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a  b  s  t  r  a  c  t

Superabsorbents  based  on carboxylated  cellulose  nanofibrils  (CCNFs)  and carboxymethyl  cellulose-g-
poly(acrylic  acid-co-acrylamide)  were  synthesized.  A series  of  experiments  were  performed  to  evaluate
the influence  of factors  such as  CCNFs  amount,  solution  pH,  temperature,  salt  solution  type and  concentra-
tion  on  the  swelling  behaviors  of  the  hydrogels.  The  water  uptake  of  the  hydrogels  strongly  depended  on
the CCNF  content,  the  swelling  capacity  in  distilled  water  increased  dramatically  from  245.8  to  458.7  g/g
eywords:
arboxylated cellulose nanofibrils
uperabsorbent nanocomposite hydrogels
EMPO-mediation oxidation
welling behaviors

with the  addition  of  CCNFs  up  to  2.5 wt%.  Furthermore,  the  incorporation  of  CCNFs  improved  salt  resis-
tance  properties  of  the  hydrogels  with  slower  deswelling  rate  and  higher  water  retention  capacity  at
deswelling  equilibrium.  Besides,  the  CCNF  nanocomposite  hydrogels  presented  better  responsive  behav-
ior in  relation  to pH  presence  and  showed  an  increase  in water  retention  capacity  at  various  temperatures.
Fourier  transform  infrared  spectroscopy  (FTIR)  and  scanning  electron  microscope  (SEM)  were  employed

 and  m
to  examine  the  structure

. Introduction

Superabsorbent hydrogels are high-performance water
bsorbent and retention materials with three-dimensional
etwork structures connected by chemical and/or physical
rosslinking (Bao, Ma,  & Li, 2011; Kuang, Yuk, & Huh, 2010; Umeda,
akade, & Kakuchi, 2011). They are able to absorb large amounts of
queous fluids in a relatively short time and can maintain a swollen
tate even under some pressure (Jin et al., 2011; Liu, Miao, Wang, &
in, 2009; Spagnol, Rodrigues, Neto, et al., 2012). Superabsorbents
an be prepared for a specific application, such as agriculture,
orticulture, hygienic products, wastewater treatment, as well as
rug delivery and water blocking tapes (Besemer, Verwilligen, &
hornton, 2012; Chang, Duan, Cai, & Zhang, 2010; Flautt, Priest,
totler, & Hager, 2009; Savich, Olson, & Clark, 2010; Wu,  Liu,

 Liang, 2008). Recently, a good strategy applied to produce
uperabsorbent materials relies on polysaccharide-based natural

olymers, such as cellulose, starch and chitosan (Güç lü et al.,
010; Spagnol et al., 2012a; Wang, Wang, Kang, & Wang, 2011),
hich could increase their biocompatibility, biodegradability,

Abbreviations: CCNFs,  carboxylated cellulose nanofibrils; CMC-g-p(AA-co-
M),  carboxymethyl cellulose-g-poly(acrylic acid-co-acrylamide); FTIR, Fourier
ransform infrared spectroscopy; SEM, scanning electron microscope; TEMPO,
,2,6,6-tetramethylpiperidine-1-oxyl radical; AA, acrylic acid; AM, acrylamide; APS,
mmonium persulfate; MBA, N,N′-methylenebisacrylamide; MCC, microcrystalline
ellulose; CNWs,  cellulose nanowhiskers.
∗ Corresponding author. Tel.: +86 20 87112453; fax: +86 20 22236078.

E-mail address: shyfu@scut.edu.cn (S. Fu).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.04.088
orphologies  of  the prepared  superabsorbent  hydrogels.
© 2013 Elsevier Ltd. All rights reserved.

water uptake capacity as well as decrease the toxicity. Cellulose,
the most abundant one, has been the subject of academic and
industrial studies for many decades (Marcı, Mele, Palmisano,
Pulito, & Sannino, 2006; Pan & Ragauskas, 2012; Sannino, Demitri,
& Madaghiele, 2009). However, the strong hydrogen bondings
(intermolecular and intramolecular) between the hydroxyl groups
along the chain backbone not only limit the water solubility
but also lead to the poor reactivity of cellulose. Carboxymethyl
cellulose (CMC) is a representative cellulose derivative, which
can be easily manufactured and the polar carboxyl groups on
the backbone render the cellulose soluble, chemically reactive
and strongly chelate. Thus the application of CMC  in adsorbent
fields becomes attractive and promising (Bao et al., 2011; Reeves,
Ribeiro, Lombardo, Boyer, & Leach, 2010).

