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Abstract

Poly(vinyl alcohol) (PVA) blended with natural chitosan (CH) was selected as matrix for the
production, by solvent casting in water, of nanocomposite films containing cellulose nanocrystals
(CNC) extracted from barley residues, that were introduced in PVA_CH systems as reinforcement
phases. Cellulose nanocrystals were successfully extracted from both barley straw and husk by
applying two different approaches, a chemical alkaline and an enzymatic pre-treatment, followed by
acidic hydrolysis. The results evidenced the major effectiveness of the enzymatic pre-treatment on
the quality of obtained CNC; nevertheless, all the different typologies of nanocrystals were added to
the polymers and the morphological, optical, mechanical response, thermal and migration
characteristics were investigated, whereas antimicrobial assay were carried out to evaluate the
bactericidal effect induced by chitosan presence. The results indicated that chitosan reduced the

optical transparency and the mechanical response of PVA matrix, whereas its combination with
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CNC (especially when extracted by enzymatic treatment and added at a higher content) was able to
modulate the optical properties, the mechanical and thermal responses. Moreover, inhibitions on
fungal and bacterial development were detected for PVA _CH_CNC ternary systems, suggesting

their protective function against microorganisms contamination.

Keywords: barley crop residues, cellulose, chemical pre-treatment, enzymatic pre-treatment,

nanocomposites, antibacterial.

1. Introduction

In the last years there was a general interest in the sustainable production of materials from wastes,
since the use of agricultural and food technology residues, both for the preparation of biopolymers
and extraction/synthesis of nanostructured materials, is attractive from technical and environmental
points of view (Dhar et al., 2014; Li, Mascheroni and Piergiovanni, 2015; Mohammadinejad et al,.
2016). Furthermore, some disadvantages of biopolymers, such as weak mechanical and barrier
properties, can be significantly reduced by the use of nanocellulose (Khan et al., 2014), while these
materials can also be used as carriers for specific active ingredients (antioxidants and
antimicrobials). Looking at this specific application, a plethora of examples can be found in the
literature on the extraction of different cellulosic nanostructures from agro-waste sources. In
particular, diverse chemical/biochemical and mechanical procedures have been previously applied
in order to obtain nanocellulose; in spite of this, it should be pointed out that the morphology of
nanocellulose is mainly depending on both the fibre sources and biomass processing. To date, many
agricultural by-products are being used to isolate cellulose fibrils while nanocellulose production
using cereal by-products such as wheat straw, soy hulls (Alemdar and Sain, 2008), soybean straw
(Reddy and Yang, 2009) and rice straw (Lu and Hsieh, 2012b), bagasse (de Campos et al., 2013),

cornhusk (Reddy and Yang, 2005), grape hulls (Lu and Hsieh, 2012a) and also barley straw and
2
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husk (Espino et al., 2014; Sun et al, 2005) has been investigated. In this context, it is important to
underline that grain barley is the fourth most widespread cereal in the world, with a total acreage of
about 50 million hectares and a total grain production of about 150 million tons, of which about
40% in the EU, 20% in Eastern Europe, 10% in Northern America, the remainder mainly in
temperate regions of the other continents. Grain barley is mainly used as animal feed and for
malting and brewing. Barley straw, i.e. the crop residues remaining in the field after grain harvest,
has a very high C/N ratio, which limits its contribution to soil humus restoration and can even cause
temporary N deficiency to the following crop (Wessén and Berg, 1986). Barley grain is generally
husked. Whereas in animal feed, barley husks are eaten and digested, in brewing they represent a
by-product. Both straw and husk have been proposed as thermal-electric power sources (Singh,
2015) or as components for bio-based materials (Bowyer and Stockmann, 2001) with several
recognized properties as, for example, thermal insulation (Palumbo, Avellaneda and Lacasta, 2015).
In alternative, since they contain relevant amounts of cellulose (Adapa et al., 2009; Sun et al.,
2005), they have been proposed for cellulose extraction (Sun et al.,2005) or isolation of cellulose
nanocrystals (CNC) by acid hydrolysis (Espino et al., 2014). In particular, CNC can be recovered
from lignocellulosic wastes (or materials of scarce value) by carrying out, as a first step, the
removal and cleaning of cellulose from the other fibres. In the second step, the purified polymeric
carbohydrate can be chemically transformed into nanocrystals of cellulose. Therefore, the first step
regards the purification of fibres from pectin, lignin and hemicelluloses, which are strongly linked
and interconnected with cellulose (Pakarinen et al., 2012), and are the main interfering to the
cellulose purification procedures. In fact, these compounds, if remaining in high amounts in the
derived matrices, can negatively affect the quality of the final nanocomposite materials. In order to
disassemble the lignocellulosic materials, without losing the desired carbohydrate, the complex
interactions of cellulose with the other fibres are to be solved (Korte and Staiger, 2008). To this
purpose, the starting materials can be subjected to some different pre-treatments (Pakarinen et al.,

2012), which, basically, can be grouped into chemical or enzymatic pre-treatments. After these pre-
3
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treatments, the successive and final step carried out in order to convert the cellulose in nanocrystals
is an acidic hydrolysis (Bondeson et al., 2006). This last step is general, of value and based on the
use of sulfuric acid, while some different chemical and enzymatic strategies can be applied to the
raw materials in order to purify and extract cellulose. In particular, a very common way to eliminate
the interfering substance from cellulose is the alkaline pre-treatment of the lignocellulosic materials
(Li and Pickering. 2008). Instead of its aggressive nature and some environmental issues associated
with this type of pre-treatment, the use of alkali permits to achieve good result, characterized by
satisfying yields (Luzi et al., 2014). As examples of the efficacy of this chemical pretreatment,
some authors showed how this treatment can be particularly adequate in eliminating the major part
of pectin and lignin in hemp fibres (Wang, et al., 2003; Luzi et al., 2014). On the other hand, the
more recent technology based on the use of hydrolytic enzymes, in combination or not with some
organic chelating compounds, is becoming a very popular approach to pre-treat the lignocellulosic
materials, with the aim to purify the cellulose from the other interfering compounds, prior to its
final acidic hydrolysis to give CNC (Li and Pickering. 2008). The enzymatic pre-treatments are
more specific than the chemical ones and less impacting on the environment (Siqueira et al., 2010).
To this regard, the use of pectinases and cellulases has attracted noticeable attention for their
efficacy in removing water-extractives, minerals, pectins and amorphous hemicelluloses (Siqueira
etal., 2010).

Although barley straw and husk were recently used for cellulose nanocrystals production (Espino et
al., 2014; Sunm et al., 2005), to date, there are no literature reports addressing the question whether
these cellulosic sources can be used for realizing polymeric matrices suitable for food packaging
applications. To this regard, it is well know that the hydrophilic surface of CNC allows appropriate
blending with water-soluble polymer matrices such as poly(vinyl alcohol) and chitosan. Chitosan
blended with PVA has been investigated demonstrating good mechanical and chemical properties
(Nakano et al. 2007). Moreover, the incorporation of a multifunctional nanosized filler such as CNC

would be expected to modulate the mechanical properties, ultraviolet-absorbing ability and
4
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antibacterial activity in a nanocomposites approach. Cellulose nanocrystals from different sources
were incorporated, by using different methods, both in PVA (Fortunati et al. 2013; Zhang et al.,
2014) and chitosan polymeric matrices (Khan et al., 2012; Li et al. 2013) separately, whereas the
incorporation in PVA/CH blends was reported by few authors. El Miri et al. studied the effect of the
introduction of CNC isolated from sugarcane bagasse (ElI Miri et al., 2015) in a PVA/CH (50:50)
blend. The authors proved that strong electrostatic interactions and numerous hydrogen bonding
between hydroxyl groups and anionic sulfate groups of CNC or the amine groups of the PVA/CH
polymeric blend, ensured high compatibility between the CNC and the nanocomposite films. Li et
al (Li et al., 2015) used cellulose nanowhiskers (CNW) from ramie and demonstrated that
antimicrobial and oxygen barrier properties of the nanocomposites were positively improved
making the nanocomposites potentially useful for many applications.

In this context, the main goal of this research was the use of barley straw and husks as sources of
cellulose nanocrystals (CNC). To this purpose, two procedures for cellulose purification were
developed (chemical and enzymatic pre-treatments) and compared, with the objective to guarantee
the sustainability of the applied techniques. Furthermore, the potential of CNC, extracted from
straw and husk, by applying both the above two pre-treatments, as reinforcement phases in
multifunctional nanocomposite films based on PVA_CH blend were here extensively analysed and

deeply discussed.

2. Experimental Part

2.1. Materials

Barley straw and husk were collected from the malting barley cultivar Quench grown at the
Experimental Station of the Department of Agricultural, Food and Environmental Sciences, located
near Papiano (Perugia Province), a plain land of the middle Tiber Valley (165 m asl, 42°57° N
12°20"E) in Central Italy. The crop was sown on November 27, 2014 at a density of 350 seeds m?

and harvested on June 23, 2015, yielding over 8 Mg of grains ha™ and thus, roughly, a similar
5
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amount of straw. Straw samples were collected and finely grinded. Grains were de-husked
mechanically and the husk was first separated from grain residues by air flow and then finely
grinded. The grinding of straw and husk was carried out avoiding heating.

All chemicals and reagents, including toluene, ethanol, sodium hydroxide (NaOH, reagent grade
>98 %), sodium chlorite (NaClO,, puriss p.a. 80%), acetic acid (CH3;COOH) and sodium bisulfate
(NaHSO,, purum, anhydrous, ~95.0%) were supplied by Sigma-Aldrich®(Milan, Italy).

