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a  b  s  t  r  a  c  t

Chitosan–metal  complexes  were  depolymerized  under  acidic  conditions  using  a solution  plasma  system.
Four  different  types  of metal  ions,  including  Ag+, Zn2+, Cu2+, and Fe3+ ions,  were  added  to the  chitosan
solution  at  a metal-to-chitosan  molar  ratio of  1:8. The  depolymerization  rate  was  affected  by  the  types
of metal  ions  that  form  complexes  with  chitosan.  The  complexation  of  chitosan  with  Cu2+ or  Fe3+ ions
strongly  promoted  the  depolymerization  rate  of  chitosan  using  a solution  plasma  treatment.  However,
vailable online 28 November 2013
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chitosan–Ag+ and  chitosan–Zn2+ complexes  exhibited  no  change  in  the  depolymerization  rate  com-
pared  to  chitosan.  After  plasma  treatment  of  the  chitosan–metal  complexes,  the depolymerized  chitosan
products  were  separated  into  water-insoluble  and  water-soluble  fractions.  The water-soluble  fraction
containing  low-molecular-weight  chitosan  was  obtained  in  a yield  of  less  than  57%  for  the  depolymer-
ization  of chitosan–Fe3+ complex  with  the  plasma  treatment  time  of  180 min.
hitosan oligomers

. Introduction

For chitin and chitosan, several studies have already been
erformed to prepare low-molecular-weight chitosan and their
ligomers, which possess good biological activities, such as anti-
umor, antifungal, and antibacterial activities (Fernandes et al.,
008; Jeon, Park, & Kim, 2001; Kendra & Hadwiger, 1984; Liang
t al., 2007; Muzzarelli, 2010; Qin et al., 2004; Toda et al.,
987) as well as the inhibition of metalloproteinase enzyme
roduction, which can heal wounds and prevent wrinkle forma-
ion (Muzzarelli, 2009). In general, there are three widely used
echniques for the depolymerization of chitin/chitosan, including
hemical depolymerization, physical depolymerization, and enzy-
atic depolymerization. Among these three techniques, enzymatic
ethods have received more attention in recent years because they

llow regioselective depolymerization of chitin/chitosan under
he mildest conditions (Harish, Prashanth, & Tharanathan, 2007;
uzzarelli, Stanic, & Ramos, 1999). However, the important draw-
acks of this technique are that the enzyme reaction progresses
lowly and a low product yield is obtained (Choi et al., 2002).

∗ Corresponding author at: The Petroleum and Petrochemical College, Chula-
ongkorn University, Bangkok 10330, Thailand. Tel.: +66 2 218 4132;
ax: +66 2 215 4459.

E-mail address: ratana.r@chula.ac.th (R. Rujiravanit).
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© 2013 Elsevier Ltd. All rights reserved.

Most commercial enzymes, especially those with a high purity, are
also expensive (Klaikherd et al., 2004). For chemical methods, var-
ious strong chemical reagents are used for the acid hydrolysis of
chitin/chitosan leading to difficulty with handling. The generated
wastes from these harmful chemicals may  cause environmental
pollution. Therefore, the development of new methods for the
depolymerization of chitin/chitosan is of great interest.

Plasma in the liquid phase, which is known as “solution plasma”,
has recently been proposed to be one of the most effective strate-
gies for the depolymerization of biopolymers, such as chitosan
(Prasertsung et al., 2012) and sodium alginate (Watthanaphanit &
Saito, 2013). However, most of the early research has been focused
on the use of solution plasma, a glow discharge in the liquid phase,
to synthesize metal nanoparticles with a narrow particle size dis-
tribution without adding reducing agents to the reaction system
(Saito, Hieda, & Takai, 2009). Currently, the detailed structure of
the solution plasma is still unclear but it is believed that the emis-
sion center of the plasma is located in the gas phase surrounded by
a liquid phase, and an ion sheath is formed near the gas/liquid inter-
face. This solution plasma capable of providing extremely rapid
reactions due to the presence of activated chemical species and
radicals under high pressure (Saito, Hieda, & Takai, 2009). Because

the solution plasma is generated under mild conditions (i.e., the
reaction proceeds at room temperature and without the use of
strong chemical reagents) and is applicable to industrial material

dx.doi.org/10.1016/j.carbpol.2013.11.025
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.11.025&domain=pdf
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rocessing, this technique is very attractive for the depolymeriza-
ion of biopolymers.

In the current study, the solution plasma was used for the
epolymerization of an acidic chitosan solution. Various types of
etal ions including the silver ion (Ag+), zinc ion (Zn2+), copper

II) ion (Cu2+), and ferric ion (Fe3+) were added to the chitosan
olution to form chitosan–metal complexes because both hydroxyl
roups ( OH) and amine ( NH2) groups on the chitosan skeleton
re good ligands for coordination with the metal ions. Coordi-
ation with the metal ions should result in weakening of the
ovalent bonds near the coordinating site resulting in weak points
n the chitosan chain promoting the depolymerization reaction.

 viscometric method and liquid chromatography were used to
nvestigate the depolymerization process of chitosan. Any changes
n the chemical structures and crystallinity of the depolymerized
roducts were characterized by Fourier transform infrared (FTIR)
pectroscopy and wide angle X-ray diffraction (WAXD) analysis,
espectively. The molecular mass and degree of polymerization
DP) of the depolymerized chitosan were determined using mass
pectrometry (MS).

. Experimental

.1. Materials

Chitosan was prepared from the shells of Metapenaeus dobsoni
hrimp, which were provided by Surapon Foods Public Co., Ltd.
Thailand). Acetonitrile (CH3CN), glacial acetic acid (CH3COOH),
ydrochloric acid (HCl), and sodium hydroxide (NaOH) pellets
ere purchased from RCI Labscan Limited (Thailand). A 50%

w/v) NaOH solution was supplied by the Chemical Enterprise
o., Ltd. (Thailand). Silver nitrate (AgNO3) was  purchased from
isher Scientific (UK). Zinc nitrate hexahydrate (Zn(NO3)2·6H2O)
nd copper (II) sulfate pentahydrate (CuSO4·5H2O) were provided
y Ajax Finechem Pty Ltd. (Australia). Ferric chloride hexahydrate
FeCl3·6H2O) and d-glucosamine hydrochloride (GlcN·HCl), which
ere used as a standard in the high performance liquid chromatog-

aphy (HPLC), as well as high-purity distilled water, which was used
s a solvent in the MS  analysis, were supplied by Sigma–Aldrich
USA). Sodium borohydride (NaBH4) was obtained from Carlo Erba
eagenti (Italy).

