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Wheat straw has been used as a source of hemicelluloses (WSH) and cellulose nanocrystals (CNC) for
the elaboration of biodegradable films. Different films have been formed by using WSH as a matrix and
different contents of CNC and citric acid. The predominant hemicelluloses were arabinoxylans. CNC rein-
forced the films, improving tensile strength and modulus, water resistance and water vapor barrier.
Citric acid, on the other hand, presented concomitant plasticizing and crosslinking effects (the latter also
evidenced by FTIR), probably due to a crosslinking extension by glycerol. The use of 5.9 wt% CNC and
30 wt¥% citric acid was defined as optimal conditions, resulting in minimum water sensitivity and per-
meability, while maintaining a good combination of tensile properties. Under those conditions, the films
presented enhanced modulus, elongation, water resistance, and barrier to water vapor when compared
to the control WSH film, and might be used for wrapping or coating a variety of foods.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The petroleum-derived polymers have been presented to the
world in the early 20th century as mediocre substitutes for natural
materials such as silk and rubber, but have been engineered since
then to become mainstream materials of low-cost and superior
properties, accounting for the declining use of natural polymers.
However, a transition from petrochemistry to bioeconomy, involv-
ing the renaissance of renewable polymers, is expected at the 21st
century (Miilhaupt, 2013). The reasons for this shift are related to
the non-renewability, the overall environmental impacts, and the
lack of biodegradability of the petroleum-derived polymers. The
modern polymer technology has been thus increasingly focused on
green routes.

Biorefining may be defined as the sustainable processing of
biomass into products and/or energy. The biorefinery concept
embraces technologies able to separate biomass resources (such as
food industry by-products) into their building classes of molecules
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(such as polysaccharides, proteins, phenolic compounds, and
triglycerides) which are then converted to value added products
such as biomaterials and energy carriers in an integrated way so
as to maximize the economic value of the biomass while reducing
waste production (Cherubini, 2010; Thomsen, 2005).

The world wheat consumption for 2015/2016 was around 710
million tons (WASDE, 2016). Wheat straw, an abundant wheat co-
product which is treated mostly as waste, is a source of cell wall
polysaccharides such as hemicelluloses (mainly xylans) and cellu-
lose (Jacqueminetal.,2015). Considering that the production of 1 kg
of wheat grain generates an average of 1.3 kg of straw (Montane,
Farriol, Salvado, Jollez, & Chornet, 1998), the world annual gener-
ation of wheat straw may be estimated as about 920 million tons.
Although part of the wheat straw is already used (e.g. for animal
feed and paper production), the majority is usually treated as waste,
when it could instead be used to produce high-valued materials
such as biodegradable films to be used as greener alternatives to
conventional food packaging materials.

Biodegradable films have been produced from a variety
of biopolymeric matrices, including polysaccharides. However,
polysaccharide films have usually poor tensile properties, besides
being highly permeable to water vapor and sensitive to water
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(because of the hydrophilic nature of polysaccharides). Cellu-
lose nanocrystals (CNCs), which are needlelike crystals measuring
4-25nm in diameter and 100-1000 nm in length (Jonoobi et al.,
2015), have been reported to improve overall physical properties of
polysaccharide films, especially tensile properties, due to the high
strength and stiffness of individual nanocrystals (Cho & Park, 2011)
as well as to mechanical percolation yielded by hydrogen bonding
interactions between CNCs (Favier et al., 1995). CNCs are usually
extracted by chemical treatments such as acid hydrolysis, which
may be preceded by pretreatments such as steam explosion in
order to fractionate the lignocellulosic material into its biopolymer
components (Abdul Khalil, Bhat, & Yusra, 2012).

Another way to improve physical properties of polysaccharide
films is by crosslinking, which consists of linking polymer chains
by covalent or non-covalent bonds, forming three-dimensional
networks with reduced mobility, which results in improved
water resistance, and usually improved tensile and barrier prop-
erties (Balaguer, Gomez-Estaca, Gavara, & Hernandez-Muifioz,
2011). Citric acid has been reported to crosslink polysaccharides
(Bonilla, Talén, Atarés, Vargas, & Chiralt, 2013; Olsson, Hedenqvist,
Johansson, & Jarnstrom, 2013a), while non-bonded citric acid may
also act as a film plasticizer (Chabrat, Abdillahi, Rouilly, & Rigal,
2012; Ortega-Toro, Collazo-Bigliardi, Talens, & Chiralt, 2016; Shi
et al., 2007). The crosslinking mechanism of citric acid is ascribed
to covalent di-ester linkages between hydroxyl groups of two dif-
ferent polysaccharide chains and two carboxyl groups of citric acid
(Coma, Sebti, Pardon, Pichavant, & Deschamps, 2003; Olsson et al.,
2013a). The reaction is favored by curing the films at tempera-
tures above 100 °C (Dastidar & Netravali, 2012; Olsson et al., 2013a,
2013b).