Pectinase and Cellulase from Apergillus niger were supplied by Sigma-Aldrich® (Milan,
Italy).Polymer matrices, poly(vinyl alcohol) (PVA, average Mw 124-146 Kg mol™, 99%
hydrolyzed), and high molecular weight chitosan (CH) (degree of deacetylation:75-85%, viscosity:

200-800 cPs),were supplied by Sigma-Aldrich® (Milan, Italy).

2.1.1. Raw material composition

Dry weight, ashes and lipids contents of barley straw and husk were determined according to the
official Italian Analytical Methods and they are presented in Table 1.

Protein contents of straw and husk were determined according to Kjeldahl (1883). Briefly, 0.5 g of
dry weight samples were acid digested with H,SO, 96% and H,0O, (30 v/v%) and one Kjeldahl
tablet. Tubes were boiled and, after cooling, NaOH 32.5 (w/v) % was added. The protein content
was then evaluated by titration (Kjeldahl, 1883).

Cellulose, hemicellulose, lignin, pectin contents were determined according to Van Soest (1963)

(Van Soest, 1963).

2.2.Chemical pre-treatment of barley straw and husk
Barley straw and husk were chemically pre-treated following two different procedures (Scheme 1),
according to the characteristics of the raw materials used as precursors.

Pre-Treatment of barley straw: Firstly, barley straw fibres were washed several times with distilled

water and then dried at room temperature (RT). Subsequently, fibres were chopped to an
6
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approximate length of 5-10 mm, and de-waxed by boiling them in a mixture toluene/ethanol (2:1
v/v) for 6 h. The fibres were then filtered, washed with ethanol for 30 min and dried. Afterwards, a
treatment based on a bleaching process was applied twice to this matrix for the cellulose extraction.
Briefly, barley straw was initially treated with sodium chlorite (NaClO,) 0.7 (wt/v)%, then the
fibres (liquor ratio 1:50) were boiled for 2 h and the pH of the solution was lowered to about 4 by
means of acetic acid. Finally, the material was treated with sodium hydroxide (NaOH) 17.5 (wt/v)
% at RT for 20 minutes, filtered and washed with distilled water.

Pre-Treatment of barley husk: barley husk were initially washed with distilled water to remove the

impurities, which envelop the external surface of fibre cell walls. The fibres were dried at RT and
then treated (liquor ratio 1:50) two times, before bleaching, with a NaOH 4 (wt/v) % for 2 h at 100
°C under mechanical stirring. Afterwards, the solid residue was washed several times with distilled
water until neutrality was reached (Johar et al., 2012). Thereafter, the bleaching process was
repeated two times by using a buffer solution of acetic acid (pH about 4), containing NaClO, 1.7
(wt/v) % under magnetic stirrer. The fibres (liquor ratio 1:50) were then boiled for 2 h (Henrique et
al., 2013; Johar et al., 2012), washed with distilled water and finally dried at RT.

For both the applied procedures the final yield was calculated as % of initial weight of the used raw

material.

2.3. Enzymatic pre-treatment of barley straw and husk

Cellulose was extracted from barley husk and straw by combining some alkaline washing with
enzymatic digestions, in order to progressively remove the unwanted compounds (lignin, pectin and
hemicelluloses). To this purpose, straw was chopped to 1 cm length and then grinded. On the other
hand, husk was not grinded in order to avoid excessive warming, but immediately submitted to the
extraction procedure. Straw powder and husk (100 g) were washed twice with distilled water (1:5
wt/v). Afterwards, dripped matrices were repeatedly treated with an aqueous solution of NaOH 5

(wt/v)% for 1 hour with vigorous stirring, until the liquid phase was colorless. Solid residues were
7
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then filtered under vacuum, washed again with water and finally autoclaved in 1L of distilled water
(120 °C and 1.5 atm) for 1 hour. After that, the suspensions were filtered and the solid residues
collected, treated for 1 hour with an aqueous solution of NaOH (2 (wt/v)%) and left to dry overnight
at 60 °C. Dried residues were then re-suspended in 1 L of a buffer solution (citrate 50 mM, pH 4.3)
and incubated with pectinase from Apergillus niger (5000 U — Sigma-Aldrich) for 24 hours at 45°C.
Successively, the suspension was rapidly heated until boiling and so maintained for 10 minutes. The
suspension was newly filtered and the solid residues re-suspended in 1 L of the citrate buffer and
added of a cellulase from Aspergillus niger (5000 U — Sigma-Aldrich). Then, the mixture was left to
incubate for 24 hours at 45°C. The suspension was boiled for 10 minutes and the solid residue was
recovered for filtration, treated with 300 mL 0.2 (v/v) % sodium hypochlorite, for the final
blanching, filtered and dried at 60 °C for 2 days. The final yield was calculated, also in this case, as

% of initial weight of the used raw material.

2.4. Characterization of pre-treated barley straw and husk

The microstructure, dimension and appearance of raw materials, and chemically and enzymatically
pre-treated barley wastes (obtained from straw and husk), were investigated by field emission
scanning electron microscope (FESEM, Supra 25-Zeiss). The fibres were prepared as previous
reported (Fortunati et al., 2016). FESEM images of the fibres were analyzed by Image J software in
order to determine the dimensions of the studied materials.

Fourier infrared (FTIR) spectra of raw materials and chemically and enzymatically pre-treated
barley wastes were recorded using a Jasco FTIR 615 spectrometer in the 400-4.000 cm™ range, in
transmission mode. The fibres were analyzed by means of KBr discs made by using pulverized
fibres and dust of KBr.

Finally, thermogravimetric measurements (TGA) were performed by using a Seiko Exstar 6300

analyzer using an heating scan from 30 to 900 °C at 10 °C min™ in nitrogen atmosphere.
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2.5. Cellulose nanocrystal extraction and characterization

Cellulose nanocrystals were obtained by acidic hydrolysis of the chemically (designed as
CNCstraw _chem and CNChysk chem) Or enzymatically (designed as CNCsiraw enz and CNChysk enz) pre-
treated barley straw and husks (Fortunati et al., 2013; Luzi et al., 2014). In detail, the hydrolysis
was carried out with 64 (wt/wt)% sulfuric acid at 45 °C for 30 min. Then, the cellulose suspension
was centrifuged and dialyzed, prior to its addition for 48 h to a mixed bed ion exchange resin
(Dowex Marathon MR-3 hydrogen and hydroxide form). The resultant cellulose nanocrystal
aqueous suspension was ultrasonicated by means of a tip sonicator (Vibracell, 750) for 5 min. The
final dry-content of different extracted CNC in aqueous solution ranged from 0.4 (wt/wt)% and 0.9
(wt/wt)% and the reaction yield after the hydrolysis was calculated as % of initial weight of the
used pre-treated fibres.

The microstructure of obtained CNCsraw chem, CNChuysk chem and CNCstraw enz @nd CNChysk enz, WaS
investigated by FESEM. Fourier infrared (FTIR) spectra of freeze-dried CNC were recorded in
transmission mode using KBr discs, whereas thermogravimetric measurements were performed
using a heating scan from 30 to 900 °C at 10 °C min* in nitrogen atmosphere.

The crystallinity of cellulose nanocrystals, obtained by means of the acidic hydrolysis of straw and
husk fibres chemically or enzymatically pre-treated, was determined by X-ray diffraction method.
X-ray diffraction patterns were collected with a Philips X'Pert PRO MPD diffractometer operating
at 40 kV and 40 mA, with a step size of 0.0167 and 20 s counting time, in the 4-60 ° 2-theta range,

using Cu Ka radiation and an X'Celerator detector.

2.6. PVA_CH based nanocomposite films

2.6.1. PVA_CH nanocomposite preparation

PVA_CH blend films were prepared dissolving PVA in deionized water at 5 (wt/v) % under
magnetic stirring at 90 °C for 4 h, and chitosan (0.15 (wt/wt)%) in water with glacial acetic acid (1

(v/v)%) under magnetic stirring at 40 °C for 12 h. The solution of chitosan was mixed (ratio of CH
9
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10 (wt)%) with the PVA (ratio of PVA 90 (wt)%) solution and sonicated (Vibracell 75043, 750W,
Bioblock Scientific) for 5 min at 40% of amplitude. The obtained homogeneous PVA_CH solutions
were poured into a Petri dish cover by a Teflon® sheet and dried in an oven at 40°C for 24-48 h.

PVA _CH based nanocomposite films reinforced with CNC extracted both chemically and
enzymatically from barley straw and husk ,were prepared with the same procedure described above.
Firstly, all the typologies of CNC (CNCstraw chem, CNChuysk chem and CNCstraw enz and CNChysk enz)
were added at 1 wt% to the PVA and PVA_CH solutions, sonicated for 2 min at 40% of amplitude,
casted onto a Petri dish covered by a Teflon®, and dried. Then, on the basis of the results obtained
from the different characterizations carried out on the nanocomposites loaded with 1 %wt of CNC,
a higher content (3 %wt) of nanofillers extracted by means of the enzymatic pre-treatment, followed
by acidic hydrolysis (CNCstraw enz and CNChysk enz), Was considered. All the produced formulations
are summarized in Table S1 and PVA neat film was also produced for comparison. PVA _CH_CNC
based films (50+5) um thick were obtained. The films were equilibrated in desiccators for 1 week

after processing and before the tests.

2.6.2. Characterization of PVA_CH nanocomposite films

The microstructure of the PVA_CH_CNC fractured surfaces was investigated by FESEM after gold
sputtering and using an accelerating voltage of 2.5 kV. The optical properties of different films
were investigated by UV-Vis spectroscopy using a Perkin Elmer Lambda 35 in the range 250-900
nm.

