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Abstract

Chitosan—zirconium complex, obtained by chelation of chitosan to zirconium, formed a novel precursor for zirconium carbide (ZrC).
ZrC was synthesized via carbothermal reduction reaction using zirconium oxychloride (ZrOCIl,-8H>0), and chitosan as sources of
zirconium and carbon. The initiation of carbothermal reduction process was at about 1400 °C, and the reaction was substantially
completed at a relatively lower temperature (~ 1550 °C), compared with that using ZrOCl, - 8H,O and phenolic resin as a carbon source.
The conversions from as-synthesized preceramic precursors to ceramics were studied by means of FTIR, DSC-TG, SEM, EDS

and XRD.
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1. Introduction

Zirconium carbide (ZrC) is one of the refractory transition
metal carbides from groups IV to V of the periodic table.
It has high melting point (~ 3420 °C), high hardness (~25.5
GPa), and weak damage sensitivity under irradiation, which
make it suitable for many applications such as field emitters,
coating of nuclear particle fuels and cutting tools [1,2]. Also,
by addition of SiC or ZrB; to increase the oxidation resistance,
ZrC-based ceramics are expected to be good potential
materials for ultra-high temperature applications [3].

ZrC powders can be conventionally prepared by the
carbothermal reduction of ZrO, or the direct reaction of
Zr with C at elevated temperatures. However, a high
temperature and a long production period are required
for above mentioned methods. The sol-gel method is an
effective way for low-temperature synthesis of ultra-fine
powders for the intimate contact of the reactants, but there
are still several drawbacks such as high cost, toxicity, and
poor stability of the sol [4,5].

Chitin is the second most abundant polysaccharide found
on earth next to cellulose. The most important derivative of
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chitin is chitosan. Unlike chitin, chitosan is soluble in dilute
organic acids such as acetic acid, formic acid, lactic acid, etc.
Both chitin and chitosan are becoming increasingly important
natural polymers because of the interest in natural resources
and environment-friendly processes [6-8]. Besides, chitosan
has the highest chelating ability in comparison with other
natural polymers. The high content of nitrogen atoms in the
molecular allows uptake of several metal ions through various
mechanisms such as chelation, electrostatic attraction or ion-
exchange [9]. Chitosan and its degradation behavior in various
conditions have been extensively investigated. At high tem-
peratures, chitosan usually produces char and some volatile
compounds under an inert atmosphere [10]. Herein, we expect
that the chitosan—metal complexes, obtained from chitosan
and transition metal salts, will be promising precursors for
transition metal carbides. In this paper, we report the
convenient one-pot synthesis of ZrC using ZrOCI,- 8H,O
and chitosan as sources of zirconium and carbon, respectively.
For comparison, synthesis of ZrC using ZrOCl, - 8H,0 and
phenolic resin will be also carried out.

2. Experimental

Chitosan (degree of deacetylation > 90%), whose char yield
was about 30 wt% according to the results of TG curve, was
purchased from Shang Hai Bio Science & Technology
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Co., Ltd. The char yield of phenolic resin was about 60 wt%.
Zirconium oxychloride octahydrate and acetic acid were of
analytical grade.

First, ZrOCl, - 8H,O was dissolved in distilled water to
form a solution, and then chitosan was added to the
solution with stirring using various C/Zr molar ratios. In
order to dissolve chitosan in water, a certain amount of
acetic acid was added, next, the mixture was stirred at
80 °C until a clear solution formed. As a comparison,
synthesis of ZrC was also carried out using ZrOCl, - 8H,0O
and phenolic resin (50 wt% in ethanol). All samples for
pyrolysis should be dried at 180 °C for the purpose of
volatilization of the solvent. Finally, pyrolysis was carried
out in a graphite furnace which was heated in vacuum to
250 °C and then in flowing argon (purity 99.999%) to the
required temperatures in the range of 1200-1550 °C, and
held for 2 h.

Fourier transform infrared spectra (FTIR, Avatar 360,
Nicolet) of the chitosan—zirconium complex and starting
reagents were recorded between 4000 and 400 cm ' so as to
monitor structural changes during heating. The phase com-
positions were determined using X-ray diffraction (XRD,
TTR-3, Rigaku) with Cu K, radiation. The pyrolysis of
chitosan and zirconium—chitosan complex was studied by
differential scanning calorimetry and thermal gravimetric
analysis (DSC-TG, Netzsch STA 449C) in an argon atmo-
sphere at a heating rate of 10 °C/min. The particle size and
morphology of the final products were characterized by
scanning electron microscopy (S4800 Hitachi).