In a previous study from our group (Azeredo et al., 2015), cit-
ric acid was reported to improve water vapor barrier and water
sensitivity of wheat straw hemicellulose films (suggesting a plasti-
cizing effect), while the overall tensile properties of the films have
been impaired by citric acid. In this study, both citric acid and cel-
lulose nanocrystals (CNCs) have been used as additives to wheat
straw hemicellulose films, in an attempt to combine crosslinking
and reinforcing effects to improve not only the water resistance of
the films but also their tensile properties.

2. Materials and methods

2.1. Isolation and characterization of wheat straw hemicelluloses
(WSH)

Wheat straw was milled to 0.5 mm in a Retsch Brinkmann ZM-
1 centrifugal grinding mill (Retsch GmbH, Haan, Germany). 100 g
milled straw were washed with 1L ethylenediamine tetraacetic
acid (EDTA) solution (0.2%, w/v) at 90°C for 1 h, to remove water
soluble components and to chelate H,O, decomposing metals. The
hemicelluloses were then extracted with an alkaline H, O, solution
(3% w/v, pH adjusted to 12.5 with KOH) for 16 h at 50 °C, conditions
modified from those previously optimized by Fang, Sun, Salisbury,
Fowler, & Tomkinson, 1999. The supernatant from the subsequent
centrifugation was vacuum filtered and had its pH adjusted to 5.0
with acetic acid. Ethanol was added to a concentration of 60 vol%,
the suspension was stirred for 30 min, left for 16 h at 4°C, cen-
trifuged, washed with ethanol 70 vol%, centrifuged again, and left
to dry at 24°C. The dried WSH were then milled to a fine pow-
der (particle size, 0.25 mm) by using a basic mill (A10, IKA GmbH,
Germany).

The neutral sugar composition of WSH was determined by
gas chromatography-flame ionization detection (GC-FID). A 10 mg
sample of WSH was hydrolyzed with trifluoroacetic acid 4 M for 6 h
at 100 °C. The hydrolyzed WSH and the monosaccharide standards

were acetylated with aceticanhydride and piridin (2:1, v/v),and the
alditol acetates were dissolved in chloroform. The analyses were
conducted in a Shimadzu GC-2010 Plus (Shimadzu, Japan) with a
VF5-MS column (0.25 pm, 0.25 mm x 60 m). The injected volume
was 1 L with a 1:20 split ratio. Nitrogen was used as carrier gas,
whose flow was 0.83 mL/min. The oven temperature was increased
from 190 to 230°C at 4°Cmin~!, then it was held at 230°C for
12 min. The peaks were identified by comparing retention times
with those obtained by injections of pure standards.

The hemicellulose and a-cellulose contents of milled wheat
straw and the isolated WSH were determined (in triplicate) based
on TAPPIT203cm-99 (TAPPI, 2009), and the lignin contents, accord-
ing to TAPPI, 2004.

2.2. Isolation of cellulose nanocrystals

Chipped wheat straw (1kg each run) was steam exploded at
210°C for 10 min using a Cambi™ Steam Explosion Pilot Plant
(Cambi, Asker, Norway) with a sealed 30L vessel. The contents of
the heating chamber were then released into a cyclone (to separate
biomass from steam), and the solids were deposited in a hopper
with 6.6 L hot water. The heating chamber was then pressurized
again twice to 2-3 bar in order to dislodge any residual material.
The resulting steam-exploded slurry was collected, filtered through
a 100 wm nylon mesh, dried (60°C, 24 h) and milled to 0.5 mm.