Colour changes of PVA matrix, caused by chitosan and CNC presence at different concentrations,
were investigated by means of a spectrophotometer (CM-2300d Konica Minolta, Japan). Data were
acquired by using the SCI 10/D65 method whereas CIELAB colour variables, as defined by the
Commission Internationale de 1’Eclairage (CIE 1995), were used. Film specimens were placed on a
white standard plate and L*, a*, and b*parameters were determined. L* value ranges from 0 (black)

to 100 (white); a* value ranges from -80 (green) to 100 (red); and b* value ranges from -80 (blue)
10
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to 70 (yellow). Samples were analyzed in triplicate, and three measurements were taken at random
locations on each of the studied films. The total colour difference 4E* between PVA and PVA _CH

based films and it was calculated as indicated in Eq. 1.

AE* = /(ALY +(Aa*Y + (Ab*Y (Eq. 1)

Gloss value was also evaluated.

Thermal characterization of neat PVA, PVA_CH blend films and PVA_CH_CNC ternary systems
was performed by differential scanning calorimetric (DSC) on a TA Instruments DSC Q200 (TA
Instruments Inc., USA) under nitrogen atmosphere in the range from -25 to 240 °C at 10 °C min™,
carrying out two heating and one cooling scan. The glass transition temperature (Tg) was
investigated during both heating and cooling scan; the melting temperature and enthalpy (T, and
AHy,) were determined from the second heating scan, whereas crystallization temperature and
enthalpy (T.. and 4H) were determined from the cooling scan. The crystallinity degree was

calculated according to the Equation 2:

1 {AH
X

= —m) AHO}*lOO (Eq. 2)
where AH is the enthalpy for melting or crystallization; AHg is enthalpy of melting for a 100%
crystalline PVA sample, taken as 161.6 J g™ (Roohani et al., 2008) and (1-my) is the weight fraction
of PVA in the sample.

PVA, PVA_CH blend films and PVA_CH reinforced films with 3 wt% of cellulose nanocrystals,
obtained by acidic hydrolysis of enzymatically pre-treated straw and husk, were subjected to X-ray
diffraction analysis. X-ray data were collected with a Philips X'Pert PRO MPD diffractometer
operating at 40 kV and 40 mA, with a step size of 0.0167 and 20 s counting time, in the 4-60 ° 2-
theta range, using Cu Ka radiation and an X'Celerator detector.

The mechanical behavior of neat PVA, PVA_CH blend films and PVA_CH_CNC ternary films was

evaluated by tensile tests, performed on rectangular probes (50 mm x 10 mm) on the basis of UNI

11
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ISO 527 standard with a crosshead speed of 50 mm min™, a load cell of 500 N and an initial gauge
length of 25 mm. The elastic modulus (E), the tensile strength (o) and elongation at break (eg) were
calculated from the resulting stress-strain curves. The measurements were done at room temperature

and at least five samples were tested.

2.6.3. Antibacterial analysis

The antibacterial analysis of PVA_CH based nanocomposite films, reinforced with cellulose
nanocrystals extracted from straw and husk by enzymatic pre-treatment and used at the highest
content (3 wt%) in the PVA_CH blend, was tested with respect to Xap and Pco bacterial pathogens
and both were at a concentration of 1 x 10° CFU mL™. Their subcultures were obtained by bacterial
growing for 48-72 h at 25 + 2 °C using a solid Nutrient Agar (NA) supplemented by Sucrose 5%
(NAS). The experiments were carried out using Nutrient Broth (NB) 32% by the liquid medium test
(Schaad et al., 1988). Control, PVA, PVA_CH, PVA_CH_3CNCsyaw enz, PVA_CH_3CNChysk enz
were constituted by 3 replicates each; 5 sterile glass tubes per material, each containing 9 mL of
liquid broth (NB) plus 1 mL of Xap or Pco with 1 x 10’ CFU mL™ to obtain a final bacterial
concentration of 1 x 10° CFU mL™, were arranged. In each tube containing the bacterial suspension
in NB (except those of Control) , was placed 1 sample (1 cm?) per nanocomposite films, previously
sterilized by C,H¢O (50%). All tubes were placed on a reciprocal shaker for 48h at 27 =+ 2 °C at 150
rpm. Samplings from all tubes were carried out at 1, 3, 12, 24h after bacterial inoculation and serial
dilution were carried out and plated on NAS (Nutrient Agar supplemented by 5% of sucrose). After
48h at 27 £ 2 °C the number of Xap and Pco bacterial colonies were counted. All data were
statistically elaborated using GraphPad Prism 4 software by analysis of variance (ANOVA) and
significance of treatments was determined using Tukey’s HSD test (P<0.05) (Steel and Jh Dickey,

1997).
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2.6.4. Overall migration test, moisture content and food-contact test

The overall migration analysis of neat PVA, PVA_CH blend films and PVA_CH_CNC ternary
films was run in triplicate in simulant A (10 (v/v) % ethanol water solution) and simulant D
(isooctane) according to Commission Regulation (EU) No 10/2011. Rectangular strips of 10 cm? in
10 mL of simulant were used (European, 2011). Samples were maintained at 40 °C for 10 days
according to EN-1186 standard (European Standard EN 1186-1: 2002). The simulant was then
evaporated and residues weighed with an analytical balance (Sartorius ATILON) with = 0.01 mg
precision. The migration values in mg kg™ of the/each simulant were determined.

The moisture content of the films (MC), equilibrated at 53% RH and 25 °C, was analyzed by drying
the samples in a vacuum oven at 40°C for 72 h. Later on, the pre-dried samples were placed in
desiccators containing Mg(NOs), until reaching constant weight. Three replicates per film
formulation for 1 and 5 weeks were analyzed.

The developed films were putted in contact with sliced prunes and the fungal growth on food
samples over the time was observed. Food samples, sterilized by ethanol, were cut and placed on
the base of disposable polypropylene Petri dishes. Neat PVA, PVA_CH blend films and
PVA CH CNC ternary films with a lower thickness around (25+5) um were produced for this
specific characterization in order to guarantee the perfect adhesion of the tested films to the food

sample surfaces.

3. Results and Discussion

3.1. Chemical and enzymatic pre-treatments of barley straw and husk

Since the main components of barley fibres are cellulose and, to a lower extent, hemicelluloses,
lignin and pectins, the present study proposes two different strategies, one based on a chemical pre-
treatment and the second one on a combination of enzymes, both developed to extract and purify
cellulose from barley husk and straw. The two approaches were then planned with the aim to

remove the largest amount of lignin, hemicellulose and pectin. In fact, the strong interactions of
13
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these compounds with cellulose make the fibres assembled in a very disorganized matrix, in which
the components are separated by chemical and/or physical pre-treatments (alkaline and/or
concentrated acids, steam explosion) (Wang, et al., 2003; Hendriks and Zeeman, 2009), or,
alternatively, by the use of enzymes capable to hydrolyze specific bonds of these bio-polymers
(Siqueira et al., 2010). In particular, the recalcitrance of ligno-cellulosic materials is due to lignin,
which provides rigidity and integrity to cell wall, pectin, responsible for complexity of these
materials, and hemicellulose, which is presents throughout the whole fibre.

We have found that the chemical pre-treatment was effective in increasing the cellulose content in
derived materials. In fact, the cellulose increased from 56.2 and 45.7% to 75.2 and 62.8% in
chemically pre-treated straw and husk matrices, respectively (Table 1). Therefore, on the basis of
these results, it was estimated that chemical pre-treatments permitted to achieve a cellulose
purification fold for straw and husk (calculated as the ratio between the cellulose content found in
the purified matrix and that in raw starting material) of 1.34 and 1.29 (Table 1), respectively.

In the enzymatic pre-treatment, prior to submit straw and husk to enzymes digestions, the raw
materials were washed with distilled water in order to remove the more hydrophilic interfering
substances. Afterwards, the matrices were repeatedly treated with alkali to detach and solubilize
lignin and the alkaline soluble pectins from the fibres. The solid residue was then autoclaved in
order to break down the composite ligno-cellulosic residues, by combining the effects of
temperature and pressure (120 °C and 1.5 atm). Autoclaving is considered a useful step to break
down fibres and improve the accessibility of the hydrolytic enzymes to cellulose. In fact, the
following step was the incubation of the solid residues with Pectinase. This class of enzymes,
widely studied for its ability to degrade cell wall and its involvement in phytopathogenic processes,
has attracted noticeable attention for their use in enzymatic procedures aimed at purifying cellulose
from ligno-cellulosic materials. The commercial formulation of Pectinase chosen for our
experiments provides some hydrolytic activities, which show a high degree of substrate specificity:

pectin lyase (hydrolysis of 4,5-unsaturated oligogalactouranotes by R-elimination),
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polygalacturonase (hydrolysis of pectin polymers into galacturonic acid), and pectin methylesterase
(hydrolysis of methyl esters of homogalacturonan). Cellulase, the other commercial enzyme
formulation employed in our experiments, was chosen for its capacity to randomly break down the
non-crystalline parts of cellulose, by hydrolyzing theendo-1,4-B-D-glycosidic linkage sand
cellooligosaccharides.

The enzymatic cellulose pre-treatments permitted to increase the content of cellulose in straw and
husk derived matrices from 56.2 and 45.7 (starting raw materials) to 72.6 and 81.0% (Table 1),
respectively. On the basis of these data, the enzymatic pre-treatments permitted to achieve for straw
and husk a cellulose purification fold of 1.29 and 1.77 (Table 1), respectively. The latter result
indicates as the enzymatic pre-treatments of husk was the most effective in increasing the
percentage content of cellulose in the derived matrices.

