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Abstract

This paper reports the synthesis and magnetic properties of unique magnetite-chitosan 

nanostructures synthesized by the chemical precipitation of magnetite nanoparticles in 

the presence of chitosan. The influence of varying synthesis parameters on the 

morphology of the magnetic composites is determined. Depending on the synthesis 

parameters, magnetite-chitosan nanostructures of spherical (9–18 nm), rice-seed-like 

(75–290 nm) and lumpy (75–150 nm) shapes were obtained via self-assembly. 

Spherical nanostructures encapsulated by a 9–15 nm chitosan layer were assembled as 

well. The prospective morphology of the nanostructures is combined with their 

excellent magnetic characteristics. It was found that magnetite-chitosan nanostructures 

are ferromagnetic and pseudo-single domain. Rice-seed-like nanostructures exhibited a 

coercivity of 140 Oe and saturation magnetization of 56.7 emu/g at 300 K. However, a 

drop in the magnetic properties was observed for chitosan-coated spherical 

nanostructures due to the higher volume fraction of chitosan.
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1. Introduction

Iron oxide nanoparticles have been intensely studied in the last decades for their 

unique properties. Among the iron oxides, magnetite (Fe3O4) and maghemite (γ-Fe2O3), 

both of which possess similar face centered cubic close-packed structure, are of 

significant interest due to their magnetic and biological properties [1, 2]. Potential 

application of magnetite and maghemite nanoparticles include biomedicine, water 

treatment, catalysis, electronic devices, etc [1–3]. Some of the clinical applications 

include contrast agents for magnetic resonance imaging, targeted drug delivery, protein 

immobilization, hyperthermia agents for cancer treatment, embolotherapy, tissue repair, 

bioseparation, biosensors, and cell labeling [4, 5]. The very wide potential for the 

utilization of iron oxide nanoparticles is due to the combination of magnetic properties 

with biocompatibility, reactive surface, stability, and innocuousness. Much attention has 

been focused on the synthesis of iron oxide nanoparticles since a preparation method 

and parameters have a considerable effect on the properties of nanoparticles. The wet 

chemical methods for the synthesis of monodisperse nanoparticles have been well-

established in the recent past. Chemical precipitation, thermolysis, sol-gel, 

microemulsion, hydrothermal, electrochemical syntheses are usually used to synthesize 

iron oxide and other nanoparticles [1, 2, 6–11]. Due to the enormous progress in this 

field, nanoparticles with controllable morphology, composition and crystallinity are 

available. Among the developed methods, biological synthesis or synthesis in the 
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presence of organic compounds in aqueous reaction mixtures is an attractive way not 

only to reduce the use or generation of hazardous substances, but also to control the 

nucleation, growth and agglomeration processes of various nanoparticles [12–14]. For 

this purpose, chitosan has been used as a key component for the synthesis of many 

functional materials [3, 5, 15, 16]. Chitosan is a linear aminopolysaccharide, which 

possesses biocompatibility, biodegradability, bioadhesion for many biomacromolecules 

and high tendency to form chelate complexes. Magnetite nanoparticles can be easily 

coated with chitosan and other species like dextran, polyethylene glycol, silica, and gold 

for tailoring of selected properties and surface functionalization [17]. Due to the 

presence of hydroxy and aminogroups [18], chitosan has been used as a surface 

modifier, reducing and stabilizing agent to control the size, shape, and aggregation of 

nanoparticles [3, 4, 16, 17, 19].

It is of fundamental and practical interest to organize magnetic nanoparticles into 

new multifunctional nanostructures with superior properties. Recently, it was confirmed 

that chitosan causes morphological, orientational, and growth mechanism changes in the 

crystals nucleation [20–26] and can be used as a morphology-directing agent for the 

preparation of petunia-shaped CaCO3 superstructures [22], I-, Y-, T-, X-shaped Se/C 

nanorods [23], curved fiber-like Ni-Al-CO3 hydroxides [24], spherical, tabular, and 

carambola-like silica particles [25].