The dried steam-exploded slurry was then submitted to ace-
tosolv pulping and alkaline-peroxide bleaching, as described by
Nascimento et al. (2014), with some modifications. It was cooked
in an aqueous solution of 93 wt% acetic acid and 0.3 wt% HCI, at a
1:10 ratio (w/v slurry: solution), under reflux at 110°C for 3hin a
round-bottom flask. The mixture was filtrated (in a 28 um mesh) to
separate the black liquor from the acetosolv pulp (AP). The AP was
washed with acetic acid (99.7%) until the washing liquid was color-
less, dried (60°C, 24 h), and bleached with a solution of 5 wt% H, 0,
and 4% (w/v) NaOH at 70°C, at a 1:10 (w/v) AP: solution ratio, for
3 h. The material was then vacuum-filtered, washed with distilled
water until its pH was equal to that of the washing water, oven-
dried at 60 °C for 24 h, and the bleaching procedure was repeated,
producing the bleached acetosolv pulp (BAP).

The cellulose nanocrystals (CNCs) were finally extracted from
the BAP by an acid hydrolysis, as described by Nascimento et al.
(2014) with modifications. The BAP was stirred in a H,SO4 solution
(50wt%) at 45°C for 60 min, at a 1:20 ratio (w/v, BAP: solution).
The reaction was halted by adding 10 times the volume of cold
(10°C) deionized water. The suspension was submitted to three
cycles of centrifugation at 2520¢g for 30 min in a Beckman ]S-4.2
centrifuge (Beckman Coulter, Brea, USA). After each centrifugation,
the suspension was sonicated for 4 min in a probe Branson soni-
cator (Digital Sonifier 250, Branson Ultrasonics, Danbury, USA) at
20kHz in order to prevent CNC aggregation. After the third centrifu-
gation, the supernatant was a bit turbid (instead of the previous
supernatants, which were clear), indicating that the CNCs were
beginning to migrate to the supernatant. The suspension was then
dialyzed with distilled water until it reached a pH of 6-7 (approx-
imately 48 h, with four changes of water). The solid content of the
dialysed CNC suspension was determined by gravimetry after dry-
ing at 105°C until constant weight in a drying oven (Memmert,
Schwabach, Germany).

2.3. Characterization of cellulose nanocrystals

For the transmission electron microscopy (TEM) images, previ-
ously sonicated CNC suspensions were placed onto Formvar/carbon
coated grids and negatively stained with 2% uranyl acetate. The
samples were imaged using a Tecnai 20 Transmission Electron
Microscope (FEI, Hillsboro, USA), with an acceleration voltage
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Table 1
a-cellulose, hemicellulose, and lignin contents (on a dry weight basis) of the wheat
straw and the isolated WSH (values represented as mean + standard deviation).

Fractions Milled wheat straw Hemicellulose powder
a-cellulose (%) 40.56 +£2.02 3.55+0.14
Hemicelluloses (%) 32.95+1.77 91.28+1.21

Lignin (%) 25.58+1.69 4474021

of 200kV, and a magnification of 14,500x. The CNC dimensions
(length and diameter) were taken as averages of 100 measurements
taken by using the scale bar embedded in the image.

The zeta potential of CNCs was measured in triplicate using a
Zetasizer Nano ZS 3000 (Malvern Instruments Ltd., Worcestershire,
UK) for CNC suspensions diluted to 0.1 wt% with deionized water.

2.4. Film formation

The films were prepared according to a central composite design
(Table 2) with two variables, i.e. CNC contents (0-8 wt% on WSH)
and citric acid concentration (0-30wt% on WSH), the films being
hereinafter referred to as CNC-X-CA-Y, X and Y being the CNC
and citric acid contents (in wt%), respectively, on a dry hemicel-
lulose basis. A control film (without CNC or citric acid) was also
produced. For each film, 3g of WSH were mixed to 0.9g glyc-
erol, citric acid, CNC suspension, and distilled water. Citric acid
and CNC suspensions were added according to the design and to
the CNC content in the suspension. The volume of distilled water
was determined so that the sum of volumes of CNC suspension
and water was 60 mL. The film forming mixtures were homoge-
nized using an Ystral X10/25 (Ballrechtar-Dottingen, Germany) for
15 min, degassed under vacuum, and treated in an ultrasonic bath
at 50 °C for 2 min. The films were cast on petri dishes to a final dried
thickness of 0.09 mm and left to dry at 30 °C for 24 h in a fan oven
(Memmert, Schwabach, Germany). The dried films were cured at
140°Cfor 8 mininafanoven, then conditioned (50% RH, 24 °C,48 h)
in an environmental chamber (Weiss Gallenkamp, Loughborough,
UK) previously to the determinations.

