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1. Introduction  

A great amount of petro-plastic is used in the preparation of products with a short lifespan. This 

produces a huge quantity of plastic waste, which creates a remarkable environmental problem. 

Recycling, incineration, and landfilling are often limited by issues related to the decay of the 

materials properties, production of greenhouse gases, and shortage of disposal sites, respectively. 

In this respect, biodegradable or compostabile bioplastics, which are produced from renewable 

resources, represent a viable alternative to petro-plastics [1].  

One of the most important members of the bioplastics family is polylactic acid (PLA), an aliphatic 

polyester that can be synthesized from reactants derived from natural sources. In addition, PLA is 

fully biodegradable, and its decomposition products are non-toxic. Due to its good mechanical 

properties, high stiffness, and biodegradability, PLA is considered as a valuable substitute for 

various non-biodegradable plastics such as polyethylene (PE), polystyrene (PS), and polyethylene 

terephthalate (PET) [2]. However, it also has several shortcomings that limit its broader use, such 

as low crystallization rate, low glass transition temperature (Tg), and brittleness [3,4]. These 

features negatively affect the physical and mechanical performance of the polymer, which shows 

sensitivity to ageing at ambient conditions and a low heat deflection temperature (HDT). 

Therefore, PLA cannot be used to produce items designed for hot food or beverages. To overcome 

this issue, nucleating agents can be added during processing to improve the crystallization 

properties [5]. Alternatively, post-process thermal annealing may favor crystallization and 

stabilize the morphology of the polymer, thus resulting in improved HDT and rigidity [5–8]. 

High cost also limits the use of PLA as a commodity polymer [4,9]. A viable solution for this 

shortcoming is the use of cheap fillers in PLA-based products. Among them, lignocellulosic agri-

food wastes represent a useful source of very cheap fillers for the preparation of low-cost 

biocomposites [10–15]. In addition, their use valorizes the feedstock, avoiding its disposal by 

landfilling or incineration, also relieving the environmental burden relative to these practices. In 

the last few years, pecan nutshell (PNS) has been proposed as an effective filler to modify 

mechanical and rheological properties of PLA biocomposites [9,12,16,17]. However, results have 

been reported for biocomposites loaded with maximum of 30 wt.% filler, and no information on 

the effect of filler size on the properties of the biocomposites has been provided. In this regard, 

ball-milling has been successfully applied to reduce particle size of lignocellulosic fillers in 

polymer composites [18–22]. This technique is based on relatively inexpensive and easy to use 

equipment and does not require the use of hazardous solvents or reactants. In particular, the effect 

of filler size has been studied in HDPE composites charged with ball-milled wood fibers [18], 

which increased the flexural modulus and  the melt flow rate (MFR). The latter is a relevant result 

for the processing of composites with techniques such as injection molding, where high fluidity is 

required. However, in spite of these examples, the use of ball-milled lignocellulose fillers in PLA-

based composites has not been extensively studied, especially at high biomass loading [23–25].  

Therefore, in the present paper PLA biocomposites filled with 50 wt.% ball–milled PNS were 

prepared, and the effect of filler ball-milling time was investigated through spectroscopic, 

morphological, thermal, rheological and mechanical characterizations of the biomass and the 
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resulting biocomposites. Further, the effect of filler ball-milling on the thermo-mechanical 

properties of thermally annealed biocomposites was assessed, with the aim of producing 

biocomposites with low ageing sensitivity and high heat deflection temperature (HDT). 

 

2. Experimental Section 

2.1. Raw materials  

PNS was obtained from Asociación Productora de Nuez S.P.R. de R.I (Hermosillo, Mexico). 

Biomass was ground by a blade mill, sorted through a 250 μm sieve, and stored in dark in 

hermetically sealed bags at -20 °C. PNS was extracted with ethanol at 80 °C, recovered by filtering 

on paper, dried at 60 °C, and stored in ziplock bags. The ethanol extracted biomass is referred to 

as NS1 from here on. The PLA used was IngeoTM 2003D (94% L isomer), purchased from 

NatureWorks (NE, USA). Absolute ethanol was obtained from Sigma-Aldrich (Steinheim-

Germany). 

 

2.2. Ball-milling of the biomass 

NS1 was ball-milled in a Retsch PM100 planetary ball-milling device (Haan, Germany), using a 

125 mL steel milling cup and steel spheres (10 mm diameter) [26]. The spheres/NS1 weight ratio 

was about 10:1. Ball-milling was performed at 650 rpm, and the processing times adopted 

alongside the corresponding identification codes are shown in Table 1.  

 

2.3. Biocomposites preparation 

PLA and biomass (50% wt.) were dried overnight at 60 ºC under vacuum. The formulations (Table 

1) were compounded in a twin-screw micro extruder equipped with intermeshing counter-rotating 

conical screws (HAAKE MiniLab, Thermo Fisher Scientific, Karlsruhe, Germany). The 

temperature adopted was 170 °C, and the screw speed was maintained at 50 rpm [12]. The obtained 

strand was pelletized, and square plates (thickness = 3.0 mm, length = 100 mm) were prepared by 

compression molding using a Collin P20E platen press (Ebersberg, Germany), at 170 ºC (2 min at 

0 bar, 1 min at 50 bar, and 2 min at 150 bars). The molded plates were then cooled to room 

temperature by circulating cold water in the platens. To improve the biocomposites 

thermomechanical properties, the samples were subjected to thermal annealing at 75 ºC for 72 h 

in an oven [5–8]. 

 

Table 1. Ball-milling (BM) times adopted, coding of the filler and the 

corresponding PLA biocomposites, and their bulk density. 

BM time (min) Filler codes Composite codes 
Bulk density 

(g cm-3) * 

- - PLA 1.10 ± 0.22 

0 NS1 PN1 1.12 ± 0.06 

30 NS2 PN2 1.10 ± 0.19 

60 NS3 PN3 1.26 ± 0.10 
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2.4. Characterization of the materials 

2.4.1. Bulk Density  

The bulk density of PLA and biocomposites was determined by the liquid displacement method 

using hexane [27]. The test was performed in triplicate and the resulting values are reported in 

Table 1.  

 

2.4.2. Thermogravimetric Analysis (TGA) 

TGA was performed under both nitrogen and air atmosphere (flow rate 30 mL min−1) using 7 ± 2 

mg sample, by a Pyris Diamond TG-DTA analyzer (Perkin Elmer, USA). The analysis protocol 

included a preliminary drying step at 100 °C for 20 min and a subsequent heating program, from 

100 ºC to 800 °C at a rate of 10 ºC min-1 [12]. The onset degradation temperature (Tonset) was 

evaluated as the temperature corresponding to the 5% weight loss in the TGA curves. The 

temperature of maximum degradation rate (Tmax) was calculated as the temperature corresponding 

to the maximum of the peak in the derivative thermogravimetric (DTG) plot. 

 

2.4.3. Differential Scanning Calorimetry (DSC) 

Calorimetric analyses were performed with a TA DSC-Q2000 instrument under a 50 mL min−1 

nitrogen flow. Samples (7 ± 2 mg) were first heated from 30 to 180 °C at 5 °C min−1, then cooled 

down to -30 °C at 5 °C min−1 and reheated up to 200 °C at 5 °C min−1. Glass transition temperature 

(Tg), cold crystallization enthalpy and temperature (ΔHc, Tc), melting enthalpy and temperature 

(ΔHm, Tm) were determined from the first heating scan. A double melting peak was observed, 

which correspond to the α’ and α crystalline forms of PLA [28]. The respective contributions to 

the melting enthalpy were calculated using the peak analyzer featured in OriginPro 2015 software. 

Percent crystallinity (χc) of PLA and biocomposites, before and after annealing, were calculated 

from DSC data, according to the following equation: 

𝜒𝑐  (%) =
∆𝐻𝑚

∆𝐻𝑚
° ×𝑤𝑡

× 100  (1) 

where the values of ∆𝐻𝑚 (melting enthalpy) and ∆𝐻𝑚
°  (melting enthalpy of the 100% crystalline 

PLA) were considered according to the crystalline form, α’or α. ∆𝐻𝑚
°  values used were 107 J g-1 

for α’, and 143 J g-1 for α crystalline form [28]. wt was the relative amount of PLA, corresponding 

to 1 or 0.5 in neat PLA and the biocomposites, respectively. 

 

2.4.4. Fourier Transform Infrared Spectroscopy  

FTIR spectra of PNS powder derivatives were carried out by means of a Perkin Elmer Spectrum 

100 spectrophotometer (USA), equipped with a Universal ATR diamond crystal sampling 

accessory. Spectra were recorded as an average of 16 scans, with a resolution of 4 cm−1. FTIR 

120 NS4 PN4 1.10 ± 0.06 

*average of 3 measurements. Values are not statistically different. 
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analysis of annealed PLA and biocomposites was carried out in transmission mode (16 scans, 4 

cm−1) on 100 μm thick films obtained by compression molding (1 min at 170 ºC and 50 bar, and 2 

min at 170 ºC and 150 bars, and quenching in cold water). The analysis was performed for a 

maximum of 150 h annealing time. The conversion from the amorphous to the crystalline form of 

the polymer in the biocomposites was followed by analyzing the ratio of the integrated absorbance 

of the peaks at 923 cm-1 (increasing) and 950 cm-1 (decreasing) by the following equation [29]: 

 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝐴923

𝐴950
     (2) 

where A923 is the area of the peak at 923 cm-1, and A950 is the area of the peak at 950 cm-1. 

 

2.4.5. Dynamic Light Scattering (DLS) 

DLS was used to determine the size distribution of the PNS derivatives after the ball-milling 

treatment. A Zetasizer Nano ZS instrument (Malvern Instruments, UK) equipped with a 4 mV He-

Ne laser operating at λ = 633 nm was used, with a measurement angle of 173°. The analysis was 

carried out at 25 °C, by suspending 5 mg of biomass in 2 mL of water, and then vortexing the 

suspension before the analysis [18,30,31]. 

 

2.4.6. Rheological analysis and Melt Flow Rate (MFR) 

Rheological measurements were carried out by a Thermo Fisher RS6000 (Haake, Germany) stress-

controlled rotational rheometer in the dynamic flow field, using parallel plate geometry (diameter 

= 20 mm). Samples were loaded in the rheometer under nitrogen flow. The gap size between plates 

was set at 1 mm. The plates were approached (in 120 s) from a gap size of 2.5 mm to the set value. 

Dynamic frequency sweep tests were performed at 185 °C, with a deformation of 1%, which was 

well within the linear viscoelastic behavior, over the range of 300 – 0.1 rad s−1 from high to low 

frequency.  

MFR of molten PLA and biocomposites (4 ± 1 g) was measured on pellets dried  at 60 ºC overnight 

using a Ceast MF 20 Melt Flow Tester (Instron, model 724 MFM, Italy) at 190 ºC and 2.16 kg 

load (ASTM D 1238-01e1) [19,32]. 

2.4.7. Heat Deflection Temperature (HDT) 

Heat deflection temperature under load was measured by a Thermo Fisher RS6000 (Haake, 

Germany) rotational rheometer in uniaxial compression mode, using parallel plate geometry (plate 

diameter = 20 mm). The specimens (3 × 10 × 50 mm3) were placed on two metal supports (20 mm 

span length) and loaded flatwise, with midway constant stress of 0.45 MPa, at a 2 °C min-1 heating 

rate (ASTM E2092). The HDT was calculated as the temperature at which the specimen 

deformation was equal to 0.25 mm, which corresponded to a 3% strain. The percent strain (%D) 

was obtained by the following equation: 

 %𝐷 =
(𝒅𝟎−𝒅)

𝒅𝟎
× 100                                      (3) 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



6 

 

where d0 is the initial rheometer gap (from the plate bottom to the top of the system showed in Fig. 

S1) and d is the final gap.  

2.4.8. Scanning Electron Microscopy (SEM) 

SEM analysis was carried out by means of a FEI Quanta 200 FEG scanning electron microscope 

in high vacuum mode. The observations were performed on sputtered samples with an Au-Pd 

layer. For the PNS derivatives, the observations were carried out on the powder obtained after ball- 

milling. For the compression molded composite samples the analysis was carried out on the cross-

section surfaces of cryofractured samples. 

 

2.4.9. Mechanical tests 

The flexural properties of PLA and its biocomposites were determined on specimens (3 × 10 × 

100 mm3) using an Instron model 4505 dynamometer (USA), with a deformation speed of 1 mm 

min−1 and a 48 mm span length (ASTM D 638). For impact tests, a 3.5 mm V-notch was machined 

on the same specimens, and the tests were performed using a Ceast M197 Charpy pendulum 

(Ceast, Italy) of potential energy equal to 3.5 J and impact speed of 1 m s-1 (ASTM D256). Ahead 

of measurement, the specimens were conditioned at 25 °C and 50% relative humidity (RH) for 5 

days, and the experimental data are an average of 5 determinations [12].  

 

3. Results and discussion  

3.1. Characterization of NS and its derivatives 

3.1.1. Structural characterization 

PNS was first treated with ethanol to recover valuable polyphenolic substances that can be used as 

functional additives in polymer compounding and other formulations [17,33]. Among alcohols, 

ethanol is considered economically viable and environmentally safe. It is used to extract substances 

with a low molecular weight such as phenolic compounds [33–35], and was recently recommended 

as a green solvent in oil extraction [36,37].  

The FTIR spectrum of the biomass after extraction (NS1) is reported in Fig. S2a. Compared with 

the parent NS, an intensity reduction in the hydroxyl region around 3300 cm-1 was noticed. 

