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a  b  s  t  r  a  c  t

Multicomponent  hydrogel  films  composed  of agar,  �-carrageenan,  konjac  glucomannan  powder,  and
nanoclay  (Cloisite® 30B)  were prepared  and  their  mechanical  and  water  barrier  properties  such as
water  vapor  permeability  (WVP),  water  contact  angle  (CA),  water  solubility  (WS), water  uptake ratio
(WUR),  water  vapor  uptake  ratio (WVUR)  were  determined.  Mechanical,  water  vapor  barrier,  and  water
resistance  properties  of  the  ternary  blend  film  exhibited  middle  range  of  individual  component  films,
however,  they  increased  significantly  after  formation  of  nanocomposite  with  the  clay.  Especially,  the
water  holding  capacity  of the  ternary  blend  biopolymer  films  increased  tremendously,  from  800%  to
1681%  of WUR  for agar  and  �-carrageenan  films  up  to  5118%  and  5488%  of  WUR  for  the ternary  blend
onjac glucomannan
ernary blend film
lay nanocomposite
ydrogel

and  ternary  blend  nanocomposite  films,  respectively.  Water  vapor  adsorption  behavior  of  films  was  also
tested  by  water  vapor  adsorption  kinetics  and  water  vapor  adsorption  isotherms  test.  Preliminary  test
result  for  fresh  spinach  packaging  revealed  that  the  ternary  blend  biohydrogel  films  had  a high  poten-
tial  for  the  use  as  an antifogging  film  for packaging  highly  respiring  agricultural  produce.  In addition,
the  ternary  blend  nanocomposite  film  showed  an  antimicrobial  activity  against  Gram-positive  bacteria,
Listeria  monocytogenes.
. Introduction

Hydrogels are highly hydrophilic polymer gels with macro-
olecular three dimensional networks that swell by absorbing and

etaining large amounts of water without dissolving or losing their
ntegrity in water (Farris, Schaich, Liu, Piergiovanni, & Yam, 2009;
opeček & Yang, 2007). Structurally, they are polymers crosslinked
ia chemical interactions such as covalent bonds, ionic interactions,
nd hydrogen bonds, physical interactions such as coordinative,
lectrostatic, hydrophobic, and dipole–dipole interactions, or chain
ntanglements between the network segments (Mateescu, Wang,
ostalek, & Jonas, 2012). Generally, they are classified as natural
nd synthetic hydrogels based on their source; physical hydrogels,
hemical hydrogels, and interpenetrating polymer networks based
n their polymer interaction mechanism; degradable and non-
egradable hydrogels based on their biodegradability (Farris et al.,
009; Kopeček & Yang, 2007; Mateescu et al., 2012). Hydrogels

ave wide range of applications such as membranes (Xu, Bartley, &

ohnson, 2003), superabsorbent pads (Fernández, Picouet, & Lloret,
010; Wu,  Deng, & Lin, 2013; Yadav & Rhee, 2012), biosensors
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E-mail addresses: jwrhim@mokpo.ac.kr, jwrhim@hanmail.net (J.-W. Rhim).
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(Fernández, López, López-Cabarcos, & Mijangos, 2005; Mateescu
et al., 2012; Zhang, Guan, & Zhang, 2012), encapsulation of bio-
active compounds (Jen, Wake, & Mikos, 1996; Öztop, Hepokur,
& Saraydin, 2009), largely in the biomedical field (contact lens,
wound dressing, tissue engineering, drug delivery, etc.) (Berger
et al., 2005; Liu & Chan-Park, 2009; Ma  and Tu, 2010; Pourjavadi
& Barzegar, 2009; Wang et al., 2012; Yu, Xu, Chen, Hao, & Jing,
2006), and for food packaging as well (Farris et al., 2009; Roy,
Saha, Kitano, & Saha, 2012). Hydrogels can be prepared from a
wide variety of materials, of natural origin, obtained from microor-
ganisms, plants, and animals, as well as from materials prepared
by modification or blending of aforementioned natural structures
and from synthetic polymeric materials with various crosslinkers
(Farris et al., 2009; Gibas & Janik, 2010; Hennink, & van Nostrum,
2002; Mateescu et al., 2012). Among the synthetic polymeric hydro-
gels, acrylate derivatives such as poly([meth/]acrylic acid) and
poly([meth/]/acrylamide) have been frequently used due to their
high water holding capacity with good optical, mechanical, and gas
barrier properties (Kundakci, Űzűm,  & Karadağ, 2008; Mateescu
et al., 2012; Okay, Sariiş ik, & Zor, 1998; Öztop et al., 2009; Zhang, &

Zhuo, 2002). However, most of the plastic materials are practically
neither biodegradable nor biocompatible. In addition, polyac-
rylamide and acrylamide residues in the polyacrylamide-based
hydrogels might cause probable health hazards (Andersen, 2005;

dx.doi.org/10.1016/j.carbpol.2013.03.083
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.03.083&domain=pdf
mailto:jwrhim@mokpo.ac.kr
mailto:jwrhim@hanmail.net
dx.doi.org/10.1016/j.carbpol.2013.03.083


7 ohydr

Y
s
n
b
e
2
a
d
m
D
b
e
o
t
2
p
m
p
R
c
p
b
c
2

c
b
w
u
(
u

a
a
n
i
h
m

2

2

o
H
C
m
C
j
N
M
o

2

c
a
s
r
o
c
(
t

2 J.-W. Rhim, L.-F. Wang / Carb

ener & Kalipci, 2009). As an alternative for the non-biodegradable
ynthetic plastic materials, biopolymers produced from various
atural resources, such as starch, cellulose, and proteins, have
een considered since they are abundant, renewable, inexpensive,
nvironmentally friendly, and biocompatible (Luckachan & Pillai,
011; Siracusa, Rocculi, Romani, & Rossa, 2008). However, there
re some limitations to the commercial use of biopolymer films
ue to their poor mechanical properties and high sensitivity to
oisture (Cabedo, Feijoo, Villanueva, Lagarón, & Giménez, 2006;
e Azeredo, 2009; Luckachan & Pillai, 2011). Various efforts have
een made to overcome these problems and to improve the prop-
rty of biopolymer-based films through not only physical, chemical,
r enzymatic treatments, but also blending with hydrophobic addi-
ives or other biopolymers (Cabedo et al., 2006; Luckachan & Pillai,
011; Rhim, 2012). Recently, nanocomposite technology, com-
ositing biopolymer with layered silicate clay materials such as
ontmorillonite, has been tested to improve the biopolymeric film

roperties (Bordes, Pollet, & Avérous, 2009; De Azeredo, 2009;
him, & Ng, 2007). Generally, hydrogels with improved properties
an be obtained by blending with more than two polymers, in which
olymer–polymer interactions can be strengthened by combining
iopolymers with different structures introducing predominantly
harge interactions rather than hydrogen bonding (Farris et al.,
009).

