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A novel modifying process was designed to prepare ultra small magnetic chitosan nanoparticles which exhibited unique thermal
stability and decomposition mechanism. The chemical structures and physical properties of the prepared products were characterized
using FTIR, TEM, XRD, TGA and DSC techniques. The results revealed that this approach eliminated the aggregation among
nanoparticles. The magnetic chitosan particles were 10-15 nm in size with good dispersibility and new thermal property. To further
study the decomposition process, the combined TGA-FTIR technique was used to the analysis of the evolution with the temperature
of the gas products evolved in the degradation of the magnetic chitosan. The phenomena were observed directly from TGA-FTIR
stack plots. From the measurements data, it suggested that the unusual thermal behavior of chitosan might be attributed to the

additional bridging through metal oxide.

Keywords: Magnetic nanoparticles, chitosan, microscopic observation, thermal analysis

1 Introduction

With the rapid development of nanotechnology, the syn-
thesis of magnetite nanoparticles (Fe;O4) and their com-
posite nanomaterials has attracted both fundamental and
practical interest, not only in fundamental properties such
as electronic, magnetic, catalytic, and chemicalor biologi-
cal properties (1-3), but also in technological applications
such as high-density magnetic recording media, sensors,
catalysts, and clinical uses (4-6). All these applications re-
quire that the nanoparticles are superparamagnetic with
nanosize and the overall particle size distribution is narrow
so that the particles have uniform physical and chemical
properties. However, producing magnetic particles with the
desired size and acceptable size distribution without par-
ticle aggregation has consistently been a problem (7, 8).
So, stabilizers such as surfactants, oxide, metal nanoparti-
cles or natural and synthetic polymers with some specific
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ence, Wuhan University, Wuhan 430072, P.R. China. Tel: +86-
27-61063891; Fax: +86-27-68763162; E-mail: xiaoling9119@
yahoo.cn

functional groups have been used to increase the stabil-
ity of these particles (9-11). Chitosan, one of the natural
polymer systems, has been intensively studied as a base ma-
terial for magnetic carriers because of its significant biolog-
ical and chemical properties (12, 13). In its linear polyglu-
cosamine chains of high molecular weight, chitosan has
reactive amino and hydroxyl groups, amenable to chemical
modifications. The amino groups make chitosan a cationic
polyelectrolyte, one of the few found in nature. When chi-
tosan possesses a high positive charge on -NH3 groups
at pH < 6.5, it can effectively aggregate with polyanionic
compounds and chelate metal ions (14, 15). Functionaliza-
tion and modification of the surface with chitosan bring
many new functions and applications for the magnetite
(16-19).

The conventional method for preparing magnetic chi-
tosan nanoparticles is a two-step modifying process. The
first step relies on the synthesis of magnetite nanoparti-
cles. Magnetite is generally prepared mainly by three pro-
cess, viz., (1) coprecipitation of an aqueous solution of
Fe?*/Fe** in the presence of a base, usually an alkali
hydroxide or ammonia; (2) thermal decomposition of an
iron complex using an oxidizing agent; and (3) by a sono-
chemical approach. The second step is based on the forma-
tion of the core-shell nanoparticles, in which water/oil or
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One-step modifying process:

Liet al.

FeCl.6H,0 | chitosan+Fe®
FeCl,4H,0 +Fe?*

solution

nitrogen atmosphere nitrogen atmosphere
40°C 60°C

Two-step modifying process:

nitrogen atmosphere nitrogen atmosphere
07T 60°C

Fig. 1. Preparation procedures of Fe;O4-chitosan nanoparticles.

