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a b s t r a c t

The work was aimed at studying the effects of nanosized montmorillonite on the barrier properties of
the unmodified sugar beet pectin films as a function of relative humidity. 0.5, 1 or 2 wt% nanoclay was
dispersed in an aqueous 5 wt% pectin solution using high pressure fluidizer. Nanoclay-pectin hybrid
film formation and high shear induced orientation of nanoclay platelets were investigated by means
eywords:
ectin
anoclay
ilm
arrier

of model surfaces which were prepared using high shear spincoating. After fluidization, the nanoclay
formed uniform and laterally oriented stacks consisting of approximately 15 individual nanoclay layers.
Pectin films with the final nanoclay concentrations of 0, 10, 20 and 30 wt% were prepared by casting.
Nanocomposite films made of pectin and montmorillonite showed improved barrier properties against
oxygen, and water vapour. Films were also totally impermeable to grease. The developed biohybrid
material can be potentially exploited as a safe and environmentally sound alternative for synthetic barrier
iopolymer packaging materials.

. Introduction

There is a growing interest in utilization of by-products of
griculture and food industry in order to develop biodegrad-
ble materials to replace petroleum based polymers in packaging
pplications. In addition, nanotechnology in food packaging is
xpected to grow strongly over the next five years as the increased
lobalization sets demands for shelf life enhancing packaging.
pplications of nanotechnology include improved barrier, mechan-

cal and antimicrobial properties, as well as the incorporation
f nanosensors for traceability and the monitoring the condition
f foodstuffs during transport and storage (Harrington, 2009). In
ecent years a lot of effort has been aimed at developing new
iobased polymer containing films and nanocomposites which can
ct as barrier materials in packaging applications (Arora & Padua,
010; Bae, Park, Darby, Kimmel, & Whiteside, 2009; Lagarón &
endler, 2009; Maksimov, Lagzdins, Lilichenko, & Plume, 2009;
angiacapra, Gorrasi, Sorrentino, & Vittoria, 2006; Napierała &
owotarska, 2006; Plackett et al., 2006; Vartiainen et al., 2010).

Unlike synthetic plastics, in dry conditions the films of natural
olymers exhibit good barrier properties against oxygen and grease
ue to the high amount of hydrogen bonds in their structure. How-

ver, natural polymers are hydrophilic in nature and films produced
rom these materials are often hygroscopic, resulting in partial loss
f their barrier properties at high humidity. The gas permeability
f polysaccharide materials may increase manifold when humidity

∗ Corresponding author. Tel.: +358 0 20 722 6188.
E-mail address: jari.vartiainen@vtt.fi (J. Vartiainen).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.06.031
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increases (Hansen & Plackett, 2008). Since most of the food appli-
cations demand materials that are resistant to moisture as well, the
major challenge is to overcome the inherent hydrophilic behaviour
of these biomaterials (Bae et al., 2009).

Pectin is a structural heteropolysaccharide found in the pri-
mary cell walls of terrestrial plants and it has a complex structure.
Pectin, when extracted from higher plants, contains smooth (lin-
ear) regions and hairy, branched regions. The linear, smooth
regions are made up of �-(1-4)-linkedd-galacturonic acid residues,
some of which are methylesterified. The hairy region contains a
backbone of the repeating disaccharide (→4)-�-d-GalpA-(→2)-�-
l-Rhap-(→). The Rhap residues are substituted at C-4 with neutral
oligosaccharide side chains composed mainly of arabinose and
galactose residues. In sugar beet pectin these arabinose and galac-
tose residues in the neutral sugar side chains are substituted by
ferulic acid residues linked at C-2 (arabinose) or C-6 (galactose)
positions (Siew & Williams, 2008). The degree of esterification,
describing the percentage of acid group present in the ester form,
determines the solubility of pectin and it’s gelling and film forming
properties and hence it’s industrial applicability to a large extent.
The degree of methylesterification varies with the origin of the
plant source and the processing conditions e.g. storage, extrac-
tion, isolation and purification (Kirby, MacDougall, & Morris, 2008;
Vincken et al., 2003; Zsivánovits, Marudova, & Ring, 2005). From
a physico-chemical point of view pectin is an anionic polyelec-

trolyte, thus ionic interactions have a big impact on its behaviour
in dispersions with nanoclays.

