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Abstract Montmorillonite (Mnt) and organic poly-
mer composite membrane are widely used to enhance
the corrosive resistance of metal materials due to their
unique properties. Herein, a uniform anticorrosion
membrane coated on aluminum plate was fabricated
with organic-modified nano-Mnt (OMnt) and epoxy
resin (EP) as raw materials, which showed good
smoothness, wear property and resistance to acidic
and salty corrosion. The surface morphology, crystal
phase, chemical composition, and microstructure of the
OMnt/EP membrane were characterized by optical
microscopy, small-angle X-ray diffraction, FTIR, SEM,
and TEM, respectively. The results showed that the
OMnt/EP membrane was constituted of OMnt and EP.
The interplanar distance of OMnt was expanded from
1.44 to 5.36 nm. Electrochemical corrosive resistance
of the membrane was tested with Tafel polarization
curves and electrochemical impedance spectroscopy.
The results showed that the thickness of the membrane
had a positive effect on its anticorrosion performance.
When its thickness was 0.18 mm, its corrosion voltage
(Pcorr) increased along with its content of OMnt, while
its corrosion current (Icorr) showed increasing, decreas-
ing and increasing trend as the content increased from
1 to 5%, from 5 to 7% and from 7 to 9%, respectively.
When its content of OMnt was the same, its Pcorr

increased along with its thickness, while its Icorr
decreased along with its thickness. Its maximum
impedance reached 2.29 9 107 X, which was much
greater than that of other EP membranes. Moreover,
the corrosion resistance of the composite membranes

decreased gradually as the immersion time increased,
and the content of OMnt and the ratio of EP to OMnt
could also affect the corrosion resistance of the
membrane. These results show that the OMnt/EP
composite membrane exhibits excellent anticorrosive
property, which is highly promising for wide applica-
tions in industry.

Keywords Organic montmorillonite, Epoxy resin,
Composite membrane, Enhancement, Anticorrosive
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Introduction

Metal corrosion has become one of the major causes of
damage to metal materials, which results in a great
many accidents and aggravates environmental pollu-
tion, leading to huge economic loss and retarded
development of high-technology.1 According to the
estimated results, the economic loss caused by metal
corrosion is about 3–5% of the total GDP all over the
world each year. For example, the total GDP of China
was about 99.09 trillion yuan, and the economic loss
caused by metal corrosion was 2.97–4.95 trillion yuan
in 2019. So, the surface protection of metal materials
has become a hot research topic today.2–4

Aluminum plate has been widely used in sports,
aerospace, transportation, and civil industry due to its
good ductility, low specific gravity, and low density.
However, its corrosion resistance is not high.5,6 Tradi-
tionally, corrosion inhibitors, chromate passivation,
and anodic oxidation are three efficient ways to
enhance the corrosion performance of aluminum.
Though the chromate passivation process is simple,
hexavalent chromium is harmful to human body and
environment.7,8 The anodic oxidation process is com-
plex and expensive, of which the obtained anodic oxide
film exhibits high hardness and brittle texture.9,10
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Therefore, it is necessary to develop an anticorrosion
coating with simple process, low cost, environmental
friendliness, and excellent performance.

Montmorillonite (Mnt) and organic polymer com-
posite membrane are widely used to enhance the
corrosion resistance of metal materials due to their
unique properties. Nano-Mnt has good performance in
improving the anticorrosion and barrier properties of
pure epoxy resin (EP) due to its environmental
friendliness.11,12 Therefore, organics modified Mnt
was used as raw material to composite with organic
polymer to fabricate membrane for protecting alu-
minum plate.13

The organic coating has high ion resistance and sets
up a good barrier to prevent the diffusion of chemical
substances, such as water, ions, or oxygen, into the
metal surface, thereby greatly reducing the corrosion
rate of aluminum.14 In this paper, organic nano-Mnt
(OMnt) was exploited to fabricate an OMnt/EP
composite membrane to enhance the anticorrosion
performance of aluminum.15–17 The organic nano-Mnt
(OMnt) was obtained by organic modification of
sodium-based Mnt. The highlight of this paper is to
add OMnt nanoparticles into EP to eliminate defects
and voids among EP molecules during the coating and
curing process of the membrane, and to prevent EP
from decomposing during the curing process; thus, the
corrosion resistance, the interphase adhesion as well as
mechanical strength18–20 between the membrane and
aluminum surface can be enhanced.