In our previous study [26], we showed that due to the functional amino groups of 

chitosan the cubo-octahedral, flower-like, rod-like Fe3O4 nanoparticles change their 

morphology to cubic, quasi-spherical and rice-seed-like structures, respectively, when 

chitosan was added to the solutions at various synthesis parameters. In this paper, we 

build on our previous research [26] by studying the magnetic properties of magnetite-

chitosan nanostructures as well as the effect of different synthesis parameters, such as 
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time, iron ions and chitosan concentrations, on the morphology of the nanostructures 

precipitated at 80 oC.

2. Materials and methods

2.1. Synthesis of magnetite-chitosan nanostructures

Magnetite-chitosan nanostructures were synthesized by the precipitation method 

using iron chloride precursors with the addition of chitosan and urea as a precipitating 

agent. The aqueous solutions were prepared by dissolving FeCl2·4H2O and FeCl3·6H2O 

(99%, Wako Pure Chemical Industries Ltd., Japan) in deionized water at concentrations 

of 0.01–0.08 М Fe2+ and 0.02–0.16 М Fe3+ in a 1:2 molar ratio. To this solution was 

added chitosan acetic solution, which was previously prepared by dissolving chitosan 

(400 kDa, 87% degree of deacetylation, Fluka BioChemika, Japan) in a 0.1 mol/l 

aqueous acetic acid solution. The weight ratio of chitosan to iron chlorides was 1:1 and 

3:1. Then, urea (NH2CONH2, 99%, Kanto Chemical Co., Japan) was added into the 

solution at the weight ratio of iron chlorides to urea of 1:2 and stirred at room 

temperature for 10 h. The synthesis was carried out at 80 °C for 10–50 h using a 

magnetic stirrer with a hot plate in a nitrogen environment to promote the formation of 

pure Fe3O4 phase nanoparticles and prevent their oxidation.

The precipitate was washed twice with distilled water and absolute ethanol 

(99.5% reagent grade) by an ultrasonic and a centrifuge to remove anion impurities, 

break up powder agglomerates and to separate the powder from the supernatant. After 

drying at 80 oC, the solid was annealed at 350 oC in a N2 atmosphere for 1 h to improve 

the crystallinity of the nanoparticles.
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2.2. Characterization

Transmission electron microscopy (TEM) equipped with energy dispersive 

spectrometer (EDS) was employed to study the size and shape of the precipitated 

products by a JEM-2100-F microscope (JEOL Ltd., Japan) operated at 200 kV. The 

samples for TEM analysis were prepared by pipetting a droplet of the suspension on a 

Cu grid with a carbon coating and allowed to dry at room temperature. X-ray powder 

diffraction (XRD) measurements were performed on a Rigaku Ultima III diffractometer 

(Rigaku Corp., Japan) operated at 40 kV and 40 mA with Cu Kα radiation (λ = 1.5406 

Å) in the 2θ range from 20–80 o with a scanning rate of 0.15 o/min and a step size of 

0,01о. The magnetic properties of the samples were measured at temperatures of 10 K 

and 300 K in the applied fields from –30 kOe to 30 kOe using a superconducting 

quantum interference device (SQUID) MPMS XL (Quantum Design, USA).

3. Results and discussion

3.1. Synthesis of magnetite-chitosan nanostructures

In order to investigate the effect of the concentration of iron ions on the size and 

morphology of magnetite-chitosan nanostructures, a series of experiments were carried 

out. The processing conditions and characteristics of the synthesized magnetite-chitosan 

nanostructures are summarized in Table 1. Fig. 1(a) shows the XRD pattern of 

nanostructures obtained by the precipitation at 80 oC for 50 h from the aqueous solution 

with 0.01 M FeCl2 and 0.02 M FeCl3 concentration, and weight ratio of chitosan to iron 
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chlorides of 1:1. The results of the XRD analysis showed that nanoparticles synthesized 

according to the reactions (1, 2) are single-phase Fe3O4 nanoparticles after annealing at 

350 oC under a N2 atmosphere.