Frequently applied method to improve the strength and water
resistance as well as barrier properties of the natural polymers is to
blend them with inorganic fillers. These hybrid organic–inorganic

dx.doi.org/10.1016/j.carbpol.2010.06.031
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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ystems, especially those in which the inorganic material is dis-
ersed in a polymeric matrix at a nanometric level have reported
o possess enhanced strength, stability and barrier characteristics
Pavlidou & Papaspyrides, 2008). Nanolayered silicates such as hec-
orite, saponite and montmorillonite have attracted a particular
nterest due to their high performance at low filler loadings, rich
ntercalation chemistry, high surface area, high strength and stiff-
ess, high aspect ratio of individual platelets, abundance in nature,
nd low cost (Blumstein, 1965; Lan, Kaviratna, & Pinnavaia, 1994;
essersmith & Giannelis, 1995; Yano, Usuki, & Okada, 1997). Due

o their unique plate-like structure and high aspect ratio, nanoclays
an effectively increase the tortuosity of the diffusion path of the
iffusing molecules. Thus significant improvement in barrier prop-
rties can be achieved with the addition of relatively small amounts
f clays (Pavlidou & Papaspyrides, 2008).

The nanoclay, montmorillonite, used in this work belongs
o the group of dioctahedral smectites (2:1 phyllosilicates)
nd it has the following general composition: (M+

y·nH2O)
(Al3+

2−yMg2+
y)Si44+O10(OH)2) where M+ refers to a generic mono-

alent interlayer cation. Layer thickness of the smectites is
pproximately 1 nm whereas the lateral dimensions of the platelets
ay vary within 0.1–1.0 �m. Therefore the aspect ratio (ratio

f the particle width to its height) of the platelets can vary
ithin 100–1000. Smectites carry a total negative layer charge

f 0.2–0.6 equiv./formula unit (Si,Al)4O10. For montmorillonites
he layer charge is typically around 0.3 equiv./formula unit corre-
ponding to a 0.10 Cm−2. The overall negative charge is balanced
y sodium and calcium ions (exchangeable cations) which exist
ydrated in the interlayer. The layers are held together by relatively
eak electrostatic forces between layers and interlayer cations and

hus, water and other polar molecules can enter between the unit
ayers leading to expansion of the lattice structure. The strength
f the attraction is dependent on the charge density of the lay-
rs.

The surface charge on the faces of the clay particles is per-
anently negative whereas the sign and charge density at the

dges depend on the pH of the dispersion. The charging arises from
dsorption or dissociation of protons in the case of oxides. In an
cidic medium an excess of protons creates positive edge charges
hich density decreases with increasing pH. Negative charge

s produced by the dissociation of silanol and aluminol groups
Tournassat, Ferrage, Poinsignon, & Charlet, 2003; Tournassat,
reneche, Tisserant, & Charlet, 2003). Due to the different types of

he charges present on the nanoclay particle surfaces the coagula-
ion of the particles is strongly dependent on pH and ionic strength
f the dispersion as well as on charge density of nanoclay parti-
les. Aqueous dispersions of nanoclays spontaneously coagulates at
H < 4 due to the electrostatic attraction of the oppositely charged
urfaces. At pH < 6 coagulation occurs at small salt concentrations
specially when the surface charge density is low.

Hydrophilic nanoclay particles can be dispersed relatively easily
nto the hydrophilic natural polymer matrix, especially when the
ufficient amount of mixing energy is used. When the clay layers
re completely and uniformly dispersed in a continuous polymer
atrix, exfoliated or delaminated structures are obtained. Inter-

alated structures are formed when extended polymer chains are
ntercalated between the silicate layers resulting in a well ordered

ultilayer structure of alternating polymeric and inorganic layers,
ith a repeat distance between them (Pavlidou & Papaspyrides,

008).
The main goal of this work was to see the improved effect
f nanosized montmorillonite on the barrier properties of the
nmodified sugar beet pectin films as a function of relative humid-

ty. Although similar kinds of hybrid films with natural polymers
nd nanoclay and their barrier properties have been extensively
eported (Pavlidou & Papaspyrides, 2008), to our knowledge, this is
olymers 82 (2010) 989–996

the first time when the dispersing of the natural polymer-nanoclay
fluids has been conducted using the high pressure fluidizer. Deeper
structural and morphological understanding of the nanoclay-pectin
film formation and nanoclay orientation on the solid surfaces were
investigated via model surfaces prepared by high shear spin coating
method. The model film structures were investigated by means of
atomic force microscopy (AFM) and scanning electron microscopy
(SEM). In addition, structure and morphology of the solvent cast
films were investigated by SEM, X-ray diffraction (XRD) measure-
ments and profilometric studies. Finally, the oxygen, water vapour
and grease barrier properties of the self standing biohybrid films
were determined in the various humidity conditions.

