1; T is the
environmental temperature, 298K; Δ𝐺0ads is used to justify
furthermore the adsorption mechanism.

2.9. FTIR Tests. The absorption peaks in FTIR curves can be
used to determine whether a new chemical bond occurs or
disappears on the metal surface. FTIR curves of corrosion
products on the surface of 2024 Al-Cu-Mg alloy in 1mol/L
HCl solution with/without the synthetic product have been
plotted to determine the adsorption type of the synthetic
product.

3. Results and Discussion

3.1. Structure Characterization of Bis[2-hydroxy-3-(dodec-
yldimethylammonio)propyl]-isopropylamine Dichloride. The
FTIR test result is shown in Figure 3. It can be seen that
3371 cm−1 is the vibration peak of -OH; the two adsorption
peaks at 2923 cm−1 and 2853 cm−1 are characteristic vibration
peaks of long carbon chains [31]; 1462 cm−1 is the flexural
vibration peak of C-H [32]; peaks between 1050∼1200 cm−1
and 500∼700 cm−1 are the characteristic peaks of C-C, C-N,
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Figure 3: Infrared spectra of synthetic product.

and C-Cl [32]. Based on the analysis, it can be concluded that
the synthetic product is the target product.
1H NMR test result of the synthetic product is shown

in Figure 4. Specific analysis is as follows: 1H NMR(CDCl3)𝛿 0.806–0.840 (t, 6H, (CH3)2), 1.017–1.033 (m, 6H,
CH3(CH)CH3), 1.200–1.289 (m, 36H, (CH3(CH2)9)2),
1.687 (s, 4H, (CH3(CH2)9CH2)2), 2.686–2.745 (m,
1H, CH3(CH)CH3), 2.956–3.056 (m, 4H, (CH2CH)2),
3.252–3.312 (m, 12H, (N+(CH3)2)2), 3.542–3.554 (m, 8H,
(N+(CH2)2)2), 3.870–3.901 (m, 2H, (CH2CH)2), 4.293–4.309
(m, 2H, (OH)2). By analyzing the peak positions of relative
hydrogen atoms and the relative areas of absorption peaks,
it can be concluded again that the synthetic product is the
target product.

3.2. Surface Tension Test. Surface tension (𝛾) was plotted
versus the logarithm of concentration of synthetic product, as
shown in Figure 5. As seen in Figure 5, at low concentrations,
𝛾 drops sharply with the increase of log𝐶; while, at higher
concentrations, 𝛾 keeps essentially constant. The surface
tensions of these two states are fitted linearly, respectively,
and the intersection point is approximately the criticalmicelle
concentration (cmc) of the synthetic product [33]. Thus it
can be seen that the cmc of the synthetic product is 9.204
× 10−4mol/L, which is 1∼2 orders of magnitude lower than
that of conventional single-chain quaternary-ammonium salt
surfactant. cmc of a range of conventional and gemini
surfactants are given in Table 1.

The cause of the decrease of cmc may be that the
synthetic product connects two long carbon chains replaced-
ammonium cations by using its spacer group, thus greatly
increases the number of carbon atoms of the hydrophobic
group [15], and finally reduces the cmc. Meanwhile, the
hydrophilic group is connected with the spacer group by a
chemical bond, thus could arrange closely in adsorption layer
of the solution surface, and the hydrophobic groups arrange
vertically in solid-liquid interface, thereby, the surface activity
is increased and it is easier to form micelles.
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Figure 4: 1H NMR spectra of synthetic product.

Table 1: cmc of conventional and gemini surfactants.

Surfactants cmc/mmol⋅L−1 References
C12H25N

+(CH3)3 Cl
− 22 [34]

C12H25N
+(CH3)3 Br

− 16 [34]
C4H8(C12H25N

+Me2 Br
−)2 1.09 [35]

C6H12(C12H25N
+Me2 Br

−)2 1.01 [35]
C12H25N

+(CH3)2-CH2-CH(OH)-CH2-N(CH3)-CH2-CH(OH)-CH2-(CH3)2N
+C12H25 2Cl

− 0.99 [15]
C12H25N

+(CH3)2-CH2-CH(OH)-CH2-N(CH(CH3)2)-CH2-CH(OH)-CH2-(CH3)2N
+C12H25

2Cl− (synthetic product) 0.92 /

C12H25N
+(CH3)2-CH2-CH(OH)-CH2-N(C12H25)-CH2-CH(OH)-CH2-(CH3)2N

+C12H25 2Cl
− 0.0062 [15]

