Cellulose (2012) 19:467-480
DOI 10.1007/s10570-012-9655-y

Arabinoxylan structure affects the reinforcement of films
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Abstract The chemical structure of rye arabinoxylan
(rAX) was systematically modified, exploiting selec-
tive enzymes to mimic different naturally occurring
xylans, i.e., its degree of substitution (DS) was
decreased using o-L-arabinofuranosidase, and a con-
trolled decrease in the degree of polymerization (DP)
was performed using endo-1,4-f-p-xylanase. The
arabinose to xylose ratio was decreased from 0.45 to
0.27 and the weight-average molar mass was decreased
from 184,000 to 49,000 g/mol. The resulting samples
were used to prepare films, as such, and with 15%
(wt. — %) softwood-derived microfibrillated cellulose
(MFC) to obtain novel plant-derived biocomposite
materials. The enzymatic tailoring of rAX increased
the crystallinity of films, evidenced by X-ray diffraction
studies, and the addition of MFC to the debranched, low
DS rAX induced the formation of ordered structures
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visible with polarizing optical microscopy. MFC
decreased the moisture uptake of films and increased
the relative humidity of softening of the films, detected
with moisture scanning dynamic mechanical analysis.
For the first time, the chemical structure of xylan was
proven to significantly affect the reinforcement poten-
tial of nano-sized cellulose, as the tensile strength of
films from high DP rAXs, but not that of low DP rAXs,
clearly increased with the addition of MFC. At the same
time, MFC only increased the Young’s modulus of films
from rAX with high arabinose content, regardless of DP.

Keywords Arabinosidase - Arabinoxylan -
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Introduction

During recent decades, polysaccharides have been
widely studied as raw materials for biodegradable and
edible films (Nisperos-Carriedo 1994; Guilbert et al.
1996). Polysaccharides are more sustainable than
conventional plastics, because they are isolated from
renewable raw materials and their production requires
less non-renewable energy and yields fewer green-
house gas emissions than the production of synthetic
materials (Shen and Patel 2008). Polysaccharide-
based films are generally good barriers against grease
and oxygen gas, but their properties are usually
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sensitive to changes in ambient relative humidity
(RH), and the barrier properties against water vapor
are poor at high RH (Nisperos-Carriedo 1994; Gron-
dahl et al. 2004; Mikkonen et al. 2009; Mikkonen et al.
2010a, b).

Hemicelluloses are the most abundant plant poly-
saccharides apart from cellulose. The most abundant
hemicelluloses are xylans, which constitute 25-35% of
the dry biomass of woody tissues of dicots and lignified
tissues of monocots (Ebringerova and Heinze 2000).
Many agricultural crops, as well as forest and pulping
side streams, are potential sources for xylans. Up to
40% of some tissues in cereal grains, such as oat spelts,
consist of xylans (Hettrich et al. 2006). Cereal arabin-
oxylans consist of (I — 4)-linked f-p-xylopyranosyl
backbones, to which groups of ¢-L-arabinofuranosyl
units are connected by (1 — 3)- and/or (1 — 2)-
glycosidic linkages at irregular intervals (Izydorczyk
and Biliaderis 1995). In rye endosperm arabinoxylan
(rAX), the backbone units are both mono- and
di-substituted by a-L-arabinofuranosyl units with a
ratio of mono- and di-substituted xylopyranosyl resi-
dues of 2:1 and an average arabinose to xylose (Ara/
Xyl) ratio of 0.50 (Pitkdnen et al. 2009). Other
naturally occurring xylans differ from rAX in their
branching and molar mass; e.g., oat spelts and soft-
woods contain arabinoglucuronoxylans, which have
(1 — 3)-linked a-L-arabinofuranosyl units and (1 — 2)-
linked 4-O-methyl-a-p-glucopyranosyluronic acid
(MeGIcA) units with an Ara/MeGIcA/Xyl ratio of
1.2:0.4:10 and 1:2:10, respectively (Ramirez et al.
2008; Sjostrom 1993). The molar mass of cereal
endosperm arabinoxylans (250,000-300,000 g/mol)
(Pitkdnen et al. 2009) is clearly higher than that of
oat spelt arabinoxylan (32,000 g/mol) (Ramirez et al.
2008), wheat straw arabinoxylan (25,000-30,000 g/mol)
(Sun et al. 2000), and softwood arabinoglucuronoxylan
(15,000 g/mol) (Sjostrom 1993). The chemical struc-
ture, especially the branching, affects the solubility
properties, and the less substituted arabino(glucuron-
o)xylans are generally less water soluble than highly
substituted xylans (Zhang et al. 2011).

Xylans are a remarkable natural resource, but there
are currently no industrial processes utilizing isolated
xylans, although patents and studies exist, for example,
on the use of xylans as raw materials for biodegradable
films and as paper chemicals (Gatenholm et al. 2008;
Grondahl et al. 2008; Kohnke et al. 2008; Ramirez et al.
2008). To further develop the use of xylans as
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packaging films, it is essential to study their struc-
ture—function properties in detail. The relatively high
molar mass and highly branched chemical structure of
rAX offer possibilities for modifications. Controlled
acid hydrolysis of rAX resulted in a decreased degree
of arabinofuranosyl substitution (DS) but, concomi-
tantly, the degree of polymerization (DP) was also
decreased (Sternemalm et al. 2008). Films from acid
hydrolyzed rAX showed decreased moisture uptake at
98% RH and softened at higher RH than films from
native rAX (Sternemalm et al. 2008). Enzymes offer
more controlled ways of making biopolymer modifi-
cations due to their high specificity, and are thus
invaluable tools in structure—function studies of natural
polymers. Selective enzymatic debranching of rAX
has lately been shown to decrease the oxygen perme-
ability of films, and the tensile properties reached a
maximum when the DS was slightly decreased (Hoije
et al. 2008). In our preceding work, films from
enzymatically debranched rAX showed higher crys-
tallinity and brittleness, and lower softening and water
sorption in comparison to films from native rAX
(Stevanic et al. 2011).