Morphological analysis was performed with the aim of examining the structure of barley straw and
husk, before and after chemical and enzymatic pre-treatments. FESEM images of pristine fibres
from barley straw are reported in Figure 1a,while the images of the same fibres after chemical and
enzymatic pre-treatments are reported in Figure 1b and Figure 1c, respectively. The surface of
pristine barley straw consists of many cylindrical wax rods, arranged at different angles, as previous
observed by others authors (Amer et al., 2007; Wisniewska et al., 2003). Cross section of barley
straw (inset) showed hollow tubules and various cell types of the straw wall can be seen, including
parenchyma cells and vascular bundles (Kristensen et al., 2008). It was demonstrated that the
morphology and composition of plant waxes changes with plant development and, that the chemical
composition of the wax determines the shape and size of the crystals (Wisniewska et. al., 2003).
The most apparent effect of the chemical pre-treatment is the partial defibrillation, or separation of
individual fibres and cell types of barley straw. Although the pre-treated material is quite
heterogeneous and contains larger pieces that are easily recognised as straw, a significant fraction
consists of cells that are either completely or partially separated from each other (Figure 1b) (Luzi

et al., 2014). In the case of enzymatically pre-treated fibres, the defibrillation process seems to be
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more efficient and some spirals, recognizable as vascular protoxylem structures, appeared. They
were visible as a consequence of a more effective removal of hemicellulose and lignin components
(Figure 1c).

FESEM images of the surface and cross section of the pristine fibres from barley husk are reported
in Figure 1d, whereas in Figure 1le and Figure 1f the images of the same fibres are reported after
chemical and enzymatic pre-treatments, respectively. The surface of pristine husk fiber was found
to be smooth, with cellular units filled by lignin and fatty substances (EI Halal et al., 2015) (Figure
1d), with regular protuberances, longitudinally elongated epidermal cells having thick walls visible.
The surface of untreated barley husk was rigid and some phytoliths were visible, which were decay-
resistant silica bodies that protect the fibres against biodegradation (Kim et al., 2008). As visible in
the inset, the bast layer below the outer epidermis was made up of more or less thickened
sclerenchyma fibres, thin-walled parenchyma and vascular bundles (Briggs, 2012). Figure 1e shows
that chemically pre-treated barley husk consisted of separated and modified fibres, peeled off from
the initial connected structure and fully exposed. This treatment mainly removed lignin and caused
some physical changes such as loosening of the matrix, partial degradation of hemicellulose,
dismantling of vascular bundles. In addition, this treatment acted as a swelling agent in improving
the accessibility of cellulose to the following chemical actions (Chandel et al., 2013). These fibres,
if compared to those chemically pre-treated obtained from barley straw (Figure 1b), appear less
individualized and the elementary filaments show a more compact structure (even if the spongy
parenchyma structure seems to become more visible). This indicates that the chemical pre-treatment
could be less effective in disentangling the fibres, but certainly more efficient in removing adhesive
substances and non-cellulosic components from the fibre surface.

In the case of enzymatic pre-treated fibres obtained from barley husk (Figure 1f), the refining of
fibres (less rough surface) determined by the pectinase/cellulase treatments was accomplished by a
selective removing of waxy epidermal tissue, adhesive pectins, hemicellulose that appears as debris

and non-cellulosic components (Ouajai and Shanks, 2005; Pakarinen et al., 2012).
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FTIR spectra of pristine barley straw, chemically and enzymatically pre-treated fibres and
nanocrystals extracted from the two pre-treated materials are shown in Figure S1 a,b).
Characteristic signals of pristine barley straw were detected at 3420, 2923 and 2852 cm™ and
related, respectively, to the stretching vibrations of OH and CH bonds. The peak at 1737 cm™ in
pristine barley straw could be both attributed to ester, acetyl and uronic groups of hemicellulose,
and ester bond of the carboxyl groups of ferulic acid and p-coumaric characteristic of lignin
component (Li et al., 2012). This peak completely disappeared in the pre-treated fibres, due to the
removal of hemicellulose and lignin from the straw, as a result of the chemical treatment. The band
at 1640 cm™, visible even in the signal of chemically pre-treated barley straw, was due to the
bending of absorbed water (Sun et al., 2002). The absorption band of the lignin at 1508 cm™ was
visible only in the signals of raw materials, whereas the absence of this peak in the signals of
chemically and enzymatically pre-treated fibres confirms their efficacy in the removing of lignin.
Also the peaks detected at 1462 and 1429 cm™ could be attributed to lignin, and they respectively
represent the in plane deformation of aromatic ring C-H and the C = C stretching of aromatic rings
(Jacobsen and Wyman, 2002; Sun et al., 2005). The peak at 1235 cm™ in the pristine barley straw,
attributable to the C=0 stretching of hemicellulose, disappeared in the spectrum of the chemically
pre-treated straw. The bands at 1383, 1317, 1162 and 897 cm™ were typical of cellulose and are
related, respectively, to C-O stretching, CH, wagging, C-O-C asymmetric stretching and C-O-C
stretching of B-1,4-glycoside bond (Mood et al., 2013). These peaks, related to the cellulosic
fraction, are all more visible both in the chemically and enzymatically pre-treated straw (Sun et al.,
2005). FTIR spectra of pristine barley husk, chemically and enzymatically pre-treated fibres and
nanocrystals extracted from the two pre-treated materials were reported in Figure S1 c,d). The peak
at 3450 cm™ in the spectrum of pristine barley husk was due to stretching of the OH bond. This
peak shifts to 3490 cm™, 3430 cm™, 3420 cm™ and 3444 cm™, respectively for chemically pre-
treated fibres and enzymatically pre-treated fibres, CNC from chemically and enzymatically pre-

treated fibres. The peaks at 2923 and 2852 cm™ were due to the asymmetric and symmetric
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stretching of the CH bonds in cellulose and hemicellulose components. The weak signal at 2115 cm’
! could be attributable to the S-H stretching (due to the presence of silica), that disappeared in the
spectra of the CNC obtained from the two pre-treated fibres, whereas it was still visible both in the
chemically and enzymatically pre-treated materials (Bledzki rt al., 2010). A peak attributed to C=0
stretching of acetyl ester and uronic groups of hemicellulose (and ester bond of ferulic and p-
cumaric groups in lignin) was visible at 1726 cm™. The peak at 1635-1640 cm™ was associated to
the stretching and bending of OH water bond, the peaks at 1155 and 1036 cm™ were associated with
the fraction of carbohydrates, whereas C-C and C-O stretching and C-O-H bending signals can be
found between 1400 and 1200 cm™. In particular, the peak at 1035 cm™ was due to
hemicellulose/cellulose C-O stretching and aril-OH of lignin. At 1466 cm™, the asymmetrical
bending of CH3 and (-OCH3) and 1513 cm™ (stretching aromatic C=C) present in lignin can be
found (Ang et al., 2012). The signal at 1256 cm™ was due to the structural cellulosic component,
whereas the one at 1398 cm™ was due to the presence of phenolic compounds (C = C stretching of
the aromatic ring and phenolic OH bending (1410-1310 cm™) (Cozzolino et al., 2015).

Results from thermogravimetric analysis (derivative curves) for pristine and pre-treated fibres were
reported in Figure 2 a,b) and Figure 2 c,d), respectively for chemically and enzymatically pretreated
barley straw and husk. Three major areas of weight loss can be detected on DTG curves, the first
peak is due to the dehydration of the straw fiber (or husk), while two other peaks between 200 and
400 °C on the DTG curves are detected: the first peak at 288 °C is due to the decomposition of the
fibres by depolymerization of hemicelluloses and pectins, followed by a second peak at 330 °C,
which reflects the degradation of the cellulose (Bouasker et al., 2014; Palumbo et al., 2015). The
peak at 400 °C is due to the decomposition of lignin. The absence of the shoulder observed at lower
temperatures (under 300 °C) confirms the elimination of hemicellulose in chemically and
enzymatically pre-treated straw (Abraham et al., 2015; Singh et al., 2015). The peak temperatures at
the maximum of degradation rate are different for the two different treatments (332 °C for barley

straw fibres after chemical pre-treatment and 340 °C after enzymatic pre-treatment): this result
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indicated a moderate increase in the thermal stability of enzymatically pre- treated fibres, due to
both better removal of non-cellulosic material present in the fibre (confirmed by a lower value of
residual mass at the end of the test for enzymatic pre-treated straw with respect of chemically
treated fibres and already evidenced by FESEM investigation) and presence of high crystalline
cellulosic components. In the case of barley husk, we observed higher residual mass at the end of
the test for untreated husk (28.6%) with respect of untreated straw (23.6 %), due to the presence of
ash (silica based), whereas no differences could be found for the two different treatment in terms of
residual mass. TG curves revealed, also in this case, a peak between 40°C and 130°C, which
corresponds to the vaporization of water and two decomposition steps, more likely attributable to
thermal decomposition of the hemicellulose and the glycosidic linkage of the cellulose (Mamun and
Bledzki, 2014). The peak at 350-390°C is due to o —cellulose decomposition, whereas the signal
due to lignin (190-500°C) is slightly broader with a maximum value (peak) at about 350°C. Among
the three major components, the hemicellulose is the easiest to decompose due to branched
structural features with short side chains: its peak completely disappeared in the case of enzymatic
pre-treated husk and a sharp peak at Tmax due to highly specific and highly ordered structure of
cellulose obtained in the case of enzymatic pre-treatment was detected. However, in the case of
chemically pre-treated fibres, a weak shoulder and a less intense peak related to cellulose
devolatilization are visible in the DTG profile, indicating a less ordered structure for cellulosic
component and limited effect of the treatment in the removal of no cellulosic material (Raj et al.,

2015).

