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Abstract
The excessive use of plastics, in addition to the limitative capacities available for plastic waste disposal or recycle increased 
the interest in degradable polymers. Polylactic acid (PLA) and polyhydroxybutyrate (PHB) are among the most studied 
biobased polymers for packaging applications. However, their biodegradability in real environment is questionable. Therefore, 
the purpose of this study was to investigate the biodegradation behavior of PLA/PHB blend films and their sandwich-struc-
tured composites containing a cellulose paper interlayer, in natural soil environment, exposed to humidity and temperature 
conditions specific to different seasons. The study was conducted for 8 months and the biodegradation process was evaluated 
by measuring the morphological changes, weight loss and tensile properties of the samples. The weight loss data showed 
that materials were able to degrade under the action of soil microorganisms, water and heat. Moreover, the cellulose layer 
favored the water retention and enhanced the degradation. SEM images highlighted traces of erosion and biodegradation 
in the case of the buried samples and FTIR spectra revealed the scission of the ester bonds, which proved the degradation 
of the aliphatic polyesters. The XRD studies showed that the samples recovered from compost soil were more crystalline 
than those stored at room temperature, which indicates the degradation of the amorphous phase in the samples. In addition, 
DMA measurements showed a strong reinforcing effect of the cellulose interlayer on the PLA/PHB matrix. In conclusion, 
PLA/PHB blend is suitable for long packaging application, but the addition of a cellulose paper interlayer is beneficial to 
accelerate the decomposition rate.
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Introduction

In the last decade, the plastic-based food packaging indus-
try has constantly increased. Unfortunately, environmen-
tal pollution is the downside of the non-biodegradability 
character of plastic-based packaging, with a low recycling 
rate, of less than 3% worldwide [1]. Efforts are being made 
to develop eco-friendly packaging to reduce the harmful 
effects of petroleum-based polymers [2]. The solution is to 
reduce the plastics waste by replacing synthetic polymers 
with biodegradable ones [3]. Biodegradable polymers are 
a class of polymers that decompose, in a relatively short 

time, under the action of microorganisms, such as fungi and 
bacteria [4]. The most studied biopolymers for developing 
environmentally friendly and biodegradable food packages 
are chitosan, starch, polyvinyl alcohol, cellulose, polyhy-
droxybutyrate (PHB) and polylactic acid (PLA) [5, 6]. PLA 
is a noticing real-world example of substitutes for a large 
variety of plastic-based products, which burdens the terres-
trial and aquatic ecosystems. Polylactic acid is becoming 
progressively more used in food-packaging industry, due to 
its high mechanical strength, transparency, processability, 
non-toxicity, biodegradability and sustainability [7].

The major drawbacks of PLA are poor gas-barrier prop-
erties, reduced thermal stability, inherent brittleness, low 
toughness and poor ductility [8, 9]. Disadvantages like slow 
degradation rate and high cost limits its extensive applica-
tion [10]. The incorporation of reinforcements, such as cel-
lulose [11] or nanoclays [12, 13] has been found to improve 
its thermal stability and mechanical strength along with a 

 * Ioana Chiulan 
 ioana.chiulan@yahoo.com

1 Polymer Department, National Research and Development 
Institute for Chemistry and Petrochemistry-ICECHIM, 202 
Spl. Independentei, 060021 Bucharest, Romania

http://orcid.org/0000-0002-2227-6919
http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-020-02017-x&domain=pdf


2311Journal of Polymers and the Environment (2021) 29:2310–2320 

1 3

supplementary cost reduction. Alternatively, to increase 
the toughness of PLA some polymers were used, such as 
poly(butylene adipate-co-terephthalate), polyurethane, 
polyamide elastomer, starch or PHB [14]. PHB is a biode-
gradable thermoplastic polyester, with high crystallinity 
(50–80%), excellent gas barrier properties and mechanical 
properties similar to those of polypropylene [7, 15]. PLA 
and PHB present similar melting temperature and therefore 
can be processed in the melt state in blends of different com-
positions. It has been found in previous studies that the best 
synergetic effect is achieved for a PLA/PHB ratio of 75/25 
(wt%) [16, 17]. The PHB crystals increase the crystallinity 
of PLA, while PLA improves the stiffness of PHB. However, 
PHB delays the PLA disintegration under composting [18].