Nanocomposites exhibit improved or even novel properties
when compared to micro- and macro-composites. Inherent advan-
tages of nanofillers and the strong interfacial interactions between
the dispersed nanofillers and the polymer matrix, lead to enhanced
mechanical, thermal and barrier properties, as well as swelling
and adsorption behavior of the virgin polymer (Hubbe, Rojas,
Lucia, & Sain, 2008). Carboxylated cellulose nanofibrils (CCNFs)
can be obtained when cellulose is treated by the combination
of 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated
oxidation and mechanical homogenate. TEMPO-mediated oxida-
tion induced the regioselective conversion of the primary hydroxyl

groups to carboxylate ones in aqueous media under mild con-
ditions. Subsequently, significant amounts of carboxylate and
aldehyde groups were introduced into native celluloses, maintain-
ing their fibrous morphologies (diameters of 20–40 nm and lengths

dx.doi.org/10.1016/j.carbpol.2013.04.088
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.04.088&domain=pdf
mailto:shyfu@scut.edu.cn
dx.doi.org/10.1016/j.carbpol.2013.04.088
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f 10–30 �m)  and crystallinities and having the ability to form
nteractions among the polymer matrix and the outer stimulus
Hirota, Tamura, Saito, & Isogai, 2009; Saito, Kimura, Nishiyama,

 Isogai, 2007; Isogai, Yanagisawa, & Isogai, 2009). Furthermore,
he inherent advantages of high mechanical strength and stiff-
ess, and excellent dispersion stability, allow the application of
CNF nanofillers for manufacturing superabsorbent composites
ith special performance (Fukuzumi, Saito, Iwata, Kumamoto, &

sogai, 2009; Li, Renneckar, & Barone, 2010).
Nanocomposites filled with acid-hydrolyzed cellulose nano-

brils or nanowhiskers have been reported to show unique
roperties that were distinctly different from the original ones
polymers without fillers) (Eichhorn, 2011; Spagnol et al., 2012b).
owever, the use of CCNFs (obtained from TEMPO-mediated
xidation) as reinforcement nanofillers in polymer matrix is
oorly explored. In present study, CCNFs were prepared and
sed as nanofillers in carboxymethyl cellulose-g-poly(acrylic acid-
o-acrylamide) hydrogel matrix to improve or even create new
roperties. The effects caused by the incorporation of CCNFs into
he hydrogel matrix on the water uptake capacity were evaluated.
he swelling and deswelling kinetics, as well as water retention at
arious pH, temperature and salt solutions were investigated.

. Experimental

.1. Materials

Acrylic acid (AA) and acrylamide (AM) were supplied by
ianjin Chemical Co., Ltd. (Tianjin, China). Ammonium per-
ulfate (APS), N,N′-methylenebisacrylamide (MBA) and 2,2,6,6-
etramethylpiperidine-1-oxyl radical (TEMPO) were obtained from
laddin Chemistry Co., Ltd. (Guangzhou, China). Sodium car-
oxymethyl cellulose (CMC), microcrystalline cellulose (MCC),
odium bromide and sodium hypochlorite solution were purchased
rom Shanghai Reagent Corp (Shanghai, China). All reagents were of
nalytical grade and used without further purification. The deion-
zed water was used throughout the work and the measured pH
alue of the water is around 6.9.

.2. Carboxylated cellulose nanofibrils (CCNFs)

CCNFs were prepared at two steps (Saito, Nishiyam, Putaux,
ignon, & Isogai, 2006). Firstly, 1 g MCC  (particles could pass

hrough 200 mesh sieve) was suspended in 100 mL  distilled water
ontaining TEMPO (0.1 mmol) and NaBr (1 mmol). The oxidation
rocess was started by adding 6% NaClO solution (5.0 mmol) under
entle agitation at room temperature. The pH was  maintained
t 10.5 by adding 0.5 M NaOH using a pH stat until no NaOH
onsumption was observed. Secondly, the oxidized cellulose was
ltrasonicated for 10 min  in an ice bath, using an ultrasonic homog-
nizer (JY92-IID, China) with an output power of 500 W.  The slurry
hus obtained was centrifuged several times (5000 rpm, 15 min)
nd dialyzed against distilled water until the pH reached 7. The
esultant product was lyophilized (−45 ◦C, 48 h) and stored before
urther analysis. The carboxylate content of the obtained CCNFs
as determined to be 0.94 mmol/g using an electric conductivity

itration method.