3.2.  Cellulose nanocrystals from barley straw and husk

The micro-fibres obtained after both the chemical and enzymatic pre-treatment of barley straw and
husk were hydrolyzed by acid in order to isolate cellulose nanocrystals (CNC) to be used as
reinforcement phases in the selected polymer matrices. Cellulose nanocrystal suspensions were

prepared by applying the same procedure to the two typologies of barley wastes. The highest yield
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of reaction (around 12%) was measured for enzymatically pre-treated husk. Lower values of yield
were registered for chemically treated husk (CNCrusk chem — Ca. 4%) and pre-treated straw
(CNCstraw enz, and CNCitraw chem— about 5%). The obtained low hydrolysis yields were related to
both raw material source (straw or husk) and procedures applied (chemical or enzymatic pre-
treatment), meaning that some optimizations of the procedures might be required for these specific
materials. However, in this first approach, we preferred to set the same extraction procedure (in
terms of CNC production) for all the precursors in order to establish the best typologies of barley
residue to be used for CNC synthesis, applying well known and previous published hydrolysis
receipts (Fortunati et al., 2012; Fortunati et al., 2014; Fortunati et al., 2015; Fortunati et al., 2013).
Figure 3 shows the morphological investigation of CNC obtained after hydrolysis procedures (45
°C, 30 min) from different barley material. Almost all the extracted nanostructures showed the
typical needle-like structure of CNC. FESEM images show that most cellulose nanocrystals
obtained from the hydrolysis of both chemically and enzymatically pre-treated barley fibres were
characterized by an acicular structure, typical of cellulose nanocrystals or whiskers; however, some
differences in the shape and dimensions (the average dimensions of CNC were obtained after the
analysis with ImageJ software of FESEM micrographs) of CNC extracted from straw and husk
occurred. In particular, a more spherical shape with the presence of some none-perfectly reacted
material and residues, characterized by different shape and aggregation levels, were revealed for
CNCstraw _chem. The obtained shape and dimensions for these CNCgyaw chem Was different from the
typical acicular structure of CNC extracted with the same procedure from other similar plant
residues (Fortunati et al., 2014; Fortunati et al., 2015; Fortunati et al., 2013), and the possible
presence of residual sugars, or even hemicellulose in the sample, underlined the non-perfect
efficacy of the applied hydrolysis receipt for this precursor, confirmed by a low reaction yield
(around 5%). Differently, although some spherical residues were present and some unreacted
material visible, FESEM image for CNCsyaw enz Showed nanocrystals with the typical acicular

structure and with dimensions around (270£40) nm in length and (15£5) nm in width, as recently
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reported for barley residues (Espino et al., 2014). However, the presence of residues justify the low
reaction yield (around 4%) obtained for this barley material. A different behavior was observed for
CNC extracted from husk, both by chemical and enzymatic pre-treatment. In fact, both the
CNChuysk_enz and CNChysk_chem Showed the typical acicular structure, with no residues or unreacted
material visible by FESEM, underlining the effectiveness of the applied hydrolysis receipt for husk.
Moreover, also in this case, it is clearly visible that the best performance of the hydrolysis was
obtained after the enzymatic pre-treatment of the fibres. In particular, the CNChysk en, Showed the
typical dimension ranging from 150-250 nm in length and of about 10 nm diameter (Fortunati et al.,
2014; Fortunati et al., 2015; Fortunati et al., 2013). Finally, nanocrystals of (280+£70) nm in length
and with a higher diameter (30+10) nm were obtained from chemically pre-treated husk
(CNChusk_chem)-

The different effects of the applied treatments on barley straw and husk were also highlighted by X-
ray diffraction results shown in Figure S2 a. The extracted CNC show the diffraction features
typical of cellulose I crystal domains. In the native state, the cellulose shows a semicrystalline
structure with crystalline domains of cellulose I with parallel chains connected side-by-side via
hydrogen bonding in flat sheets embedded in an amorphous phase made by lignin and
hemicellulose. Regeneration and mercerization of cellulose based materials induce a transformation
from cellulose 1 structure to cellulose Il, where the chains are stacked to form corrugated sheets
bounded together by a hydrogen bonding network. All XRD patterns for different CNC showed the
main peak at 22.7° (a low shift was detected only for CNCsiraw chem), that is indicative of the
distance between hydrogen bonded sheets in cellulose I domains. The other three peaks,
corresponding to the doublet peaks at 14.8° and 16.6°-16.8°assigned to (1-10) and (110) lattice
plane and the peak at 34.5°-34.7°, are also typical of cellulose I, which arises from ordering along
the fibre direction and it is sensitive to the alignment of chains into the fibrils (Besbes et al., 2011).
All the others peaks depicted in Figure S2 a are typical of cellulose Il. The lowest intensity of both

the main peak (at 22.7° cellulose 1) and peaks around 15-16° was registered for CNChysk_chem and
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CNCsiraw enz, Whereas an intense main peak (22.7° cellulose 1) was registered for CNCrysk enz,
underlining again the effectiveness of the enzymatic pre-treatment, especially for barley husk, in the
extraction of cellulose nanostructures and confirming the FESEM results (Figure 3 d) and the
reaction yield values.

In the aim of using the extracted CNC as reinforcement phases in polymeric based formulations, the
thermal stability has to be ensured. Thermogravimetric analysis was performed and the results of
thermal degradation of CNC structures in terms of derivative curves of the weight loss are reported
in Figure S2 b. All the thermograms showed a multi-step degradation with three weight loss events
(Espino et al., 2014). The water evaporation, due to the humidity absorbed on the CNC surfaces,
occurred, for all the studied nanostructures tested in their dried form, between 30 and 100 °C with a
mass loss lower than 10%. During the degradation of the cellulose (second and third peaks)
depolymerisation, dehydration and decomposition of glycosidic units occurs (Roman and Winter,
2004). Two relevant peaks due to cellulose degradation can be observed in CNC DTG curve: the
first (T1) at 280-290 °C and the second around 350 °C. Since sulfate groups by bonding to the
glucose units decrease the thermal stability of the CNC (Roman and Winter, 2004), the first peak
can be related to the CNC-SO4>~ and the second one (main peak - Tmax) to CNC-OH. Regarding the
Tmax 0f CNC-OH degradation, a higher stability of CNC isolated from barley husk, especially in the
case of an enzymatic pre-treatment of the waste (Tnax=356 °C), was measured, confirming previous
results. High stability (Tmax=352 °C) was also registered for CNCsraw enz. Moreover, CNC extracted
from barley husk showed the most intense peaks (both the peak around 290 °C and the main peak
around 350 °C), highlighting a well-defined structure of both cellulose Il and cellulose I. Finally,
lower values of residual mass calculated at 900 °C were registered for CNChysk enz (15%) with
respect to the others CNC (18%, 26% and 28% for CNChrysk chem, CNCstraw enz, and CNCiiraw chem,
respectively), confirming previous results and discussion.

Analysis of FTIR spectra for CNC confirmed that the peaks related to the cellulosic fraction,

detected in the signals of pre-treated fibres, become more evident in the case of cellulose
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nanocrystals extracted from the same source (Sun et al., 2005). In particular, the peak found at 897
cm’ for the pristine barley straw, that shifted to 894 cm™ and 893 cm™, respectively for chemically
and enzymatically pre-treated fibres, moves to 894 cm™ and 864 cm™ in the case of nanocrystals.
The sharp and intense peak at 1079 cm™ visible in the signal of pristine barley straw, attributed to
the C-O stretching, shifted to 1059 cm™ for chemically pre-treated fibres and 1058 cm™ for
enzymatically pre-treated fibres, can be measured in the case of CNC, at 1060 cm™ for CNC
extracted from chemically pre-treated straw and 1061 cm™ in the case of CNC from enzymatically
pre-treated straw (Azizul et al., 2012). In the case of barley husk, the signal at 1050 cm™ can be
assigned to the deformation of C-O bond in the aliphatic esters. This signal, shifted to 1057 cm™ in
chemically pre-treated fibres and 1055 cm™ in enzymatically pre-treated fibres, moves to 1060 cm™
and 1059 cm™, respectively for CNC extracted from chemically pre-treated and enzymatically pre-
treated fibres. The peak at 900 cm™ is indicative of the frequency group of C1 ring, characteristic of
the B-glycosidic bonds traceable in sugar units (Bledzki et al., 2010). As in the case of barley straw,
the signals attributable to the cellulosic fraction, present both in pretreated barley husk and
corresponding CNC, became more evident, whereas the one related to hemicellulose and lignin

fractions disappeared (1730, 1513 and 1466 cm™).

3.3.  PVA_CH nanocomposite characterization

3.3.1. Morphological analysis, transparency and colorimetric analyses

The microstructure of the cross-section surfaces of neat PVA and PVA_CH based nanocomposites
reinforced with different content and typologies of cellulose nanocrystals were investigated by
means of FESEM (Figure 4 Panel A), with the purpose of evaluate the effect of chitosan and CNC
presence on the morphological behavior of PVA based system. PVA film fractured surface appeared
smooth, uniform and homogeneous (Kavoosi et al., 2014) (Figure 4 Panel A, a)) typical of a
semicrystalline polymer (Fortunati et al., 2016), highlighting the excellent film-forming properties

of PVA in solvent casting process, in agreement with other authors (Fortunati et al., 2016; Fortunati
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et al., 2013). PVA_CH film (Figure 4 Panel A, b)) showed uniform and homogeneous surface
without evidencing phase separation, irregularities, pores, cracks, droplets or air bubbles (Bonilla et
al., 2014). This result underlines the high compatibility of the two polymers (Bonilla et al., 2014;
Tripathi et al., 2009). However, the presence of chitosan in PVA film slightly increased the
roughness of cross section surface respect to neat PVA, due to the brightness nature of chitosan
matrix (Figueiredo et al., 2015). The aspect of the PVA_CH_CNC nanocomposites was wavy
respect to PVA_CH film due to the interactions between the filler and the polymer blend (Roohani
et al., 2008). The fractured surfaces of PVA CH based nanocomposites appeared homogenous
without any phase separation, and no large aggregates due to the presence of CNC were detected on
the film surfaces. Moreover, no particular alteration were induced by the presence of CNC also in
the case of 3 wt% CNC based systems.