Numerous variables are involved in the soil degrada-
tion of PLA, such as the material formulation, crystallinity, 
molecular weight, processing parameters [19]. Under normal 
conditions, PLA is stable, but degrades in environments of 
high temperature, humidity and bacterial activity, through 
a hydrolysis mechanism. Thus, the high-molecular-weight 
polyester chains are reduced to lower-molecular-weight oli-
gomers. Eventually, these smaller molecules are completely 
converted in  CO2,  H2O and humus, under the influence of 
microorganisms in the environment they end up in [20]. The 
compost conditions are very different from soil environment, 
and consequently significant differences in the PLA’s bio-
degradation rate occur. The PLA is hydrolyzed into smaller 
molecules (oligomers, dimers, and monomers) after com-
posting at a temperature of 50–60 °C for 45–60 days [8, 20]. 
However, its degradation is very slow at temperatures below 
its glass transition and in low humidity [21]. The biodegra-
dation process accelerates under acidic or basic conditions 
and is highly affected by both temperature and moisture 
levels. The degradation of PLA has been already studied in 
different environments, at laboratory scale using enzymes 
and cell cultures or directly in the complex conditions of 
natural landfills [22, 23].

PLA is non-degradable in water [24, 25] and slowly 
degradable in soil probably because of reduced temperature, 
water content and microbial activity. Bio-stimulation and 
bio-augmentation strategies involve the addition of fungal 
and bacterial strains to enhance the mineralization of PLA 
and studies carried out at ambient temperature were recently 
reported [26]. The biodegradation rate of PLA was acceler-
ated by the incorporation of  TiO2 nanoparticles [27], mont-
morillonite [28], surfactants [29] or cellulose [30].

Cellulose cardboard is largely distributed in the consumer 
market, in the form of paper bags, boxes, packaging, hygiene 
products, and different commodities. Cyras et al. obtained 
bilayer composites made of cellulose cardboard and PHB, 
with barrier and mechanical properties suitable for packag-
ing applications [31]. A critical demand in food packaging is 
to control the changes in the material’s properties in humid 

environment and to predict the interactions between water 
or low molecular weight substances and polymer. Industrial 
composting conditions are carried out usually at high tem-
perature (above 50 °C) and high relative humidity. However, 
a significant quantity of disposable bags or food packaging 
ends up in landfills, especially in the rural areas, where vari-
able temperature and humidity conditions are encountered. 
There is clearly a lack of information on the mechanisms 
involved in the degradation process of PLA blends or com-
posites in landfills with temperate-continental climate, with 
an annual average temperature of 8–11 °C. Therefore, the 
changes that occur in the properties of the materials intended 
to replace the common plastic-based packaging needs to be 
investigated in real environment.

The aim of this work was to study the soil biodegrada-
tion process of a PLA/PHB film and its sandwich-structured 
composite with cellulose paper, and to assess the impact 
on the morphological, mechanical and thermal properties. 
The study is focused on soil burial degradation behavior 
of sandwich-structured composites obtained by pressing, 
with the following composition: (i) two outer layers made 
of PLA/PHB films and (ii) an intercalated layer of cellulose 
paper treated superficially via silanization. The potential of 
the obtained sandwich-structured composite to be used in 
food-packaging applications, such as Tetrapak, was assessed.

Experimental Part

Materials

Polylactic acid used in this study was of 4032D type from 
Nature Works LLC, USA, and consisted of 1.4% d-Lactide 
units  (Mn ~ 150,000 Da). This biopolymer is accepted by 
the Food & Drug Administration (FDA) to be used in food 
packaging materials. Powdered polyhydroxybutyrate (PHB) 
(Mw = 4.9 × 105 g/mol, density 1.25 g/cm3) was supplied by 
Biomer, Germany. Commercial cellulose cardboard with a 
thickness of 0.078 mm was provided by a local company.