The mechanical performance of films can be
improved using nanosized cellulose as reinforcement.
Microfibrillated cellulose (MFC) is produced using
high-pressure homogenization of wood pulp fibers in
water and is mainly composed of liberated semicrys-
talline microfibrils with a width of 5-15 nm and a
length of up to 1 pm (Wagberg et al. 2008). MFC as
such can also be used to form films with high tensile
strength and transparency (Sehaqui et al. 2010). In our
previous study, the addition of MFC in spruce galac-
toglucomannan films remarkably increased their ten-
sile strength and storage modulus (Mikkonen et al.
2011). Reinforcement of rAX with bacterial cellulose
resulted in stronger and stiffer films (Stevanic et al.
2011). Cellulose nanowhiskers have also been used to
increase the tensile strength of arabinoxylan films
(Saxena et al. 2009). Recently, bamboo xylan films
showed high reinforcement by cellulose nanofibers
prepared from bleached sisal pulp (Peng et al. 2011).
The use of wood-derived MFC, which is a more
feasible nano-sized cellulose for industrial use than
bacterial cellulose or cellulose nanowhiskers, has not
previously been studied as a reinforcement of cereal
arabinoxylan films. The aim of the present study was to
thoroughly examine the effects of the structure of
arabinoxylan and the addition of MFC on the
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properties of self-standing films. Our innovative
approach was to use enzymes as specific tools to tailor
the DS and DP of rAX to mimic naturally-occurring
arabinoxylans in different cereal and softwood
sources.

Experimental section
Materials

High molar mass rye endosperm arabinoxylan (rAX)
(Iot 20601a) was purchased from Megazyme (Wicklow,
Ireland). A mono-component endo-1,4-f-p-xylanase
preparation, Shearzyme (49,075 nkat/ml) and endoxy-
lanase-free a-arabinofuranosidase (9,245 nkat/ml) were
from Novozymes (Bagsvaerd, Denmark). The Shear-
zyme cleaves the linkage between consecutive xylo-
pyranosyl residues in the backbone of rAX, and the
o-arabinofuranosidase efficiently liberates the «-L-ara-
binofuranosyl residues from the mono-substituted
p-p-xylopyranosyl units (Hoije et al. 2008). Anhydrous
methanol (Sigma-Aldrich, Germany), acetyl chloride
(Sigma-Aldrich), pyridine (Merck, Germany), TMSCI
(chlorotrimethylsilane; Fluka, Switzerland), and
BSTFA (bis-(trimethylsilyl)trifluoroacidamide; Merck)
were used for acid methanolysis and silylation of
the samples and L(4)-arabinose, D(4)-xylose, and
D(+)-glucose (Merck) were used as monosaccharide
standards in gas chromatography (GC). HPLC grade
dimethyl sulfoxide (DMSO) was from Lab-Scan (Dub-
lin, Ireland) and lithium bromide (LiBr) was from
Sigma-Aldrich. MFC, which was generously provided
by Mikael Ankerfors (Innventia, Sweden), was prepared
from softwood sulphite pulp (Domsjo Dissolving Plus,
Domsjo Mills, Sweden) according to a method previ-
ously developed (Pddkko et al. 2007). The pulp
suspension was first subjected to a pretreatment step
involving mechanical beating and enzymatic treatment.
The pretreated pulp suspension was then mechanically
disintegrated by a homogenization process using a
Microfluidizer M-110EH (Microfluidics Inc., Newton,
MA, USA). A MFC-water suspension with a concen-
tration of 0.22% (w/v) was obtained.

Enzymatic modification of rye arabinoxylan

Stepwise enzymatic modifications were carried out
by treating rAX first with Shearzyme and then with

a-arabinofuranosidase. Control samples were treated
similarly but without the addition of enzymes. The rAX
was dissolved in 25 mM sodium acetate buffer, pH 5.0,
at 1% (w/v), heating it at 80 °C under magnetic stirring
for 10 min. The solution was stirred overnight at room
temperature. Decreasing the degree of polymerization
(DP) of rAX was carried out by a treatment with
Shearzyme using an endoxylanase dosage of 25 nkat/g
of rAX. To select this dosage, preliminary experiments
were carried out on a small scale, aiming to find an
endoxylanase dosage that decreases the weight-aver-
age molar mass of rAX to approximately 50,000 g/
mol. The rAX solution containing Shearzyme (rAX-L)
and the control solution without enzyme (rAX-H) were
incubated for 2 hat40 °C with magnetic stirring. After
incubation, the enzyme action was terminated by
keeping the solutions in a boiling water bath for
15 min. Partial debranching of rAX was carried out by
adding a moderate dosage of o-arabinofuranosidase
(3,000 nkat/g) to the cooled solutions (rDAX-H and
rDAX-L) and incubating them and the control solu-
tions (rAX-H and rAX-L) for 66 h at 40 °C with
magnetic stirring. The enzymatic treatment was ter-
minated similarly as after the Shearzyme treatment.
The arabinoxylan solutions were dialyzed for 48 h
MWCO 12-14,000 Da) against water to remove
buffer ions and released short xylan fragments and
arabinose. Samples of 2.5 mL were frozen and lyoph-
ilized for the estimation of the dry matter content of
solutions/suspensions and for the determination of the
molar mass of rAXs. The rest of the samples were kept
as water solutions/suspensions prior to their use for
film preparation, as the resolubilization of dried
debranched rAX samples in water is difficult.