The bio-hydrogels with improved physicochemical properties
an offer new opportunities for the design of efficient biopolymer-
ased biodegradable and/or biocompatible polymeric materials
ith desirable properties. Though the earliest and most widely
sed applications of hydrogels are in medicine and pharmaceutics
Kopeček & Yang, 2007), much less attention has been paid to the
se of bio-hydrogel films for the food packaging application.

The main objectives of this study were to prepare highly water
bsorbing hydrogel films by blending with biopolymers, such
s agar, �-carrageenan, and konjac glucomannan powder, and
anoclay (Cloisite® 30B) through the solvent casting method to

mprove mechanical and water resistant properties of the blended
ydrogel film and to test their applicability as a food packaging
aterial.

. Materials and methods

.1. Materials

Food grade agar and �-carrageenan, and konjac powder were
btained from Fine Agar Agar Co., Ltd. (Damyang, Jeonnam, Korea),
ankook Carragen (Whasoon, Jeonnam, Korea), and Milyang Agar
o., Ltd. (Milyang, Kyungnam, Korea), respectively. Organically
odified nanoclay (Cloisite® 30B) was procured from Southern

lay (Gonzales, TX, USA) and glycerol was purchased from Dae-
ung Chemicals & Metals Co., Ltd. (Siheung, Gyonggido, Korea).
ine analytical reagent grade salts (LiCl, CH3COOK, MgCl2, K2CO3,
g(NO3)2, KI, NaCl, KCl, and KNO3) were used for the preparation

f saturated salt solutions.

.2. Preparation of films

Three different polysaccharide-based films, agar, �-
arrageenan, and konjac, and their ternary blend films with
nd without nanoclay (Cloisite® 30B) were prepared using a
olvent casting method (Rhim, Lee, & Hong, 2011). For the prepa-
ation of single component film solution, three grams of each

f agar, �-carrageenan, and konjac powder were dissolved in a
onstantly stirred mixture of distilled water (150 mL)  and glycerol
30 wt% of solid, 0.9 g) with heating above 90 ◦C for 30 min. The
ernary blend film solution was prepared by dissolving 1 gram of
ate Polymers 96 (2013) 71– 81

each polysaccharide powder with 30 wt% of glycerol and followed
the same procedure. And the ternary blend/clay nanocomposite
film solution was  prepared according to the method described by
Rhim et al. (2011). In short, precisely weighed nanoclay (5 wt%
of biopolymers) was first dispersed into distilled water (150 mL)
and swelled by stirring using a magnetic stirrer for 24 h, then
homogenized using a high shear mixing homogenizer (T25 basic,
Ika Labotechnik, Janke & Kunkel Gmbh & Co., KG Staufen, Germany)
at 20,500 rpm for 10 min, and followed by sonication for 10 min
using a high-intensity ultrasonic processor (Model VCX 750, Sonics
& Materials Inc., Newtown, CT, USA). Then one gram each of agar
and �-carrageenan, and konjac powder were dissolved into the
nanoclay solution then heating the mixture at 95 ◦C for 30 min  with
constant stirring and added 0.9 g of glycerol. The film solutions
were cast onto a glass plate (24 × 30 cm) coated with Teflon layer
(Cole-Parmer Instrument Co., Chicago, IL, USA). The cast films
were dried for about 24 h at room temperature (2261 ± 2 ◦C), and
then peeled off from the casting surface. The ternary blend films
prepared with and without nanoclays were marked as A/C/K and
A/C/K/Clo30B films, respectively.

2.3. Film thickness and conditioning

Film thickness was  measured using a micrometer (Dial Thick-
ness gauge 7301, Mitutoyo, Japan) with an accuracy of 0.01-mm.
All film samples were preconditioned in a constant temperature
humidity chamber set at 25 ◦C and 50% RH for at least 48 h before
further test.

2.4. Color and transparency

Surface color of the films was measured using a Chroma meter
(Konica Minolta, CR-400, Tokyo, Japan). A white standard color
plate (L = 97.75, a = −0.49 and b = 1.96) was used as a background
for color measurements. Hunter color (L, a and b) values were aver-
aged from five readings from each sample. The total color difference
(�E) was calculated as follows:

�E  =
√

(�L)2 + (�a)2 + (�b)2 (1)

where �L,  �a, and �b are difference between each color values of
standard color plate and film specimen, respectively.

The percent transmittance at wavelength of 660 nm (T660)
was determined using a UV/vis spectrophotometer (Model 8451A,
Hewlett-Packard Co., Santa Alara, CA, USA) (Rhim, Hong, Park, & Ng,
2006).

