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Abstract 
In recent years, there has been a growing discussion about the problems re-
lated to the massive use of many synthetic plastic materials, which inevitably 
leads to an increase in environmental pollution caused by the inappropriate 
disposal of these materials. In this sense, biodegradable materials have been a 
subject of great interest, as they are a real alternative to replace these mate-
rials and tackle this issue. In this work, fully biodegradable composites were 
prepared by solution casting method. Microcrystalline cellulose (MCC) and 
treated microcrystalline cellulose (TMCC) were separately incorporated into 
biodegradable PLA and PHB matrices at ratios of 3, 5 and 7 wt% and the 
properties of the obtained biocomposites were evaluated by TGA, DSC, XRD 
and TD-NMR. From thermal analyses, it was seen that TMCC resulted in 
better thermal stability and 3 wt% of filler, in general, promoted a more pro-
nounced thermal improvement. Furthermore Tg, Tc and Tm remained prac-
tically unchanged after MCC and TMCC addition. From XRD it was seen 
that the cellulose fillers influence in different ways the matrices, promoting 
increase or decrease in the degree of crystallinity. Finally, the results obtained 
by TD-NMR showed a decrease in the T1H values for all prepared biocompo-
sites, indicating a good dispersion of the cellulose fillers in the matrices and 
pointed that the systems containing 3 wt% of cellulose fillers were the most 
homogeneous formulations. 
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1. Introduction 

In the last few decades, there has been a progressive increase in the production 
and use of petroleum-based polymers [1] [2]. The systematic growth of these 
synthetic materials production and their post-use disposal have resulted in a 
massive polymeric waste generation. This panorama can both contribute to fos-
sil fuel depletion and environmental pollution. Consequently, the management 
of polymeric waste accumulation is becoming a major concern in terms of pre-
serving the environment and sustainable development [3] [4].  

In this regard, materials made of polymers from natural renewable sources or 
bio-based polymers, have been developed to replace traditional petroleum-based 
materials in many applications and, consequently, reduce the polymer waste 
problem and the global dependence on fossil sources [5]. Biodegradable poly-
mers have important advantages over those obtained from petroleum such as 
biodegradability, biocompatibility, low toxicity, sustainability, among others [6] 
[7] [8] [9]. However, the wide application of these polymers is still a challenge 
due to inherent limitations on their performance in comparison to conventional 
polymers, which in general exhibit better mechanical properties and thermal 
stability [10]. 

Many studies have shown that the development of bio-based materials with 
natural reinforcement fillers, such as cellulose, starch, and chitin, appears as a 
promising strategy to provide the improvement of their properties [11]. Cellu-
lose particularly has been largely employed to produce these fillers, granted be-
ing the most abundant biopolymer in nature and available from a wide variety of 
sources, such as plants and microorganisms [12] [13] [14] [15] [16]. In addition, 
the application of cellulose as the dispersed phase in biodegradable polymer ma-
trices promotes in many cases enhanced performance concerning several factors, 
including barrier, thermal, and mechanical properties.  

There are many reports about the reinforcing effects of cellulose-based filler 
or nanofiller incorporated into biodegradable polymer matrices [17]-[33], which 
demonstrate that the addition of low percentages of this type of fillers has posi-
tive effects on the structural properties of these polymers. However, obtaining 
optimal properties requires appropriate dispersion of cellulose particles within 
the polymer matrix. Ultrasonication treatment has been commonly used as a 
mechanical method to improve cellulose particles and nanoparticles dispersion 
in different solvents and polymer matrices [34]-[40]. 

In the present work, fourteen fully biodegradable films were developed by the 
solution casting method, in which seven were made with PLA, and the other 
seven with PHB. Microcrystalline cellulose was incorporated in these matrices at 
the ratios of 3, 5 and 7 wt%. Besides comparing the influence of cellulose pro-
portion, the present study also aimed at comparing the effect of the incorpora-
tion of microcrystalline cellulose without any treatment (MCC) and after being 
treated by ultrasonication (TMCC), since there are very few studies showing this 
comparison. The biocomposites obtained were characterized by conventional 
techniques, namely thermogravimetric analysis (TGA), differential scanning ca-

https://doi.org/10.4236/msa.2021.1212037


L. V. Costa et al. 
 

 

