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Characterization of the Thermoplastic Matrices 
Fourier transform infrared–attenuated total reflection (FTIR–ATR) spectra were rec-

orded with a Perkin-Elmer FT–IR System Spectrum BX spectrophotometer (Perkin-Elmer 
Inc., Waltham, MA, USA) equipped with a single horizontal Golden Gate ATR cell over 
the range of 600–4000 cm−1 at a resolution of 4 cm−1 over 32 scans. The FTIR–ATR spectra 
of the two grades of PHB from Biomer and the two grades of PLA from Natureworks were 
used as matrices to manufacture the biocomposites shown in Figure S1. For the PLAs, the 
FTIR–ATR spectra showed the characteristic stretching frequencies at 1753 cm-1, 2996 cm-

1, 2945 cm-1, and 1081 cm-1 as assigned to C=O, CH3 asymmetric, CH3 symmetric, and C‒
O, respectively, and the characteristic bending frequencies of 1453 cm-1 and 1358 cm-1 as 
attributed to asymmetric and symmetric CH3, respectively [1]. Similarly to the PLAs, the 
stretching vibration for both PHBs at 1719 cm-1 are also attributed to the ester carbonyl 
groups. The vibrations between 1000 cm-1 and 1300 cm-1 are allocated to the C‒O of the 
ester groups, while the stretching vibrations at 2960 cm-1 and 2933 cm-1, and the bending 
vibrations at 1378 cm-1 and 1455 cm-1, correspond to the CH3 groups [2]. 

 
Figure S1. FTIR–ATR spectra of the different PLA and PHB matrices used in the present work. 
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X-ray diffraction (XRD) was performed on a Phillips X’pert MPD diffractometer 
(PANalytical, Netherlands) using CuKα radiation (λ=1.541 Å) with a scan rate of 0.05° s−1. 
The XRD patterns were collected in reflection mode with the samples placed on a Si wafer 
(negligible background signal) for mechanical support and thus avoiding sample bend-
ing. Regarding the crystallinity of the polymers (Figure S2), both PHBs displayed the typ-
ical pattern reported in the literature with peaks at 2θ=13° and 17° assigned to (020) and 
(110) of an orthorhombic cell unit, and peaks at 21.5° and 22.5° attributed to (101) and 
(111) of α PHB crystals [3]. The small peak at 2θ=20° has been attributed to β-form crystals. 
Other peaks at 2θ= 26° (130) and 27° (040) have also been reported [3]. In addition to the 
reflections attributed to the PBH, the grade P226 exhibited some high intensity peaks at 
2θ=9.5°, 19°, 26.7°, and 28.5°, which may have been caused by the presence of additives 
such as lubricants and nucleating agents. Moreover, the PLA 3D860 had a strong peak at 
2θ=16.6° and three weaker peaks at 2θ=15°, 19°, and 22.5° are in accordance with results 
published by other authors [4]. For PLA 3100HP, only the peak at 2θ=16.6° was observed. 

 
Figure S2. X-ray diffractograms of the polymeric matrices: a) PHBs and b) PLAs. 
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Characterization of the Micronized Fibers 
The characterization of the micronized pulp fibers, i.e., micronized BEKP, by means 

of SEM, XRD, FTIR-ATR spectroscopy, and TGA, allowed for the evaluation of the fibers 
with respect to their morphology, crystallinity, chemical structure, and thermal stability. 
The length and width of at least 100 fibers for each sample were measured from SEM 
micrographs using the software ImageJ (version 1.51j8), as reported elsewhere [5]. The 
histograms in Figure S3 show that for every type of cellulose, there were fibers with 
lengths that ranged from a few micrometers to one millimeter. However, it is clear that 
the average length increased from Cel60 to Cel200, Cel355, and Cel500. Since the microni-
zation did not have a significant influence on the fibers’ widths, varying from 12.5 to 14.9 
µm, the fiber aspect ratio followed the same order as the fiber length. 

 
Figure S3. SEM micrographs and both length and width distributions of the different micronized 
pulp fibers. 

The FTIR–ATR analyses of the micronized BEKP (Cel355) are represented in Figure 
S4a. The vibrations at 3200–3400 cm-1 (OH stretching), 2900 cm-1 (CH stretching), 1426–
1430 cm-1 (CH2 bending), 1350– 1355 cm-1 (CH bending), 1310 cm-1 (OH bending), 1025 cm-

1 (CO stretching), and 900 cm-1 (CH bending) are according to the typical absorption vi-
brations of a cellulosic substrate [6]. 
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Figure S4. a) FTIR-ATR spectrum; b) XRD diffractogram; and c) TGA thermogram of Cel355. 

