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 Cellulose nanocrystals (CNC) were isolated from Carmagnola carded hemp fibres. 

 The surface of nanocrystals was also modified using a commercial surfactant (s-CNC). 

 PLA and PLA_PBS nanocomposites reinforced with CNC and s-CNC were developed. 

 CNC, s-CNC and PBS provoked an increase of PLA barrier and mechanical properties.  

 All the formulations disintegrated in less than 17 days in composting conditions.  
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Abstract 14 

Poly(lactic acid) (PLA) and poly(butylene succinate) (PBS) were blended and bionanocomposite 15 

films were prepared by solvent casting method adding 1 or 3 %wt of cellulose nanocrystals 16 

extracted from Carmagnola carded hemp fibres. Both unmodified (CNC) and surfactant modified 17 

(s-CNC) cellulose nanocrystals were loaded to PLA matrix or to PLA_PBS blend in order to 18 

produce binary or ternary formulations while the thermal, morphological, mechanical, optical and 19 

barrier properties of all the produced systems were deeply investigated. Mechanical analysis 20 

showed increased values of Young’s modulus in binary and ternary formulations, more evident in 21 

the CNC based formulations. The presence of both CNC and s-CNC and the addition of PBS to 22 

PLA matrix provoked an improvement of barrier properties. This behaviour could be related to the 23 

synergic ability of cellulose nanocrystals to increase the tortuous path of gas molecules with the 24 

increase in the crystallinity degree induced by the presence of PBS. The disintegration in 25 

composting conditions of different PLA and PLA_PBS based bionanocomposites was also 26 

investigated. The results showed that all the formulations disintegrated in less than 17 day while s-27 

CNC were able to promote the disintegration behaviour although the PBS presence obstacles the 28 
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disintegrability. During the composting, the main chemical parameters were investigated in order to 29 

assess changes in the composition of the tested mixtures. The organic matter (OM) loss occurred in 30 

both control and in the PBS_PLA based bionanocomposites composts in the 90 days of treatment. 31 

Neverthless the total organic C content showed values >20; moreover a low concentrations in heavy 32 

metal in both composts as recomended by the Italian and European law were observed.  33 

 34 

Keywords: Poly(lactic acid), poly(butylene succinate), blend, cellulose nanocrystals, hemp, 35 

bionanocomposites, compost. 36 

 37 

1. Introduction 38 

In the last few years, the growing concern on the environmental pollution due to the high impact of 39 

plastic wastes, has attracted the interest of academic and industrial researchers to develop green 40 

polymers extracted from natural resources. In this context, biodegradable and biocompatible 41 

polymers have received much attention respect to non-degradable polymers based on petroleum 42 

sources. Green polymer represent a valid alternative to develop new eco-friendly materials able to 43 

reduce both the plastic wastes accumulated every days in landfills and the emission of greenhouses 44 

gases, depending on fossil resources that form during the production and the disposal of the end-life 45 

(Peelman et al., 2013). Moreover, biodegradable polymers are susceptible to microbial and fungal 46 

attacks (Peelman et al., 2013; Stloukal et al., 2015); the compostable plastics are metabolized by 47 

naturally organisms with non-negative environmental impact.(Stloukal et al.,  2015) The valid 48 

strategy to reduce the waste and the environmental pollution has oriented the academic researches 49 

to develop new compostable and biodegradable fresh food packaging solutions. The packaging 50 

materials, in fact, represent the higher cause of environmental pollution. Furthermore, in a more 51 

heterogeneous concept of packaging materials, the function of food packing is not only to contain 52 

and protect from external abiotic and biotic factors the products during the transportation and the 53 
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storage, but also to increase the shelf-life maintaining the quality and the safety of the foodstuff 54 

(Rhim et al., 2013).  55 

In this scenario, poly(lactic acid) (PLA) thermoplastic polymer, derived from renewable resources, 56 

has been received a lot of attention than other polyesters (Lu et al., 2013;  Wei et al., 2012). PLA is 57 

a linear aliphatic polyester, biodegradable and compostable (Chaiwutthinan et al., 2015). PLA is 58 

produced by the fermentations of renewable feedstock as starch, plant crops and sugar (Fortunati, et 59 

al., 2015) and it shows a good and favourable functional properties that promote its use to infood 60 

packaging. PLA is transparent, easy to process, non-toxic or carcinogenetic, economically feasible, 61 

approved by US Food and Drug Administration (FDA) as a food contact substance and it is used to 62 

produce packaging for short shelf-life applications. (Arrieta et al., 2013). Unfortunately, PLA 63 

suffers the limitations when a comparison of the biodegradable polymer with the equivalent 64 

petroleum based matrices used in food packaging applications has done. PLA is characterized by 65 

poor thermal, mechanical (Arrieta et al., 2013) and gas barrier properties (water vapour and oxygen 66 

permeability) necessary in the fresh food packaging to guarantee the shelf-life of the products. 67 

There are many food products sensitive to water moisture and oxidation, that should be reduced 68 

during the transport and the storage (Arrieta et al., 2014). In order to reduce these limitations, 69 

several strategies can be adopted to modify the limited properties as previously adopted by author 70 

researchers (Arrieta et al., 2014; Fortunati et al., 2014; Herrera et. 2015) 71 

Therefore, the development of polymeric blend and nanocomposistes reinforced (Duncan, 2011) 72 

with natural nanofillers may be necessary to provide a solution to these limitations as a valid 73 

strategy to increase and modulate the properties without affecting their positive characteristics. 74 

Furthermore, the aspect and the quality of the food packaging could influence the purchase of 75 

consumers; for this reason high transparency in the food applications is considered an important 76 

characteristic (Rhim et al., 2013). In this study, poly(butylene succinate) (PBS) was selected as a 77 

valid polymer for the realization of blend based systems. PLA blended with another biodegradable 78 
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polymer, offers improved properties without compromising its  eco-friendly and suitable 79 

characteristics. PBS is chemically synthesized from bio-based renewable monomers produced by 80 

the polycondensation reaction of 1,4-butanediol with succinic acid and a synthetic aliphatic 81 

polyester (Bhatia et al. 2012; Chen et al., 2014), or prepared by biological fermentation process 82 

from the agricultural crops containing cellulose, lactose and glucose (Hwang et al. 2012; Lin et al. 83 

2015). PBS is easy to process and has high thermal, chemical resistance and good mechanical 84 

properties, in particular excellent impact strength and flexibility (Bhatia et al. 2012). 85 

The use of nanocomposite approach could represent an alternative to blend strategy or could be 86 

combined to increase and modulate, with interesting results, the final properties required for the 87 

packaging.  88 

Recently, cellulose nanocrystals (CNC) have been investigated as nanoreinforcement that could be 89 

used in biodegradable polymer able to improve and modulate the properties of a biomaterial for 90 

food packaging applications (Arrieta et al., 2014; El-Wakil et al., 2015; Fortunati et al., 2013; Khan 91 

et al., 2012; Šturcová et al., 2005). Moreover, CNC present low density, high stiffness and excellent 92 

biocompatibility (Fernandes et al. 2013; Lin, Dufresne, 2014). CNC can be extracted from different 93 

natural resources (Fortunati et. al., 2013; Hsieh, 2013; Luzi et al., 2014; Neto et al., 2013; Silvério 94 

et al.,2013) and their dimensions depend on the raw material utilized for the extraction (Lin, 95 

Dufresne, 2014) and the intensity of the chemical process selected for their production (Cranston, 96 

Gray, 2006). CNC are usually characterized by rigid rod monocrystalline domains (Silvério et al. 97 