Similarly, a remarkable intensity decrease was detected for the signals correlated to the C–H 

stretching vibrations of methylene (2923 cm-1) and methyl groups (2855 cm-1). This decrease is 

related to the removal of the extractable fraction of PNS [16,38]. Conversely, the peaks at 1730 

and 1281 cm-1 showed a slight increase. These signals are related to the C=O stretching vibrations 

of the acetyl moieties and C-H deformation of the holocellulose fraction of NS, respectively 

[12,17], and were comparatively higher in NS1 because of the removal of the ethanol extractable 

matter.  

The effect of ball-milling on the biomass was followed by FTIR analysis (full IR spectra are 

reported in Fig. S2b in SI). After ball-milling, the spectra showed several changes with the 

treatment time (Fig. 1). In the carbonyl region, the intensity of the C=O stretching signal at 1730 

cm-1 (Fig. 1a), as well as that at 1029 cm-1 (Fig. 1d), ascribed to secondary alcohols, aliphatic 
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ethers, or β-(1→4) linkages [39], increased remarkably. On the other hand, the absorption at 1190 

cm-1 due to the pyranose ring C-O bonds [40] abruptly decreased (Fig. 1c). This evidence indicates 

that the mechanochemical treatment favored the cleavage of the polysaccharide fraction from the 

lignocellulosic biomass as well as the occurrence of oxidation reactions. Other changes were 

noticed in the aromatic skeletal vibration (1604 cm-1) and fingerprint regions of the spectrum (Fig. 

S2b). In particular, a strong decrease in the absorption peaks at 1280 cm-1 (Fig. 1 b) accounted for 

the amorphization of the cellulose fraction, as also reported for ball-milled spruce wood and cotton 

cellulose [41,42]. 

 

3.1.2. Morphological and size characterization 

Figure 2 shows the SEM images of the biomass before and after 30 minutes of milling. Neat NS1 

exhibited two main morphologies, consisting of elongated structures and irregularly shaped 

particles. A more detailed view of the former revealed the complex fibrous structure of well-

preserved vascular bundles, consisting of an arrangement of parallelly aligned spiral cellulose 

microfibrils embedded in a thin cohesive matrix made of lignin and hemicellulose [12]. After 30 

minutes of treatment (NS2) there was almost no trace of the fibrillar and spiral-arranged fractions, 

and only irregularly shaped particles were visible, with dimensions ranging from 1 to 10 µm.  

This outcome paralleled the disappearance of the peak at 1280 cm-1 (Fig. 1b) in the milled samples 

as a result of the reduction of the crystalline structures by ball-milling [12,38,40,42]. Higher 

magnification images showed that the length of the fibrils of pristine biomass dropped to a few 

microns, and the smaller particles tended to agglomerate (Fig. S3). This was probably caused by 

the complex structure of lignocellulose and the higher surface energy associated with size 

reduction. By increasing the ball-milling time to 120 min, the shape and dimensions of the particles 

remained almost unchanged [43]. This last observation could be attributed to strong hydrogen 

bonding and van der Waals forces in the complex structure of the biomass [44]. 

To get further insight on the effect of ball-milling on the size distribution, the biomass was 

characterized by Dynamic Light Scattering (DLS). Fig. S4 shows the DLS curves at different 

milling extents. Before ball-milling, the average size of the biomass was well above the 

instrumental detection limit (10 μm). Therefore, no measurement could be recorded for NS1. A 30 

minute milling dramatically reduced the average size of the biomass, as a distribution peak of 

2.7±0.2 μm was determined for NS2. Increasing the ball-milling time to 120 minutes resulted in a 
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further decrease in size, down to 1.5±0.2 μm for NS4. 
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Figure 1. Evolution of FTIR spectra relative to ball-milled biomass at different treatment times. 

This picture reports the regions where major changes are detected. Full spectra are shown in Fig. 

S2. 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



9 

 

NS1  NS2 

 

 

 
Figure 2. SEM images of NS1 (unmilled) and NS2 (30 min ball-milling).  

 

3.1.3. Thermal analysis 

TGA was carried out on PNS derivatives to assess any changes in filler degradation temperature 

with ball-milling time. TGA curves in nitrogen and the corresponding DTG plots are reported in 

Fig. S5a in the SI. TGA analyses in air were also carried out (Fig. S5b). In this case, the curves 

demonstrated an unpredictable behavior at the end of the measurement due to the rapid combustion 

of the residual char under a 10 ºC min-1 heating rate. Therefore, an additional measurement under 

air atmosphere at 1 ºC min-1was performed (Fig. S5c). The corresponding parameters under air are 

reported in Table S1.  

The main TGA parameters are reported in Table 2.  Compared with NS1, ball-milling did not affect 

the shape of the degradation curves, and the mechanochemical treatment scarcely affected the Tonset 

values. Tmax1 showed some change but remained approximately in the value range of the non-ball 

milled biomass. Tmax2 displayed a decreasing trend with ball-milling time, likely due to the 

amorphization of the cellulose component. On the contrary, slightly higher residual char values 

were noticed for the ball-milled samples, as the mechanochemical treatment promoted the 

dehydration of the biomass, which favored charring. Similar behaviors were reported by Ling et 

al. [41] on ball-milled cotton, as well as Kim et al. [45] that carried out a TGA study on cotton, 

tunicate cellulose, and microcrystalline cellulose.  

 

Table 2. TGA data under nitrogen of PNS 

derivatives at different times of milling (heating 

rate 10 ºC min-1). 
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3.2. Characterization of PLA biocomposites 

3.2.1 Rheology and MFR 

The viscoelastic response of pure PLA and PLA biocomposites was investigated to evaluate the 

effect of the fillers on PLA melt rheology. Dynamic frequency sweep (DFS) tests showed that the 

polymer melt behavior was mainly viscous (G′<G′′) for all samples, and both moduli approached 

constant values in the rubbery plateau region above 100 rad s−1, where moduli crossover occurred 

(Figure 3a). The addition of PNS derivatives significantly enhanced the viscoelastic response of 

PLA, as G′ and G′′ values of the biocomposites exceeded those of PLA over the entire frequency 

range investigated. PN1 exhibited the highest moduli, while the other biocomposites displayed a 

slight reduction. A plateau in G′ was observed at low frequency for the biocomposites, particularly 

for PN3 and PN4, indicating the transition from liquid-like to solid-like viscoelastic behavior, 

which was more marked for the biocomposites containing filler with a smaller size distribution. 

The complex viscosity curve of pure PLA (Fig. 3b) showed a shear thinning behavior for frequency 

values higher than 10 rad s−1, and a Newtonian plateau at low frequencies [12]. On the other hand, 

at low frequency, the biocomposites viscosity curves turned up from the Newtonian plateau. This 

result can be explained in terms of the formation of a three-dimensional interconnected particulate 

network in the melt, as well as the restricted mobility of the polymer melt due to the interaction 

between the polymer chains and filler particles [12,16,17]. Furthermore, PN1 presented the highest 

complex viscosity, which slightly decreased in the biocomposites charged with the ball-milled 

biomass, highlighting the importance of the lower size and the shape of the filler after the 

mechanochemical treatment [46,47].  

To gain further insight on this effect, MFR of PLA and PLA-based biocomposites were also 

measured (Fig. 3c). Melt flow rate values provide information on the processability of the 

polymeric material through injection molding, extrusion, thermoforming or printing [48]. In 

polymer composites, MFR values are affected by the load and shape of the filler [20,32] as well 

as by its interaction with the matrix [19]. In addition, the friction between filler and matrix affects 

the melt flow. As expected, the presence of filler significantly reduced the MFR value of PN1 

Sample Nitrogen  

 
Tonset 

 (ºC) 

Tmax 

(ºC) 

Char. Yield 

(% wt.) * 

NS1 245.6 
I) 297.1 

II) 363.7 
39.7 

NS2 245.9 
I) 290.5 

II) 360.3 
40.3 

NS3 249.3 
I) 295.7 

II) 349.2 
45.9 

NS4 245.8 
I) 295.4 

II) 349.1 
43.4 

*at 600ºC. I, and II refer to the first, and second 

thermo-degradative steps. 
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(0.55 g min-1) compared to plain PLA (0.85 g min-1), as the interparticle interactions significantly 

restricted the relative motion between macromolecules [32,49]. Very interestingly, increasing the 

ball-milling time allowed to recover the melt fluidity. A similar behavior was reported by 

Gallagher et al. [18], since the reduction of the particle size of wood fiber in maleated polyethylene 

composites increased the MFR value. Likewise, in biocarbon-filled poly(trimethylene 

terephthalate) (PTT)/PLA blend composites, the size reduction of the filler particles dramatically 

reduced the shear viscosity of the composites, which dropped below that of the matrix [49]. The 

main reasons for the particle size-related decrease in viscosity are the dilution of the polymer chain 

entanglement density, the selective interaction of polymer chains on the particle surface, and the 

lower resistance against shear stress [21,49]. Notably, in terms of polymer processability, ball-

milling of NS1 made polymer flow and forming procedures easier, hence lowering the energy 

requirements for manufacturing [50]. 
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Figure 3. Rheological characterization of PLA and its biocomposites. a) storage and loss moduli 

(G’ and G’’, respectively); b) complex viscosity (η*) vs the angular frequency. c) Relation between 

Melt flow rate and ball-milling time. 

 

3.2.2. Thermal characterization 

The thermal stability of PLA and the prepared biocomposites was assessed by TGA. 

Thermogravimetric curves obtained under nitrogen are reported in Fig. S6a. Both PLA and its 

biocomposites exhibited a single-step weight loss process. Neat PLA was characterized by a fast 

weight drop stage with nearly no char residue. The biocomposites showed a slower degradation 

process with a residual weight at 600 °C close to 24 wt.% that was independent of the filler ball-
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milling duration. Thermogravimetric parameters are reported in Table 3. The Tonset of neat PLA 

was 268.1 °C. Compared to the neat matrix, all biocomposites exhibited higher Tonset, especially 

those containing the ball-milled biomass, with values ranging from 269 °C to 277 °C. As for the 

temperature of maximum decomposition rate, PLA showed a Tmax of 304 °C, which increased by 

nearly 10 °C for PN1 and reached a maximum for PN3 (328.3 °C). The Tmax improvement of 

biocomposites can be attributed to a slow thermal degradation rate of the biomass. The effect is 

more remarkable for samples charged with ball-milled filler due to the finer dispersion of the latter 

[44]. Summing up, the presence of the biomass increased the thermal stability in inert atmosphere. 

In particular, the milling treatment of the filler enhanced the Tmax values (PN3). 

TGA measurements were also carried out in air (Fig. S6b). Table S1 in the SI summarizes the 

calculated thermal parameters. Under air, the higher stability of the biomass contributed to an 

increase in the Tmax values of the biocomposites with respect to PLA. The curves and a more 

detailed discussion are reported in the SI.  

 

 

 

DSC characterization of PLA and its biocomposites was carried out on the compression molded 

and annealed samples. Curves related to the first heating scan are shown in Fig. 4 as they are more 

informative concerning the effects of processing on the properties of the material. All curves 

showed a change in heat capacity at about 60 °C due to the glass transition, an exothermic peak at 

around 100 °C due to cold crystallization, and finally the melting endotherm. The latter always 

appeared as a complex signal featuring two components, related to α’- (147 ºC) and α- (153 ºC) 

forms, as reported by Cocca et al. [28]. The thermal parameters relative to the DSC traces are listed 

in Table 4. The Tg was not affected by filler or ball-milling. As for the cold crystallization, PLA 

exhibited a Tc of 110 °C and a crystallization enthalpy (ΔHc) equal to 23.6 J g -1. Compared to the 

plain polyester, all the studied biocomposites showed a shift towards lower temperatures of Tc, 

that was independent of ball-milling treatment. Regarding the ΔHc values, PN1 composite (based 

on non-treated biomass) did not show any change of the parameter. Conversely, biocomposites 

filled with ball-milled biomass revealed a not negligible improvement of this property. The effect 

was particularly notable in the PN3 sample (60-min ball-milling) with a ΔHc value increase of 

Table 3. TGA data of PLA and its biocomposites under nitrogen. 

 Tonset 

(ºC) 

Tmax 

(ºC) 

Char. Yield 

(% wt.)* 

PLA 268.1 304.2 2.7 

PN1 277.4 312.9 21.6 

PN2 269.8 325.8 25.1 

PN3 274.7 328.3 24.6 

PN4 268.7 319.0 21.4 

*at 600ºC.  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



13 

 

about 24%, Summarizing, the filler decreased the temperature of cold crystallization, and its 

nucleating action was more remarkable after ball-milling. Nucleating effects of biobased fillers 

have been previously reported for PLA/Sisal fibre composites [51], PLA/pecan nutshell [16,17] 

and other polymeric systems charged with natural fibers [52–54].  

The mechanochemical treatment of the filler also affected the melting properties of the 

biocomposites. As shown in Table 4, the presence of the filler did not affect the Tm relative to the 

double melting phenomenon but influenced their relative intensity. Furthermore, the total enthalpy 

of melting (ΔHm) followed the same trend recorded for ΔHc. Indeed, PN1 showed the same ΔHm 

value as neat PLA (25 J g -1), while biocomposites charged with ball-milled fillers exhibited an 

improvement in total melting enthalpy. This confirmed the more remarkable nucleating action of 

the ball-milled biomass. Notably, all the ΔHm values were slightly higher than the corresponding 

ΔHc, indicating that the compression molded samples partly crystallized during cooling. DSC 

traces relative to the second heating are displayed in Fig. S7a in the SI, and their thermal 

parameters are shown in Table S2. All the reported curves showed the same experimental features 

discussed for the first heating run. The same can be said for the values of the experimental 

parameters.  