aqueous system, temperature, stirring rate and surfactant
are used to confine and control the coating of chitosan on
core magnetite (19-23). While a number of approaches to
the synthesis of magnetic chitosan nanoparticles have been
reported, relatively little have directly observed the core-
shell structure and prepared the nanoparticles with sizes
smaller than 20 nm and the narrow particle size distribu-
tion. From these papers, it could be seen that the magnetic
chitosan nanoparticles were aggregated tightly though the
size of the magnetite core is nanosize. We hypothesized that
this situation was due to the lack of thorough dispersion
of magnetite nanoparticles. Before the chitosan was coated
on the surface, the magnetite nanoparticles were prone to
aggregate and enlarge the particle size. Thus, we sought
to use the high adsorption capacity and chelation of chi-
tosan to Fe ions to design a novel modifying process for
preparing magnetic chitosan nanoparticles. The obtained
magnetic chitosan nanoparticles were characterized by X-
ray diffraction (XRD), Fourier transform infrared spec-
troscopy (FTIR), transmission electron microscopy (TEM)
and thermal analysis. The thermal stability and decompo-
sition mechanism of the magnetic chitosan nanoparticles
were discussed in detail by DSC, TGA and TGA-FTIR
techniques.

2 Experimental

2.1 Materials

Ferric chloride hexahydrate (FeCl;-6H,0, >99%), ferrous
chloride tetrahydrate (FeCl,-4H,0, >99%) and ammonium
hydroxide (29.4%) were obtained from Tianjing Chemical
Reagent Inc. (China). Chitosan with molecular weight of
6.0x10° g/mol and 87% of degree of deacetylation was
obtained from Lianyungang Biologicals Inc. (China). All
other chemicals were of analytic grade reagents and used
without further purification.

——

Fe30,-chit
solution

epoxy chloropropane  Fe,0,-chitosan
coated process  nanoparticles

nitrogen atmosphere
80T

Fe™*/Fe*solution *™™menia selution | o 0, particles magnetically separatedichitosan solution| ®P0xy chloropropane Fe.(),_chitosan
—_— 3 £ —_— g —_— - B
washed with DI water [*Fe30, particles| coated process  nanoparticles

nitrogen atmosphere

80°C

2.2 Synthesis of Fe;O4-Chitosan Nanoparticles

The Fe;O4-chitosan nanoparticles were prepared and the
general procedures adopted were given in Figure 1. In a
two-step modifying process, the Fe;04 nanoparticles were
prepared using a co-precipitation method first. These par-
ticles were collected and washed several times with distilled
water. The calculated amount of Fe;O4 was dispersed in
acidic chitosan solution with ultrasonication for 30 min.
In the one-step modifying process, the ferric and ferrous
ions were dispersed in acidic chitosan solution at nitro-
gen atmosphere. The crosslinking step was similar for the
two modifying processes. After being stirred for 20 min
at 60°C, ammonium hydroxide and epoxy chloropropane
were added dropwise into the solution in 3 h at 80°C. The
magnetic chitosan was collected using a magnet and washed
consecutively with 0.5% acetic acid and water. The prod-
ucts were then dried in an oven at 60°C for 12 h and kept
in a vacuum dessicator for further analysis and use.

2.3 Characterization and Instrumentation

The infrared spectra of all samples were recorded on Nico-
let 5700 Fourier transform infrared spectrometer (Nicolet
Instrument Co., USA) using KBr pellets. The micrographs
with a high magnification were obtained by a JEM-2010
transmission electron microscope machine (JEOL Co.,
Japan) at an accelerating voltage of 200 kV. The crystal
structures of nanoparticles were characterized by D §
Advance X-ray diffraction (Bruker Co., GER). Particle size
was measured by Malvern Zetasizer Nano ZS (Malvern
Instruments Ltd., UK). The thermogravimetric analysis
was performed at a heating rate of 10°C/min until 850°C
on a DuPont Thermal Analyzer 951 (TA Instrument Co.,
USA), under nitrogen flow of 200 ml/min. The released
gases during thermal degradation of the samples were an-
alyzed with the thermogravimetric analyzer coupling with
the Fourier transform infrared spectrometer (TGA-FTIR).
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Fig. 2. Effects of stirring rate on the size/size distribution. All
formulations were prepared with a Fe/chitosan ratio of 1:1 g/g
in one-step (A) and two-step (B) modifying process.

