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The bottleneck of hemicellulose as a bio-based material is its processability and property drawbacks 
(softening and hydrophilicity). Thus, mixing other biopolymers can be an alternative. This article 
proposes blending hemicellulose (10−50 wt%) with polyhydroxybutyrate (PHB) and poly (lactic 
acid) (PLA), using acetic acid and chloroform as casting solvents to improve its processability and 
thermal properties. The materials were thermally (TGA – thermogravimetric analysis), chemically 
(FTIR – Fourier transformer infrared) and morphologically (SEM – scanning electron microscopy) 
characterized. Finally, a multicriteria decision analysis (MCDA) evaluated the materials’ properties 
to identify the optimum combination (casting solvent, biopolymer and hemicelluloses proportion) 
for producing an optimal blend. The MCDA established that the blend of hemicellulose:PHB (10:90 
wt/wt) produced with acetic acid was optimum considering melting temperature and the crystallinity 
criteria. Moreover, higher hemicellulose concentration in the blends decreased the MCDA success 
rate, indicating the worst properties. PLA blends showed a higher degradation temperature than PHB. 
The PHB blends produced with acetic acid demonstrated improved properties when compared to 
chloroform, revealing its potential as a solvent.

Keywords: Hemicellulose, polyhydroxybutyrate, poly (lactic acid), blends, solvent casting, 
thermal properties.

1. Introduction
Production of biopolymers from lignocellulosic materials 

has recently gained momentum. Among the main components 
of lignocellulosic materials, hemicellulose comprises between 
20% to 35% of the total composition and has good water 
solubility and biodegradability1-3. Previous literature has 
shown the advantages of using hemicellulose in different 
material applications4-7. For example, hemicellulose is 
considered a potential alternative in food packaging4 and 
biomedical5 applications. In addition, hemicellulose has 
been applied as an adsorbent for water treatment6 and 
biofuel products7. Nevertheless, hemicelluloses present 
intrinsic drawbacks such as poor mechanical properties, low 
solubility in different solvents, and hydrophilic and amorphous 
structures4. One alternative for surpassing mechanical and 
thermal properties issues could be blending hemicellulose 
with other polymers.

The investigation of blends from aliphatic polyesters, 
such as poly (3-hydroxybutyrate) (PHB) or poly (lactic acid) 
(PLA), is known as a possibility to improve the properties and 
applications of polysaccharides8. Moreover, PHB and PLA 
have a high capacity to improve their thermal properties and 
solubility when used in composites and blends9. Regarding 

literature on PLA, this polymer has not yet been extensively 
used in applications due to its specific characteristics and 
properties, such as its high cost, fragility, low ductility, and 
low glass transition temperature ( gT )10,11. In addition, the 
studies on blending PHB and PLA are more common with 
cellulose12,13 and starch8,14 than with hemicelluloses, with 
limited investigations on the literature (Table 1).

The solvent casting technique appears as a solution for 
solubility, allowing the mixture of the polymers in a dissolved 
state that are widely used to obtain biodegradable polymer 
films17. Furthermore, polar and non-polar solvents can 
affect the miscibility between hydrophilic and hydrophobic 
polymers, thus promoting a better merging between polymers 
and hemicelluloses. Acetic acid (non-polar) and chloroform 
(polar) were previously investigated as solvents for PHB 
and PLA polymers18,19. The studies reported chloroform as 
a suitable solvent for PHB and PLA. However, chloroform 
is detrimental to human health and the environment. Hence, 
acetic acid might be an alternative in blends with polyesters, 
leading to the best intermolecular interaction between the ester 
and carboxyl groups of the acid with the polymer structure20.

Plasticizer agents such as glycerol (a biodegradable, 
non-toxic, low-cost natural compound) have also been 
addressed in the literature to improve miscibility between *e-mail: michaella.socorro@gmail.com
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polyesters21. Glycerol can also incorporate into hemicellulose 
films, reducing their fragility and improving flexibility22.

This work therefore aims to investigate how acetic 
acid (non-polar) and chloroform (polar) affect the thermal 
properties of blends composed of hemicellulose and PHB 
(Hemi/PHB) and hemicellulose and PLA (Hemi/PLA). To our 
understanding (Table 1), no study has yet assessed the blend 
of hemicellulose, PLA, and PHB in different proportions 
(10-50%) by cross-evaluating thermal properties and 
morphological aspects and applying a multicriteria decision 
analysis (MCDA) approach to identify optimum blend. 
Therefore, the novelty of this study relies on i) assessing 
different solvents for bio-based blend production via solvent 
casting; ii) performing different analytical techniques (Fourier 
transform infrared spectroscopy, thermogravimetric analysis, 
and scanning electron microscopy) to characterize the produced 
blends; and iii) applying an MCDA method to the obtained 
thermal properties to identify witch solvent (acetic acid and 
chloroform), hemicelluloses proportion (10–50%), and bio-
based polymer (PHB and PLA) are suitable for producing 
biodegradable blends. The results provide new insights into 
bio-based blends and their properties.