Among post processing methods established for optimizing the structure and morphology of 

polymer-based materials, thermal annealing has been commonly used, becoming even 

indispensable for improving the final product or device performance [5,55]. In the following 

experiments, the samples were subject to annealing at 75 ºC to improve thermal and mechanical 

properties of the biocomposites. Fig. 4b displays the first heating DSC curves of PLA and 

biocomposites after annealing, while the corresponding calorimetric data are reported in Table 4. 

Remarkably, after the thermal treatment no signal related to the glass transition was noticed, except 

for PLA, which displayed a Tg increase of about 4 °C compared to the non-annealed counterpart. 

Besides, none of the samples showed any crystallization exothermal peak, indicating that thermal 

annealing caused the samples to crystallize. Finally, most of the investigated samples exhibited a 

single melting endotherm, or possibly a barely visible shoulder on the low temperature side of the 

peak. In this respect, Tm values were scarcely influenced by sample composition, and fell roughly 

in between the values of the two melting peaks recorded before annealing. The associated ΔHm 

values showed some remarkable effects attributable to the thermal treatment, the presence of the 

filler and the ball-milling duration. PLA exhibited a ΔHm equal to 28.8 J g-1, which increased to 

32.5 J g-1 for PN1, containing the untreated filler. A more remarkable increase of ΔHm was 

recorded when the biomass was submitted to ball-milling. The maximum effect was observed after 

30 minutes of treatment (sample PN2, 39.5 J g-1), slightly decreasing at higher times. The reported 

results evidenced the effectiveness of thermal annealing in the morphological stabilization of PLA-

based products. In addition, they confirm the role of the biomass as a nucleating agent towards 

PLA matrix and suggest that ball-milling can significantly improve its action. Finally, the degree 

of crystallinity (χc) was calculated for all samples. Before annealing, PN1 showed a crystallinity 

similar to neat PLA, while in ball-milled biocomposites this parameter increased at longer milling 

time. The same behavior was also observed in the samples after annealing.  
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Figure 4. DSC curves (first heating scan) of PLA and its biocomposites, a) before and b) after 

thermal annealing (at 75 ºC for 72 h). 

 

Table 4. Thermal parameters measured by DSC (first heating scan, 5 °C min-1), for PLA and its 

biocomposites. 

Sample 

Before annealing  After annealinga 

Tg Tc ΔHc Tm ΔHm
**b ΔHm

*c χc
  Tg Tm ΔHm χc 

(ºC) (°C) 
(J g-

1) 
(ºC) (J g-1) (J g-1) 

(%) 
 (ºC) (ºC) (J g-1) 

(%) 

PLA 58.8 110.2 23.6 147.0 21.5 24.9 20.1  62.8 150.5 28.8 23.0 

    153.0 3.4  2.4      

PN1 57.4 106.7 23.7 146.1 17.4 25.0 16.2  - 151.53 32.5 26.0 

    153.3 7.6  5.3      

PN2 61.4 106.7 25.4 146.5 19.4 26.0 18.1  - 151.2 39.5 31.6 

    153.0 6.7  4.7      

PN3 61.5 105.0 29.2 146.8 23.6 29.9 22.1  - 151.3 36.8 29.4 

    153.5 6.3  4.4      

PN4 58.7 105.4 28.7 146.8 21.4 29.6 20.0  - 150 35.1 28.0 

    153.1 8.2  5.7      

aperformed at 75 ºC for 72 h. bthe respective contribution of the two melting peaks (related to α’- and α- 

forms) was calculated. ccorresponds to the sum of the two peaks. 
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The effect of thermal annealing on the structure of the investigated samples was further studied by 

FTIR spectroscopy. The development of crystallinity was assessed by monitoring the absorption 

band at 923 cm-1, characteristic of the ordered crystalline phase of PLA [56] and attributed to the 

combination of C–C backbone and CH3 rocking mode of α crystals [29,57]. Fig. 5a shows the 

analytical peak upon increasing annealing times for neat PLA. It was noticed that this signal was 

completely absent before annealing, and progressively rose with the treatment time. Furthermore, 

the evolution of the signal was fast in the first few hours of treatment and slowed down at longer 

times. Similar results were obtained for all the biocomposites, as reported for PN1 in Fig. S8 in 

the SI. The conversion from the amorphous to the crystalline form was quantitatively followed by 

analyzing the ratio of the integrated absorbance of the peaks at 923 cm-1 and 950 cm-1 (A923/A950), 

the latter arising from the amorphous fraction of PLA [29]. The absorbance ratios of the studied 

samples are reported in Fig. 5b as a function of the annealing time. In all cases most of the 

crystallization process occurred during the first 24 hours of thermal treatment while after 72 hours 

a plateau was reached. The latter outcome evidences that at this annealing time, the crystallization 

process is almost complete, and samples used for bulk characterization were fully crystallized. It 

was noticed that at low annealing times PN1 exhibited higher conversion rates than PLA. 

Furthermore, all biocomposites, compared to the neat matrix, reached larger plateau values of the 

parameter at longer times. This evidence agrees with DSC results, which showed higher 

crystallinity degrees for composites and further confirmed the nucleating action of the filler 

towards the thermoplastic matrix. However, no differences in biocomposites crystallinity were 

noticed by FTIR analysis after the thermal annealing.  
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Figure 5. a) Evolution of the 923 cm-1 infrared absorption band of neat PLA upon time. b) 

Conversion progress from amorphous to crystalline form due to annealing followed by A923/A950 

ratio as a function of the annealing time for PLA and its biocomposites. 

 

3.2.3. Thermomechanical properties 

One of the possible applications of biodegradable polymers is to replace their conventional 
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counterparts for manufacturing disposable plates and cups, which come in contact with hot food 

or beverages. In this respect, PLA exhibits poor resistance to high temperature and low HDT, that 

is a measure of the ability of the polymer to bear a given load as a function of temperature. The 

HDT value of a polymeric material depends on stiffness and glass transition temperature. In 

addition, in polymer composites, it can be also influenced by filler size distribution, aspect ratio 

and filler content. Therefore, in the present paper, HDT measurements were carried out to assess 

the possible influence of filler milling and thermal annealing on this parameter. 

The deflection versus temperature plots of the prepared samples before and after annealing are 

reported in Fig. 6. It is noticed that the prepared biocomposites showed higher deformability with 

the temperature when compared with plain PLA. This finding is confirmed by the HDT values 

[58] reported in Table 5. This decay could be due to the presence of filler particles that increase 

the number of defects at the charge-matrix interface. Moreover, ball-milling of the biomass 

resulted in further decreased HDT values, likely due to the low aspect ratio of the particles. 

However, since the PNS derivatives demonstrated to be effective nucleating agents, able to 

increase PLA crystallinity and in turn to improve its thermomechanical performance, HDT 

measurements were carried out also on thermally annealed samples.  
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Figure 6. Deflection under load versus temperature for PLA and its biocomposites. Dashed lines: 

samples before annealing. Solid lines: samples after annealing (at 75 ºC for 72 h). 

 

 

Table 5. HDT parameters calculated for PLA and its 

biocomposites. 
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 Before After annealing* 

Sample 
HDT 

(°C) 
HDT(°C) 

Strain at 140 ºC (%) 

PLA 63.1 77.1 18.5 

PN1 61.0 118.5 5.0 

PN2 56.7 114.9 6.3 

PN3 59.9 121.6 5.9 

PN4 56.2 112.6 7.1 

*at 75 ºC for 72 h. 

 

 

All the annealed samples showed a significant decrease in deformability with respect to the pristine 

ones, and the effect was dramatically enhanced for the biocomposites. This outcome is even more 

detectable if the values of strain at 140 °C are considered (Table 5). The value of this parameter 

was 18.5 % for neat PLA and dropped to 5-7 % in the composite samples. In the same table, HDT 

values are also reported. By comparing the HDT data of pristine and heat-treated samples, an 

outstanding improvement of the parameter was noticed. Even in this case, the effect was more 

remarkable for the biocomposites. Annealed PLA showed a HDT value of 77 °C, with a 14 °C 

increase with respect the pristine sample. Biocomposites exhibited HDT values ranging from 113 

°C to 121 °C, with as nearly as 60 °C improvement compared to the non-annealed samples. This 

result highlighted the dramatic impact of crystallinity, as measured by DSC and FTIR 

spectroscopy, on the thermomechanical properties of PLA. The effects of filler loading and 

annealing on HDT have been reported for PLA [59], PLA blends [55], and composites filled with 

natural fibers and mineral fillers [51,60,61,62]. As for the thermomechanical behavior of non-

annealed PLA composites, most authors report that the presence of the charge scarcely influence 

HDT values which remains in the range of the plain matrix [51,60], in agreement with our results. 

However, after annealing, an improvement of thermomechanical performance is often recorded. 

The effect is detected either on neat PLA and its compounds but is more remarkable for composites 

[51,60–62] due to the nucleating action of the filler towards the matrix.  The development of trans-

crystallinity at polymer-matrix interface during annealing can have a role in HDT improvement 

[51], however, filler dimensions can also affect the HDT performances of the materials [62].  

 

3.2.4. SEM analysis of cryofractured surfaces 

SEM analysis of the cryogenically fractured surfaces of the PLA and PLA biocomposite plates 

provided insight on filler distribution and morphological properties of the samples, as well as on 

the interfacial adhesion between filler and matrix. Micrographs relative to PLA, PN1 and PN2, 

before and after annealing, are reported in Fig. 7. The corresponding images related to PN3 and 

PN4 are reported in the SI (Fig. S9). As for non-annealed samples, PLA showed a fracture surface 

almost featureless typical of glassy polymeric materials. The investigated biocomposites exhibited 
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a rough and irregularly fractured surface that revealed the inclusion of biomass particles, which 

appeared to be well dispersed in the polymer matrix. The composite PN1, charged with non-ball-

milled biomass, showed the presence of filler particles, with a 15-20 µm dimension range, 

exhibiting fiber-fracture phenomena. Examination of the matrix-filler interface clearly showed 

some voids around the particles (delamination), suggesting poor adhesion of the filler to the 

polymeric phase.  

Concerning the effect of the ball-milling, it can be observed that even a 30-minute treatment (PN2 

sample) of the biomass resulted in a significantly more homogeneous surface, along with a 

remarkable reduction of filler domain dimensions with sizes ranging from 15 µm down to 1 µm. 

It is also noticed that in this case filler fracture was limited to bigger particles, and the prevailing 

deformation mechanism was fiber pull-out. Longer milling times of the filler did not significantly 

change the morphology of the fracture surface (PN3 in Fig. S9). The cavities produced by milled 

PNS particles pull out are clearly visible confirming that the matrix filler interplay between pure 

PLA and the lignocellulosic filler was not very efficient.  

With regards to the fracture surfaces of annealed samples, SEM analysis evidenced that heat 

treatment scarcely affected the morphology of the studied materials. Compared with the non-

annealed specimen, PLA exhibited a rougher surface with a higher number of fracture planes close 

to each other. The increase in surface roughness was also noticed in the micrographs of the 

annealed biocomposites and, for PN4 sample (Fig. S9), was so high that the detection of filler 

particle was no longer possible. Other studies have reported similar effect of the PNS (formation 

of agglomerates) into PLA, even with lower loadings of filler [16,17].  
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PN1 

  

PN2 

  

Figure 7. Morphological characterization of PLA and its biocomposites. SEM images of 

cryofractured surfaces of PLA, PN1, and PN2 before and after annealing (at 75 ºC for 72 h).  

 

3.2.5. Mechanical Properties 

The mechanical performance of the pristine and annealed biocomposites was assessed by flexural 

and impact tests (Table 6). Concerning flexural properties, all the prepared biocomposites showed 

an enhancement in elastic modulus before annealing with respect to pure PLA. This effect was 

more significant for PN1, which exhibited a 39% improvement, and less significant for the 

biocomposites charged with the ball-milled filler. Conversely, the presence of the filler negatively 

affected the flexural properties of the samples, causing a 30-40 % decrease in stress at break and 

a more remarkable reduction of strain at break. Impact tests of the investigated biocomposites 

displayed a drop in toughness with respect to plain PLA. In particular, ball-milling caused 

resilience to further decrease, attaining less than halved values with respect to the plain polyester. 

A comparable behavior was noticed for the impact strength, which dropped by about 30% on 

average. Flexural and impact tests were also performed on samples after annealing. The 

investigation was carried out on plain PLA and PN1 biocomposite, as the latter was the sample 
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showing the best properties among the prepared samples. Their flexural data reported in Table 6, 

show that the heat treatment caused an improvement in both modulus and stress at break with 

respect the corresponding non-annealed samples. The same was observed for the impact strength 

but not for the resilience values. 

The reported results show that pecan nutshell at 50 % loading improves the flexural modulus of 

the PLA matrix but the stiffening effect is less efficient if the filler if submitted to ball-milling. 

The flexural data also show that the presence of the filler produces a reduction of stress and strain 

at break. The latter outcome was also recorded for the impact results that exhibit a decay of both 

stress and resilience of the biocomposites compared to neat PLA.   

The reduced stiffening action of ball-milled fillers can be ascribed to the mechanochemical 

treatment that brought about amorphization of the cellulosic fraction of the charge, the reduction 

of molecular weight of its components and the decrease of its aspect ratio [63]. The decay of 

flexural stress and strain at break and impact properties can be associated to the scarce interaction 

between the charge and the continuous polymeric phase, as indicated by SEM analysis. Indeed, it 

has been reported that in polymer composites the ultimate properties are the most sensitive to the 

filler-matrix adhesion [64].  