Structural analysis of rye arabinoxylan

The Ara:Xyl ratios of modified rAXs and the control
sample were studied using GC after acid methanolysis
following the method of Sundberg et al. (1996).
The monosaccharide standards used were D-xylose,
L-arabinose, and D-glucose. Quantification was per-
formed, using six concentration levels of each sugar.
The GC instrument used was an Agilent 6890 N GC
system (Agilent Technologies, Foster City, CA, USA)
with a flame ionization detector (FID). The system was
equipped with an Agilent 7683 series injector and
autosampler using Agilent ChemStation 06 software
for instrument control and data handling. The column
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used was a DB-1 (30 m, 0.25-mm i.d., 0.25-pm film
thickness) from Agilent Technologies. The analysis of
the silylated monosaccharides was performed, using a
gradient system with a total run time of 41.25 min.
The initial temperature of 150 °C was held for 3 min
and three linear gradients were followed: (1) 2 °C/min
from 150 to 186 °C, (2) 1 °C/min from 186 to 200 °C,
and (3) 20 °C/min from 200 to 325 °C.

The M,, of the rAX samples was determined by
high performance size exclusion chromatography
(HPSEC) in DMSO eluent containing 0.01 M LiBr.
The equipment and the method of HPSEC analysis
used was according to Pitkinen et al. (2009).

Preparation of films

Films were prepared from enzymatically treated rAXs
(rDAX-H, rAX-L, and rDAX-L) and the control
sample (rAX-H) with and without the addition of
MEFC. The rAX:MFC weight ratio used was 85:15. No
external plasticizer was added. In addition, a film was
also prepared from plain MFC to be used as a reference
sample in X-ray diffraction and water sorption studies.
Sample codes are shown in Table 1. The rAX
solutions, rAX-MFC mixtures, and MFC suspension
were heated under magnetic stirring at 60 °C and
homogenized using an Ultra-Turrax (Ika-Werke,
Staufen, Germany) at 9,500 rpm for 10 min. The
MEC suspension was concentrated by magnetic stir-
ring in vacuum from 0.22% (w/v) to approximately
0.5%. The suspensions were cast into Teflon-coated
Petri dishes (diameter 9.4 cm), and dried at 23 °C and
50% RH. The thickness of the films was approxi-
mately 3040 pm.

Microscopy

Optical imaging of the films was done with a Zeiss
AxioScope Al polarizing optical microscope (OM)
(Carl Zeiss Inc., Oberkochen, Germany) equipped with
an AxioCam ICc3 camera, using transmitted light.

X-ray diffraction

Wide-angle X-ray diffraction measurements were carried
out to characterize the crystallinity of xylan in the films.
The diffraction patterns of the rAX films and a plain MFC
film were measured. The measurements were done in
the perpendicular transmission geometry using a
sealed X-ray tube (point focus, PANalytical, Almelo,
The Netherlands), and Cu K, radiation (wavelength
1.54 A). The beam was monochromated using a colli-
mating Montel multilayer monochromator (Incoatec,
Geesthacht, Germany) and the diffraction pattern was
measured with a MAR345 image plate detector
(Rayonix, Evanston, IL, USA).

Two-dimensional diffraction patterns were spher-
ically averaged to one-dimensional diffraction inten-
sity profiles and corrections in the intensity profiles
were made to take the attenuation in the sample and
the differences in diffracted ray paths due to the use of
a plate detector into account. Calibration of the
angular range was made using the known diffraction
maxima of silver behenate, silicon and aluminum
standard samples. The broadening of the diffraction
maxima on the whole angular range due to the
instrument was estimated to be 0.2 & 0.1°. This
estimate was done using the silver behenate peaks at
low scattering angles and an aluminum diffraction

Table 1 Film codes

Code Description

rAX-H Film with 100% high DP rye arabinoxylan (high DS)

rAX-H:MFC Film with 85% high DP rye arabinoxylan + 15% microfibrillated
cellulose

rDAX-H Film with 100% high DP debranched rye arabinoxylan (low DS)

rDAX-H:MFC Film with 85% high DP debranched rye arabinoxylan + 15%
microfibrillated cellulose

rAX-L Film with 100% low DP rye arabinoxylan (high DS)

rAX-L:MFC Film with 85% low DP rye arabinoxylan + 15% microfibrillated cellulose

rDAX-L Film with 100% low DP debranched rye arabinoxylan (low DS)

rDAX-L:MFC Film with 85% low DP debranched rye arabinoxylan + 15%
microfibrillated cellulose

MEFC Film with 100% microfibrillated cellulose
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peak at high scattering angles. All of the diffraction
measurements were carried out under ambient condi-
tions, e.g., room temperature and low humidity. All
film samples were stacked multifold during the
measurement to gain a sample thickness of 0.31 &
0.03 mm on average. Hence the statistical accuracy of
the diffraction intensity was improved.