2. Materials and Methods

2.1. Materials
The hemicellulose was extracted from jute fibers 

(Corchorus capsularis) provided by Sisalsul Industry and 
Commerce LTDA. The chemical reagents were supplied 

from  Greentec: glacial acetic acid (99.7%), chloroform 
(99%), ethanol (99.5%), and potassium hydroxide (85% 
purity). Glycerin (99.5%) was purchased from Cromoline. 
The biopolymers were polyhydroxybutyrate pellets​​ (PHB, 
Mw: 190 kDa, BRS Bulk Bio-Pellets, Bulk Reef Supply, 
Golden Valley, MN, EUA) and poly (lactic acid) pellets 
(PLA, Mw: 390 kDa, 4043 D sediments, NatureWorks LCC, 
Minnetonka, MN, EUA).

2.2. Obtaining the hemicellulose from jute fibers
The hemicellulose extraction methodology was developed 

in a previous work23 using a light alkaline treatment. About 
10 g of raw jute fibers were soaked in 200 mL of distilled 
water at 25 °C for 1 h to remove impurities from the fibers 
and facilitate the hemicellulose extraction. The fibers were 
then added to 200 mL of a KOH 10% (w/v) solution under 
mechanical stirring at 50 rpm and orbital shaking at 250 rpm 
for 3 h at 25 °C. After 24 h, the solution was centrifuged at 
4000 rpm for 5 min. A 250 mL glacial acetic acid and ethanol 
1:10 (v/v) solution was added to the liquor to precipitate the 
hemicellulose. Subsequently, the resulting solution was filtered 
and the hemicellulose portion was washed with distilled 
water (200 mL) three times and dried at room temperature 
for 24 h. The liquor was filtrated and the pH was adjusted 
to 4.8 using acetic acid.

2.3. Production of hemicellulose film
Hemicellulose is not soluble in acetic acid or chloroform. 

Before being mixed with the biopolymers, hemicellulose was 

Table 1. Summary of studies on blends of PHB and PLA with polysaccharides describing the applied solvent, analytical techniques and 
evaluation/optimization method.

Material Solvent Analysis Evaluation Ref.
PHB

Hexafluoroisopropanol

SEM

Statistical analysis by conventional methods 15

Water contact angle

Chitosan
X-ray; FTIR

DSC
Mechanical

PHB

Chloroform

SEM

- 13

X-ray

Cellulose
Water absorption

Water vapor permeability
Mechanical

PHB
Chloroform

TG
- 8

MechanicalStarch
PLA

Chloroform

TG

- 16

Starch

Mechanical
Charpy
FTIR
SEM

PLA

Ethyl acetate

SEM

Analysis of variance (ANOVA) 14

Thermoplastic starch
X-ray; FTIR

TG
Mechanical

Hemicellulose Acetic acid TG
MCDA Present 

study
PHB

Chloroform SEM
PLA FTIR
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dissolved in distilled water at 70 °C for 10 min under constant 
stirring to a concentration of 0.05 g/mL and centrifuged at 
4000 rpm for 10 min. After that, it was poured into a glass 
plate (26 mm x 76 mm) to obtain the films.

2.4. Production of the blends with acetic acid and 
chloroform

An overview of the hemicellulose concentration in new 
materials is essential since biopolymers can be compatible 
with a specific application within a particular composition 
(properties) range. Therefore, PHB or PLA blends were 
prepared using the solvent casting method to investigate the 
hemicellulose concentration in the blends for five different 
compositions (10, 20, 30, 40, and 50 wt%)8,15. The blends 
were prepared using acetic acid (AA) and chloroform 
(CHL) as a solvent and followed the method developed 
by18. In addition, PHB/hemicellulose blends using AA as the 
solvent were tested with glycerol as a plasticizer to improve 
the compatibility/homogeneity of these blends. The blend 
codes considering the different concentrations (wt%) of 
hemicellulose, PHB, PLA, glycerol presence, and solvent 
type (AA or CHL) are shown in Table 2.

First, the PHB or PLA blends with hemicellulose using 
AA and glycerol were produced. The concentration of the 
casting solution was 0.05 g/mL, and the pellets of PHB or 
PLA were individually mixed with AA using a magnetic stirrer 
for approximately 50 min at the boiling temperature of AA 
(~118 °C) and the melting temperature of PHB (~170 °C) 
or PLA (~150 °C). Next, the hemicellulose solution was 
immersed in the PHB/AA or PLA/AA solution to produce 
the blends, followed by magnetic stirring at 80 °C for 40 min. 
Finally, the glycerol, acting as a plasticizer, was added to 
the mixture of hemicellulose and PHB blends cast with AA.

Second, the PHB or PLA blends with hemicellulose using 
CHL were produced. The hemicellulose solution (0.05 g/
mL) was poured into the PHB/CHL or PLA/CHL solution 

(0.05 g/mL) under magnetic stirring at 70 °C. Next, PHB or 
PLA was dissolved in CHL near their boiling point (~70 °C) 
under magnetic stirring for 30 min.