However, the stiff nature of the fillers employed in this work can also play a role. A similar decay 

of properties at break has been reported for PLA biocomposites modified with pecan nutshell, oat 

husk, cocoa shells and apple pomace, as well as in the PBS/Arboform® system [12,16,17,65].   

 

Table 6. Mechanical properties of PLA and its biocomposites. 

 FLEXURAL 

 

 IMPACT 

 

 Stress at break 

(MPa) 

Modulus 

(MPa) 

Strain at break 

(%) 

 Strength 

(N) 

Resilience 

(KJ/m2) 

Before annealing 

PLA 82.9±3.7d 3224±291.0a 4.1±0.2c  105.3 ± 5.1b 2.8 ± 0.4e 

PN1 55.8±1.5b 4426±166.0d,e 1.3±0.0a  78.3 ± 8.2a 1.2 ± 0.1c 

PN2 55.7±0.7b 4337±55.0d 1.3±0.0a  70.5±4.6a 0.9±0.1b 

PN3 49.6±0.8a 3937±234.0b,c 1.3±0.1a  61.9±8.4a 0.7±0.1a 

PN4 51.2±3.4a,b 4208±159.0c,d 1.2±0.1a  70.3±5.2a 0.8±0.1a,b 

 

After annealing* 

PLA 87.3±8.0d 3631±90.0b 2.8±0.6b  118.0 ± 5.5c 1.9 ± 0.3d 

PN1 67.4±7.9c 4691±109.0e 1.5±0.2a  101.5 ± 6.6b 1.1 ± 0.4b,c 
aValues with same letter in same column do not present significant difference. *at 75 

ºC for 72 h. 

 

As for the effect of annealing on mechanical properties, the improvement of flexural and impact 

strength data can be associated with the increase of crystallinity produced by the thermal treatment. 
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Similar effects were reported by Chen et al. [55] for PLA/PLC blends, and by Li et al. [66] on PLA 

biocomposites reinforced with multi-walled carbon nanotubes. 

 

4. Conclusions 

In this study, low density, cost-effective, and potentially highly biodegradable biocomposites have 

been successfully prepared by charging PLA with a high amount (50 wt.%) of pecan nutshell, 

usually regarded as an agri-food by-product. The effects of ball-milling of the filler and the 

annealing of the corresponding biocomposites were investigated.  

The introduction of the non-ball milled biomass at high loading into the PLA matrix enhanced the 

polymer viscoelastic response and decreased the MFR. These effects were attributed to the 

restricted mobility of the polymer melt and the formation of a three-dimensional interconnected 

particulate network. The presence of the filler also enhanced the polymer thermal stability due to 

the slower degradation rate of the lignocellulosic biomass with respect to neat PLA. Furthermore, 

it acted as a heterogeneous nucleating agent, promoting PLA crystallization. It also affected the 

mechanical properties by improving flexural modulus, reducing flexural stress and strain at break 

and impact properties. 

Composites charged with ball-milled biomass showed similar features but the effects of the filler 

on polymer properties were influenced by the mechanochemical treatment applied. Ball-milling of 

the biomass produced a reduction of particle size along with a deconstruction of the material that 

involves amorphization, reduction in aspect ratio and mechanical strength. These features affected 

the properties of the corresponding biocomposites. Indeed, composites based on ball-milled fillers 

exhibited an increase in MFR and thermal stability, a more pronounced nucleation action, but also 

a reduction in mechanical properties. Rheological, thermodegradative and morphological effects 

can be related to the reduction of particle size of the filler while the loss of mechanical properties 

can be due to its lower mechanical strength.  

Finally, thermal annealing increased the mechanical and thermomechanical properties of all 

materials. In particular, thermal treatment had a dramatic effect the HDT values of the composites 

that resulted to be on average 50% higher if compared to neat non-annealed PLA. 

Overall, these results emphasize the potential of pecan nutshell as a source of sustainable filler to 

develop cost-effective PLA biocomposites with tailored mechanical properties. These materials 

could be used when stiff, light, and low deformable products are required, including structural, 

household, and packaging applications, like food containers, packaging trays, or disposable items. 
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Abstract  

Biodegradable polymer composites reinforced with agri-food lignocellulosic biowaste represent cost-

effective and sustainable materials potentially able to replace traditional composites for structural, 

household, and packaging applications. Herein, the preparation of polylactic acid (PLA)/pecan nutshell 

(PNS) biocomposites at high filler loading (50 wt.%) is reported. Moreover, the effect of two 

environmentally friendly physical treatments, namely ball-milling of the filler and thermal annealing on 

biocomposites, were evaluated.  
PNS enhanced the thermal stability, the viscoelastic response, and the crystallinity of the polymer. 

Furthermore, filler ball-milling also increased the melt fluidity of the biocomposites, potentially improving 

melt processing. Finally, the presence of PNS remarkably enhanced the effect of thermal annealing in the 

compounds. In particular, heat deflection temperature of the biocomposites dramatically increased, up to 60 

°C with respect to the non-annealed samples. Overall, these results emphasize the potential of combining 

natural fillers and environmentally benign physical treatments to tailor the properties of PLA biocomposites, 

especially for those applications which require a stiff and light material with low deformability.  

  
Keywords  

Polylactic acid (PLA), Pecan nutshell (PNS), Biocomposites, Lignocellulosic materials, Ballmilling, 

Thermal annealing  

  
Eliminato: charge 

Eliminato: .%), 

Eliminato:   

Eliminato:   

Eliminato: PNS as a source of sustainable filler 

Eliminato: 

mechanical  

Eliminato: , 

Eliminato:   

1. Introduction   

A great amount of petro-plastic is used 

in the preparation of products with a 

short lifespan. This produces a huge 

quantity of plastic waste, which creates 

a remarkable environmental problem. 

Recycling, incineration, and landfilling 

are often limited by issues related to the 

decay of the materials properties, 

production of greenhouse gases, and 

shortage of disposal sites, respectively. 

In this respect, biodegradable or 

compostabile bioplastics, which are 

produced from renewable resources, 

represent a viable alternative to petro-

plastics [1].   
One of the most important members of 

the bioplastics family is polylactic acid 

(PLA), an aliphatic polyester that can 

Eliminato:    
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be synthesized from reactants derived from natural sources. In addition, PLA is fully biodegradable, and its 

decomposition products are non-toxic. Due to its good mechanical properties, high stiffness, and 

biodegradability, PLA is considered as a valuable substitute for various non-biodegradable plastics such as 

polyethylene (PE), polystyrene (PS), and polyethylene terephthalate (PET) [2]. However, it also has several 

shortcomings that limit its broader use, such as low crystallization rate, low glass transition temperature 

(Tg), and brittleness [3,4]. These features negatively affect the physical and mechanical performance of the 

polymer, which shows sensitivity to ageing at ambient conditions and a low heat deflection temperature 

(HDT). Therefore, PLA cannot be used to produce items designed for hot food or beverages. To overcome 

this issue, nucleating agents can be added during processing to improve the crystallization properties [5]. 

Alternatively, post-process thermal annealing may favor crystallization and stabilize the morphology of the 

polymer, thus resulting in improved HDT and rigidity [5–8]. High cost also limits the use of PLA as a 

commodity polymer [4,9]. A viable solution for this shortcoming is the use of cheap fillers in PLA-based 

products. Among them, lignocellulosic agrifood wastes represent a useful source of very cheap fillers for 

the preparation of low-cost biocomposites [10–15]. In addition, their use valorizes the feedstock, avoiding 

its disposal by landfilling or incineration, also relieving the environmental burden relative to these practices. 

In the last few years, pecan nutshell (PNS) has been proposed as an effective filler to modify mechanical 

and rheological properties of PLA biocomposites [9,12,16,17]. However, results have been reported for 

biocomposites loaded with maximum of 30 wt.% filler, and no information on the effect of filler size on the 

properties of the biocomposites has been provided. In this regard, ball-milling has been successfully applied 

to reduce particle size of lignocellulosic fillers in polymer composites [18–22]. This technique is based on 

relatively inexpensive and easy to use equipment and does not require the use of hazardous solvents or 

reactants. In particular, the effect of filler size has been studied in HDPE composites charged with ball-

milled wood fibers [18], which increased the flexural modulus and  the melt flow rate (MFR). The latter is 

a relevant result for the processing of composites with techniques such as injection molding, where high 

fluidity is required. However, in spite of these examples, the use of ball-milled lignocellulose fillers in 

PLAbased composites has not been extensively studied, especially at high biomass loading [23–25].  

Therefore, in the present paper PLA biocomposites filled with 50 wt.% ball–milled PNS were prepared, and 

the effect of filler ball-milling time was investigated through spectroscopic, morphological, thermal, 

rheological and mechanical characterizations of the biomass and the  
Eliminato: Nowadays, plastic materials are widely utilized in every aspect of daily life. Almost all plastics (99%) are obtained from 

fossil raw materials (petro-plastics), and their preparation is energy intensive, involving the emission of greenhouse gases [1].  

Eliminato: materials’ 

Eliminato: ¶ 
Bioplastics 

Eliminato: defined as materials  
Eliminato: endowed with the properties of biodegradability and compostability. They are considered 

Eliminato: valuable 

Eliminato: , in order to limit their environmental issues 

Eliminato: [2]. 

Eliminato: One of the most important members 

of the bioplastics family is polylactic acid (PLA), 

an aliphatic polyester that can be synthesized from 

reactants derived from natural sources. In 

addition, PLA is fully biodegradable, and its 

decomposition products are non-toxic. Due to its 

good mechanical properties, high stiffness and 

biodegradability, PLA has been proposed as a 

valuable substitute of several non-biodegradable 

plastics such as polyethylene (PE), polystyrene 

(PS) and polyethylene terephthalate (PET) [3]. 

However, it also has several shortcomings that 

limit its broader use, such as low crystallization 

rate, low glass transition temperature (Tg), and 

brittleness [4,5]. These features negatively affect 

the physical and mechanical performance of the 

material, which shows sensitivity to ageing at 

ambient conditions and a low heat deflection 

temperature (HDT). The low HDT value means 

that PLA cannot be used to produce items 

designed for hot food or beverages. To overcome 

this issue, the most common strategy is to improve 

the crystallization properties with the addition of 

nucleating agents during processing [6]. 

Alternatively, post-process thermal annealing may 

favor crystallization and stabilize the morphology 

of the polymer, thus resulting in improved HDT 

and rigidity [6–9].¶ High cost also limits the use 

of PLA as a commodity polymer [5,10]. A viable 

solution for this shortcoming is the use of cheap 

fillers in PLA-based products. Among them, 

lignocellulosic agri-food wastes represent a useful 

source of very cheap fillers for the preparation of 

low cost biocomposites [11–16]. In addition, their 

use valorizes the feedstock, avoiding its disposal 

by landfilling or incineration, and lessens the 

environmental burden relative to these practices. 

In the last few years, pecan nutshell (PNS) has 

been proposed as an effective filler to modify 

mechanical and rheological properties of PLA 

biocomposites [10,17–19]. However, results have 

been reported for biocomposites loaded with 

maximum 30 wt.% filler, and no information on 

the effect of filler size on the properties of the 

biocomposites has been provided. In this regard, 

ball milling has been successfully applied to 

reduce particle size of lignocellulosic fillers in 

polymer composites [20–24]. This technique is 

based on relatively inexpensive and easy to use 

equipment and does not require the use of 

hazardous solvents or  ... 
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resulting biocomposites. Further, the effect of filler ball-milling on the thermo-mechanical 

properties of thermally annealed biocomposites was assessed, with the aim of producing 

biocomposites with low ageing sensitivity and high heat deflection temperature (HDT).  

  
2. Experimental Section  

2.1. Raw materials    

PNS was obtained from Asociación Productora de Nuez S.P.R. de R.I (Hermosillo, Mexico). Biomass was ground by a blade mill, sorted through a 

250 μm sieve, and stored in dark in hermetically sealed bags at -20 °C. PNS was extracted with ethanol at 80 °C, recovered by filtering on paper, dried 

at 60 °C, and stored in ziplock bags. The ethanol extracted biomass is referred to as NS1 from here on. The PLA used was IngeoTM 2003D (94% L 

isomer), purchased from NatureWorks (NE, USA). Absolute ethanol was obtained from Sigma-Aldrich (SteinheimGermany).  

  

2.2. Ball-milling of the biomass  Eliminato:  NS1 was ball-milled in a Retsch PM100 planetary ball-milling 

device (Haan, Germany), using a Eliminato:  125 mL steel milling cup and steel spheres (10 mm 

diameter) [26]. The spheres/NS1 weight ratio Eliminato:   

was about 10:1. Ball-milling was performed at 650 rpm, and the processing times adopted 

Eliminato: [28]. The spheres/NS1 weight ratio was about alongside the corresponding identification codes 

are shown in Table 1.  10:1. Ball  

  
2.3. Biocomposites preparation  

PLA and biomass (50% wt.) were dried overnight at 60 ºC under vacuum. The formulations (Table 1) were compounded in a twin-screw micro extruder 

equipped with intermeshing counter-rotating conical screws (HAAKE MiniLab, Thermo Fisher Scientific, Karlsruhe, Germany). The temperature 

adopted was 170 °C, and the screw speed was maintained at 50 rpm [12]. The obtained strand was pelletized, and square plates (thickness = 3.0 mm, 

length = 100 mm) were prepared by compression molding using a Collin P20E platen press (Ebersberg, Germany), at 170 ºC (2 min at 0 bar, 1 min at 

50 bar, and 2 min at 150 bars). The molded plates were then cooled to room temperature by circulating cold water in the platens. To improve the 

biocomposites thermomechanical properties, the samples were subjected to thermal annealing at 75 ºC for 72 h  

Bulk density  

 30  NS2  PN2  1.10 ± 0.19  
 60  NS3  PN3  1.26 ± 0.10  

 120  NS4  PN4  1.10 ± 0.06    
 *average of 3 measurements. Values are not statistically different.    

  

  
2.4. Characterization of the materials  

2.4.1. Bulk Density   
The bulk density of PLA and biocomposites was determined by the liquid displacement method 

using hexane [27]. The test was performed in triplicate and the resulting values are reported in Table 

1.   