DOI: 10.4236/msa.2021.1212037 563 Materials Sciences and Applications 
 

lorimetry (DSC), X-ray diffraction (XRD) and by an unconventional technique, 
Time Domain—Nuclear Magnetic Resonance (TD-NMR). This technique, de-
spite providing relevant information on the molecular dynamic behavior and 
homogeneity at the molecular level of hybrid materials such as composites and 
nanocomposites [41] [42] [43] [44], which contribute to the understanding of 
many properties of materials, has been little explored for the study of composite 
material. Moreover, scanning electron microscopy (SEM) was carried out to eva-
luate the effect of ultrasonication treatment on the morphology of microcrystalline 
cellulose filler.  

2. Materials and Methods 
2.1. Materials 

The poly(3-hydroxybutyrate) (PHB) was supplied by PHB Indústria do Brasil, 
polylactic acid (PLA) was supplied by Nature works. Microcrystalline cellulose 
(MCC) ph102 powder was supplied by Viafarma. Treated microcrystalline cel-
lulose (TMCC) was obtained by ultrasonication treatment of the MCC. Chloro-
form (CHCl3) used as solvent was purchased from Merck. 

2.2. Preparation of the Microcrystalline Cellulose  

MCC was used as received, while TMCC underwent an ultrasonication treat-
ment to verify a possible size reduction and shape modification and to investi-
gate the influence of these parameters on the properties and homogeneity of the 
prepared systems. Ultrasonication treatment was carried out in an Eco-sonics 
equipment from Ultronique Company, Desruptor model, at a frequency of 20 
kHz and potency of 500 W. Aqueous suspensions containing MCC at 1 wt% 
were subjected to sonication at 25˚C for 60 min. 

2.3. Preparation of the Biocomposites Systems 

Biodegradable composites films were obtained by solution casting method, uti-
lizing PHB and PLA as matrices and two types of cellulosic filler: MCC and 
treated MCC (TMCC). To obtain the cellulosic biocomposites systems, solutions 
of PHB/CHCl3 and PLA/CHCl3 at 10% w/v were separately prepared under 
magnetic stirring for 24 hours at room temperature. The PHB solution was sub-
jected to an additional hour under magnetic stirring at 50˚C to complete poly-
mer solubilization. After the polymer solutions preparation step, MCC/CHCl3 and 
TMCC/CHCl3 dispersions at concentrations of 3, 5 and 7 wt% (filler/polymer) 
were prepared by magnetic stirring for 30 min at room temperature followed by 
sonication bath for 30 min. Immediately after, the polymer solutions were added 
to the cellulosic fillers dispersions and the resulting mixtures were kept under 
constant magnetic stirring for 1 hour at room temperature. The materials ob-
tained were poured into glass Petri dishes and placed in the exhaust hood at 
room temperature for at least seven days to eliminate all residual solvent. The 
materials obtained were coded as described in Table 1. 
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Table 1. Codification and description of the obtained materials. 

Code for 
PHB systems 

Material  
description 

Code for 
PLA systems 

Material 
description 

PHB Unfilled PHB PLA Unfilled PLA 

PHB/MCC 3 PHB with 3 wt% MCC PLA/MCC 3 PLA with 3 wt% MCC 

PHB/MCC 5 PHB with 5 wt% MCC PLA/MCC 5 PLA with 5 wt% MCC 

PHB/MCC 7 PHB with 7 wt% MCC PLA/MCC 7 PLA with 7 wt% MCC 

PHB/TMCC 3 PHB with 3 wt% TMCC PLA/TMCC 3 PLA with 3 wt% TMCC 

PHB/TMCC 5 PHB with 5 wt% TMCC PLA/TMCC 5 PLA with 5 wt% TMCC 

PHB/TMCC 7 PHB with 7 wt% TMCC PLA/TMCC 7 PLA filled with 7 wt% TMCC 

2.4. Characterization of the Microcrystalline Cellulose Fillers  

Scanning Electron Microscopy (SEM) technique was employed for direct inves-
tigation of the morphology of microcrystalline cellulose before and after ultraso-
nication treatment. The MCC and TMCC were analyzed in powder form, as 
samples were placed on a double-sided adhesive carbon tape after being sput-
ter-coated with gold for 4 min. Images were taken with Hitachi TM3030 Plus 
scanning electron microscope (SEM) applying an accelerating voltage of 1 - 15 
kV. 