Experimental and characterization

Chemical regents and materials

Aluminum plate (size 100 mm 9 15 mm 9 1 mm),
alkaline sodium-based Mnt (Xincheng Mineral Prod-
ucts Co., Ltd.), Tween 20 and 80 (Aladdin Reagent
Company), hexadecylamine (Aladdin Reagent Com-
pany), silane coupling agent KH-550 (Nanjing Genesis
Chemical Additives Co., Ltd.), epoxy resin E51 (Baling
Petrochemical Company), active diluent 669 (Wuxi
Qianguang Chemical Raw Materials Co., Ltd.), curing
agent: low molecular polyamide 650 (Danbao Resin
Co., Ltd.), promoter: DMP-30 (2, 4, 6-tris(dimethy-
laminomethyl)phenol, Changzhou Runxiang Chemical
Co., Ltd.). All the chemical regents and materials
aforementioned were used directly without any further
treatment.

Cation exchange capacity (CEC) of Mnt

The pH value of natural Mnt is 9-10, and its cation
exchange capacity (CEC) was measured by NH4Cl-
ethanol method. First, 1 g of Mnt powder was
dispersed into 25 mL of ethanol aqueous solution
under stirring. After 5 min, the Mnt suspension was

centrifuged at a speed of 8000 r/min for 8 min. The
precipitate was collected to repeat the above disper-
sion and centrifuging process for another two cycles.
Then, the precipitate was dispersed in a mixed aqueous
solution (0.1 mol/L NH4Cl and 70 (v/v)% ethanol) and
then stirred for 30 min. The suspension was then left
for 24 h before being centrifuged. The precipitate with
25 mL of H2O, 8 mL of formaldehyde and 3–4 drops of
phenolphthalein solution were titrated with 1 mol/L
NaOH. The consumed volume of NaOH solution was
recorded as V1. The above titration process was
repeated three times to get an average value of V1.
Similar titration procedures were performed on a
mixed aqueous solution composed of 0.1 mol/L NH4Cl
and 70 (v/v)% ethanol and the average consumed
volume of NaOH was marked as V2. The CEC of Mnt
can be estimated according to the following formula:

CEC ¼ ðV2 � V1Þ � C � 100 ðtotal volumeof exchange capacityÞ
sample weight� titration volume ð25 mLÞ

where C stands for the concentration of the mixed
NH4Cl/ethanol aqueous solution. The CEC of high-
quality bentonite is 115–139 mmol/100 g. The larger
the CEC of Mnt, the stronger its hydration, expansion
and dispersion capabilities are. Based on the above
calculation, the CEC of Mnt in our experiment was
126.48 mmol/100 g.

Organics modified nano-Mnt (OMnt)

First, 5 g of natural Mnt powder was dispersed into
500 mL deionized water, stirred for 120 min and
ultrasonically dispersed for 30 min. The as-obtained
suspension was marked as A. Next, 1.53 g of hexade-
cylamine (HDA), which was equivalent to 1.0 CEC of
Mnt, was added into 50 mL of absolute ethanol under
stirring to obtain suspension B. Then suspension A and
B were mixed and stirred for 120 min in a water bath at
80�C to get suspension C, which was then centrifuged
at a speed of 8000 r/min for 8 min. The precipitate was
collected and washed by absolute ethanol and then
ionic water until no precipitate formed in the waste
liquid to which AgNO3 was added. Then the precip-
itate was dried in an oven at 80�C overnight and
ground to obtain OMnt.21

Preparation of OMnt/EP nanocomposite
membrane

First, 50 g of epoxy resin (EP) and 7.5 g diluent 669
were mechanically stirred to get a mixture, to which
0.5–4.5 g of OMnt powder was added. After 2 h of
stirring in a water bath at 80�C followed by 1 h of
ultrasonication, mixture A was obtained. Then, 25 g of
polyamide 650 as curing agent was diluted in acetone at
a mass ratio of 1: 1 (polyamide 650 to acetone) to
obtain mixture B, which was then added into mixture
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A to obtain mixture C. In order to shorten curing time
of mixture C, 2.5 g of DMP-30 as curing accelerator
was added followed by 30 min mechanical stirring and
30 min ultrasonication. Then several drops of defoa-
mer were added into mixture C, which formed a mixed
paste of OMnt and EP after 30 min. The mixed paste
was coated on the surface of aluminum plate pre-
treated with a brush and a scraper, which finally
formed an OMnt/EP composite membrane.22,23