  
2.4.2. Thermogravimetric Analysis (TGA)  

TGA was performed under both nitrogen and 

air atmosphere (flow rate 30 mL min−1) using 7 

± 2 mg sample, by a Pyris Diamond TG-DTA 

analyzer (Perkin Elmer, USA). The analysis 

protocol included a preliminary drying step at 

100 °C for 20 min and a subsequent heating 

program, from 100 ºC to 800 °C at a rate of 10 

[ in an oven  8 – 5 .  ] 

  
Table 1. Ball - milling   ) ( BM   times adopted ,   coding of the filler   and  the   
corresponding PLA biocomposites, and their bulk density.  

BM time (min)  Filler codes  Composite codes  
g cm ( -3 )  *  

-   -   PLA   1.10 ± 0.22   
0   NS1   PN1   1.12 ± 0.06   

Codice  campo modificato 
Eliminato:  6 – 9 

Eliminato:    

Eliminato:  sieved 

Eliminato:    in the absence of light 

Eliminato:  reported 

Eliminato:  [19] . 
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ºC min-1 [12]. The onset degradation temperature (Tonset) was evaluated as the temperature 

corresponding to the 5% weight loss in the TGA curves. The temperature of maximum degradation 

rate (Tmax) was calculated as the temperature corresponding to the maximum of the peak in the 

derivative thermogravimetric (DTG) plot.  

  
2.4.3. Differential Scanning Calorimetry (DSC)  
Calorimetric analyses were performed with a TA DSC-Q2000 instrument under a 50 mL min−1 

nitrogen flow. Samples (7 ± 2 mg) were first heated from 30 to 180 °C at 5 °C min−1, then cooled 

down to -30 °C at 5 °C min−1 and reheated up to 200 °C at 5 °C min−1. Glass transition temperature 

(Tg), cold crystallization enthalpy and temperature (ΔHc, Tc), melting enthalpy and temperature 

(ΔHm, Tm) were determined from the first heating scan. A double melting peak was observed, which 

correspond to the α’ and α crystalline forms of PLA [28]. The respective contributions to the melting 

enthalpy were calculated using the peak analyzer featured in OriginPro 2015 software. Percent 

crystallinity (χc) of PLA and biocomposites, before and after annealing, were calculated from DSC 

data, according to the following equation:  

∆𝐻𝐻𝐻𝐻 

𝜒𝜒𝑐𝑐 (%) = ∆𝐻𝐻𝑚𝑚° ×𝑤𝑤𝑤𝑤 × 100    (1)  

where the values of ∆𝐻𝐻𝐻𝐻 (melting enthalpy) and ∆𝐻𝐻𝐻𝐻° (melting enthalpy of the 100% 

crystalline PLA) were considered according to the crystalline form, α’or α. ∆𝐻𝐻𝐻𝐻° values used 

were 107 J g-1 for α’, and 143 J g-1 for α crystalline form [28]. wt was the relative amount of PLA, 

corresponding to 1 or 0.5 in neat PLA and the biocomposites, respectively.  

  
2.4.4. Fourier Transform Infrared Spectroscopy   
FTIR spectra of PNS powder derivatives were carried out by means of a Perkin Elmer Spectrum 100 

spectrophotometer (USA), equipped with a Universal ATR diamond crystal sampling accessory. 

Spectra were recorded as an average of 16 scans, with a resolution of 4 cm−1. FTIR  
Formattato: Tipo di carattere: +Titoli CS (Times New 
Roman), 12 pt 
Formattato: Titolo 3;Paragrafi, Giustificato, Interlinea: multipla 1,15 ri Eliminato: ¶ ¶ 
¶ 
¶ 
¶ 

¶ 

Eliminato: [29]. 

Eliminato: [30]. 

Eliminato:  of 

Eliminato:   
∆𝐻𝐻𝐻𝐻 

Eliminato:  ° × 
∆𝐻𝐻𝑚𝑚×𝑤𝑤𝑤𝑤.% 

Eliminato: α’- or α-. ∆𝐻𝐻𝐻𝐻 values are reported in the 

Table 4.  
∆𝐻𝐻𝐻𝐻° values used were 107 J g-1 for α’, and 143 J g-1 for α 

crystalline form [30]. wt.% correspond to the PLA mass %. 
950 where A923 is the 

area of the peak at 923 cm-1, and A950 

is the area of the peak at 950 cm-1.  

  
2.4.5. Dynamic Light Scattering (DLS)  
DLS was used to determine the size 

distribution of the PNS derivatives after the 

ball-milling treatment. A Zetasizer Nano ZS 

analysis of annealed PLA and biocomposites was carried out in transmission mode (16 scans, 4 

cm−1) on 100 μm thick films obtained by compression molding (1 min at 170 ºC and 50 bar, and 2 

min at 170 ºC and 150 bars, and quenching in cold water). The analysis was performed for a 

maximum of 150 h annealing time. The conversion from the amorphous to the crystalline form of 

the polymer in the biocomposites was followed by analyzing the ratio of the integrated absorbance 

of the peaks at 923 cm-1 (increasing) and 950 cm-1 (decreasing) by the following equation [29]:  

 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =𝐴𝐴𝐴𝐴923       (2)  

Eliminato:  [19] . 
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instrument (Malvern Instruments, UK) equipped with a 4 mV He- 
Ne laser operating at λ = 633 nm was used, with a measurement angle of 173°. The analysis was 

carried out at 25 °C, by suspending 5 mg of biomass in 2 mL of water, and then vortexing the 

suspension before the analysis [18,30,31].  

  

2.4.6. Rheological analysis and Melt Flow Rate (MFR)  
Rheological measurements were carried out by a Thermo Fisher RS6000 (Haake, Germany) 

stresscontrolled rotational rheometer in the dynamic flow field, using parallel plate geometry 

(diameter = 20 mm). Samples were loaded in the rheometer under nitrogen flow. The gap size 

between plates was set at 1 mm. The plates were approached (in 120 s) from a gap size of 2.5 mm 

to the set value. Dynamic frequency sweep tests were performed at 185 °C, with a deformation of 

1%, which was well within the linear viscoelastic behavior, over the range of 300 – 0.1 rad s−1 from 

high to low frequency.   
MFR of molten PLA and 
biocomposites (4 ± 1 g) was 
measured on pellets dried  at 
60 ºC overnight using a Ceast MF 20 Melt Flow Tester (Instron, model 724 MFM, Italy) at 190 ºC 
and 2.16 kg load (ASTM D 1238-01e1) [19,32].  
2.4.7. Heat Deflection Temperature (HDT)  
Heat deflection temperature under load was measured by a Thermo Fisher RS6000 (Haake, 

Germany) rotational rheometer in uniaxial compression mode, using parallel plate geometry (plate 

diameter = 20 mm). The specimens (3 × 10 × 50 mm3) were placed on two metal supports (20 mm 

span length) and loaded flatwise, with midway constant stress of 0.45 MPa, at a 2 °C min-1 heating 

rate (ASTM E2092). The HDT was calculated as the temperature at which the specimen deformation 

was equal to 0.25 mm, which corresponded to a 3% strain. The percent strain (%D) was obtained by 

the following equation:  

 %𝐷𝐷 = (
𝒅𝒅𝒅𝒅−𝒅𝒅𝒅𝒅𝒅𝒅 ) ×100                                      

(3)  
Formattato: Tipo di carattere: Corsivo Eliminato:   

Eliminato:  and Eliminato:   

where d0 is the initial rheometer gap (from the plate bottom to the top of the system showed in Fig. 

S1) and d is the final gap.   

2.4.8. Scanning Electron Microscopy (SEM)  
SEM analysis was carried out by means of a FEI 

Quanta 200 FEG scanning electron microscope 

in high vacuum mode. The observations were 

performed on sputtered samples with an Au-Pd 

layer. For the PNS derivatives, the observations 

were carried out on the powder obtained after 

ball- milling. For the compression molded 

composite samples the analysis was carried out 

on the crosssection surfaces of cryofractured 

samples.  

  

2.4.9. Mechanical tests  
The flexural properties of PLA and its 

biocomposites were determined on specimens 

(3 × 10 × 100 mm3) using an Instron model 

4505 dynamometer (USA), with a deformation 

speed of 1 mm min−1 and a 48 mm span length 

(ASTM D 638). For impact tests, a 3.5 mm V-

notch was machined on the same specimens, 

and the tests were performed using a Ceast 

M197 Charpy pendulum (Ceast, Italy) of 

potential energy equal to 3.5 J and impact speed 

of 1 m s-1 (ASTM D256). Ahead of 

measurement, the specimens were conditioned 

at 25 °C and 50% relative humidity (RH) for 5 

days, and the experimental data are an average 

of 5 determinations [12].   

  
3.  Results and discussion   

3.1. Characterization of NS and its 

derivatives  

3.1.1. Structural characterization  

Codice campo modificato 
Eliminato:  31 

Codice  campo modificato 
Eliminato:  20 ,32, 33 

Codice  campo modificato 
Eliminato:  21 , 34 
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PNS was first treated with ethanol to recover valuable polyphenolic substances that can be used as 

functional additives in polymer compounding and other formulations [17,33]. Among alcohols, 

ethanol is considered economically viable and environmentally safe. It is used to extract substances 

with a low molecular weight such as phenolic compounds [33–35], and was recently recommended 

as a green solvent in oil extraction [36,37].   
The FTIR spectrum of the biomass after extraction (NS1) is reported in Fig. S2a. Compared with the 

parent NS, an intensity reduction in the hydroxyl region around 3300 cm-1 was noticed. Similarly, a 

remarkable intensity decrease was detected for the signals correlated to the C–H stretching vibrations 

of methylene (2923 cm-1) and methyl groups (2855 cm-1). This decrease is related to the removal of 

the extractable fraction of PNS [16,38]. Conversely, the peaks at 1730 and 1281 cm-1 showed a slight 

increase. These signals are related to the C=O stretching vibrations of the acetyl moieties and C-H 

deformation of the holocellulose fraction of NS, respectively [12,17], and were comparatively higher 

in NS1 because of the removal of the ethanol extractable matter.   
The effect of ball-milling on the biomass was followed by FTIR analysis (full IR spectra are reported 

in Fig. S2b in SI). After ball-milling, the spectra showed several changes with the treatment time 

(Fig. 1). In the carbonyl region, the intensity of the C=O stretching signal at 1730 cm-1 (Fig. 1a), as 

well as that at 1029 cm-1 (Fig. 1d), ascribed to secondary alcohols, aliphatic  
Eliminato: Eliminato: [19]. 

Eliminato: PNS was first treated with ethanol to recover valuable low molecular weight polyphenolic substances that can be 

used as functional additives in polymer compounding and other formulations [18,35]. Among alcohols, ethanol is considered an 

economically viable and environmentally safe solvent. It is used to extract substances with a low molecular weight such as 

phenolic compounds [35–37], and was recently recommended as a green solvent in oil extraction  
[38,39]. ¶ 
The FTIR spectrum of the biomass after extraction (NS1) is reported in Fig. S2a. Compared with the parent NS, an intensity 

reduction in the hydroxyl region around 3300 cm-1 was noticed. Similarly, a remarkable intensity decrease wasdetected for the 

signals correlated to the C–H stretching vibrations of methylene (2923 cm-1) and methyl groups (2855 cm-1). This decrease is 

related to the removal of the extractable fraction of PNS [17,40]. Conversely, the peaks at 1730 and 1281 cm-1 showed a slight 

increase. These signals are related to the C=O stretching vibrations of the acetyl moieties and C-H deformation of the 

holocellulose fraction of NS, respectively [18,19], and were comparatively higher in  
NS1 because of the removal of the ethanol extractable matter. ¶ The effect of ball milling on the biomass was followed by FTIR 

analysis (full IR spectra are reported in Fig. S2b in SI). After ball milling, the spectra showed several changes with the 

treatment time (Fig. 1). In addition, the intensity of the C=O stretching signal at 1730 cm-1 (Fig. 1a), as well as that at 1029 cm-1 

(Fig. 1d), ascribed to secondary alcohols, aliphatic ethers, or to β-(1→4) linkages [41], increased remarkably. On the other 

hand, the absorption at 1190 cm-1 due to the pyranose ring C-O bonds [42] abruptly decreased (Fig. 1c). This evidence indicates 

that the mechanochemical treatment favored the cleavage of the polysaccharide fraction from the lignocellulosic biomass as 

well as the occurrence of oxidation reactions. Other changes were noticed in the aromatic skeletal vibration (1604 cm-1) and 

fingerprint regions of the spectrum (Fig. S2b). In particular, a strong decrease in the absorption peaks at 1280 cm-1 (Fig. S2 b) 

accounted for the amorphization of the cellulose fraction, as also reported for ball milled spruce wood and cotton cellulose 

[43,44].¶ 
ethers, or β-(1→4) linkages [39], increased remarkably. On the other hand, the absorption at 1190 

cm-1 due to the pyranose ring C-O bonds [40] abruptly decreased (Fig. 1c). This evidence indicates 

that the mechanochemical treatment favored the cleavage of the polysaccharide fraction from the 

lignocellulosic biomass as well as the occurrence of oxidation reactions. Other changes were noticed 

in the aromatic skeletal vibration (1604 cm-1) and fingerprint regions of the spectrum (Fig. S2b). In 

particular, a strong decrease in the absorption peaks at 1280 cm-1 (Fig. 1 b) accounted for the 

amorphization of the cellulose fraction, as also reported for ball-milled spruce wood and cotton 

cellulose [41,42].  