2.5. Mechanical properties

The mechanical properties of the films including the tensile
strength (TS), elongation at break (EB), and elasticity of modulus
(E) were determined according to the standard ASTM method D
882-88 using an Instron Universal Testing Machine (Model 5565,
Instron Engineering Corporation, Canton, MA,  USA) equipped with
a 0.5 kN load cell. Rectangular strips (2.54 × 10 cm)  were cut from
individually prepared film using a precision double blade cutter
(model LB.02/A, Metrotec, S.A., San Sebastian, Spain). Initial grip
separation was  set at 50 mm and cross-head speed at 50 mm/min.
The TS (MPa) was  determined by dividing the maximum load (N)
by the initial cross-sectional area (m2) of the film sample, the EB (%)
was determined by dividing the extension at rupture of the film (L)

by the initial length of the film (Lo; 50 mm)  multiplied by 100, and
the E (�/ε, GPa) was determined from the slope of linear portion
of the stress–strain curve, which corresponds to the stress (� = F/A)
divided by the strain (ε = L/Lo) of the film samples.
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.6. Water vapor permeability (WVP)

The WVP  of film was  determined using a gravimetric method in
ccordance with the ASTM E-96-95 standard method. Water vapor
ransmission rate (WVTR) of film sample was determined gravi-

etrically at 25 ◦C under 50% RH conditions using water vapor
ransmission measuring cups as described by Gennadios, Weller,
nd Gooding (1994). The WVTR (water vapor mass flux in g/m2 s)
as calculated by the linear regression from the linear portion of

he weight change vs. time curve. Then the WVP  (g m/m2 s Pa) of
he film was calculated using the following equation:

VP  = (WVTR × L)
�p

(2)

here L was the mean film thickness (m)  and �p  was  the partial
ater vapor pressure difference (Pa) across the two sides of the
lm, which was corrected by the method proposed by Gennadios
t al. (1994).

.7. Water contact angle (CA)

The contact angle of water in air on the film surface was mea-
ured using a CA analyzer (Model Phoenix 150, Surface Electro
ptics Co., Ltd., Kunpo, Korea) after a water drop of ca. 10 �L was
laced on the surface of film using a micro syringe as described by
him et al. (2011).

.8. Water resistance

Water solubility (WS) of films was determined as the percent-
ge of soluble matter to the initial dry matter of film sample (Rhim,
011). Three randomly selected specimens from each type of film
ere first dried at 105 ◦C for 24 h to determine initial dry matter.

eparate films were immersed in 30 mL  of distilled water in a 50 mL
eaker. Beakers were covered with Parafilm “M”  wrap (Ameri-
an National Can, Greenwich, CT) and stored in an environmental
hamber at 25 ◦C for 30 min  with occasional stirring. Undissolved
ry matter was determined by removing the film pieces from the
eakers, gently rinsing them with distilled water, and then oven
rying them (105 ◦C, 24 h). The weight of solubilized matter was
alculated by subtracting the weight of unsolubilized dry matter
rom the weight of initial dry matter and expressed as a percentage
f the initial dry matter content.

Water uptake ratio (WUR) of films was determined gravimet-
ically. Pre-weighed squared specimens (25.4 mm × 50 mm)  were
mmersed in distilled water for 30 min. Samples were then removed
nd weighed after removing the surface water with blotting paper.
he WUR  was  calculated as follows:

UR  (%) = mt − mo

mo
× 100. (3)

here mo and mt are the weight of the samples before and after
mmersion, respectively.

Water vapor uptake ratio (WVUR) was determined following the
ethod of Rhim (2011). Squared samples (25.4 mm × 50 mm)  were

rst dried in a vacuum drier at 60 ◦C for 1 day. After being weighed
sing a four-digit electronic balance, the samples were stored over
NO3 saturated salt (98% RH) at a constant temperature chamber
f 25 ◦C for 24 h, and then weighed the samples after water vapor
dsorption. The WVUR was calculated as:
UR  (%) = mt − mo

mo
× 100 (4)

here mo and mt are the weight of the samples before and after
ater vapor adsorption, respectively.
ate Polymers 96 (2013) 71– 81 73

2.9. Water vapor adsorption kinetics

Water vapor adsorption of the film samples was  determined by
a gravimetric method at three different temperatures (10, 25, and
40 ◦C) using the method of Kim and Rhim (2004). Saturated potas-
sium nitrate solution, which was contained in the Fido airtight glass
jar with a compressed silicone gasket and clamp lid (1.0 L, Bormioli
Rocco & Figllo SpA, Fidenza, Italy), was used to obtain constant rela-
tive humidity of the environment at each temperature. About 0.1 g
of each film sample was placed on a sample holder made of stainless
steel wire mesh which was  placed on a tripod in the airtight glass
jar. The unit was kept in a constant temperature chamber which
was maintained within 61 ± 0.5 ◦C of the indicated temperature.
The RH inside the glass jars are 0.96061 ± 0.014%, 0.93661 ± 0.006%,
and 0.89061 ± 0.012%, respectively (Bell & Labuza, 2000). Increase
in weight of the film specimens during the water vapor adsorption
process was recorded intermittently until they reached saturated
condition. Then water vapor adsorption curves were obtained by
plotting the increase in weight due to water vapor adsorption
(g H2O/g DM)  against adsorption time (min). The rate constant of
water vapor adsorption (k) and the equilibrium moisture content
(me) at each condition of film samples were determined using a
linearized model of Singh and Kulshrestha (1987):

1
m − mo

= 1
k(m� − mo)t

+ 1
m� − mo

(5)

where mo and me are the initial and the saturation (or equilibrium)
moisture content, respectively.

2.10. Water vapor adsorption isotherms

Water vapor adsorption isotherms of films were determined
using the static gravimetric method (Rhim, 2011). Nine saturated
salt solutions (LiCl, CH3COOK, MgCl2, K2CO3, Mg(NO3)2, KI, NaCl,
KCl, and KNO3) were used to maintain constant water activities
ranging from 0.11 to 0.96 at three temperatures, 10, 25, and 40 ◦C
(Bell & Labuza, 2000). In each of 9 sealed glass bottles, the film
samples (2.54 cm × 5 cm)  were placed at different constant water
activity established using the saturated salt solutions, and equilib-
rium moisture content was  measured after 20 days at a constant
temperature. Three replications were made at each water activity
and average values of moisture content were used for constructing
the isotherm curves. The GAB model was  used to fit the water vapor
adsorption data of the film samples. The GAB model contains three
parameters as follows:

m = moCkaw

(1 − kaw) (1 − kaw + Ckaw)
(6)

where m is the equilibrium moisture content (on dry weight basis)
at water activity, aw; mo is the moisture content of monolayer cor-
responding to formation of a mono-molecular layer on the internal
surface of the film samples; C is the Guggenheim constant; and k is
a factor corresponding properties of the multilayer molecules with
respect to the bulk liquid.