Characterization

X-ray diffractometer (X’Pert PRO, PANalytical Co.)
was performed at a voltage of 40 kV and a current of
40 mA, using Cu Ka as an incident light source with a
scanning rate of 2.4 �/min and a step length of 0.04�.
Fourier-transform infrared spectrometer (Nicolet 6700,
American Thermoelectric Nichols Co.) was carried out
with a range from 400 to 4000 cm�1 after the samples
were pressed into pellets with KBr. Field-emission
scanning electron microscope (S24700, Hitachi Co.)
and high-resolution transmission electron microscope
(Tecnai G2 F30, Philips-FEI Co.) were performed at a
voltage of 15 kV and 200 kV, respectively. Video
optical contact angle measuring instrument (OCA-20,
Dataphysics Co.) was used to measure the contact
angles of Mnt before and after organic modification.

Electrochemical performance

CHI 660E electrochemical workstation was used to test
Tafel polarization curve with a scanning potential
range of 0.2� �1.4 V and 0� �1.2 V at a sweep rate of
3 mV/s, and AC impedance test (EIS) with a frequency
range of 0.1–105 Hz.24 Before the test, the aluminum
plate coated with OMnt/EP membrane was immersed
in a mixed aqueous solution (1.0 mol/L NaCl and 0.5
mol/L H2SO4 with volume ratio of x) for 30 min to
reach an adsorption and desorption equilibrium. Dur-
ing the test, a three-electrode system was used to
measure the anticorrosive property of the OMnt/EP
membrane in 1.0 mol/L NaCl solution. The aluminum
plate coated with OMnt/EP membrane, an Ag/AgCl
electrode and platinum electrode were used as working
electrode (WE), reference electrode (RE), and counter
electrode (CE), respectively.

Results and discussion

XRD

In order to investigate the interlayer space of Mnt
before and after organics modification, X-ray small-
angle diffraction tests were carried out for Na-Mnt and
organics modified Mnts, respectively (Fig. 1). The
organic compounds used for modifying Mnt included

Tween 20 (T20), Tween 80 (T80), sodium dodecyl
sulfate (SDS), sodium dodecyl benzene sulfonate
(SDBS), cetyl trimethyl ammonium bromide (CTAB),
and hexadecylamine (HDA). In Fig. 1, the character-
istic diffraction peak of (001) with 2h at 6.102� of Na-
Mnt can be clearly observed, of which the interlayer
space d(001) was 1.44 nm according to the Bragg
Equation. After being modified by nonionic surfac-
tants, T20 and T80, the (001) diffraction peak of Mnt
shifted to 2h at 5.924� and 5.936�, respectively, of which
the d(001) was 1.50 nm and 1.49 nm, respectively.
Similarly, the (001) diffraction peak of Mnt modified
by anionic surfactants, SDS and SDBS, was at 2h of
5.707� and 5.709�, respectively, and their corresponding
d(001) was 1.56 nm and 1.55 nm, respectively. Com-
pared to d(001) of Na-Mnt, the d(001) values of Mnts
modified by T20, T80, SDS, and SDBS showed limited
increase.

For Mnt modified by cationic surfactants, CTAB
and HDA, their diffraction peaks (001) were at 2h of
4.163� and 3.151�, respectively, corresponding to d(001)
of 2.12 nm and 2.80 nm, respectively. These d(001)
values were much larger than that of Na-Mnt (1.44
nm), which can be attributed to the reason that CTAB
and HDA are cationic surfactants that could replace
Na+ and Ca2+ in the interlaminar space of Mnt by
cation exchange, thus increasing the interlayer distance
of Mnt. It should be noticed that d(001) of Mnt modified
by CTAB was smaller than that of Mnt modified by
HDA, which may be due to insufficient cation
exchange or the influence from organic intercalants.
In detail, Mnt modified by HDA exhibits two diffrac-
tion peaks with interlayer distances of 2.80 nm and 1.44
nm, respectively, yet the intensity of its second
diffraction peak was relatively weak (Fig. 1), indicating
that part of the interlayers of Mnt may not be inserted
by HDA during the modification.

