
Subscriber access provided by Kaohsiung Medical University

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

Particle size distribution effect on cassava
starch and cassava bagasse biocomposites

Florencia Versino, and Maria Alejandra Garcia
ACS Sustainable Chem. Eng., Just Accepted Manuscript • DOI: 10.1021/

acssuschemeng.8b04700 • Publication Date (Web): 15 Nov 2018

Downloaded from http://pubs.acs.org on November 20, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by CONICET Digital

https://core.ac.uk/display/323513623?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


1

Particle size distribution effect on cassava starch and cassava bagasse biocomposites

Florencia Versino a,b*, María A. García a,c*

a Centro de Investigación y Desarrollo en Criotecnología de Alimentos (CIDCA), UNLP-CONICET-CICPBA, 

47 y 116, La Plata, Buenos Aires, 1900, Argentina.

b Departamento de Ingeniería Química, Facultad de Ingeniería, Universidad Nacional de La Plata (UNLP), 

47 y 115, La Plata, Buenos Aires, 1900, Argentina.

c Departamento de Química, Facultad de Ciencias Exactas, Universidad Nacional de La Plata (UNLP), 

47 y 115, La Plata, Buenos Aires, 1900, Argentina.

*Corresponding authors: 

Florencia Versino (Telephone number: +54 0221 4254853 – Fax number: +54 0221 4249287. 

E-mail: florencia.versino@ing.unlp.edu.ar)

María Alejandra García (Telephone number: +54 0221 4254853 – Fax number: +54 0221 4249287.    

E-mail: magarcia@quimica.unlp.edu.ar)

Page 1 of 21

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

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



2

ABSTRACT: Regarding the growing interest in the development of biodegradable films from renewable sources 

this work is focused on the utilization of cassava roots bagasse as a natural filler of cassava starch films. 

Homogenous films could be obtained by casting molding from gelatinized cassava starch suspensions, plasticized 

with glycerol and containing 1.5 %w/w bagasse. In order to study the particle-size effect on films properties, three 

different fibrous residue fractions (particles sized between:500-250 μm, 250-53 μm and particles <53 μm) were 

used and compared to films reinforced with bagasse particles sized under 500 μm. Chemical composition and 

particle size distribution of cassava bagasse helped to explain starch films morphology, mechanical and barrier 

properties modifications. SEM micrographs evidenced that the filler was structurally incorporated in the matrix, 

reinforcing cassava-starch matrices regardless of bagasse particle size. The filler increased UV-barrier capacity and 

opacity of the materials, though water vapor permeability increased with solids content and filler particle-size. 

Moreover, the developed biocomposite materials can be heat-sealed, indicating their suitability for flexible 

packaging manufacture. Even though starch-based materials are essentially biodegradable, the biodegradation 

kinetics of the reinforced biocomposites was studied showing the slowest degradation process for materials with 

larger filler particles.

KEYWORDS: biocomposites, renewable materials, biodegradable, fibrous fillers, particle size
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INTRODUCTION

Biocomposites are obtained by the combination of a biodegradable polymer as the matrix material and natural fillers 

(e.g. lignocellulosic fillers). Consequently, since both components are biodegradable the resulting composite is also 

generally expected to be biodegradable 1. Due to the growing concerns over environment conservation  and 

sustainability issues, this century has witnessed noteworthy developments in green polymer science through the 

development of biocomposites 2. Within this type of materials, natural fibers-polymer composites have become an 

attractive alternative from both economic and ecological points of view 3. In general, the main advantages of vegetal 

fibers are their abundance, low density, high specific stiffness and natural biodegradability 4.

Natural fibers are derived either directly from agricultural sources -such as cotton, jute or sisal- or as a processing 

or production residues when crops are processed for their primary uses, mainly for the food industry 5. In this respect 

the utilization of bio-based by-products, waste or residues derived from industrial processes as reinforcements in 

biocomposites appears to be a promising alternative to develop affordable, sustainable and resilient new composite 

materials with adequate properties for diverse applications. Research and development on products and 

manufacturing processes aiming to mitigate environmental damages are being supported by legislative provisions, 

an important factor influencing the future prospects of natural fibers based biocomposites 6.