.3. Synthesis of CMC-g-p(AA-co-AM)/CCNFs nanocomposite
ydrogels

CMC  solution has been prepared by slow addition of weighted

mount of CMC  powder to distilled water in a 250 mL  three-necked
ask equipped with a mechanical stirrer, a reflux condenser and

 nitrogen line. The solution was heated to 60 ◦C, and after being
urged with N2 for 30 min, 0.15 g APS was added and kept for
ymers 97 (2013) 429– 435

5 min  to generate free radicals. After cooling the reactants to 40 ◦C,
the mixture of AA (monomer), AM (monomer), CCNFs (nanofillers)
and MBA  (crosslinker) were added to the flask. Then the temper-
ature was risen to 70 ◦C and maintained for 2 h to complete the
polymerization process (Bao et al., 2011; Wu,  Zhang, Liu, & Yao,
2012). The N2 atmosphere was maintained throughout the reac-
tion period. The reaction mixtures were then all transferred into a
glass straw with a diameter of 6 mm.  After waiting for 24 h for good
gelation at room temperature, cellulosic hydrogels were obtained.
The resultant product were deprotonated through the dropping of
dilute NaOH solution, and washed with large volumes of distilled
water several times until the solution pH was neutral, and then
extracted with acetone at room temperature for 24 h to dissolve the
homopolymer (Spagnol et al., 2012a; Wu  et al., 2012). The precipi-
tate was  dried to constant weight at 70 ◦C, gently manual milled in
an agate mortar (� = 60 mm,  obtained from Shanghai Reagent Corp,
China) and sifted through 20–80 mesh sieves for further experi-
ment. The control sample (CMC-g-p(AA-co-AM)), without adding
CCNFs, was  prepared according to the same procedures described
above.

2.4. Methods of characterization

The chemical structures were characterized using a Fourier
transform infrared spectrophotometer (FTIR, Bruker Vector 33),
operating in the range of 4000–400 cm−1, resolution of 4 cm−1. The
dried samples were blended with potassium bromide (KBr, opti-
cal grade) powder and pressed into small pellets before spectrum
acquisition. The morphology of the nanocomposite hydrogels were
evaluated through a scanning electron microscope (SEM, Quanta
200) system using an acceleration voltage of 3 kV. Prior to analysis,
the dried hydrogels were coated with gold using an Emitech K 550
Coater.

2.5. Swelling studies

The gravimetric method was employed to measure the swelling
behaviors of the hydrogel samples (CMC-g-p(AA-co-AM) and CMC-
g-p(AA-co-AM)/CCNFs) in the distilled water, salt solutions, and pH
solutions. For swelling kinetic, pre-weighted dried samples were
immersed in excessive distilled water or 0.9 wt% NaCl solutions
at room temperature to reach the swelling equilibrium. At pre-
determined time intervals, the hydrogel samples were taken out
from the aqueous solution by a 200-mesh cloth and weighed after
removing the excess water on the surfaces with wet filter paper. The
equilibrium water uptake was  calculated by the following equa-
tion:

Qeq = Ws − Wd

Wd
(1)

where Qeq (g/g) is the water absorbency per gram of dried sam-
ple, Wd (g) and Ws (g) are the mass of dried and swollen samples,
respectively.

To investigate the water absorbency in different salt solutions,
hydrogel samples were immersed in various saline solutions (NaCl,
CaCl2, and FeCl3) with different concentration at room tempera-
ture. All solutions presented constant ionic strength (I = 0.1 M), and
the swelling capability was determined according to the proce-
dures described previously.

To explore the water absorbency at various pH values, test solu-
tions with various acidic and basic pH values were prepared by

diluting aqueous NaOH (pH 13.0) and HCl (pH 1.0) solutions. The
ionic strength of the pH solutions was 0.1 M,  which was obtained by
adding an appropriate amount of NaCl. The measurement of water
absorbency was  the same as described previously.
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ig. 1. (a) Proposed reaction mechanism for the synthesis of superabsorbent nano
ydrogels, and (d) SEM images of hydrogels inner structure.

For deswelling kinetic, the pre-weighted swollen hydrogel sam-
les equilibrated in distilled water were immersed in 10 or 100 mM
aCl solution, and taken out at predetermined time intervals. For

he water retention at different temperatures, swollen samples
ere placed in an oven at 35 or 80 ◦C. The samples were weighed

very hour for 10 h. Both the percentage water retention (WR) was
efined as follows:

R  = Wi − Wd

Ws − Wd
(2)

here Wi is the weight of wet samples at time t. The other symbols
re the same as defined above.

. Results and discussion

.1. Mechanism of hydrogel formation

The superabsorbent nanocomposites were synthesized by graft
opolymerization of acrylic acid (AA), and acrylamide (AM) onto
arboxymethyl cellulose (CMC) in the presence of crosslinking
gents (MBA) and cellulose nanofibrils (CCNFs). Ammonium per-
ulfate (APS) was performed as a free radical initiator. The proposed
echanism for the chemically grafting and crosslinking reactions

re outlined in Fig. 1a. Firstly, the APS initiator is decomposed
nd generates sulfate anion-radicals under heating. The radicals
xtract hydrogen from the hydroxyl groups in the CMC, resulting
n the formation of some more active groups such as alkoxy radi-
als (Li et al., 2012). Then the monomer molecules, close to those
eaction sites, become acceptor of CMC  radicals resulting in propa-
ating a new polymeric chain and thereafter themselves become
ree radical donor to neighboring molecules, in this way a new