The GAB model parameters (mo, C and k) were esti-
mated by a non-linear regression method employing the
Marquardt–Levenberg algorithm using the Solver function of
Excel® (Billo, 2007) and the goodness of fit of the GAB model to
the experimental equilibrium moisture content and water activ-
ity data was  evaluated based on the mean relative percent errors
(MRPE) as follows:
MRPE = 100
n

n∑

i=1

∣∣mi − mpi

∣∣
mi

(7)
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Table 1
Apparent surface color and transmittance of agar, �-carrageenan, konjac glucomannan, and their blend films.a

Filmb L a b �E  T660 nm (%)

Agar 92.61 ± 0.21b −0.4261 ± 0.01c 4.8561 ± 0.05b 2.6461 ± 0.17b 86.1761 ± 1.03d
�-Carrageenan 93.3061 ± 0.10c −0.3461 ± 0.02d 3.7461 ± 0.08a 1.4061 ± 0.12a 89.2861 ± 0.37e
Konjac  glucomannan 92.2461 ± 0.22a −0.6361 ± 0.03a 6.0061 ± 0.22c 3.7461 ± 0.28d 78.8861 ± 1.08b
A/C/Kb 92.7261 ± 0.09b −0.4861 ± 0.02b 4.7661 ± 0.09b 2.4961 ± 0.12b 84.3761 ± 0.44c
A/C/K/Clo30Bb 92.6661 ± 0.15b −0.6161 ± 0.02a 5.8961 ± 0.23c 3.4161 ± 0.27c 50.8461 ± 0.82a
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a Each value is the mean of three replicates with the standard deviation. Any tw
ifferent by Duncan’s multiple range test.
b A/C/K, agar/�-carrageenan/konjac glucomannan ternary blend film; Clo30B, Clo

here mi is the experimental moisture content; mpi is the pre-
icted moisture content and n is number of experimental points.
he MRPE has been widely adopted through literature to evaluate
he goodness of fit of sorption models, and an MRPE value less than
0% indicates a good fit for practical purposes (Zeppa, Gouanve, &
spuche, 2009).

.11. Antimicrobial activity

Antimicrobial activity of the films against Listeria monocytogenes
ATCC-19111) was tested using a viable cell count method (Rhim
t al., 2006). Film samples were cut into square pieces (10 × 10 cm)
nd placed in individual sterile flasks. The bacteria were incubated
eparately in brain heart infusion (BHI) broth (Difco Laborato-
ies Inc., Detroit, MI,  USA) at 37 ◦C under aerobic conditions for
6 h. One hundred milliliters of 1/10 diluted old cultured broth
2.6–3.0 × 104 CFU/ml) was aseptically transferred to the flasks
ontaining the test films. An inoculum of cell suspension in a flask
ithout a test film was used as a control. The cell in the flask was

ncubated at 30 ◦C using an orbital shaker and rotated at 30 rpm.
liquots of 0.1 mL  of cell suspension was periodically taken from

he flask, serially diluted, and plated on appropriate agar plates and
ubsequently incubated at 37 ◦C and 30 ◦C for 2 days. Each experi-
ent was performed in triplicates and the results were presented

s the mean 61 ± SD values in CFU/mL.

.12. Packaging test

To test the antifogging effect of the hydrogel films, a storage
est was performed by packaging a highly respiring agricultural
roduce, spinach. Fifty grams of fresh spinach purchased at a local
arket was packaged in a PP tray (size: 12 cm × 17.5 cm × 5 cm;

hickness: 400 �m)  and covered with different films, i.e., without
over for the control test, LLDPE (thickness: 10 �m,  3 M Fresh wrap,
lshin Chemical Co., Ltd., Ansan, Korea), OPP (thickness: 60 �m,
amyoung Chemical Co., Ltd., Pusan, Korea), perforated OPP (per-
oration ratio: 1%), A/C/K, and A/C/K/Clo30B films. The packaged
pinach samples were stored in a constant temperature chamber
ontrolled at 5 ◦C for 5 days and observed surface of the cov-
red film to check the antifogging effect of the packaged film,
hen weighed the spinach to determine the weight loss after stor-
ge.

.13. Statistical analysis

Measurements of each property of films and storage tests
ere performed in triplicate with individually prepared film sam-
les as the replicated experimental units, and mean values with
tandard deviations (SD) were reported. One-way analysis of vari-

nce (ANOVA) was performed, and the significance of each mean
roperty value was determined (p < 0.05) with the Duncan’s multi-
le range test using the SPSS statistical analysis computer program
or Windows (SPSS Inc., Chicago, IL, USA).
ns in the same column followed by the same letter are not significantly (p > 0.05)

30B.

3. Results and discussion

3.1. Apparent film properties

Gel is a viscoelastic solid-like material forming a polymer net-
work dispersed in a continuous gas or liquid medium and is called
either aerogel (highly porous) or xerogel (dehydrated), and hydro-
gel when a dispersing mediums are gas and water, respectively
(Mateescu et al., 2012). Clear and flexible free-standing xerogel
type films were obtained when all the film preparation solu-
tions were cast and dried. However, the clay nanocomposite blend
(A/C/K/Clo30B) film was slightly translucent. Apparent color and
transparency properties of agar, �-carrageenan, and konjac gluco-
mannan films and their ternary blend films are shown in Table 1.
Apparent color determined by Hunter Lab-values and transparency
determined by percent transmittance at 660 nm (T660) of the three
biopolymer films indicate that the lightness (L-value), greenness
(a-value), blueness (b-value), and transmittance (T660) were the
highest in the �-carrageenan film, followed by the agar and kon-
jac glucomannan films, respectively. Generally, the apparent color
values of the ternary blend biopolymer films exhibited the color
values depending on the individual component polymer. However,
the nanoclay composited biopolymer blend film (A/C/K/Clo30B)
exhibit a significantly (p < 0.05) decreased transmittance. It is
mainly because the dispersed clay nanoparticles in the polymer
matrix prevent the passage of light. This explains the apparent
translucence of the nanocomposite film.