2.5. Characterization of the Biocomposites  

Thermal stability of the materials was evaluated by thermogravimetric analysis 
(TGA) using a TA Instruments TGA Q500 with precision of ±2˚C. The samples 
were placed in a platinum holder under continuous flow of nitrogen at a heating 
rate of 10˚C/min in the range from 20˚C to 700˚C.  

Differential scanning calorimetry (DSC) was carried out using a TA Instru-
ments Q1000 calorimeter (with temperature accuracy of ±2˚C) under a nitrogen 
flow rate of 50 mL/min. The temperature range for the test was from −50˚C to 
200˚C, with heating and constant cooling at 10˚C/min. The thermal data such as 
melting temperature (Tm), crystallization temperature (Tc) and glass transition 
temperature (Tg) of systems were evaluated after subjection to a second heating 
ramp designed to remove the effect of prior thermal history.  

Crystalline profile of the produced biocomposites was evaluated by X-ray dif-
fraction (XRD) using a Rigaku Ultima IV diffractometer with CuKα radiation 
generator (λ = 0.154 nm, 40 Kv, 120 mA) at room temperature, in the range of 
2θ from 2˚ to 40˚ at a rate of 1˚/min and step of 0.05˚. The degree of crystallinity 
of the materials were determinated using Origin® software, according to the eq-
uation XC (%) = IC/(IC + IA) × 100, where Xc is the crystallinity degree; Ic is 
the sum of the areas under the crystalline peaks and IA is the area of the 
amorphous halo. The peaks were deconvoluted using Gaussian peak function.  

Time Domain—Nuclear Magnetic Resonance (TD-NMR) was employed to 
determine the spin-lattice relaxation times of the hydrogen nucleus (T1H) and 
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to plot the distribution domain curves, using a Maran Ultra spectrometer oper-
ating at 23 MHz, employing inversion-recovery pulse sequence (recycle delay— 
180˚—τ—90˚—acquisition time). The analysis was carried out under the tem-
perature of 27˚C; with τ values varying from 0.01 to 10,000 ms and recycle in-
terval of 3 s, using 40 points with 4 accumulations. The spin-lattice relaxation 
times were obtained with the aid of WinFit program and the distribution do-
main curves were fitted with WinDXP program. 

3. Results and Discussion 
3.1. Characterization of the Microcrystalline Fillers  

Figure 1 presents the images obtained by scanning electron microscopy (SEM) 
for MCC and TMCC fillers. Images revealed that the ultrasonication treatment of 
MMC promoted changes both in size and shape of the particles. It was possible to 
observe that before treatment MCC fillers presented a more regular morphology 
exhibiting predominance of long structures (Figure 1(A) and Figure 1(B)). Af-
ter ultrasonication treatment (Figure 1(C) and Figure 1(D)) the microcrystalline  
 

 
Figure 1. SEM images obtained for MCC (A, B) and TMCC (C, D). 
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cellulose particles presented a reduction in size and a more irregular shape, with 
few long structures and the presence of aggregates of smaller particles (Figure 
1(C) (yellow circle) and Figure 1(D). 

3.2. Characterization of the Biocomposites 
3.2.1. Thermogravimetric Analysis (TGA)  
Two parameters were measured by thermogravimetric analysis to study the 
thermal stability of the prepared materials: the initial degradation temperature 
(Tonset) and temperature of maximum degradation rate (Tmax). The Tonset 
values were obtained from TG curves and denote the lowest temperature at 
which mass variation of the material occurs. In turn, the Tmax values were ob-
tained from the peak of each DTG curve, which refers to the temperature where 
the degradation speed occurs more sharply. The results obtained from this anal-
ysis are denoted in Table 2 and Figure 2.  

According to the results displayed in Table 2 and Figure 2 it was seen that for 
PHB biocomposites systems, the addition of MCC at 7 wt% and TMCC at 5 and 7 
wt% did not interfere significantly on the thermal stability of the PHB matrix, while  
 

 

 
Figure 2. TG and DTG curves obtained for PHB, PLA and their biocomposites. 
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Table 2. Tonset and Tmax values found for PHB and PLA composites.  

