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ABSTRACT: The in situ polymerization of aniline monomers within kaolinite interlayers easily led to an intercalated polyaniline

(PANI)–kaolinite nanocomposite through a facile mechanochemical method. The X-ray diffraction results demonstrate that PANI was

successfully intercalated in the interlayers of kaolinite, which was lightened by an increased basal spacing from 7.24 to 14.67 Å of kao-

linite in the as-synthesized nanocomposite, and the characterization results from Fourier transform infrared spectrometry, scanning

electron microscopy, transmission electron microscopy, and atomic force microscopy further confirm this conclusion. The thermal

stability of PANI was improved significantly when PANI was intercalated into kaolinite to form the nanocomposite; this was proven

by thermogravimetric analysis. Moreover, a panel experiment was carried out under a simulated marine environment to evaluate the

anticorrosive effect of the as-prepared product, and the results show that the epoxy resin/intercalated PANI–kaolinite nanocomposite

coating had a better anticorrosive effect than that of the neat epoxy resin coating. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016,

133, 43551.
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INTRODUCTION

In the past several decades, polyaniline (PANI) has attracted

considerable attention because of its excellent comprehensive

performance, including its better environmental stability, inex-

pensive raw materials, facile synthesis, and unique conductive

mechanism.1–4 An important application of PANI is in metal

anticorrosion,5–7 which refers to the painting of a composite

coating containing PANI on the surface of a metal to protect

the metal against corrosion. However, the thermal stability,

mechanical properties, and adhesion of the pure PANI to the

substrate are relatively poor; this significantly limits its applica-

tions in metal anticorrosion.

To improve the performance of PANI, various methods have

been developed to modify PANI with inorganic additives such

as clays.8–10 It is well known that clays are very thermally stable

with excellent mechanical properties and adhesion performance

to the substrate, so the combination could achieve a synergistic

effect. Moreover, some other properties of PANI could also be

improved correspondingly. A common method involves the

in situ oxidative polymerization of aniline monomers in aque-

ous solutions containing montmorillonite,11 halloysite,12 lapon-

ite,13 palygorskite,14 and attapulgite.15 Another popular practice

is to synthesis PANI-intercalated composites through intercala-

tion techniques. Recently, many studies on intercalated poly-

mer/montmorillonite composites have been performed16–23 and

have included changes in the spectroscopic properties of the

PANI component and enhancements in the thermal stability

and mechanical properties. However, studies on intercalated

polymer–kaolinite composites have been relatively fewer, despite

several reports on polymer–kaolinite hybrid composites.24,25

The reasons for this are described in detail as follows.

Kandite, which includes kaolinite, halloysite, nacrite, and dick-

ite,26 is a class of common clay minerals existing in nature. Kao-

linite, as a member of this kandite group, has a chemical

structure that is different from that of montmorillonite. The

layers of kaolinite [Al2Si2O5(OH)4] consist of a silicate tetrahe-

dron and alumina octahedral arranged alternately at a ratio of

1:1 and connected into a lamellar packed structure by hydrogen
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bonds and van der Waals forces.27 In addition, the asymmetric

structure of kaolinite originating from its crystal structure pro-

duces large superposed dipoles in the lamellar structure and,

thus, a large cohesive energy.26 This strong cohesive energy

and low interlayer charge make it difficult for molecules, espe-

cially polymers, to intercalate into the interlaminar spaces of

kaolinite.

As a facile, easily adopted, and greener chemical synthesis

method, a mechanochemcial technique has been used to prepare

various inorganic and organic materials.28–35 In recent years, this

method has been successfully extended to prepare inorganic–

organic composite materials.16,36–39 In this study, we used a novel

pretreatment technology and a mechanochemical method to pre-

pare an intercalated PANI–kaolinite nanocomposite through the

in situ polymerization of aniline monomers in the presence of

kaolinite clay. In addition, various characterization methods were

used to study the structure, morphology, electrical conductivity,

and thermal stability of the nanocomposite. The anticorrosive

effect of the nanocomposite under a simulated marine environ-

ment was also preliminarily investigated.