.2. Preparation of chitosan from shrimp shells

M.  dobsoni shrimp shells were cleaned and dried under sunlight
rior to grinding them into small pieces. The ground shrimp shells
ere immersed in a 1 M HCl solution for 2 days with occasional

tirring and were washed with distilled water until neutral. The
emineralized shrimp shell chips were soaked in a 4% (w/v) NaOH
olution at 80 ◦C for 4 h, followed by excessive washing with dis-
illed water. The deproteinized product, or chitin, was  subsequently
eacetylated by heating in a 50% (w/v) NaOH solution containing
.5 wt.% NaBH4 in an autoclave at 110 ◦C for 75 min. After deacety-

ation, the chitosan flakes were washed with distilled water until
eutral and were dried at 60 ◦C. The deacetylation step was per-

ormed twice to obtain chitosan with a high degree of deacetylation
%DD) (i.e., 90%), as determined by the FTIR technique reported by
axter, Zivanovic, & Weiss (2005). A solid-to-liquid ratio used in the
ecalcification, the deproteinization, and the deacetylation steps
as maintained at 1:10.

.3. Solution plasma experiment
An aqueous solution of chitosan used in the solution plasma
xperiment was prepared by dissolving chitosan platelets in a
% (w/v) CH3COOH solution at a chitosan concentration of 0.5%
te Polymers 102 (2014) 504– 512 505

(w/v). For the solution plasma experiment with metal complex-
ation, AgNO3, Zn(NO3)2, Cu(SO4), or FeCl3 was  dissolved in a 1%
(w/v) acetic acid solution prior to dropwise addition to the chi-
tosan solution with constant stirring at a metal-to-chitosan molar
ratio of 1:8 and a final chitosan concentration of 0.5% (w/v). The
solution mixture was  maintained at room temperature (30 ◦C) for
5 h with constant stirring. Next, the chitosan solution either with or
without complexation with metal ions was poured into the reaction
vessel, which was  a 100 mL  beaker connected to two tungsten elec-
trodes with a diameter of 1 mm.  The solution plasma system used
in this study has been described by Saito, Hieda, & Takai, 2009,
Pootawang, Saito, & Takai (2011a), and Prasertsung et al. (2012).
The operation parameters were maintained at an applied voltage
of 1.44 kV, a pulse frequency of 15 Hz, a pulse width of 2.0 �s, and
a gap distance of 1 mm.  The reaction temperature during plasma
treatment was  approximately 80 ◦C. To determine the efficiency of
the solution plasma technique for the depolymerization of chitosan,
the acid hydrolysis of an aqueous chitosan solution in a 1% (w/v)
CH3COOH solution either with or without metal complexation at a
reaction temperature of 80 ◦C served as a control.

2.4. Separation and purification of depolymerized products

An aqueous solution of chitosan sample after the depolymeriza-
tion via both acid hydrolysis and solution plasma treatment either
with or without metal complexation at different reaction times
was collected prior to adjusting the solution pH to approximately
7 using a 5 M NaOH solution. The neutralized chitosan solution
was maintained overnight at 4 ◦C for complete precipitation of
the water-insoluble chitosan fraction (Choi et al., 2002). Then, the
precipitate was removed by centrifugation at 8500 rpm at 4 ◦C for
20 min. The obtained supernatant was  further mixed with an equal
volume of acetone to yield a second precipitate, which is the water-
soluble chitosan fraction (Choi et al., 2002; Prasertsung et al., 2012).
The solution mixture was  maintained overnight at 4 ◦C, and the sec-
ond precipitate was collected by centrifugation at 8500 rpm at 4 ◦C
for 20 min. After drying at 40 ◦C overnight, the water-insoluble and
water-soluble chitosan fractions were weighed and used to calcu-
late the percentage of water-insoluble and water-soluble chitosan
fractions as well as the total yield percentage as follows:

Water-insoluble chitosan (%) = Wi

Wo
× 100 (1)

Water-soluble chitosan (%) = Ws

Wo
× 100 (2)

Total yield (%) = Wi + Ws

Wo
× 100 (3)

where Wi is the mass of the water-insoluble chitosan fraction after
depolymerization, Ws is the mass of the water-soluble chitosan
fraction after depolymerization, and Wo is the initial mass of chi-
tosan in the acetic acid solution.

2.5. Analytical methods and measurements

As a preliminarily study of the depolymerization of chitosan,
the viscosity of the chitosan solution was  measured as a function
of the reaction time with a Cannon-Ubbelohde viscometer (Cannon
Instrument Co., J758). The viscometer was  filled with a test sample

and then equilibrated in a water bath at 25 ◦C. Then, the test solu-
tion was  passed through the capillary once before measuring the
running times at least in triplicate for each test sample. The run-
ning times of the solvent (i.e., a 1%, w/v, CH3COOH solution) and the
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Fig. 1. Changes in the relative viscosity of chitosan samples after depolymerization
via  acid hydrolysis (a) without metal complexation, with complexation with (b) Ag+,
(c)  Zn2+, (d) Cu2+, and (e) Fe3+ and (f) via a solution plasma technique without metal
06 O. Pornsunthorntawee et al. / Carbo

ample solution were used to calculate the relative viscosity (�rel)
rom the following equation:

rel = t

to
(4)

here t is the running time of the sample solution, to is the running
ime of the solvent.

Next, the viscosity reduction percentage was calculated from
he following equation to determine the depolymerization of chi-
osan via acid hydrolysis or the solution plasma technique with and
ithout metal complexation.

iscosity reduction (%) = Vt

Vo
× 100 (5)

here Vo is the viscosity of the initial chitosan solution and Vt is the
iscosity of the depolymerized chitosan solution at reaction time t.