2.5. Film characterization

2.5.1. Tensile tests

Tensile tests were carried out on 50 mm x 8 mm specimens
according to D882-12 method (ASTM, 2012) on a Texture Analyzer
TA.XT Plus (Stable Micro Systems, Godalming, UK) equipped with
A/TG Tensile Grips and a 5 kg load cell. The thicknesses of the speci-
mens were determined by using a micrometer screw gauge (Moore
& Wright, Sheffield, UK) to the nearest 0.01 mm at 5 random loca-
tions. The initial grip separation and crosshead speed were set to
40 mm and 1 mm/s, respectively. The reported values correspond
to 5-6 measurements.

2.5.2. Water vapor permeability (WVP)

The water vapor permeability (WVP) determination was mod-
ified from E96-05 method (ASTM, 2016) for six samples, whose
thicknesses were measured using a micrometer screw gauge
(Moore & Wright, Sheffield, UK) to the nearest 0.01 mm at 5 random
locations. The test films were sealed as patches onto acrylic per-
meation cells (24 mm in diameter and 10 mm in height) containing
2 mLdistilled water. The cells were placed in a desiccator connected
to two channels providing a steady flow of dried air (less than 1%
RH) from a Balston 75-60 air drier at 24°C, and were weighed at
least 7 times over a 24-h period.

2.5.3. Insoluble matter

The insoluble matter determination, conducted on 2 cm x 2 cm
film pieces (with 8 replicates), was based on the method proposed
by Ojagh, Rezaei, Razavi, & Hosseini, 2010, with some modifica-
tions. The films (presenting initial moisture contents of 7.0-7.5%)
were previously dried at 103 °C for 24 h. The dried samples were
immersed in 50 mL of distilled water for 6h at 25°C under stir-
ring (150 rpm). The dry weight of the remaining film pieces was
obtained after filtration on previously dried filter paper, and it was
used to calculate the insoluble matter as a percentage of the initial
dry weight. All the dry weights (of initial and final film pieces and
the filter papers) were determined after drying at 103 °C for 24 h
using a fan oven (Memmert, Schwabach, Germany).

2.5.4. Opacity

Film opacity was determined (in quadruplicate) as described by
Irissin-Mangata, Bauduin, Boutevin, & Gontard, 2001. 1cm x 5cm
film strips were placed on the internal side of a Varian Cary 50
UV-vis spectrophotometer cell (Agilent Technologies, Santa Clara,
CA, USA), perpendicularly to the light beam. The absorbance spec-
trum (400-800nm) of film samples was recorded, and opacity
was defined as the area under the recorded curve (estimated
by the linear trapezoidal rule) and expressed as absorbance
units x nanometers (wavelength) per millimeter (film thickness)
(Anmpum1).

2.5.5. Fourier transform infrared (FTIR)

The FTIR spectra (128 scans at 2cm~! resolution for a spec-
tral range from 4000 to 800 cm~!) were recorded using a Nicolet
Magna-IR 860 FTIR spectrometer (Thermo Nicolet, Madison, WI,
USA). Samples were placed on a GoldenGate diamond ATR acces-
sory (Specac, Orpington, Kent). The empty crystal was used as
reference.

2.5.6. Scanning electron microscopy (SEM)

The scanning electron microscopy (SEM) images of gold-coated
film surfaces were taken using a Zeiss Supra 55 VP SEM (Zeiss,
Oberkochen, Germany) with an acceleration voltage of 3 kV, and
a magnification of 2000 x.

2.5.7. Statistical analyses and optimization

The software Minitab® 15 (Minitab Inc, State College, PA, USA)
was used for regression analyses and assessment of regression
coefficients for tensile tests, water vapor permeability, insoluble
matter, and opacity. The models were checked for adequacy based
on ANOVA and the F-test at 95% confidence level, and also for coeffi-
cients of determination (R?). Moreover, they were used for drawing
contour plots.

The optimized conditions were defined by using the Response
Optimizer function (Minitab®) as those resulting in maximum
water resistance (target insoluble matter: 50g/100g) and min-
imum WVP (target: 1.5gmmh~1kPa~! m~2), in order to obtain
films with a relatively low water sensibility to be used for food
wrapping and coating applications. At the same time, the tensile
properties were balanced by combining the following requisites
on tensile properties: (a) maximum tensile strength (lower: 4%, the
lower acceptable value for food packaging materials, according to
Tajeddin, Rahman, & Abdulah, 2010; target: 8 MPa); (b) maximum
modulus (target: 400 MPa, which is comparable to polyethylene,
according to Ku, Wang, Pattarachaiyakoop, & Trada, 2011); and
a reasonable elongation (no lower than 2%, which is comparable
to that of polystyrene, according to Ku et al., 2011; target: 5%).
The conditions set as optimum were then experimentally verified
(in three repetitions, each with determinations in triplicate), and
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Table 2