(NH2)2CO + 3H2O → 2NH4OH + CO2↑ (1)

FeCl2 + 2FeCl3 + 8NH4OH → Fe3O4 + 8NH4Cl + 4H2O (2)

The diffraction peaks on Fig. 1(a) at 2θ ≈ 30,0о; 35,4 о; 37,0 о; 43,0 о; 53,4 о; 56,9 

о; 62,5 о; 70,9 о; 73,9 о; 74,9 о; 78,9 о correspond to magnetite with cubic spinel structure 

(DB card No. 9006242). The XRD peaks of chitosan were not detected in the 

investigated samples possibly due to its amorphous structure and/or degradation during 

annealing in N2 at 350 oC [27].

In Fig. 1(b) is shown a TEM image of magnetite-chitosan nanostructures 

precipitated from aqueous solution with 0.01 M FeCl2 and 0.02 M FeCl3 concentration. 

The obtained nanostructures have a lumpy shape and formed from hard mesoporous 

aggregates, which, in turn, formed from the nanoparticles. The size of the 

nanostructures is 75–150 nm, while the size of the round-shaped aggregates varies in 

the range of 20–65 nm. Since the synthesis was carried out in the aqueous iron chloride 

solution with chitosan addition, it can be suggested that chitosan interacted with iron 

ions and hydroxyl groups on the surface of Fe3O4 by means of functional amino groups 

[3, 15–25], as schematically depicted in Fig. 2. As a result, the growth of the separate 

iron oxide nuclei is inhibited and the formed nuclei aggregate. Then, iron oxide 

nanocrystals slowly grow on the surface of these aggregates, which is followed by their 

self-assembly into polycrystalline nanostructures [20, 22, 24, 26]. The mesoporous 

structure of the synthesized materials supports the above statement that they are formed 

from several nanocrystals.
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In Fig. 3(a) is presented the XRD pattern for the sample obtained by the 

precipitation from the solution with 0.05 M FeCl2 and 0.1 M FeCl3 concentration at 80 

oC for 10 h. According to the XRD analysis, the selected synthesis parameters are 

responsible for the formation of  a single phase product, namely magnetite with the 

diffraction peaks at 2θ ≈ 30,0o; 35,4 o; 37,0 o; 43,0 o; 53,4 o; 56,9 o; 62,5 o; 70,9 o; 73,9 o; 

74,9 o; 78,9 o. All peaks are in good accordance with the standard spectrum for Fe3O4 

(DB card No. 9006242). As expected, the same phase composition was found for rice-

seed-like nanostructures, which were obtained after precipitation at 80 oC for 50 h [26]. 

The TEM image of the magnetite-chitosan nanostructures precipitated at 80 oC 

for 10 h is shown in Fig. 3(b). According to Fig. 3(b), magnetite nanoparticles are 9–18 

nm in size and have a shape close to spherical one. To reduce surface energy the 

nanoparticles formed agglomerates with sizes up to 80 nm. According to [20–26], we 

suppose that due to the adsorption of chitosan molecules onto the surface of iron oxide 

crystals their growth rate is drastically reduced. As a result, nanocrystals form spherical 

nanostructures due to surface energy minimization.

The rice-seed-like nanostructures with the length and diameter of 75–290 nm 

and 70–145 nm, respectively, were obtained when the synthesis time was prolonged to 

50 h (Fig. 4). The length to diameter ratio of the formed nanostructures was in the range 

of 1.1–2.5, indicating that their shape varies from almost spherical to ellipsoidal. The 

nanostructures with quasi-spherical shape and sizes ranged from 90 nm to 130 nm were 

also observed in insignificant quantity. As calculated from the TEM images, the 

quantity of the quasi-spherical nanostructures was about 20% of the total quantity for 

the selected synthesis parameters. Using EDS, chitosan was found in rice-seed-like 

nanostructures, according to the distribution maps of the Fe, O, C, N elements in Fig. 4, 

since the nitrogen and carbon atoms of chitosan with 87% degree of deacetylation were 
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detected. The elemental mapping demonstrates the uniform distribution of the elements 

indicating good homogeneity of the rice-seed-like nanostructures. The obtained results 

also suggest that the synthesis of magnetite nanoparticles in the presence of chitosan 

leads to the formation of magnetite-chitosan nanocomposites.