Notwithstanding their potential as reinforcing agents, natural fibers present some disadvantages that must be 

contemplated. These fillers are typically hydrophilic, hence are incompatible with hydrophobic polymer matrices 

and show poor resistance to moisture, and in comparison, with inorganic fibers they have lower durability and 

limited thermal and structural stability 6-10. Traditionally, these problems have been at least partially addressed by 

adequate physical and chemical modifications, though such methods increase production costs 6. Moreover, the 

aforementioned issues alongside with fibers tendency to form aggregates during processing, derive in difficulties 

in adapting their incorporation to conventional manufacturing processes. However, these can be effectively solved 

by appropriate material selection, including raw material properties, size and shape 11. Consequently, to optimize 

the characteristics of the composite materials obtained, it is necessary to consider the size of the filler used. The 
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particle size, as well as the chemical nature and surface characteristics of the reinforcement affect the interactions 

between the reinforcement and the matrix, which directly affects the properties of the materials obtained 12-13.

As has been demonstrated by other authors, besides filler nature and size, the reinforcing agent content has an 

important impact on bio-based composites mean properties 1, 14. In a previous work cassava starch reinforced films 

were developed by the casting technique and its formulation was optimized 15. The filler agent used was the bagasse 

remaining from the cassava starch extraction process dried, crushed and sieved through a 500 μm sieve. The 

reinforcement of the film matrices was demonstrated, especially through the increment in the mechanical resistance 

and the elastic modulus. Likewise, cassava peels and bagasse were investigated as fillers of films obtained by 

thermocompression 16. Thus, the main objective of the present work was to analyze the effect of the filler particle-

size on the properties of cassava starch films reinforced with the bagasse remaining from the starch extraction 

process.

To achieve a more sustainable approach, all materials require a tuned balance between their performance during 

service life and their degradation behavior after use 17. Therefore, biocomposites design should guarantee a correct 

end-of-life of the bio-based goods. Although it is known that starch-based materials are essentially biodegradable 

it is important to study the kinetics of this process since it could limit certain potential applications, for instance soil 

cover in short cycle crops. Subsequently, in-land biodegradation experiments of the developed cassava starch-based 

biocomposites were conducted, with the ultimate objective to evaluate if the bagasse filler particle-size affected the 

materials biodegradability kinetics. 

EXPERIMENTAL SECTION

Materials. Cassava roots (Manihot esculenta) were provided by the INTA Montecarlo Experimental Station farm 

(26º 33’ 40.15” S and 54º 40’ 20.06” W, Misiones, Argentina). Starch and bagasse were obtained as described 

previously 18. The fibrous residue was dried, crushed and sieved (through a 500 μm mesh sieve), later separated into 

different particle size fractions: L: 500-250 μm; M: 250-53 μm; and S: <53 μm. These fractions were separated 

through a vibratory sieve (ALEIN International, Argentina) with three ASTM standard mesh sizes of 500, 250 and 

53 µm. Each bagasse powder fraction was recovered between two sieves (or the last sieve and the base). The whole 
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fraction including all particle sizes under 500 μm named F, was also used for comparison. The cassava bagasse 

chemical composition and particle size distribution had been characterized in a previous work 16. The particles size 

range for each fraction herein studied (L, M and S) were selected considering similar mass fraction.

Preparation of films. Aqueous suspensions of 3% w/w starch with 1.5 %w/w of different size fractions of the 

fibrous filler were gelatinized at 90 °C for 20 min. Glycerol was added as a plasticizer to the gelatinized suspensions 

(25g/100g of starch), which were later dried in Petri dishes in a ventilated oven at 50 °C for 4 h. In the same way, 

two control films without filler were prepared for comparison purposes: one with the same starch content (C3 = 

3%w/w) and others with the same total solids content like the reinforced films (C4.5 = 4.5%w/w). This last control 

was included to analyze the effects of the total solids content in the different materials properties.