3 Results and Discussion

3.1 Size and Size Distribution

In this part of the study, the stirring rate of the suspension
medium and the Fe/chitosan ratio (g/g) were selected and
evaluated as being the most effective parameters determin-
ing the size/size distribution of the magnetic chitosan. All
samples were dispersed into deionized water with ultrason-
ication for 5 min before the measurement of the particle
size.

The stirring rate of the suspension medium was var-
ied between 500 and 2500 rpm for investigation of the ef-
fects of the stirring rate on the size/size distribution. The
Fe/chitosan ratio was fixed at 1:1 g/g during the prepa-
ration of particles with different stirring rates. The results
obtained were shown in Figure 2. It could be seen that the
size of the particles decreases with increasing the stirring
rate both in one-step and two-step modifying processes.
This trend could be explained by the energy transfer dif-
ferences for the different stirring rates. When the stirring
rate was increased, the energy transferred to the suspension
medium was increased and the polymer solution could be
dispersed into smaller droplets and the size was reduced
(24).

The Fe/chitosan ratio was varied in the range 1:1-1:4
(g/g). The stirring rate was fixed at 2500 rpm. The results
obtained were shown in Figure 3. It could be seen that
the size of the particles increased with increasing chitosan
content in a two-step modifying process (Fig. 3B). In the
first step of the process, chitosan molecules were adsorbed
on the Fe;04 nanoparticles surface. In the second step, the
chitosan grafted from the Fe;O4 nanoparticles and formed
a cross-linked structure on Fe;O4 nanoparticles surface.
The higher concentration of chitosan resulted in more chi-
tosan cross-linked on the Fe;O4 surface. While in one-step
modifying process (Fig. 3A), the size of magnetic chitosan
was decreased firstly, and then increased with increasing
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Fig. 3. Effects of the Fe/chitosan ratio on the size/size distribu-
tion. The formulations were prepared at 2500 rpm stirring rate in
one-step (A) and two-step (B) modifying process.

chitosan content. It suggested that the adsorbability and
chelation of chitosan molecules to Fe ions could induce
Fe; 04 particles aggregation. This speculation was approved
by the following results of experiments.

3.2 Characterization of Magnetic Chitosan

The functional groups of chitosan were very important for
diverse applications, especially for biotechnological pur-
poses. Therefore, the present functional groups should be
kept even if the shape was changed into a new form. FTIR
spectra were shown in Figure 4 for naked Fe;O4and mag-
netic chitosan from a one-step modifying process with dif-
ferent Fe/chitosan ratio. The OH groups of chitosan poly-
mer at 3500~ cm were present in the case of the magnetic
chitosan. Two peaks at 2960~! and 2870 cm™!, correspond-
ing to C—H stretching absorptions could be assigned to the
cross-linked chitosan (22). These peaks in Figure 4(b and ¢)
were wider and stronger than that in Figure 4(d), demon-
strating that the samples b and ¢ carried more chitosan.
Domard et al. indicated that characteristic absorptions

Transmission
\I

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm'l)

Fig. 4. FTIR spectra of particles: naked Fe;O4 (a) magnetic chi-
tosan from one-step modifying process with 1:3 Fe/chitosan ratio
(b), 1:2 Fe/chitosan ratio (c) and 1:1 Fe/chitosan ratio (d).
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Fig. 5. XRD patterns for magnetic chitosan particles from a
one-step modifying process with 1:1 Fe/chitosan ratio (a), 1:3
Fe/chitosan ratio (b) and 1:2 Fe/chitosan ratio (c).

were displayed at 1656.57! and 1554 cm™! attributable
to amide bands I and II in the IR spectrum of chitosan
(23). Compared with the spectrum of Figure 4(b and c),
it was found that the 1680~! peak shifted to 1661 cm™!
and the 1594 cm™! peak shifted to 1578 cm~'. It indicated
that the interaction between chitosan and Fe;O4 might be
changed with the increase of chitosan content in magnetic
particles. The characteristic absorption peak for Fe;Oq4
was observed at 576.83 cm~! (Fe-O) for all samples (21).