To determine the crystallinity index, a linear
combination of the diffraction patterns of crystalline
and amorphous arabinoxylan and MFC were fitted to
each experimental intensity curve. In the fitting
procedure the diffraction pattern of crystalline arabin-
oxylan was computed on the basis of the known crystal
structure of xylan dihydrate (Nieduszynski and Mar-
chessault 1972) and the widths and intensities of the
diffraction peaks; in addition, the lattice constants a
and ¢ were used as fitting parameters. PowderCell 2.3
software (Institute for Molecules and Materials, Rad-
boud University Nijmegen, Nijmegen, The Nether-
lands) was used to obtain the relevant peaks included
in the fit. The non-crystalline background was mea-
sured from rAX-H film that was assumed to have a
crystallinity of 0%. For this reason the crystallinity
values are not absolute values, but are relative to this
non-crystalline background.

The crystallinity, ¢, was evaluated according to

Eq. (1):

= 1= (3 Lanorn/ D Incasirea ) (1)

where 1,,,,,,,, denotes the non-crystalline scattering
part of the intensity profile and /,,.45..q denotes the
total intensity profile. From diffraction patterns of
samples containing MFC, the MFC contribution to
Lyeasurea Was deducted; thus in all cases the crystallin-
ity represents the crystallinity of arabinoxylan. The
widths of the crystallites were determined from the
most well resolved diffraction peaks, namely the 100
and 011 peaks (Guinier 1994).

Light transmittance

The light transmittances of the films were scanned at
wavelengths from 190 to 800 nm using a Shimadzu
UV-2501 PC spectrophotometer (Kyoto, Japan)
equipped with an integrating sphere detector. The
measurement was done in triplicate and the average of
the three spectra was calculated. In addition, the haze
of the films was determined in duplicate at a

wavelength of 550 nm as described in the ASTM
Standard Test Method for Haze and Light Transmit-
tance of Transparent Plastics (ASTM 2007).

Water sorption

A DVS Intrinsic sorption microbalance (Surface
Measurement Systems, Alperton, Middlesex, UK)
was used in order to collect water sorption isotherms.
The experiments were carried out in duplicate at 25 °C
and RH values from 0 to 90%. The sample was
hydrated stepwise in 10% RH steps by equilibrating
the sample weight at each step. The moisture uptake
was calculated according to Eq. 2:

Wmoi‘vt - Wdry
)

Moisture uptake = 100
Wary

(2)
where W, 1s the sample weight equilibrated at the
chosen relative humidity and W, is the weight of the
dry sample.

Mechanical properties

Dynamic mechanical analysis (DMA) was carried out
using a Perkin-Elmer DMA 7e (PerkinElmer Corp.,
Norwalk, CT, USA). The film specimens with dimen-
sions of 2 mm x 20 mm x 30 pm (width x length x
thickness) were first conditioned at 0% RH and then
scanned in a range of 1-90% RH at a speed of 1% RH/
5 min at a temperature of 30 °C. The desired relative
humidities were achieved by mixing dry air and water-
saturated air using a Wetsys humidity generator (Setaram
Instrumentation, Caluire, France). The static load was
adjusted to be equal to 120% of the dynamic load, the
amplitude was set to be constantat 5 pum, and a frequency
of 1 Hz was applied. The storage modulus (E’) was
recorded using Pyris DMA 28 software (PerkinElmer
Corp., Norwalk, CT, USA).

The tensile strength, elongation at break, and
Young’s modulus of the films were determined at
23 °C and 50% RH (climate room) using an Instron
4465 universal testing machine with a load cell of
100 N. The initial grip distance was 50 mm and the
rate of grip separation was 5 mm/min. Nine to 12
replicate specimens from each film type were mea-
sured except from the rDAX-L:MFC film, which was
so brittle that only three replicate specimens could be
measured. The specimens were 5 mm wide and
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approximately 70 mm long. The thickness of the
specimens was measured with a micrometer (Lorent-
zen & Wettre, Sweden, precision 1 pm) at three points
and an average was calculated.

Statistical analyses

One-way analysis of variance (ANOVA) was used to
test the differences in the tensile properties of the
films. Tukey’s test was used for pairwise comparison
of the means. In addition, the effects of the DS, DP,
and MFC as well as their interaction effects on the
tensile strength, elongation at break, and Young’s
modulus were evaluated using contrasts, which is a
flexible way to highlight differences in the data
(Mikkonen et al. 2007). To obtain the contrast values,
the results of the different levels of each factor were
multiplied with coefficients, shown in Table 2, and
then summed up. The coefficients were selected so
that the absolute sum of coefficients with the same sign
is one and the sum of all coefficients is zero. Thus the
sign of the obtained contrast depends on the selection
of the coefficients and if the absolute value of the
obtained contrast is large, the results differ from each
other. Differences were considered statistically sig-
nificant when p was < 0.05. SPSS 15.0.1 (SPSS Inc.,
Chicago, IL) was used for the analyses.

Results and discussion
Chemical composition
The o-arabinofuranosidase used has specificity only

towards the o-L-arabinofuranosyl units linked to the
mono-substituted xylopyranosyl residues (Hoije et al.