Experimental conditions for each run (in gray) and responses for film properties.
Run CNC (wt%) CA (Wt%) o & E WVP M OoP

§) C U C

Control 0 -1.41 0 -1.41 9.87 3.25 555.7 4.609 4.51 9.23
1 1.2 -1 4.36 -1 12.92 3.35 870.9 2.900 12.19 9.95
2 6.8 1 4.36 -1 15.47 3.13 1250.2 1.966 21.77 14.60
3 1.2 -1 25.64 1 8.94 3.32 5354 2.569 32.84 10.23
4 6.8 1 25.64 1 11.77 2.87 804.3 1.663 49.47 14.14
5 0 -1.41 15 0 8.71 3.75 443.1 3.447 15.18 9.09
6 8 1.41 15 0 14.98 2.36 1001.0 1.970 28.60 19.31
7 4 0 0 -1.41 11.25 3.13 864.6 3.013 6.52 12.77
8 4 0 30 141 8.28 5.40 558.4 1.680 42.57 12.30
9 4 0 15 0 11.51 3.43 837.0 2.487 27.71 15.89
10 4 0 15 0 11.50 3.86 7771 2484 27.53 17.30
11 4 0 15 0 10.10 333 788.6 2.105 24.99 15.17

CNC: dry cellulose nanocrystal content (on a dry hemicellulose basis); CA: citric acid contents (on a dry hemicellulose basis). U: uncoded (experimental) values; C: coded
values, according to the central composite design, varying from —1.41 to 1.41 (corresponding to 0-8 wt% for CNC, and from 0 to 15 wt% for CA). o tensile strength (MPa); &:
elongation at break (%); E: elastic modulus (MPa); WVP: water vapor permeability (g mmh~' kPa~! m~2); IM: insoluble matter (g/100 g); OP: opacity (Anm pum~1).

the mean relative deviation modulus (G) was calculated for each
response.

3. Results and discussion
3.1. Yield and characterization of WSH

The WSH extraction resulted in a yield of 16.7wt% on a dry
wheat straw basis. This yield was lower than the one reported
in our previous study (Azeredo et al., 2015), probably because
a higher H,0, concentration was used, removing more lignins.
This is supported by the higher hemicellulose content of WSH
(Table 1) when compared to the one of the previous study (87 wt%
as reported by Azeredo et al., 2015), indicating that less impurities
were present to the hemicelluloses. The neutral sugar composition,
as determined from GC-FID, was: xylose, 79.26%; arabinose, 7.68%;
rhamnose, 5.03%; glucose, 2.85%; galactose, 2.75%; mannose, 2.42%.
This result confirms arabinoxylans as the predominant hemicellu-
loses in wheat straw, with an arabinose/xylose (Ara/Xyl) ratio of
about 1:10, similar to values reported in previous studies (Faryar
et al., 2015;Merali et al. 2013).

3.2. Characterization of the CNC suspension

Each 100g of dried wheat straw resulted in the production
of 12.4g of CNC (on a dry basis). Considering the o-cellulose of
40.56 wt% (Table 1), the CNC isolation yield is thus estimated to be
about 30% with respect to the a-cellulose content, which is similar
or higher than yields of CNC reported in other studies (Bondeson,
Mathew, & Oksman, 2006; Filson, Dawson-Andoh, & Schwegler-
Berry, 2009).

Fig. 1 shows TEM micrographs of CNCs isolated from wheat
straw. The nanocrystals were presented as well dispersed needle-
like structures, with lengths ranging from 84 nm to 306 nm (average
180 nm) and diameters ranging from 4 nm to 18 nm (average 9 nm),
resulting in an average aspect ratio (L/W) of 20.

The zeta potential of the CNCs was measured as —25.9mV,
slightly higher (in absolute value) than 25 mV, the minimum value
considered for a dispersion to be considered stable, i.e., for the
repulsive forces to be strong enough to overcome the Van der
Waals attraction forces; the CNCs are thus not expected to aggre-
gate (Moon et al., 2005). Since the CNCs were obtained by H,SO4
hydrolysis, their zeta potential indicates the degree of repulsion
between nanocrystals induced by sulfate groups (Lin & Dufresne,
2014).