The crystal structures of magnetic chitosan from a one-
step modifying process with different Fe/chitosan ratio
were characterized by X-ray diffraction (Fig. 5). The six
characteristic peaks for Fe;04 (20 = 30.08°, 35.42°,43.08°,
53.56°, 56.98° and 62.62°) marked by their indices ((220),
(311), (400), (422), (511) and (440)) were observed for all
samples (25). While the broad peak at 20 = 17-21° was as-
cribed to chitosan that indicated the existence of an amor-
phous structure(26). From Figure 5(a—c), the broader re-
flection planes and the change of peaks were perhaps due
to decreasing size of the magnetic particles. The magnetic
chitosan particles were validated as the binding of chitosan
and Fe;Oq4.

TEM micrographs of neat Fe;04 nanoparticles (a) and
those coated with chitosan (b-f) were shown in Figure 6.
The Fe;04 particles had a tendency to aggregate that might
be caused by the coercive forces of magnetite particles.
As chitosan was employed, the obtained magnetic parti-
cles were small in size that was related to the coated chi-
tosan enhancing the repulsion of magnetite particles (27).
By comparing Figure 6¢ with Figure 6b, the size of mag-
netic particles from the two-step process became more non-
uniform with the increase of chitosan content. It could be
seen that the magnetic chitosan nanoparticles were aggre-
gated tightly though the size of the magnetite core was
nanosize. This situation was due to the lack of thorough
dispersion of magnetite nanoparticles. Before the chitosan
was coated on the surface, the magnetite nanoparticles were
prone to aggregate and enlarge the particle size.

The magnetic particles with 1:2 Fe/chitosan ratio from a
one-step modifying process were nearly spherical in shape

Liet al.

Fig. 6. TEM images of particles: naked Fe;O4 (a); magnetic chi-
tosan particles from a two-step modifying process with 1:2 (b)
and 1:3 (c) Fe/chitosan ratio; magnetic chitosan particles from
one-step modifying process with 1:2 (d), 1:3 (e,f) Fe/chitosan
ratio.

and exhibited higher dispersibility (Fig. 6d). The individ-
ual nanoparticles appeared to be well isolated. The average
particle size was smaller than that from the two-step mod-
ifying process. These magnetite particles were prepared in
the presence of chitosan during formation, and resulted in
a very small particle (about 10-15 nm) with a narrow size
distribution. When the ratio (Fe/chitosan) decreased to
1:3 g/g, the magnetic particles from the one-step mod-
ifying process (Fig. 6e) were bigger in size. This behav-
ior could be explained by more chitosan crosslinked with
an increase in the concentration of chitosan. The re-
sults of TEM were consistent with the result of XRD
(Fig. 5) and the effects of the Fe/chitosan ratio on the
size/size distribution (Fig. 3A). As shown in Fig. 6f, the
extra chitosan caused a noticeable change in the particle
morphology that a shell with the thickness of 1-1.5 nm was
coated evenly on the surface. The inner spheres were the



08:43 24 January 2011

Downl oaded At:

The Properties of One-step Synthesized Chitosan-Fe; O, Nanoparticles 61

100
95
90
85
80
70 ™\ TT—d
65 3 I
%93 e
g

Weight/%

;) .._________________.-

45 e
100 200 300 400 500 600 700 800 900
Temperature ('C)

Fig. 7. Thermogravimetric analysis (TGA) of particles: naked
Fe;O4 (a); magnetic chitosan particles from two-step modifying
process with 1:2 Fe/chitosan ratio (b); magnetic chitosan parti-
cles from one-step modifying process with 1:1 Fe/chitosan ratio
(c), 1:2 Fe/chitosan ratio (d), 1:3 Fe/chitosan ratio (e) and 1:4
Fe/chitosan ratio (f); cross-linked chitosan (g).

chitosan/Fe;04 composite because the chitosan content
of these particles was about 42%, according to the weight
loss in Figure 7e. The dark spots which correspond to the
metallic core were not clearly observed that indicated the
Fe;04 evenly dispersed in the polyglucosamine chains of
chitosan (1).