Finally, the blend solution was deposited on glass plates 
(26  mm x  76  mm) for both solvents and the films were 
formed after the complete evaporation of the solvents at 
room temperature.

2.5. Thermogravimetry (TG) and differential 
scanning calorimetry (DSC) 
characterization

TG and DSC were conducted using an SDT Q600 TA 
Instruments thermal analyzer (10-4 g precision). TG equipment 
was adequately calibrated24 and experimental error between 
experiments was controlled below 0.5%25. Polymer samples of 
10 mg were placed in alumina pans under an N2 atmosphere 
at a flow rate of 50 mL/min from 25  °C to 600  °C at a 
10  °C/min heating rate. The crystallinity degree ( cX ) of 
the blends was calculated using Equation 1 and DSC data.

100%%   .1 00 /  . c m mX H H w=∆ ∆ 	 (1)

where ∆ mH  is the melting heat associated with the pure 
crystalline material (146 J/g for PHB and 96 J/g for PLA) 
and w is the weight fraction of the PHB or PLA in the 
blend. The glass transition temperature ( gT ) and the melting 
temperature ( mT ) were determined using the “TA Universal 
Analysis” software, considering the first baseline and 
thermal event (second endothermic event without mass 
change), respectively.

2.6. Fourier transform infrared spectroscopy 
(FTIR)

The pure polymers and blends were ground and mixed 
with dry KBr to prepare 120 mg tablets (1.5 wt% of sample 
in KBr). The samples were analyzed using the transmission 

Table 2. Blend codes based on hemicellulose, PHB, PLA content (wt%), glycerol (wt%) presence, and solvent type (AA or CHL).

Blend Codes Hemicellulose Glycerol
Solvent

PHB PLA (wt%) (wt%)
Hemi-AA
PHB-AA

Hemi10/PHB-AA
Hemi20/PHB-AA
Hemi30/PHB-AA
Hemi40/PHB-AA
Hemi50/PHB-AA

PLA-AA
Hemi10/PLA-AA
Hemi20/PLA-AA
Hemi30/PLA-AA
Hemi40/PLA-AA
Hemi50/PLA-AA

100
-

10
20
30
40
50

-
-
-
-
-
-
-

AA
AA
AA
AA
AA
AA
AA

Hemi10/PHBG-AA
Hemi20/PHBG-AA
Hemi30/PHBG-AA
Hemi40/PHBG-AA
Hemi50/PHBG-AA

10
20
30
40
50

25
20
15
10
5

AA
AA
AA
AA
AA

Hemi-CHL
PHB-CHL

Hemi10/PHB-CHL
Hemi20/PHB-CHL
Hemi30/PHB-CHL
Hemi40/PHB-CHL
Hemi50/PHB-CHL

PLA-CHL
Hemi10/PLA-CHL
Hemi20/PLA-CHL
Hemi30/PLA-CHL
Hemi40/PLA-CHL
Hemi50/PLA-CHL

100
-

10
20
30
40
50

-
-
-
-
-
-
-

CHL
CHL
CHL
CHL
CHL
CHL
CHL

Hemi - Hemicellulose; AA - acetic acid; CHL - chloroform; PHB - polyhydroxybutyrate; PLA - poly (lactic) acid; PHBG - PHB with glycerol.
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method and a NICOLET IS10 spectrometer (Thermo 
Scientific) from 4000 to 400 cm-1 with 64 scans was collected 
at 4 cm-1 intervals.

2.7. Scanning electron microscopy (SEM)
The materials were metalized with gold and analyzed 

using a scanning electron microscope (JEOL JSM-7001F). 
The images were captured using a voltage of 15 kV and 
200X and 1000X magnification.

2.8. Multicriteria decision analysis
Usually, the choice of a better product depends on achieving 

the most satisfactory characteristics, considering several 
criteria that account for several targets. Understanding that 
there is no global solution for all products concurrently and 
multiple solutions can be achieved for different purposes, a 
decision analysis must be applied to select the ideal process 
variables26. Previous studies26-29 modeled and applied a 
multicriteria decision analysis (MCDA) to evaluate a 
multicriteria problem involved in biomass valorization routes.

In this study, the MCDA was modeled and discussed 
to assess the compatibility between polymers and to verify 
which has the best polymer-solvent interaction through the 
thermal characterization results considering casting solvent, 
polymer, and hemicelluloses proportion.

The multicriteria decision problem relied on assessing 
which process conditions are best to produce higher-quality 
biodegradable polymer blends based on the melting temperature 

of the blends mT  (°C), melting heat associated with the pure 
crystalline material mH∆  (J/g), and the crystallinity degree 
% cX  indicators. The indicators were chosen considering the 
maintenance of thermal stability after the blend preparation, 
the necessary energy needed to dissolve the crystal parts in 
PLA and PHB, the further maintenance of the crystallinity 
degree, and the available experimental techniques.