Transparency and colour of a package material are important parameters to be considered. In fact,
the final external quality of the packaging influences consumer acceptance and commercial success
of the different products. Transparency properties of PVA and PVA _CH based nanocomposites
were characterized by UV-Vis spectrophotometry (Figure 4 Panel B a,b). Figure 4 Panel B,a shows
the UV-Vis spectra of PVA and PVA_CH based systems reinforced with 1 wt% CNC extracted
from straw and husk by chemical and enzymatic pre-treatments (CNCstraw chem, CNChusk chem,
CNCstraw enz and CNChysk enz), Whereas Figure 4 Panel B a shows the UV-Vis spectra of PVA and
PVA_CH nanocomposites reinforced with 1 wt% and 3 wt% of CNCstraw en; and CNChysk_enz. UV-
Vis analysis confirmed that PVA is a transparent polymer (transmittance of 94.2% at a visible
wavelength of 600 nm): the transparency values at the same wavelength for PVA_CH system was
the sam, but decreases progressively reducing the wavelength (in the range 250-450 nm). PVA_CH
films showed an absorption band centered at 280 nm caused by the presence of chitosan in
PVA_CH film and due to the presence of double bonds, particularly those of C-O (Abdelrazek et
al., 2010; Bonilla et al., 2014). On the contrary, the transparency of PVA_CH nanocomposites was

not affected, in the range of 450-900 nm, by the addition of CNC, whereas a light barrier between
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250-450 nm was found. In fact, the presence of CNC in PVA_CH based systems reduced the
transmission capability at the wavelengths ranging from 300 to 450 nm. This effect was caused by
the fraction of the CNC, which can exert a significant influence on the UV transmittance (Figure 4
Panel B, b) (Fortunati et al., 2013). In any case, all the produced nanocomposite films maintained
good levels of transparency, also in the case of the highest content of cellulose, due to the absence
of aggregates and homogeneity of the PVA_CH_CNC films, confirming what already observed by
FESEM analysis (Figure 4 Panel A).

The colorimetric and gloss analysis of PVA and PVA_CH based films was performed to evaluate
the influence of the chitosan and CNC on the PVA optical properties. Some differences in the
CIELab coordinates (L*, a, b") and AE" between PVVA_CH based nanocomposites were observed
(Table 2). These differences were induced by the intrinsic colour of the components (chitosan
powder and CNC water suspension) used to realize the different nanocomposite films. High
lightness values were observed for PVA (L* = 99.10+£0.04) and for PVA_CH based films and no
particular variations were observed for the different nanocomposite formulations. However, lower
value of L"was registered for PVA_CH_3CNCstraw enz (L™ = 96.91 £0.28), and this could be due to
the decrease of lightness value attributed to the high content of CNC into the polymeric blend.
Negative and low values were obtained for the a* coordinate but no particular differences were
observed among the different formulations. Moreover, the lowest value was obtained for PVA_CH
film (-0.22+0.03); this effect could be related to the presence of chitosan in PVA matrix. By adding
different contents of CNC, the values attributed to the a*coordinate increase.

Positive values were obtained for b* coordinate, indicating a deviation towards a yellowish colour;
this result was in agreement with UV-Vis analysis (Figure 4 Panel B a,b), in fact the transparency of
different formulations decreased in the range of wavelength centered around 250-450 nm.
Moreover, the highest values of b* coordinate were registered for PVA_CH_3CNCstraw enz. This
result highlighted that the increment of CNC content led to an evident shift to yellow colour with

respect to the film reinforced with 1 wt% of CNCstraw en; (Table 2). However, the decrease of L*
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values, combined with the increase of b* data, indicated that a yellowish colour appeared in the
film. The reduction of lightness was considered helpful to prevent oxidative deterioration in
packaged foodstuffs (Wang et al., 2012). The colour differences AE" were estimated between the
PVA and PVA CH based films. The highest AE” values between the PVA and nanocomposite films
was approximately close to 5, recorded for PVA_CH_3CNCsraw enz-

The gloss (Table 2) of PVA and PVA CH based systems was influenced by the presence of
cellulose nanocrystals (Luzi et al., 2016). The gloss values decreased as a function of the filler
percentage, however the higher reduction was around 11° and was registered for
PVA_CH_3CNChysk enz (225 % 2) ° respect to PVA film (236 +4) °. The high gloss values could be
related to the good distribution of chitosan into PVA matrix, indicating the high compatibility of the
two polymers (Bonilla et al., 2014; Tripathi et al., 2009) and the good distribution of CNC into
polymeric blend, as previously observed and confirmed by FESEM investigations (Figure 4 Panel

A).

3.3.2. Thermal, X-ray and mechanical characterizations

The effects of both chitosan and extracted CNC from straw and husk residues on the thermal
properties of the PVA matrix were investigated by DSC measurements and the properties of films
obtained by analysis of cooling and second heating scans are summarized in Table 3. During the
cooling scan, slight increases (about 3 °C) were observed in the glass transition temperature (Tg),
which were induced by the presence of CH and, a shift of about 5 °C was detected for the systems
reinforced with different typologies and contents of CNC. This effect induced by both the CH and
CNC presence was also measured during the heating scan and it can be explained by considering
the presence of interactions through hydrogen bond formation, which implies an effective increase
of Ty values. Moreover, a clear decrease in the enthalpies related to the crystallization phenomena
was detected during the cooling induced by the addition of CH in PVA matrix, as previously

reported (Bonilla et al., 2014), moreover a decrease of the crystallization temperature (T.), that
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presented a shift of about 15 °C for PVA_CH respect to the PVA neat film (PVA: T,=191.3+0.8 °C
and PVA _CH: T.=177.5£0.8 °C), was observed. The presence of CNC did not particularly affect
the thermal response of PVA_CH blend both during the cooling and the second heating scan; a
slight increase in the crystallization enthalpies and temperatures was registered for the formulations
reinforced with CNC extracted by an enzymatic pre-treatment (T, around 180°C), suggesting the
potentiality of this sustainable pre-treatment in obtaining cellulosic materials with higher propensity
to induce nucleation. This effect was then confirmed also in the PVA CH based formulations
loaded with 3 wt% 0f CNCstraw enz @nd CNChrysk en; although their effect was not so evident as
expected. The nucleation effect, typical of CNC, previously reported for different polymer matrix
and also for neat PVA based formulation loaded with this nano-reinforcements (Fortunati et al.,
2012; Fortunati et al., 2013), was not so evident here, since the presence of chitosan was
predominant in the thermal response of produced PVA CH based formulations. Finally, no
particular variations were found in the case of X (%), measured both during the cooling and heating
scans.

In order to better investigate the effect of chitosan and CNC presence in the produced blends, XRD
analysis of PVA and PVA _CH based formulations was performed (Figure 5a). The X-ray
diffraction profile of neat PVA film shows an intense reflection peak at 20 = 19.7° and a shoulder at
20 = 17.61°, typical of the crystalline atactic PVA (Ricciardi et al., 2004), that can be assigned to a
mixture of (101) and (10]) reflections. Another peak located at 41.3° also confirms the
semicrystalline nature of PVA (Hemalatha et al., 2014). Moreover, several less intense crystalline
peaks at 26 = 12.0, 14.70, and 29.82 degrees were detected, that can be assigned to a mixture of
(110), (101), (101), (200), (201) and (207) (Lee et al., 1996). In the case of PVA_CH blend, the film
showed the typical fingerprints of semicrystalline chitosan visible at 20 = 13.35° and 19.88°
(superimposed with the signal of PVA), related to crystal | and crystal Il in chitosan structure,
comparable with that observed in the diffractogram reported by Rinaudo et al. (Rinaudo, 2006). The

reduced intensity for this last peak confirmed that the semicrystalline structure of PVA was
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decreased upon blending with chitosan (as already observed in DSC characterization). When 3 wt
% Of CNCstraw enz and 3 wt% of CNChysk en; Were incorporated in the films, the XRD profiles
exhibited the characteristic peaks of both CNC and PVA_CH blend, basically the diffractogram
showed peaks already observed in Figure S2 a (typical peaks of cellulose-I structure) around 26 =
34.7°, assigned to (004) plane, with higher intensity both in PVA_CH_3 CNCsyaw en:
andPVA_CH_3 CNChysk enz. The peak located at 19.6°, plane (200), had a reduced intensity,
whereas increased value can be seen in the case of the peak located at 13.53°, confirming the
predominant effect of chitosan in overall crystallinity of produced films.

Films for food packaging are required to maintain their integrity during the use (Kanatt et al., 2012)
and, according to this, tensile tests were performed for PVA matrix and PVA_CH blend based
formulations, with the aim of investigating the effects of both chitosan and extracted CNC from
straw and husk residues on the mechanical response of produced films. These results are
summarized in Table 4, while typical stress-strain curves for neat PVA, PVA_CH blend and
PVA_CH based formulations are shown in Figure 5b, The addition of 10 wt % of chitosan to PVA
matrix provoked a reduction in the mechanical response of the system, with a decrease of both
tensile strength and elongation at break values for PVA _CH blend respect to neat PVA film
(Bahrami et al., 2003; Bonilla, Fortunati et al., 2014).