3.2. Mechanical properties

The mechanical properties of agar, �-carrageenan, konjac glu-
comannan, and their blend films are shown in Table 2. Among
the three biopolymers, the �-carrageenan film showed the high-
est mechanical strength with the TS of 70.1261 ± 6.15 MPa  and
followed by the agar and konjac glucomannan films. The TS of
�-carrageenan and agar films showed much higher than those pre-
viously reported ones for 39.3461 ± 0.51 and 31.0361 ± 0.74 MPa,
respectively (Rhim, 2012). This difference is mainly attributed to
the fact that a less amount of plasticizer (30 wt% of glycerol) was
used in the present study compared with 50 wt% of glycerol in
the previous study. Glycerol acts as a plasticizer without forming
any covalent linkages with the biopolymer. The hydroxyl groups
present in glycerol are expected to form hydrogen bond with the
biopolymer molecules at carbonyl and hydroxyl sites. Being small
in size, it effectively increases the free volume of the system, thus
decreasing the glass transition temperature and intermolecular
forces. As a result, the plasticized biopolymer matrix changes from
brittle to leathery to rubber with increased flexibility and exten-
sibility of the film, as the concentration of glycerol is increased.
The stiffness of the films determined by the Young’s modulus (E)

was followed the same order as the TS, while the flexibility of
the films exhibited by the elongation at break (EB) showed the
reversed order. As expected, all the mechanical properties of the
ternary blend (A/C/K) film were in-between ranges of those of the
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Table 2
Tensile properties of agar, �-carrageenan, konjac glucomannan, and their blend films.a

Film Thickness (�m) TS (MPa) EB (%) E (GPa)

Agar 41.461 ± 0.9a 46.361 ± 2.4b 22.461 ± 3.1c 1.5761 ± 0.63b
�-Carrageenan 39.861 ± 1.0a 70.161 ± 6.2d 10.761 ± 2.4a 2.5561 ± 0.23d
Konjac  glucomannan 63.661 ± 5.6c 34.861 ± 2.0a 48.161 ± 4.8d 0.7261 ± 0.24a
A/C/Kb 47.861 ± 2.2b 62.461 ± 7.8c 13.961 ± 3.8b 1.6361 ± 0.18b
A/C/K/Clo30Bb 44.861 ± 1.6b 75.761 ± 11.5e 14.661 ± 4.4b 1.9561 ± 0.33c
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a Each value is the mean of three replicates with the standard deviation. Any tw
ifferent by Duncan’s multiple range test.
b ACK, agar/�-carrageenan/konjac glucomannan ternary blend film; Clo30B, Clois

-carrageenan and the agar films. The mechanical properties of
he ternary blend film were more close to those of �-carrageenan
lm compared with those of the agar or konjac glucomannan films,
hich made it a fairy strong and stiff film. The ternary blend film
as mainly stabilized by physical mixing and the weak interac-

ion such as hydrogen bond and polymer chain-to-chain interaction
etween component polymer matrices (Kavoosi, Dadfar, & Purfard,
013). Generally, the mechanical properties of polymer blends
re known to be influenced by the interaction or compatibility
etween the component polymers (Brindle & Krochta, 2008; Rhim,
012). Usually, compatible polymer blends lead to a significant

mprovement in mechanical properties, while incompatible poly-
er  blends often lead to inferior mechanical properties (Phan,
ebeaufort, Luu, & Voilley, 2009). The TS and E of the ternary
lend clay nanocomposite (A/C/K/Clo30B) film increased signifi-
antly compared to those of the ternary blend biopolymer (A/C/K)
lm. It is interesting to note that the TS of the A/C/K/Clo30B film

s even higher than that of the �-carrageenan film. The increase in
he mechanical strength has been frequently observed with vari-
us biopolymer/clay nanocomposite films (Rhim, 2011, 2012). The
ncrease in TS of the biopolymer/clay nanocomposite films is pre-
umably attributed to the stronger interaction through hydrogen
onds between the polymer matrix and intercalated nanoclay with
igh surface area and high aspect ratio (Pavlidou & Papaspyrydes,
008). The distribution of intercalated nanoclay with high elastic
odulus generate tremendous interfacial contacts with the poly-
er  matrices, which leads to effective stress transfer resulting in an

ncrease in the TS (Pavlidou & Papaspyrydes, 2008; Rhim, 2012). An
gar/Clo30B nanocomposite film prepared by the same procedure
sed in the present study has been reported to be formed an inter-
alated nanostructure and exhibited an increase in the TS (Rhim
t al., 2011).

.3. Water vapor permeability (WVP) and water contact angle
CA)
The WVP  and the CA values of the films are shown in
able 3. The WVP  of agar and �-carrageenan films were ranged
n 1.05–1.15 × 10−9 g m/m2 Pa s, which were much lower than the

able 3
ater vapor permeability (WVP) and water contact angle (CA) of agar, �-

arrageenan, konjac glucomannan, and their blend films.a

Film MC (%, w.b.) WVP
(×10−9 g m/m2 Pa s)

CA (deg.)