EXPERIMENTAL

Reagents and Materials

Aniline, ammonium persulfate (APS), sodium chloride, and

ethanol were purchased from Sinopharm Chemical Reagent Co.,

Ltd. These reagents were analytical grade. Superfine kaolinite

(6000 mesh, 3.5 lm) was obtained from Aladdin. An epoxy

resin emulsion (E571) and aqueous epoxy curing agent (8#)

were purchased from Guangzhou Open Chemicals Co., Ltd. A

defoamer free of volatile organic compounds and silicone

(BYK-012) was obtained from BYK-Chemie GmbH. All of the

materials and reagents were used as received without further

purification.

Instrumental and Parameters

The X-ray diffraction patterns of the kaolinite, PANI, and inter-

calated PANI–kaolinite nanocomposite were obtained with an

UltimaIV X-ray diffractometer (Rigaku, Japan). The IR spectra

of the kaolinite, PANI, and nanocomposite were obtained with

an iS10 Fourier transform infrared spectrometer (Nicolet) with

a scanning range from 450 to 4000 cm21 at a resolution of

4 cm21. The ultraviolet–visible spectra of PANI and the nano-

composite were obtained with a UV-2550 UV–visible spectro-

photometer (Shimadzu, Japan) with a scanning range from 190

to 900 nm. The two samples were dispersed in distilled water by

an ultrasonic treatment. The morphologies of the kaolinite,

PANI, and nanocomposite were characterized by an S-3400N

scanning electron microscope (Hitachi, Japan), HT-7700 trans-

mission electron microscope (Hitachi, Japan), and Nanoscope

Iva atomic force microscope (Veeco, Amercia), respectively. The

electrical conductivity was measured with a KDY-1 four-probe

electrical resistivity/sheet resistance tester (Kund Technology,

China). The thermal stability was studied with a TG 209 F3 Tar-

sus thermogravimetric analyzer (Netzsch, Germany) in the tem-

perature range from 20 to 820 8C at a heating rate of 20 8C/min

under an argon atmosphere.

Preparation of the Intercalated PANI–Kaolinite

Nanocomposite

An amount of 1 g of kaolinite was added to a 50-mL, round-

bottomed flask. Then, the flask was sealed and vacuumed, and

argon was charged into the flask 2–3 times followed by the

addition of 2.5 mL of aniline with a 5-mL syringe according to

the desired kaolinite–aniline mass ratio. The flask containing

the raw materials was wrapped with silver paper and stored in

the dark for 24 h. After that, the mixture was transferred into a

mortar and was ground under an argon atmosphere with the

gradual addition of APS. The amount of APS was determined

according to various aniline–APS molar ratios of 1:1, 2:1, 3:1,

4:1, 5:1, 6:1, 1:2, 1:3, 1:4, 1:5, and 1:6. The reaction was finished

when the mixture turned atropurpureus. The formed product

was washed with distilled water and ethanol successively at least

three times and filtered to remove unreacted APS, aniline, and

some oligomers. The obtained filter cake was dried in a

vacuum-drying oven at 40 8C for 24 h to obtain the intercalated

PANI–kaolinite nanocomposite.

The process for preparing the pure PANI was similar to that

used to prepare the intercalated PANI–kaolinite nanocomposite

without the addition of kaolinite.

Anticorrosion Test of the Intercalated Nanocomposite

Preparation of the Coating of Epoxy Resin and the

Intercalated PANI–Kaolinite Nanocomposite. Amounts of 1.4 g

of epoxy resin emulsion and 0.1 g of the intercalated PANI–kao-

linite nanocomposite were added to 1 mL of distilled water, and

magnetic stirring was applied to the mixture solution to form a

homogeneous solution. Then, 1.4 g of aqueous epoxy curing

agent, 1 mL of deionized water, and two drops of BYK-012

defoamer were added to the mixed solution, respectively; this

was followed by successive magnetic stirring and ultrasonic

dispersion.

Epoxy resin coating for the blank test was prepared according

to the process of epoxy resin/intercalated PANI–kaolinite nano-

composite coating without the addition of the nanocomposite.

Preparation of the A3 Steel Plate Coating. The as-prepared

coatings were uniformly coated on A3 steel plates. The coated

plates were preserved in an oven at 50 8C at least for 12 h to

cure the epoxy resin.

Panel Experiment. The well-cured A3 steel plates were hung in

simulated seawater containing 3.5 wt % sodium chloride, and

the tracing observation of the corrosion changes of the A3 steel

plates over time was performed.