On the other hand, CNC at 1 wt% into PVA_CH blend, were able to increase the elongation at
break values: this result is more evident for PVA_CH_1CNCsraw enz and PVA_CH_1CNChysk_chem
films, that showed also an increase in the Young’s modulus and tensile strength. The interaction
between polymers and CNC resulted in an efficient load transfer between nanofillers and polymer
chains, especially in the case of films containing CNCstraw en; @nd CNChysk_chem at 1 wt%, which
makes the nanocomposites stronger but maintains, at the same time, the deformation behavior of
neat PVA (eg about 200%). This result can be certainly correlated to CNC morphological aspect
previously discussed in paragraph 3.2, that evidenced the presence of some none-perfectly reacted

material and residues in the case of CNCstraw_chem, justifying the low deformability registered for this
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specific system. On the other hand, the typical acicular structure of CNC, revealed as completely
free of defects for CNChysk chem and CNChysk en, and weakly compromised in the case of
CNCstraw_enz, IS responsible for the good mechanical response of films containing these nanofillers.
The promising results of tensile characterization obtained for PVA_CH films in the case of CNC
extracted from straw and husk after the enzymatic pre-treatment induced us to consider the
possibility of increasing their mechanical performance by adding higher amounts of nanofillers (3
Wt% 0f CNChysk_enz and CNCstraw enz)-

Actually, this effect of cellulose nanocrystals was confirmed and enhanced when 3 wt% were
added. In this case, an increase of Young’s modulus and tensile strength respect to both PVA neat
film and PVA_CH blend was registered for ternary formulations, whereas the stretchability was
increased with respect to PVA_CH blend and maintained at the level of PVA matrix. In conclusion,
the results of mechanical characterization underlined that, even if the presence of the chitosan,
selected for its antimicrobial properties, can negatively compromise the mechanical response of
PVA in terms of deformability, the addition of a very low content of a bio-based/natural nanofiller
as CNC to the selected polymer matrices can positively counterbalance and modulate the final
mechanical response of PVA_CH blend, with a right compromise between elastic and plastic

response of the film, useful for the final practical application.

3.3.3. Antibacterial properties

The antibacterial test of PVA_CH based nanocomposites, reinforced with CNC extracted from
straw and husk by enzymatic pre-treatment and used at the highest content (3 wt%) in the PVA_CH
blend, was tested with respect to Xap and Pco bacterial pathogens. Xap growth pointed out its
capacity to increase exponentially its population in control as well as in association with PVA and
PVA_CH films (Figure 6 a). Instead, in PVA_CH_3CNCiraw enz and PVA_CH_3CNChysk_enz films,
the bacterial growth was particularly reduced and this effect was more evident with

PVA_CH_3CNCsraw en; film for which Xap growth, after 24 h from its inoculation, showed values
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proximal to the initial one (3.6 x 10° CFU mL™) (Figure 6 a). Concerning Pco development, respect
to different films placed simultaneously in different formulations, the best results were recorded
after 3 h by PVA_CH_3CNCstraw enz and PVA_CH_3CNChysk_en, films, with bacterial values of 7.6 x
10° CFU mL™? and of 6.5 x 10° CFU mL™, respectively (Figure 6 b). After 24 h, the highest
bacterial values were recorded for PVA films (1.7 x 10® CFU mL™), whereas the Pco values with
PVA_CH_3CNCsraw enz and PVA_CH_3CNChysk enz films, were of 6.9 x 10" CFU mL™ and of 6 x
10" CFU mL™, respectively (Figure 6 b). The phytobacteria considered in the present study resulted
particularly significant to evaluate the potential antimicrobial activity of different nanocomposites
as active packaging films developed. The Xap quarantine bacterial pathogen, resulted successfully
inhibited in its development especially by using the PVA_CH_3CNChysk en; film. The performance
obtained by these nanocomposite films resulted particularly relevant taking into account that this
bacterium it is able to survive, until 5 months, in ice-box conditions of -2°C to +2°C, even lower
than those make good use at an industrial level as, for example, for the fresh fruit packaging
(Bulletin OEPP/EPPO, 2006). The Pco bacterial strain is able to cause severe soft rot during storage
on a wide range of vegetables and fruits (Toth et al., 2003). By present study Pco growth inhibition
resulted reduced by the presence of PVA_CH_3CNChus en; film, although a less relevant effect over

time was registered for Pco pathogen respect to Xap.

3.3.4. Validation of the practical use of the proposed formulation at an industrial level: overall
migration test, moisture content and food-contact test

PVA _CH based formulations could find different final applications at a practical level as, for

example, biodegradable supports in biomedicine and tissue engineering, as coating materials and/or

also as novel packaging formulations. In the present work, we have focused on this third possible

solution and some specific characterizations were performed in order to validate the practical use of

the proposed systems at industrial level.
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Overall migration test with food simulants results are shown in Figure 7. The test permits to
simulate and demonstrate, by using two different simulants, ethanol 10 (v/v)% and isooctane (A and
substitutive D2, respectively), the behavior of potential food packaging in contact with the
foodstuff. The overall migration levels using both food simulants for all the studied PVA and
PVA_CH based systems were below the migration permitted limits, taking into consideration that
the current European legislation establishes that the material migrated need to be lower of 60 mg kg
! simulant (European Commission Regulation EU 10/2011). The maximum migration level (3.3 mg
kg™ simulant) was detected for PVA_CH_3CNCstraw en; after 10 days in ethanol. The high values of
PVA based systems in contact with simulant A were due to the hydrophilic nature of polymer
matrix selected for this research, that showed an high affinity with polar solvent as water solution
(Fortunati et al., 2013).

The analysis of the total migration values in isooctane after 2 days at 20 °C revealed that the
maximum migration level was detected for PVA_CH_1CNChysk_chem, With the value of 0.09 mg kg™
simulant. However, all the migration values of PVA are well below the overall migration legislative
limits, confirming the possibile use of proposed formulations for food-packaging.

Table 5 shows the moisture content (MC) of PVA and PVA _CH based nanocomposites after 1 and
5 storage weeks. The moisture content of the PVA film was (6.3+0.1) % and (6.5£0.1) % after 1 or
5 weeks of storage, respectively, which indicates that equilibrium was reached after only 1 week of
storage (Cano et al., 2015). Moreover, the PVA film exhibited higher values than the PVA CH
films due to the higher hydrophilic nature of PVA (Fortunati et al., 2013; Kavoosi et al., 2014).
PVA matrix is soluble in deionized water whereas chitosan is soluble in acid solution (1 v/v% of
glacial acetic acid); as a consequence, the PVA exhibited a higher humidity affinity respect to
PVA_CH film. The reduction of the moisture content in PVA_CH reinforced with CNC extracted
from straw and husk can be justified considering the barrier effect that CNC are able to induced in a

polymeric matrix (Fortunati et al., 2012; Peresin et al., 2010). At the end of the storage time (5
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weeks), the moisture content tended to decrease respect to the values obtained after 1 week of
storage for different systems, due to some aging phenomena of the materials (Peresin et al., 2010).

Finally, the effectiveness of the developed active films as potential systems for industrial
applications packaging was evaluated by visual observation of the fungal growth inhibition on food
samples induced by chitosan or the combination of chitosan with different typologies and contents
of CNC in PVA matrix. Figure 8 shows the appearance of sliced prunes at day 0 and after several
days. In the case of prunes in contact with the neat PVA film, a rapid growth of the fungi was
observed just after 4 days and became more evidently after 1 week of treatment, whereas no fungal
growth was observed for prunes in contact with PVA_CH film until 10 days at room temperature.
This proves the efficacy of chitosan against the microorganism development. A similar behavior
was also observed for the PVA_CH based formulations reinforced with a 1 wt% of different CNC,
with a first fungal growth detected after 7 days of incubation, although any positive effect of CNC
addition at this low content was detected with respect to the PVA_CH blend. On the other hand, an
incredible effect of CNCrysk enz and CNCistraw en; addition at 3 wt% to the PVA_CH blend was
observed since the ternary formulation preserved the prunes till the 20™ day of storage. However,
just after few days of storage prunes presented a clear physical deterioration and a loss of their
organoleptic properties due to the experimental storage conditions (room temperature, uncontrolled
atmosphere); in any case it is important to highlight that for ternary systems with 3 wt% of CNC,
microbial growth was not observed until the end of the study (20 days). Specific isolation and
characterization of fungal species observed on slides prunes were carried out. The fungi (air-borne
spores) resulted identified as Penicillium (ex. P. expansum) and Aspergillus (A. niger) spp. that, as
typical saprophytes, occurred frequently during post-harvest, causing damages by soft skinned on

fresh fruits, like plum (Toma and Rajab, 2014).

4. Conclusions
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Cellulose nanocrystals were here successfully extracted from both barley straw and husk by
applying and comparing, for the first time for these agricultural residues, two different approaches:
a chemical alkaline and an enzymatic pre-treatment. Furthermore, an acidic hydrolysis was
performed for the isolation of CNC. The results evidenced the major effectiveness of the enzymatic
pre-treatment on the quality of obtained CNC; nevertheless, all the different typologies of isolated
nanocrystals were added to the poly(vinyl alcohol) (PVA) natural chitosan (CH) blends and some
different characterizations were carried out to evaluate the potential use of CNC as reinforcement
phases in new nanocomposites formulations for industrial applications. The results indicated that
chitosan reduced the optical transparency and the mechanical response of PVA matrix, whereas the
combination of chitosan with CNC (especially when extracted by enzymatic treatment and added at
a higher content) was able to positively modulate the optical properties, the mechanical and thermal
responses. In particular, the results of mechanical characterization, of interest for the final
application at an industrial level of the proposed systems, underlined that, even if the presence of
the chitosan, selected for its potential antimicrobial properties, can negatively compromise the
mechanical response of PVA in terms of deformability (that represents the most important
mechanical property for a packaging film), the addition of a very low content of a bio-based/natural
nanofiller as CNC to the selected biodegradable matrices, can positively counterbalance the final
mechanical response of PVA _CH blend, with a right compromise between elastic and plastic
response of the film, useful for the final practical application.