  
3.1.2. Morphological and size characterization  
Figure 2 shows the SEM images of the biomass 

before and after 30 minutes of milling. Neat 

NS1 exhibited two main morphologies, 

consisting of elongated structures and 

irregularly shaped particles. A more detailed 

view of the former revealed the complex fibrous 

structure of wellpreserved vascular bundles, 

consisting of an arrangement of parallelly 

aligned spiral cellulose microfibrils embedded 

in a thin cohesive matrix made of lignin and 

hemicellulose [12]. After 30 minutes of 

treatment (NS2) there was almost no trace of 

the fibrillar and spiral-arranged fractions, and 

only irregularly shaped particles were visible, 

with dimensions ranging from 1 to 10 µm.  This 

outcome paralleled the disappearance of the 

peak at 1280 cm-1 (Fig. 1b) in the milled 

samples as a result of the reduction of the 

crystalline structures by ball-milling 

[12,38,40,42]. Higher magnification images 

showed that the length of the fibrils of pristine 

biomass dropped to a few microns, and the 

smaller particles tended to agglomerate (Fig. 

S3). This was probably caused by the complex 

structure of lignocellulose and the higher 

surface energy associated with size reduction. 

By increasing the ball-milling time to 120 min, 

the shape and dimensions of the particles 

remained almost unchanged [43]. This last 

observation could be attributed to strong 

hydrogen bonding and van der Waals forces in 

the complex structure of the biomass [44].  
To get further insight on the effect of ball-

milling on the size distribution, the biomass was 

characterized by Dynamic Light Scattering 

(DLS). Fig. S4 shows the DLS curves at 

different milling extents. Before ball-milling, 

the average size of the biomass was well above 

the instrumental detection limit (10 μm). 



 

7  

  

Therefore, no measurement could be recorded for NS1. A 30 minute milling dramatically reduced 

the average size of the biomass, as a distribution peak of  
2.7±0.2 μm was determined for NS2. Increasing the ball-milling time to 120 minutes resulted in a  
Eliminato: morphological arrangements 

Eliminato: parallel Eliminato: [19]. 

Eliminato: µm  

Eliminato: , were visible 
Eliminato: 1b) in the milled samples as a result of the reduction of the crystalline structures by ball milling [19,40,42,44]. 

Higher magnification images showed that the length of the fibrils of pristine biomass dropped to a few microns, and the smaller 

particles tended to agglomerate (Fig. S3). This was probably caused by the complex structure of lignocellulose and the higher 

surface energy associated with size reduction. By increasing the ball milling time to 120 min, the shape and dimensions of the 

particles remained almost unchanged [45]. This last observation could be attributed to strong hydrogen bonding and van der 

Waals forces in the complex structure of the biomass [46] 

Eliminato:  

Eliminato: onsize 

Spostato (inserimento) 

[1] Eliminato: Figure 

Eliminato: size distribution 

Eliminato:   

Eliminato: ), 

Eliminato: size distribution 

Eliminato:   

Eliminato: 60 and  

Eliminato: brought 

further decrease in size, down to 1.5±0.2 μm for NS4.  
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NS1    NS2  

  

Figure 2. SEM images of NS1 (unmilled) and NS2 (30 min ball-milling).   
  

3.1.3. Thermal analysis  
TGA was carried out on PNS derivatives to assess any changes in filler degradation temperature 

with ball-milling time. TGA curves in nitrogen and the corresponding DTG plots are reported in 

Fig. S5a in the SI. TGA analyses in air were also carried out (Fig. S5b). In this case, the curves 

demonstrated an unpredictable behavior at the end of the measurement due to the rapid combustion 

of the residual char under a 10 ºC min-1 heating rate. Therefore, an additional measurement under 

air atmosphere at 1 ºC min-1was performed (Fig. S5c). The corresponding parameters under air are 

reported in Table S1.   
The main TGA parameters are reported in Table 2.  Compared with NS1, ball-milling did not affect 

the shape of the degradation curves, and the mechanochemical treatment scarcely affected the Tonset 

values. Tmax1 showed some change but remained approximately in the value range of the non-ball 

milled biomass. Tmax2 displayed a decreasing trend with ball-milling time, likely due to the 

amorphization of the cellulose component. On the contrary, slightly higher residual char values were 

noticed for the ball-milled samples, as the mechanochemical treatment promoted the dehydration of 

the biomass, which favored charring. Similar behaviors were reported by Ling et al. [41] on ball-

milled cotton, as well as Kim et al. [45] that carried out a TGA study on cotton, tunicate cellulose, 

and microcrystalline cellulose.   

  

Table 2. TGA data under nitrogen of PNS derivatives at 
different times of milling (heating  

Eliminato:  

Eliminato:  Eliminato:  

and structural 

Eliminato:   

Eliminato: , along with 

Eliminato: , obtained in nitrogen atmosphere, 

Eliminato: Figure 

Eliminato: ), 

Eliminato: however,  

Spostato (inserimento) [2] 

Eliminato: As shown in  

Spostato in su [1]: Fig. 

Eliminato:  S5a, thermal degradation in nitrogen occurred 

via a multi-step process, consistent with the complex 

 ... 
Spostato in su [2]: The main TGA parameters are 

reported in Table 2.  

Eliminato: ¶ 
Compared with NS1, ball milling did not affect the shape of 

... 
Eliminato:   

Eliminato:   

Formattato: Tipo di carattere: Non Corsivo Eliminato: 

[43] 

Formattato: Tipo di carattere: Non Corsivo 

Eliminato: [47] that carried out a TGA study on cotton, 

tunicate cellulose and microcrystalline cellulose. 
rate 10 ºC min-1).   

Sample  Nitrogen    
  

NS1  

Tonset  

(ºC)  
Tmax (ºC)  Char. Yield 

(% wt.) *  
245.6  I) 297.1 

II) 363.7  
39.7  

NS2  245.9  I) 290.5 

II) 360.3  
40.3  

NS3  249.3  I) 295.7 

II) 349.2  
45.9  

NS4  245.8  I) 295.4 

II) 349.1  
43.4  



 

10  

  

*at 600ºC. I, and II refer to the first, and second thermo-degradative 

steps.  
  
3.2. Characterization of PLA biocomposites  
3.2.1 Rheology and MFR  
The viscoelastic response of pure PLA and PLA biocomposites was investigated to evaluate the 

effect of the fillers on PLA melt rheology. Dynamic frequency sweep (DFS) tests showed that the 

polymer melt behavior was mainly viscous (G′<G′′) for all samples, and both moduli approached 

constant values in the rubbery plateau region above 100 rad s−1, where moduli crossover occurred 

(Figure 3a). The addition of PNS derivatives significantly enhanced the viscoelastic response of 

PLA, as G′ and G′′ values of the biocomposites exceeded those of PLA over the entire frequency 

range investigated. PN1 exhibited the highest moduli, while the other biocomposites displayed a  

slight reduction. A plateau in G′ was observed at low frequency for the biocomposites, particularly 

for PN3 and PN4, indicating the transition from liquid-like to solid-like viscoelastic behavior, which 

was more marked for the biocomposites containing filler with a smaller size distribution. The 

complex viscosity curve of pure PLA (Fig. 3b) showed a shear thinning behavior for frequency 

values higher than 10 rad s−1, and a Newtonian plateau at low frequencies [12]. On the other hand, 

at low frequency, the biocomposites viscosity curves turned up from the Newtonian plateau. This 

result can be explained in terms of the formation of a three-dimensional interconnected particulate 

network in the melt, as well as the restricted mobility of the polymer melt due to the interaction 

between the polymer chains and filler particles [12,16,17]. Furthermore, PN1 presented the highest 

complex viscosity, which slightly decreased in the biocomposites charged with the ball-milled 

biomass, highlighting the importance of the lower size and the shape of the filler after the 

mechanochemical treatment [46,47].   
To gain further insight on this effect, MFR of PLA and PLA-based biocomposites were also 

measured (Fig. 3c). Melt flow rate values provide information on the processability of the polymeric 

material through injection molding, extrusion, thermoforming or printing [48]. In polymer 

composites, MFR values are affected by the load and shape of the filler [20,32] as well as by its 

interaction with the matrix [19]. In addition, the friction between filler and matrix affects the melt 

flow. As expected, the presence of filler significantly reduced the MFR value of PN1  
Eliminato: PN1 exhibited the highest moduli, while 
Eliminato: the other biocomposites displayed a slight  
reduction. A plateau in G′ was observed at low frequency for the biocomposites, in particular for PN3 and PN4, indicating the 

transition from liquid-like to solid-like viscoelastic behavior, which was more marked for the biocomposites containing filler 

with a smaller size distribution. The complex viscosity curve of pure PLA (Figure 3b), showed a shear thinning behavior for 

frequency values higher than 10 rad s−1, and a Newtonian plateau at low frequencies [19]. On the other hand, at low frequency, 

the biocomposites’ viscosity curves turned up from the Newtonian plateau. This result can be explained in terms of the 

formation of a three-dimensional interconnected particulate network in the melt, as well as the restricted mobility of the 

polymer melt due to the interaction between the polymer chains and filler particles. These results are consistent with those 

reported by other authors in similar systems [17–19]. Furthermore, PN1 presented the highest complex viscosity, which 

slightly decreased in the biocomposites charged with the ball milled biomass, highlighting the importance of the lower size and 

the shape of the filler after the mechanochemical treatment [48,49]. ¶ To gain further insight on this effect, MFR of PLA and 

PLAbased biocomposites were also measured (Fig. 3c). Melt flow rate values provide information on the processability of the 

polymeric material and its destination to injection molding, extrusion, thermoforming or printing [50]. In polymer composites, 

MFR values are affected by the load and shape of the filler [22,34] as well as by its interaction with the matrix [21]. In 

addition, the friction between filler and matrix affects the 

melt flow. As expected, the presence of filler significantly 

reduced the MFR value of PN1 (0.55 g min-1) compared to 

plain PLA (0.85 g min-1), as the interparticle interactions 

significantly restricted relative motion between 

macromolecules [34,51]. Very interestingly, increasing the 

ball milling time allowed the recovery of the melt fluidity. A 

similar behavior was reported by Gallagher et al. [20], 

where the reduction of the particle size of wood fiber into 

maleated polyethylene composites increased the MFR value. 

Likewise, in biocarbon-filled poly(trimethylene 

terephthalate) (PTT)/poly(lactic acid) (PLA) blend 

composites, the size reduction of the filler particles 

dramatically reduced the shear viscosity of the composites, 

which dropped below that of the matrix [51]. The main 

reasons for the particle size-related decrease in viscosity are 

the dilution of the polymer chain entanglement density, 

selective interaction of polymer chains on the particle 

surface, and lower resistance against shear stress [23,51]. In 

terms of polymer processability, ball milling of NS1 made 

polymer flow and forming procedures easier, hence 

lowering the energy requirements for manufacturing ... 
(0.55 g min-1) compared to plain PLA (0.85 g 

min-1), as the interparticle interactions 

significantly restricted the relative motion 

between macromolecules [32,49]. Very 

interestingly, increasing the ball-milling time 

allowed to recover the melt fluidity. A similar 

behavior was reported by Gallagher et al. [18], 

since the reduction of the particle size of wood 

fiber in maleated polyethylene composites 

increased the MFR value. Likewise, in 

biocarbon-filled poly(trimethylene 

terephthalate) (PTT)/PLA blend composites, 

the size reduction of the filler particles 

dramatically reduced the shear viscosity of the 

composites, which dropped below that of the 

matrix [49]. The main reasons for the particle 

size-related decrease in viscosity are the 

dilution of the polymer chain entanglement 

density, the selective interaction of polymer 

chains on the particle surface, and the lower 

resistance against shear stress [21,49]. Notably, 

in terms of polymer processability, ballmilling 

of NS1 made polymer flow and forming 

procedures easier, hence lowering the energy 

requirements for manufacturing [50].  
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Figure 3. Rheological characterization of PLA and its biocomposites. a) storage and loss moduli  
(G’ and G’’, respectively); b) complex viscosity (η*) vs the angular frequency. c) Relation between 

Melt flow rate and ball-milling time.  

  

3.2.2. Thermal characterization  
The thermal stability of PLA and the prepared biocomposites was assessed by TGA. 

Thermogravimetric curves obtained under nitrogen are reported in Fig. S6a. Both PLA and its 

biocomposites exhibited a single-step weight loss process. Neat PLA was characterized by a fast 

weight drop stage with nearly no char residue. The biocomposites showed a slower degradation 

process with a residual weight at 600 °C close to 24 wt.% that was independent of the filler ball- 
Eliminato:   

Spostato in giù [3]: TGA measurements were also carried out in air (Fig.  

Eliminato: S6 b 

Spostato in giù [4]: ). Table S1 in the SI summarizes the calculated thermal parameters.  

Eliminato: Figure 

Eliminato: In nitrogen, both Eliminato:  (Fig. S6a). 