2. Experimental

2.1. Materials

Pectin. Sugar beet pectin (PE-2006-MB1) was obtained from
Danisco Sugar A/S (Denmark). According to the manufacturer char-
acteristics of the pectin were as follows: molecular weight 37 kDa,
content of galacturonic acid 68%, degree of methylesterification 65%
and degree of acetylation 25%.

Nanoclay. As an inorganic nanosized material in hybrid barrier
films, a hydrophilic and unmodified aluminosilicate mineral from
Aldrich was used. As reported by the manufacturer the purity of
the montmorillonite was >98% with the aspect ratio of 150–200
and cation exchange capacity of 145 mequiv./100 g. Nanoclay was
delivered as dry powder with the particle size of 5–25 �m.

2.2. Methods

2.2.1. Dispergation of nanoclay and pectin/nanoclay fluids
Nanoclay dispergation. In order to ensure the sufficiently delam-

inated and nanosized structure of the nanoclay platelets, the
nanoclay powder was dispersed in water in a concentration of
0.05% using either ultrasonic microtip (Branson Digital Sonifier)
or high pressure fluidizer (Microfluidics M110Y). 10 min ultrasonic
treatment with 25% power was used as a reference treatment for
nanoclay homogenization studies conducted by fluidizer.

Pectin solutions. Aqueous solutions of sugar beet pectin were
prepared into distilled water by mixing pectin and glycerol at final
concentrations of 5 and 1.75 wt%, respectively. pH of the mixture
was adjusted to pH 4.5 and the mixture was heated at 60 ◦C for 2 h
to increase fluidity.

Pectin/nanoclay dispersions. 0.5, 1 or 2 wt% nanoclay was added
to pectin solutions and immersed for two days under constant
mixing. Fluidizer (Microfluidics M110Y) was used for homogeniza-
tion of nanoclay/pectin dispersions. Feed solutions were pumped
from inlet reservoir and pressurized by an intensifier pump to
high pressure (900–1350 bars) and fed through fixed geometry
chambers with inside microchannel diameter varying between
100 and 400 �m. Within the chambers high pressures forced
pectin and nanoclays to form turbulent and opposing jets, which
contributed to mixing in nanometer scale, minimizing diffusion
limitation.

2.2.2. Preparation of pectin/nanoclay films
Model surfaces. Nanoclay-pectin hybrid film formation and high

shear induced orientation of nanoclay platelets were investigated
by means of model surfaces which were prepared using high
shear spincoating method with WS400BNPP Spincoater from Lau-

rell Technologies Corporation. In spincoating technique the layer
is deposited on the solid surface from the solvent by spinning
the surface with high speed. The thin model layer enables the
characterization of the fine structure of the materials by e.g. high
resolution microscopic techniques. In addition, due to the high
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hear spinning, the information on the orientation of the particles
an be achieved. The both ultrasonic treated and fluidized aque-
us dispersions of pure nanoclay as well as hybrid mixtures of
ectin and nanoclay were spincoated on a polyvinyl amine premod-

fied silica surface using fast spinning (2800 rpm for 1 min with the
low acceleration speed). The sufficient attachment of the nanoclay
latelets on the silica surface was ensured with the heat treatment
onducted at 80 ◦C for 1 h.

Barrier films. Pure pectin films and the films of fluidized hybrid
lms of pectin and nanoclay were prepared by casting 15 mL of
ach solution in polystyrene Petri dish (∅ 8.5 cm) and dried for two
ays at room temperature. The obtained films were stored at room
emperature and 50% relative humidity prior to further analyses.
inal nanoclay concentrations in the solvent cast hybrid films were
10, ∼20 and ∼30 wt%.

.2.3. Characterisation of dispersions and films
Structural characterization with AFM and SEM. A Nanoscope IIIa

ultimode scanning probe microscopy, from Digital Instruments
nc., Santa Barbara, CA, USA, was used to determine the morphology
nd to estimate the height of the nanoclay platelets after ultrasonic
r fluidizer treatments. Images were taken from the spincoated
odel surfaces in tapping mode in air using silicon cantilevers

Pointprobes, type = NCH) delivered by Nanosensors, Neuchald,
witzerland. No image processing except flattening was made.