2008). According to the GC analysis, 40% of the total
o-L-arabinofuranosyl units were removed from rAX-H
and rAX-L, and the resulting Ara:Xyl ratios of the
debranched rye arabinoxylans were 0.27 for -DAX-H
and 0.26 for rDAX-L (Table 3). As two-thirds of the
arabinofuranosyl units of native rAX are attached to
mono-substituted xylopyranosyl units and one-third
on di-substituted units (Pitkdnen et al. 2009), 12 and
11% of xylopyranosyl units of rDAX-H and rDAX-L,
respectively, were mono-substituted and 7.5% were
di-substituted. This indicates that the enzymatic
debranching was successful, although not all arabino-
furanosyl residues accessible to the enzyme used were
released due to the moderate enzyme dosage applied,
as the target was to prepare rAX samples with Ara: Xyl
ratios of about 0.25, in contrast to our preceding work,
which aimed at maximal removal of arabinofuranosyl
residues from the mono-substituted xylopyranosyl
units of rAX (Stevanic et al. 2011).

The molar mass of rAXs was studied using HPSEC
in DMSO containing 0.01 M LiBr, which is known to
be a good solvent for arabinoxylans (Pitkdnen et al.
2009). The molar mass distributions obtained are
presented in Fig. 1, and weight-average molar masses
and dispersity indexes are shown in Table 3. The
applied Shearzyme treatment reduced the weight-
average molar mass of rAX from 184,000 to 49,000 g/
mol. However, the treatment clearly increased the
poly-dispersity of the samples. Although the chain
length of the sample was mostly reduced, some intact
molecules existed in the Shearzyme-hydrolyzed sam-
ple. This might be due to the inability of the
endoxylanase to act on the most highly substituted
xylan chains, as water-extracted arabinoxylan samples
from rye flour are heterogeneous and may well contain
structurally diverging populations of arabinoxylans

Table 2 Contrast

coefficients used to Film Factors Interactions

compare levels of factors DS DP MEFC DS/DP MFC/DS MFC/DP

with respect to averages of

tensile strength, elongation rAX-H —0.25 —0.25 —0.25 —0.25 -0.25 —0.25

at break, and Young’s rAX-H:MFC —0.25 —0.25 0.25 ~0.25 0.25 0.25

modulus DAX-H 0.25 025 —025 0.25 0.25 025
rDAX-H:MFC 0.25 —0.25 0.25 0.25 —0.25 0.25
rAX-L —0.25 0.25 —0.25 0.25 —0.25 0.25
rAX-L:MFC —0.25 0.25 0.25 0.25 0.25 —0.25
rDAX-L 0.25 0.25 —0.25 —-0.25 0.25 0.25
rDAX-L:MFC 0.25 0.25 0.25 -0.25 —0.25 —-0.25
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Table 3 Arabinose to xylose ratios and weight-average molar
masses of modified rAX samples

Ara: Xyl Molar Dispersity
mass (Da) index (M/M,)
rAX-H 0.45 184,000 1.2
rDAX-H 0.27 152,000 1.1
rAX-L 0.43 49,000 52
rDAX-L 0.26 59,000 2.3
34
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= rDAX-L

[=)
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T 14
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Fig. 1 Molar mass distributions obtained with HPSEC in
DMSO with 0.01 M LiBr

(Bengtsson et al. 1992). The o-arabinofuranosidase
treatment shifted the molar mass distribution of rAX-
H slightly to the direction of lower molar mass, as
expected, but the Shearzyme intact part of the rAX-L
sample, which might be highly substituted, seemed to
also be resistant to the a-arabinofuranosidase action.
The rAX-L sample contained lower molar-mass
molecules (in a mass range of 800-6,000 g/mol) that
cannot be observed in the molar mass distribution of
the rDAX-L sample. The explanation could lie in the
disappearance of short rDAX-L chains during dialysis
due to a decrease in the molecular size as a result of
arabinose removal. The rAX-L and rDAX-L samples
were used for film preparation without further frac-
tionation, although they were highly poly-dispersed.

Morphology

All tAX samples with or without MFC, even those
with low DS and DP (rDAX-L), formed cohesive, self-
standing films without an external plasticizer. How-
ever, the film prepared from rDAX-L with MFC was

very brittle. When viewed with polarizing OM, there
were no visible structures in any of the plain rAX
films, but the composite films with MFC showed
bright polarizing fibers and textures indicating ordered
structures (Fig. 2). Films from rAX-H:MFC and rAX-
L:MFC contained relatively large fiber structures with
lengths of up to 100 micrometers and widths of several
micrometers (Fig. 2a, c¢), similar to those seen by
polarizing OM in spruce galactoglucomannan-MFC
composite films and considered to be cellulose fiber
residues (Mikkonen et al. 2011). The nano-sized fibrils
are not visible at the magnifications used. In contrast,
composite films from low DS rDAXSs (rDAX-H:MFC
and rDAX-L:MFC) had polarizing textures seemingly
formed from MFC and rDAX together, indicating
interactions between these two components (Fig. 2b, d).
From the X-ray diffraction pattern of partly crystal-
line rDAX films, the crystal structure of arabinoxylan
was recognized to be hexagonal. The X-ray diffraction
measurements revealed remarkable differences between
the crystallinity and the average crystallite sizes of xylan
in the samples. Films from high DS rAXSs showed only
minimal, if any, crystalline character. A barely notice-
able distinction from the non-crystalline background
could be seen in the diffraction patterns of the rAX-L
and rAX-L:MFC films. On the other hand, all films from
low DS rDAXSs, with or without MFC reinforcement,
clearly showed a crystalline character (Fig. 3). The
xylan crystallinity and the average crystallite widths,
determined from reflections 100 and 011, were signif-
icantly higher for rDAX-L and rDAX-L:MFC films than
for rDAX-H and rDAX-H:MFC films (Table 4). This
could result from the higher mobility and capacity to
form ordered structures of low DP rDAX compared to
high DPrDAX. The crystallite widths of - DAX-H:MFC
and rDAX-L:MFC composite films did not significantly
differ from those of plain rDAX-H and rDAX-L films.
The lattice parameters a and ¢ were slightly higher for
the MFC-reinforced films from low DS rDAXs than for
the corresponding films without MFC. The diffraction
pattern of the plain MFC film was found to fit into the
measured diffraction patterns from MFC-reinforced
rAX films, which confirms that the microstructure of
MFC was unchanged when used as reinforcement.
The crystallinities of xylan in rDAX-H and rDAX-
L films (11 and 17%, respectively) were lower than
those found earlier for rDAX films (20%) (Stevanic
et al. 2011). In this preceding work, a more efficient
enzymatic debranching was applied, resulting in an
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Fig. 2 Polarizing optical microscopic images of films from a rAX-H:MFC, b rDAX-H:MFC, ¢ rAX-L:MFC, and d rtDAX-L:MFC.
The scale bar in A is 100 pum and all images are at the same magnification