Eliminato:   

milling duration. Thermogravimetric parameters are reported in Table 3. The Tonset of neat PLA was 

268.1 °C. Compared to the neat matrix, all biocomposites exhibited higher Tonset, especially those 

containing the ball-milled biomass, with values ranging from 269 °C to 277 °C. As for the 

temperature of maximum decomposition rate, PLA showed a Tmax of 304 °C, which increased by 

nearly 10 °C for PN1 and reached a maximum for PN3 (328.3 °C). The Tmax improvement of 

biocomposites can be attributed to a slow 

thermal degradation rate of the biomass. The 

effect is more remarkable for samples charged 

with ball-milled filler due to the finer 

dispersion of the latter [44]. Summing up, the 

presence of the biomass increased the thermal 

stability in inert atmosphere. In particular, the 

milling treatment of the filler enhanced the 

Tmax values (PN3).  
TGA measurements were also carried out in air 

(Fig. S6b). Table S1 in the SI summarizes the 

calculated thermal parameters. Under air, the 

higher stability of the biomass contributed to 

an increase in the Tmax values of the 

biocomposites with respect to PLA. The curves 

and a more detailed discussion are reported in 

the SI.   

  

  
Table   3. TGA data of PLA 

and its biocomposites under nitrogen.  

 Tonset 

 Tmax  Char. 

Yield  

 (ºC) 

 (ºC)  (% wt.)*  

 
 PLA  268.1 

 304.2  2.7  

 PN1  277.4 

 312.9  21.6  

 PN2  269.8 

 325.8  25.1  

PN3 

 274.7 

 328.3 

 24.6 

PN4 

 268.7 
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 319.0  21.4  

 
*at 600ºC.   

  
DSC characterization of PLA and its biocomposites was carried out on the compression molded and 

annealed samples. Curves related to the first heating scan are shown in Fig. 4 as they are more 

informative concerning the effects of processing on the properties of the material. All curves showed 

a change in heat capacity at about 60 °C due to the glass transition, an exothermic peak at around 

100 °C due to cold crystallization, and finally the melting endotherm. The latter always appeared as 

a complex signal featuring two components, related to α’- (147 ºC) and α- (153 ºC) forms, as 

reported by Cocca et al. [28]. The thermal parameters relative to the DSC traces are listed in Table 

4. The Tg was not affected by filler or ball-milling. As for the cold crystallization, PLA exhibited a 

Tc of 110 °C and a crystallization enthalpy (ΔHc) equal to 23.6 J g -1. Compared to the plain 

polyester, all the studied biocomposites showed a shift towards lower temperatures of Tc, that was 

independent of ball-milling treatment. Regarding the ΔHc values, PN1 composite (based on non-

treated biomass) did not show any change of the parameter. Conversely, biocomposites filled with 

ball-milled biomass revealed a not negligible improvement of this property. The effect was 

particularly notable in the PN3 sample (60-min ball-milling) with a ΔHc value increase of  
Eliminato: time of the filler. 

Eliminato: of the investigated samples  

Eliminato: the studied Eliminato: the samples 

Eliminato:   

Eliminato: this value Eliminato:  and to its charring capability. 

Eliminato:   

Spostato (inserimento) [3] 
Spostato (inserimento) [4] 

Eliminato: [46]. Summing up, the presence of the biomass increased the thermal stability in inert atmosphere; in particular, 

the milling treatment of the filler enhanced the Tmax values (PN3). As far as TGA curves under air atmosphere are concerned 

Formattato: Posizione: Orizzontale: Al centro, Rispetto a: Colonna 
Tabella formattata 
Formattato: Posizione: Orizzontale: Al centro, Rispetto a: Colonna 
Formattato: Posizione: Orizzontale: Al centro, Rispetto a: Colonna 
Formattato: Posizione: Orizzontale: Al centro, Rispetto a: Colonna 
Formattato: Posizione: Orizzontale: Al centro, Rispetto a: Colonna 
Formattato: Posizione: Orizzontale: Al centro, Rispetto a: Colonna 
Formattato: Posizione: Orizzontale: Al centro, Rispetto a: Colonna 
Formattato: Posizione: Orizzontale: Al centro, Rispetto a: Colonna 

Eliminato: DSC curves of PLA and the biocomposites 

(compression moulded samples) are reported in Fig. 4. As 

the first heating scan (Fig. 4a) is more informative 

concerning the effects of processing on the properties of the 

material, the analysis of the calorimetric data was carried 

out on the first DSC run. All the studied specimens first 

showed a change in heat capacity at about 60 °C, relative to 

the glass transition, followed by an exothermic peak 

centered around 100 °C, due to a cold crystallization 

phenomenon, and finally the melting endotherm. The latter 

always appeared as a complex signal featuring two 

components, related to α’- (147 ºC) and α- (153 ºC) forms, 

as reported by Cocca et al. [30]. The thermal parameters 

relative to the DSC traces are shown in Table 4.  
Compared to neat PLA, the Tg was scarcely affected by the 

... 
about 24%, Summarizing, the filler decreased 

the temperature of cold crystallization, and its 

nucleating action was more remarkable after 

ball-milling. Nucleating effects of biobased 

fillers have been previously reported for 

PLA/Sisal fibre composites [51], PLA/pecan 

nutshell [16,17] and other polymeric systems 

charged with natural fibers [52–54].   
The mechanochemical treatment of the filler 

also affected the melting properties of the 

biocomposites. As shown in Table 4, the 

presence of the filler did not affect the Tm 

relative to the double melting phenomenon but 

influenced their relative intensity. 

Furthermore, the total enthalpy of melting 

(ΔHm) followed the same trend recorded for 

ΔHc. Indeed, PN1 showed the same ΔHm value 

as neat PLA (25 J g -1), while biocomposites 

charged with ball-milled fillers exhibited an 

improvement in total melting enthalpy. This 

confirmed the more remarkable nucleating 

action of the ball-milled biomass. Notably, all 

the ΔHm values were slightly higher than the 

corresponding ΔHc, indicating that the 

compression molded samples partly 

crystallized during cooling. DSC traces relative 

to the second heating are displayed in Fig. S7a 

in the SI, and their thermal parameters are 

shown in Table S2. All the reported curves 

showed the same experimental features 
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discussed for the first heating run. The same can be said for the values of the experimental 

parameters.   
Among post processing methods established for optimizing the structure and morphology of 

polymer-based materials, thermal annealing has been commonly used, becoming even indispensable 

for improving the final product or device performance [5,55]. In the following experiments, the 

samples were subject to annealing at 75 ºC to improve thermal and mechanical properties of the 

biocomposites. Fig. 4b displays the first heating DSC curves of PLA and biocomposites after 

annealing, while the corresponding calorimetric data are reported in Table 4. Remarkably, after the 

thermal treatment no signal related to the glass transition was noticed, except for PLA, which 

displayed a Tg increase of about 4 °C compared to the non-annealed counterpart. Besides, none of 

the samples showed any crystallization exothermal peak, indicating that thermal annealing caused 

the samples to crystallize. Finally, most of the investigated samples exhibited a single melting 

endotherm, or possibly a barely visible shoulder on the low temperature side of the peak. In this 

respect, Tm values were scarcely influenced by sample composition, and fell roughly in between the 

values of the two melting peaks recorded before annealing. The associated ΔHm values showed 

some remarkable effects attributable to the thermal treatment, the presence of the filler and the ball-

milling duration. PLA exhibited a ΔHm equal to 28.8 J g-1, which increased to  

32.5 J g-1 for PN1, containing the untreated filler. A more remarkable increase of ΔHm was recorded 

when the biomass was submitted to ball-milling. The maximum effect was observed after 30 

minutes of treatment (sample PN2, 39.5 J g-1), slightly decreasing at higher times. The reported 

results evidenced the effectiveness of thermal annealing in the morphological stabilization of 

PLAbased products. In addition, they confirm the role of the biomass as a nucleating agent towards 

PLA matrix and suggest that ball-milling can significantly improve its action. Finally, the degree of 

crystallinity (χc) was calculated for all samples. Before annealing, PN1 showed a crystallinity 

similar to neat PLA, while in ball-milled biocomposites this parameter increased at longer milling 

time. The same behavior was also observed in the samples after annealing.   

Eliminato: [6,57]. In this experiment, annealing at 75 ºC 

was applied to the prepared samples in order to analyze the 

effects of thermal treatment on mechanical and physical 

properties of the pecan biomass reinforced biocomposites. 

Eliminato: , 

Eliminato: for  

Eliminato: the 

Eliminato: increased by 

Eliminato: with respect 

Eliminato: its 

Eliminato:   

Eliminato: processing that was used. 

Eliminato: this value 

Eliminato:  

Eliminato: evidence 

Eliminato:   

Commentato [CN3]: I suggested an alternative to 

“remarkably” because the word “remarkably” is used 

quite frequently throughout the text.  

Eliminato:   

Eliminato:   
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The effect of thermal annealing on the structure of the investigated samples was further studied by 

FTIR spectroscopy. The development of crystallinity was assessed by monitoring the absorption 

band at 923 cm-1, characteristic of the ordered crystalline phase of PLA [56] and attributed to the 

combination of C–C backbone and CH3 rocking mode of α crystals [29,57]. Fig. 5a shows the 

analytical peak upon increasing annealing times for neat PLA. It was noticed that this signal was 

completely absent before annealing, and progressively rose with the treatment time. Furthermore, 

the evolution of the signal was fast in the first few hours of treatment and slowed down at longer 

times. Similar results were obtained for all the biocomposites, as reported for PN1 in Fig. S8 in the 

SI. The conversion from the amorphous to the crystalline form was quantitatively followed by 

analyzing the ratio of the integrated absorbance of the peaks at 923 cm-1 and 950 cm-1 (A923/A950), 

the latter arising from the amorphous fraction of PLA [29]. The absorbance ratios of the studied 

samples are reported in Fig. 5b as a function of the annealing time. In all cases most of the 

crystallization process occurred during the first 24 hours of thermal treatment while after 72 hours 

a plateau was reached. The latter outcome evidences that at this annealing time, the crystallization 

process is almost complete, and samples used for bulk characterization were fully crystallized. It 

was noticed that at low annealing times PN1 exhibited higher conversion rates than PLA. 

Furthermore, all biocomposites, compared to the neat matrix, reached larger plateau values of the 

parameter at longer times. This evidence agrees 

with DSC results, which showed higher 

crystallinity degrees for composites and further 

confirmed the nucleating action of the filler  
Eliminato: ¶ 

Eliminato: The analysis was carried out on neat PLA as 

well as on the biocomposites.  

Eliminato: [58] 

Eliminato: [31,59]. 

Eliminato: prior to 

Eliminato: is 

Eliminato: slows 

Eliminato: can be 

Eliminato: , in a more quantitative way, 

Eliminato: [31]. 

Eliminato: The data evidenced that in 
b) 

1.0 

Figure 5. a) Evolution of the 923 cm-1 infrared absorption band of neat PLA upon time. b) 

Conversion progress from amorphous to crystalline form due to annealing followed by A923/A950 

ratio as a function of the annealing time for PLA and its biocomposites.  

  
3.2.3. Thermomechanical properties  
One of the possible applications of biodegradable polymers is to replace their conventional counterparts for manufacturing disposable 

plates and cups, which come in contact with hot food or beverages. In this respect, PLA exhibits poor resistance to high temperature 

and low HDT, that is a measure of the ability of the polymer to bear a given load as a function of temperature. The HDT value of a 

polymeric material depends on stiffness and glass transition temperature. In addition, in polymer composites, it can be also influenced 

by filler size distribution, aspect ratio and filler content. Therefore, in the present paper, HDT measurements were carried out to 

assess the possible influence of filler milling and thermal annealing on this parameter.  
The deflection versus temperature plots of the prepared samples before and after annealing are reported in Fig. 6. It is noticed that 

the prepared biocomposites showed higher deformability with the temperature when compared with plain PLA. This finding is 
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confirmed by the HDT values [58] reported in Table 5. This decay could be due to the presence of filler particles that increase the 

number of defects at the charge-matrix interface. Moreover, ball-milling of the biomass resulted in further decreased HDT values, 

likely due to the low aspect ratio of the particles. However, since the PNS derivatives demonstrated to be effective nucleating agents, 

able to increase PLA crystallinity and in turn to improve its thermomechanical performance, HDT measurements were carried out 

also on thermally annealed samples.   

  

 
50 60 70 80 90 100110120130140150 

 Temperature (ºC)   

Figure 6. Deflection under load versus temperature for PLA and its biocomposites. Dashed lines: Eliminato:  correspond to curves samples 

before annealing. Solid lines: samples after annealing (at 75 ºC for 72 h). Eliminato: , solid 

  Eliminato:  refer to annealed 
  

Table 5. HDT parameters calculated for PLA and its biocomposites.  

 
   Before  After annealing*  
 HDT  Strain at 140 ºC (%)  
 Sample  HDT(°C)  

(°C)  
 PLA  63.1  77.1  18.5  
 PN1  61.0  118.5  5.0  
 PN2  56.7  114.9  6.3  
 PN3  59.9  121.6  5.9  
 PN4  56.2  112.6  7.1  

*at 75 ºC for 72 h.  
  

  
All the annealed samples showed a significant decrease in deformability with respect to the pristine 

ones, and the effect was dramatically enhanced for the biocomposites. This outcome is even more 

detectable if the values of strain at 140 °C are considered (Table 5). The value of this parameter 

was 18.5 % for neat PLA and dropped to 5-7 % in the composite samples. In the same table, HDT 

values are also reported. By comparing the 

HDT data of pristine and heat-treated samples, 

an outstanding improvement of the parameter 

was noticed. Even in this case, the effect was 

more remarkable for the biocomposites. 