2013) with diameters ranging from 1-100 nm and from ten to hundreds of nm in length (Matos et 98 

al., 2000), an aspect ratio (diameter/length) that can vary from 1:1 to 1:100 and an elastic modulus 99 

of around 150 GPa (Saïd Azizi Samir et al., 2004). 100 

In this research, cellulose nanocrystals extracted from Carmagnola carded hemp fibres have been 101 

used as reinforcement phases for both PLA neat matrix and PLA_PBS blends. Carmagnola hemp 102 

plant originates from Piedmont region in Italy and it is composed from about 70% of total weight 103 
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by alpha-cellulose and hemicellulose, 44 % and 25 %, respectively (Gandolfi et al., 2013). Luzi et 104 

al. 2014 previously reported about the chemical pretreatment and CNC extraction procedure from 105 

carded hemp fibres. 106 

Moreover, it was largely investigated the degradation of polymeric materials and the role of 107 

microorganisms in their decomposition during composting (Torres et al., 1996; Itävaara et al., 2002; 108 

Kale et al., 2007; Sangwan and Wu, 2008; Saadi et al., 2012; Karamanlioglu et al. 2014). It is well 109 

known that the composting process is strictly dependent by the environmental conditions that affect 110 

the aerobic process (i.e. relative humidity, pH, O2, C/N ratio, temperature) and then the 111 

compostability of plastic. In addition, the rate of degradation depends on the crystallinity of the 112 

PLA (Auras et al., 2004; Kale et al., 2007). 113 

The aim of this research is the development and characterizations of biodegradable PLA blend and 114 

bionanocomposites films for food packaging applications. Initially, the different ratio of PLA_PBS 115 

(90:10, 80:20 and 70:30, respectively) blends was optimized in terms of thermal, mechanical and 116 

morphological characteristics. Then the optimized formulation was selected to produce the 117 

PLA_PBS films reinforced with cellulose based structures. The idea was to evaluate also the effect 118 

of unmodified (CNC) and surfactant modified (s-CNC) cellulose nanocrystals in both binary PLA 119 

based film and PLA_PBS based blend. The produced formulations were fully characterized by the 120 

study  of thermal, mechanical and morphological properties. Moreover, some functional properties 121 

such as optical and barrier properties were studied to evaluate the influence of CNC or s-CNC and 122 

the presence of PBS into PLA matrix. Finally, the disintegrability in composting conditions of PLA 123 

and PLA_PBS binary and ternary bionanocomposites was investigated in order to evaluate the post-124 

use behaviour of these potential food packaging systems. As the quality of compost obtained from 125 

PLA and PBS was not deeply investigated, in this experiment was studied how the chemical 126 

parameters change during the composting as well as the quality of the produced compost. 127 
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Moreover, to confirm the effectiveness of composting process, organic matter (OM) loss, C/N ratio 128 

and a seed bioassay were measured throughout the process. 129 

 130 

2. Experimental section 131 

2.1 Materials 132 

Poly(lactic acid) (PLA) 3051D, with a specific gravity of 1.25 g cm
-3

, a molecular weight (Mn) of 133 

ca. 1.42 x10
4
 g mol

-1
, and a melt flow index (MFI) of 7.75 g 10 min

-1
 (210 °C, 2.16 kg) was 134 

supplied by NatureWorks
®
, USA.  135 

Poly(butilene succinate) (PBS) was supplied by Showa Denko K.K. (Bionolle 1001MD) with a 136 

specific gravity of 1.26 g cm
-3

. 137 

Hemp (Carmagnola) pristine fibres were obtained from Assocanapa in Carmagnola, Piedmont, 138 

Italy. The preparation of the cellulose nanocrystals (CNC) extracted from carded hemp was 139 

previously described (Luzi et al., 2014). Cellulose nanocrystals were extracted in two steps (Figure 140 

1, Panel A). The first step, a chemical alkali treatment, leads to remove the waxes and lignin 141 

components obtaining holocellulose materials, while the subsequent sulphuric acid hydrolysis 142 

process allows obtaining cellulose nanocrystals in an aqueous suspension. The mean diameter of the 143 

unbleached fibres was (19±3) μm, however, after chemical pre-treatments, as a consequence of 144 

elimination of waxes and lignin, the fibres appeared separated, individualized and the mean 145 

diameter reduced at about (15±4) μm. The morphological investigation of cellulose nanocrystals by 146 

a transmission electron microscope (TEM) showed that CNC were characterized by acicular rod 147 

shape structure typically of cellulose nanocrystals, (160±20) nm in length a diameter of (4.5±1) nm 148 

with an aspect/ratio of 35 (Luzi et al., 2014). 149 

All chemical reagents were supplied by Sigma Aldrich
®
. 150 

 151 

2.2 Cellulose nanocrystal modification 152 
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Cellulose nanocrystals extracted from hemp fibres were modified with an acid phosphate ester of 153 

ethoxylatednonylphenol surfactant, (Beycostat A B09 - CECCA S.A.) (Heux et al., 2000). The use 154 

of surfactant permits a physical modification of cellulose nanocrystals, since it is able to improve 155 

and increase the dispersion of the CNC in the polymer matrix. The modified cellulose nanocrystals 156 

(s-CNC) were prepared adding the surfactant in the proportion of 1/4 (wt/wt) directly to the aqueous 157 

suspension (Figure 1, Panel B). 158 

The pH of cellulose nanocrystal suspensions, was raised to approximately 9 by using a 0.25 %wt 159 

NaOH solution, aimed at assuring the thermal stability of cellulose nanocrystals aqueous 160 

suspensions (Fortunati et al., 2012; Petersson, et al., 2007) and, finally,  the aqueous solutions were 161 

freeze dried to obtain cellulose powder.  162 

 163 

2.3 PLA_PBS blend preparation and characterizations 164 

PLA and PLA_PBS based films were prepared by means of solvent casting. Firstly, PLA (1 g) was 165 

dissolved in 25 mL of chloroform (CHCl3) with stirring at room temperature (RT). The obtained 166 

solution was cast onto a Petri dish and then dried for 24 h at RT (Figure 1, Panel B). PLA and PBS 167 

pellet were solvent blended at three different weight ratios adding 10, 20 or 30 wt % of PBS into 168 

PLA solution (90/10, 80/20 and 70/30 PLA/PBS) namely PLA_10PBS, PLA_20PBS and 169 

PLA_30PBS. The polymers were stirred at RT and exposed to sonication (Vibracell, 750W) for 10 170 

minutes in an ice bath, after that solution was cast onto a Petri dish and then dried for 24 h at RT.  171 

The microstructure of the PLA_PBS blend fractured surfaces was investigated by scanning electron 172 

microscope, (FESEM, Supra 25-Zeiss), after gold sputtering of the surfaces to provide enhanced 173 

conductivity and observed using an accelerating voltage of 2.5 kV.  174 

The mechanical behaviour of PLA_PBS films was evaluated by tensile tests on the basis of UNI 175 

ISO 527 standard, performed on rectangular probes (50 mm x 10 mm) with a crosshead speed of 1 176 

mm min
-1

, a load cell of 500 N and an initial gauge length of 25 mm. The elastic modulus (E), the 177 
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yield stress and strain (σy, εy) the tensile strength (σB) and elongation at break (εB) were calculated 178 

from the resulting stress-strain curves. The measurements were done at RT and at least five samples 179 

were tested. 180 

Thermal characterization was done by both differential scanning calorimetric (DSC) and 181 

thermogravimetric analysis (TGA). DSC measurements were carried out on a TA Instruments DSC 182 