These nanostructures are formed through the self-assembly of the spherical 

nanoparticles into rice-seed-like or quasi-spherical nanostructures. According to [20, 22, 

24, 26], the formation process of the magnetite-chitosan nanostructures occurs through 

the adsorption of biopolymer molecules on the surface of the nanocrystals, aggregation, 

slow crystal growth on the surface of these aggregates, and their self-assembly into 

polycrystalline structures.

An increase of iron chloride concentration to 0.08 M FeCl2 and 0.16 M FeCl3 

leads to the precipitation of the rice-seed-like nanostructures (Fig. 5), which are similar 

to that obtained at lower iron ions concentration (0.05 M FeCl2 and 0.1 M FeCl3). 

Fig. 6 shows a TEM image of the magnetite-chitosan nanostructures obtained 

from the solution with 0.05 M FeCl2 and 0.1 M FeCl3 concentration and the weight ratio 

of chitosan to iron chlorides of 3:1. From Fig. 6, it can be seen that the nanoparticles 

formed mesoporous nanostructures with nearly spherical shape. The size of the obtained 

nanostructures varied in the range of 35–120 nm, while their average size was 81±9 nm. 

Furthermore, the spherical nanostructures were coated with a layer of chitosan of 9–15 

nm thickness, as shown in Fig. 6. The elemental mapping results in Fig. 7 confirm that 

those nanostructures consist of both magnetite and chitosan forming nanocomposite 

encapsulated with chitosan. 

The formation of chitosan coated nanostructures is similar to that of rice-seed-

like nanostructures. However, in this case, the concentration of chitosan in the solution 

was three times higher. Thus, we believe that the amount of the adsorbed chitosan 
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molecules onto magnetite nanocrystals in the early stages of the synthesis process is 

also significantly increased, which in turn promotes the formation of spherically shaped 

nanostructures instead of rice-seed-like one. The excess of chitosan then precipitates on 

the spherical nanostructures to form a coating.

3.2. Magnetic properties of magnetite-chitosan nanostructures

Magnetic characteristics were experimentally investigated for rice-seed-like and 

chitosan coated nanostructures at 10 K and 300 K in the applied magnetic field of ±30 

kOe. The magnetization of the rice-seed-like nanostructures is shown in Fig. 8(a). As 

can be seen from the M–H plots and their enlargement near the origin (lower right 

inset), the coercivity (Hc) of the sample is 400 Oe and 140 Oe at 10 K and 300 K, 

respectively, indicating their ferrimagnetic behavior. The ferrimagnetism of magnetite is 

caused by antiparallel, but unequal magnetic moments of two interpenetrating 

sublattices of Fe3O4. This also indicates that the size of the rice-seed-like nanostructures 

is larger than the critical one for transition from ferrimagnetic to superparamagnetic 

state [1]. The lower value of HC at 300 K is attributed to the thermal fluctuation of the 

magnetic moments that overcome the magnetic anisotropy and reduce the coercivity 

[28].

The rice-seed-like nanostructures possessed a saturation magnetization (Ms) of 

56.7 emu/g and saturation remanence (Mr) of 10.7 emu/g at 300 K. The Ms and Mr 

values slightly increased to 60.6 emu/g and 20 emu/g at 10 K, respectively. This 

behavior is typical for magnetite and can be attributed to the decrease in thermal energy 

[29].
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On the basis of Mr/Ms ratio or squareness (Sr) the magnetic structure of the 

samples can be determined. The Sr values were found to be 0.33 and 0.19 at 10 K and 

300 K, respectively. According to [30, 31], it can be concluded that the rice-seed-like 

nanostructures are pseudo-single domain since the Sr values are in the range of 0.1–0.5. 