The decision analysis was set as a minimization problem. 
Therefore, the best to be higher criteria were dealt with as the 
numeric inverse (1/higher = lower). In the present work, the 
decision problems were structured based on the dominance 
analysis (weak dominance (WD) and strong dominance 
(SD) and a metric distance ( nd ) based on compromise 
programming30. Modeling formulation and the MCDA code 
can be found in previous works26,27.

3. Results and Discussion

3.1. Visual appearance of the pure polymers and 
blends

The visual appearance of the pure polymers and their 
films cast with AA and CHL can be observed in Figure 1. 
The aspect of the films of PHB and PLA solubilized with 
CHL exhibited a more homogeneous surface than AA, which 
is the common solvent used for these polymers18.

PHB and PLA can interact entirely with non-polar (AA) 
solvents because they present an amphiphilic structure 
composed of hydrophilic and hydrophobic parts31. However, 

Figure 1. Images of hemicellulose (Hemi), PHB, and PLA films after solvent casting with acetic acid (AA) or chloroform (CHL).
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each polymer has a specific incompatibility with AA11, which 
allows its dissolution up to a particular limit and causes 
irregular areas of the film, as observed by18.

The hemicellulose extracted from curaua fiber has a low 
molecular weight of around 118,000 g/mol32 (probably similar 
to hemicellulose from jute fiber due to the same extraction 
method) and has a typical degree of polymerization (DP) 
of 14033. The literature reports the high complexity film 
formation from low molecular weight polymers34. Nevertheless, 
Figure 1 shows that the obtained films from hemicellulose 
showed good flexible film formation.

The Hemi-AA showed agglomerated areas throughout 
the film. This observation can be associated with poor 
polymer-solvent interaction. On the other hand, Hemi-CHL 
showed lighter regions on the film surface, indicating that 
the hemicellulose could be partially soluble in CHL by 
dissolving its side chains31.

The blends of hemicellulose with PHB and PLA prepared 
by solvent casting using the different solvents showed relevant 
differences in the visual aspect of the samples. Figure 2 shows 
the PHB blends cast with various solvents, hemicellulose 
content, and glycerol used as a plasticizer.

The Hemi/PHB-AA blends resulted in damaged and 
brittle films (Figure  2), making it impossible to form 
continuous films. Nevertheless, all these samples exhibited 
homogeneity in their mixture at all concentrations, indicating 
good compatibility between the solvent and the polymers.

In contrast, the Hemi/PHB-CHL blends reported 
immiscibility between hemicellulose and CHL, leading 
to polymer separation and scattering of hemicellulose in 
most compositions (Figure  2). The Hemi50/PHB-CHL 
sample also presented the most homogeneous film and 
excellent dispersion of hemicellulose compared to the other 

compositions. This behavior may occur due to a higher 
concentration of hemicellulose and, consequently, less CHL 
content to obtain the blend.

When plasticized with glycerol, the samples with Hemi10/
PHBG-AA and Hemi20/PHBG-AA showed good miscibility. 
However, it was impossible to obtain continuous films, as 
Quispe et al.35 observed. Their results on PHB with 20 and 
30 wt% glycerol resulted in materials that were sticky and 
difficult to handle35.

Figure 3 shows the Hemi/PLA blends cast with different 
solvents and hemicellulose content. The blends with 10–
30 wt% of hemicellulose formed a powder but the blends 
with 40–50 wt% of hemicellulose resulted in foam and film 
phases. A similar behavior was reported by the previous 
study36, where the foam form and separated phases were 
observed when using hemicellulose extracted from wood 
at 10 and 20 wt%.

The visual aspect of Hemi/PLA-CHL blends showed these 
polymers’ immiscibility. The hemicellulose was dispersed on 
the film’s surface due to differences in solubility and polarity36.

3.2. Chemical characterization of the blends by 
FTIR

Figure 4 shows the FTIR spectra of the hemicellulose/
PHB and hemicellulose/PLA blends. All spectra from 
the samples with hemicellulose and PHB showed a peak 
around 3400 cm-1, corresponding to hydroxyl groups present 
in hemicellulose, residual solvents, and increased O–H 
groups37. The differences observed around 1257 cm−1 and 
1036 cm−1 in Hemi/PHB blends (Figure 4c) can be attributed 
to intermolecular bonds and the crystallinity, which was 
decreased by blending with glycerol35. The bands around 
2900–2750 cm-1 are due to overlapping C-H deformations 

Figure 2. Blends of PHB cast with different solvents (AA or CHL), hemicellulose content (Hemi), and the addition of glycerol (G).
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of PHB and PLA and the vibrations of the methyl and 
methylene groups of the hemicellulose12,38.