Q200 in modulated mode (TA Instruments Inc., USA) equipped with Universal Analysis 2000 183 

software under nitrogen atmosphere in the range of -60 to 200 °C at 2 °C min
-1

, applying two 184 

heating and one cooling scan. Melting and cold crystallization temperatures and enthalpies (Tm, Tcc 185 

and ΔHm, ΔHcc) and glass transition temperature (Tg) were determined from the first heating scan.  186 

The period and the amplitude of modulation were respectively 60 s and 2 °C. TGA (Seiko Exstar 187 

6300) experiments from 30 to 600 °C at 10 °C min
-1

 under a nitrogen atmosphere were performed 188 

for each sample. 189 

 190 

2.4 PLA_PBS bionanocomposite preparation 191 

PLA or PLA_20PBS (the PBS content was selected on the base of previous described optimization 192 

procedure) based bionanocomposites, containing 1wt % and 3 wt% of unmodified (CNC) and 193 

surfactant modified (s-CNC) cellulose nanocrystals, were manufactured. After freeze-drying 194 

procedure, the organic solvent was added to CNC or s-CNC and exposed to sonication (Vibracell, 195 

750W) for 1 min in an ice bath. Binary film based on PLA matrix was also produced for 196 

comparison. Neat PLA loaded with 1wt % and 3 wt% of unmodified CNC and surfactant modified 197 

s-CNC were processed: a specific amount of CNC or s-CNC suspension was added to the 198 

previously prepared PLA solution and then cast at RT.  199 

Binary (PLA_CNC or PLA_s-CNC) and ternary (PLA_20PBS_CNC or PLA_20PBS_s-CNC) films 200 

with a thickness of approximately 50 µm were obtained. 201 

 202 
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2.5 Morphological, thermal and mechanical characterization of PLA and PLA_PBS based 203 

bionanocomposites 204 

The microstructure of PLA and PLA_PBS based bionanocomposite surfaces and fractured surfaces 205 

was investigated by scanning electron microscope (FESEM, Supra 25-Zeiss), as previously 206 

described for PLA_PBS blend optimization. The surface properties of the produced 207 

bionanocomposites formulations were investigated by both atomic force microscopy (AFM) and 208 

optical microscopy. The AFM analysis was performed by a Nanoscope III.a Scanning Probe 209 

Microscope, (Multimode 8, Bruker AXS, Inc. Santa Barbara, California, USA), with a NanoScope
®

 210 

V controller electronics. Measurements were taken from several areas of the film surface (50 x 50 211 

µm and 3 x 3 µm), using the phase imaging mode. Optical analysis was carried out by light 212 

microscopy using an optical microscopy (DM/LP Leica Microsystems, Wetziar GmbH) with a CCD 213 

camera incorporated, which allowed acquiring images from different samples. Images of films 214 

containing or not cellulose nanocrystals were acquired by using x 200 magnification. 215 

The transparency of the films was determined from the surface reflectance spectra by using a 216 

spectrocolorimeter CM-3600d (Minolta Co, Tokyo, Japan) with a 30 mm illuminated sample area 217 

by applying the Kubelka–Munk theory for multiple scattering to the reflection spectra. This theory 218 

was based on that the light passes through the film, it is partially absorbed and scattered, which is 219 

quantified by the absorption (K) and the scattering (S) coefficients. Internal transmittance (Ti) of the 220 

films was quantified using equation 1. In this equation R0 is the reflectance of the film on an ideal 221 

black background. Parameters a and b were calculated by equations 2 and 3, where R is the 222 

reflectance of the sample layer backed by a known reflectance Rg. The reflection spectra on the 223 

white and black background was determined from 400 to 700 nm. Measurements were taken in 224 

triplicate for each formulation. 225 

22

0 )( bRaTi      (Eq. 1) 226 
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Gloss was measured using a flat surface gloss meter (Multi-Gloss 268, Minolta, Langenhagen, 229 

Germany) at an incidence angle of 60º, according to the ASTM standard D523 (ASTM, 1999). 230 

Gloss measurements were performed over a black matte standard plate and were taken in triplicate. 231 

Results were expressed as gloss units, relative to a highly polished surface of standard black glass 232 

with a gloss value close to 100. 233 

The mechanical (tensile test) and thermal (TGA and DSC) behaviour of PLA and PLA_PBS based 234 

bionanocomposite films were evaluated as previously reported in the PLA_PBS blend optimization 235 

paragraph.  236 

 237 

2.6 Barrier properties of PLA and PLA_PBS based bionanocomposites 238 

The barrier properties of PLA and PLA_PBS based formulations were evaluated by both water 239 

vapour permeability (WVP) test and oxygen transmission rate measurements. WVP was evaluated 240 

following the gravimetric method ASTM E96-95 (ASTM, 1995) by using Payne permeability cups 241 

(Payne, elcometer SPRL, Hermelle/sd Argenteau, Belgium) of 3.5 cm diameter. Deionised water or 242 

lithium chloride oversaturated solution were used inside the testing cups to achieve 11 or 100 % RH 243 

respectively, on one side of the film, meanwhile an oversaturated magnesium nitrate solution was 244 

used to control the RH (53 % RH) on the other side of the film. The relative humidity of the tests 245 

was selected according to the final use of the flexible films as package material, thus simulating the 246 

contact with fresh food, such as meat or fresh cut fruit or very low water activity products, 247 

respectively. A fan placed on the top of the cup was used to reduce resistance to water vapour 248 

transport. Water vapour transmission rate measurements (WVTR) were performed at 25 ºC. To 249 

calculate WVTR, the slopes in the steady state period of the weight loss vs. time curves were 250 
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determined by linear regression. WVP was calculated according to Cano et al., 2014 (Cano, 251 

Jiménez et al., 2014). For each type of film, WVP measurements were taken in quadruplicate.  252 

The oxygen barrier capacity of PLA and PLA_PBS based bionanocomposite films was evaluated by 253 

measuring oxygen permeability (OP) by means of an Ox-Tran 1/50 system (Mocon, Minneapolis, 254 

USA) at 25 °C (ASTM Standard Method D3985-95, 2002). Measurements were taken at 53 % in 255 

films previously equilibrated at the same RH. Films were exposed to pure nitrogen flow on one side 256 

and pure oxygen flow on the other side. The OP was calculated by dividing the oxygen transmission 257 

rate by the difference in the oxygen partial pressure on the two sides of the film, and multiplying by 258 

the average film thickness. At least three replicates per formulation were taken into account. 259 

 260 

2.7 Overall migration of PLA and PLA_PBS based bionanocomposites 261 

The overall migration analysis of PLA and PLA_PBS bionanocomposites permits to simulate the 262 

use of proposed package formulation with two different food simulants in order to investigate the 263 

possible application of the produced PLA based bionanocomposites for fresh-food packaging. The 264 

test was run in triplicate in simulant A (10% (v/v) ethanol water solution) and alternative simulant 265 

to D2 (isooctane) according to current legislation Commission Regulation (EU) No 10/2011. 266 

Rectangular strips of 10 cm
2
 in 10 mL of food simulants were used. Samples were kept in the 267 

ethanol solution in a controlled atmosphere at 40 °C for 10 days, while samples in isooctane were 268 

kept at 20 °C for 2 days according to EN 1186-1:2002. At the end of the experiment, films were 269 

removed and the simulants evaporated in agreement with the European Standard 1186-3:2002. 270 

Materials and articles in contact with foodstuffs - Plastics - Part 3: Test methods for overall 271 

migration into aqueous food simulants by total immersion. The residues were weighed with an 272 

analytical balance with ± 0.01 mg precision and the migration value in mg kg
-1

 of the/each simulant 273 

was determined. 274 

 275 
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2.8 Disintegrability in composting conditions of PLA and PLA_PBS based bionanocomposites 276 

Disintegrability in composting conditions was carried out following the European standard ISO 277 