PHB Systems Tonset (˚C) Tmax (˚C) PLA Systems Tonset (˚C) Tmax (˚C) 

PHB 256 270 PLA 320 347 

PHB/MCC3 266 279 PLA/MCC3 332 354 

PHB/MCC5 224 238 PLA/MCC5 322 342 

PHB/MCC7 251 267 PLA/MCC7 317 342 

PHB/TMCC3 272 286 PLA/TMCC3 330 350 

PHB/TMCC5 257 271 PLA/TMCC5 338 359 

PHB/TMCC7 256 270 PLA/TMCC7 319 341 

 
the addition of MCC at 5 wt% caused an important decrease on this thermal beha-
vior. This result suggests that PHB/MMC5 system formed a non-homogeneous 
material due to the inefficient dispersion of the MMC into PHB matrix. On the 
other hand, the samples containing 3 wt% of both microcrystalline cellulose fil-
ler (MCC and TMCC) demonstrated an increase on the thermal stability. Com-
pared to unfilled PHB, PHB/MCC3 had an increase of 10˚C on Tonset and 9˚C 
on Tmax, while PHB/TMCC3 had an increase of 14˚C and 16˚C on Tonset and 
Tmax, respectively. This result indicates that for PHB composites the best pro-
portion of cellulose filler was 3 wt% and that the ultrasonication treatment of this 
filler was important, making the improvement of this property more effective.  

For PLA biocomposites, the results (Table 2 and Figure 2) showed that the 
addition of 5 and 7 wt% of MMC did not cause significantly change on the 
thermal stability of the PLA matrix, while the addition of 3 wt% promoted an 
improvement on the thermal performance of the PLA matrix, with an increase 
of 12˚C on Tonset and 7˚C on Tmax. For the samples prepared with TMCC, the 
best system composition was with TMCC 5 wt%, exhibiting an increase of 18˚C 
on Tonset and 12˚C on Tmax. Comparing the results obtained for the prepared 
systems with MCC and TMCC, it was clear that the treated microcrystalline cel-
lulose (TMCC) promotes a better thermal performance for both biodegradable 
matrices studied in this work.  

3.2.2. Differential Scanning Calorimetry (DSC) 
The glass transition temperature (Tg), the melting temperature (Tm) and the 
crystallization temperature (Tc) obtained from DSC are denoted in Table 3. 

According to results, the glass transition temperature (Tg), the melting tem-
perature (Tm) and the crystallization temperature (Tc) found for PHB were 
3.6˚C, 174˚C and 48˚C, respectively and for PLA were 62˚C, 174˚C and 99˚C, 
respectively. Analyzing the results obtained for biocomposites prepared in this 
study with both biodegradable matrices and both cellulose filler types, it was 
possible to notice that the addition of MCC or TMCC did not affect these ther-
mal properties in any of the proportions studied, maintaining practically un-
changed these thermal characteristics Tg, Tm and Tc of the PHB and PLA ma-
trices.  
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Table 3. Thermal data obtained by DSC for PHB, PLA and their biocomposites.  

PHB systems Tg (˚C) Tm (˚C) Tc (˚C) PLA systems Tg (˚C) Tm (˚C) Tc (˚C) 

PHB 3.6 174 48 PLA 62 174 99 

PHB/MCC3 3.5 173 48 PLA/MCC3 62 174 100 

PHB/MCC5 3.7 174 49 PLA/MCC5 62 174 99 

PHB/MCC7 N.D.* 173 45 PLA/MCC7 62 174 97 

PHB/TMCC3 3.4 173 46 PLA/TMCC3 62 174 98 

PHB/TMCC5 3.5 173 45 PLA/TMCC5 62 174 97 

PHB/TMCC7 N.D.* 173 43 PLA/TMCC7 62 174 98 

3.2.3. X-Ray Diffraction (XRD)  
Figure 3 and Figure 4 present the diffractograms obtained for PHB and PLA 
biocomposites, respectively, as well as for isolated MCC, TMCC, PHB and PLA. 
For MCC and TMCC it was found characteristics peaks related to cellulose at 2θ 
around 14.5˚, 16.5˚, 22.5˚ and 35˚ attributed to the planes of (110), (1 - 10), 
(200) and (004), respectively [45] [46].  