RESULTS AND DISCUSSION

X-ray Diffraction Characterization of the Intercalated PANI–

Kaolinite Nanocomposite

An intercalated PANI–kaolinite nanocomposite was prepared by

the in situ polymerization of aniline monomers in the presence

of kaolinite with a mechanochemical method. Figure 1 shows

the typical X-ray powder patterns of the kaolinite, intercalated

PANI–kaolinite nanocomposite, and PANI in the range 2–408.

As shown in Figure 1(a), we observed that there were four dif-

fraction peaks located at 2u positions of 12.5, 25.1, 35.2, and
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38.38; these were attributed to the crystalline structure of kao-

linite.40 The first peak at 12.58 related to the 001 plane corre-

sponded to a basal spacing (d001) of 7.24 Å. There were also

two peaks correlated with quartz observed at 20.1 and 26.88;

this suggested the existence of quartz in the raw kaolinite.40 The

peaks at 17.9, 20.5, and 25.38 were caused by PANI [Figure

1(c)].41 In the X-ray diffraction pattern of the intercalated

PANI–kaolinite nanocomposite [Figure 1(b)], most of the dif-

fraction peaks mentioned previously still appeared with little

shifts to lower 2u degrees. The diffraction peak attributed to the

001 plane in pristine kaolinite shifted to 6.28; this corresponded

to a d001 of 14.67 Å for the nanocomposite and resulted in a

7.43-Å expansion. The change in the d-spacing for kaolinite

before and after the in situ mechanochemical polymerization

was indicative of the intercalation of PANI chains in the inter-

lamellar spaces of kaolinite25,39,42 and, thus, demonstrated that

PANI was successfully intercalated into the interlayers of

kaolinite.

Fourier Transform IR and UV–Visible Spectra of the

Intercalated PANI–Kaolinite Nanocomposite

Figure 2(a–c) presents the Fourier transform infrared spectra of

the kaolinite, intercalated PANI–kaolinite nanocomposite, and

PANI. The peaks at 1095 and 473 cm21 in Figure 2(a) were

assigned to the SiAO stretching vibrations and SiAOASi char-

acteristic vibrations of kaolinite,43 respectively. In Figure 2(c),

the two adjacent characteristic peaks at 1561 and 1494 cm21

were assigned to the stretching vibrations of carbon–carbon

double bonds from the quinonoid and benzenoid rings of

PANI, respectively.44 The peak at 1293 cm21 was attributed to

the CAN stretching vibrations of benzenoid units.45,46 The wide

absorption band at 3440–2690 cm21 corresponded to the

hydrogen-bonded NAH stretching vibrations (NAH. . .N) of

intramolecular and intermolecular secondary amines.47 As

shown in Figure 2(b), the peaks mentioned previously still

existed but with a significant decrease in the peak intensity

when PANI was intercalated into kaolinite. This was because the

steric hindrance effects from kaolinite might have limited the

characteristic vibrations of the functional groups of PANI. Fur-

ther analysis showed that the transmittance ratio of

1560:1494 cm21 increased significantly without an obvious red-

shift or blueshift; this suggested that the content of quinonoid

units or the oxidation degree of PANI in the nanocomposite

was much higher than that in the neat PANI. In addition, the

absorption peak of CAN of PANI showed a blueshift to

1302 cm21 in the nanocomposite. We also found that the char-

acteristic peaks of kaolinite (1750–1473 cm21) presented red-

shifts in the nanocomposite and partly overlapped with the

peaks of PANI; this could be interpreted as the interaction

between kaolinite and PANI. All this implied that PANI was

intercalated into the interlayers of kaolinite.

The UV spectra of the PANI and intercalated PANI–kaolinite

nanocomposite are recorded in Figure 3(a,b). Both spectra

showed two peaks at about 230 nm (E band) and 280 nm (B

band); these were assigned to the p–p* transition of benzene

Figure 1. X-ray diffraction patterns of the (a) kaolinite, (b) intercalated

PANI–kaolinite nanocomposite, and (c) PANI. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. Fourier transform infrared spectra of the (a) kaolinite, (b) inter-

calated PANI–kaolinite nanocomposite, and (c) PANI. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 3. UV–visible spectra of the (a) PANI and (b) intercalated PANI–

kaolinite nanocomposite dispersed in distilled water. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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rings in the PANI chains. However, the peak of the nanocompo-

site at 280 nm was weaker and broader than that of PANI; this

might have been due to interactions between the kaolinite and

PANI. Interestingly, a weak absorption peak was observed

around 430 nm in the UV–visible spectrum of the nanocompo-

site [Figure 3(b)], but it was not found in that of PANI [Figure

3(a)]. This peak was attributed to the p–p* transition of the

quinonoid structure of PANI.48 Therefore, the content of quino-

noid units or the oxidation degree of PANI in the nanocompo-

site was higher than that in the neat PANI; this was in good

agreement with the Fourier transform infrared results.