This suggests that the samples have an almost uniform magnetization. The self-

assembly of the magnetite nanoparticles and chitosan into rice-seed-like nanostructures 

result in the change of the single domain to the pseudo-single domain magnetic 

structure, leading to nonzero coercivity.

Table 2 summarizes the properties of the various magnetite-chitosan composites 

obtained in our study and those reported in the other investigations [32–48]. The 

observed large divergence of the magnetic characteristics in the literature data is mainly 

attributed to different amount of chitosan in the composites. The obtained Ms values of 

the rice-seed-like nanostructures correspond to those found in the literature for 

magnetite-chitosan composites and imply the strong magnetic response to the magnetic 

field. However, the Ms values were found to be almost one-third lower than that for 

bulk magnetite (92 emu/g) [49] since the obtained nanostructures contain chitosan, 

which is a diamagnetic material [35]. The decrease of Ms is related to the amount of 

chitosan that quenches the surface moments of magnetic nanoparticles and decreases the 

volume fraction of the magnetic phase [27]. The reduction of the saturation 

magnetization also could be attributed to the surface spin canting and imperfection of 

the samples compared to the bulk Fe3O4. 

Fig. 8(b) shows the magnetic hysteresis loops of chitosan coated nanostructures. 

The coercive field of 200 Oe was observed at 10 K, while the smaller one of 80 Oe was 

observed at 300 K, indicating that the nanostructures are in a ferrimagnetic state. 

According to the obtained Mr and Ms values, the samples were also found to be pseudo-



11

single domain, since Sr were in the range of 0.1–0.17. The Ms for chitosan coated 

nanostructures is 30 emu/g at 10 K and 27.2 emu/g at 300 K, which is typical for 

magnetite-chitosan composites as reported in the literature [27, 32–48]. It can be also 

observed from Fig. 8 that the saturation magnetization and coercivity of the samples 

significantly decreased in comparison with that of the rice-seed-like nanostructures. 

Since the magnetic properties originate from magnetic nanoparticles, it is clear that 

chitosan in the nanostructures and chitosan coating decreased the volume fraction of 

magnetite, resulting in deterioration of magnetic properties.

4. Conclusions

We investigated for the first time the magnetic characteristics and morphology 

of the magnetite-chitosan nanostructures prepared via chemical precipitation of 

magnetite nanoparticles by urea in the presence of chitosan at 80 oC. It was shown that 

spherical magnetite-chitosan nanostructures (9–18 nm) can be obtained at 80 oC for 10 

h, while rice-seed-like nanostructures (75–290 nm) are formed when the synthesis time 

was increased to 50 h. Magnetite-chitosan nanostructures with lumpy shape also can be 

obtained at lower concentration of iron ions. When the synthesis was conducted at a 

threefold higher concentration of chitosan, the spherical nanostructures (35–120 nm) 

with 9–15 nm thick layer of chitosan were precipitated. It was found that rice-seed-like 

nanostructures and chitosan coated nanostructures are ferrimagnetic and pseudo-single 

domain. The coercivity and saturation magnetization of the rice-seed-like nanostructures 

at 300 K was found to be 140 Oe and 56.7 emu/g, respectively. While the coercivity of 

80 Oe and saturation magnetization of 27.2 emu/g was measured for chitosan coated 

spherical nanostructures. An almost twofold higher coercivity and saturation 
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magnetization of rice-seed-like nanostructures was explained by lower volume fraction 

of chitosan in the former. The obtained magnetite-chitosan nanostructures can be used 

in various biomedical applications.
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Figure captions:

Fig. 1. XRD pattern (a) and TEM image (b) of lumpy-shaped magnetite-chitosan 

nanostructures.