Filler and films characterization. Both filler and films were examined by scanning electron microscopy (SEM) 

and infrared spectroscopy by Fourier transform with attenuated total reflectance (FTIR-ATR) was used in the 

identification of different compounds and the functional groups present in the samples, as well as their interactions. 

Moreover, films thickness, density, moisture color, UV barrier capacity and opacity, water vapor permeability, 

tensile resistance and heat-sealing  capacity were studied by methods described in previous works 15-16 (for a detailed 

description see the Supplementary information).

Biodegradation in soil. Disintegration under soil composting conditions was studied using fertile soil as substrate 

(moisture: 35-40%; ash: 40-45%; C/N ratio: 7.7; organic matter: 15-20%; pH: 6.2 and electrical conductivity: 1.1 

mS.cm-1), according to the methodology described in ASTM D5988-0319. Films disks (4 cm of diameter) were 

buried at 5 cm depth from the surface to ensure aerobic degradation. The containers (220 cm3) were stored under 

controlled temperature and moisture conditions (24.9 ± 0.7 °C and 53 ± 2.5 %RH) and daily irrigated with distilled 

water to maintain soil moisture. Several authors have reported that weight variation is a good indicator of the 

degradability of polymeric materials 20-22, therefore samples biodegradation was evaluated through weight loss (%) 

monitoring of the samples throughout the degradation period: 7, 14, 21, 28, 35 and 42 days. In all cases, extracted 

samples were visually inspected and photographed.

To compare the degradation rate of the studied materials, the experimental results were fitted to the following 

sigmoid type model 20:
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     (1)Dt =
D0 ― D∞

1 + e
(t ― t50

dt )
+ D∞

where Dt is the percentage of degradation evaluated by weight difference with the normalized initial condition, D0 

and D∞ are the initial and final degradation percentages considered as 0 and 100 % respectively, t50 represents the 

average time required for the degradation of 50% of the material and dt is an empirical parameter of adjustment that 

is related to the degradation kinetic rate.

Statistical analysis. Multifactor analyses of variance were performed using InfoStat Software 23. Differences in 

the properties of the films were determined by Fisher’s Least Significant Difference (LSD) mean discrimination 

test, using a significance level of α = 0.05.

RESULTS AND DISCUSSION

Cassava bagasse was fractionated according to its particle size, each fraction presented different compositions as it 

was evidenced by SEM (Figure 1).  In the S fraction, where particles smaller than 53 μm are included, a 

predominance of starch granules remaining from the extraction procedure were observed (Figure 1.a). On the other 

hand, in the L fraction remains of the parenchyma plant tissue with occluded starch granules prevail (Figure 1.c). 

Whereas the intermediate fraction (M) presented a composition similar to that of L differing clearly in the filler 

particle size, though a greater proportion of residual starch occluded between the cell-tissue remains was observed 

(Figure 1.b). Correspondingly, the infrared spectra confirmed the compositional differences of the different 

fractions of particle size analyzed (Figure 1.d, e and f). 
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7

Figure 1. SEM micrograph (1000×) of the different fractions of cassava bagasse: a) S; b) M; c) L. FTIR-ATR spectra 

of the different particle-size fractions of ground bagasse filling (S, M, L and F): d) region 3700 - 2700 cm-1; e) 

region 1800 - 1500 cm-1 and f) region 1500 - 700 cm-1.
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The particle size distribution and chemical composition of the cassava bagasse herein studied (F) was analyzed in 

a previous work 15, presenting a greater proportion of particles smaller than 53 μm and larger percentage of 

carbohydrates. Likewise, the smaller particles (S) exhibited sharper bands indicating a more homogeneous 

composition. The characteristic bands of cassava starch are observed presenting minor variations in the frequency 

and intensity of the bands, probably due to the presence of some other compounds from cellular tissues that are 