The crystalline index (CI) of the different cellulose fibers was calculated by the peak 
height method from the ratio of the height of the 002 peak (I002) and the height of the min-
imum (Imin) between the 002 and 101 peaks (Equation (S1)) [7]. 

𝐶𝐶𝐶𝐶 (%) =  
𝐶𝐶002 − 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚

𝐶𝐶002
× 100 

 
Copyright: © 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed 

under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/li-

censes/by/4.0/). 

(S1) 

The micronized cellulose fibers showed the typical XRD pattern (Figure S4b) of cel-
lulose I with the main diffraction peaks at about 2θ = 14-17° and 22.5°, which are usually 
assigned to the diffraction planes 101 and 002, respectively [6]. The crystallinity lowered 
with the decrease in the fiber length from 68.4% for Cel500 to 54.1% for Cel60. The CI for 
Cel355 and Cel200 rested in the middle with values of 64.6% and 65.4%, respectively. 
Compared to the bleached Eucalyptus kraft pulp CI (70.7%), all the micronized fibers dis-
played slightly inferior crystallinity values. Therefore, these results confirm that although 
the micronization did not affect the native crystalline structure of cellulose, the crystallin-
ity index of the fibers was changed. Similar reductions in the crystallinity index of cellu-
losic fibers have been reported after other mechanical treatments (e.g., solid state shear 
milling) [8]. 

TGA thermograms of the micronized fibers (Cel355) are shown in Figure S4c. The 
thermal degradation profile is divided into two main weight-loss stages. The first, at 
around 100 °C, is related to water vaporization and the second to the degradation of cel-
lulose, which has a maximum weight loss at around 348 °C, notably close to the values 
reported in the literature [9]. 
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Density 
The density of the composites was calculated by dividing the weight of the test spec-

imens by their volume. At least five specimens (8×1×0.4cm) with a volume of 3.2 cm3 were 
weighted for each sample and both the mean and standard deviation were calculated. As 
expected, an increase in the fiber load raised the density of the composite, given the supe-
rior density of cellulose in comparison with the thermoplastic polymers used in the pre-
sent work. In contrast, the density of the composites with fibers having different aspect 
ratios remained relatively unchanged. 

Table S1. Average density of the composites reinforced with different loads of Cel355 and of the 
composites reinforced with fibers having different aspect ratios for a load of 40 wt.%. 

Sample 
Density 
(g.cm-3) Sample 

Density (g.cm-

3) 
PHB P209E 1.17 ± 0.02 PHB P209E 40wt.% Cel60 1.31 ± 0.01 

PHB P209E 10wt.% Cel355 1.21 ± 0.00 PHB P209E 40wt.% Cel200 1.31 ± 0.00 
PHB P209E 30wt.% Cel355 1.28 ± 0.01 PHB P209E 40wt.% Cel500 1.31 ± 0.00 
PHB P209E 40wt.% Cel355 1.31 ± 0.02 PHB P209E 40wt.% BEKP 1.32 ± 0.02 

PHB P226 1.19 ± 0.03 PHB P226 40wt.% Cel60 1.35 ± 0.00 
PHB P226 10wt.% Cel355 1.24 ± 0.00 PHB P226 40wt.% Cel200 1.34 ± 0.00 
PHB P226 30wt.% Cel355 1.29 ± 0.02 PHB P226 40wt.% Cel500 1.34 ± 0.00 
PHB P226 40wt.% Cel355 1.34 ± 0.01 PHB P226 40wt.% BEKP 1.34 ± 0.01 

PLA 3D860 1.22 ± 0.00 PLA 3D860 40wt.% Cel60 1.35 ± 0.00 
PLA 3D860 10wt.% Cel355 1.25 ± 0.00 PLA 3D860 40wt.% Cel200 1.34 ± 0.02 
PLA 3D860 30wt.% Cel355 1.31 ± 0.00 PLA 3D860 40wt.% Cel500 1.34 ± 0.00 
PLA 3D860 40wt.% Cel355 1.35 ± 0.00 PLA 3D860 40wt.% BEKP 1.34 ± 0.00 

PLA 3100HP 1.24 ± 0.02 PLA 3100HP 40wt.% Cel60 1.37 ± 0.00 
PLA 3100HP 10wt.% Cel355 1.26 ± 0.03 PLA 3100HP 40wt.% Cel200 1.37 ± 0.00 
PLA 3100HP 30wt.% Cel355 1.33 ± 0.01 PLA 3100HP 40wt.% Cel500 1.37 ± 0.00 
PLA 3100HP 40wt.% Cel355 1.38 ± 0.00 PLA 3100HP 40wt.% BEKP 1.36 ± 0.00 
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Thermogravimetric Analysis 

 
Figure S5. Thermogravimetric and derivative (dTGA) curves of the composites reinforced with mi-
cronized fibers having different aspect ratios. 
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