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Abstract Polyimide/magnetite composite microspheres

were successfully prepared from poly(amic acid) triethy-

lamine salts and Fe(III) ion via a simple one-step

solvothermal process. The formation mechanism of the

composite microspheres was explored. The morphology

and the structure of the samples were characterized. It was

found that polyimide has successfully coated on the surface

of the magnetite microspheres and penetrated throughout

the crystals via an assembly process. And the magnetic and

thermal properties were measured, the results showing that

composite microspheres have excellent thermal stabilities

and the saturation magnetization is 35.29 emu/g with PI

content of 60 wt%.

1 Introduction

Magnetite (Fe3O4) is one of the oldest known magnetic

materials, and recently it has been extensively studied in

particular due to its high saturation magnetization, bio-

compatibility and low toxicity properties [1–4]. Because of

this, Fe3O4 is widely used in catalysis [5], wave absorption

[6, 7], environmental remediation [8], biotechnology/

biomedicine [9, 10] and magnetic resonance imaging [11,

12]. However, naked magnetite nanoparticles are chemi-

cally highly active, and are easily oxidized in air, resulting

generally in loss of magnetism and dispersibility. Con-

structed a core–shell structural magnetite hybrid nanopar-

ticles are exceptionally promising protection strategy, these

shell materials including polymers [13, 14], silica [15, 16],

carbon [17, 18] and precious metals [19]. The core–shell

structures with magnetite nanoparticles as the core with

covalently grafted organic polymers as the shell has been

studied extensively because of which has specific func-

tions, such as biocompatibility and biological activity [20,

21]. Arias et al. [22] have prepared Fe3O4/chitosan

nanocomposite for magnetic drug targeting to cancer. Lan

et al. [23] have synthesized Fe3O4/poly(methyl methacry-

late) composite nanospheres via a facile miniemulsion

polymerization, as a nanoplatform for multimodal protein

separation. However, there is a drawback of polymer-

coated magnetite nanoparticles is the relatively low

intrinsic stability of the coating at higher temperature [24].

Among various polymers, polyimide (PI) has outstanding

performance with excellent thermal stabilities, excellent

mechanical and electrical properties, as well as superior

chemical resistance. It has been used in many different

applications [25–27]. Therefore, covering magnetite

microspheres with polyimide may improve their thermal

stability and dispersibility. However, to the best of our

knowledge, there are no reports in the literature of the one-

step preparation of PI/Fe3O4 composite microspheres from

iron and polyimide precursors.

In this paper, we present a facile one-step solvothermal

method for preparation of PI/Fe3O4 composite micro-

spheres using poly(amic acid) triethylamine salts (PAAS)

and ferric chloride hexahydrate (FeCl3�6H2O) as raw

materials. There was no additional precipitating agent
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added during the reaction, except for the triethylamine,

generated from the high temperature thermal cyclization of

the polyimide structure. Detailed characterization of the

products was carried out in order to demonstrate the fea-

sibility of this method for the production of PI/Fe3O4

composite microspheres. The thermal stabilities and mag-

netic properties of PI/Fe3O4 composite microspheres were

studied by thermo gravimetric analyses and vibrating

sample magnetometer, respectively.

2 Experimental

2.1 Materials

N,N-dimethylacetamide (DMAc), ethylene glycol (EG),

triethyleamine (TEA) were purchased from Tianjin Fuyu

Fine Chemical Co., Ltd. Pyromellitic dianhydride (PMDA)

was purchased from Sinopharm chemical Reagent Co., Ltd.

3,40-oxydianline(3,40-ODA) was obtained from Changzhou

sunlight chemical Co., Ltd. Ferric chloride hexahydrate

(FeCl3�6H2O) was obtained from Tianjin Yuanli Chemical

Co., Ltd. All the reagents were of analytical grade and used

as received without purification.

2.2 Synthesis of PI/Fe3O4 composite microspheres

The precursor of polyimide, poly(amic acid) triethy-

lamine salt, was synthesized by PMDA, 3,40-ODA and

TEA monomers with a molar ratio of PMDA/3,40-ODA/

TEA = 1:1:2 [28]. 10.0 g 3,40-ODA and 125 ml DMAc

were added to a 250 ml three-neck round-bottom flask

fitted with a mechanical stirrer. Once the 3,40-ODA had

dissolved completely, an equivalent molar quantity

(10.9 g) of PMDA was added, and the mixture was

stirred for 4 h. After creating the PAA solution, 10.1 g of

TEA at a PAA–TEA molar ratio of 1:2 was added into

PAA solution and the mixture was stirred for 4 h.