3. Results and discussion

Spectroscopy in the infrared region was used to monitor
structural changes and the principal interactions between
chitosan and the metal ion during heat treatment (Fig. 1). In
the FTIR curve of as-received ZrOCl,-8H,0, the band at
1623 cm~ ! may be assigned to the “scissor” bending mode of
coordinated water. For chitosan, the respective assignments
of the absorption peaks are 3440 (v(O-H)+ v(N-H)), 2885
(v(C-H)), 1649 (amide I band, v(C=0)), 1596 (amide II band,
S(N-H)), 1384(5(C-H)), 1079 (\(C-0)) cm~ ' [11]. Fig. 1(c)
shows the FTIR spectrum of chitosan—zirconium complex
dried at 180 °C. The spectrum exhibits many alterations from
that of chitosan. The wide peak at 3440 cm " attributed to the
stretching vibration of -NH, and —OH groups shifts to lower
wavenumber, indicating -NH, and —OH groups take part in
complexation. Absorption bands at 1649 cm ™' assigned to
acetamide group and 1596 cm ™' assigned to “free” amine
group disappear in the complexes. Instead, a new angular
absorption band at 1560 cm ™~ ! appears, which is considered as
a characteristic peak of the association of chitosan and metal.
The two strong absorption bands at 1456, 1416 cm™" are
attributed to the C-H bending vibration and the —C-N-
stretching vibration of the residual amide, respectively. The
band (1079 cm ~ ') assigned to the second ~OH group shows a
significant shift to lower wavenumber (1022 cm™"), combined
with the results discussed by Patale and Patravale [12],
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Fig. 1. FTIR spectra of starting reagents and chitosan—zirconium com-
plex: (a) as-received ZrOCl, - 8H,0; (b) chitosan; (c) chitosan—zirconium
complex dried at 180 °C in air and (d) 250 °C in vacuum.

suggesting that the second —OH group gets involved in
complexation. Two new peaks located at 650, 468 cem ™!,
which are attributed to ring distortion+ v(Zr—O) of the cyclic
structure after Zr (IV) ion chelation and v(Zr—O)+ v(Zr—N),
respectively [13], appear in the FTIR curve of the chitosan—
zirconium complex. Two hypothetical models for the struc-
tures of chitosan—metal complexes have been experimentally
proved [9] and agree well with the above mentioned results.
When the temperature is elevated to 250 °C in vacuum, the
spectrum exhibits many resemblances compared with that of
the complex dried at 180 °C. However, all the peaks at 3146,
1560, 1456, 1416, 1022, 650, 468 cm ™! get broader and
weaker. Moreover, the peak at 2885 (v(C—H)) cm ™" disap-
pears, suggesting that the chitosan in complex could be
dehydrated, and then in situ carbonized during heating,
although the chelated structures still maintain. This is very
important for achievement of the homogeneous and intimate
mixing of components for the carbothermal reaction.

The thermal degradation behavior of chitosan has been
studied by simultaneous TG and DSC (Fig. 2(a)). TG
analysis shows that a considerable weight loss occurs at
about 73 °C due to the evaporation of water absorbed in
chitosan, which results in an apparent endothermic peak in
the DSC curve. The weight loss between 200 and 400 °C is
thought to be attributed to the cross-linking and degrada-
tion of chitosan, as a result, an apparent exothermic peak
appears at 305 °C. After 600 °C, the weight loss tends to
stabilize, and the maximal weight loss is about 69.2% at
980 °C. Fig. 2(b) shows the TG-DSC curves of chitosan—
zirconium complex powders. The two endothermic peaks
located at 75, 181 °C in the DSC curve are attributed to the
evaporation of water absorbed in chitosan and the bonded
water in ZrOCl, - 8H,O. TG analysis shows that a signifi-
cant weight loss occurs at about 242 °C, which is thought to
be attributed to the cross-linking of chitosan and the further
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Fig. 2. DSC-TG curves of as-received chitosan powders (a) and (b)
chitosan—zirconium complex dried at 180 °C.

evaporation of the bonded water in ZrOCl,-8H,0O. The
main weight loss of complex occurs below 500 °C, and the
maximal weight loss is about 55.8 wt% at about 800 °C.
Finally, zirconia and char form and can be regarded as
reagents for the subsequent carbothermal reduction.