FTIR spectroscopy (Thermo Nicolet Nexus, 670) was  used to
etect any changes in the chemical structure of the chitosan sam-
le after depolymerization via either acid hydrolysis or the solution
lasma technique. All of the ATR-FTIR spectra were collected using
4 scans in the range of 4000–400 cm−1 at a resolution of 4 cm−1

ith a correction for atmospheric carbon dioxide (CO2).
The crystalline structure of chitosan both before and after

epolymerization was characterized using an X-ray diffractome-
er (Bruker AXS, D8 advance) operated with a Cu K� X-ray source.
he WAXD analysis was performed in a continuous mode with a
can rate of 1◦ min−1 covering a scanning angle (2�) of 5–80◦.

Gel permeation chromatography (GPC) was used to determine
ny changes in the average molecular weight of the chitosan sam-
les at different reaction times. The chitosan sample was  filtered
hrough a nylon 66 membrane with a pore size of 0.45 �m (Mil-
ipore, USA) prior to injection into the GPC instrument (Waters,

ater 600E) equipped with an refractive index (RI) detector using
n ultrahydrogel linear column (molecular weight resolving range
f 1.0 × 103–2.0 × 107 Da). The eluent used in the GPC analysis was
n acetate buffer at pH 4.0 (a mixture of 0.5 M CH3COOH and 0.5 M
odium acetate, CH3COONa). The sample injection volume was
0 �L, and the flow rate of the mobile phase was  maintained at
.6 mL  min−1. The GPC analysis was performed at a chitosan con-
entration of 2 mg  mL−1 at 30 ◦C. Pullulans with a molecular weight
n the range of 5.90 × 103–7.08 × 105 Da were used as standard
amples.

The main components in the water-soluble depolymerized chi-
osan product were further analyzed using a high performance
iquid chromatograph (HPLC) (an Alltech 580 autosampler, an All-
ech 626 HPLC pump, and a LiChrospher® 100 NH2 column) with
n evaporative light scattering detector (ELSD) (Alltech, 2000ES).
he mobile phase solution was an isocratic system containing 70%
H3CN and 30% deionized water. The flow rate of the mobile phase
as maintained at 0.8 mL  min−1, and the sample injection volume
as 50 �L. The ELSD drift tube temperature was  90 ◦C, and the
ebulizer flow rate was 2.2 L min−1.

Both the molecular mass and degree of polymerization (DP) of
he extracted water-soluble depolymerized chitosan products (the
econd precipitate discussed in Section 2.4) was measured using
n electrospray ionization-mass spectrometer (ESI-MS) (Bruker,
icroTOF II) operated in the positive mode. The test sample was

repared by re-dissolving the extracted water-soluble chitosan
raction in highly purified distilled water at a concentration of

 mg mL−1 prior to dilution to 104 times. The diluted sample solu-
ion was injected into the ESI-MS equipment using a syringe at
n injection flow rate of 0.8 �L mL−1. The analysis conditions were

aintained at a drying gas temperature of 180 ◦C, a drying gas flow

ate of 4.0 L min−1, a nebulizer gas pressure of 0.2 bar, a capillary
oltage of 4.5 kV, and a skimmer voltage of 30 V. The molecular
ass of the test sample was scanned in a mass-to-charge ratio (m/z)
complexation and with complexation with (g) Ag+, (h) Zn2+, (i) Cu2+, and (j) Fe3+ in
a  1% (w/v) CH3COOH solution either with or without the solution plasma technique
at a metal-to-chitosan molar ratio of 1:8 as a function of reaction time.

range of 50–5000. All of the equipment used in the ESI-MS sample
preparation was cleaned with CH3CN prior to use.

To quantify the amount of remaining metal ions in the
water-soluble depolymerized chitosan fraction, atomic absorption
spectrophotometry (AAS) (Varian, AA280FS) was performed. The
remaining metal percentage was calculated using the following
equation:

Remaining metal (%) = remaining metal concentration
initial metal concentration

× 100.

(6)

3. Results and discussion

As a preliminarily investigation of the depolymerization pro-
cess of the chitosan sample, the viscosity of the chitosan solution
at a concentration of 0.1 mg  mL−1 was measured as a function of
reaction time. As shown in Fig. 1, the solution viscosity slightly
decreased as the reaction time increased for the acid hydrolysis
of chitosan with and without metal complexation in a 1% (w/v)
CH3COOH solution. When the corresponding chitosan solution was
plasma-treated, the solution viscosity rapidly decreased as the
reaction time increased from 0 min  to 90 min  before beginning to
level off at reaction times longer than 90 min. These results implied
that the depolymerization process was  enhanced with the solution
plasma treatment. In addition, the complexation between chitosan
and various types of metal ions affected the depolymerization pro-
cess. The addition of either Ag+ or Zn2+ to the chitosan solution
exhibited a negligible effect on the viscosity reduction because the
viscosity reduction profiles of the chitosan solution after complexa-
tion with these two  metal ions were similar to that in the absence of
metal ions. Meanwhile, the viscosity of the chitosan solution sub-
stantially decreased after complexation with Cu2+ or Fe3+. From
Fig. 1, the viscosity reduction percentage of the chitosan solution
after the addition of Cu2+ for acid hydrolysis without plasma treat-
ment decreased more than that with the other metal ions and
without metal complexation and either Cu2+ or Fe3+ under plasma

treatment dramatically decreased as the reaction time increased
from 0 min  to 45 min  before remaining constant at reaction times
longer than 45 min. These results suggested that, regardless of
the depolymerization methods (i.e., acid hydrolysis and solution
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Fig. 2. FTIR spectra of the chitosan sample (a) before and after depolymerization via
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b)  acid hydrolysis and solution plasma technique (c) without metal complexation
nd with complexation with (d) Ag+, (e) Zn2+, (f) Cu2+, and (g) Fe3+ at a metal-to-
hitosan molar ratio of 1:8 and a reaction time of 2 h.

lasma treatment), the types of added metal ions play an impor-
ant role in the depolymerization reaction of chitosan, which may
e due to a difference in the affinities of chitosan toward different
ypes of metal ions. The results suggested that the chitosan sam-
le should form a stronger complex with Cu2+ and Fe3+ than Zn2+

nd Ag+ (Varma, Deshpande, & Kennedy, 2004), resulting in a larger
ecrease in the molecular weight.