The effects of reaction temperature, time, and pH
value and the content of HDA on the increase of the
interlayer distance of HDA-modified Mnt were inves-
tigated and the results are shown in Fig. 2. During the
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Fig. 1: XRD patterns of Mnts with different modifiers
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modification, regardless of the reaction time length, all
the Mnt samples exhibited two diffraction peaks with
almost the same diffraction angle, of which the
corresponding interlayer distances were 2.82 nm and
1.43 nm, respectively (Fig. 2a), suggesting that the
reaction time is not the key factor affecting the
interlayer distance of HDA-modified Mnt. The influ-
ences of reaction temperature showed similar results
when at 50, 60, 70, and 90�C. When the reaction
temperature was 80�C, the interlayer distance of the
first peak was 2.77 nm, which is within the error range
of 2.82 nm, and the second peak is almost nonexistent,
indicating that Mnt was basically intercalated by HDA
(Fig. 2b). Wang et al.25 reported that the optimal
reaction temperature for organic modification of Mnt
was 70–80�C, and if the temperature was too high, the
ion exchange capacity of Mnt decreased. Therefore,
the reaction temperature was set as 70�C in later
organic modification of Mnt.

The influence of pH value on the modification of
Mnt was explored. When the pH value of reaction
solution was between 1 and 3, only one diffraction peak

with a broad range appeared in XRD patterns of the
HDA-modified Mnt, as shown in Fig. 2c. The reason
might be that under this condition the cation exchange
reaction was inhibited due to high concentration of H+.
When pH was higher than 5, two diffraction peaks can
be observed in XRD patterns of HDA-modified Mnts
(Fig. 2c). For the first diffraction peak, its correspond-
ing interlayer distance increased along with the pH
value, while that of the second diffraction peak had no
change (Fig. 2c). When the content of HDA used in
modification was equivalent to 0.2–0.6 CEC, the
modified Mnt exhibit only one diffraction peak and
its corresponding interlayer distance increased along
with the content of HDA (Fig. 2d). When the content
of HDA used in modification was equivalent to 0.8–1.0
CEC, the modified Mnt exhibited two diffraction
peaks. As the content of HDA increased, the corre-
sponding interlayer distance of the first peak varied
from 2.76 to 2.85 nm while that of the second peak was
stable at 1.44 nm (Fig. 2d). When the content of HDA
was higher than 1.5 CEC, the modified Mnt showed
three diffraction peaks and the interlayer distance for

2Theta(�) 2Theta(�)

2Theta(�) 2Theta(�)

90�C

80�C

70�C

60�C

50�C

In
te

ns
ity

(a
.u

.)

In
te

ns
ity

(a
.u

.)

In
te

ns
ity

(a
.u

.)

In
te

ns
ity

(a
.u

.)

2.82 nm

(a) (b)

(c) (d)

2.80 nm

2.77 nm1.43 nm

2.84 nm

2.84 nm

2.83 nm

2.84 nm

2.66 nm

2.57 nm

2.85 nm

2.76 nm

2.75 nm

2.08 nm

1.97 nm

1.43 nm

1.43 nm
1.44 nm

1.74 nm

1.67 nm

1.44 nm

1.44 nm
1.80 nm

1.58 nm
1.54 nm

4.92 nm

5.16 nm

5.36 nm
1.43 nm

1.43 nm
2.5 CEC

2.0 CEC

1.5 CEC

1.0 CEC

0.8 CEC

0.6 CEC
0.4 CEC

0.2 CEC

pH=9
pH=7

pH=5

pH=3

pH=1

1.42 nm

180 min

120 min

60 min

45 min

30 min

15 min

2 2 3 4 5 6 7 8 9 104 6 8 10

2 4 6 8 10 2 4 6 8 10

pH=11

Fig. 2: XRD patterns of Mnts modified by HDA for different time (a), at different temperature (b), under different pH value (c),
and with different HDA contents (d)
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each diffraction peak was marked in Fig. 2d, which
showed that the interlayer distance of Mnts began to
decrease when the content of HDA was more than 1.5
CEC. The reason might be that the content of HDA
surpassed the exchange ability of Mnt, resulting in
excessive HDA molecules intercalating into the inter-
layers of Mnt. When the content of HDA was lower
than 0.6 CEC, only one peak appears, and the
interlayer distance gradually increased with the in-
crease of the amount of HDA. This is because when
the amount of HDA was small, almost all of them were
intercalated into the Mnt layer, thus the interlayer
distance is larger than 1.44 nm. As the content of HDA
increased, a lot of foams appeared during the reaction.
These foams inhibited the ion exchange reaction
between HDA and Mnt, causing low efficiency of
HDA modification. As a result, the content of HDA is
a critical factor that affects the interlayer distance of
HDA-modified Mnt.