Finally, the PAAS solution was obtained with mass

fraction of 20 %.

20.0 g of PAAS solution was added to the 50 ml mixed

solvent of DMAc and EG with a volume ratio of 1:1 and

stirred until PAAS completely dissolved, then 1.6 g

FeCl3�6H2O was added to this solution to stirred for 1 h to

get an homogeneous solution. Then the mixture was

transferred to a 100 ml Teflon-lined autoclave for treat-

ment at 200 �C for 8 h. The products were extracted with

the help of a permanent magnet and washed with deionized

water and acetone three times, and then dried in a vacuum

oven at 75 �C for 6 h. The pure Fe3O4 microspheres were

synthesized by the solvothermal method using mixed sol-

vents and triethylamine as a precipitant.

2.3 Characterization

Scanning electron microscopy (SEM) images were

obtained with a Quanta 200 microscope with an acceler-

ating voltage of 20 kV. Transmission electron microscopy

(TEM) images were carried out on a JEM-2100 transmis-

sion electron microscope with an accelerating voltage of

200 kV. X-ray diffraction (XRD) analysis was performed

using a Y500 diffractometer by use of a Cu Ka source, with

a step of 0.02� and a scan range between 10� and 90�. IR

spectra (IR) were recorded on a Bruker Equinox 55 Fourier

transform IR spectrometer, samples were ground and

mixed with KBr and then pressed into plates and the range

of scanning wave numbers was 400–4000 cm-1. The

thermo gravimetric analyses (TGA) were performed using

a Pyris 6 TGA operated under an air atmosphere at a

heating rate of 10 �C/min. Magnetic measurements were

studied using a vibrating sample magnetometer (VSM) at

room temperature.

3 Results and discussion

A possible mechanism for the synthesis of PI/Fe3O4 com-

posite microspheres is illustrated in Scheme 1. Iron(III)

ions are first attracted to the mainchains of PAAS through

the complexation effects. As the temperature increases,

triethelamine gets moved out from PAAS to the solution,

which causes the increase of pH. Finally, iron oxide is

precipitated under the weakly alkaline condition, where

ethylene glycol serves as a reductant to favor the formation

of Fe3O4 instead of Fe2O3 at a high temperature. Mean-

while, the formed intermediate, PAA, was imidized

immediately, and it deposited precipitated on the

nanocrystal grains to form the composite microspheres.

Figure 1 shows the SEM and TEM images of the pre-

pared microspheres. As can be seen in Fig. 1, by compar-

ing pure Fe3O4 microspheres (Fig. 1a) and PI/Fe3O4

composite microspheres (Fig. 1b), the rough surface and

larger diameter (approx. 1 lm) of the composite micro-

spheres may be due to the polyimide covering the surface

of Fe3O4 microspheres, its penetration into the magnetic

particles and formation of the core–shell magnetic poly-

mers. The TEM images (Fig. 1c, d) also indicate that the

Fe3O4 microspheres have been successfully coated with PI.

The dark areas of the core consist of lots of magnetite

crystal grains, in contrast, the polyimide, showing up as the

light areas in the TEM images. Coats not only the surface

of the particles, but each individual crystal grain we can see

from Fig. 1d. And we can see from the Fig. 2c the crystal

grain is fixed with the angle of towards the core this may

due to the PI backbones have a directional effect on the
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crystal growth due to iron(III) ions complexed to the chains

of PAAS.

The crystalline structures of Fe3O4 and PI/Fe3O4

composite microspheres were identified and XRD pat-

terns are shown in Fig. 2. For the pure Fe3O4 sample

(Fig. 2a), there are five clear diffraction peaks

(2h = 30.12�, 35.48�, 43.12�, 57.02� and 62.62�), corre-

sponding to indices (220), (311), (400), (511) and (440),

which match well with the magnetite (the JCPDS, No.

19-0629). These five characteristic peaks can also be

observed in the PI/Fe3O4 composite microspheres XRD

pattern (Fig. 2b), which due to the polyimide coated onto

the surface of Fe3O4 does not change the crystal type. But

the diffraction peaks are weaker and broader, which

indicates the formation of an amorphous structure due to

PI being deposited on the Fe3O4 microspheres. Also

according to this result, the averages crystalline size of

Fe3O4 and PI/Fe3O4 composite microspheres is 34.27 and

18.09 nm, respectively, as estimated from the (311)

diffraction peak by the Scherrer equation [29, 30].This

Scheme 1 Formation processes of PI/Fe3O4 composites microspheres

Fig. 1 SEM images of a Fe3O4

microspheres and b PI/Fe3O4

microspheres; c, d TEM images

of PI/Fe3O4 microspheres
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shows that PAAS is not only used as a coating material

but also as a dispersant.