Due to the negligible effect of the viscosity reduction due to
cid hydrolysis and acid hydrolysis with metal complexation, this
tudy will focus on the depolymerization of chitosan–metal com-
lexes via plasma solution to obtain low molecular weight chitosan
roducts and/or chitosan oligomers compared to the chitosan prod-
cts obtained from acid hydrolysis and solution plasma treatment
ithout metal complexation.

Changes in the color of the chitosan solution during acid hydrol-
sis and solution plasma treatment either with or without metal
omplexation were also visually observed. The chitosan solution
emained colorless and transparent during acid hydrolysis in a 1%
w/v) CH3COOH solution over the studied reaction time. When
he chitosan solution was plasma-treated either in the presence
r absence of metal ions, the color of the chitosan solution changed
rom colorless to pale yellow and then to brown or dark brown as
he reaction time increased from 0 min  to 180 min. In addition, the
olor of the metal ions could interfere with the color of the chi-
osan solution. For examples, the addition of Cu2+ provided a pale
luish green color to the initial chitosan solution while the addition
f Fe3+ resulted in an orange chitosan solution. A dark yellow to
rown chitosan solution was obtained during the solution plasma
reatment after complexation with Ag+. Because Ag+ can be easily
educed after plasma discharge to form Ag particles (Pootawang,
aito, & Takai, 2011b), the Ag particles generated in the system may
e responsible for the color of the plasma-treated chitosan solution
eing the darkest among those obtained under other conditions.

FTIR spectroscopy was used to investigate the changes in the
hemical structure of the chitosan sample after the depolymer-
zation process. As shown in Fig. 2a, the FTIR spectrum of the
nitial chitosan exhibited characteristic peaks located at approxi-

ately 3450 cm−1, 1650 cm−1, and 1550 cm−1, which correspond
o the stretching vibrations of the hydroxyl group ( OH), amide I
 NH2), and amide II ( NH), respectively, in the chemical struc-
ure of chitosan (Chen, Wu,  & Zeng, 2005; Wang, Du, & Liu, 2004).
fter depolymerization via acid hydrolysis or solution plasma treat-
ent both with and without metal complexation, these three
te Polymers 102 (2014) 504– 512 507

characteristic peaks remained in the FTIR spectra of the depolymer-
ized products (see Fig. 2b–g). Because no additional characteristic
peak were observed in the FTIR spectra of the depolymerized
products, the studied depolymerization techniques (i.e., both acid
hydrolysis and solution plasma treatment either with or with-
out metal complexation) did not chemically modify the chitosan
structure during the depolymerization process. However, in the
presence of metal ions, the three characteristic peaks in the FTIR
spectra of the depolymerized products gradually shifted to lower
wavenumbers, which indicates that both OH and NH2 groups
in the chemical structure of chitosan may  be involved in metal
complexation (see Fig. 2d–g). Fig. 3 shows the possible interac-
tions between chitosan and the metal ions as well as the proposed
depolymerization mechanism of chitosan via metal complexation.
Chitosan was able to form a stable complex with the added metal
ions via interactions with the OH and NH2 groups in the chitosan
structure (Wang, Du, & Liu, 2004). As shown in Fig. 3, the hydroxyl
radicals generated by the plasma reacted with the NH2 groups
of chitosan leading to the breakage of the ˇ-1,4-glycosidic linkage
(Prasertsung et al., 2012). The polymeric chain scissions at the ˇ-
1,4-glycosidic linkage decreased the molecular weight of chitosan
(Chang, Tai, & Cheng, 2001).

It has been proposed that the formation of the chitosan–metal
complex via the interaction of the OH and NH2 groups on the chi-
tosan skeleton may  lead to a weakened bond near the coordinating
site, consequently providing weak points on the chitosan chain for
the depolymerization (Yin et al., 2004). Because the polymeric chi-
tosan chain in the complex was broken easier than that of chitosan
itself, the depolymerization of chitosan could be enhanced after
metal complexation (Yin et al., 2004). Furthermore, the added metal
ions were capable of affecting the reaction during the depolymer-
ization of chitosan, especially in the oxidative depolymerization.
Yin et al. (2004) suggested that Cu2+ in the chitosan solution formed
a complex with chitosan and catalyzed the decomposition of hydro-
gen peroxide (H2O2) in the system, which acted as an initiator
for the depolymerization reaction. In addition, the chitosan–metal
complex exhibited a lower crystallinity than the chitosan itself,
resulting in better accessibility to the reactants and better reactivity
(Yin et al., 2004).

Fig. 4 shows the WAXD patterns of chitosan and the depolymer-
ized chitosan products after acid hydrolysis and solution plasma
treatment either with or without metal complexation. Prior to the
depolymerization process (see Fig. 4a), the WAXD pattern exhib-
ited two major characteristic diffraction peaks at a 2� of 10◦ and
20◦, which correspond to the semi-crystalline structure of chitosan
(Kisku & Swain, 2012; Kumar & Koh, 2012; Wang, Du, & Liu, 2004;
Yue, Yao, & Wei, 2009). After depolymerization via acid hydrolysis
or the solution plasma technique, the diffraction peak located at a
2� of 10◦ disappeared while the peak located at a 2� of 20◦ became
broader (see Fig. 4b and c), suggesting that the crystalline region of
the chitosan sample was  disrupted during the depolymerization.
When the solution plasma treatment was applied in combination
with metal complexation, the diffraction peak at 2� equal to 10◦

in the WAXD patterns of the depolymerized chitosan products still
disappeared but the peak at a 2� of 20◦ was  much broader with
a much lower peak intensity, especially for those after complexa-
tion with Cu2+ and Fe3+ (see Fig. 4d–f). The results indicated that
the solution plasma treatment of the chitosan–metal complexes
could disrupt the crystalline structure of the chitosan sample more
than acid hydrolysis and the solution plasma treatment without
metal complexation. Interestingly, it was also observed that, after
the chitosan–Ag+ complex was plasma-treated, the WAXD patterns