20200. The test determines, at laboratory-scale, the degree of disintegration of plastic materials 278 

under simulated intensive aerobic composting condition. The degree of disintegration D was 279 

calculated in percent by normalizing the sample weight at different days of incubation to the initial 280 

weight by using Equation (4): 281 

100*
i

ri

m

mm
D


      (Eq. 4) 282 

where: 283 

mi= is the initial dry plastic mass; 284 

mr= is the dry plastic material after the test.  285 

PLA and PLA_PBS bionanocomposite films of dimension 15 mm x 15 mm x 0.03 mm were 286 

weighed and buried into the organic substrate at 4-6 cm depth in the perforated boxes guarantying 287 

the aerobic conditions and incubated at 58 ºC and 50 % of humidity. The systems can be considered 288 

disintegrable according to the European standard when 90% of the plastic sample weight shall be 289 

lost within 90 days of analysis. In order to simulate the disintegrability in compost, a solid synthetic 290 

waste was prepared, mixing sawdust, rabbit food, compost inoculum supplied by Genesu S.p.a., 291 

starch, sugar, oil and urea. The samples tested were taken out at different times (1, 3, 8, 10, 13, 15 292 

and 17 days), washed with distilled water and dried in a oven at 37 °C for 24 h. The photographs on 293 

the samples were taken for visual comparison.  294 

 295 

2.9 Compost study  296 

The composting process was carried out as previously described, in order to evaluate the quality of 297 

compost obtained by the degradation of PLA and PLA_PBS bionanocomposite films (PLA_PBS 298 

compost) compared to the same mixture without the tested material used as control (CNT compost). 299 
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During the incubation period, samples of PLA_PBS and CNT composts were collected at 20 and 90 300 

days, in order to evaluate the active phase of composting and the quality of the final compost, 301 

respectively. The starting mixture used as control had a moisture content of 53.9%, a pH and 302 

electrical conductivity (EC) value of 7.2 and 0.93 dS m
-1

, respectively. 303 

Moisture content was determined by weight loss upon drying at 105 °C in an oven for 24 h. 304 

Electrical conductivity and pH were determined on the fresh samples in a 1:10 compost:water 305 

extract ratio (ANPA, 2001). Total volatile solids (VS) were determined by weight loss upon ashing 306 

at 550 °C for 24 h in a muffle furnace. Total VS were used to calculate the organic matter (OM) 307 

loss during composting, according to the equation described by Viel et al. (1987) and recently used 308 

also by Altieri et al. (2011) and Gigliotti et al. (2012) to describe OM loss during composting of 309 

olive mill waste. Total organic carbon (TOC) was determined on dried samples by an elemental 310 

analyser (EA 1110 Carlo Erba, Milan, Italy; ANPA, 2001), whereas fresh samples were used for 311 

determination of total Kjeldahl-N (TKN) and NH
+

4-N (ANPA, 2001). Total organic N was 312 

determined by the difference between TKN and NH
+

4-N. 313 

Germination index (GI) was determined by means of a Lepidium sativum L. seed germination 314 

bioassay, as proposed by Zucconi et al. (1985) and modified by Said-Pullicino et al. (2007). In order 315 

to evaluate the quality of the final compost, total P, total K and total Cd, Cu, Hg, Ni, Pb and Zn 316 

contents were determined by applying ANPA methods (2001). 317 

 318 

2.10 Statistical analysis 319 

Results were analysed by analysis of variance (ANOVA), using the Statgraphics Plus 5.1. Program 320 

(Manugistics Corp., Rockville, MD). To differentiate samples, Fisher’s least significant difference 321 

(LSD) was used at the 95 % confidence level. 322 

Results and Discussion 323 

3.1. Optimization of the PBS content in PLA_PBS blend  324 
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Figure 2 shows the morphological, mechanical and thermal characterization of PLA_PBS blends 325 

with different content of PBS: 10, 20 and 30 %wt respect to PLA. The fractured surfaces (cross-326 

sections) of PLA and PLA_PBS blends were investigated by FESEM (Figure 2,a) to evaluate the 327 

influence of different ratio of PBS in the PLA matrix. A relatively smooth fractured surface was 328 

observed for the PLA film, while PLA_PBS formulations exhibit a typical morphology of this 329 

polymeric combination, in fact, as it possible to observe a phase separation in PLA_PBS blends 330 

with a typical formation of nodules induced by the presence of PBS as previously observed in the 331 

literature (Bhatia et al., 2007; Persenaire et al., 2014). The dimension of nodules increases  PBS 332 

content in PLA matrix, as well identified in PLA_30PBS film. Nevertheless, the PLA_20PBS 333 

formulation is characterized by smaller and better dispersed PBS nodules than PLA_10PBS and 334 

PLA_30PBS films. Figure 2,b shows the tensile strength and the elongation at break of PLA and 335 

PLA_PBS formulations. The incorporation of PBS causes the reduction in tensile strength, as 336 

already observed by Bhatia et al 2007 and Persenaire et al. 2014 and an increase in deformation at 337 

break up to PBS content lower than 20 wt %.The reduction of the elongation at break in 338 

PLA_30PBS film could be due to low miscibility of both polymer as observed by FESEM 339 

investigation. The inclusion of PBS particles affects the material resistance due to the presence of 340 

discontinuities, which weaks the cohesion of the matrix and reduce its mechanical performance. 341 

The thermal behaviour of PLA and PLA_PBS formulations was evaluated by DSC to study the 342 

effects of different ratio of PBS on the PLA thermal properties. The obtained curves are reported in 343 

Figure 2,c and the results are also summarized in Table 1. PLA films show only one melting peak 344 

while PLA_PBS films show two melting peaks (see Figure 2,b), indicating that each polymeric 345 

components crystallize individually and the polymeric blends are immiscible (Bhatia, Gupta, 346 

Bhattacharya & Choi, 2007). The first melting peaks around 111 °C is present only in PLA_PBS 347 

formulations and the enthalpy values increase with increasing content of PBS into PLA matrix. 348 

Moreover, the enthalpy associated with the second melting peak decrease with increasing contents 349 
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of PBS, with values ranging from 25 to 24, 23 and 20 (J g
-1

) for PLA, PLA_10PBS, PLA_20PBS 350 

and PLA_30PBS, respectively. The cold crystallization of neat PLA is centred around 98°C and, in 351 

the case of PLA_PBS formulations, the cold crystallization is shifted to lower temperature as a 352 

consequence of blending. Nevertheless, the cold crystallization of PLA corresponds with the 353 

melting peaks of PBS and this phenomenon obstacle the visualization of cold crystallization peak of 354 

PLA into the PLA_PBS films. 355 

The thermal behaviour of PLA and PLA_PBS based formulations was also investigated by 356 

thermogravimetric analysis, with the aim of  evaluating the effect of different content of PBS on the 357 

degradation behaviour of PLA matrix and the results are reported in Table 1. PLA decomposes in 358 

single one step while PLA_PBS formulations decompose in two steps due to the presence of PBS in 359 

PLA matrix in a separated phase. The maximum degradation temperature is centred at 364 °C for 360 

PLA, while the two degradation temperatures of PLA_PBS were centred at around 364 and 394 °C. 361 

Finally, no so evident modifications of the degradation temperatures were observed adding different 362 

contents of PBS in PLA.  363 

On the base of these results, PLA_20PBS appears as the best formulation suitable for the realization 364 

of PLA_PBS based ternary systems reinforced with CNC and s-CNC. 365 

 366 

3.2. PLA_CNC and PLA_PBS_CNC bionanocomposite characterizations 367 

3.2.1. Morphological investigation 368 

The microstructure of the cross-section surfaces of PLA and PLA_20PBS based bionanocomposites 369 

was qualitatively analyzed by using FESEM (Figure 3), while the surface structure was analyzed by 370 