Morphological Characterization of the Intercalated

PANI–Kaolinite Nanocomposite

The morphological characterization of the raw kaolinite, pristine

PANI, and intercalated PANI–kaolinite nanocomposite was con-

ducted by scanning electron microscopy, transmission electron

microscopy, and atomic force microscopy, respectively. The sur-

face morphology is shown in Figure 4. Kaolinite presented

irregular particles with sizes of 1–3 lm and consisting of aggre-

gates of kaolinite layers and also a few platelike structures [Fig-

ure 4(a)], whereas PANI exhibited a feathery or sheetlike

structure [Figure 4(c)]. As shown in Figure 4(b), the nanocom-

posite was composed of anomalous three-dimensional cubes

and basically retained the morphology of kaolinite. However,

the evident difference was that kaolinite in the nanocomposite

became expanded with some PANI sheets attached on the sur-

face of the nanocomposite. Therefore, we inferred that the inter-

layer spacing of kaolinite was enlarged by polymer chains

through intercalation effect of PANI; this was in good agree-

ment with the X-ray diffraction analysis and Fourier transform

infrared results.

To further confirm the successful synthesis of the intercalated

nanocomposite, transmission electron microscopy observation

with high resolution and higher magnifications was performed,

as shown in Figure 5. Kaolinite gave a stacking lamellar struc-

ture consisting of regular polygons [Figure 5(a)], and PANI

showed a nanofibrous morphology through the accumulation of

PANI plates [Figure 5(c)]. Moreover, nanorods with a length of

100 nm and a diameter of 30 nm [Figure 5(b)] were observed in

the nanocomposite; this demonstrated that kaolinite was inter-

calated with PANI. The schematic diagram of the intercalation

process is shown in Figure 6.

Atomic force microscopy pictures of the kaolinite/PANI blend-

ing mixture and intercalated PANI–kaolinite nanocomposite are

shown in Figure 7. Through a comparison of Figures 7(a) and

7(b), we found that the kaolinite and PANI of the intercalated

PANI–kaolinite nanocomposite were well-distributed without

obvious phase interfaces, whereas the two components of the

blending mixture behaved in the opposite manner. This was

because the former achieved a more uniform combination by

intercalation, whereas the latter was just macromixed.

Electrical Conductivity of the Intercalated

PANI–Kaolinite Nanocomposite

The relationship between the electrical conductivity and interca-

lation effects is summarized in Table 1. The results suggest that

PANI was successfully intercalated into the interlayers of kaolin-

ite in an aniline–APS molar ratio of 2:1 or 1:1. The electrical

conductivity values had the same order of magnitude as those

measured in a previous study,49 which reported a conducting

PANI–kaolinite composite synthesized by in situ oxidative poly-

merization in the presence of kaolinite in an aqueous solution.

Figure 4. Scanning electron microscopy images of the (a) kaolinite, (b) intercalated PANI–kaolinite nanocomposite, and (c) PANI.

Figure 5. Transmission electron microscopy photographs of the (a) kaolinite, (b) intercalated PANI–kaolinite nanocomposite, and (c) PANI.
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There was a trend in which d001 of kaolinite in the nanocompo-

site increased with decreasing amount of APS when then

amount of aniline remained constant. On the other hand, the

nanocomposite showed a higher electrical conductivity in a

lower amount of APS. Therefore, we inferred that a bigger d001

or better intercalation effect of the nanocomposite led to a

higher electrical conductivity.

Thermogravimetric Analysis

The thermogravimetric curves of the raw kaolinite, intercalated

PANI–kaolinite nanocomposite, and pristine PANI are shown in

Figure 8. The molar ratio of aniline to APS was 1:1 in the raw

materials for the nanocomposite and PANI. The weight of kao-

linite almost remained invariant, even when the temperature

increased to 750 8C [Figure 8(a)]. As shown in Figure 8(c), we

observed that the weight loss of PANI experienced two stages.