present in low concentrations. A wide band at 3300 cm-1, associated with inter- and intra-molecular hydrogen bridge 

interactions between the OH groups of the polysaccharides 24-27, and another between 2850 and 2930 cm-1, 

corresponding to the stretching vibrations of CH bonds in the methyl and methylene groups thereof 24-25, 27-28, are 

observed (Figure 1.d). As detailed in Table S1, in the region 1700 - 1200 cm-1 vibrations associated with bound 

water and "free" water in starch are detected, however, when analyzing the different fractions spectra, as the residue 

particle-size increases bands contributions corresponding to compounds from the cell wall of the parenchymal root 

tissue start to be observed. On the one hand, the spectra of all the fractions larger than 53 μm, present a small band 

close to 1734 cm-1, which presents greater intensity and lower frequencies for the M fraction and all the fractions 

that conform it (Figure 1.e). This band is attributed to the acetyl and uronic ester groups of the hemicelluloses and 

pectins or to the ester bond of the carboxylic group of the ferulic and p-coumaric acids of lignin and/or hemicellulose 

26, 29. A wide peak around 1651 cm-1 is observed in all fractions which is associated, as mentioned by numerous 

authors, with the modes of flexion of absorbed water and some contributions of the carboxylic groups of pectins 

and other minor carbohydrates present in bagasse 27-28. However, as the particle size increases, the peak widens and 

shifts towards lower frequencies and the growth of one shoulder at 1538 cm-1 was observed, which is associated to 

the presence of proteins. Likewise, for fractions with larger particles (M, L and F) when the aforementioned peak 

is deconvoluted two important contribution bands at 1641 and 1600 cm-1 were identified: the first one associated to 

the absorbed water flexion and minor carbohydrates carboxylic groups as in fraction S, and the second one 

correlated to the increasing contributions of the band at 1598 cm -1 ascribed to the skeletal stretch of lignin aromatic 

rings 30 (Table S1 and Figure 1.e). The fractions M, L and F, as well as the minor fractions that comprise them, 

presented characteristic bands of cellulose and hemicellulose with certain shifts due to the superposition of bands 

Page 8 of 21

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

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



9

at: 1367, 927 and 897 cm-1, which correlate with peaks 1372, 910 and 897 cm-1 from C-H groups bending in 

cellulose and hemicellulose and O-H group bending from β-glycosidic bonds in glucose (Table S1 and Figure 1.f).

Regardless of its size, the polymer matrix was able to retain the filler particles forming continuous films, which 

were visually differentiated due to their coloration and transparency (Figure S1). The control samples were colorless 

and translucent (Figure S1.a and b), while the reinforced films were more opaque the larger the size of the filling 

used (Figure S1.c, d, e and f).

Figure 2. Color parameters and optical properties of cassava starch films reinforced with bagasse fractions of 

different particle sizes: a) luminosity (L *) and color difference with respect to the white standard (ΔE); and b) films 

UV-light barrier capacity (area under the curve between 200-400 nm) and opacity (area under the curve between 

400-700 nm).
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The visual observations correlate with the color parameters determination: L* (luminosity), C* (chroma), h° (hue) 

and ΔE (color difference). The luminosity of the material decreased with the addition of larger particles, with no 

significant differences (p > 0.05) among the controls (C3 and C4,5) and the films reinforced with S (Figure 2.a). 

However, when larger filler particles are added film luminosity significantly (p<0.05) decreased, exhibiting the L 

films the lowest value. Accordingly, the greatest color differences were evidenced for films with L, F and M 

fractions, respectively (Figure 2.a). This parameter behavior correlates with the observed variations in brightness 

and the chromaticity parameters of the samples (hue and saturation, data not shown).