runch grows. During the chain propagation, the polymeric chains
ay  react synchronously with the end vinyl groups of the MBA, a

ross-linked structure can be formed (Bao et al., 2011; Pourjavadi,
ahromi, Seidi, & Salimi, 2010). The function of CCNFs in the
osites, macroscopic image of (b) dry and (c) swollen CMC-g-p(AA-co-AM)/CCNFs

polymerization reaction can be considered as a crosslinking agent
or a physical inhibitor to prevent the polymeric chains from grow-
ing (Spagnol et al., 2012a). The macroscopic image of dry (Fig. 1b)
and swollen (Fig. 1c) CMC-g-p(AA-co-AM)/CCNFs hydrogels in dis-
tilled water, and SEM image (Fig. 1d) of hydrogels inner structure
are also shown in Fig. 1. As can be seen the macroscopic morphology
is quite translucent, indicating the homogeneous-dispersed CCNFs
in the hydrogel matrix. The SEM images of nanocomposite hydro-
gels show interlaced and highly porous network. The reason maybe
that the incorporation of CCNFs into the hydrogel matrix reduces
the crosslinking dots on the polymeric chains and broaden the net-
work voids, which make the diffusion of liquids into the hydrogel
matrix easier and faster. This structure is convenient for the pen-
etration of water into the polymeric network, and then may be of
benefit to water absorbency of corresponding superabsorbent.

3.2. FTIR spectroscopy

Fig. 2 shows the FTIR spectra of CMC, CCNFs, CMC-g-p(AA-
co-AM) and CMC-g-p(AA-co-AM)/CCNF samples, respectively. The
spectra of CMC  and CCNFs are quite similar, both present charac-
teristic absorptions of cellulose structures, including the absorption
around 3400 cm−1 (hydroxyl stretch influenced by hydrogen bond-
ing), 2905 cm−1 (methylene), 1060 cm−1 (�-1,4-glycosidic bond)
and 1428 cm−1 (skeletal C C stretching vibrations in the aromatic
rings) (Wu et al., 2012). Besides, the absorption peaks around
1607 cm−1 are related to the carboxylate of both samples. Based
on the above FTIR data, it can be concluded that the TEMPO-
mediated oxidation does not affect the main chemical structure of
the CCNFs, but introduce carboxylate groups on its chains (Saito
et al., 2006). For CMC-g-p(AA-co-AM) hydrogels, some absorp-

tion peaks are changed as compared with CMC. The characteristic
bands at 1033–1162 cm−1 are obviously weakened after polymer-
ization which indicates the participation of hydroxyl groups of
CMC in chemical reaction. The absorption peak at 1670 cm−1 is
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ig. 2. FTIR spectra of CMC, CCNFs, CMC-g-p(AA-co-AM) and CMC-g-p(AA-co-
M)/CCNF hydrogels.

ssigned to carboxamide, causing by the superposition of C O
n amide I (1659 cm−1) and C O in COOH (1718 cm−1). Besides,
he band at 1552 cm−1 is due to C O asymmetric stretching in
arboxylate anion, and that is reconfirmed by peaks at 1456 and
408 cm−1 which is related to the symmetric stretching of the
arboxylate anion. The spectrum of CMC-g-p(AA-co-AM)/CCNFs
xhibits a similar pattern compared with CMC-g-p(AA-co-AM).
ll the characteristic peaks associated with carboxylate groups
ecome sharper after CCNF reinforcement, regarding to TEMPO-
ediated regioselective oxidation of the primary hydroxyl groups

o carboxylate ones of the cellulose nanofibrils, which con-
rm the nanocomposite formation. Therefore, the superabsorbent
anocomposites comprise a crosslinking structure of CCNFs and
MC  with side chains that carry AA and AM.

.3. Effect of CCNF content

Fig. 3 shows the effect of CCNF content on water absorbency of

MC-g-p(AA-co-AM)/CCNFs nanocomposite hydrogels. According
o the results, when 2.5 wt% of CCNFs was filled into the hydro-
el matrix the water uptake capacity received the maximum value.
his behavior can be attributed to two possible reasons. First, there

ig. 3. Effect of CCNF content on water uptake capacity of CMC-g-p(AA-co-
M)/CCNF hydrogels.
Fig. 4. Swelling kinetic curves of hydrogels (with and without CCNFs) in distilled
water and 0.9 wt% NaCl solution.

are large amounts of active groups, including OH, CHO and
COOH (water affinity: COOH > CHO > OH) on the surface of

CCNFs, which make the hydrogels more hydrophilic. Besides, these
active groups can participate in the polymerization reaction as
well as the construction of tridimensional network, which prevent
the polymeric chains from intertwining and weaken the hydrogen
bonding interactions among the hydrophilic groups. For these rea-
sons, the interactions of the hydrogels with the water molecules
are increased and a higher absorption capacity is reached. On the
other hand, the water uptake capacity decreased when the con-
tent of CCNFs was  over than 5 wt%. In this stage the CCNFs shows
a typical behavior of inert filler (Dai & Kadla, 2009). Great amounts
of CCNFs enhance the crosslinking density and narrow the network
voids of the hydrogels. Besides, the excessive CCNFs may physically
entangled inside the network voids, and some voids are plugged up.
All of these result in decreased water holding capability.