Agar 18.061 ± 0.8c 1.0561 ± 0.07a 55.161 ± 2.0c
�-Carrageenan 16.261 ± 0.5b 1.1561 ± 0.12ab 56.161 ± 0.8c
Konjac glucomannan 19.361 ± 1.3c 1.4661 ± 0.07c 52.161 ± 2.8b
A/C/Kb 19.361 ± 0.7c 1.2461 ± 0.01b 54.561 ± 0.8c
A/C/K/Clo30Bb 13.461 ± 0.2a 1.0461 ± 0.06a 44.061 ± 0.7a

a Each value is the mean of three replicates with the standard deviation. Any two
eans in the same column followed by the same letter are not significantly (p > 0.05)

ifferent by Duncan’s multiple range test.
b ACK, agar/�-carrageenan/konjac glucomannan ternary blend film; Clo30B,

loisite® 30B.
ns in the same column followed by the same letter are not significantly (p > 0.05)

0B.

previously reported values of 1.61–2.01 × 10−9 g m/m2 Pa s (Rhim,
2012). The difference is also caused by the amount of plasti-
cizer used for the preparation of film. Plasticizers are generally
known to increase gas, water vapor and solute permeability of
the film (Gontard, Guilbert, & Cuq, 1993). The WVP  of agar and
�-carrageenan films were significantly (p < 0.05) lower than that
of konjac glucomannan film. It is seemingly because the kon-
jac glucomannan film is more hydrophilic than the other films,
which is evidenced in the result of water contact angle (CA)
measurement. The CA, which is one of the basic wetting prop-
erties of packaging materials, is usually used as an indicator for
hydrophilic/hydrophobic properties of the film surface. The CA val-
ues of agar and �-carrageenan films were 55.1◦ and 56.1◦ (Rhim,
2012), and they were higher than previously reported values of
49.3◦ and 48.1◦ for agar and �-carrageenan films, respectively. It
is also attributed to the different amount of hydrophilic plasticizer
used for the preparation of films. As expected, the konjac gluco-
mannan film showed the lowest CA value indicating that it is more
hydrophilic than the other two  films. Ternary blend biopolymer
(A/C/K) film exhibited in-between WVP  values of the component
films, which is close to those of CA of agar and �-carrageenan
films. Compared with the A/C/K film, WVP  of ternary biopolymer
blend nanocomposite (A/C/K/Clo30B) film decreased significantly
(p < 0.05) after formation of nanocomposite with clay. This is mainly
due to the tortuous pathway for water vapor diffusion formed by
the impervious nanoclays dispersed in the polymer matrix (Sun,
Boo, Clearfield, Sue, & Pham, 2008). On the contrary, the CA of the
nanocomposite film was lower than any other films. It is proba-
bly because of lower moisture content of the nanocomposite film,
which induced rapid water adsorption into the film surface and
resulted in lower CA.

3.4. Water solubility (WS), water uptake ratio (WUR), and water
vapor uptake ratio (WVUR)
The WS,  WUR, and WVUR of agar, �-carrageenan, konjac gluco-
mannan, and their blend films are shown in Table 4. WS is a measure
of the resistance of film against water. The WS  of konjac glucoman-
nan film was  100% since it has been completely dissolved in the

Table 4
Water solubility (WS), water uptake ratio (WUR), and water vapor uptake ratio
(WVUR) of agar, �-carrageenan, konjac glucomannan, and their blend films.a

Film WS (%) WUR  (%) WVUR  (%)

Agar 14.761 ± 1.0a 79961 ± 43a 46.861 ± 0.2a
�-Carrageenan 40.961 ± 5.5c 168161 ± 126b 67.361 ± 3.1c
Konjac glucomannan –c – 63.961 ± 1.6c
A/C/Kb 16.161 ± 0.7ab 511861 ± 33c 53.861 ± 5.8b
A/C/K/Clo30Bb 20.361 ± 0.8b 548861 ± 60d 56.161 ± 4.3b

a Each value is the mean of three replicates with the standard deviation. Any two
means in the same column followed by the same letter are not significantly (p > 0.05)
different by Duncan’s multiple range test.

b ACK, agar/�-carrageenan/konjac glucomannan ternary blend film; Clo30B,
Cloisite® 30B.

c –, not determined due to disintegration.
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Table 5
Equilibrium moisture content of agar, �-carrageenan, konjac glucomannan, and
their blend films at different temperatures determined by both experimental and
prediction methods.

Film Temp (◦C) me (g H2O/g DM)  R2

Experimental Predicted

Agar 10 0.66 0.66 0.98
25  0.69 0.69 0.98
40  0.80 0.81 0.98

�-Carrageenan 10 0.81 0.75 0.94
25  0.88 0.89 0.99
40  1.31 1.25 0.95

Konjac glucomannan 10 0.72 0.73 0.99
25 0.80 0.82 1.00
40  0.97 0.95 0.99

A/C/Ka 10 0.62 0.63 1.00
25  0.72 0.72 0.98
40  0.95 0.96 0.99

A/C/K/Clo30Ba 10 0.60 0.60 0.99
25  0.75 0.74 0.98
40  0.88 0.88 0.98

a

6 J.-W. Rhim, L.-F. Wang / Carb

ater within 15 min  of immersion. The WS  of �-carrageenan and
gar films were 40.9% and 14.7%, respectively. This result indicates
he agar film is the most water resistant followed by �-carrageenan
nd konjac glucomannan films. The WS  or water resistance of the
iopolymer films may  be caused by the degree of hydrophilicity of
he polymer. On the contrary, the WUR, a measure of water hold-
ng capacity of film, showed the reversed order, i.e., the WUR  of
-carrageenan film was about two times more than that of konjac
lucomannan film. The WVUR, a measure of water vapor adsorption
apacity of film, showed the similar trend as the WUR. The WVUR
f �-carrageenan and konjac glucomannan films was significantly
p < 0.05) higher than that of agar film.

Water resistance properties of the biopolymer films have been
mproved after blending with individual components. Though WS
f both ternary blend films (A/C/K and A/C/K/Clo30B) was higher
han that of agar film, their WS  values were significantly lower
han that of �-carrageenan and konjac glucomannan films. It is
oteworthy that the WUR  of both ternary blend films increased
remendously up to 5118% and 5488% for A/C/K and A/C/K/Clo30B
lms, respectively, which means that they can contain more than
0 times of water without disintegration. The WVUR of both the
ernary blend films was in the middle range between agar and the
ther films. The increased water resistance of the ternary blend film
an be possibly applied for the food packaging confronting with
igh humidity condition.