As regards the optical barrier properties, the UV-visible spectra showed an increase in the absorbance of the 

composite materials with the incorporation of the filler, this increment being greater for the L and F films (Figure 

3.b). Likewise, when compared to the control starch film other authors have also reported an increase in starch-

based composites opacity with filler content 31. Presumably, this effect results from a physical obstruction of the 

light by the particles which is directly related to its size. In addition, the increase in the UV-barrier capacity of the 

composite films could be attributed to the presence of phenolic compounds characteristic of lignin present in the 

remaining parenchymal tissue predominant in the L, F and M fractions of the bagasse .

The films SEM micrographs showed that in all cases the load was completely covered by the starch matrix (Figure 

3), indicating the filler-polymer compatibility 32. However, in the materials containing larger bagasse particles (L 

and F) the images reveal the heterogeneity in the films thickness, resulting in rougher surfaces which was reflected 

in the high standard deviation values for these samples thickness (Table 1). In this way, the thickness of the materials 

increased with the particle size of the filling (Table 1). 

However, it is noteworthy that regardless of the composition no pores or cracks were observed in the surface or the 

cross-section of the materials, which would drastically affect their mechanical and barrier characteristics.
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11

Figure 3. SEM micrographs of cassava starch films reinforced with bagasse fractions of different particle size: 

surface images at 500× from samples C3 (a), C4.5 (b), S (c), M (d), L (e), and F (f); and cross-sections 1000× of 

samples C3 (g), C4.5 (h), S (i), M (j), L (k) and F (l).
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Likewise, the FTIR-ATR spectra did not show substantial differences (Figure S2), observing the characteristic 

peaks of starch as detailed in Table S1. Analogous to the bagasse fractions, the spectra of the films showed a broad 

band in the region 3500 - 3000 cm-1, corresponding to hydrogen bonding interactions both between the components 

of the matrix and with the water bound to it, evidencing its compatibility. As expected, the spectra of the films 

presented a greater area and intensity of this band, due to the greater number of interactions involved in the 

formation of the polymeric matrix. The main differences are observed in the region of the carbohydrate fingerprint, 

in which the vibrations of the C-O-C and C-O-H bonds of the glycosidic ring are evident. In this area, the differences 

between the control and reinforced samples (mainly fractions F, M and L) are attributed to the presence of the 

different components of the cell wall: cellulose, hemicellulose/arabinoxylans, xyloglucans, pectin and lignin, among 

others. 

As regards films end properties results are summarized in Table 1. As expected, composite materials presented 

significantly (p < 0.05) lower density than starch-based control films with the same total solid content (C4,5). Films 

with small-sized particle fillers (S) presented a similar density than control films (C3) presumably due to its greater 

proportion of starch granules (Figure 1.a). For larger particles density decreases with bagasse particle size fraction 

Table 1. Thickness, moisture content, water vapor barrier and mechanical resistance to tensile test and heat-sealing of 

cassava starch-based materials reinforced with 1.5% w/w of different particle-size fractions of cassava starch bagasse. 

Tensile mechanical resistance Seal strength

Film 
Thickness 

(µm)

Density 

(g/cm3)

Moisture 

(%)

WVP×1011

(g/ m s Pa)

Tensile 

strength 

(MPa)

Elongation 

at break 

(%)

Elastic 

modulus

(MPa)

Max. seal 

resistance 

(MPa)

Energy to 

break the 

seal 

(kJ/m3)

C3 92.7 ±9a 1.48 ±0.02d 20.3 ±1.9b 10.66 ±2.4a 1.3 ±0.1a 35.8 ±10.7c 505 ±173ab 1.7 ±0.5a 1154 ±337d

C4,5 130.5 ±5b 1.56 ±0.01e 12.5 ±1.7a 15.39 ±2.0bc 11.3 ±3.3c 11.3 ±5.4ab 757 ±38abc 2.2 ±0.8ab 162 ±52ab

S 124.5 ±8b 1.47 ±0.02d 12.6 ±0.2a 13.36 ±0.5ab 16.3 ±2.4de 7.5 ±1.2ab 3028 ±701d 1.4 ±0.9a 29 ±10a