3.4. Swelling kinetics

To determine the swelling behaviors in different aqueous envi-
ronments, distilled water and 0.9 wt% NaCl solutions were chosen
as the swelling media. Fig. 4 shows the swelling kinetics for the
hydrogel samples of CMC-g-p(AA-co-AM)/CCNFs and CMC-g-p(AA-
co-AM). The observed trends of swelling kinetics for both hydrogels
are quite similar. The swelling ratio increased quickly during the
initial 20 min after the immersion, reaching about 90% of the equi-
librium value. After that, the swelling ratio increased slowly and
achieved equilibrium around 120 min. It can be seen that the
presence of CCNFs in the CMC-g-p(AA-co-AM) polymer matrix
improve the water uptake capacity at equilibrium and reduce the
necessary time to reach adsorption balance. During the swelling
process, water need to continuously overcome the osmotic pres-
sure inside the absorbents. The substantial hydrophilic groups
( COO−, CHO and OH) on the surface of CCNFs enhance the elec-
trostatic repulsion in the hydrogel network, and thus strengthen
the osmotic pressure difference. The larger the osmotic pressure
difference, the faster the water permeates into the absorbents
(Li et al., 2012). As a result, the hydrogels reinforced with CCNF
fillers have a much higher swelling rate. The CMC-g-p(AA-co-AM)
hydrogels presented absorption capacity at equilibrium of 240.6 g/g

(distilled water) and 40.1 g/g (NaCl solution) while CMC-g-p(AA-
co-AM)/CCNFs had higher capacity of 428.4 g/g (distilled water) and
73.9 g/g (NaCl solution), respectively. It is also demonstrated that
the ionic strength of a medium has a strong effect on the water
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ig. 5. Effect of pH on the water uptake capacity of hydrogels (with and without
CNFs).

bsorbency of hydrogels, 0.9 wt% NaCl solution has high concen-
ration of salts, both the hydrogels swell to a lesser degree in NaCl
olution than in the distilled water.

.5. Swelling equilibrium in various pH solutions

Fig. 5 shows the effect of pH on the water absorbency of CMC-
-p(AA-co-AM) and CMC-g-p(AA-co-AM)/CCNF hydrogels. The
welling behaviors of the two hydrogels exhibited clearly pH sen-
itive. The presence of CCNFs in the hydrogel matrix increased the
ater uptake capacity at each pH solution. In solutions of pH < 4 or
H > 8, CMC-g-p(AA-co-AM)/CCNFs seemed more sensitive to pH-
timulus. The CMC-g-p(AA-co-AM)/CCNF nanocomposites contain
ubstantial carboxylate groups (from CMC  and CCNFs), and thus are
ainly anionic-type absorbents. Under acidic conditions (pH < 5),
ost of the carboxylate groups are protonated ( COO−→ COOH),
hich strengthen the hydrogen-bonding interactions and gener-

te an additional physical crosslinking in the network (Li et al.,
012; Wang & Wang, 2010). Meanwhile, the electrostatic repul-
ions of the carboxylate are restricted and the network tends to
hrink, and thus the swelling capacity is decreased. When pH is
igher (6 < pH < 10), the hydrogen-bonding interactions are broken
ith decreasing effect of the H+, besides, the reinforcement of the

epulsions among the carboxylate groups also make the hydrogels
well more. However, in highly basic solutions (pH > 10), the charge
creening effect of the Na+ counterions in the swelling medium pre-
ent effective anion-anion repulsions and lead to decreased water
bsorption (Lanthong, Nuisin, & Kiatkamjornwong, 2006). For
nother nanofiller-cellulose nanowhiskers (CNWs), no additional
nion groups but sulfate groups are brought into the synthetic
anocomposites, the pH-sensitive characteristic is attributed only
o the hydrogel matrix (Spagnol et al., 2012b). Thus different prepa-
ation approaches can obtain cellulose nanofillers with unique
hemical or/and physical properties, resulting in manufacturing
uperabsorbents with special performance.