.5. Water vapor adsorption kinetics and equilibrium moisture
ontent

Water vapor adsorption kinetics of agar, �-carrageenan, kon-
ac glucomannan, and their blend films was tested at different
emperature and RH conditions (10 ◦C/96% RH, 25 ◦C/94% RH, and
0 ◦C/89% RH) and their results are shown in Fig. 1. The water
apor adsorption behaviors of the film samples exhibit charac-
eristic water vapor sorption curves of biopolymer films (Kim &
him, 2004). Water vapor adsorption curves of all the film sam-
les showed initial high rate of moisture sorption, then the rate
ecreased at the later stages until it reached the equilibrium con-
ition. The initial moisture sorption is mainly due to the filling
apillaries on the surface of the films (Seog, Zuo, Lee, & Rhim,
008). As the water vapor sorption proceeded, the sorption rate
ecreased due to the filling of free capillary with water vapor. Sub-
equently the curve reached an equilibrium state, at which the
aximum water vapor sorption of the film was attained. In all the

lm samples, the equilibrium state was reached within 24–30 h
f water vapor adsorption, and the initial water vapor adsorption
ate and the maximum attainable moisture content (i.e., the equi-
ibrium moisture content) were increased with increase in water
apor adsorption temperature. The equilibrium moisture content
f the film samples at each condition was determined at extended
ater vapor adsorption time for more than 53 h which is far beyond

he equilibrium state, and the results are shown in Table 5. As
xpected the equilibrium moisture content (me) of all the film
amples increased with increase in the adsorption temperature,
nd �-carrageenan film showed the highest equilibrium moisture
ontent followed by konjac glucomannan and agar films. The equi-
ibrium moisture content values of the ternary blend films were
n-between of agar and �-carrageenan films. This result is consis-
ent with those of WVUR for the films (Table 4).

The maximum attainable moisture content, i.e., the equilib-
ium moisture content (me), was determined by plotting 1/(m − mo)
gainst 1/t  using the linearized Singh and Kulshrestha’s model.

ig. 2 shows a representative water vapor adsorption data of the
ernary blend film. Linear regression lines, drawn through data
oints, indicate a fairy good fit of the model with high R2 (the
oefficient of determination) values (R2 > 0.98), which confirms the
A/C/K, agar/�-carrageenan/konjac glucomannan ternary blend film; Clo30B,
Cloisite® 30B.

adequacy of the model for describing the water vapor adsorp-
tion kinetics of the film sample. The water vapor adsorption data
of other film samples were analyzed in the same way and the
equilibrium moisture content of the film samples at different tem-
peratures was  determined using the linear regression equation, and
the results are shown in Table 5. The equilibrium moisture content
of films samples determined by using the Singh and Kulshrestha’s
model were in good agreement with those determined experimen-
tally. This indicates again that the model explains the water vapor
adsorption behavior of the films samples (Kim & Rhim, 2004; Seog
et al., 2008). In addition, this result also shows that it is not neces-
sary to perform water vapor adsorption test for such an extended
time period to determine the equilibrium moisture content of the
film.

3.6. Water vapor adsorption isotherm

Water vapor adsorption isotherms of the ternary blend (A/C/K)
and the ternary blend nanocomposite (A/C/K/Clo30B) films deter-
mined at three different temperatures were determined and the
results were shown in Fig. 3. The isotherms of the film samples
showed representative sigmoidal curves, in which the equilibrium
moisture content (EMC) increased at low water activity ranges up
to 0.7, beyond which the EMC  increased rapidly. Such pattern of
isotherm has been frequently observed with hydrophilic biopoly-
mer  films (Perdomo et al., 2009; Zeppa et al., 2009; Rhim, 2011).

The GAB model was fitted to the experimental data and the
GAB model parameters were determined using a non-linear regres-
sion method. The resulting GAB model parameters with the mean
relative percent errors (MRPE) are shown in Table 6. The mono-
layer moisture content (mo) of the ternary blend biopolymer films
were ranged 0.068–0.075 g water/g dry solid, and it decreased with
increase in water vapor sorption temperature. The goodness of fit
(MRPE < 5%) indicates the adequacy of the model to fit the experi-
mental data and water vapor isotherm pattern of the film samples
(Rhim, 2011; Zeppa et al., 2009). As also observed in the previous
tests of WVUR and water vapor adsorption kinetics, the ternary

biopolymer blend films exhibited high capacity of adsorbing water
vapor. Such biopolymer films with high water vapor adsorption
capacity can be properly used as substitute for dehumidifiers like
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Fig. 1. Change in water vapor adsorption of agar, �-carrageenan

ilica gel, or as antifogging packaging films for packaging of highly
espiring fresh agricultural produce.

.7. Antimicrobial activity
Antimicrobial activity of the ternary blend biopolymer films
as been tested against L. monocytogenes and the antimicrobial
est result is shown in Fig. 4. As expected, the ternary blend
c glucomannan, and their blend films at different temperatures.

biopolymer film without nanoclay incorporation (A/C/K film) did
not show any antimicrobial activity as it exhibited increase in
the microbial population with incubation time. On the contrary,
the ternary blend biopolymer film incorporated with Cloisite®
30B (A/C/K/Clo30B film) exhibited distinctive antimicrobial activ-
ity against test microorganism, in which the microbial population
decreased significantly after treating with the film. Such antimi-
crobial activity has been frequently observed with the Cloisite®
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Fig. 2. Water vapor adsorption kinetics of agar/�-carrageenan/konjac glucomannan
(A/C/K) film plotted using a linearized Singh and Kulshrestha’s model.
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Fig. 3. Water vapor adsorption isotherms of agar/�-carrageenan/konjac glu-
comannan (A/C/K) and agar/�-carrageenan/konjac glucomannan/Cloisite® 30B
(A/C/K/Clo30B) films at different temperatures.

Table 6
GAB model parameters for water vapor adsorption isotherms of agar/�-
carrageenan/konjac glucomannan blend films.

Film Temp (◦C) C k mo (g H2O/g DM)  MPREa (%)

A/C/Kb 10 11.87 0.97 0.074 4.24
25  7.01 0.98 0.073 4.85
40 4.80 1.00 0.072 1.63

A/C/K/Clo30Bb 10 10.35 0.98 0.075 1.18
25  8.84 0.97 0.075 1.32
40 8.55 0.97 0.068 2.42

a Mean relative percent errors.
b A/C/K, agar/�-carrageenan/konjac glucomannan ternary blend film; Clo30B,

Cloisite® 30B.