Structures of the model surfaces and films were also ana-
yzed using scanning electron microscopy (SEM, LEO DSM
82 Gemini FEG-SEM). The solvent cast barrier film samples
∼10 mm × 10 mm) were attached on carbon adhesive discs
12 mm ∅) pressed on 12.5 mm (∅) aluminum stubs. Typically, no
onductive coating was applied on the specimen prior to SEM imag-
ng. However, in some cases a thin layer (∼10 nm) of Platinum was
putter coated on the film surface to improve conductivity and
tability of the specimen. The SEM analyses of the samples were
onducted using electron energies of 1.0 keV and 2.0 keV. The ref-
rence pectin film was imaged at 0.5 keV electron energy using
TV-rate” scanning to avoid electron beam induced damage of the
lm.

Optical profilometry. Wyko NT9100 Optical Profiling System was
sed to visualize the three-dimensional topography and to deter-
ine the roughness average (Ra) of the solvent cast pectin films.

op side of the film surfaces, which had been exposed to air during
rying, was measured.

XRD X-ray diffraction was used to determine the interlayer dis-
ance of layered nanoclays and pectin nanocomposites. Interlayer
istances were calculated by the Bragg’s Law: 2d sin � = �, where
is the interlayer distance, � is the diffraction angle and � is the
avelength of the X-rays. X-ray powder diffraction patterns from

he samples were run using Philips X’Pert MPD diffractometer using
u X-ray tube (� = 1.542 Å).

.2.4. Barrier properties of the pectin/nanoclay films
WVTR. Water vapour transmission rates of the barrier films were

etermined gravimetrically using a modified ASTM E-96 procedure.
amples with a test area of 25 cm2 were mounted on a circu-
ar aluminium dish (H.A. Büchel V/H, A.v.d. Korput, Baarn-Holland
5M-141), which contained water. Dishes were stored in test con-
itions of 23 ◦C and 50% relative humidity and weighed periodically
ntil a constant rate of weight reduction was attained.

OTR. Oxygen transmission measurements were performed with
xygen Permeation Analyser Model 8001 (Systech Instruments Ltd.

K). The tests were carried out at 23 ◦C and 0%, 50% and 80% relative
umidity.

Grease resistance. Grease resistance was determined according
o modified Tappi T 507 method. First, standard olive oil was col-
red with Sudan II dye and applied onto 5 cm × 5 cm sized blotting
olymers 82 (2010) 989–996 991

paper. Stain saturated piece of blotting paper was placed against
the films and a piece of blank blotting paper (stain absorber) was
placed against the other side. The whole stack was pressed between
two plates and kept in oven at 60 ◦C for 4 h. At the end of the test
period, the assembly was removed and the stain absorbers were
examined. For each absorber the area and the number of stained
spots, if any, were determined.

3. Results and discussion

3.1. Structural characteristics of the materials—model surface
study

In order to investigate the structure of the individual nan-
oclay platelets, nanoclay powder, which consisted of agglomerated
particles prior to delamination (Fig. 1a), was dispersed in water
with the aid of ultrasonic microtip. Fine structure of the round
particles, imaged using higher magnification, clearly reveals the
laminar units on the particle surface. Fig. 1b shows how the aggre-
gated structure is unraveled after ultrasonic dispersing. Individual
nanoclay platelets spincoated on the silica surface are evenly dis-
tributed and the lateral dimensions of the platelets vary from tens
of nanometers up to 500 nm.

Nanoclay delamination with the ultrasonic treatment was used
for the reference purposes since this method is widely used
for effective clay/water suspension preparation in a laboratory
scale (Bae et al., 2009; Chen, Hao, Guo, Song, & Zhang, 2002;
Shabeer, Chandrashekhara, & Schuman, 2007; Vaia, Jant, Kramer,
& Giannelis, 1996). However, when considering larger scale prepa-
ration methods for hybrid materials and more even distribution of
inorganic nanoparticles into a gel-like polymeric matrix, the suffi-
cient homogeneity together with nanosized fine structure may not
be achieved by ultrasonic treatment only. Therefore, the possibility
of the high pressure fluidizer was investigated in order to delam-
inate the nanoclay and disperse it first into water and then into a
continuous pectin matrix.