The first stage, below 200 8C, resulted from the desorption of

absorbed water, and the second stage, from 200 to 370 8C, was

attributed to the thermal decomposition of the backbones of

PANI. After that, the weight of the decomposed PANI just

underwent a slight decrease, reaching a weight loss of 80% at

750 8C. However, when PANI was intercalated into kaolinite by

in situ polymerization, the weight loss was obviously decreased

[Figure 8(b)]. Concretely, the weight loss of the nanocomposite

mainly occurred below 350 8C; this could be interpreted as the

desorption of absorbed water. Here, the existence of kaolinite in

the nanocomposite hindered the desorption of absorbed water,

and the whole process was finished until the temperature

reached 350 8C. When the temperature was higher than 350 8C,

the weight of the nanocomposite decreased slightly, and even at

750 8C, there was still 60% residue left. Therefore, the thermal

stability of PANI in the nanocomposite was significantly

improved compared with that of pristine PANI. This result indi-

cates that PANI was intercalated into the kaolinite interlayers,

and this was in excellent accordance with previous characteriza-

tion results. In addition, the thermogravimetric curves of the

Figure 6. Schematic diagram of the intercalation process. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Atomic force microscopy pictures of the (a) intercalated PANI–

kaolinite nanocomposite and (b) kaolinite/PANI mixture. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Table 1. Relationship Between the Conductivity and Intercalation Effects

of the Nanocomposite

naniline/
nAPS

a
mkaolinite

b

(g)
Vaniline

c

(mL) Kd (1023 S cm21)
d001

(Å)

2:1 1.00 2.5 8.0 14.47

1:3 1.00 2.5 — —

1:1 1.00 2.5 1.6 14.19

a naniline/nAPS: molar ratio.
bmkaolinite: the mass of kaolinite.
cVaniline: the volume of aniline.
dK: electrical conductivity.

Figure 8. Thermogravimetric curves of the (a) kaolinite, (b) intercalated

PANI–kaolinite nanocomposite, and (c) PANI (T 5 temperature). [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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intercalated PANI–kaolinite nanocomposite with different ani-

line–APS molar ratios are summarized in Figure S1 (see Sup-

porting Information), from which we found that the

nanocomposite was most thermally stable at a 1:2 aniline–APS

molar ratio.

Anticorrosion Evaluation

It has been reported that PANI/montmorillonite composites

show better anticorrosive effects,50,51 so we were concerned with

whether the intercalated PANI–kaolinite nanocomposite would

show similar behavior. To investigate the anticorrosive effects of

the epoxy resin/intercalated PANI–kaolinite nanocomposite

coating on an A3 steel plate under a seawater environment, a

series of anticorrosion tests in simulated seawater were per-

formed, and the results are recorded in Figure S2 (see Support-

ing Information). For the convenience of a performance

comparison, a blank test for the neat epoxy-coated A3 steel

plate was also conducted. A3 steel plates coated with epoxy

resin in the absence and presence of the intercalated PANI–kao-

linite nanocomposite were immersed in simulated seawater for

19 days, and their corrosion changes over time were investi-

gated. We found that no obvious corrosion was observed in

either of the A3 steel plates [Figure S2(b,f)] at 3 days. After 9

days, the A3 steel plate coated with the epoxy resin coating was

significantly corroded [Figure S2(c)], whereas the plate coated

with epoxy resin/intercalated PANI–kaolinite nanocomposite

was slightly eroded on the edge area [Figure S2(g)]; this was

probably caused by uneven coating. After 19 days, the former

was seriously rusted [Figure S2(d)], whereas the latter was only

slightly corroded [Figure S2(h)]. The previous results suggest

that the epoxy resin/intercalated PANI–kaolinite nanocomposite

coating had a better anticorrosive effect than that common

epoxy resin coating under a simulated marine environment.

CONCLUSIONS

A novel pretreatment technology and environmentally friendly

mechanochemical polymerization were used to prepare an inter-

calated PANI–kaolinite nanocomposite. Results from various

characterization methods reveal that PANI was successfully

intercalated into the interlamellar spaces of kaolinite via in situ

polymerization. We found that the intercalated PANI–kaolinite

nanocomposite had more excellent thermal stability compared

with neat PANI. The epoxy resin coating with the presence of

the nanocomposite achieved a better anticorrosive effect than

that without the composite under simulated seawater condi-

tions. The obtained target nanocomposite has a potential

advantage in the field of marine anticorrosion in the near

future.
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