Table 7
Effect of packaging film on the change in weight of spinach after storage at 5 ◦C for
5  days.a

Packaging film Weight after storage (g) Weight loss (%)

No cover 15.7661 ± 2.44c 68.4761 ± 4.88a
LLDPE 49.4261 ± 0.10a 1.1761 ± 0.20c
OPP 47.6661 ± 0.76a 4.6861 ± 1.51c
Perforated OPP 17.2561 ± 2.34c 65.5161 ± 4.69a
A/C/Kb 45.6361 ± 0.35b 8.7561 ± 0.69b
A/C/K/Clo30Bb 45.5861 ± 2.14b 8.8461 ± 4.29b

a Each value is the mean of three replicates with the standard deviation. Any two
means in the same column followed by the same letter are not significantly (p > 0.05)

different by Duncan’s multiple range test.

b A/C/K, agar/�-carrageenan/konjac glucomannan ternary blend film; Clo30B,
Cloisite® 30B.

30B incorporated biopolymer films including chitosan (Rhim et al.,
2006), agar (Rhim et al., 2011), whey protein (Sothornvit, Rhim,
& Hong, 2009), and PLA (Rhim, Hong, & Ha, 2009). The antimi-
crobial activity of the Cloisite® 30B incorporated nanocpmposite
films are attributed to the quaternary ammonium salt [i.e., bis-
(2-hydroxyethyl)methyl (hydrogenated tallow alkyl) quaternary
ammonium] which has been incorporated into the clay for the
surface modification of montmorillonite nanoclay (Hong & Rhim,
2008). Such Bio-nanocomposite hydrogels with antimicrobial func-
tion can be used in various industries including food packaging
and biomedical applications. For example, they can be used in

the food packaging industries for extending shelf-life of packaged
food and securing the food safety by controlling the growth of
post-processing contamination, and in the biomedical industries
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Fig. 4. Antimicrobial activity of agar/�-carrageenan/konjac glucomannan (A/C/K)
and  agar/�-carrageenan/konjac glucomannan/Cloisite® 30B (A/C/K/Clo30B) films
against Listeria monocytogenes.
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Fig. 5. Effect of packaging materials on formation of water vapor condensation

or using as wound dressings or skin care bio-hydrogels. However,
he antimicrobial activity of the film would be most effective in the
ondition of direct contact with food or wounded skin.

.8. Packaging test

The high water vapor adsorptive property of the ternary blend
iopolymer films was tested by applying them for packaging of
resh spinach. For the comparison, four more packaging groups

ncluding no packaging, commercial wrap (LLDPE), OPP, and perfo-
ated OPP packaging, were tested. The appearance of the packages
fter 5 days of storage at 5 ◦C is shown in Fig. 5. Spinach sam-
le packed without lid was wilted seriously, and spinach samples
ate Polymers 96 (2013) 71– 81 79

 surface of packaging film packaged with spinach and stored at 5 ◦C for 5 days.

packed with LLDPE and OPP film lids were kept fresh shape but
water vapor was condensed on the lid films. On the contrary, water
drops were not formed on the lids of the perforated OPP, and both
of the ternary blend biopolymer films. However, spinach sample
packed with the perforated OPP lid was significantly wilted while
spinach packed with the ternary blend biopolymer films was  kept
relatively fresh in shape. Weight loss of spinach sample packaged
with different packaging films after storage was determined as
shown in Table 6. As expected, the weight loss of spinach without

lid was the highest and similar amount of weight loss was observed
in the sample covered with perforated OPP film (Table 7). The per-
foration ratio (1%) of the OPP film seems to be too much to prevent
weight loss of the sample. The least weight loss was  observed in



8 ohydr

s
n
c
b
fi
b
O
fi
fi
c
f
fi

4

p
s
a
t
a
t
i
a
L
h
m
P
o
a
r
t
u
t
a
f
p
a
p

A

p
A

R

A

B

B

B

B

B

C

D

F

film: A useful food packaging material. Carbohydrate Polymers, 89,  346–353.
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pinach sample covered with LLDPE film followed by OPP film. Sig-
ificant amount of weight loss was observed in the spinach sample
overed with both the ternary blend biopolymer films. It is mainly
ecause the water vapor permeability (WVP) of the biopolymer
lms is much higher than that of the plastic films. Generally, it has
een known that the WVP  of the plastic films such as LLDPE and
PP is about 4 orders of magnitude lower than that of biopolymer
lms (Hong & Rhim, 2012). However, the ternary blend biopolymer
lms were effective to prevent weight loss of spinach, which was
omparable to the OPP film. They were also effective to prevent
ormation of water condensation on the surface of the packaging
lm.

. Conclusions

Ternary blend biopolymer hydrogel film and its clay nanocom-
osite film were developed using hydrogel forming carbohydrates
uch as agar, �-carrageenan, and konjac glucomannan powder,
nd organically modified montmorillonite clay, Cloisite® 30B. The
ernary blend films exhibited high water holding and water vapor
dsorptive capacity with fairy good water resistance. In addi-
ion, the ternary blend nanocomposite film showed significantly
mproved mechanical and water vapor barrier properties with
dditional antimicrobial function against Gram-positive bacteria,
. monocytogenes. This property of the biopolymer blend films
ave high potential for the application in the packaging of highly
oisture foods or foods contacting with high humidity condition.

reliminary test for packaging of fresh spinach with the devel-
ped film revealed that the ternary blend biohydrogel films have

 high potential for use as an antifogging packaging film for highly
espiring fresh agricultural produce. The high water vapor adsorp-
ion capacity of the biohydrogel films suggests that they can be
sed as desiccant instead of silica gel. The antimicrobial activity of
he nanocomposite films prepared with Cloisite® 30B can be used
s an active food packaging system for extending the shelf-life of
oods and maintaining food quality through controlling the post-
rocessing contamination. They also have a high potential to be
pplied in the biomedical industry as wound dressings or skin care
roducts.
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