Fig.1. Transmission electron micrograph of celulose nanocrystals from wheat straw
(magnification 14,500x).

3.3. Characterization of films

The properties of the films obtained from each treatment are
presented in Table 2, while Table 3 presents the regression models
for each property. All regressions were significant (p <0.05) except
the one for elongation; the lack of fit was non-significant for all
models, and the R? values were above 80% (except the one for
elongation). Fig. 2 presents the contour plots for the experimental
responses, which are graphical representations of the models.

3.3.1. Insoluble matter and water vapor permeability (WVP)

The CNCs increased insoluble matter (Table 3, Fig. 2), since
CNCs are insoluble in water (George & Sabapathi, 2015). The
water insolubility and high cristallinity of CNCs make them basi-
cally impermeable to water molecules, which creates a tortuous
path for water vapor to pass through the film, making the per-
meant molecules to travel a longer distance, which explains the
reduced WVP by CNC addition (El Miri etal.,2015). Hydrogen bonds
between the hemicellulose matrix and CNC, as suggested by Rhim
&Ng(2007), might also contribute to improve water resistance. Cit-
ric acid also significantly increased the insoluble matter of the films
and decreased WVP, which seems to be in accordance with previous
studies which present citric acid as crosslinking agent to polysac-
charide films (Olivato, Grossmann, Bilck, & Yamashita, 2012; Reddy
& Yang, 2010; Reddyet al., 2012).
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Table 3

Regression coefficients (for the coded values) and statistical parameters of the models.
Terms o & E WVP IM oP
Mean 11.04 3.54 800.88 2.36 26.74 16.12
Xi 1.78 -0.33 179.66 -0.49 5.65 2.88
Xz -1.48 0.36 -151.81 —-0.32 12.41 -0.11
X2 0.77 —-0.36 -2.31 0.11 -0.96 -1.24
X532 -0.27 0.24 —7.56 0.07 0.36 —2.08
X1*Xs 0.07 —0.06 -27.59 0.01 1.76 -0.18
Freg 5.52 1.44 7.00 6.68 18.75 10.05
p 0.04 0.35 0.03 0.03 <0.01 0.01
Flof 3.73 9.12 20.38 2.29 10.92 1.97
p 0.21 0.10 0.05 0.32 0.08 0.35
R? (%) 84.67 58.99 87.49 86.97 94.94 90.95

o: tensile strength (MPa); €: elongation at break (%); E: elastic modulus (MPa); WVP: water vapor permeability; IM: insoluble matter; OP: opacity. X; and X;: cellulose
nanocrystal and citric acid contents (respectively), in coded values ranging from —1.68 to 1.68 (according to Table 2). Regression terms in bold are significant (p <0.05). Freg
and Fyor: F values for regression and lack-of-fit, respectively, with the corresponding p values below; R?: coefficients of determination.
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Fig. 2. Graphical representation of the regression models for tensile properties, water vapor permeability, insoluble matter, and opacity of the films.

3.3.2. Tensile properties

When compared to a film from corn hull arabinoxylans with a
similar glycerol content (Zhang & Whistler, 2004), the control WSH
hemicellulose film (Table 2) presented a similar tensile strength,
higher modulus, and lower elongation. When compared to the
WSH films obtained in our previous study (Azeredo et al., 2015),
the control WSH film also presented similar strength but lower
elongation and, most noticeably, much higher modulus, which
may be explained by the higher hemicellulose content (which
probably means that the remaining lignin content was lower).
Citric acid impaired both strength and modulus, suggesting a plas-
ticizing effect by citric acid, which has been reported in other
studies (Abdillahi, Chabrat, Rouilly, & Rigal, 2013; Chabrat et al.,
2012). Although it seems contradictory that the same compound
may present coexisting plasticizing and crosslinking effects, some
studies have reported a similar behaviour for citric acid in polysac-
charide films (Sebti, Delves-Broughton, & Coma, 2003; Shi et al.,
2008; Wang, Ren, Li, Sun, & Liu, 2014), including our previous
study on WSH films (Azeredo et al., 2015). A possible explana-
tion is that glycerol may act as a crosslinking extender to citric
acid (Jiang, Reddy, Zhang, Roscioli, & Yang, 2013; Yao, Wang, Ye, &
Yang, 2013), which may provide flexibility to the crosslinking (Yao
et al,, 2013). Although chemical crosslinking usually restrict the
mobility of polymer chains, a flexible crosslinking agent may act
similarly to a plasticizer (Hu, Song, Liu, & Zhang, 2010; Jia, Zhang,

He, & Ning, 2005; Zhang, Hu, Jia, & Du, 2003). The flexibility of a
glycerol-extended citric acid crosslinking might thus explain why
the crosslinking reduced the film solubility while impairing tensile
strength and modulus.