SEM

SEM image of Na-Mnt is shown in Fig. 3, indicating a
limited dispersion of the Na-Mnt layers. After organic
modification by T20, T80, SDS, or SDBS, the mor-
phology and dispersion of Mnts did not change
obviously (Fig. 4a, 4b, 4c, and 4d). The morphology
and layer dispersion did not change neither for CTAB-
modified Mnt, yet some layers curled at the edges
(Fig. 4e). For HDA-modified Mnt, its morphology and
dispersion changed significantly with obviously curled
layer edges and its layer thickness was uniform as well
(Fig. 4f).

Figure 5 shows SEM images of HDA-modified Mnt
with different HDA content. The dispersion of HDA-
modified Mnt improved along with the increase of
HDA content. Besides, the curly phenomenon of the
Mnt layers became more and more obvious as the
HDA content increased. These results indicate that
HDA was intercalated into the interlayers of Mnt
rather than simply mixed with Mnt, especially when

the content of HDA was higher than 1.5 CEC, which is
consistent with that of the XRD results.

TEM

TEM image of Na-Mnt shows a lamellar structure with
an interlayer distance of 1.44 nm (Fig. 6). After
being modified by T20, T80, SDBS, or SDS, the
lamellar structure and the interlayer distance of Mnt
(1.49–1.56 nm) showed little change (Fig. 7a, 7b, 7c,
and 7d). For CTAB and HDA-modified Mnt, their
interlayer distance greatly increased to 2.12 and 2.80
nm, respectively (Fig. 7e and 7f). These results are in-
line with that of XRD tests.

Figure 8 shows TEM images of HDA-modified Mnt
with different HDA content. Based on these TEM
images, the values of interlayer distance of each Mnt
sample are summarized in Table 1. From Table 1 it can
be seen that the interlayer distance varied significantly
as the HDA content changed, confirming the key role
of HDA content in affecting the interlayer distance of
HDA-modified Mnt, which is also consistented with
the XRD results.

Contact angle

In order to investigate the hydrophobicity of the
surface of HDA-modified Mnt, contact angle tests at
0 s and 30 s for each sample were performed and the
results are displayed in Fig. 9. For the tests at 0 s, the
contact angle of the Mnt samples increased along with
the HDA content, which showed similar trends for the
tests at 30 s. For each sample, the contact angle tested
at 0 s was a little larger than that tested at 30 s. It
should also be pointed out that all the contact angles
were larger than 90.0�, indicating that the hydrophilic
surface of Mnt changed to hydrophobic after HDA
modification, and the higher the HDA content, the
more hydrophobic the surface of the HDA-modified
Mnt.

FTIR

The Fourier-transform infrared spectra (FTIR) of Mnt,
OMnt, EP, and OMnt/EP are shown in Fig. 10.
Detailed analysis of the spectra is summarized in
Table S1. The FTIR spectrum of OMnt exhibits all the
characteristic peaks of HDA and Mnt Fig.10. Similarly,
all the characteristic peaks of OMnt and EP can be
observed in the FTIR spectrum of OMnt-EP, indicat-
ing that EP was successfully combined with OMnt,
forming OMnt-EP composite membrane.

Fig. 3: SEM image of Na-Mnt
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Tafel polarization curve

The Tafel polarization curves of aluminum plate and
those coated with OMnt/EP composite membranes
with different OMnt contents are shown in Fig. 11.
Corrosion potential (Pcorr) and current density (Icorr)
for each sample are listed in Table 2.