of the depolymerized product exhibited sharp and intense charac-
teristic diffraction peaks of Ag particles at 2� of approximately 40◦,
45◦, 65◦, and 78◦ corresponding to the (1 1 1), (2 0 0), (2 2 0), and
(3 1 1) planes of the Ag crystals, respectively (Mandal et al., 2005;
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Fig. 3. Possible interactions between metal ions and chitosan during the form

ootawang, Saito, & Takai, 2011b; Shameli et al., 2012). Therefore,
he results of the WAXD analysis also confirmed the formation of
g particles in the system during the solution plasma treatment of

he chitosan solution after complexation with Ag+.
Table 1 shows the changes in the weight average molecular

eight (M̄w) and polydispersity index (PDI) of the chitosan sample
uring depolymerization via acid hydrolysis and solution plasma
reatment either with or without metal complexation as a func-
ion of the reaction time. From the GPC analysis, the molecular
eight of the initial chitosan was determined to be in the range of

05–106 Da. As shown in Table 1, after acid hydrolysis in a 1% (w/v)
H3COOH solution for 180 min, the molecular weight of the chi-
osan sample slightly decreased from its initial value to 104–105 Da.
owever, when the solution plasma treatment was  employed for
epolymerization, the molecular weight of chitosan substantially

ecreased to approximately 103–104 Da. Therefore, the depolymer-

zed products obtained from the solution plasma treatment could
e identified as LMWC  (molecular weight in the range of 5–20 kDa)

ig. 4. WAXD patterns of the chitosan sample (a) before and after depolymer-
zation via (b) acid hydrolysis and solution plasma technique (c) without metal
omplexation and with complexation with (d) Ag+, (e) Zn2+, (f) Cu2+, and (g) Fe3+

t a metal-to-chitosan molar ratio of 1:8 and a reaction time of 2 h.
 of the chitosan–metal complex and proposed depolymerization mechanism.

(Harish, Prashanth, & Tharanathan, 2007). Our results are consis-
tent with those reported by Prasertsung et al. (2012), who  found
that the solution plasma technique was a potential method for the
preparation of LMWC  via the depolymerization of chitosan.

The results of the GPC analysis further revealed that the
addition of either Ag+ or Zn2+ to the chitosan solution slightly
affected the depolymerization reaction because the molecular
weight of the obtained products did not significantly vary from
that obtained from the solution plasma treatment without metal
complexation (see Table 1). As the Cu2+ or Fe3+ was added to
the chitosan solution, the depolymerization reaction was dramati-
cally enhanced. As shown in Table 1, the weight average molecular
weight of the depolymerized chitosan products was  measured to
be approximately 103 Da for the chitosan–Cu2+ complex, which
was considered to be in the range of chitosan oligomers (molec-
ular weight less than 5 kDa) (Harish, Prashanth, & Tharanathan,
2007). A stronger promoting effect from the addition of Cu2+ or
Fe3+ on the depolymerization reaction of chitosan may  be due to
the greater affinity of chitosan for these two metal ions and the
catalytic activities of both ions for the decomposition of H2O2 (i.e.,
Fenton reaction) (Chang, Tai, & Cheng, 2001; Tanioka et al., 1996)
generated in the system during the plasma discharge (Bláha et al.,
2011; Pootawang et al., 2011b; Prasertsung et al., 2012; Yin et al.,
2004). Therefore, a catalyzed decomposition reaction of H2O2 may
also be responsible for the decrease in the molecular weight of the
depolymerized products.

The depolymerization kinetics were analyzed based on the rela-
tionship between M̄w of the chitosan sample and the reaction time
as follows:

1
Mt

= 1
M0

+ kt

M
= 1

M0
+ k′t (7)

where Mt is M̄w of the chitosan sample at reaction time (t), M0 is
the initial M̄w of the chitosan sample, M is the molecular weight
of the chitosan monomer, k (min−1) or k′ (mol g−1 min−1) is the
depolymerization rate constant, and t is the reaction time (Chang,
Tai, & Cheng, 2001). Fig. 5 shows a linear relationship between the
inverse of the chitosan molecular weight and reaction time for the
initial stage of depolymerization (reaction time between 0 min
to 60 min). The k value of the depolymerization of chitosan via
the acid hydrolysis route was determined to be 2.42 × 10−3 min−1

while that obtained for the solution plasma treatment without

metal complexation was one order of magnitude higher (or approx-
imately 2.42 × 10−2 min−1). After complexation with Ag+, Zn2+,
Cu2+, and Fe3+, the k values were calculated to be 2.47 × 10−2 min−1,
4.83 × 10−2 min−1, 1.10 × 10−1 min−1, and 8.83 × 10−2 min−1,
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Table  1
Weight average molecular weight (M̄w) and polydispersity index (PDI) of a chitosan sample after depolymerization via acid hydrolysis and solution plasma technique in a 1%
(w/v)  CH3COOH solution without metal complexation and with complexation with Ag+, Zn2+, Cu2+, and Fe3+ at a metal-to-chitosan molar ratio of 1:8 and different reaction
time  intervals.

Reaction time (min) Molecular weight (Da)/PDI

Acid hydrolysis Solution plasma Solution plasma with metal complexation

Ag+ Zn2+ Cu2+ Fe3+

0 1.1 × 106a (4.1)b 1.1 × 106 (4.1) 1.1 × 106 (4.1) 1.1 × 106 (4.1) 1.1 × 106 (4.1) 1.1 × 106 (4.1)
15  8.3 × 105 (5.0) 4.3 × 105 (5.4) 7.1 × 105 (5.3) 2.0 × 105 (3.3) 1.3 × 105 (3.2) 1.5 × 105 (4.1)
30  7.9 × 105 (4.3) 2.0 × 105 (5.3) 1.8 × 105 (4.9) 7.0 × 104 (3.3) 7.0 × 104 (3.0) 6.4 × 104 (4.1)
60  5.5 × 105 (6.2) 1.0 × 105 (4.4) 9.5 × 104 (4.1) 6.0 × 104 (3.6) 2.2 × 104 (2.1) 2.9 × 104 (3.6)