The thin spin coated model layers of nanoclay and hybrid mate-
rials of pectin and nanoclay enable the characterization of the fine
structure of such materials by e.g. high resolution microscopic tech-
niques. In addition, due to the high shear spinning, the information
on the orientation of the individual particles and particles dispersed
in a continuous polymer matrix can be achieved.

Fig. 1c shows the structure of nanoclay platelets which are spin
coated on the silica surface from the aqueous dispersion after the
high pressure fluidizer treatment. An even layer of laminar nan-
oclay particles with the similar size distribution as compared to
the particles after ultrasonic treatment can be achieved. Thus, high
pressure fluidizer treatment can be used as an efficient method to
delaminate the nanoclay particles.

The thickness of the nanoclay platelets spin coated on the sil-
ica surface after ultrasonic or fluidizer treatment was estimated by
AFM (Fig. 2a and b). From the AFM topography images, the height
of the stacks formed by single nanoclay platelets can be deter-
mined. Z-range of the ultrasonic treated and fluidizer treated model
surfaces is 16 nm and 20 nm, respectively. It seems that most of
the nanoclay platelets are in the thickness range of 10 nm indicat-
ing stacks consisting of approximately 10 montmorillonite layers.
Besides the information on the topography, the uniformity of the
formed nanoclay model surface can be achieved from the AFM
phase contrast images. Phase contrast images suggest that the sur-

face is evenly covered by the nanoclay particles which are oriented
laterally on the solid surface.

Three different loadings of nanoclay (0.5, 1 and 2 wt%) were dis-
persed into an aqueous solution of pectin at pH 4.5. The solutions
were homogenized with the high pressure fluidizer in a similar
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ig. 1. SEM images of (a) large undispersed nanoclay aggregates. The excerpt show
urfaces, (b) spincoated nanoclay platelets after dispersing with the ultrasonic micr

anner as the pure aqueous dispersions of nanoclay described
bove. Fluidized hybrid solutions were instantly spin coated on
he silica surface in order to characterize the hybrid material fine
tructure.

Fig. 3 shows the structure of the spin coated hybrid layer of
ectin and nanoclay in which the nanoclay content is at its high-
st (∼30 wt%). Again, an even layer of laterally oriented nanoclay
latelets can be seen with the 2D-dimensions of up to 500 nm. By
he fluidizer treatment, the nanoclay platelets can be uniformly
istributed into the pectin matrix.

The thickness determination by AFM was unsatisfactory due
o the sticky nature of the pectin film (results not shown). While
canning the pectin containing layers, the pectin instantaneously
ontaminated the AFM tip which prevented the detailed structural
haracterisation. However, the comparison of the SEM images of
he pure fluidized nanoclay platelets (Fig. 1c) and fluidized pectin-
anoclay hybrid material (Fig. 3) facilitates the assumption that the
anoclay is similarly delaminated, dispersed and oriented.

In an acidic medium an excess of protons creates positively
harged clay edges (Tournassat et al., 2003a, 2003b) which leads
o aggregation of the clay platelets due to the attractive interaction
owards the negatively charged clay faces. These aggregates form
o-called card-houses by edge(+)/face(−) contacts. At pH < 6 nan-
clay dispersions coagulates easily already at low ionic strength
ince the electrostatic repulsive forces are weak and they are effec-
ively screened by the presence of salt ions. However, although the

tudied system contained ions (none of the materials was purified)
nd the pH was low, it seems that nanoclay card-houses were effec-
ively destructed due to the high shear fluidization. In addition,
he negatively charged pectin polymers, when adsorbing on the
ositively charged nanoclay edges, may create a steric hindrance
surface structural features: Laminar fine structure can been seen on the aggregate
nd (c) spincoated nanoclay platelets after high pressure fluidizer treatment.

around the edges of the nanoclay stacks resulting in a stable and
even hybrid structure.

3.2. Structural properties of the pectin/nanoclay solvent cast
barrier films

In order to investigate the barrier properties of the hybrid mate-
rials, the films with the thickness of 100 ± 10 �m were prepared by
solvent casting the fluidized dispersions. Sugar beet pectin with-
out the nanoclay addition formed a slightly brownish and opaque
film whereas the nanoclay containing films were brownish and
transparent.