.6. Effect of salt solutions on water absorbency

The characteristics of external solution such as charge valen-
ies and salt concentration greatly influence the swelling behavior
f the superabsorbents. Fig. 6 shows the water absorbency of

he CMC-g-p(AA-co-AM) and CMC-g-p(AA-co-AM)/CCNF hydro-
els in various salt solutions. The water absorbency at equilibrium
ecreased as the concentration of external saline solutions

ncreased. The reason can be that the increasing salt concentration
Fig. 6. Effect of salt solutions on water uptake capacity of hydrogels (with and
without CCNFs).

leads to the reduction of the osmotic swelling pressure difference
between the polymer matrix and the external solution which pre-
vent water molecules to penetrate inside the hydrogels. According
to Fig. 6, the swelling decreasing depended not only on the salt
concentration but also on the type of salt added to the swelling
medium. Under the presence of excess salt, the counterion contri-
bution to the osmotic pressure increases with the increasing of the
ionic charge (monovalent > divalent > trivalent). The trends indi-
cated that, despite the more hydrophilic groups and more loose
structure of the CMC-g-p(AA-co-AM)/CCNFs, the nanocomposite
hydrogels undergo almost the same influence to the presence
of salt as the CMC-g-p(AA-co-AM). The reason can be that the
CCNF nanofillers prevent the polymeric chains from intertwining
and reduce the crosslinking density. The resultant broaden net-
work of the nanocomposite hydrogels make an positive effect on
the neutralization of charges inside the gel by multivalent ions
and strengthen the intramolecular and intermolecular complex
formation ability (Zhang, Chen, & Wang, 2006; Zhang & Wang,
2007), which in turn stimulate the rapidly shrinking of the CMC-
g-p(AA-co-AM)/CCNF network, and thus water uptake capacity is
decreased.

3.7. Deswelling kinetics in NaCl solutions

The deswelling kinetics of the swollen CMC-g-p(AA-co-
AM)/CCNFs and CMC-g-p(AA-co-AM) hydrogels in aqueous NaCl
solutions are shown in Fig. 7. All of the swollen hydrogels displayed
fast responsive decreasing properties once transferred into NaCl
solution and reached equilibrium within 1 h. The CCNF hydrogels
have a slower deswelling rate and higher water retention at equilib-
rium. The equilibrium water retention are 83.3% (10 mmol/L NaCl),
39.3% (100 mmol/L NaCl) for CMC-g-p(AA-co-AM) samples, and
90.1% (10 mmol/L NaCl), 50.1% (100 mmol/L NaCl) for CMC-g-p(AA-
co-AM)/CCNFs, respectively. Theoretically speaking, a relatively
loose structure of CCNF nanocomposite hydrogels will improve
the diffusion of liquids out of the adsorbents. However, the fact
is that the CCNF nanofillers increased the water retention of the
hydrogels, that partly can be attributed to the excellent mechani-
cal stiffness (as high as 138 GPa) of the nanosized cellulose fibrils,
which reinforce the hydrogel skeleton and prevent the tridimen-
sional structure from severe shrinking. Besides, capillary action of

the free or interstitial volume of the adjacent CCNFs can also tightly
hold water molecules (Bao et al., 2011; Li et al., 2012). As a result,
water releasing is suppressed. This new nanocomposite hydrogels
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ig. 7. Deswelling kinetics of hydrogels (with and without CCNFs) in NaCl solutions.

ith good deswelling resistance properties would have potential
pplications in modern agriculture and horticulture.

.8. Water retention at various temperatures

Fig. 8 shows the water retention capacity of the hydrogels at
wo temperatures. As can be seen from the curves, the water
etention capacity decreased almost linear as the time increased,
nd reached equilibrium after being heated for 10 h. The CMC-
-p(AA-co-AM)/CCNF nanocomposite hydrogels display slower
ater releasing rate and have higher equilibrium water retention of

1.1% and 78.9% at 35 and 80 ◦C, respectively. While the hydrogels
ithout CCNF nanofillers retain 69.0% and 0.6% at 30 and 80 ◦C,

espectively. Water retention capacity can be determined by the
-bonding interaction and Van der Waals force between the water
olecules and the superabsorbents (Patra, Pal, & Dey, 2010). The

ubstantial carboxylate groups of the CMC-g-p(AA-co-AM)/CCNF
ydrogels make this chemical interaction stronger, furthermore,
he high stiffness of the CCNFs firm the physical structure (ten-

ile modulus and strength) of the hydrogel network, which in turn
mprove the water retention capacity.

ig. 8. Effect of temperature on water retention ability of hydrogels (with and with-
ut CCNFs).
Fig. 9. Effect of particle size on water absorbency of hydrogels (with and without
CCNFs).

3.9. Effect of particle size on water absorbency

Fig. 9 shows the effect of particle size on the water absorbency
of CMC-g-p(AA-co-AM) and CMC-g-p(AA-co-AM)/CCNF hydrogels.
Both the two  hydrogels exhibited a little larger swelling capacity
in the equilibrium when the particles were small, probably due to
the increasing superficial area with decreasing particle size. Even
when the particles are in contact, there is some space, called free
or interstitial volume, between the particles, which have capillary
action and can absorb some additional water (Bao et al., 2011). Since
the same mass of small particles has a larger interstitial volume
than the large particles, small particles have larger water retention
at equilibrium.