120  6.4 × 105 (5.0) 4.8 × 104 (5.7) 1.6 × 105 (10.5) 2.6 × 104 (3.9) 6.2 × 103 (2.4) 1.4 × 104 (2.9)
180  2.3 × 105 (2.6) 1.8 × 104 (3.7) 1.4 × 104 (3.2) 1.0 × 104 (2.7) 1.9 × 103 (1.4) 3.6 × 104 (21.8)

a Reported values are M̄w of the chitosan sample after depolymerization.
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b Reported values in parentheses indicate the PDI of the chitosan sample after de

espectively. Based on the calculated k, the order of the depoly-
erization reactions of chitosan sample was  determined to

e Cu2+ (1.10 × 10−1 min−1) ∼ Fe3+ (8.83 × 10−2 min−1)≫ Zn2+

4.83 × 10−2 min−1) ∼ Ag+ (2.47 × 10−2 min−1) ∼ solution plasma
ithout metal complexation (2.42 × 10−2 min−1)≫ acid hydroly-

is (2.42 × 10−3 min−1) ∼ acid hydrolysis with metal complexation
data not shown). Therefore, our results indicate that the solution
lasma treatment with metal complexation, especially with Cu2+

nd Fe3+, is an effective method for the depolymerization of
hitosan. In addition, the calculated k of the chitosan depolymer-
zation via the solution plasma treatment with metal complexation
n this study was much higher than those previously reported
n the literature. For example, based on the work of Ilyina et al.
2000), the k value of the enzymatic depolymerization of chitosan
as in the range of 10−5–10−4 min−1 (i.e., approximately 2–3

rders of magnitude lower than that of our results). In another
tudy (Chang, Tai, & Cheng, 2001), the k value of the chitosan
epolymerization in the presence of H2O2 was  reported to be in
he range of 4.2 × 10−4 min−1–7.1 × 10−4 min−1.

To further investigate the potential use of the solution plasma
reatment for the depolymerization of chitosan, the depolymerized

roducts (i.e., the water-insoluble or water-soluble products) were
ubsequently separated from the chitosan solution at different
eaction times. Fig. 6 shows the percentage of the water-insoluble

ig. 5. Linear relationship between the inverse of the molecular weight (1/Mt ) and
he  degradation time (t) for the initial stage of depolymerization of the chitosan
ample after acid hydrolysis and solution plasma treatment either without metal
omplexation or with complexation with Ag+, Zn2+, Cu2+, and Fe3+ at a metal-to-
hitosan molar ratio of 1:8 and different reaction time intervals.
erization.

and water-soluble fractions as well as the total yield percentages
as a function of reaction time. At each of the studied reaction times,
a majority of the depolymerized chitosan product obtained from
the conventional acid hydrolysis route was water-insoluble. This
result indicated that the acid-depolymerized chitosan products still
possessed a molecular weight that was too high to be dissolved
in an aqueous solution at neutral pH. However, the depoly-
merized chitosan products obtained from the solution plasma
treatment either with or without metal complexation contained
both water-insoluble and water-soluble fractions as the reaction
time increased beyond 120 min. As shown in Fig. 6, the highest
water-soluble chitosan fraction was  57%, which was obtained with
the solution plasma treatment in combination with Fe3+ complex-
ation was used for the depolymerization with a reaction time of
180 min  (which was comparable to that obtained from the solu-
tion plasma treatment in combination with Cu2+ complexation
at the same reaction time (i.e., approximately 51%)). The addi-
tion of Ag+ and Zn2+ to the chitosan solution slightly enhanced
the depolymerization process because the percentages of water-
insoluble and water-soluble depolymerized chitosan fractions
were similar to those obtained from the solution plasma treat-
ment in the absence of metal complexation. Therefore, the order
of the efficiency of the depolymerization of the chitosan sample
was determined to be Cu2+ ∼ Fe3+≫ Zn2+ ∼ Ag+ ∼ solution plasma
without metal complexation≫ acid hydrolysis. This result is also
consistent with the calculated rate constant of the depolymeriza-
tion reaction of the chitosan sample. According to the literature
(Choi et al., 2002; Prasertsung et al., 2012), the water-soluble
depolymerized chitosan fraction was  expected to be the chitosan
oligomers.

The HPLC-ELSD technique was subsequently used to analyze the
components in the water-soluble depolymerized chitosan prod-
ucts. Obviously, the HPLC-ELSD chromatogram (figure not shown)
of commercial GlcN exhibited a main peak at a retention time of
approximately 6.9 min. This GlcN peak at the same retention time
was also observed in the HPLC-ELSD chromatograms of all of the
testes water-soluble depolymerized chitosan products. However,
another peak was  observed in the HPLC-ELSD chromatograms of
the water-soluble fractions at a longer retention time of approxi-
mately 7.9 min, which mostly likely corresponds to the presence of
chitosan oligomers in the test samples.

To verify the presence of chitosan oligomers in the water-
soluble depolymerized chitosan products, ESI-MS analysis was
performed. In the current study, because the MS  analysis was oper-

ated in the positive ESI mode, positively charged molecules were
observed. Fig. 7 shows the ESI-MS spectra of the water-soluble
depolymerized chitosan products obtained from the solution
plasma treatment either without or with metal complexation. All
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Fig. 6. Percentage of water-insoluble chitosan, water-soluble chitosan, and total yield of depolymerized products obtained from (a) acid hydrolysis and solution plasma
t n and
m

o
a
l
t
o
o
[
t
p
i

reatment of chitosan in a 1% (w/v) CH3COOH solution (c) without metal complexatio
olar  ratio of 1:8 and different reaction time intervals.

f the ESI-MS spectra exhibited three dominant peaks located at
n m/z  ratio of approximately 381, 425, and 543, which are most
ikely due to the cluster ions of the GlcN monomer [2(GlcN)+Na+],
he CH3CN adduct of the dimer containing one GlcN unit and
ne GlcNAc unit [GlcN-GlcNAc+CH3CN+H+], and the proton adduct
f the trimer containing two GlcN units and one GlcNAc unit