Ara:Xyl ratio of 0.16, which may explain the higher
crystallinity of those films. Polyol-plasticized oat spelt
arabinoxylan (0osAX) films also showed a crystallinity
between 20 and 26% (Mikkonen et al. 2009). The DS
and DP of 0sAX are low, which both may enhance the
crystallization, in addition to the plasticizer. The
presence of MFC did not affect the crystallinity of
xylan in rAX films, analogous to what was reported for
MFC-reinforced galactoglucomannan films (Mikko-
nen et al. 2011) and rAX-bacterial cellulose composite
films (Stevanic et al. 2011).

Light transmittance

All films had high light transmittance in the visible
region of the spectrum, indicating that the films were
transparent (Table 5). The differences in the light
transmittance of films were small, but because of low
standard deviations, some trends can be seen. The light
transmittance of films at the 550 nm wavelength
slightly decreased when MFC was added. In addition,
the light transmittance of films from high DS rAXs
was higher than that of films from low DS rDAXs. The

@ Springer

rAX-H film had the highest light transmittance and the
rDAX-H:MFC film had the lowest.

Haze is the scattering of light by a specimen
responsible for the reduction in contrast of objects
viewed through it (ASTM 2007). The films differed
greatly in haze (Table 5). The addition of MFC clearly
increased the haze of films, especially that of films
from high DP rAXs. The highest haze was measured
for the IDAX-H:MFC film. This indicates, similarly to
the polarizing OM images of that film, that rDAX-H
and MFC interacted and formed structures detectable
with microscopy and spectrophotometer. The haze of
films from low DP rAXs was lower than that of films
from high DP rAXs.

Water sorption

The water sorption isotherms of all films displayed a
sigmoidal shape generally reported for hydrophilic
materials (Fig. 4). As expected, plain MFC absorbed
less water than the rAX-based films. In addition, the
presence of MFC slightly decreased the moisture
uptake of the rAX-MFC composite films.



Cellulose (2012) 19:467-480

475

rDAX-H (above) and rDAX-H:MFC (below)

- M t
B Fﬂeasuremen
===-Non-crystalline AX |
— ssseves Crystalline AX |
w
.‘é’
=]
2
£
-g 0 benst
tond c * Measurement
=y Fit
2 === Non-crystalline AX
é - Crystalline AX
i i i 4 g % kit oyt s e -
10 15 20 25 30 35 40 0 15 20 25 30 35 40
20107 200
Fig. 3 a The diffraction patterns of films not containing MFC the data points is a linear combination of the experimental
and diffraction patterns of brDAX-H and ¢ -DAX-H:MFC films diffraction pattern of non-crystalline arabinoxylan, the crystal-
plotted together with the non-crystalline background scattering, line model, and the experimental pattern of MFC. The intensity
the model for the crystalline scattering, and the contribution of profiles are plotted as a function of scattering angle 26 (°)
scattering from MFC to the intensity profile. The profile fitted to
::12:? ‘c‘ry(sjtra}ﬁit?elheril;ey and Sample ¢ (%) Crystallite . Crystallite . Lattice constants LatEice constant
lattice constants of xylan in size (100) (A) size (O11) (A) aand b (A) c @A)
the films determined by AX-H 0 _a _ _ _
wide angle X-ray scattering
rAX-H:MFC  05+2 - - - -
rDAX-H 11+2 99+7 101 £ 7 9.06 £+ 0.02 15.02 + 0.10
DAX-HMFC 11+2 96+7 91 +6 9.12 +£ 0.02 15.06 &+ 0.10
rAX-L 1.6 £2 - - - -
rAX-L:MFC 1.7+2 - - - -
rDAX-L 17+3 158 £21 144 £+ 17 9.03 £ 0.02 15.04 £ 0.10
rDAX-L:'MFC 21 +3 142416 124 +£ 12 9.07 £ 0.02 1513 £ 10
? Not detected
Table 5 Light transmittance and haze of films at above that, increased due to swelling by water (Zhang
550 nm =+ standard deviation .
et al. 2011). Also in the present study, the water
Film Transmittance Haze content difference of films was highest between 80 and
(550 nm) (%) (530 nm) (%) 90, RH. At 60-80% RH, the moisture uptake of films
rAX-H 89.4 + 0.3 11.0 £ 0.2 from low DS rDAXSs was slightly higher than that of
rAX-H:MFC 87.1 + 0.5 345 + 0 films from high DS rAXs but, at the highest RH
DAX-H 88.3 + 0.6 92 4+ 04 studied (90%), there were no considerable differences.
DAX-H:MFC 84.9 + 0.9 63.1 + 0.1 In comparison, Hoéije et al. (2008) found that decrease
TAX-L 88.8 + 0.1 835 + 23 in the DS of rAX increased the water content of films
FAX-L:MEC 88.3 + 02 223 401 at 50 and 76% RH, but decreased it at 98% RH. The
DAXL 878 + 03 6.8 + 0.1 DP (molar mass) of rAX and rDAX did not affect the
rDAX-L:MFC 86.1 + 0.4 25.0 £ 0.8 moisture uptake of films.