AFM, FESEM and optical microscope (Figure 4).  371 

Fractured surfaces of PLA and PLA_20PBS, binary and ternary bionanocomposites, show an 372 

homogenous morphology and the absence of visible cellulose nanoreinforcements. Rougher 373 

fractured surfaces were observed for unmodified CNC based binary and ternary bionanocomposites 374 
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as a consequence of cellulose nanocrystals introduction, while smooth section surfaces were 375 

observed for surfactant modified s-CNC based systems. Nevertheless, the PLA and PLA_20PBS 376 

based systems reinforced with CNC and s-CNC show a compact structure respect to PLA and 377 

PLA_20PBS based films suggesting that unmodified and modified cellulose nanocrystals increase 378 

the interfacial adhesion of two polymeric phases as observed in literature (Arrieta et al., 2014). The 379 

higher interaction of the two phases, due to the presence of CNC and s-CNC, positively influences 380 

the barrier properties, determining a lower oxygen and water vapour permeability in comparison 381 

with neat PLA and PLA_20PBS as described in the following sections. 382 

AFM images show the topographic analysis of PLA and PLA_20PBS based bionanocomposites 383 

obtained by using Phase Imaging mode derived from Tapping Mode. In PLA and PLA_20PBS 384 

based bionanocomposites, heterogeneous response of different phase can be detected. In the ternary 385 

systems the different phases can be related to the presence of PBS. AFM images underline a good 386 

distribution of cellulose nanocrystals modified with the surfactant into the matrix and in 387 

PLA_20PBS based films. 388 

FESEM investigation of PLA and PLA_20PBS based systems shows smooth surface of PLA 389 

bionanocomposites and a typical nodular structure of PLA_PBS based systems induced by the 390 

presence of PBS (Lin, Chen, et al. 2015; Malwela, Sinha Ray, 2014). As it is possible to see at 391 

higher magnification in PLA_20PBS_3s-CNC formulations, the s-CNC are well dispersed also on 392 

the surface of nodules (see insert). 393 

Optical microscope images of the bionanocomposite film surfaces show a clear presence of 394 

heterogeneous materials due to the agglomeration of CNC created during the processing or cast 395 

phase identifiable as brown areas. The aggregation phenomena is more evident for PLA_3CNC and 396 

PLA_20PBS_3CNC. On the other hand, the surfaces of s-CNC based systems are more 397 

homogeneous, and this morphology highlights that the surfactant modified cellulose nanocrystal are 398 

well dispersed into PLA and PLA_20PBS based systems. 399 
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 400 

 401 

3.2.2. Thermal properties  402 

Differential scanning calorimetry was used to investigate the effect of cellulose nanocrystals and 403 

PBS on glass transition, crystallization and melting phenomena of PLA and PLA_20PBS 404 

bionanocomposites. The thermal properties obtained for the first heating scan are summarized in 405 

Table 1. No significant changes were observed in the glass transition temperature (Tg) between neat 406 

PLA and PLA binary films reinforced with both content of s-CNC while a slight shift to higher 407 

temperatures was observed in the case of PLA_3CNC and in PLA_20PBS based 408 

bionanocomposites. Moreover, the addition of s-CNC in binary and ternary films shifts the cold 409 

crystallization phenomenon to lower temperature indicating that the presence of cellulosic 410 

nanoreinforcements favours the crystallization, underlining the combined effect of s-CNC and PBS 411 

as nucleating agents (Fortunati et al., 2012). On the contrary, the addition of unmodified cellulose 412 

nanocrystals shifts to higher temperature or does not modify the Tcc underlining also the effect of 413 

surfactant based modification. PLA films show only one melting peak while PLA_20PBS based 414 

films show two melting peaks (see Figure 2,b), indicating that each polymeric components 415 

crystallize individually and the polymeric blends are immiscible (Bhatia et al., 2007). The double 416 

melting behaviour observed in the peak relative to PLA melting with one peak at around 147 °C and 417 

the second one at 153 °C, can be attributed to the formation of different typologies of crystals. In 418 

particular, the double peak of melting is due to the formation of small and imperfect crystals during 419 

the cooling that modify through melting and recrystallization at low heating rates (Arrieta et al.,  420 

2014; Fortunati et al., 2015). The melting enthalpy values related to PLA component increases 421 

adding the content of cellulose nanocrystals; this behaviour highlights how high quantities of 422 

crystals melt. No evident variation on the melting enthalpy values is observed for the PBS 423 

component. 424 
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The thermal behaviour of PLA and PLA_20PBS based bionanocomposites was also evaluated by 425 

thermogravimetric analysis and the effect of introduction of CNC and s-CNC were summarized in 426 

Table 1. The evaluation of thermogravimetric degradation of bionanocomposites is consider as an 427 

important property, taking into account the practical application at industrial level where the 428 

polymer or the polymeric blends can be used and processed. As previously reported, PLA matrix 429 

decomposes in a single step centred around 364 °C, while PLA_20PBS decomposes in two steps 430 

the first one can be ascribed to the presence of PLA and the second one is due to PBS presence. No 431 

significant influence of the unmodified cellulosic nanofiller on the degradation temperature of the 432 

PLA and PLA_20PBS based formulations was observed (Fortunati et al., 2014). Moreover, 433 

different behaviour was observed using surfactant modified cellulose nanocrystals. In this case, the 434 

maximum degradation temperature shifted of about 13-18 °C to lower temperature for PLA_1s-435 

CNC and PLA_3s-CNC in accord to other previous research (Fortunati et al., 2015); this reduced 436 

thermal stability can be easily attributed to the lower thermal stability of the CNC detected around 437 

327 °C as described in a previous research of Luzi et al. 2014 Nevertheless, in PLA_20PBS based 438 

formulations only the peak relative to the maximum degradation temperature of PLA shifted of 439 

about 20 °C to lower temperatures. 440 

 441 

3.2.3. Mechanical behaviour 442 

The mechanical behaviour of PLA and PLA_20PBS based bionanocomposites was evaluated by 443 

means of tensile tests and the results are summarized in Table 2. As previously reported (Fortunati 444 

et al., 2014), the addition of unmodified CNC produces an increase in Young’s modulus and 445 

strength at break values in binary and ternary systems, highlighting the reinforcement effect induced 446 

by CNC. This effect is more evident in the case of the 3 wt% based formulations that showed the 447 

highest Young’s modulus (1540 MPa and 1130 MPa obtained for PLA_3CNC and 448 

PLA_20PBS_3CNC, respectively). Moreover, a decrease in the elongation at break of the CNC 449 
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based bionanocomposites with respect to the PLA matrix was observed, with a more pronounced 450 

effect for the PLA_3CNC system, confirming the increase in brittleness induced by the addition of 451 

unmodified CNC. 452 

The surfactant modified s-CNC based formulations presented a different behaviour. The increase in 453 

elongation at break values obtained for all PLA based formulations is relevant, showing an evident 454 

ductile behaviour of the materials. The data obtained through tensile testing validated the 455 

plasticization effect induced by the s-CNC discussed in the thermal and morphological sections, 456 

suggesting the possibility of modulating the mechanical properties according to application 457 

requests, introducing unmodified CNC or surfactant modified s-CNC to the biodegradable polymer 458 

matrix.  459 

 460 

3.2.4. Barrier and optical properties  461 

The evaluation of barrier properties is one of the most important requirement for food packaging. 462 