The Icorr of pure EP (8.94 9 10�6 A cm�2) was
significantly reduced compared to that of the alu-

minum plate (6.76 9 10�5), indicating that pure EP has
anticorrosion property. Besides, regardless of the
OMnt content, the Pcorr of all the OMnt/EP mem-
branes was more positive than that of the aluminum
plate, while their Icorr values obviously decreased. In
detail, the Pcorr of the OMnt/EP membrane increased
along with the OMnt content while the Icorr first
increased as the OMnt content increased from 1 to 5%,
then decreased as the OMnt content increased from 5
to 7%, and increased again as the OMnt content
further increased to 9%. These results indicate that the
addition of OMnt into EP can improve the anticorro-
sion performance and reduces its corrosion rate. Thus,

Fig. 4: SEM images of modified montmorillonite (a: T20, b: T80, c: SDS, d: SDBS, e: CTAB, f: HDA)

Fig. 5: SEM images of Mnt modified by HDA with different
CEC (a: 1.0, b: 1.5 CEC, c: 2.0 CEC, d: 2.5 CEC)

Fig. 6: TEM image of Na-Mnt
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Fig. 7: TEM images of Mnt modified by different organics (a) T20, (b) T80, (c) SDS, (d) SDBS, (e) CTAB, and (f) HDA

Fig. 8: TEM images of Mnt modified with different CEC of HDA (a, b: 1.0; c, d: 1.5; e, f: 2.0; g, h: 2.5)
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the effect of OMnt thickness on anticorrosion perfor-
mance of OMnt-EP membrane was investigated. Fig-
ures 11b, 11c, 11d, 11e, and 11f show the polarization
curve of OMnt-EP membranes with the same OMnt
content but different thicknesses, of which the corre-
sponding values of Pcorr and Icorr are also listed in
Table 2. It can be concluded from Table 2 that the Pcorr

of the OMnt-EP membrane increased along with its
thickness, while the Icorr decreased with increasing
thickness, implying that the thickness of the membrane
has a positive impact on its anticorrosion performance.

EIS

EIS curves of OMnt/EP composite membranes with
different thicknesses and different OMnt contents are
shown in Fig. 12a, 12b, 12c, 12d, and 12e, of which the
corresponding impedance values are listed in Table 3.
When OMnt contents of the membranes were the
same, the impedance value increased significantly
along with the thickness and the maximum impedance
value could reach to 2.29 9 107 X, which was much
greater than that of the other EP membranes. In
addition, the impedance values of the Mnt-based
coatings with two or three components are smaller
than 107, as reported in references (23), (13), (12), and
(5) (Table 4). The impedance value of OMnt-based

coating with three components is slightly bigger than
that reported in our work, as reported in reference (22)
(Table 4). When nano-Mnt composited with multicom-
ponent, the impedance value of the composite is much
bigger than that of our work, as reported in reference
(9) (Table 4). The reason might be OMnt can better
combine with organic materials, such as EP and 2-BBI,
than nonmodified Mnt does. Nano-sized Mnt exhibits
much higher surface activity compared to its precursor,
leading to enhanced binding force between nano-sized
Mnt and epoxy resin. Therefore, organic modification
and nanoscale Mnt can enhance anticorrosion ability of
Mnt-based organic composite membranes.

When the OMnt content was only 1% and the
thickness of the composite membrane was 0.08 mm,
the EIS spectrum shows one resistance (Fig. 13a1),
which can be ascribed to main contribution from EP to
the anticorrosion effect. As the OMnt content in-

Fig. 9: Contact angles of Mnts modified with different HDA content Test at 0 s (a1: 1.0 CEC; b1: 1.5 CEC; c1: 2.0 CEC; d1: 2.5
CEC) and tests at 30 s (a2: 1.0 CEC; b2: 1.5 CEC; c2: 2.0 CEC; d2: 2.5 CEC)
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Table 1: Interlayer distance of HDA-modified Mnt with
different HDA content

Content of HDA Interlayer distance (nm)

1.0 CEC 1.48 2.85
1.5 CEC 1.45 2.84 5.38
2.0 CEC 1.76 2.64 5.18
2.5 CEC 1.68 2.57 3.32
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creased, two resistances can be observed in the EIS
curves (Fig. 13a2, 13a3, and 13a4), due to co-contribu-
tion to resistances from EP and OMnt. When the
thickness of the composite membrane was 0.20 mm,
one resistance displays in Fig. 13a5, which can be

attributed to a synergistic effect between EP and
OMnt. When the amount of OMnt increased to a
certain extent, OMnt reacted with EP, forming a
uniform membrane texture, thus only one impedance
value is shown in the EIS spectrum.
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Fig. 11: Tafel polarization curves of composite membranes with different thicknesses and contents of OMnt
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When the content of OMnt was 3%, the experiment
results (Fig. 13b1, 13b2, 13b3, and 13b4) were similar to
that with OMnt content of 1% (Fig. 13a1, 13a2, 13a3,
and 13a4), except two resistances are shown in
Fig. 13b5. This difference can be attributed to the
increased content of OMnt for Fig. 13b5 compared to
that for Fig. 13a5. In this case, both EP and OMnt
played the anticorrosion effect.