PHB, PHB/MCC and PHB/TMCC systems revealed a similar crystalline pro-
file corresponding to orthorhombic crystal planes (Figure 3). It was observed 
two strong scattering intensity peaks detected around 2θ 13˚ and 17˚, which is 
assigned to the (020) and (110) planes of the orthorhombic unit cell, respective-
ly. Other weaker reflections located at around 22.5˚, 26˚, 27˚ and 31˚ correspond 
to (111), (121), (040) and (002), respectively. Furthermore, all the samples pre-
sented a small amount of orthorhombic β-form crystal with zig-zag conforma-
tion, as revealed by the reflection of the (021) plane located at around 2θ = 20˚ 
[47] [48] [49]. Compared to pure PHB, some PHB/MMC and PHB/TMCC sys-
tems presented slight changes in peak intensities, which can be attributed to 
changes in the crystalline profile. The calculated degree of crystallinity for stu-
died materials is denoted in Table 4. It was found that for PHB/MCC systems, 
the formulation containing 5 and 7 wt% of MCC presented an increase of 5.8% 
and 6.6% on degree of crystallinity, respectively, while PHB/MCC3 did not present 
significant changes. On the other hand, PHB/TMCC formulations showed op-
posite behavior, such that the formulations containing 5 and 7 wt% of TMCC 
maintained the degree of crystallinity practically unchanged and the PHB/TMCC3 
formulation presented an increase of 7.3% on this parameter. This result sug-
gests that MCC and TMCC influence differently on the PHB matrix. The in-
crease in the peak intensity located at 2θ = 22.5˚ observed for systems containing 
5 and 7 wt% of MCC and TMCC is attributed to (002) plane of the cellulose fil-
lers, which are present in higher proportions for these compositions.  

XRD patterns obtained for PLA, PLA/MCC and PLA/TMCC are presented in 
Figure 4. It was possible to observe that PLA presented a typical semi-crystalline 
diffractogram with a very strong reflection at 2θ = 16.9˚ due to diffraction from 
(110) and/or (200) planes, besides the less intense peaks at 19.3˚ attributed to the 
reflection of the (203) plane [50] [51]. Similar diffraction patterns were observed  
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Figure 3. Diffractograms obtained for PHB, PHB/MCC and PHB/TMCC systems. 

 
Table 4. Degree of crystallinity of PHB, PLA and their biocomposites. 

PHB systems Xc (%) PLA systems Xc (%) 

PHB 67 PLA 46 

PHB/MCC3 69 PLA/MCC3 50 

PHB/MCC5 73 PLA/MCC5 42 

PHB/MCC7 74 PLA/MCC7 41 

PHB/TMCC3 75 PLA/TMCC3 48 

PHB/TMCC5 68 PLA/TMCC5 44 

PHB/TMCC7 68 PLA/TMCC7 39 
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Figure 4. Diffractograms obtained for PLA, PLA/MCC and PLA/TMCC systems. 

 
in PLA/MCC and PLA/TMCC systems, which indicates that the incorporation 
of these cellulose fillers did not affect the crystal forms of PLA. Moreover, it was 
possible verify the peak at around 2θ = 22.5˚, which is attributed to (002) plane 
of cellulose fillers. Regarding the degree of crystallinity, it was seen that the sam-
ple containing 3 wt% for both cellulose fillers (MCC and TMCC) presented a 
slight increase on this parameter. PLA/MCC3 PLA/TMCC3 presented an in-
crease of 4.2% and 2.0% on the degree of crystallinity, respectively. The other 
formulations presented a slight decrease, especially PLA/TMCC7 which revealed 
a 7.1% decrease on this parameter (Table 4). 
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3.2.4. Time Domain-Nuclear Magnetic Ressonance (TD-NMR) 
TD-NMR is an unconventional technique that provides information about mo-
lecular dynamic behavior and homogeneity of materials at the molecular level. 
On this account, TD-NMR is crucial for the characterization of hybrid materials, 
such as polymer composites and nanocomposites [42] [43] [44] [52].  