+
2(GlcN)-GlcNAc+H ]. Therefore, the ESI-MS results indicated that
he water-soluble depolymerized chitosan products were com-
osed of GlcN monomers as well as chitosan oligomers with DP

n the range of 2–3.
 with complexation with (d) Ag+, (e) Zn2+, (f) Cu2+, and (g) Fe3+ at a metal-to-chitosan

AAS analysis was  performed to quantify the amount of the
added metals remaining in the water-soluble depolymerized chi-
tosan fraction because the remaining metals could potentially
affect the end-use of the chitosan oligomer products. The AAS
results indicated that all of the added metals remaining in the
water-soluble depolymerized chitosan products obtained from the

+ 2+
solution plasma treatment after complexation with Ag , Zn ,
Cu2+, and Fe3+ were very low (i.e., 6.87 ± 0.03 ppm (1.16 ± 0.01%),
38.99 ± 0.25 ppm (3.75 ± 0.02%), 8.07 ± 0.03 ppm (0.93 ± 0.00%)
and 0.35 ± 0.01 ppm (0.04 ± 0.00%), respectively) indicating that
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Fig. 7. ESI-MS spectra of the water-soluble depolymerized chitosan products obtained from the solution plasma technique (a) without metal complexation and with
complexation with (b) Ag+, (c) Zn2+, (d) Cu2+, and (e) Fe3+ at a metal-to-chitosan molar ratio of 1:8 and a reaction time of 180 min. All of the spectra exhibited three main
peaks  at an m/z of approximately 381 [2(GlcN)+Na+], 425 [GlcN-GlcNAc+CH3CN+H+] and 543 [2(GlcN)-GlcNAc+H+].
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ost of the added metals were removed during the separation and
urification step.

. Conclusions

In comparison to conventional acid hydrolysis, chitosan was
ore effectively depolymerized by a solution plasma treatment.

he depolymerization of chitosan via the solution plasma technique
as further enhanced after the complexation of chitosan with
etal ions. However, the types of metal ions added to the chitosan

olution also played a crucial role in the depolymerization process
ue to a difference in the affinities of chitosan for the different metal

ons. Glucosamine and low-molecular-weight depolymerized chi-
osan products (i.e., approximately 103 Da), which is in the range of
hitosan oligomers, were obtained when the solution plasma was
pplied in combination with complexation with either Cu2+ or Fe3+.
n summary, the solution plasma technique in combination with
hitosan–metal complexation has the potential for use in large-
cale production of both LMWC  and chitosan oligomers with high
olymerization rates and yields of water-soluble depolymerized
roducts.
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Polyaniline synthesis with iron(III) chloride–hydrogen peroxide catalyst sys-
tem: Reaction course and polymer structure study. Synthetic Metals, 161,
1217–1225.

hang, K. L. B., Tai, M.  C., & Cheng, F. H. (2001). Kinetics and products of the degrada-
tion  of chitosan by hydrogen peroxide. Journal of Agricultural and Food Chemistry,
49,  4845–4851.

hen, S., Wu,  G., & Zeng, H. (2005). Preparation of high antimicrobial activity thiourea
chitosan–Ag+ complex. Carbohydrate Polymers, 60,  33–38.

hoi, W.  S., Ahn, K. J., Lee, D. W.,  Byun, M.  W.,  & Park, H. J. (2002). Preparation of chi-
tosan oligomers by irradiation. Polymer Degradation and Stability, 78,  533–538.

ernandes, J. C., Tavaria, F. K., Soares, J. C., Ramos, Ó. S., Monteiro, M.  J., Pintado,
M.  E., et al. (2008). Antimicrobial effects of chitosans and chitooligosaccharides,

upon Staphylococcus aureus and Escherichia coli, in food model systems. Food
Microbiology,  25,  922–928.

arish Prashanth, K. V., & Tharanathan, R. N. (2007). Chitin/chitosan: Modifications
and  their unlimited application potential – An overview. Trends in Food Science
&  Technology, 18,  117–131.
te Polymers 102 (2014) 504– 512

Ilyina, A. V., Tikhonov, V. E., Albulov, A. I., & Varlamov, V. P. (2000). Enzymic
preparation of acid-free-water-soluble chitosan. Process Biochemistry, 35,
563–568.

Jeon, Y.-J., Park, P.-J., & Kim, S.-K. (2001). Antimicrobial effect of chitooligosaccha-
rides produced by bioreactor. Carbohydrate Polymers, 44,  71–76.

Kendra, D. F., & Hadwiger, L. A. (1984). Characterization of the smallest chitosan
oligomer that is maximally antifungal to Fusarium solani and elicits pisatin for-
mation in Pisum sativum. Experimental Mycology, 8, 276–281.

Kisku, S. K., & Swain, S. K. (2012). Synthesis and characterization of chitosan/boron
nitride composites. Journal of the American Ceramic Society,  95,  2753–2757.

Klaikherd, A., Jayanta, M.  L. S., Boonjawat, J., Aiba, S., & Sukwattanasinitt, M. (2004).
Depolymerization of �-chitin to mono- and disaccharides by the serum frac-
tion from the para rubber tree, Hevea brasiliensis. Carbohydrate Research, 339,
2799–2804.

Kumar, S., & Koh, J. (2012). Physiochemical, optical and biological activity of
chitosan–chromone derivative for biomedical applications. International Journal
of  Molecular Sciences, 13,  6102–6116.

Liang, T.-W., Chen, Y.-J., Yen, Y.-H., & Wang, S.-L. (2007). The antitumor activity of the
hydrolysates of chitinous materials hydrolyzed by crude enzyme from Bacillus
amyloliquefaciens V656. Process Biochemistry, 42,  527–534.

Mandal, S., Arumugam, S. K., Pasricha, R., & Sastry, M. (2005). Silver nanoparticles of
variable morphology synthesized in aqueous foams as novel template. Bulletin
of  Materials Science, 28,  503–510.

Muzzarelli, R. A. A. (2009). Chitins and chitosans for the repair of wounded skin,
nerve, cartilage and bone. Carbohydrate Polymers, 76,  167–182.