When the content of OMnt increased to 5%, the
experiment results (Fig. 13c1, 13c3, 13c4, and 13c5) were
similar to that with OMnt content of 3% with one
difference in Fig. 13c2. The experiment results for
OMnt content of 7% (Fig. 13d1, 13d2, 13d3, 13d4, and
13d5) or 9% (Fig. 13e1, 13e2, 13e3, 13e4, and 13e5) were

similar to that with OMnt content of 3% (Fig. 13b1,
13b2, 13b3, 13b4, and 13b5).

The EIS curves of OMnt/EP composite membranes
with different thicknesses of 0.08, 0.12, 0.14, 0.18 and
0.20 mm when their OMnt contents of 1%, 3%, 5%,
7%, and 9% are shown in Fig. 13. From Fig. 13a1–13e5,
it can be seen that the corrosion resistance of compos-
ite membrane with a thickness of 0.18–0.20 mm after it
was immersed in NaCl (1.0 mol/L) for one week was
much better than that of the composite membrane with
a thickness of 0.08–0.14 mm. As the immersing time
increased, the corrosion resistance of the composite
membrane decreased gradually. When the immersion
time was the same, the resistance value of the

Table 2: Pcorr and Icorr of OMnt/EP with different OMnt contents and thicknesses

Sample Membrane
thickness/mm

Pcorr/V Icorr/A Sample Membrane
thickness/mm

Pcorr/V Icorr/A

1% OMnt/EP 0.08 �1.62 2.95 9 10�5 5% OMnt/EP 0.18 �1.39 3.16 9 10�7

1% OMnt/EP 0.12 �1.56 6.46 9 10�6 5% OMnt/EP 0.20 �1.23 1.62 9 10�7

1% OMnt/EP 0.14 �1.52 6.61 9 10�6 7% OMnt/EP 0.08 �1.58 2.63 9 10�6

1% OMnt/EP 0.18 �1.48 4.07 9 10�6 7% OMnt/EP 0.12 �1.52 1.66 9 10�6

1% OMnt/EP 0.20 �1.42 4.79 9 10�7 7% OMnt/EP 0.14 �1.33 4.07 9 10�7

3% OMnt/EP 0.08 �1.60 1.86 9 10�5 7% OMnt/EP 0.18 �1.26 1.18 9 10�7

3% OMnt/EP 0.12 �1.54 1.55 9 10�5 7% OMnt/EP 0.20 �1.21 8.32 9 10�8

3% OMnt/EP 0.14 �1.49 4.90 9 10�6 9% OMnt/EP 0.08 �1.58 1.78 9 10�5

3% OMnt/EP 0.18 �1.42 2.29 9 10�6 9% OMnt/EP 0.12 �1.56 4.17 9 10�6

3% OMnt/EP 0.20 �1.28 8.71 9 10�7 9% OMnt/EP 0.14 �1.54 2.19 9 10�6

5% OMnt/EP 0.08 �1.60 4.78 9 10�6 9% OMnt/EP 0.18 �1.46 1.62 9 10�6

5% OMnt/EP 0.12 �1.53 2.24 9 10�6 9% OMnt/EP 0.20 �1.44 5.37 9 10�7

5% OMnt/EP 0.14 �1.42 6.61 9 10�7
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Fig. 12: EIS polarization curves of OMnt/EP composite membrane with different OMnt contents and thicknesses
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composite membrane increased along with the thick-
ness of the composite membrane, which is consistent
with that in Fig. 12.

Adhesion test

The adhesion of pure EP membrane and OMnt/EP
membrane coated on the surface of aluminum plate
were tested according to Chinese Adhesion Test
standard (GB/T 9286-1998) and the results are shown
in Fig. 14, which clearly shows that there was no
obvious difference in shedding phenomenon at the
intersection of the scratches on the surface of the

above membranes. This indicates that pure EP mem-
brane and OMnt/EP composite membrane have same
binding force with the surface of the aluminum plate,
which may be due to a synergistic effect between OMnt
and EP in the membrane that reduced micropores and
cracks in their composite membrane.