3.3. Inhibition Properties of Bis[2-hydroxy-3-(dodecyldimeth-
ylammonio)propyl]-isopropylamine Dichloride

3.3.1. Weight Loss Test. The influence of the concentration of
synthetic product on corrosion rate (V) and inhibition effi-
ciency (IE) of 2024 Al-Cu-Mg alloy in 1mol/L HCl solution
has been studied by static weight loss method, as shown in
Figure 6. It can be seen that with the concentration increasing
from 5 × 10−5mol/L to 9 × 10−4mol/L, V decreases from
7.2401 × 10−5 g∙mm−2∙h−1 to 1.3759 × 10−5 g∙mm−2∙h−1, while
IE is doubled from43.5% to 89.3%.However, with the concen-
tration increasing from 9 × 10−4mol/L to 2.4 × 10−3mol/L, V

declines slightly from 1.3759 × 10−5 g∙mm−2∙h−1 to 1.0123 ×
10−5 g∙mm−2∙h−1; similarly, IE increases slightly from 89.3%
to 92.1%.

Combined with surface tension test result, it can be
analyzed that corrosion rate first decreases rapidly with the
increase of the concentration of synthetic product; when
the concentration is near to cmc (9.204 × 10−4mol/L), the
corrosion rate decreases from a rapid decline to a slow
decline, and eventually almost no change occurs; the rule
of inhibition efficiency is just the opposite. The reason may
be that when the concentration is low, the ammonium
cation of the synthetic product is easy to be adsorbed to
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Figure 6: Static weight loss curve of 2024 Al-Cu-Mg alloy in 1mol/L HCl solution with different concentrations of synthetic product.

the surface of 2024 Al-Cu-Mg alloy; at the same time, the
long carbon chains arrange orientated and orderly, which
form a protective film on the surface of the alloy and play a
role in corrosion inhibition; when the concentration reaches
to cmc, the adsorption of the surfactant molecules on the
metal surface is approximately saturated; therefore, with the
increase of concentration, the corrosion rate and corrosion
efficiency change slowly or almost remain unchanged.

3.3.2. Potentiodynamic Polarization Measurements. Figure 7
represents the cathodic and anodic curves measured by
adding different concentrations of synthetic product (0.5∼9 ×
10−4mol/L) into 1mol/L HCl; related parameters of polariza-
tionmeasurements are shown in Table 2. It could be observed
that 𝐼corr decreases with the increase of synthetic product’s
concentration.When the concentration is 9× 10−4mol/L, 𝐼corr
has reduced by an order of magnitude over the blank solution
and reaches 7.07 × 10−4 A. Meanwhile, both cathodic and

anodic curvesmove in the direction of decreasing the current
density; 𝐸corr changes little compared with blank solution;
it suggests that both cathodic and anodic reactions are
suppressed with the addition of synthetic product, besides;
the synthetic product is amixed-type inhibitor which reduces
anodic dissolution and also retards the hydrogen evolution
reaction. The corrosion efficiencies (IE) are calculated by
using (2); results show that IE increases monotonously with
the increase of synthetic product and is up to 88.6%, which
means the synthetic product has a good inhibiting effect on
metal corrosion. This result is consistent with the weight loss
method.

3.3.3. Electrochemical Impedance Spectroscopy. Nyquist plots
of 2024 Al-Cu-Mg alloy in absence and presence of dif-
ferent concentrations of the synthetic product are shown
in Figure 8. The inspection of Figure 8 reveals that all the
Nyquist plots are composed of capacitive arcs in the high
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Figure 7: Tafel polarization curves with different concentrations of synthetic product added.
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Figure 9: Equivalent circuit of Nyquist diagrams.

Table 2: Test parameters obtained from Tafel polarization curves.

𝐶/10−4mol⋅L−1 𝐼corr/10−3A 𝐸corr/V IE/%
0 6.198 −0.470 /
0.5 3.564 −0.479 42.5
1 2.386 −0.475 61.5
3 1.382 −0.477 77.7
6 1.004 −0.476 83.8
9 0.707 −0.481 88.6
Note. 𝐶: concentration of synthetic product; 𝐼corr: corrosion current; 𝐸corr:
corrosion potential; IE: inhibition efficiency.

frequency zone, which are related to double-layer capacitance
as well as the charge transfer resistance. The capacitive arcs
are depressed in nature; it is due to the micro roughness of
the surface of metal formed during corrosion.