The bands between 2989 cm-1 and 2870  cm-1 in the 
spectrum of Hemi/PLA-CHL (Figure 4e and f) indicate the 
presence of symmetrical and asymmetrical elongations of 
the methyl and methylene groups of the hemicellulose37 and 
PLA. Hemi10/PLA-AA, Hemi20-PLA-AA, and Hemi30/
PLA-AA exhibited higher intensities around 1755 cm-1. 
The Hemi40/PLA-AA, Hemi40/PLA-AA-foam, and Hemi50/
PLA-AA-foam blends presented bands referring to the PLA-
AA, but their low intensity indicated a lack of interaction36. 
This may also be related to the hemicellulose changes in 
the crystalline region of the polymers, as observed in blends 
with chitosan15.

The Hemi40/PLA-AA and Hemi50/PLA-AA presented 
the band around 1550 cm-1 associated with the esters and 
acetyl groups of the hemicellulose19. The band around 
1355 cm-1 appeared in all blends, which might be related to 
the bending or asymmetrical deformation of CH from the 
CH3 group of the PLA38 or the symmetrical deformation of 
CH2 and C-OH of the hemicellulose39.

Comparing the spectral bands (Figure 4a and b) from 
1720 cm-1 to 1530 cm-1 for both solvents, it is noted that 
AA showed better intermolecular interactions than CHL. 
Meanwhile, the band around 1500 cm-1 (Figure 4b) refers to 
the hemicellulose, which indicates incompatibility between 

hemicellulose and CHL. This solvent reacted with the non-
polar part of PHB and the side chains of hemicellulose. 
The decrease in the intensity of the carbonyl band around 
1750 cm-1 in some blends can relate to the lack of association 
of some compounds in the solution, that is, a low interaction 
of hemicellulose with CHL.

The blends showed better interaction with AA as a solvent. 
Although the PHB and PLA had better interaction with CHL, 
this solvent disperses the hemicellulose groups and causes 
the separation of the film surface, as seen in Figure 2 and 3.

3.3. Thermogravimetry (TGA) and differential 
scanning calorimetry (DSC)

The TGA, its derivative thermogravimetric (DTG) and 
DSC curves for Hemi/PHB blends are shown in Figure 5. 
After removing the moisture (~105 ºC), the pure hemicellulose 
(H100) degradation occurs between 200–300 ºC, which is 
in line with40,41. The blend degradation for both solvents and 
plasticizer (glycerol) occurred at temperatures below the pure 
PHB (~270–290 °C). The temperature degradation decreases 
for the PHB blends, showing the chemical influence of the 
hemicellulose groups (Figure 5a).

The results for Hemi/PHB-AA showed two degradation 
peaks, except for Hemi10/PHB-AA, which presented the same 
behavior as PHB-AA. However, its degradation temperature 
was reduced, remaining at around 224 °C. As seen from the 

Figure 3. PLA blends cast with different solvents (AA or CHL) and hemicellulose content (Hemi). Two phases were evidenced for 
Hemi40/PLA and Hemi50/PLA, foam and film.
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DTG curve (Figure 5b), the Hemi/PHB-CHL blends exhibited 
two degradation stages: the first peak between 180–240 °C 
and the second between 266–280 °C. The hemicellulose 
influenced the decrease in thermal stability36, which is in 
line with the influence of starch on the thermal behavior 
of PLA/starch14 and PHB/starch8 blends. Furthermore, the 
lower thermal stability might be associated with the residual 
solvents, which might affect thermal behavior17.

The Hemi/PHB-AA blends with the plasticizer glycerol 
showed a degradation stage between 207–217 °C (Figure 5g). 
The temperature and intensity of the peaks in the blends 
decreased for pure hemicellulose and PHB. This behavior 
might be attributed to a change in the hemicellulose structure, 
in addition to removing part of the structure PHB present 
in the blend42.

The DSC curves for the blends of Hemi/PHB cast with 
the solvents AA (Figure 5c), CHL (Figure 5f), and AA and 
glycerol (Figure  5i) showed a different performance than 
pure polymers. The Hemi/PHB blends cast with both solvents 
presented two stages of degradation; the first is related to 

the melting point ( mT ) and the second is associated with the 
degradation temperature of the samples.

The melting temperature of the blends ( mT ) prepared with 
AA presented the most intense peak. However, PHB-CHL 
exhibits a lower mT  than PHB-AA. Similar behavior was 
observed in PHB/starch blends using hexafluoroisopropanol 
(polar) as the solvent, with a decrease in mT  as the starch 
concentration increases15. PHB/hemicellulose blends with 
glycerol showed a reduction in the melting temperature due 
to the mobility of the plasticizer in the polymer structure. 
It is also observed that the melting enthalpy ( mH∆ ) of all 
blends decreased in intensity as well as the percentage of 
crystallinity ( cX ), indicating that less energy was needed to 
melt the blends, which is in line with35. Both parameters are 
further discussed in the MCDA (Section 3.4).