Conclusions

1. The corrosion potential of OMnt-EP composite
membrane was positively shifted by 0.04 V and its

Table 3: EIS values of OMnt/EP with different OMnt contents and thicknesses

Sample Membrane
thickness/mm

Rct/X Sample Membrane
thickness/mm

Rct/X

1% OMnt/EP 0.08 2.42 9 104 7% OMnt/EP 0.08 3.96 9 104

1% OMnt/EP 0.12 1.69 9 105 5% OMnt/EP 0.18 7.79 9 106

1% OMnt/EP 0.14 5.29 9 105 5% OMnt/EP 0.20 1.19 9 107

1% OMnt/EP 0.18 6.51 9 106 7% OMnt/EP 0.12 4.56 9 105

1% OMnt/EP 0.20 8.52 9 106 7% OMnt/EP 0.14 6.06 9 106

3% OMnt/EP 0.08 2.62 9 104 7% OMnt/EP 0.18 8.16 9 106

3% OMnt/EP 0.12 1.96 9 105 7% OMnt/EP 0.20 1.71 9 107

3% OMnt/EP 0.14 1.04 9 106 9% OMnt/EP 0.08 5.19 9 104

3% OMnt/EP 0.18 7.56 9 106 9% OMnt/EP 0.12 4.69 9 105

3% OMnt/EP 0.20 8.56 9 106 9% OMnt/EP 0.14 6.68 9 106

5% OMnt/EP 0.08 3.42 9 104 9% OMnt/EP 0.18 8.40 9 106

5% OMnt/EP 0.12 4.08 9 105 9% OMnt/EP 0.20 2.29 9 107

5% OMnt/EP 0.14 2.89 9 106

Table 4: The comparison of the impedance of montmorillonite-based composite coatings

Number Impedance/
X

Membrane composition Corrosive
medium

Reference

1 9.40 9 105 Montmorillonite organoclay (OMnt)/epoxy resin (EP) coatings 5 wt%
NaCl solution

[23]

2 6.00 9 106 Montmorillonite (Mnt)/2-benzylbenzimi-dazole (2-BBI)/ epoxy resin
(EP) coatings

3.5 wt%
NaCl solution

[13]

3 9.21 9 104 Montmorillonite (Mnt)/2-acrylamido-2-methyl propane sulfonic acid 3.5 wt%
NaCl solution

[12]

4 1.00 9 106 Hybrid clay-organosilane derived sol–gel coatings 1.0 mol/L
2.0 NaCl
solution

[5]

5 6.46 9 107 Organo-montmorillonite (Cloisite 30B)/epoxy resin (EP) coatings 3.5 wt%
NaCl solution

[22]

6 1.34 9 109 Clay/phosphate/epoxy (CPE) nanocomposites coatings 0.5 mol/L
HCl solution

[9]

7 2.29 9 107 Organo-nanomontmorillonite/epoxy resin (OMnt/EP) 1.0 mol/L
2.0 NaCl
solution

This work
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current density was reduced by at least three
orders of magnitude compared to that of aluminum
plate. In detail, the corrosion potential of OMnt-
EP membrane increased along with its OMnt
content, while its current density decreased along
with its OMnt content.

2. The impedance of OMnt-EP composite membrane
increased along with its OMnt content. The addi-
tion of OMnt into EP increased its impedance, and
both the amount of OMnt and thickness of the
membranes had positive effects on its corrosion
resistance.

3. The addition of OMnt and nano-sized Mnt into EP
did not change the adhesion force between the
composite membrane and surface of aluminum
plate but enhanced the anticorrosion performance
of the composite membrane and reduced its
corrosive rate. Both its OMnt content and thick-
ness had positive impacts on its anticorrosion
performance.

Fig. 13: EIS polarization curves of OMnt/EP composite membrane with 1%, 3%, 5%, 7%, and 9% OMnt contents and
different thicknesses at the time interval of 0.5, 6, 12, 24, 48, and 168 h

Fig. 14: Adhesion test results of pure EP (a) and EP/OMnt
composite membranes with different contents of OMnt 1%
(b), 3% (c), 5% (d), 7% (e), and 9% (f) on aluminum plate
surface
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