The proposed equivalent circuit by ZsimpWin software is
shown in Figure 9; related parameters are listed in Table 3.
It can be analyzed that 𝑅𝑝 increases and 𝑌0 decreases with
increasing in the concentration of the synthetic product,
which indicates the formation of adsorption layer on the
surface of the alloy. It can be calculated through (3) that
the inhibition efficiency increases with increasing in the
concentration of the synthetic product and is up to 94.6% at 9
× 10−4mol/L. Compared with the weight loss test results, the
inhibition efficiencies obtained by impedance test are slightly
higher, but the overall trend is the same, so the results are still
consistent.

3.3.4. Surface Topography Analysis. Figure 10 demonstrates
the damage caused by exposure of 2024 Al-Cu-Mg alloy
to 1mol/L HCl in absence and presence of the synthetic
product for 4 hours. It is evident that the surface becomes
very rough and a large amount of corrosion pits can be
found after being corroded in 1mol/L HCl without any
synthetic product, which means that a severe corrosion has
happened; when the synthetic product is added, the surface
becomes smoother and no big corrosion pits could be found.
Figure 10(b) clearly shows that the synthetic product could
form a smooth adsorption layer on the surface to inhibit the
corrosion of 2024 Al-Cu-Mg alloy.

3.3.5. Adsorption Isotherms andThermodynamic Calculations.
Figure 11 shows the adsorption isotherms of the synthetic
product on Al-Cu-Mg alloy in 1mol/L HCl solution. In

(a)

(b)

Figure 10: Corrosion surface morphology of 2024 Al-Cu-Mg alloy:
(a) 1mol/L HCl; (b) 1mol/L HCl + synthetic product.
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Figure 11: Langmuir fitting curve of synthetic product.

this case, the line has a slope of 0.936 and the correlation
coefficient (𝑅2) is 0.9998. The linear relationship of c/𝜃
versus c shows that the synthetic product obeys Langmuir
adsorption isotherm, whichmeans that the synthetic product
forms a dense monomolecular film on the surface of 2024 Al-
Cu-Mg alloy [37], effectively blocks corrosion ions near the
metal surface, and slows down the corrosion of alloy surface.

The adsorption equilibrium constant 𝐾 could be cal-
culated by using the fitted line above and K = 1.789 ×
104 L/mol. Through (7), adsorption free energy Δ𝐺0ads can be
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Table 3: Fitting parameters of equivalent circuit.

𝐶 (10−4mol⋅L−1) 𝑅𝑠 (Ω⋅cm2) 𝑅𝑝 (Ω⋅cm2) 𝑌0 (10−5Ω−1⋅cm−2⋅s−1) 𝑛dl IE%
0 0.72 23.59 11.70 0.90 /
0.5 0.51 32.71 10.60 0.96 27.9
1 0.73 38.91 10.50 0.92 39.4
3 0.82 77.05 8.46 0.87 69.4
6 0.63 423.20 6.62 0.81 94.4
9 0.98 436.90 6.00 0.96 94.6
Note.𝐶:concentration of synthetic product; 𝑅𝑠:solution resistance; 𝑅𝑝: polarization resistance; 𝑌0:capacitive admittance of CPE capacitance; 𝑛dl:empirical
exponent of CPE capacitance [36]; IE: inhibition efficiency.
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Figure 12: Physisorption between synthetic product and surface of 2024 Al-Mg-Cu alloy.
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Figure 13: V−1-C/cmc curve of 2024 Al-Cu-Mg alloy.

calculated and equals −34.2 kJ/mol. Δ𝐺0ads < 0 illustrates
the adsorption process is spontaneous. A value of Δ𝐺0ads =−40 kJ/mol is usually adopted as the threshold value between
chemisorption and physisorption [38]. Thus, it indicates that
the adsorption of the synthetic product is more inclined
to physisorption, where ammonium cations are attracted
to the negative charge of the metal surface by electrostatic
interaction and are adsorbed to the metal surface, as shown
in Figure 12.

Fit again the weight loss test results through (6), fitted
lines are shown in Figure 13, where the ratio of the concentra-
tion of synthetic product to the concentration of the critical
micelle concentration cmc was set up as abscissa in order to
explain the influence of cmc on the corrosion rate.