3.3 Thermal Decomposition of Magnetic Chitosan

The TGA and DSC curves of Fe;04 and magnetic chitosan
particles were shown in Figures 7 and 8, respectively. For
naked Fe;Oy4, the TGA curve (Fig. 7a) showed that the
weight loss over the temperature range from 100 to 850°C
was about 2%. This might be due to the loss of residual wa-
ter. The cross-linked chitosan had a high speed of decom-
position between 250-450°C (Fig. 7g), with an exothermic-
peak at 290°C (Fig. 8g). This effect was also associated to a
mass loss (46.4%) which was attributed to the degradation
and interchain crosslink of the composite. The pyrolysis
of polysaccharide structure started by a random split of
the glycosidic bonds, followed by a further decomposition
forming acetic and butyric acids and a series of lower fatty
acids (28, 29). For the magnetic chitosan particles from
the two-step modifying process with 1:2 Fe/chitosan ratio,
the weight loss was about 12% from 220 to 400°C (Fig.
7b). It was apparent that this degradation stage of sam-
ple b was mainly the cross-linked chitosan component on
the Fe;O4 nanoparticle surface, after comparing its TGA
and DSC curves with sample a and g’s. According to the
literature, the final temperature of decomposition for the
magnetic chitosan particles with different chitosan content
which were prepared from the traditional two-step modi-
fying process was around 350-450°C (20, 30).

The magnetic chitosan particles from one-step modify-
ing process with 1:1 Fe/chitosan ratio had a mild speed of

Heat flow (mv/mg)

100 200 300 400 500 600 700 800
Temperature ('C)

Fig. 8. Differential scanning calorimetry (DSC) of particles:
naked Fe;O4 (a); magnetic chitosan particles from two-step mod-
ifying process with 1:2 Fe/chitosan ratio (b); magnetic chitosan
particles from one-step modifying process with 1:1 Fe/chitosan
ratio (c), 1:2 Fe/chitosan ratio (d), 1:3 Fe/chitosan ratio (e) and
1:4 Fe/chitosan ratio (f); cross-linked chitosan (g).

decomposition during the temperature of 240 and 680°C
(Fig. 7c). When the Fe/chitosan ratio decreased to 1:2,
the curves of the magnetic chitosan were changed. A new
weight loss appeared between 640 and 680°C (Fig. 7d).
This second degradation stage with weight loss of 12.7%
occurred endothermically, as pointed out by the DSC
profile (Fig. 8d). From the results of thermal analysis, one
could note an increase in weight loss and a shift to a lower
temperature for the second degradation stage that was at-
tributed to a decrease in thermal stability as a consequence
of an increase in chitosan content of particles (Fig. 7d—f).
Because of their similar composition and structure, the
magnetic chitosan particles with different chitosan content
showed the similar endothermic peaks (Fig. 8 d—f).

3.4 TGA-FTIR Analysis

The above decomposition phenomena could be observed
from the stack plots of the coupling TGA and FTIR mea-
surements by analyzing the gas spectra from the decompo-
sition of the samples. The combination of these two tech-
niques permits a complete characterization of materials in
terms of thermal stability and decomposition mechanisms.
Figure 9 showed the (a) stack plots of cross-linked chitosan,
(b) magnetic chitosan particles from two-step modifying
process and (c). magnetic chitosan particles from one-step
modifying process with 1:2 Fe/chitosan ratio These on-line
FTIR spectras corresponding to the products generated in
the TGA furnace were obtained during the temperature of
580 and 680°C under nitrogen. As could be seen in Figure
9a, the infrared spectra showed water peaks (at 1628—1541
cm~'and 3735-3526 cm~!) and CO, peaks (at 670 and
2359-2311 cm™') (31, 32). Figure 9b, with the lower vol-
ume of released gases, was similar to Fig. 9a.