The results of this assessment are summarized in Table 3. The control of atmosphere and the 463 

moisture of food contained into the packaging permits to maintain its safety and its quality without 464 

compromising the organoleptic quality. The goal of food packaging is not only to contain and 465 

preserve food during the transport and storage, but also the reduction of external contaminations, 466 

thus increasing its shelf-life (Rhim et al., 2013).  467 

Reduction of 21 % and 25 % in OP was detected for PLA_3 CNC and PLA_3s-CNC, respectively. 468 

The use of cellulose nanocrystals increase the tortuosity of gas molecules path way through the 469 

polymer structure (Fortunati, et al., 2013) Moreover, this behaviour underlines that cellulose 470 

nanocrystals modified with the commercial surfactant are well dispersed on the surface of PLA 471 

matrix (see AFM investigation Figure 4) and this configuration result the best compromise for 472 

modulation and control of gases permeability. According to Bathia et al. 2010 the addition of PBS 473 

influences positively the OP result (ca. 32 %). A significant difference (p<0.05) of OP values was 474 
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obtained for PLA and PLA_20PBS based bionanocomposites, underlining that the combined 475 

addition of cellulose nanocrystals and PBS into PLA is able to positively modify and reduce the 476 

oxygen permeability. Finally, PLA_20PBS_3s-CNC is absolutely the best formulation (OP 477 

reduction of 47 %) that combined the double effect, due to the presence of surfactant modified 478 

cellulose nanocrystals and PBS addition. 479 

The water vapour permeability was evaluated at 25 °C and at two different conditions of relative 480 

humidity; the first one at 11-53% RH and the second one at 100-53 %RH and the results are 481 

summarized in Table 3. The data obtained are in accord to other previous research (Sanchez-Garcia, 482 

Lagaron, 2010). The WVP of bionanocomposite films changed significantly (p < 0.05) comparing 483 

the values obtained for all formulations by WVP tested at 25°C and at 11-53% RH and at 100-53 484 

RH. PLA formulation loaded with 3 wt % of CNC and s-CNC show poor barrier properties in the 485 

case of the test performed at 100-53 % of RH and at 25 °C, which could be due to the hydrophilic 486 

nature of CNC and of commercial surfactant. The reduction values obtained for WVP at 11-53% 487 

RH are higher respect to values obtained for WVP at 100-53% RH. The relatively high humidity 488 

conditions could reduce and compromise the water vapour barrier properties of PLA and 489 

PLA_20PBS based formulations. The highest reduction of WVP values, 44% and 30 % in the case 490 

of the test conducted at 11-53% and 100-53 % of RH, respectively was observed for 491 

PLA_20PBS_1s-CNC. 492 

Table 3 shows also the values of internal transmittance (Ti) at 450 nm and the gloss values at 60° of 493 

PLA and PLA_20PBS bionanocomposites. The gloss and transparency of the films are relevant 494 

properties for food packaging applications since determine the appearance of the coating. 495 

According to Kubelka-Munk theory, high values of Ti are associated to translucency level and 496 

structural homogeneity and their high degree of transparency, while low Ti values are related to a 497 

high opacity and structural heterogeneity. In fact, the presence of more heterogeneous structures 498 

promotes light dispersion and a reduction of internal transmittance. The highest Ti  value was found 499 
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for neat PLA and no significant changes (p<0.05) were detected for all the produced PLA based 500 

bionanocomposites.  501 

The gloss of bionanocomposites was greatly affected by the presence of both PBS and 502 

nanoreinforcements. In the case of the binary bionanocomposites reinforced with CNC the values of 503 

gloss decrease as a function of the filler percentage, and this result can be related to the presence of 504 

agglomerates on the surface as observed by optical microscopy investigation. Different behaviour 505 

was observed in the binary bionanocomposites reinforced with s-CNC; being the values of the gloss 506 

increased respect to PLA film (Table 3).This effect can be related to the good distribution of 507 

modified cellulose nanocrystals on the surface of binary systems as observed to AFM investigation. 508 

Moreover, the increase of gloss should be also attributed by the optical and chiral properties of 509 

CNC (Bondeson et al., 2013). In the case of PLA_20PBS bionanocomposites reinforced with CNC, 510 

the values of gloss decreases as function of the filler percentage,, which can be related to the 511 

presence of agglomerates on the surface, as observed by optical microscopy. On the other hand, the 512 

gloss increases in the ternary systems reinforced with s-CNC respect to PLA_20PBS 513 

bionanocomposites reinforced with the unmodified cellulose nanocrystals; and this effect can be 514 

due to the best distribution of surfactant modified cellulose nanocrystals into PLA_20PBS based 515 

systems. 516 

 517 

3.2.5 Overall migration  518 

Overall migration tests with food simulants were carried out and the results are shown in Figure 5. 519 

The test permits to simulate and demonstrate, by using two different simulants (A and substitutive 520 

D2), the behaviour of potential food packaging in contact with the foodstuff. The overall migration 521 

levels for all the studied formulations are lower than the migration limits for food contact materials, 522 

60 mg kg
-1

 of simulant, established by the current European legislation, demonstrating the possible 523 

practical application of the produced films in the food packaging field. 524 
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Specifically, after 10 days of incubation at 40 °C in ethanol 10% (v/v), PLA neat film migration 525 

level is around 0.087 mg kg
-1

 while the maximum migration level is detected for PLA_20PBS_3s-526 

CNC formulation (0.191 mg kg
-1

). Analyzing the obtained results by using isooctane, there was an 527 

evident effect of both cellulose nanocrystal type and amounts and PBS presence that increased 528 

migration values. The maximum value of 0.137 mg kg
-1

,
 
was detected also in this case of 529 

PLA_20PBS_3s-CNC.  530 

The increase in the migration levels for both the studied simulants is due to induced structure 531 

observed in the case of s-CNC containing systems, that resulted well dispersed and preferentially 532 

disposed on the surfaces of PLA_s-CNC and PLA_PBS_s-CNC systems (due to the effect of the 533 

applied modification) as proved by AFM investigations (Heux et al., 2000).  534 

 535 

3.2.6. Disintegrability in composting conditions 536 

The disintegrability in composting conditions of PLA and PLA_20PBS based bionanocomposites 537 

represents an interesting and attractive property for packaging applications that simulates the post-538 

use of plastics (Kale et al., 2007). The test permits to evaluate if the produced packaging can be 539 

disintegrate completely in contact with composting soil by microorganisms, including fungi and 540 

bacteria without affecting the environmental pollution. The disintegration starts when the molecular 541 

weight of PLA reaches about 10.000-20.000 g mol
−1

. The microorganisms metabolize the 542 

macromolecules of PLA and PLA_20 PBS based films as organic matter, converting them to water, 543 

humus and carbon dioxide (Kale et al., 2007). The use of cellulosic nanoreinforcements influence 544 

the biodegradation in compost of PLA and PLA_20PBS as a consequence of their hydrophilicity 545 

nature (Fukushima et al., 2009; Luzi et al., 2015). On the contrary, the presence of PBS into PLA 546 

matrix obstacle the disintegrabibility as a consequence of higher crystalline nature induced by PBS 547 

addition.  548 
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Figure 6 shows the visual observation (Figure 6,a), the disintegrability values (Figure 6,b) of the 549 

PLA and PLA_20PBS based formulations reinforced with CNC and s-CNC taken out at different 550 

times of composting while the composting soil appearance at different time of incubations is shown 551 

in Figure 6,c. 552 

Figure 6,a shows the visual characteristics of different formulations at different time of incubations 553 

evidencing that after only three days of incubation, the samples start to change their appearance, 554 

becoming white and deformed. The whitening process and the opacity are attributed to change in 555 

the refractive index due to water absorption, that induces an increase of the crystallinity during 556 

degradation (Bitinis et al., 2013). Figure 6,b shows that all the materials reach a degree of 557 

disintegration exceeding 90% after 17 days of composting, in particular PLA_s-CNC based 558 

formulations disintegrate completely after 13 days under compost soil, while neat PLA and 559 