The TGA, DTG, and DSC curves of Hemi/PLA-AA 
are shown in Figure 6. Figure 5 despite the PLA-AA blends 
showing a lower degradation temperature than pure PLA 
(~345–360 °C) and a higher degradation temperature than 
Hemi/PHB-AA. The blends of Hemi40/PLA-AA and Hemi50/
PLA-AA that presented foam form (Figure 6d and e) reported 

Figure 4. FTIR spectra of Hemi/PHB (a) Acetic acid (AA), (b) Chloroform (CHL), and (c) Chloroform and glycerol; and Hemi/PLA (d) 
Acetic acid, (e) Chloroform (CHL), and (f) Acetic Acid (AA).
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a similar decomposition temperature to Hemi-AA probably 
because of hemicellulose concentration, which caused the 
separation of PLA in the blend. The results corroborate the 
previous study on PLA blends and microcrystalline cellulose 
(MCC) as reinforcement, which reported that the distribution 
of MCC increases the agglomeration and thus decreases the 
thermal stability12.

Regarding the glass transition temperature ( gT ), PLA-
AA presented a reduction in gT  to approximately 35  °C. 
The blends Hemi10/PLA-AA, Hemi40/PLA-AA, and 
Hemi50/PLA-AA presented gT  values of 62, 53, and 55 °C, 
respectively. This reduction in gT  might be associated with 
the hydroxyl groups of hemicellulose. According to what 
was reported for PLA/starch blends, the moisture content 
of starch acted as a plasticizer, reducing the gT 16. We also 
observed that the Hemi20/PLA-AA and Hemi30/PLA-AA 
showed two degradation temperatures: the first exothermic 
peak between 257–262  °C (hemicellulose degradation23) 
and the second endothermic peak between 280 °C and 
295  °C (PLA degradation). The results align with PLA/

galactoglucomannan blends, which reported the same 
temperature degradation36. The blends with the foam form 
presented the lowest crystallinity values, which corroborates 
with the FTIR results that showed functional groups in 
hemicellulose.

3.4. Multicriteria decision analysis
The MCDA was performed considering two distinct 

decision analyses. Table  3 shows the thermal properties 
of PHB and PLA with AA as the solvent. Meanwhile, 
Table 4 displays the blend results for PHB with the AA and 
CHL solvent. The last four columns represent the results in 
% for metric distance ( nd ), weak dominance (WD), strong 
dominance (SD), and the total success rate (TSR) in %30. 
For the multicriteria results, green was chosen to represent 
the best results and red indicates the worst results.

The MCDA contemplated as criteria the melting temperature 
of the blends mT  (°C), melting heat associated with the pure 
crystalline material mH∆  (J/g), and the crystallinity degree 
% cX  indicators. The melting temperature was previously 

Figure 5. The TGA, DTG, and DSC curves for Hemi/PHB blends cast with (a, b, and c) acetic acid (AA), (d, e, and f) chloroform (CHL), 
and (g, h, and i) with the glycerol addition (G) as a plasticizer and acetic acid (AA) as the solvent.
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discussed in Section 2.3. Next, the % cX  (which is a function 
of the mH∆ ) is discussed.

Table 3 shows that Hemi10/PHB-AA had the highest 
crystallinity (considering PHB blends with AA as the solvent 
without glycerol), with 25.33% compared to 22.21% for 
pure PHB-AA. The blend crystallinity was reduced for the 
higher hemicellulose concentrations (>20 wt%), except for 
Hemi20/PHBG-AA. This behavior might be associated with 
the mass decrease of PHB (within the blend). Moreover, 
crystallinity might be linked to the interaction between the 

hydroxyl groups (from glycerol) with the ester bonds (from 
PHB and hemicellulose)42. This decrease in the blend’s 
crystallinity can also be associated with a weight loss of 
glycerol at around 155 °C.

As expected, Hemi/PLA-AA blends presented lower 
crystallinity than PLA-AA (42.1%) and for 10, 20, and 
30wt% hemicellulose concentration, the crystallinity 
showed a minor difference of around 30%. The blends of 
the Hemi40/PLA-AA-foam and Hemi50/PLA-AA-foam 
showed a crystallinity between 18.8% and 19.5%.

Figure 6. TGA, DTG, and DSC curves for Hemi/PLA blends cast with (a, b, and c) acetic acid (AA), (d, e, and f) Hemi40/PLA foam and film.

Table 3. Multicriteria analysis for PHB and PLA with AA as the solvent.