Fig. 4 shows the pure solvent cast pectin barrier film and barrier
hybrid film of pectin with high loading (∼30 wt%) of nanoclay. Pure
pectin film is smooth and rather featureless (Fig. 4a) whereas the
oriented nanoclay platelets dispersed into the pectin matrix can
be clearly seen in Fig. 4b. The surface topography determination
by optical profilometry reveals that the nanoclay addition does not
roughen the film surface. On the contrary, the average roughness
value, Ra, is higher for pure pectin film compared to the hybrid
film with the high loading of nanoclay. The average roughness val-
ues for pure pectin film and hybrid film of pectin with ∼30 wt%
of nanoclay were 380 nm and 160 nm, respectively. High surface
roughness value for pure pectin film is due to the humidity con-
ditions in which the topography determinations were conducted
(50% RH). The film surface roughening by the humid conditions

seems to be prevented by the nanoclay addition.

Intercalated structures are formed when polymeric chains are
intercalated between the silicate layers (Pavlidou & Papaspyrides,
2008) The result is a well ordered multilayer structure of alternating
polymeric and inorganic layers, with a repeat interlayer distance
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ig. 2. (a) AFM topography image (left) and phase contrast image (right) of spinco
ame model surface as imaged with SEM in Fig. 1b. Z-range scale bars are 16 nm an
pincoated nanoclay platelets after high pressure fluidizer treatment. The sample is
5◦ , respectively.

d-value) between them. The interlayer distance (d-value) of the

tacked nanoclays was measured by XRD using the Braggs’s law.

Fig. 5 shows the recorded X-ray diffractograms of the produced
anocomposite films as well as of the used montmorillonate nan-
clay powder. The diffractogram measured from the pure pectin

ig. 3. SEM image of a spincoated hybrid material of nanoclay and pectin after the
igh pressure fluidizer treatment. Spincoating is conducted from the hybrid solution
ontaining high load (∼30 wt%) of nanoclay.
anoclay platelets after dispersing with the ultrasonic microtip. The sample is the
, respectively. (b) AFM topography image (left) and phase contrast image (right) of
me model surface as imaged with SEM in Fig. 1c. Z-range scale bars are 20 nm and

film is also reproduced in the image. The silicon curve is from the
amorphous silicon that was used as supporting substrate for the
composite films.

The pristine powdery nanoclay had an interlayer distance
of 1.23 nm (2� = 7.19). By fluidization the d-values of ∼10, ∼20
and ∼30 wt% nanoclay containing films were increased to about
2.01 nm (2� = 4.41), 1.96 nm (2� = 4.51) and 1.82 nm (2� = 4.86),
respectively. The increase in d-values is attributed to the water
intake of the montmorillonate clay platelets. Thus, the observed
slightly increased interlayer distance is due to the swelling of
the nanoclay platelets rather than the formation of intercalated
film structure. The increase in d-value is indeed insufficient for
pectin molecules to intercalate within the nanoclay interlayers.
In addition, the repulsive forces between anionic nanoclay faces
and anionic pectin molecules further hinder the migration of
pectin within the layers. Furthermore, as silanol edges have pos-
itive charges in acidic conditions, they may positively interact
with pectin chains and form branchy structures around the nan-
oclay stacks (Perez, Flores, Marangoni, Gerschenson, & Rojas, 2009;
Wang, Shen, Zhang, & Tong, 2005).
3.3. Barrier properties of the pectin/nanoclay films

Water vapour transmission results indicate that nanoclay addi-
tion improves the barrier properties of the pectin film (Fig. 6). The
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Fig. 4. SEM images of (a) pure solvent cast pectin barrier film (magnification
10,000×). The excerpt shows the rather featureless film surface in higher magni-
fication (30,000×), (b) solvent cast hybrid film of pectin and nanoclay. The dry film
contains ∼30 wt% of nanoclay.
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Fig. 6. Water vapour transmission rates of solvent cast hybrid films of pectin films
with different amounts of nanoclay.
ig. 5. XRD-patterns of solvent cast barrier films of pectin containing (a) ∼30 wt%,
b) ∼20 wt%, (c) ∼10 wt% of nanoclay. As a reference materials curve (d) corresponds
o nanoclay powder, (e) pure pectin film without nanoclay addition, and (f) silicon
aseline.