Muzzarelli, R. A. A. (2010). Enhanced biochemical efficacy of oligomeric and partially
depolymerized chitosans. In F. Columbus (Ed.), Chitosan: Manufacture, properties
and usages.  Hauppauge, NY, USA: Nova Publ.

Muzzarelli, R. A. A., Stanic, V., & Ramos, V. (1999). Enzymatic depolymerization of
chitins and chitosans. In C. Bucke (Ed.), Methods in biotechnology: Carbohydrate
biotechnology protocols. Totowa: Humana Press.

Pootawang, P., Saito, N., & Takai, O. (2011a). Solution plasma for template removal
in mesoporous silica: pH and discharge time varying characteristics. Thin Solid
Films, 519, 7030–7035.

Pootawang, P., Saito, N., & Takai, O. (2011b). Ag nanoparticles incorporation in meso-
porous silica synthesized by solution plasma and their catalysis for oleic acid
hydrogenation. Materials Letters,  65,  1037–1040.

Prasertsung, I., Damrongsakkul, S., Terashima, C., Saito, N., & Takai, O.  (2012).
Preparation of low molecular weight of chitosan using solution plasma system.
Carbohydrate Polymers, 87,  2745–2749.

Qin, C., Zhou, B., Zeng, L., Zhang, Z., Liu, Y., Du, Y., & Xiao, L. (2004). The physico-
chemical properties and antitumor activity of cellulase-treated chitosan. Food
Chemistry,  84,  107–115.

Saito, N., Hieda, J., & Takai, O. (2009). Synthesis process of gold nanoparticles in
solution plasma. Thin Solid Films, 518, 912–917.

Shameli, K., Ahmad, M. B., Jazayeri, S. D., Sedaghat, S., Shabanzadeh, P., Jahangirian,
H.,  & Abdollahi, Y. (2012). Synthesis and characterization of polyethylene gly-
col  mediated silver nanoparticles by the green method. International Journal of
Molecular Sciences, 13,  6639–6650.

Tanioka, S., Matsui, Y., Irie, T., Tanigawa, T., Tanaka, Y., Shibata, H., & Kono, Y. (1996).
Oxidative depolymerization of chitosan by hydroxyl radical. Bioscience, Biotech-
nology and Biochemistry, 60,  2001–2004.

Toda, M.,  Shimoji, K., & Sasaki, J. (1987). Preparation of glucosamine derivatives
as  immunostimulants and antitumor agents. Eur Pat 226,381(1987). Chemical
Abstracts,  107, 237216.

Varma, A. J., Deshpande, S. V., & Kennedy, J. F. (2004). Metal complexation by chitosan
and its derivatives: A review. Carbohydrate Polymers, 55,  77–93.

Wang, X., Du, Y., & Liu, H. (2004). Preparation, characterization, and antimicrobial
activity of chitosan–Zn complex. Carbohydrate Polymers, 56,  21–26.

Watthanaphanit, A., & Saito, N. (2013). Effect of polymer concentration on the
depolymerization of sodium alginate by the solution plasma process. Polymer
Degradation and Stability, 98,  1072–1080.
Yin, X., Zhang, X., Lin, Q., Feng, Y., Yu, X., & Zhang, Q. (2004). Metal-coordinating
controlled oxidative degradation of chitosan and antioxidant activity of
chitosan–metal complex. ARKIVOC, ix, 66–78.

Yue, W.,  Yao, P., & Wei, Y. (2009). Influence of ultraviolet-irradiated oxygen on
depolymerization of chitosan. Polymer Degradation and Stability, 94,  851–858.

http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0005
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0005
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0005
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0005
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0005
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0005
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0005
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0005
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0005
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0005
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0005
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0005
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0005
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0005
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0005
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0005
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0005
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0005
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0010
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0020
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0025
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0025
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0025
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0025
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0025
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0025
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0025
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0025
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0025
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0025
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0025
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0025
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0025
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0025
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0025
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0025
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0025
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0025
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0025
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0030
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0030
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0030
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0030
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0030
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0030
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0030
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0030
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0030
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0030
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0030
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0030
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0030
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0030
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0030
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0030
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0030
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8035
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0045
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0045
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0045
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0045
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0045
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0045
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0045
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0045
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0045
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0045
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0045
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0045
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0045
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0050
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0050
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0050
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0050
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0050
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0050
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0050
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0050
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0050
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0050
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0050
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0050
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0050
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0050
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0050
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0050
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0055
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0060
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0060
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0060
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0060
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0060
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0060
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0060
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0060
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0060
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0060
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0060
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0060
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0060
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0060
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0060
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0060
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0060
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0060
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0060
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0065
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0070
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0075
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0085
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0090
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0095
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0100
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0105
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0110
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0115
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0115
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0115
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0115
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0115
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0115
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0115
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0115
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0115
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0115
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0115
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0115
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0115
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0115
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0115
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0115
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0115
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0115
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0115
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0120
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0120
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0120
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0120
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0120
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0120
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0120
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0120
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0120
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0120
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0120
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0120
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0120
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0120
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0120
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0120
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0120
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0120
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0130
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0135
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0135
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0135
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0135
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0135
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0135
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0135
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0135
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0135
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0135
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0135
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0135
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0135
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0135
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0135
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0135
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0135
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0135
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref8125
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0140
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0140
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0140
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0140
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0140
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0140
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0140
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0140
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0140
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0140
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0140
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0140
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0140
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0140
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0140
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0140
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0140
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0150
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0150
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0150
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0150
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0150
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0150
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0150
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0150
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0150
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0150
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0150
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0150
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0150
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0150
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0150
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0150
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0150
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0150
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0155
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0160
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0165
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0165
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0165
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0165
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0165
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0165
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0165
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0165
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0165
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0165
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0165
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0165
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0165
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0165
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0165
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0165
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0165
http://refhub.elsevier.com/S0144-8617(13)01165-X/sbref0165

	Depolymerization of chitosan–metal complexes via a solution plasma technique
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Preparation of chitosan from shrimp shells
	2.3 Solution plasma experiment
	2.4 Separation and purification of depolymerized products
	2.5 Analytical methods and measurements

	3 Results and discussion
	4 Conclusions
	Acknowledgments
	References