In Figure 9c, a new peak island appeared between 2158
and 2120 cm™!, indicated the existence of CO among the
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Fig. 9. (a)TGA-FTIR stack plots of cross-linked chitosan, (b) magnetic chitosan particles from two-step modifying process with
1:2 Fe/chitosan ratio and, (c) magnetic chitosan particles from a one-step modifying process with 1:2 Fe/chitosan ratio during the
temperature of 580 and 680°C.
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Fig. 10. FTIR spectra of the magnetic chitosan particles from a
one-step modifying process with 1:2 Fe/chitosan ratio at 640°C.

gases detected by IR probe (32). This island started at
around 620°C, and ended at around 660°C, which corre-
sponded to the weight loss of the second stage in Fig. 7d.
For the purpose of analyzing the evolution with the temper-
ature of the qualitative composition in the oxidative degra-
dation process, the FTIR spectra at 640°C corresponding
to the gas evolved from the magnetic chitosan particles had
been extracted from the stack plots. Figure 10 showed this
FTIR spectra, providing confirmation that the major de-
composition products were H,O (1650 cm™!, 3739 cm™!),
NH; (1423 cm™!, 3644 cm™!, 3681 cm™!), CO»(669 cm ™!,
1750 cm~!, 2358 em™!) and CO (2111 cm™!, 2179 cm™!)
(33, 34). For the abrupt change of CO, volume from 620 to
66°C (appeared at around 2400 cm™!), it could be explained
by that the cleavage reaction of the polymer chain might
be completed while the oxidation was still going on (35).
However, the continuing NH3 and new hump caused by a
amount of CO suggested the cleavage and then oxidation

NH;* n! NH3" Fet”

pH = 10-11 ,

of the segment of chitsoan chain, which chelated with Fe
ions before the Fe;O4 particles formed.

The enhanced thermal stability of cross-linked chitosan
might be due to the effect of two factors: (a) conforma-
tional changes of chitosan, and (b) additional bridging be-
tween metal particles and chitosan. Here, we propose a
formation mechanism of the magnetic chitosan particles
from one-step modifying process (Fig. 11). Fe?* /Fe** ions
penetrated into the polyglucosamine chains of chitosan by
diffusion effect in acid solution firstly. With increasing pH
to 5-6, these ions chelated with the functional group on the
chitsoan chain. Then magnetic chitosan particles were ob-
tained by alkaline co-precipitation of Fe’* and Fe3*. The
electrostatic interaction and chelation of chitosan to the
ions could be effectively promote the nucleation of Fe;Oq4
and reduce particle aggregation. Chelation was known to
change the conformation of the chitosan polymer. Distur-
bance of the natural ordering of the polymer might be
expected to lead to thermal instability, while the additional
bridging through metal ion or oxide might be expected
to lead to enhancement of thermal stability. The increase
in the decomposition temperature of the complexes was
considered to be a measure of these two opposing factors
(36, 37).

4 Conclusions

In this work, we have demonstrated a one-step modifying
process for preparing magnetic chitosan, which is different
from the processes reported previously. In addition to the
evidence from FTIR spectra, the change of size distribution
and XRD detection of the diffraction peaks for magnetic
chitosan with different chitosan content, the formation
and morphology of the chitosan/Fe;O4 nanoparticles was

}“9304 (=)

Fig. 11. A schematic showing the formation mechanism of the magnetic chitosan particles from one-step modifying process.
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further confirmed by TEM analysis. A shell of chitosan,
with a thickness found to be 1-1.5 nm, was coated evenly
on the magnetic chitosan. These combined results have
demonstrated the controllability of size and composition
for the synthesis of the nanoparticles. In order to explain
the unique thermal stability and decomposition mecha-
nism of the magnetic chitosan from the novel modifying
process, an experimental work on the thermal degradation
and pyrolysis was conducted with the aid of the combined
TGA-FTIR. The results suggested that their unusual
decomposition behaviors might be attributed to the
stability of the segment of chitsoan chain which chelated
with Fe ions before the Fe;O4 particles formed. The
additional bridging through metal oxide might be expected
to lead to enhancement of thermal stability. Meanwhile,
this chelation effect could homogeneously disperse the
Fe ions into the polyglucosamine chains of chitosan and
reduce particle aggregation during the modifying process.
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