The molecular dynamic of the materials was evaluated through hydrogen 
spin-lattice relaxation time (T1H) and their homogeneity were investigated by 
fitting domain distribution curves. These plots provide information on homo-
geneity, according to the number of curves present in the plot and these curves’ 
base width.  

Regarding relaxation measurements, it was observed, in general, a tendency of 
progressive decrease in the T1H values with the increase in microcrystalline cel-
lulose proportion, regardless of the type (Table 5). This behavior was observed 
for both PHB and PLA matrices, which indicates that both MCC and TMCC 
promoted an increase on the molecular freedom of polymer chains. This points 
to a good dispersion of these fillers, which presumably led to a reduction of the 
inter- and intramolecular interaction within the polymer chains. Comparing the 
systems prepared with MCC and TMCC at the same filler proportions, for PHB 
biocomposites it was observed that all systems prepared with TMCC had lower 
T1H values, indicating a more important change on the PHB matrix. This result 
was clearly observed for PHB systems containing 5 wt% of cellulose filler, where 
PHB/TMCC5 presented a more pronounced decrease of T1H value (565 ms) 
compared to PHB/MCC5 (582 ms), which suggests a better dispersion when 
TMCC is used in this proportion. 

PLA biocomposites presented a different behavior, showing higher T1H values 
for the biocomposites prepared with TMCC at 3 and 7 wt% and lower T1H value 
for PLA/TMCC5. This result indicated that for systems containing 3 and 7 wt% 
of cellulose filler, the MCC was more effective on the dispersion and for system 
containing 5 wt% of filler, the TMCC presented greater influence, as seen by the 
lowest T1H values found, when compared to systems containing the same pro-
portion of cellulose, which indicates a better cellulose filler dispersion. The results 
obtained for T1H values indicate that MCC and TMCC act differently on the filler 
dispersion when added in the PHB or PLA matrices. Regarding to homogeneity at  
 
Table 5. T1H values obtained for PHB, PLA and their biocomposites. 

PHB systems T1H (ms) ± 2% PLA systems T1H (ms) ± 2% 

PHB 643 PLA 724 

PHB/MCC3 580 PLA/MCC3 679 

PHB/MCC5 582 PLA/MCC5 708 

PHB/MCC7 533 PLA/MCC7 625 

PHB/TMCC3 577 PLA/TMCC3 697 

PHB/TMCC5 565 PLA/TMCC5 678 

PHB/TMCC7 529 PLA/TMCC7 640 
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molecular level it was observed through domain distribution curves (Figure 5 and 
Figure 6) that for PHB and PLA biocomposites systems, the most homogeneous  
 

 
Figure 5. Domain distribution curves obtained for PHB/MCC and PHB/TMCC biocom-
posites. 
 

 
Figure 6. Domain distribution curves obtained for PLA/MCC and PLA/TMCC biocom-
posites. 
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systems were the formulations containing 3 wt% for both MCC and TMCC. This 
result justifies the increase on the thermal stability observed from TGA for these 
systems.  

4. Conclusion 

Treated and untreated microcrystalline cellulose were separately incorporated 
into the PHB and PLA matrices in order to develop fully biodegradable compo-
sites. Important properties of the prepared biocomposites were evaluated, con-
sidering the effect of type and proportion of microcrystalline cellulose incorpo-
rated. The main results showed that MCC and TMCC influenced differently in 
PHB and PLA matrices. It was found that TMCC filler promoted better thermal 
stability for both studied matrices and that MCC and TMCC caused slight but 
discontinuous changes in the degree of crystallinity of the studied systems. TD- 
NMR technique provided consistent information about the homogeneity achieved 
in the prepared systems, indicating that lower proportions of cellulose fillers result 
in more homogeneous systems, which justifies the better thermal stability for 
both 3 wt% compositions. The results found in this work suggest that PLA and 
PHB biocomposites containing microcrystalline cellulose as dispersed phase are 
promising alternatives to replace non-biodegradable synthetic polymers. Further 
analyses to evaluate mechanical and barrier properties, as well as swelling tests 
are some prospects to point out the potential applications of these materials.  
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