Previously, the moisture uptake of arabinoxylan
films at RH below 80% was considered to be governed
by water bound by the arabinoxylan sorption sites and,

Mechanical properties

Because polysaccharide films are hydrophilic materi-
als, it is important to study the moisture-dependency
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Fig. 4 The water sorption
isotherms of films from

a high DP rAXs and b low 30
DP rAXs. The results are
averages of two
measurements
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of their mechanical properties. Therefore the storage
modulus of films was determined as a function of RH
to evaluate the effect of moisture on the stiffness of the
films. The results are presented as relative values, i.e.,
as percentages of the storage modulus of the dry film,
to eliminate the effect of variation of specimen
dimensions on the results (Fig. 5). As expected, the
storage modulus of films decreased with increasing
RH, indicating moisture-induced plasticization. Sim-
ilar behavior was seen earlier for rAX films (Stevanic
et al. 2011) and spruce galactoglucomannan films
(Mikkonen et al. 2011). The decrease in DS of rAX
decreased the softening of films at low RH, but
increased it at high RH, regardless of the presence of
MEFC. Thus, the high crystallinity of rDAX films did
not consistently correspond with higher stiffness. As
the moisture uptake of rAX and rDAX films at 90%
RH was similar despite the fact that rDAX films had
crystalline regions that probably absorb only a small
amount of water, the amorphous parts of the rDAX
films could have swelled more than the totally
amorphous films from high DS rAXs, leading to
increased softening of the films. As discussed earlier,
rDAXs contain structurally diverging populations of
arabinoxylans, some of which may be more prone to
crystallize. Thus the amorphous part may contain a
population of arabinoxylans which swell more at high
RH. The relative storage modulus of films was rather
similar regardless of the DP of rAX, indicating that the
films from rAXs with different chain lengths
responded similarly to the low forces applied to the
films at the elastic range.
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The addition of MFC increased the RH of softening
of all films. In general, the relative storage modulus of
films containing MFC was higher than that of the plain
rAX films at RH values higher than 40%. This indicates
reinforcement of films by MFC, but could also be at
least partly affected by the decreased moisture content
of films at high RH due to the addition of MFC.

The mechanical properties of the films were further
evaluated by tensile testing (Fig. 6). Decreasing DS of
rAX decreased the tensile strength of films on average
by 7.6 MPa and Young’s modulus by 426 MPa, but
did not affect the elongation at break (Table 6). The
effect of DS of rAX on the tensile strength and
Young’s modulus of the films did not depend on the
DP of rAX, as the p-values for the interaction effect
were 0.915 and 0.608, respectively (Table 6). Previ-
ously, a small decrease in DS of rAX (Ara:Xyl 0.37)
increased the tensile strength of films, but films from
rAX with Ara:Xyl ratios closer to those of rDAX-H
and rDAX-L in the present study (0.30 and 0.20) had
lower tensile strength than films from native rAX
(Ara:Xyl 0.50) (Hoije et al. 2008). Films from
debranched guar gum galactomannan studied previ-
ously had higher mechanical performance than films
from native guar gum galactomannan (Mikkonen et al.
2007). A moderate enzymatic decrease in the DP of
guar gum galactomannan, which is originally a much
larger polymer than rAX, also increased the tensile
strength and elongation at break of films, but a more
severe treatment decreased them (Mikkonen et al.
2007). In the present study, a decrease in the DP of
rAX decreased the tensile strength of films on average
by 33.2 MPa and elongation at break by 7.1%, but
Young’s modulus was not affected (Table 6). How-
ever, the reduction in the tensile strength of rAX films
was unexpectedly small, considering that the decrease
in the DP of rAX was significant. This could be at least
partly explained by the high poly-dispersity of the
endoxylanase treated samples, i.e. rAX-L also con-
tained large polymers.

Tensile testing confirmed the reinforcing effect of
MEFC on rAX (Table 6). The tensile strength of the
rAX-H film was 64 & 6 MPa and that of the rAX-
H:MFC film was 95 £+ 19 MPa (measurements at
50% RH). The reinforcement by MFC was also high
for rDAX-H but, for low DP rAXs, the effect was
surprisingly much smaller and not statistically signif-
icant (Fig. 6). The addition of MFC combined with a
decrease in the DS and DP of rAX greatly increased
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Fig. 6 a Tensile strength, b elongation at break, and ¢ Young’s
modulus of films. The results are averages from 9-12
measurements, except for rDAX-L:MFC, of which three
measurements were done. The error bars indicate standard
deviations, and the small letters a, b, ¢, and d mean statistically
significant differences from Tukey’s test (p < 0.05) (the same
letter on the bars means that there is no statistical difference
between the values, while different letters means that there is a
statistical difference)

the brittleness of the films, as only three replicate
specimens of rDAX-L:MFC film could be measured
with the tensile tester due to fracturing of the film
specimens during cutting.