4. Conclusion

Nanocomposite hydrogels based on carboxymethyl cellulose-g-
poly(acrylic acid-co-acrylamide) and carboxylate cellulose nano-
fibrils (CCNFs, obtained by TEMPO-mediated oxidation) were
successfully synthesized. The result of FTIR spectra showed the
nanocomposites comprise a crosslinking structure of CCNFs and
CMC with side chains that carry AA and AM.  SEM images dis-
played the hydrogel morphology changed due to the incorporation
of CCNFs. The swelling behaviors of hydrogels were affected by
CCNF content, salt solution type and concentration, solution pH
and temperature. The incorporation of CCNFs up to 2.5 wt%  pro-
vided a maximal improvement in the swelling capacity due to
the substantial hydrophilic carboxylate groups (0.94 mmol/g) on
the CCNF surface. Further addition of CCNFs decreased the water
uptake because some hydroxyl groups took part in the grafting
reaction, which increased the crosslinking density. Besides, the
nanocomposite hydrogels presented better responsive behavior in
relation to pH. These hydrogels also had excellent salt and temper-
ature resistance properties with lower decreasing rate and higher
adsorption capacity at equilibrium. Such characteristics reveal that
the inherent advantages of make these nanosized cellulose fillers
suitable for high-performance superabsorbent application.
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Removal of Cu2+ and Pb2+ ions from aqueous solutions by starch-graft-acrylic
acid/montmorillonite superabsorbent nanocomposite hydrogels. Polymer Bul-
letin,  65,  333–346.

irota, M.,  Tamura, N., Saito, T., & Isogai, A. (2009). Surface carboxylation of porous
regenerated cellulose beads by 4-acetamide-TEMPO/NaClO/NaClO2 system. Cel-
lulose,  16,  841–851.

ubbe, M.  A., Rojas, O. J., Lucia, L. A., & Sain, M.  (2008). Cellulosic nanocomposites:
A  review. Bioresources, 3, 929–980.

sogai, T., Yanagisawa, M.,  & Isogai, A. (2009). Degrees of polymerization (DP) and DP
distribution of cellouronic acids prepared from alkali-treated celluloses and ball-
milled native celluloses by TEMPO-mediated oxidation. Cellulose, 16,  117–127.

in, S. P., Yue, G. R., Feng, L., Han, Y. Q., Yu, X. H., & Zhang, Z. H. (2011). Preparation and
properties of a coated slow-release and water-retention biuret phosphoramide
fertilizer with superabsorbent. Journal of Agricultural and Food Chemistry,  59,
322–327.

uang, J., Yuk, K. Y., & Huh, K. M.  (2010). Polysaccharide-based superporous hydro-
gels with fast swelling and superabsorbent properties. Carbohydrate Polymers,
83,  284–290.

anthong, P., Nuisin, R., & Kiatkamjornwong, S. (2006). Graft copolymerization,
characterization, and degradation of cassava starch-g-acrylamide/itaconic acid
superabsorbents. Carbohydrate Polymers, 66,  229–245.

i, Q., Ma,  Z. H., Yue, Q. Y., Gao, B. Y., Li, W.  H., & Xu, X. (2012). Synthesis, characteri-
zation and swelling behavior of superabsorbent wheat straw graft copolymers.
Bioresource Technology, 118, 204–209.

i, Z., Renneckar, S., & Barone, J. R. (2010). Nanocomposites prepared by in situ enzy-
matic polymerization of phenol with TEMPO-oxidized nanocellulose. Cellulose,
17,  57–68.

iu, Z. X., Miao, Y. G., Wang, Z. Y., & Yin, G. H. (2009). Synthesis and characterization

of  a novel superabsorbent based on chemically modified pulverized wheat straw
and acrylic acid. Carbohydrate Polymers, 77,  131–135.

arcı, G., Mele, G., Palmisano, L., Pulito, P., & Sannino, A. (2006). Environmen-
tally sustainable production of cellulose-based superabsorbent hydrogels. Green
Chemistry,  8, 439–444.
mers 97 (2013) 429– 435 435

Pan, S. B., & Ragauskas, A. J. (2012). Preparation of superabsorbent cellulosic hydro-
gels. Carbohydrate Polymers, 87,  1410–1418.

Patra, T., Pal, A., & Dey, J. (2010). A smart supramolecular hydrogel of N�-(4-n-
alkyloxybenzoyl)-l-histidine exhibiting pH-modulated properties. Langmuir, 26,
7761–7767.

Pourjavadi, A., Jahromi, P. E., Seidi, F., & Salimi, H. (2010). Synthesis and swelling
behavior of acrylated starch-g-poly (acrylic acid) and acrylated starch-g-poly
(acrylamide) hydrogels. Carbohydrate Polymers, 79,  933–940.