Polymers and Blends mT ∆ mH cX nd WD SD nd WD SD TSR

PHB-AA 167.83 32.42 22.21 0.1474 10 16 86% 59% 94% 80%
Hemi10/PHB-AA 162 33.29 25.33 0.1100 9 16 89% 53% 94% 79%
Hemi20/PHB-AA 161.71 18.42 15.77 0.2998 4 14 71% 24% 82% 59%
Hemi30/PHB-AA 161.85 15.78 15.44 0.3343 4 14 68% 24% 82% 58%
Hemi40/PHB-AA 159 14.9 17.01 0.3230 2 13 69% 12% 76% 52%
Hemi50/PHB-AA 158.1 10.95 15 0.4691 0 10 55% 0% 59% 38%
Hemi10/PHBG-AA 162.08 6.55 6.9 1.0449 0 15 0% 0% 88% 29%
Hemi20/PHBG-AA 161.28 25.5 29.11 0.1040 8 16 90% 47% 94% 77%
Hemi30/PHBG-AA 161.62 10.47 13.04 0.5211 2 12 50% 12% 71% 44%
Hemi40/PHBG-AA 158.35 6.47 8.86 0.9338 0 8 11% 0% 47% 19%
Hemi50/PHBG-AA 159.13 8.44 12.85 0.6459 1 10 38% 6% 59% 34%
PLA-AA 143.16 39.15 42.1 0.1470 0 16 86% 0% 94% 60%
Hemi10/PLA-AA 151.25 23.14 27.65 0.1433 3 15 86% 18% 88% 64%
Hemi20/PLA-AA 152.28 22.78 30.62 0.1369 3 16 87% 18% 94% 66%
Hemi30/PLA-AA 150.24 17.34 26.64 0.2213 2 13 79% 12% 76% 56%
Hemi40/PLA-AA-f a 147.62 10.51 18.84 0.4660 0 10 55% 0% 59% 38%
Hemi50/PLA/AA-f a 148.39 9.05 19.46 0.5587 0 10 47% 0% 59% 35%
a foam, mT  in ºC, ∆ mH  in J.g-1, and cX  in %.
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The Hemi/PHB blends showed that the total percentage 
decreases with the hemicellulose content from all the blends 
concerning the solvent used, differently from Hemi/PHBG 
blends, which do not present a defined tendency with 
hemicellulose concentration. The presence of glycerol 
might cause higher mobility, affecting the PHB crystallinity. 
In the case of the Hemi/PLA blends, the total percentage 
was similar to that of PLA-AA.

The multicriteria analysis for PHB and PLA with 
AA as the solvent (Table 3) showed a TSR of 80% for 
PHB. Meanwhile, PLA presented lower TSR with around 
60%. Hemi10/PHB-AA showed the highest TSR of 79%. 
Meanwhile, when combined with the glycerol plasticizer 
(Hemi10/PHBG-AA), it decreased to 29%. However, 
for the Hemi20/PHBG-AA, a TSR of 77% due to the 
higher percentage of cX . Regarding PLA-AA blends, an 
increasing tendency for 10 and 20 wt% of hemicellulose 
was revealed. Adding more hemicelluloses to the blend 
showed a decrease in TSR for 30–50 wt% (where 40 and 
50 wt% had foam form). We can therefore infer that the 
hemicellulose directly affects the cX  in the blends, as well 
as their miscibility.

When analyzing PHB-AA (Table 4), a maximum TSR of 
87% was reported, while PHB-CHL obtained a TSR of 73%. 
For the lower hemicellulose concentrations, the Hemi10/
PHB-AA blend showed a TSR of 74%, while for Hemi10/
PHB-CHL, it decreased significantly to 31%. In the same 
way, for higher hemicellulose concentrations, the success 
rate drastically decreases, as the mixture of Hemi50/PHB-
AA presented 22% and for Hemi50/PHB-CHL only 17% 
success rate.

These results also corroborate the visual appearance 
of the mixtures, where the blends molded with CHL as a 
solvent presented the lowest TSR, as observed in the phase 
separation of the polymers in Figures 2, 3. In contrast, the 
blends molded with AA as the solvent obtained the best 
TSR, corroborating the visual appearance that was more 
homogeneous (than the blends molded with CHL).

3.5. Morphology
Figure 7 shows the SEM images of the blends that formed 

films or presented homogeneous regions. Hemi20/PHB-AA 

presented dispersion areas along with the surface film. This 
dispersion can be associated with hemicellulose, which is not 
entirely soluble in AA. Lopera et al.43 described that the PHB 
and PLA blends with cellulose nanocrystals could agglomerate 
along with the blend. This event is characteristic of the 
polysaccharide used. In the Hemi/PLA-AA blend, particles 
are dispersed in the blend. The same behavior was observed 
with Hemi/PHB-AA. These particles may refer to the PLA 
crystals or residues from the hemicellulose extraction and 
blend manufacturing. Some particles (indicated by circles) 
may occur due to differences in the solubility of the two 
polymers and cracks on the film surface. Shao et al.1 reported 
that the roughness of the films increases with the presence of 
carboxylic acids due to the greater intermolecular interactions 
by hydrogen bonding. Therefore, the carboxyl groups in the 
acid react with the hydroxyl groups in hemicellulose and 
PLA. Carboxylic acids in the blend structure can lead to a 
rough appearance of pores44. More ordered regions (indicated 
by the arrows) can be observed in the Hemi10/PHBG-AA 
and Hemi20/PHBG-AA blends due to the presence of the 
plasticizer film35.