The addition of MFC did not affect the elongation
at break of films. In contrast, MFC increased the
Young’s modulus of films from high DS rAXs, but not
that of films from low DS rDAXs (p = 0.002)
(Table 6). The effect of MFC on the Young’s modulus
of the films was similar regardless of the DP of rAX,
which is in agreement with the results of storage
modulus determined with DMA. Thus, according to
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Table 6 Estimated values of contrast in the effect of film composition on the tensile strength, elongation at break, and Young’s

modulus of films

Tensile strength (MPa) Elongation at break (%) Young’s modulus (MPa)
DS —7.6 (0.014%) —0.3 (0.671) —426 (<0.001)
DP —33.2 (<0.001) —17.1 (<0.001) 72.3 (0.507)
MFC 15.8 (<0.001) —0.8 (0.312) 384 (<0.001)
DS/DP 0.3 (0.915) 0.04 (0.963) 55.8 (0.608)
MFC/DS 0.5 (0.870) —0.6 (0.427) 340 (0.002)
MEC/DP 12.2 (<0.001) —0.3 (0.667) 82.3 (0.450)
RMSE" 12.4 3.2 444

Degrees of freedom for MSError (ANOVA error term) = 75

* p value; values below 0.05 indicate statistical significance

® RMSE is the square root of MSError and is the average standard deviation between the replicate specimens

tensile testing, the films from high DS rAXs became
stiffer with added MFC. This is a property studied in
the elastic region of the deformation, while tensile
strength is linked to higher deformation at the breaking
point of the sample. Low DP of rAX was not a
disadvantage in the elastic range studied using low
forces but, at higher forces, the shorter xylan chains
were not able to stretch and slide across each other as
much as the longer chains, resulting in breaking of the
film specimens at an earlier stage and at a lower tensile
strength. In addition, the hydrogen bonded network of
rAX with MFC could have been weaker with lower
molar mass of rAX.

The reinforcing effect of MFC on rAX-H and
rDAX-H was clearly higher than that of bacterial
cellulose on rAX films (Stevanic et al. 2011). The
effect of MFC on high DP rAX films was also higher
than that on spruce galactoglucomannan films (Mi-
kkonen et al. 2011). Unlike spruce galactoglucoman-
nan, rAX forms cohesive films without an additional
plasticizer. A high amount of glycerol as a plasticizer
was previously considered to prevent load transfer
between matrix and reinforcement (Mikkonen et al.
2010a, b), and decreasing the amount of glycerol
increased the reinforcement of spruce galactogluco-
mannan films by MFC (Mikkonen et al. 2011).
However, the reinforcing effect of MFC on spruce
galactoglucomannan films was higher than on low DP
rAX films, although the molar mass of galactogluco-
mannan is at the same magnitude or even lower than
that of rAX-L in the present study (Willfor et al. 2008).
The diminished reinforcement effect of MFC on films
from low DP rAXs may be a result of impaired
interactions of MFC with rAX-L and rDAX-L. The
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action of endoxylanases is generally restricted by
L-arabinofuranosyl side groups, and thus enzymatic
hydrolysis is expected to first proceed on the least
substituted regions of the xylan backbone. The same
regions of the xylan chain may be those responsible for
tight hydrogen bonds with MFC, as a decrease in the
Ara:Xyl ratio and an increasing number of unsubsti-
tuted xylopyranosyl units increases the amount of
adsorbed arabinoxylan on cellulose (Kohnke et al.
2011). Indeed, enzymatic hydrolysis of wheat arabin-
oxylan from 336,000 to 129,000 g/mol significantly
reduced its adsorption on the nanocellulose surface, as
revealed by the quartz crystal microbalance measure-
ments (Eronen et al. 2011). However, hydrolysis of
less substituted regions of the xylan backbone does not
explain the low reinforcement of rDAX-L films, as
new unsubstituted xylopyranosyl residues were cre-
ated by debranching with x-arabinofuranosidase.

Conclusions

Controlled enzymatic modification was performed on
rAX by decreasing its DS and DP to prepare a set of
samples to mimic the diversity of naturally occurring
arabinoxylans. Films were successfully prepared from
native and modified rAX samples with and without the
addition of MFC. The addition of MFC and the
chemical structure of rAX affected the properties of
the films, and the reinforcing effect of MFC clearly
depended on the structure of rAX. Polarizing fibers
were visualized by microscopy in films containing
MEFC and, in addition, polarizing structures formed in
the composite films from low DS rDAXs, indicating
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interactions between MFC and debranched rDAX.
This was also seen as an increased haze in MFC-
reinforced films from low DS rDAXs. However,
although the crystallinity of rAX in the films was
increased by the enzymatic modifications, it was not
significantly affected by MFC. The addition of MFC
somewhat decreased the moisture uptake of films and
clearly increased the RH of softening of the films.
Surprisingly, MFC greatly increased the tensile
strength of films from high molar mass rAXs, but
not that of films from low molar mass rAXs. This is the
first study combining MFC with structurally different
arabinoxylans, and the results indicate that using MFC
as reinforcement of films from low DS and DP
arabinoxylans, such as the potential forest biorefinery
products from softwoods, may be challenging. How-
ever, the low DP and DS sample studied in the present
work does not fully mimic softwood arabinoxylans,
which in addition to the neutral a-L-arabinofuranosyl
side groups also carry acidic 4-O-methylglucopyrano-
syl uronic acid substituents.
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