Reeves, R., Ribeiro, A., Lombardo, L., Boyer, R., & Leach, J. B. (2010). Synthesis and
characterization of carboxymethylcellulose-methacrylate hydrogel cell scaf-
folds. Polymers, 2, 252–264.

Saito, T., Kimura, S., Nishiyama, Y., & Isogai, A. (2007). Cellulose nanofibers pre-
pared by TEMPO-mediated oxidation of native cellulose. Biomacromolecules, 8,
2485–2491.

Saito, T., Nishiyam, Y., Putaux, J. L., Vignon, M.,  & Isogai, A. (2006). Homogeneous
suspensions of individualized microfibrils from TEMPO-catalyzed oxidation of
native cellulose. Biomacromolecules, 7, 1687–1691.

Sannino, A., Demitri, C., & Madaghiele, M.  (2009). Biodegradable cellulose-based
hydrogels: Design and applications. Materials, 2, 353–373.

Savich, M.  H., Olson, G. S., & Clark, E. W.  (2010). Superabsorbent polymer suspension
for use in agriculture (EP Patent Office, Pat. No. 2,170,042).

Spagnol, C., Rodrigues, F. H. A., Neto, A. G. V. C., Pereira, A. G. B., Fajardo, A. R.,
Radovanovic, E., et al. (2012). Nanocomposites based on poly(acrylamide-
co-acrylate) and cellulose nanowhiskers. European Polymer Journal, 48,
454–463.

Spagnol, C., Rodrigues, F. H. A., Pereira, A. G. B., Fajardo, A. R., Rubira, A. F., & Muniz,
E.  C. (2012a). Superabsorbent hydrogel composite made of cellulose nanofibrils
and  chitosan-graft-poly(acrylic acid). Carbohydrate Polymers, 87,  2038–2045.

Spagnol, C., Rodrigues, F. H. A., Pereira, A. G. B., Fajardo, A. R., Rubira, A. F., & Muniz,
E.  C. (2012b). Superabsorbent hydrogel nanocomposites based on starch-g-
poly(sodium acrylate) matrix filled with cellulose nanowhiskers. Cellulose, 19,
1225–1237.

Umeda, S., Nakade, H., & Kakuchi, T. (2011). Preparation of superabsorbent hydro-
gels from poly(aspartic acid) by chemical crosslinking. Polymer Bulletin, 67,
1285–1292.

Wang, W.  B., Wang, J., Kang, Y. R., & Wang, A. Q. (2011). Synthesis, swelling and
responsive properties of a new composite hydrogel based on hydroxyethyl cel-
lulose and medicinal stone. Composites Part B: Engineering, 42,  809–818.

Wang, W.,  & Wang, A. (2010). Synthesis and swelling properties of pH-sensitive
semi-IPN superabsorbent hydrogels based on sodium alginate-g-poly(sodium
acrylate) and polyvinylpyrrolidone. Carbohydrate Polymers, 80,  1028–1036.

Wu,  F., Zhang, Y., Liu, L., & Yao, J. M.  (2012). Synthesis and characterization of a
novel cellulose-g-poly(acrylic acid-co-acrylamide) superabsorbent composite
based on flax yarn waste. Carbohydrate Polymers, 87,  2519–2525.

Wu,  L., Liu, M.  Z., & Liang, R. (2008). Preparation and properties of a
double-coated slow-release NPK compound fertilizer with superabsorbent and
water-retention. Bioresource Technology, 99,  547–554.

Zhang, J. P., Chen, H., & Wang, A. Q. (2006). Study on superabsorbent compos-
ite. IV. Effects of organification degree of attapulgite on swelling behaviors

of  polyacrylamide/organo-attapulgite composite. European Polymer Journal,  42,
101–108.

Zhang, J., & Wang, A. (2007). Study on superabsorbent composites. IX: Synthe-
sis,  characterization and swelling behaviors of polyacrylamide/clay composites
based on various clays. Reactive & Functional Polymers, 67,  737–745.

http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00452-9/sbref0180

	Superabsorbent nanocomposite hydrogels made of carboxylated cellulose nanofibrils and CMC-g-p(AA-co-AM)
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Carboxylated cellulose nanofibrils (CCNFs)
	2.3 Synthesis of CMC-g-p(AA-co-AM)/CCNFs nanocomposite hydrogels
	2.4 Methods of characterization
	2.5 Swelling studies

	3 Results and discussion
	3.1 Mechanism of hydrogel formation
	3.2 FTIR spectroscopy
	3.3 Effect of CCNF content
	3.4 Swelling kinetics
	3.5 Swelling equilibrium in various pH solutions
	3.6 Effect of salt solutions on water absorbency
	3.7 Deswelling kinetics in NaCl solutions
	3.8 Water retention at various temperatures
	3.9 Effect of particle size on water absorbency

	4 Conclusion
	Acknowledgments
	References