M 133.6 ±8b 1.28 ±0.03c 13.7 ±1.8a 17.93 ±2.3c 20.2 ±5.3e 13.1 ±5.4b 1033 ±25bc 5.7 ±0.7c 389 ±105c

L 184.2 ±14c 1.05 ±0.01b 11.2 ±0.1a 35.77 ±1.5d 6.7 ±1.7b 5.7 ±2.1a 195 ±18a 2.2 ±0.5ab 157 ±40b

F 177.5 ±20c 0.79 ±0.03a 13.4 ±0.8a 14.61 ±0.7ab 14.7 ±2.1d 5.8 ±1.9a 1247 ±35c 3.4 ±0.5b 62 ±16ab

Note: Reported values correspond to the mean ± standard deviation. 
           Different letters within the same column indicate significant differences (p < 0.05).
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(M>L). In this regard, F biocomposites presented the lowest density values. This effect could be attributed how 

filler particles with different sizes fit within the starch matrix, probably giving place to less clustered and therefore 

lighter structures. These results are in accordance to those reported by other authors working on different starch-

based biocomposites 33-34.

In comparison, even though no pores or cracks were detected by SEM (Figure 3) the WVP of the films was 

significantly (p < 0.05) higher for the large particle size films (L). These results were attributed to the discontinuities 

in the material matrix structure, although the bagasse particles were completely covered by the starch matrix when 

only large particles are included. Besides, L films present the greater standard deviations in films thickness values 

(Figure 3.e and Table 1). In the same way, these discontinuities that constitute points of tension in the material, 

could be responsible for the decrease of the tensile strength and the modulus of elasticity of the same (Table 1). The 

permeability decreases with the particle size of the filler (L> M> S> C), resulting similar to that of the films that 

contain all the bagasse fractions (F). The control with the same solids content as the composite materials (C4,5) 

presented a slightly higher WVP than the C3 control. The obtained WVP values are within the range of those 

reported by other authors for other polysaccharides films35-36.

As shown in Table 1, films with F and S particles improved the tensile strength of the material, although they 

reduced the film flexibility, while the medium-sized particles (M) reinforced the matrix with less impact on the 

elongation. These mechanical properties enhancement in M samples is thought to be consequent of a balance 

between parenchymal tissue content and particle size of this bagasse fraction giving place to thicker, stronger and 

more flexible materials. On the contrary composites containing L particles presented the lowest elongation at break, 

attributed to the discontinuities previously mentioned. Although the starch control films (C3) showed a high 

percentage of elongation at break due to the more efficient plasticizing effect of glycerol on this matrix, its 

mechanical properties are poor. The reinforcing effect of natural fibers has been extensively discussed in literature, 

thus it should be noted that these results are within the range of those reported for other starch-based biocomposites 

37-38. In general, and as expected, the mechanical characteristics of the S films and the C4,5 control are similar, due 

to the high starch content of the S fraction. This same trend was also observed for water vapor barrier properties 

(Table 1).
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All films were successfully heat sealed by the impulse technique, widely used in the case of flexible synthetic 

materials 39. In accordance with the standard failure modes described in ASTM F 88-00 40, sealed films typically 

broke near the closure indicating that the mechanical strength of the seal is greater than that of the material. 

However, reinforced films presented, in general, greater resistance to sealing than control and higher than those 

reported for corn starch films by López, et al. 41. Compared with synthetic materials though, fiber-reinforced films 

exhibited lower resistance to sealing, since the values obtained were: 63.0 ± 11.6 MPa and 4.0 ± 0.6 MPa, for low 

density polyethylene (LDPE) and for reinforced cassava starch films (F), respectively (for test description see 

Supporting Information).

It should be noted that the observed variations in the behavior of C4.5 films can be explained considering that the 

failure mode was not uniform in all cases, even though the number of replicates analyzed for this sample was higher 

than the rest (20 vs. 15 replicates).