PLA_CNC and PLA_20PBS based bionanocomposites films disintegrate after 15 and 17 days, 560 

respectively. Moreover, after 8 days of incubation, all the studied formulations become breakable 561 

and the weight loss considerably increases; the PLA_CNC based formulations show a reduction in 562 

weight of 30-40%, while the PLA_20PBS based systems show a lower reduction, reaching a 20-30 563 

% of disintegrability. The lower disintegrability of PLA_20PBS bionanocomposites is related to 564 

high crystallinity induced by the presence of PBS (Kim et al., 2005) as commented before. The 565 

higher values of disintegration are observed for the formulations reinforced with s-CNC. This 566 

different behaviour is correlated to the different morphology of cross sections and to the presence of 567 

hydrophilic surfactant used to improve the dispersion of cellulosic nanofillers in PLA that resulted 568 

well dispersed on the surface of PLA_20PBS based bionanocomposites. Finally, Figure 6,c shows 569 

the images of composting soil at different time of incubations underling how the maturity of soil 570 

influence the visual aspect. The colour of soil change immediately after only one day of test 571 

becoming brown and reaches its maturation after 2 weeks.  572 

 573 
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3.2.7 Organic matter degradation and compost quality 574 

During the composting process, it was possible to observe a loss of OM in both composts used in 575 

the experiment (Table 4). It was interesting to notice that the OM loss was more evident in the 576 

PLA_PBS compost after 90 days of incubation, whereas in the CNT compost occurred just in the 577 

first 20 days of process. The slower mineralization of the OM in the PLA_PBS samples might be 578 

related to the presence of these materials, subjected to a chemical degradation of polymer as a result 579 

of hydrolysable functional groups in the polymer backbone (Kale et al., 2007). The C/N ratio did 580 

not change during the composting process in the CNT compost, whereas an increase was observed 581 

after 90 days of incubation in PLA_PBS samples, probably due to a loss of N in the second part of 582 

the process (data not shown). Both composts reached a C/N < 25 according to the limit values for 583 

an adequate agronomical use of compost. The C/N represent a good indicator of N availability for 584 

the process, in fact it is well known that C/N decrease is an indicator of stability for composting 585 

processes (Gigliotti et al., 2012). Germination index was evaluated during the composting process 586 

in order to verify the presence or the new formation of phytotoxic compounds during composting. 587 

Results of GI are reported in Table 4 and they show that during the stabilisation process is 588 

noticeable the improving of this parameter, which increases at the end of composting, leading to 589 

values > 60% in both tested compost. This suggest that the phytotoxicity decrease during the 590 

composting and the addition of the PLA_PBS based bionanocomposites did not affect the 591 

development of the whole process, even if a low germination index occurred after 20 days of 592 

aerobic treatment. These findings might be explain with the release of toxic compounds during the 593 

first stages of the composting, such as ammonia, alcohols and mineral salts (Said-Pullicino et al., 594 

2007). The chemical composition of the obtained composts was reported in Table 5. The moisture 595 

content in both composts were still high (>50%) after 90 days of composting, but this might be 596 

explained by the test protocol used that provided water addition during the laboratory scale 597 

experiment. Results of the heavy metals showed a low concentration in both composts; these 598 
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findings were expected, since the starting mixture was composed by materials poor in contaminant 599 

elements. Total P and total K content did not show high values as generally found in the compost 600 

used as fertiliser. Moreover is interesting to note that the DH, widely used as indicator of the 601 

formation of humic-like stable compounds (Ciavatta et al., 1988; Mondini et al., 1996; 602 

Alburquerque et al., 2009), showed a value > 50% in both tested composts after 90 days of process. 603 

 604 

4. Conclusions 605 

Poly(lactic acid) (PLA) and poly(lactic acid) (PLA)/ poly(butilene succinate) (PBS) based 606 

bionanocomposite films reinforced with unmodified cellulose nanocrystals (CNC) and surfactant 607 

modified cellulose (s-CNC) extracted from Carmagnola carded hemp fibres, were successfully 608 

produced by a solvent casting method. 609 

Morphological, mechanical and thermal characterizations were performed to select the best content 610 

of PBS in PLA matrix and the results suggested that 20 wt % of PBS guarantees a valid 611 

compromise to maintain and modulate the mechanical properties and thermal properties of PLA and 612 

also its topography. 613 

Concerning the PLA_PBS bionanocomposites, the results of thermal characterization underlined the 614 

ability of both PBS and cellulose nanocrystals to act as nucleating agents, with an evident 615 

improvement in PLA oxygen and water vapour permeability.  616 

All the produced binary systems maintained the optical transparency of the PLA matrix, while the 617 

addition of PBS reduced the transparency and the gloss, as consequence of high crystallinity 618 

induced by the polymer. The presence of the surfactant on the nanocrystal surface favoured their 619 

dispersion in the polymer matrix. Data from mechanical tests confirmed the plasticization effect 620 

induced by s-CNC, suggesting the possibility of modulating mechanical properties according to 621 

application requests. The tensile strength and modulus decreased with PBS content. Finally, the 622 
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migration levels for all the studied bionanocomposites, tested with two food simulants, were 623 

maintained below the European legislative limits. 624 

The disintegrablity under composting conditions revealed that the presence of surfactant facilitate 625 

the disintegration, while, the presence of PBS reduce the disintegration values. In any case, all the 626 

bionanocomposites disintegrate in less than 17 days.  The study of the composting process and of 627 

the relative chemical parameters, confirmed that mostly the OM loss occurs in the active phase of 628 

composting (20 days), during which the degradation and the hydrolysis of the polymers took place. 629 

In addition, the monitoring of the curing phase (90 days) demonstrate that the obtained PLA_PBS 630 

compost did not contain phytotoxic molecules by an agronomical point of view. The present 631 

research suggests the possibility to produce high performance, sustainable and low-cost 632 

bionanocomposite formulations with tuneable properties for biodegradable food packaging 633 

applications.  634 
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Figure and table captions 806 

Figure 1: Panel A: Scheme of CNC extraction process from carded hemp fibres. Panel B: cellulose 807 

nanocrystals modification and PLA_PBS bionanocomposites production. 808 

Figure 2: Morphological, mechanical and thermal properties of PLA and PLA_PBS based 809 

formulations. Different superscripts within the same colour column indicate significant differences 810 

among formulations (p<0.05). 811 

Figure 3: Morphological investigation of PLA and PLA_20PBS bionanocomposites fracture 812 

surface. 813 

Figure 4: AFM, FESEM, and Optical investigation of PLA and PLA_20PBS bionanocomposites 814 

surface. 815 

Figure 5: Overall migration in 10% (v/v) ethanol and isooctane for PLA and PLA_20PBS 816 

bionanocomposites. Different superscripts within the same colour column indicate significant 817 

differences among formulations (p<0.05). 818 
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Figure 6:Visual observation(a), disintegrability values (b) and soil images (c) at different times. 819 
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Table 1: Thermal properties of PLA and PLA_20PBS based bionanocomposites. 