In addition, separate regions are noted in the blend 
(indicated by circles). These distinct regions may occur 
due to the difference in the solubility of the polymers with 
the solvent used. Some gaps associated with the inefficient 
mixing between the polymers and the miscibility of the 
materials were observed43. The micrographs of the Hemi/
PHB-CHL blends presented a smooth appearance with few 
dispersed particles associated with hemicellulose, which is 
not soluble in CHL. The Hemi50/PHB-CHL with the highest 
concentration of hemicellulose showed large particles, 
showing weak interactions between the polymers and 
solvent. Xu et al.36 also reported that the particle size of the 
dispersed phase is directly linked to the compatibilization of 
the blend. These hemicellulose particles indicate their lack 
of compatibility with the PHB and solvent used.

4. Practical applications, limitations, and 
future directions
Due to environmental concerns over the volume of 

plastics generated in the 21st century, the use of natural 

Table 4. Multicriteria analysis for PHB with AA and CHL as the solvent.

Blends mT ∆ mH cX nd WD SD nd WD SD TSR
PHB-AA 167.83 32.42 22.21 0.0511 9 11 94% 75% 92% 87%
Hemi10/PHB -AA 162.00 33.29 25.33 0.0372 4 11 96% 33% 92% 74%
Hemi20/PHB -AA 161.71 18.42 15.77 0.2488 1 7 72% 8% 58% 46%
Hemi30/PHB-AA 161.85 15.78 15.44 0.2910 1 6 68% 8% 50% 42%
Hemi40/PHB-AA 159.00 14.90 17.01 0.2810 1 7 69% 8% 58% 45%
Hemi50/PHB-AA 158.10 10.95 15.00 0.4481 0 2 50% 0% 17% 22%
PHB-CHL 168.43 23.78 16.29 0.2065 6 11 77% 50% 92% 73%
Hemi10/PHB-CHL 166.47 12.12 9.22 0.6722 0 8 26% 0% 67% 31%
Hemi20/PHB-CHL 166.60 20.39 17.46 0.1878 7 10 79% 58% 83% 74%
Hemi30/PHB-CHL 165.15 18.15 17.76 0.2064 5 10 77% 42% 83% 67%
Hemi40/PHB-CHL 164.17 13.77 15.72 0.3297 2 7 64% 17% 58% 46%
Hemi50/PHB-CHL 163.71 6.85 9.38 0.9037 0 6 0% 0% 50% 17%

mT  in ºC, ∆ mH  in J.g-1, and cX  in %
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resources has gained notoriety, mainly from biomass. 
The present study allowed us to obtain a biodegradable 
material from hemicellulose by combining it with bio-based 
materials (PHB and PLA). Thus, promoting new, more 
sustainable technologies to replace synthetic and fossil-
based polymers with more natural ones. The results may 
also guide planning practice and policymaking concerning 
bio-derived materials and renewable feedstock proception 
based on their blending.

The investigation of the effect of different solvents and 
plasticizer on thermal properties sheds light on the bioplastic 
market toward surpassing the two main challenges in the 
development of these blends: incompatibility with different 
physical and chemical characteristics and processing (due 
to long side chains that reduce intermolecular interactions 
and decrease thermal properties)9,35. For furthering the 
knowledge, a complete characterization contemplating 
mechanical properties is essential and will be explored in 
future publications. In addition, research on contact angle 
and water vapor permeability is recommended, among 

others, for possible applications such as the packaging 
industry. Moreover, investigations on using compatibilizers, 
plasticizers or reinforcements are also necessary to increase 
the miscibility and interaction of these polymers.

In addition, knowing that the focus on sustainable goals 
permeates industries’ responsibility for their processes and 
disposal of products45, pursuing strategies and applying 
systematic environmental approaches46 are imperative to the 
commitment toward protecting the environment. Moreover, 
even though bio-derived polymers are usually considered 
eco-friendly, the cultivation practices used to grow these 
feedstocks often have significant environmental impacts47. 
Hence, future research is recommended on advanced 
sustainability analysis such as life cycle assessment47.

5. Conclusions
The results of the multicriteria analysis demonstrated 

that AA has a better success rate than CHL as a solvent, 
corroborating with the visual aspect and thermal behavior 

Figure 7. SEM images of blends with 1000x magnification for a) Hemi20/PHB-AA, b) Hemi40/PLA-AA, c) Hemi10/PHBG-AA, and 
d) Hemi20/PHBG-AA and 200x magnification for e) Hemi10/PHB-CHL and f) Hemi10/PHB-CHL.
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results. Blends of PHB with AA showed an interaction with 
the hydroxyl groups of hemicellulose as CHL dissolved 
only its side chain and dispersed its acetyl groups. We also 
observed that glycerol interacted with hemicellulose and 
PHB as it reduced the two small peaks of degradation of the 
blends to one peak. The SEM analysis also observed this 
interaction of glycerol with the two polymers, where the 
plasticizer made the film more homogeneous by reducing 
the particles dispersed on its surface. However, phase 
separation in the blend occurred with CHL, which indicates 
their incompatibility. Blends with PLA showed a higher 
degradation temperature than those with PHB, with more 
intense peaks indicating its quick degradation. The visual 
aspect of CHL reveals that phase separation in the blend 
occurred, which indicates their incompatibility. Thus, AA 
exhibited a better success rate on MCDA results.
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