In summary, the loading particle size had a substantial effect on the mechanical, barrier and optical properties of 

the composite materials based on cassava starch. As expected, the reinforced films with a particle size of less than 

500 μm (F) showed an intermediate behavior to that of the films containing fillers with different fractions of the 

bagasse (L, M and S), probably due to a combination of its individual effects on the matrix.

In addition, an integral study of the biodegradation process was carried out, making a photographic, gravimetric 

and microscopic follow-up. Figure 4 shows the sequence of photographs of soil biodegradation of composite films 

reinforced with different particle size and no-load control. In this test, only the C3 control was included due to the 

high number of samples that should be evaluated and the mechanical behavior and barrier properties of the C4.5 

control were statistically comparable to that of the S films.
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Figure 4. Photographic follow-up of soil biodegradation process of films reinforced with different particle size of 

bagasse along a 42 days long assay.

In an analogous way it was observed by scanning electron microscopy (Figure S3) that after 15 days the degradation 

of the films with smaller particles (M and S) and the control, is mainly due to the erosion and mechanical 
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degradation of the sample; while in the films containing L and F fractions some hyphae were observed, which 

indicated the colonization of fungi coming from the soil (Figure S3). However, at higher times all the tested 

materials showed an important microbial degradation.

Table 2 shows the results obtained from the weight loss data fitting to the Boltzmann model. In all cases, the 

adjustment was acceptable (r2 > 0.8129), although there is greater dispersion at longer times. The findings indicated 

that films reinforced with bagasse particles greater than 53 μm (M, L and F) have a significantly longer t50 

degradation time (p < 0.05) than that of the control or S films. On the other hand, the empirical parameter of 

adjustment dt, which is inversely related to the speed of degradation of the material, presents an analogous behavior, 

indicating a delayed degradation of the reinforced materials: M, L and F.

These results are correlated with the bagasse fractions composition and characterization by SEM and FTIR, since 

they indicate that the S fraction is basically constituted by starch remaining from the extraction process and therefore 

presents a behavior similar to the control film. Compared with other biodegradable polymers, other authors have 

reported similar and even lower average biodegradability times for PLA-PHB composite materials reinforced with 

cellulose nanocrystals 20 or PLA reinforced with clays 42. 

Table 2. Biodegradation kinetics empirical parameters 

of cassava starch-based films reinforced with cassava 

bagasse filler particles of different size.

Film
t50

(days)

dt

(days)
r2

C3 14.51 ± 1.36a 5.91 ± 1.33a 0.9099

S 12.41 ± 2.09a 4.09 ± 1.72a 0.8129

M 24.82 ± 1.55b 10.68 ± 1.53b 0.9312

L 23.80 ± 2.35b 11.33 ± 2.58b 0.8238

F 25.88 ± 1.54b 10.23 ± 1.36b 0.9242

Note: Reported values correspond to the mean ± standard deviation. 

Different letters within the same column indicate significant differences 

(p < 0.05).
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Overall, these results would indicate the potential of these materials for agronomic purposes, since degradation in 

soil of all the starch materials studied (reinforced and control) is guaranteed in less than 50 days: a key feature in 

applications such as soil cover or replanting pots. Moreover, the biodegradable nature of these materials and their 

ability to be thermally sealed, could lead to the development of containers for specific food applications, such as 

the preservation of organic products.

Finally, the effect of the bagasse filler particle-size impact on cassava starch-based biocomposites properties have 

been studied, showing that particles have a greater impact over different materials properties depending on their 

size and composition. Therefore, a greater UV-visible barrier capacity is attributed to the large particles charge (L), 

while the mechanical properties improved mainly due to medium sized particles (M) and the smaller particles 

fraction (S) reduced the WVP with respect to the control (C3). Moreover, reinforced films with all the fractions (F) 

showed an intermediate behavior of that of films containing different fractions of bagasse (L, M and S) with lower 

density. Considering these results, it would be important that future research on biocomposites thoroughly 

investigate the particle size distribution of the used filler since it may have important influence on the material’s 

end of use properties. 
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