On the other hand, the negative effects of citric acid on both
tensile strength and elastic modulus were compensated for by the
positive effects of CNCs on those properties (Table 3, Fig. 2). The
increasing strength resulting from CNC addition is explained by
surface interactions between CNCs and the matrix as well as to
the reinforcing effect through stress transfer at the CNC-matrix
interface, while the increasing modulus is ascribed to a higher stiff-
ness of the films by CNC addition (Khan et al., 2012). According
to Eq. (1) (Favier, Dendievel, Canova, Cavaille, & Gilormini, 1997),
the theoretical percolation threshold (&x3D5;y) for the cellulose
nanocrystals isolated from wheat straw with an average aspect
ratio (L/W) of 20 would be 3.5 vol%.

0.7

%=L/7W

(M

Considering the densities of CNC, WSH, glycerol, and citric
acid as 1.6gcm=3 (Dufresne, 2013), 1.2gcm™3 (as measured by
hydrostatic weighing), 1.26 gcm~3, and 1.66 gcm~3, respectively,
the CNC theoretical weight fraction required to form a percolated
network in glycerol-plasticized WSH films containing 15 wt% cit-
ric acid (the average value used in this study) would be about
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Table 4
Predicted and experimental responses obtained from the optimized conditions
(5.9 wt% CNC and 30 wt citric acid).

Response Predicted Experimental G

o (MPa) 10.01 9.76 £0.56 6.06
£ (%) 4.09 3.94+0.32 9.62
E (MPa) 664.5 656.3 +40.0 6.25
WVP (gmmh~!kPa~! m—2) 1.502 1.516+0.120 7.83
IM (g/100g) 50.06 52.59 +3.68 8.12
OP (Anm.pm™1) 13.02 1431+1.11 10.17

o: tensile strength; &: elongation at break; E: elastic modulus; WVP: water vapor
permeability; IM: insoluble matter; OP: opacity. G: meanrelative deviation modulus.

4.4wt%. At CNC contents above this percolation threshold, CNCs
are expected to form a continuous hydrogen bond-linked network,
effectively improving the tensile properties of films (Favier et al.,
1997).Indeed, according to the regressions, a film with 15 wt¥% citric
acid and 4.4 wt% CNC would present a predicted tensile strength of
11.3 MPa and an elastic modulus of 826 MPa, representing increases
of about 14% and 48% (respectively) when in comparison with the
control film.

3.3.3. Opacity

The film opacity was increased by CNC concentration (Table 3,
Fig. 2), which is probably due to difference between the refrac-
tive index of CNC and the matrix (Bardet, Belgacem, & Bras, 2013),
although some CNC aggregation within the matrix may have con-
tributed to this effect (Pereda, Dufresne, Aranguren, & Marcovich,
2014). Citric acid did not affect significantly the opacity of the films
(p>0.05).

3.3.4. Optimization

The optimized conditions, as defined previously, were: 5.9 wt%
CNC and 30wt% citric acid, which (with a composite desirability1
(D) of 0.93). The predicted properties at those conditions, as well
as the corresponding experimental values and mean relative devi-
ation modulus (G) are presented at Table 4. The G values of most
models were between 5 and 10, indicating reasonably good predic-
tions, except the one for opacity, whose prediction was rather poor
(G>10) (Roy, Gennadios, Weller, & Testin, 2000).

When compared to conventional polymers, the tensile strength
of the optimized film was comparable to that of low-density
polyethylene (LDPE) (Arrakhiz et al., 2013; De Vlieger, 2003;
Salmah, Romisuhani, & Akmal, 2011), and its modulus was within
the range for high-density polyethylene (HDPE) (Ku et al., 2011),
while the elongation was still almost as low as that of polystyrene
(PS)(Kuetal.,2011). When compared to the control WSH film, there
were increases in modulus (by 18%), elongation (by 21%), insoluble
matter (by 11-fold), and opacity (by 55%), while WVP decreased by
67%.