Fig. 2. Schematic representation of the formation of magnetite-chitosan composites.

Fig. 3. XRD pattern (a) and TEM image (b) of spherical nanostructures.

Fig. 4. EDS mapping of rice-seed-like nanostructures.

Fig. 5. TEM image of rice-seed-like nanostructures.

Fig. 6. TEM image of chitosan coated magnetite-chitosan nanostructures.

Fig. 7. EDS mapping of chitosan coated nanostructures.

Fig. 8. Hysteresis loops of (a) rice-seed-like and (b) chitosan coated spherical 

nanostructures. The insets show the low field part of the loops. 
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Table 1. Synthesis parameters and morphology of magnetite-chitosan nanostructures

Synthesis parameters Shape
Size 

(nm)

Characterization 

technique
Fig.

0.01 М Fe2+, 0.02 M Fe3+, 

80 оС, 50 ha
Lumpy 75–150 1

0.05 М Fe2+, 0.1 M Fe3+, 

80 оС, 10 ha
Spherical 9–18

XRD, TEM

3

0.05 М Fe2+, 0.1 M Fe3+, 

80 оС, 50 ha

TEM/EDS, 

SQUID
4, 8a

0.08 М Fe2+, 0.16 M Fe3+, 

80 оС, 50 ha

Rice-seed-like, 

quasi-spherical
75–290

TEM 5

0.05 М Fe2+, 0.1 M Fe3+, 

80 оС, 50 h, chitosan:iron 

chlorides = 3:1

Spherical with 

chitosan coating
35–120

TEM/EDS, 

SQUID

6, 7, 

8b

a The weight ratio of chitosan to iron chlorides was 1:1.
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Table 2. Synthesis conditions, morphology, and magnetic properties of magnetite-

chitosan composites at room temperature

Method
Temperature/ti

me
Shape Size (nm)

Hc 

(Oe)

Ms 

(emu/g)
Ref.

Rice-seed-like, 

quasi-spherical
75–290 140 56.7

Precipitationa 80 oC/50 h

35–120 80 27.2

this 

study

Precipitationb 70 oC/1 h 0.6-13 µm 311 22 [32]

Precipitationa - 25–30 - 55 [33]

Spray-

precipitationb
60 oC/- 10.3 58.4 25.6 [34]

Oxidation-

precipitationb

70 oC/30 min; 

40 oC/2 h
160 - 37.2 [35]

Precipitationa 50 oC/50 min 9.9–11 27.09 66.35 [36]

Hydrothermala 200 oC/8 h 100–150 - 30.8 [37]

Hydrothermala 185 oC/48 h 200 - 39.5 [38]

Reverse 

microemulsion 

precipitationa

70-80 oC/30 

min
3–6 6.1 52.9 [39]

Sonochemicalb -/1 h 11–18 24.06 38.57 [40]

Precipitationb 60 oC/- 10–20 13.29 49.96 [41]

Precipitationb 80 oC/1 h

Spherical

~500 - 60 [42]

Precipitationb - 13–20 4.5 39.1 [43]

Precipitationb 80 oC/30 min

Spherical, 

ellipsoidal 10–20 - 60 [44]

Precipitationb 60 oC/1 h Cubic 20–40 - 63 [45]
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Precipitationb 80 oC/30 min Quasi-spherical 30 - 60 [46]

Thermolysisb 320 oC/30 min Spherical, cubic 40–80 - 60 [47]

Precipitationa 100 oC/1 h
Spherical, 

polyhedral
20–50 - 34.5 [48]

a Synthesis in the presence of chitosan.

b Synthesis of Fe3O4 nanoparticles was followed by chitosan coating procedure.





















Highlights

 Magnetite-chitosan nanostructures are synthesized via self-assembly.

 Different morphology can be obtained by adjusting the synthesis parameters.

 An attractive combination of magnetic properties and morphology is obtained.

 Magnetite-chitosan nanostructures are ferrimagnetic and pseudo-single domain.