Annealed PLA showed a HDT value of 77 °C, 

with a 14 °C increase with respect the pristine 

sample. Biocomposites exhibited HDT values 

ranging from 113 °C to 121 °C, with as nearly 

as 60 °C improvement compared to the non-

annealed samples. This result highlighted the 

dramatic impact of crystallinity, as measured 

by DSC and FTIR spectroscopy, on the 

thermomechanical properties of PLA. The 

effects of filler loading and annealing on HDT 

have been reported for PLA [59], PLA blends 

[55], and composites filled with natural fibers 
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Eliminato:  [60] 
  reported in Table  5 . 

Eliminato:    
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and mineral fillers [51,60,61,62]. As for the thermomechanical behavior of nonannealed PLA 

composites, most authors report that the presence of the charge scarcely influence HDT values 

which remains in the range of the plain matrix [51,60], in agreement with our results. However, 

after annealing, an improvement of thermomechanical performance is often recorded.  
The effect is detected either on neat PLA and its compounds but is more remarkable for composites 

[51,60–62] due to the nucleating action of the filler towards the matrix.  The development of 

transcrystallinity at polymer-matrix interface during annealing can have a role in HDT improvement 

[51], however, filler dimensions can also affect the HDT performances of the materials [62].   

  
3.2.4. SEM analysis of cryofractured surfaces  
SEM analysis of the cryogenically fractured surfaces of the PLA and PLA biocomposite plates 

provided insight on filler distribution and morphological properties of the samples, as well as on 

the interfacial adhesion between filler and matrix. Micrographs relative to PLA, PN1 and PN2, 

before and after annealing, are reported in Fig. 7. The corresponding images related to PN3 and 

PN4 are reported in the SI (Fig. S9). As for non-annealed samples, PLA showed a fracture surface 

almost featureless typical of glassy polymeric materials. The investigated biocomposites exhibited  
Eliminato: ¶ 
¶ 
All the annealed samples showed a significant decrease in deformability with respect to the pristine ones, and the effect was 

dramatically enhanced for the biocomposites. This outcome is even more detectable if the values of strain at 140 °C are 

considered (Table 5). The value of this parameter was 18.5 % for neat PLA and dropped to 5-7 % in the composite samples. In 

the same table, HDT values are also reported. By comparing the HDT data of pristine and heat-treated samples, an outstanding 

improvement of the parameter was noticed. Even in this case, the effect was more remarkable for the biocomposites. Annealed 

PLA showed a HDT value of 77 °C, with a 14 °C increase with respect the pristine sample. Biocomposites exhibited HDT 

values ranging from 113 °C to 121 °C with as nearly as 60 °C improvement compared to the non-annealed samples. This result 

highlighted the dramatic impact of the crystallinity increase, as measured by DSC and FTIR spectroscopy, on the 

thermomechanical properties of PLA. The effects of filler loading and  annealing on HDT were reported for PLA [61,62], 

PLA/PCL blends [57], PLA/PMMA blend composites filled with sisal fibers [53], PLA/bamboo fibre/talc hybrid composites 

[63], PLA loaded with microground paper or talc [64], PLA composites charged with kenaf fibre, nanoclay or hexagonal boron 

nitride (h-BN) [65]. As for the thermomechanical behavior of nonannealed PLA composites, most authors report that the 

presence of the charge scarcely influence HDT values which remains in the range of the plain matrix [53,63]. This issue agrees 

with our results. However, after annealing, an improvement 

of thermomechanical performance is often recorded. The 

effect is detected either on neat PLA and its compounds but 

is more remarkable for composites [53,63– 
65]. ¶ 
In agreement with our results, the data in reported literature 

show that annealing can improve the thermomechanical 

properties of PLA and that this outcome is magnified in the 

presence of fillers. Most authors attributed these results to 

the increase in crystallinity of the system produced by the 

annealing treatment [53]. The effect was more accentuated 

for composites due to the nucleating action of the filler 

towards the matrix. This reasoning is confirmed by the 

results of Orue et al. [53] that recorded HDT values 

proportional to the filler content and crystallinity. The same 

explanation was proposed by Shi et al. [63]; they also 

claimed that the development of trans-crystallinity at 

polymer-matrix interface during annealing can have a role in 

HDT improvement. However, Wootthikanokkhan et al. [65] 

recognize the importance of crystallinity degree for the 

thermomechanical properties of polymers and their 

composites but they also propose that filler dimensions can 

also affect the HDT  
performances of the materials. ¶ 
¶ 
3.2.4. SEM analysis of cryofractured surfaces¶ 
SEM analysis of the cryogenically fractured surfaces of the 
PLA and PLA biocomposite plates provided insight on filler 
distribution and morphological properties of the samples, 
as well as on the interfacial adhesion between filler and 
matrix. Micrographs relative to PLA, PN1 and PN2, before 
and after annealing, are reported in Fig. 7. The 
corresponding images related to PN3 and PN4 are reported 

in the SI (Fig. S9). As for ... 
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PLA  

  a rough and irregularly fractured surface that revealed the inclusion of biomass particles, which 
appeared to be well dispersed in the polymer matrix. The composite PN1, charged with non-ball- 
milled biomass, showed the presence of filler particles, with a 15-20 µm dimension range,  
exhibiting fiber-fracture phenomena. Examination of the matrix-filler interface clearly showed  
some voids around  the  particles (delamination), suggesting poor adhesion of the filler to the  
polymeric phase.   
Concerning the effect of the ball - milling, it can be observed that even a 30-minute treatment (PN2  
sample) of the biomass resulted in a significantly more homogeneous surface, along with a  
remarkable reduction of filler domain dimensions with sizes ranging from 15 µm down to 1 µm.  
It is also noticed that in this case filler fracture was limited to bigger particles ,  and the prevailing  
deformation mechanism was fiber pull-out. Longer milling times of the filler did not significantly  
change the morphology of the fracture surface (PN3 in Fig. S9). The cavities produced by milled  
PNS particles pull out are clearly visible confirming that the matrix filler interplay between pure  
PLA and the lignocellulosic filler was not very efficient.   
With regards to the fracture surfaces of annealed samples, SEM analysis evidenced that heat  
treatment scarcely affected the morphology of the studied materials. Compared with the non- 
annealed specimen, PLA exhibited a rougher surface with a higher number of fracture planes close  
to each other. The increase in surface roughness was also noticed in the micrographs of the  
annealed biocomposites and, for PN4 sample (Fig. S9), was so high that the detection of filler  
particle was no longer possible. Other studies have reported similar effect of the PNS (formation  
of agglomerates) into PLA, even with lower loadings of filler [ 16 , 17] .   

  
  
  Not  annealed  Annealed  
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PN1  

    

PN2  

    
Figure  .  7 Morphological characterization of PLA and  its  biocomposites.  SEM images of  
cryofractured  surfaces of PLA, PN1, and PN2 before and after annealing (at 75 ºC for 72 h).    
  

. Mechanical Properties  3.2.5 
The mechanical performance of the pristine and annealed biocomposites was assessed by flexural  
and impact tests (Table 6). Concerning flexural properties, all the prepared biocomposites showed  
an enhancement in  elastic modulus before annealing with respect to pure PLA. This effect was  
more significant for PN1, which exhibited a 39% improvement, and less significant for the  
biocomposites charged with the ball - milled filler. Conversely, the presence of the filler negatively  
affected the flexural properties of the samples, causing a 30-40 % decrease in stress at break and  
a more remarkable reduction of strain at break. Impact tests of the investigated biocomposites  
displayed a drop in toughness with respect to plain PLA. In particular, ball - milling caused  
resilience to further decrease, attaining less than halved values with respect to the plain polyester.  
A comparable behavior was noticed for the impact strength, which dropped by about 30% on  
average. Flexural and impact tests were also performed on samples after annealing. The  

Eliminato:  

Eliminato:  

Eliminato:  

Eliminato:  

... 



 

 

investigation was carried out on plain PLA and PN1 biocomposite, as the latter was the sample 

showing the best properties among the prepared samples. Their flexural data reported in Table 6, 

show that the heat treatment caused an improvement in both modulus and stress at break with 

respect the corresponding non-annealed samples. The same was observed for the impact strength 

but not for the resilience values.  

The reported results show that pecan nutshell at 50 % loading improves the flexural modulus of 

the PLA matrix but the stiffening effect is less efficient if the filler if submitted to ball-milling. 

The flexural data also show that the presence of the filler produces a reduction of stress and strain 

at break. The latter outcome was also recorded for the impact results that exhibit a decay of both 

stress and resilience of the biocomposites compared to neat PLA.    
The reduced stiffening action of ball-milled fillers can be ascribed to the mechanochemical 

treatment that brought about amorphization of the cellulosic fraction of the charge, the reduction 

of molecular weight of its components and the decrease of its aspect ratio [63]. The decay of 

flexural stress and strain at break and impact properties can be associated to the scarce interaction 

between the charge and the continuous polymeric phase, as indicated by SEM analysis. Indeed, it 

has been reported that in polymer composites the ultimate properties are the most sensitive to the 

filler-matrix adhesion [64].   
However, the stiff nature of the fillers employed in this work can also play a role. A similar decay 

of properties at break has been reported for PLA biocomposites modified with pecan nutshell, oat 

husk, cocoa shells and apple pomace, as well as in the PBS/Arboform® system [12,16,17,65].    

  

 Table  6. Mechanical properties of PLA and its biocomposites.    

 FLEXURAL  IMPACT  

        
 Stress at break Modulus  Strain at break  Strength  Resilience  

(MPa) Before 

annealing  
(MPa)  (%)  

  

(N)  (KJ/m2)  

PLA 82.9±3.7d  3224±291.0a  4.1±0.2c  105.3 ± 5.1b  2.8 ± 0.4e  
PN1 55.8±1.5b  4426±166.0d,e  1.3±0.0a    78.3 ± 8.2a  1.2 ± 0.1c  
PN2 55.7±0.7b  4337±55.0d  1.3±0.0a    70.5±4.6a  0.9±0.1b  
PN3 49.6±0.8a  3937±234.0b,c  1.3±0.1a    61.9±8.4a  0.7±0.1a  
PN4 51.2±3.4a,b  4208±159.0c,d  1.2±0.1a    70.3±5.2a  0.8±0.1a,b  

  
After annealing*  
PLA 87.3±8.0d 3631±90.0b 2.8±0.6b  118.0 ± 5.5c 1.9 ± 0.3d PN1 67.4±7.9c 

4691±109.0e 1.5±0.2a  101.5 ± 6.6b 1.1 ± 0.4b,c aValues with same letter in same 

column do not present significant difference. *at 75 ºC for 72 h.  

  

Eliminato: [67]. 

Eliminato: and 

Eliminato:  as well  

Eliminato: –19,68 

Codice campo modificato 

Eliminato: ¶ 
As for the effect of annealing on mechanical properties, the 

improvement of flexural and impact strength data can be 

associated with the increase of crystallinity produced by the 

thermal treatment. Similar effects were reported by Chen et 

al. [57] for PLA/PLC blends, and by Li et al. [69] on PLA 

biocomposites reinforced with multi-walled carbon 

nanotubes. In the latter case, an increase of 9% in strength 

was obtained after only 2 minutes of thermal annealing at 

110 ºC.¶ ¶ 
As for the effect of annealing on mechanical 

properties, the improvement of flexural and 

impact strength data can be associated with the 

increase of crystallinity produced by the 

thermal treatment. Similar effects were 

reported by Chen et al. [55] for PLA/PLC 

blends, and by Li et al. [66] on PLA 

biocomposites reinforced with multi-walled 

carbon nanotubes.  

  
4. Conclusions  

In this study, low density, cost-effective, and 

potentially highly biodegradable 

Eliminato:    

Eliminato:    

Eliminato:  [66] . 
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biocomposites have been successfully prepared by charging PLA with a high amount (50 wt.%) of 

pecan nutshell, usually regarded as an agri-food by-product. The effects of ball-milling of the filler 

and the annealing of the corresponding biocomposites were investigated.   
The introduction of the non-ball milled biomass at high loading into the PLA matrix enhanced the 

polymer viscoelastic response and decreased the MFR. These effects were attributed to the 

restricted mobility of the polymer melt and the formation of a three-dimensional interconnected 

particulate network. The presence of the filler also enhanced the polymer thermal stability due to 

the slower degradation rate of the lignocellulosic biomass with respect to neat PLA. Furthermore, 

it acted as a heterogeneous nucleating agent, promoting PLA crystallization. It also affected the 

mechanical properties by improving flexural modulus, reducing flexural stress and strain at break 

and impact properties.  
Composites charged with ball-milled biomass showed similar features but the effects of the filler 

on polymer properties were influenced by the mechanochemical treatment applied. Ball-milling of 

the biomass produced a reduction of particle size along with a deconstruction of the material that 

involves amorphization, reduction in aspect ratio and mechanical strength. These features affected 

the properties of the corresponding biocomposites. Indeed, composites based on ball-milled fillers 

exhibited an increase in MFR and thermal stability, a more pronounced nucleation action, but also 

a reduction in mechanical properties. Rheological, thermodegradative and morphological effects 

can be related to the reduction of particle size of the filler while the loss of mechanical properties 

can be due to its lower mechanical strength.   
Finally, thermal annealing increased the mechanical and thermomechanical properties of all 

materials. In particular, thermal treatment had a dramatic effect the HDT values of the composites 

that resulted to be on average 50% higher if compared to neat non-annealed PLA.  
Overall, these results emphasize the potential of pecan nutshell as a source of sustainable filler to 

develop cost-effective PLA biocomposites with tailored mechanical properties. These materials 

could be used when stiff, light, and low deformable products are required, including structural, 

household, and packaging applications, like food containers, packaging trays, or disposable items.  
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