3.3.5. Fourier transform infrared spectroscopy (FTIR)

Fig. 3 shows the Fourier transform infrared (FTIR) spectra of the
hemicelluloses and films. Some bands are related to the structure
of the hemicelluloses, namely, antisymmetric C—O—C stretching
of glycosidic links at 1158 cm~! (Robert, Marquis, Barron, Guil-
lon, & Saulnier, 2005), C—O stretch at 1040 cm~! (Mohebby, 2008;
Peng et al., 2012a), C—H and O—H bending at 1408cm~! and
1326cm™1, respectively (Peng et al., 2012a), and C-1 frequency

1 For an optimization, upper and/or lower limits are set for each response, as well
as target values. A desirability value may vary from 0 (when the response value
is beyond the acceptable limits) to 1 (when the target is reached). The desirability
values of all responses are then combined into the composite desirability (D), which
is to be maximized.
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Fig. 3. FTIR of wheat straw hemicelluloses and films. Films identified as CNC-X-CA-
Y contain X wt% cellulose nanocrystals and Y wt% citric acid on a dry hemicellulose
basis.

(ring frequency) at 890cm~!, characteristic of B-glycosidic link-
ages between xylose units (Peng et al., 2012a; Robert, Marquis,
Barron, Guillon, & Saulnier, 2005). The relative intensities of the
major band at 1040 cm~! and the shoulder at 1073 cm~! are related
to the level of arabinose substitution in arabinoxylans (Toole et al.,
2012), and the band at 980 cm™! is also ascribed to the presence of
arabinose side chains in arabinoxylans (Peng et al., 2012b; Robert
et al., 2005). The bands at 1560—1580cm~! and 1470cm™! are
ascribed to remaining lignin (Lupoi, Singh, Parthasarathi, Simmons,
& Henry, 2015). The band at 1626cm~! (absorbed water in the
films) decreased in intensity when citric acid was present, prob-
ably because some of the hydrophilic groups were involved in the
crosslinking, thus the films absorbed less water. The occurrence
of crosslinking is indicated by the presence of small bands around
1710--1720 cm~! in films with citric acid (Coma et al., 2003), which
correspond to ester C=0 stretching vibration (Dastidar & Netravali,
2012; Shi et al,, 2007; Wang et al., 2014).

3.3.6. Scanning electron microscopy (SEM)

The SEM images (Fig. 4) show that the presence of citric acid
promotes the formation of sandy surfaces when compared to the
relatively smooth surface of the control (CNC-0-CA-0) film, which is
inagreement with the observations by Bonilla et al. [2013]. The con-
comitant presence of cellulose nanocrystals makes the films even
rougher (corroborating Khan et al., 2012, and Qi, Cai, Zhang, & Kuga,
2009), with filamentous structures uniformly dispersed within the
matrix, which contributed to the effectiveness of CNCs inimproving
the tensile properties of the films (Fig. 2). All films presented a rela-
tively uniform dispersion of their components, without remarkable
discontinuities, cracks or aggregates.

4. Conclusions

Films have been successfully formed from wheat straw hemi-
celluloses added with different contents of wheat straw cellulose
nanocrystals (with an average aspect ratio of 20) and citric acid.
The water resistance and barrier to water vapor of the films were
enhanced by both cellulose nanocrystals (CNCs) and citric acid.
Although the role of citric acid as a crosslinker has been evi-
denced by FTIR as well as by increased water resistance of films,
the addition of citric acid also resulted in decreased tensile strength
and modulus of films, suggesting a concomitant plasticizing effect,
which was attributed to a crosslinking extension by glycerol, pro-
viding flexibility to the crosslinking. On the other hand, those
negative effects of citric acid were compensated for by CNCs, which
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CNC-0-CA-15

CNC-4-CA-15

Fig. 4. Scanning electron micrographs of films (at 2000x magnification). Films identified as CNC-X-CA-Y contain X wt¥% cellulose nanocrystals and Y wt% citric acid on a dry

hemicellulose basis.

improved those properties. The combination of a reinforcing agent
(CNC) and a crosslinker (citric acid) was demonstrated to produce
films with a good combination of physical properties for poten-
tial use as biodegradable wrapping or coating to a variety of foods.
The optimized conditions (defined as those resulting in minimum
water solubility and permeability and a good combination of tensile
properties) were defined as 5.9 wt% CNC and 30 wt¥% citric acid. The
elastic modulus, elongation, water vapor barrier, and water resis-
tance were enhanced when compared to the control films, while
there was some loss of transparency.
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