XRD patterns of the hybrid precursors for ZrC using
chitosan and phenolic resin as carbon source at different
heat treatment temperatures are shown in Fig. 3(a) and (b),
respectively. XRD patterns of both pyrolyzed precursors
show that at temperatures below 1400 °C, only ZrO, exists
without ZrC formation, and the carbon in the sample
remains amorphous. The initial formation of ZrC is
observed in both pyrolyzed precursors at 1400 °C that is
much lower than the conventional solid state synthesis
method, indicating that carbothermal reduction process is
initiated as shown in Fig. 4. The intensity of m-ZrO, and
t-ZrO, gradually decreases with the rise of temperature, and
ZrC becomes the predominant phase at the temperatures
higher than 1500 °C. For the precursor using chitosan as
carbon source, m-ZrO, and #-ZrO, exist simultaneously at
heat treatment temperatures below 1500 °C. Although C/Zr
molar ratio increases to 4, the precursor cannot completely
transform into ZrC after heat treatment at 1500 °C. XRD
patterns at 1550 °C show that only m-ZrO, exists with C/Zr
molar ratio below 3, indicating that some t-ZrO, has
transformed into m-ZrO,. Furthermore, the intensity of
ZrC increases with the rise of C/Zr molar ratio, and ZrC is
the only crystalline phase with C/Zr molar ratio of 3.
However, the pyrolyzed precursor using phenolic resin still
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Fig. 3. XRD patterns of the hybrid precursors for ZrC: (a) chitosan—
zirconium complex; (b) ZrOCl, - 8H,0 + phenolic resin using various C/Zr
molar ratios (in brackets) at different heat treatment temperatures (°C).

has a considerable amount of ZrO, using the same C/Zr
molar ratio. The reason may lie in the chitosan for its high
chelating ability. The FTIR spectra of chitosan—zirconium
complex have indicated that the chitosan is dehydrated and
in situ carbonized partially when the temperature is elevated
to 250 °C in vacuum. We can deduce that the maintenance
of chelation will hold until the chitosan is completely
carbonized. Therefore, a more homogeneous and intimate
mixing of components (atomic-scale or at least molecular-
scale mixing) is achieved with a short diffusing path for
carbothermal reduction. On the other hand, for the pre-
cursor that using ZrOCl, - 8H,0 and phenolic resin, because
phenolic resin can hardly react with ZrOCl,-8H,O or
coordinate to Zr atom, carbon pyrolyzed by phenolic resin
may form aggregates after the evaporation of solvent, then
give a long diffusing path to react with ZrO,, so higher
temperatures are required for carbothermal process.

Microstructures of the ceramic prepared from chitosan—
zirconium complex are shown in Fig. 5(a). ZrC powders
exhibit irregular polyhedron morphology with rather smooth
crystal plane, and there are evident boundaries among grains.
Particle sizes appear in the range of 2-5 um. As shown in
Fig. 5(b), only Zr and C and a trace of O (~3.0 at%) are
detected by EDS analysis, indicating that the precursor has
almost entirely been transformed into ZrC. This result agrees
well with that of XRD analysis.
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Fig. 4. The possible molecular structures of chitosan—metal complex and the carbothermal reduction process (Chi=Chitosan).
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Fig. 5. (a) SEM micrograph of ZrC powders synthesized from chitosan-zirconium complex at 1550 °C and (b) EDS spectrum of as-received ZrC in (a).

4. Conclusions

Zirconium carbide powders have been successfully synthe-
sized using chitosan—zirconium complex as a novel precursor.
The chitosan in the chitosan—zirconium complex, whose char
yield was about 30 wt%, was in situ carbonized when the
complex was heat treated. Based on the results, the car-
bothermal reaction was substantially completed at a rela-
tively lower temperature (~ 1550 °C) with C/Zr molar ratio
of 3 for the homogeneous and intimate mixing of compo-
nents (namely ZrO, and pyrolyzed C), compared with that
using ZrOCl, - 8H,O and phenolic resin as a carbon source.
The synthesized powders had a small average particle size
(~3 um), and an oxygen content of ~3.0at%. The low-
temperature and environment-friendly synthesis of ZrC
powders and the unlimited supply of chitosan will make
the precursor to be widely used in ZrC preparation for
sintering of ZrC-based ceramics.
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