1 mol/L HCl + synthetic product
1 mol/L HCl

3000 2500 2000 1500 1000 5003500
 (cＧ−1)

40

60

80

100

T 
(%

)

Figure 14: FTIR plots of corrosion products on metal surface in
absence/presence of synthetic product.

It shows that the two fitted lines intersect when C/cmc
nearly equals 1. Thus it can be deduced that when the
concentration is higher than cmc, the adsorption behaviour
of synthetic product on the metal surface changes.

3.4. Study on Corrosion Inhibition Mechanism. FTIR results
of corrosion products on the surface of 2024 Al-Cu-Mg alloy
in 1mol/L HCl solution with/without the synthetic product
are shown in Figure 14. It can be analyzed that 3401 cm−1 is
the vibration peak of -OH [31]; 1626 cm−1 is the vibration
peak of AlCl3 [39]; 1397 cm

−1 and 946 cm−1 are the vibration
peaks of Al2O3 andMgO [40]; 618 cm−1 is the vibration peak
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Figure 15: Adsorption principle of synthetic product on 2024 Al-Cu-Mg alloy surface.

of Cu2O [39]. It can be indicated that no chemical bond
appears or disappears by comparing two curves. As a result,
it can be verified again that the adsorption of the synthetic
product is physisorption.

In order to better explain the corrosion inhibition process
and mechanism of the synthetic product on the surface
of the alloy, the schematic diagram of the adsorption and
desorption process is shown in Figure 15.

As seen in Figure 15, there might be two adsorption
modes when the concentration of synthetic product is lower
than cmc, as shown in (a) and (b). At low concentration, two
hydrophilic groups are adsorbed on the metal surface; that
is, each hydrophilic group occupies one adsorption site, as
shown in (a); at higher concentration, one of two hydrophilic
groups of gemini surfactant may be adsorbed on the metal
surface adsorption site, while another cannot adsorb onto
it, as shown in (b). In actual situation, the adsorption mode
is more inclined to (a) (b) coexistence, and this adsorption
mode still meets the Langmuir adsorption model, that is,
monolayer adsorption.

When the concentration of synthetic product is higher
than cmc, its adsorption on the metal surface is saturated.
When keeping increasing the concentration, similar to the
conventional surfactants which form micelles with inner
hydrophobic groups and outer hydrophilic groups, the syn-
thetic product molecules will form a bilayer adsorption film
with hydrophobic groups at the middle and hydrophilic
groups at both ends, as shown in (c). Therefore, the adsorp-
tion pattern does not accord with the monolayer adsorption
film of Langmuir model assumed, which is a good explana-
tion of the intersection point in Figure 13.

As a new environmental friendly inhibitor, the syn-
thetic product has many advantages, one of which is its

physisorption onmetal surface.The synthetic product can be
desorbed naturally without any extra process when the metal
surface is dried. Hence, compared with chemical absorp-
tion/desorption, physical absorption/desorption ismore con-
cise, efficient, and environmentally friendly.

4. Conclusions

(1) Two-stepmethod has been taken to synthesize a novel
green inhibitor: bis[2-hydroxy-3-(dodecyldimethyl-
ammonio)propyl]-isopropylamine dichloride, FTIR,
and 1H NMR tests show that target product is the
synthetic product.

(2) Critical micelle concentration cmc of the synthetic
product is 9.204 × 10−4mol/L; when the concentra-
tion is lower than cmc, inhibition efficiency of the
synthetic product to 2024 Al-Cu-Mg alloy increases
monotonously and is up to 89.3% at 9 × 10−4mol/L;
when it is higher than cmc, inhibition efficiency of the
synthetic product keeps basically unchanged.

(3) The Tafel polarization studies indicate that the syn-
thetic product is of mixed anodic-cathodic type; each
Nyquist plots is composed of a depressed capacitive
arc in the high frequency zone; the electrochemical
test results are consistent with theweight lossmethod.

(4) The adsorption type of synthetic product is phy-
sisorption. When the concentration is lower than
cmc, the adsorption mode of the synthetic product
conforms to the Langmuir adsorption model and
forms a monolayer adsorption film on 2024 Al-Cu-
Mg alloy surface; when it is higher than cmc, it forms
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bilayer adsorption film on metal surface and thus
does not conform to the Langmuir adsorption model
anymore.
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