Finally, focusing on a possible practical application of the proposed formulations as novel package
solutions, the results from the overall migration test underlined that the migration levels, into food
simulants, were well below the permitted limits by the current legislation, while the food-contact
test evidenced the effectiveness of the proposed formulations to improve the shelf-life and quality
of perishable food products, such as prunes. The antibacterial assays also underlined the positive
performance of the nanocomposite films in the growth inhibition of two different plant and fruit

bacterial pathogens.
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In conclusion, the results here presented suggest the potentiality of using the developed
biodegradable films reinforced with a bio-based filler extracted from agricultural residues in some
specific industrial sectors as, for example, the active packaging field here demonstrated, and the
biomedicine and tissue engineering sectors where a combination of mechanical performances and

antimicrobial response are strongly required.
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Figure and Table Captions

Scheme 1: Scheme of barley straw and husk chemical pre-treatments.

Figure 1. FESEM investigation of barley straw and husk. Straw raw material (surface (a) and
fractured surface (insert)), straw chemically (b) and enzymatically pre-treated (c). Husk raw
material (surface (d) and fractured surface (insert)), husk chemically (e) and enzimatically pre-
treated (f).

Figure 2: Derivative curve (DTG) of straw raw material, chemically (a) and enzymatically (b) pre-
treated and DTG of husk raw material, chemically (c) and enzymatically (d) pre-treated.

Figure 3: FESEM investigation of CNCsiraw chem (8), CNCstraw enz (B), CNChysk chem (C), and
CNChysk_enz (d).

Figure 4: Panel A:FESEM investigation of fractured surface of PVA and PVA CH based
nanocomposites. Panel B: UV-Vis analysis of PVA and PVA_CH nanocomposites reinforced with
1% wt of CNC extracted from straw and husk chemically and enzimatically pretreated (a). UV-Vis
analysis of PVA and PVA_CH nanocomposites reinforced with 1 and 3% wt of CNCestraw en; and
CNChysk_enz (b).

Figure 5: X-ray diffraction (XRD) patterns of PVA, PVA_CH, PVA_CH_3CNCsiaw en, and
PVA_CH_3 CNChysk enz (). Stress-strain curves of PVA and PVA_CH based nanocomposites (b).
Figure 6: Overall migration in ethanol 10 (v/v)% and isooctane of PVA and PVA _CH based
nanocomposites.

Figure 7:Appearance of fungal growth on sliced prunes after different times of storage coated with
PVA and PVA_CH based nanocomposites at room temperature.

Figure 8: Antimicrobial properties of PVA and PVA_CH nanocomposites using Xanthomonas
arboricola pv. pruni (Xap CFBP - 3894) and Pectobacterium carotovorum subsp. odoriferum (Pco

- 1115) bacterial plant pathogens.
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Table 1: Composition of raw materials, cellulose content of the chemical and enzymatic pre-
treatments and relative yields.

Table 2: Colour coordinates of PVA and PVA_CH nanocomposites.

Table 3: Thermal Properties of PVA and PVA_CH nanocomposites.

Table 4: Mechanical properties of PVA and PVA_CH nanocomposites.

Table 5: Moisture content (MC) of PVA and PVA_CH nanocomposites.
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Table 1

Table 1: Composition of raw materials, cellulose content of the chemical and enzymatic pre-treatments and relative yields.

Raw materials

Straw Husk

Dry weight 93.2 90.8
On the basis of dry weight
Protein 2.6 6.4
Ashes 10.5 6.0
Lipids 2.0 3.5
Others (fibres, derivatives, etc) 84.9 84.1
Fibre composition of the raw materials (%)

Straw Husk
Cellulose 56.2 45.7
Hemicellulose 7.0 22.4
Lignin 9.2 7.2
Others (pectins, lipids, proteins, 76 4.7

sugars, organic acids)
Cellulose content (%) after chemical and enzymatic pre-treatment

Straw Husk
Chemical Enzymatic Chemical Enzymatic
Cellulose 62.8 73.6 75.2 81.0
Cellulose purification fold with 1.12 1.29 1.64 1.77

respect to raw materials
Cellulose yields (%) of chemical and enzymatic pre-treatment
Straw Husk

Chemical pre-treatment 45.0 50.0
Enzymatic pre-treatment 36.6 30.0




Table 2

Table 2: Colour coordinates of PVA and PVA_CH nanocomposites.

Formulations L* a* b* AE* Gloss (°)
PVA 99.10+0.04 -0.10+0.01  0.15+0.03 - 2364
PVA _CH 98.85+0.09  -0.22+0.03  0.99+0.20 0.88 23442
PVA_CH_1CNCsyaw chem 98.61+0.05 -0.18+0.01 1.06%0.06 1.04 228+2
PVA_CH_1CNCsyaw en: 98.29+0.10 -0.12+0.01 1.61+0.23 1.79 2353
PVA_CH_1CNChusk_chem 98.36+0.14  -0.19+0.02 1.24+0.23 1.35 233+2
PVA_CH_1CNChusk en 98.52+0.04 -0.13+0.01 1.15+0.10 1.2 229+5
PVA_CH_3CNCsaw_en: 96.91+0.28  -0.08+0.02 4.45+0.62 4.82 230+4
PVA_CH_3CNChusk en 98.07+0.21 -0.09+0.01 2.15+0.40 2.25 2252




Table 3

Table 3: Thermal Properties of PVA and PVA_CH nanocomposites.

Cooling scan Second heating scan
Formulations
Ty (°C)  AHc(J/9) Tc (°C) Xc (%) T4(°C)  AHn(Jg)  Tm(°C) Xm (%)
PVA 728+0.7 406+28 191.3+08 251+17 796+02 33.0+09 2169+0.7 20406
PVA_CH 753+02 289+17 1775+08 161+09 829+07 343106 2121+09 191+0.3
PVA_CH_1CNCgraw chem 759+07 283+03 1746+13 156+01 839+04 285+49 2104+03 15727
PVA_CH_1CNCgyay en: 743+0.7 297+12 1809+14 165+0.7 854+03 327+03 2128+02 180x0.1
PVA_CH_1CNChusk_chem 775+11 320+42 1746+13 176+23 837+05 337+03 2115+13 18602
PVA_CH_1CNCh sk en 76.1+£09 294+0.7 180.2+1.1 16.7+04 809+05 335+x17 2133+11 184zx09
PVA_CH_3CNCgyray en: 75.5+£0.4 32.8+0.4 177.4+0.6 18.3+0.2 81.3+0.1 31.4+0.6 213.4+0.2 17.240.3
PVA_CH_3CNChrusk_enz 77.6£0.9 29.8+0.6 177.2+£1.1 16.9+0.3 82.0+0.4 34.1+0.9 213.4+0.2 18.8+0.5




Table 4

Table 4: Mechanical properties of PVA and PVA_CH nanocomposites.

Formulations os (MPa) &5 (%) Evoung (MPa)
PVA 50.7+6.9 225%30 430 + 60
PVA_CH 36.0+9.5 110+25 560 * 40
PVA_CH_1CNCgaw chem 47.4+7.6 160+20 680+ 60
PVA_CH_1CNCgyaw en, 60.7+8.1 220+ 30 830+ 65
PVA_CH_1CNChpysk chem 62.5+3.5 200+ 25 830 + 80
PVA_CH_1CNChysk en. 45125 180+20 760 * 60
PVA_CH_3CNCgaw en.  64.9£7.0  190+20 1000+90
PVA_CH_3CNChysk en: 52.9+44  170£10 1160+200




Table 5

Table 5: Moisture content (MC) of PVA and PVA_CH nanocomposites.

Formulations Me ¢4)

1™ week 5™ week
PVA 6.3£0.5 6.5+0.1
PVA_CH 6.1+0.1 53+0.1
PVA_CH_1CNCsiraw chem 51+04 41+0.1
PVA_CH_1CNCsraw_en: 58+0.2 44+0.2
PVA_CH_1CNChusk_chem 56+0.1 4.1+0.7
PVA_CH_1CNChusk_en: 43+04 35+0.1
PVA_CH_3CNCstraw_en: 4.2+0.3 3.210.3
PVA_CH_3CNChusk_en: 3.8+0.3 2.5+0.1




Scheme 1

Barley straw chemical treatment
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Figure 4
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Figure 5
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Figure 6
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Figure 8
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Revalorization of barley straw and husk as precursors for cellulose nanocrystals extraction
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Figure S1: FTIR analysis of raw material, chemically pre-treated and CNC from straw (a); raw
material, enzimatically pre-treated and CNC from straw (b); raw material, chemically pre-treated

and CNC from husk (c) and raw material, enzymatically pre-treated and CNC from husk (d).
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Figure S2: X-ray diffraction (XRD) patterns (a), and derivative curves (DTG) (b) of CNCstraw chem,

CNCstraw _enzy CNChysk_chem and CNChysk enz- (inset: degradation temperature values).

a)

Intensity (a.u.)

269

b)

DTG (ug/ug min )

S4

= CNCstrawin:hem
° CNCSUEW}HZ
008 o [—h—
CNChuskﬁchem

na CNChusk onz

0.04 o

CNCotraw_cnem
chS!FﬂWfE"z
CNChrysk_chem
CNChusk_enz

288
285
287
287

343
352
350
356

000 -,

T v T
100 200

T T T T T
300 400 500
Temperature (°C)

T
600

T
700




Table S1: Material formulations.

. PVA CH CN Cstraw_chem CN Cstraw_enz CN Chusk_chem CN Chusk_enz
Formulations

(Wt%)  (wt%) (Wt%0) (Wt%0) (Wt%) (Wt%)
PVA 100 - - - - -
PVA_CH 90 10 - - - -
PVA_CH_I1CNCgyraw chem 89 10 1 - - -
PVA_CH_1CNCja en: 89 10 - 1 - -
PVA_CH_I1CNCpug chem 89 10 - - 1 -
PVA_CH_1CNCpug en: 89 10 - - - 1
- - ]
PVA_CH_3CNCyayerr 87 20 - - 3 -
PVA_CH_3CNChuys en: 87 10 - - - 3
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