Figure 3 shows the IR spectra of pure Fe3O4 and PI/

Fe3O4 composite microspheres. In the spectrum of pure

Fe3O4 (Fig. 3a), the strong absorption at 591 cm-1 repre-

sents a typical peak of Fe3O4, which is assigned to the

characteristic band of the Fe–O group. The characteristic

absorption peaks at 1776 (C=O imide asymmetrical), 1713

(symmetrical stretching), 1360 (C–N stretching) and

721 cm-1 (C–N bending) corresponds to polyimide can be

seen from curve of the PI/Fe3O4 composite microspheres

(Fig. 3b), which reveals that the imidization reaction of the

polyimide is completely. And the typical peaks of Fe3O4 at

591 cm-1 also can be found at the curve of the PI/Fe3O4

composite microspheres, which indicates that PI had been

spontaneously deposited onto the Fe3O4 microspheres.

The TGA curves of the pure Fe3O4 microspheres, the PI/

Fe3O4 composite microspheres and the PI powder are

shown in Fig. 4. The weight increases between 220 and

270 �C in the curve of pure Fe3O4 (Fig. 4a), due to the

oxidization of magnetite in air atmospheres. However, this

phenomenon does not appear in the PI/Fe3O4 composite

microspheres (Fig. 4b). Which illustrates that polyimide is

well protected magnetite core from oxidation. Compared to

the TGA curve of pure PI (Fig. 4c), the low decomposition

temperature can be seen from the TGA curve of the PI/

Fe3O4 composite microspheres. Which is possible due to

magnetite cores have a catalytic action for PI decomposi-

tion. However, the temperature corresponding to the 5 %

weight loss is 370 �C, as can be seen from the curve for PI/

Fe3O4, which demonstrates that the PI/Fe3O4 composite

microspheres have excellent thermal stability compared to

composite microspheres coated with other polymers [31].

Compared to the TGA curve of the PI powder, we can

observe 40 % of the mass retention in the curve of the PI/

Fe3O4 composite microspheres, which demonstrates that

the PI/Fe3O4 composite microspheres have 60 wt% poly-

imide loading.

Fig. 2 XRD patterns of (a) pure Fe3O4 sample and (b) PI/Fe3O4

sample

Fig. 3 IR spectra of (a) pure Fe3O4 sample and (b) PI/Fe3O4 sample

Fig. 4 TGA curves of (a) pure Fe3O4, (b) PI/Fe3O4 composite

microspheres and (c) pure PI powder

Fig. 5 Photograph of PI/Fe3O4 composite microspheres before

(a) and after (b) application of a magnetic field
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The PI/Fe3O4 composite microspheres have magnetic

properties to be manipulated can be observed using a

simple magnet. The sample was dispersed in the deionized

water, a solution of PI/Fe3O4 composite microspheres

before (Fig. 5a) and after (Fig. 5b) application of magnetic

field clearly displays this feature, the samples gathered on

the side of magnet in the magnetic field. The magnetic

hysteresis loops of the pure Fe3O4 and the PI/Fe3O4 com-

posite microspheres are shown in Fig. 6. The saturation

magnetization of the PI/Fe3O4 composite microspheres is

35.29 emu/g, it is lower than that of the pure Fe3O4

(74.93 emu/g). This phenomenon should be attributed to

the none-magnetic polyimide and polyimide leads the

crystalline properties of Fe3O4 be worse. PI coated Fe3O4

exhibits an excellent thermal stability, although the pres-

ence of the polyimide reduces the saturation magnetization

value of the samples. And the coercivity of PI/Fe3O4

composite microspheres decreased to 7.20 Oe compared

with pure Fe3O4 (43.67 Oe), due to the crystalline size of

PI/Fe3O4 composite microspheres decreases.

4 Conclusions

In this paper, a facile one-step solvothermal method has

been developed and used to prepare the PI/Fe3O4 com-

posite microspheres from PAAS and iron(III) ion. The

diameter of the obtained PI/Fe3O4 composite microspheres

is about 1 lm.The surface of particles is coated by PI,

which penetrates throughout the entire samples with the

total PI content of 60 wt%. It is demonstrated the

composite microspheres have excellent thermal stability

with considerable amounts polyimide by TGA, and it

should protected magnetite core from oxidation.
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