imilar kind of behaviour was found with starch/clay nanocompos-
tes where the increasing clay content also led to an improvement in

ater vapour barrier properties (Park, Lee, Park, Cho, & Ha, 2003). In
igh humidity conditions nanoclay plates absorb water and swell,

ut they still form single individual barrier layers against vapour
ransmission. At the same time the penetrating water molecules
ffectively plasticize and swell the matrix polymer. However, the
ater soluble pectin is lacking the capability to fully prevent the
ater vapour transmission, and thus, total barrier effect of films
Fig. 7. Oxygen transmission rates of solvent cast hybrid films of pectin films with
different amounts of nanoclay. BOPP is commercial biaxially oriented polypropylene
film of which oxygen transmission is normalized to film with 100 �m thickness
(Vartiainen et al., 2008).

with ∼30 wt% nanoclay is not more than 23%. According to the lit-
erature, in the case of more hydrophobic PLA nanocomposites, the
clay incorporation decreased the water vapour transmission of the
films by 40–50% (Thellen et al., 2005).

Nanoclay addition clearly improved the oxygen barrier prop-
erties of the pectin film also in high humidity conditions (Fig. 7).
Oxygen transmission rate was reduced over 80% with pectin films
containing ∼30 wt% of nanoclay when compared to the film of pure
pectin. These results are consistent with other studies (Chang, Uk-
An, & Sur, 2003; Ke & Yongping, 2005; Ray, Yamada, Okamoto,
& Ueda, 2003) where 15–88% reduction in oxygen transmission
rates has been attained with PET and PLA-based layered silicate
nanocomposites. The oxygen and water vapour transmission rates
were also comparable with the results of films produced by ball
milling of pectin and natural montmorillonite clay (Mangiacapra et
al., 2006). Achieved oxygen barrier properties of nanoclay contain-
ing pectin films are significantly better in high humidity conditions
as compared with the commercial polyolefin films of the same
thickness (Vartiainen, Rättö, Lantto, Nättinen, & Hurme, 2008).
Bentonite clays have a capability to absorb oils and greases
(Lagaly, 1995). However, pectin itself formed an excellent barrier
against grease and the nanoclay addition did not change this fea-
ture anyhow (results not shown). As a result of the grease resistance
determinations, all of the films were totally impermeable to grease
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Fig. 8. Schematic illustration of the structural features of the sufficiently delami-
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ated nanoclay platelets dispersed in a continuous pectin matrix. Due to the high
hear, the nanoclay platelets disintegrates into a stacks consisting of approximately
0–15 individual nanoclay platelets. Pectin matrix glues stacks into a laterally orga-
ized films and in addition it prevents the stacks to agglomerate in acidic pH.

nder the conditions tested. Hydrogen bonds in pectin evoke excel-
ent barrier against grease and when forming a continuous matrix
t totally prevented the grease penetration.

Barrier improvements are explained using tortuous path theory
hich relates to the alignment of the nanoclay platelets. As a result

f the sufficient delamination, the effective path length for molec-
lar diffusion increases and the path becomes highly tortuous to
educe the effect of gas transmission through the film (Christopher
Lerner, 2001). In high humidity conditions water molecules pen-

trate into pectin films and destroy the hydrogen bonded structure
nd weaken the barrier properties.

. Conclusions

Nanoclay was successfully dispersed in an aqueous pectin
olution using high pressure fluidizer in acidic conditions. The
tructural characterization of the hybrid layers via model sur-
aces facilitates the reasoning the mechanisms behind the material
roperties to act as a barrier. Fig. 8 proposes the formation and
he final structure of the hybrid material of sugar beet pectin
nd montmorillonite. Instead of the full exfoliation, the stacks of
0–15 nm thick swelled nanoclay layers are formed during the
igh shear fluidization. Anionic pectin interacts with the cationic
dges of the nanoclay stacks; it bonds the stacks into a laterally ori-
nted film and prevents the nanoclay agglomeration. These hybrid
lms showed significantly improved barrier properties against
xygen. In addition, the ability to prevent the water vapour trans-
ission was slightly increased and, furthermore, the films were

otally impermeable to grease. The developed biohybrid mate-
ial can be potentially exploited as a safe and environmentally
ound alternative for synthetic barrier packaging materials. Due
o the exploited pH conditions, the further film modifications by
nzymatic cross-linking allow the introduction of supplementary
aterial properties.
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