 

 

 

 

 

 

 

Formulations 

DSC: First heating scan Thermogravimetric 

analysis 

Tg (°C) ΔHcc(Jg
-1

) Tcc(°C) ΔHm(Jg
-1

) Tm(°C) ΔHm(Jg
-1

) T’m(°C) T’’m(°C) TDI(°C) TDII(°C) 

PLA 47.2 19.5 98.0 - - 24.6 147.1 153.6 364 - 

 Optimization of PBS content 

PLA_10PBS 46.3 6.2 76.5 6.6 111.5 23.7 143.5 153.6 363 393 

PLA_20PBS 47.5 10.5 86.6 10.6 111.8 22.7 143.7 152.4 364 394 

PLA_30PBS 47.6 12.0 90.7 16.9 112.2 20.4 141.8 153.2 363 395 

 Binary systems 

PLA_1CNC 46.9 26.3 99.2 - - 28.3 145.4 153.6 364 - 

PLA_3CNC 50.0 18.4 100.3 - - 24.3 146.0 154.0 363 - 

PLA_1s-CNC 47.9 17.4 85.1 - - 28.3 141.6 152.7 351 - 

PLA_3s-CNC 47.0 20.3 80.0 - - 29.8 138.6 149.0 346 - 

 Ternary systems 

PLA_20PBS_1CNC 53.5 11.7 89.7 11.1 112.5 21.5 143.5 152.3 364 396 

PLA_20PBS_3CNC 53.5 11.9 88.6 13.2 111.7 24.2 143.2 152.3 363 395 

PLA_20PBS_1s-CNC 51.7 14.6 83.2 12.9 111.6 23.6 140.9 151.6 345 397 

PLA_20PBS_3s-CNC 54.6 12.8 85.3 13.7 112.7 22.4 139.9 151.1 344 397 

Table 1



Table 2: Mechanical properties of PLA and PLA_20PBS based systems. 

Formulations σy (MPa) εy (%) σB(MPa) εB(%) EYoung (MPa) 

PLA 21.7±4.2
ab 2.5±0.7

a 32.7±6.3
d 330±50

fg 1250±190
bc 

PLA_1CNC 23.2±5.4
bc 2.9±0.7

a 26.8±2.5
cd 275±15

de 1300±50
cd 

PLA_3CNC 23.2±2.1
bc 2.3±0.2

a 22.7±3.2
bc 160±30

a 1540±60
e 

PLA_1s-CNC 21.5±5.1
ab 2.6±0.6

a 22.4±3.9
bc 300±30

ef 1400±100
de 

PLA_3s-CNC 22.9±5.8
bc 2.6±0.7

a 28.0±4.8
cd 270±20

de 1260±75
bcd 

PLA_20PBS 22.0±4.7
b 3.7±0.5

b 30±5.0
d 360±30

g 920±30
a 

PLA_PBS_1CNC 15.6±3.8
a 4.2±0.7

b 15.5±2.2
a 210±10

b 950±50
a 

PLA_PBS_3CNC 17.4±4.7
ab 4.1±1.3

b 21.4±3.3
ab 230±25

bc 1130±90
abc 

PLA_PBS_1s-CNC 19.9±4.9
ab 3.9±0.5

b 23.5±4.1
bc 260±25

cd 970±20
a 

PLA_PBS_3s-CNC 28.1±2.2
c 4.0±0.8

b 20.1±1.6
ab 370±40

g 1120±75
ab 

a-gDifferent superscripts within the same column indicate significant differences among formulations (p<0.05). 
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Table 3: Barrier properties, internal transmittance (Ti) at 450 nm and gloss values at 60ºPLA_PBS based bionanocomposites formulations. 

 

Formulations 

Barrier properties  Internal transmittance Gloss Values 

OP 10
12

(cm
3
 m

-1
 s

-1
 Pa

-1
) 

WVP (11-53%RH) 

(g mmkPa
-1

 h
-1

 m
-2

) 

WVP (100-53%RH) 

(g mmkPa
-1

 h
-1

 m
-2

) 
Ti(450nm) Gloss 60° 

PLA 1.98±0.08
g
 0.071 ±0.005

a
 0.079 ±0.004

de
 88.2±0.1

e
 65.2±4.3

f
 

PLA_1CNC 1.66±0.06
f
 0.060±0.002

bc
 0.073 ±0.003

cd
 88.1±0.2

e
 56.0±3.7

f
 

PLA_3CNC 1.57±0.05
ef

 0.061±0.005
b
 0.087 ±0.013

e
 87.8±0.1

e
 48.9±2.2

e
 

PLA_1s-CNC 1.61±0.05
ef

 0.055±0.001
c
 0.087 ±0.013

e
 87.9±0.1

e
 81.5±1.6

g
 

PLA_3s-CNC 1.49±0.04
de

 0.059±0.004
bc

 0.068 ±0.002
bc

 85.9±0.6
d
 80.5±2.4

g
 

PLA_20PBS 1.35±0.02
cd

 0.042±0.003
d
 0.065 ±0.003

bc
 86.0±0.1

d
 35.1±3.6

d
 

PLA_20PBS_1CNC 1.26±0.01
bc

 0.042±0.004
d
 0.063 ±0.003

ab
 85.5±0.1

cd
 15.4±2.3

b
 

PLA_20PBS_3CNC 1.09±0.04
ab

 0.041±0.001
d
 0.071 ±0.008

cd
 84.9±0.3

b
 9.6±0.4

a
 

PLA_20PBS_1s-CNC 1.19±0.02
abc

 0.040±0.002
d
 0.055 ±0.005

a
 85.0±0.2

bc
 22.9±2.7

c
 

PLA_20PBS_3s-CNC 1.05±0.02
a
 042±0.004

d
 0.062 ±0.002

ab
 81.2±0.6

a
 20.9±0.4

c
 

a-gDifferent superscripts within the same column indicate significant differences among formulations (p<0.05). 
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Table 4: Organic matter loss, C/N ratio and germination index behavior during composting*. 

 
OM-loss (%) C/N GI (%) 

Time 
CNT 

compost 

PLA_PBS 

compost 

CNT 

compost 

PLA_PBS 

compost 

CNT 

compost 

PLA_PBS 

compost 

StartingMixture 0.0  19.6  4.6 (1.9)  

20days 35.5 35.7 20.6 18.2 67.8 (10.8) 8.7 (4.4) 

90days 36.2 43.4 18.6 24.4 66.5 (11.2) 78.6 (23.0) 

*Values represent the mean expressed on a dry weight basis with standard error in brackets. 

Table 4



Table 5: Chemical characteristics of composts obtained after 90 days of aerobic treatment
a
. 

 

CNT  

compost 

PLA_PBS 

compost 

Moisture (%) 64.7 (±0.3) 73.8 (±0.2) 

pH 9.0 (±0.0) 8.7 (±0.0) 

CE (dS m
-1

) 1.09 (±0.00) 0.82 (±0.00) 

TOC (%) 29.7  (±0.5) 34.2 (±0.7) 

TKN (%) 1.6 (±0.1) 1.4 (±0.1) 

Organic N (% of total N) 78.0 84.8 

TEC (%) 7.4 (±0.2) 6.3 (±0.2) 

DH (%) 57.5 59.2 

Total P (%) 0.5 (±0.1) 0.4 (±0.0) 

Total K (%) 1.1 (±0.0) 1.1 (±0.0) 

Total Cd (mg kg
-1

) <0.02
b
 <0.02

b
 

Total Cu (mg kg
-1

) 12.8 (±1.5) 12.2 (±0.2) 

Total Hg (mg kg
-1

) <0.05
b
 <0.05

b
 

Total Ni (mg kg
-1

) 9.8 (±0.3) 12.5 (±1.0) 

Total Pb (mg kg
-1

) 31.2 (±5.9) 27.7 (±1.2) 

Total Zn (mg kg
-1

) 125.7 (±20.6) 148.0 (±2.9) 
a
Except for moisture and GI, all data are expressed on a dry weight basis;  

Valuesrepresent the mean with standard error in brackets. 
b
 Limit of sensitivity of the method used. 
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