Samples Preparations

PLA/PHB Blend

Prior to melt compounding, PLA and PHB polymers were 
dried in a ventilated oven at 50 °C for 3 h. The PLA/PHB 
polymer blends with a weight ratio of 75/25 were obtained 
using a Brabender Plastograph LabStation (Germany), 
with a mixing cell of 30  cm3, under the following condi-
tions: temperature 170 ± 5 °C, mixing for 7 min, and rotor 
speed of 60 rpm. The blends were further processed on a 
two-roll mill heated at 80 °C and compressed into sheets 
using an electrically heated press P200E (Dr. Collin, 
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Germany), under the following conditions: (i) preheating: 
170 °C, 120 s, 5 bar; (ii) pressing: 170 °C, 60 s, 100 bar; 
(iii) cooling: 75 °C, 60 s, 5 bar. The sample was denoted 
PLA/PHB/0.

Silanization of Cellulose Paper

The surface of cellulose paper was treated by silanization 
for a better adhesion with the PLA/PHB matrix. The reac-
tion was performed by immersing the paper in a mixture of 
water/ethanol (10/90, wt%), over which 10% aminopropyl-
triethoxysilane (relative to water) was added. The surface 
silanization was allowed to proceed for 3 h, at ambient tem-
perature. Afterwards, the surface treated cellulose paper was 
dried into a ventilated oven, at 110 °C, for 2 h.

Sandwich‑Structured Composite

The sandwich-structured composite (sample PLA/PHB/S/0) 
was prepared via compression molding on a laboratory heat-
ing press P200E (Dr. Collin, Germany), at 169 °C with 150 s 
of preheating at 5 bar and 50 s of compression at 10 bar. 
The silanized paper was pressed between the two PLA/PHB 
sheets, with an individual thickness of 0.035 mm.

Characterization

Biodegradability Assessment Using Soil Burial Test

The composting studies were performed outdoors, for 
8 months, following a method described by Wei et al. [32], 
with some modifications. The blend film and the sandwich 
structured composite were cut in specimens with the size of 
40 mm × 10 mm and dried in a vacuum oven at 50 °C until a 
constant weight. Five replicates for each sample were placed 
in a plastic box in a mixture of manure, flower and sand soil, 
in equal parts, and left on the windowsill. The soil was kept 
moist with water every 2–3 days. After 8 months, the speci-
mens were removed from the ground, brushed softly, washed 
with water and dried in vacuum until constant weight. The 
samples removed from the compost were denoted as PLA/
PHB/8 and PLA/PHB/S/8, respectively.

The film weight retention was determined using the fol-
lowing equation:

where, Rf is the film weight retention after degradation via 
soil burial test, m is the film weight after degradation test, 
and m0 is the initial weight of the film.

(1)Rf =
m

m
0

∗ 100%

Thermal Characterization

Thermogravimetric analysis (TGA) was carried out using 
TGA Q5000 analyzer V3.13 (TA Instruments, USA). The 
samples (6–8 mg placed in aluminum pans) were heated 
from 25 to 700 °C, at a heating rate of 10 °C/min, using 
nitrogen as purge gas (40 mL/min). Experiments were per-
formed in duplicate.

Differential scanning calorimetry (DSC) measurements 
were carried out on a DSC Q2000 V24.9 from TA Instru-
ments (USA) operating under helium flow (25 mL/min). 
Samples of around 5 mg were tested with a heating/cooling 
rate of 10 °C/min as follows: cooling from 30 to − 50 °C, 
heating from − 50 to 200 °C, isothermal for 2 min in order to 
erase the thermal history and subsequent cooling to − 50 °C, 
held for 2 min and reheated to 200 °C. The glass transition 
temperature (Tg) was taken at the midpoint at half height of 
the heat capacity changes. The melting temperature (Tm), 
the cold crystallization temperature (Tcc) and their corre-
sponding enthalpies (ΔHm, ΔHcc) were obtained from the 
first heating.

Dynamic Mechanical Analysis (DMA)

The thermo-mechanical analysis of the samples was carried 
out on a DMA Q800 V20.24 instrument, in tensile mode, at 
a frequency of 1 Hz. Samples were cut into 13 × 7 × 0.3 mm 
strips and measured in the temperature range from − 42 to 
140 °C at a heating rate of 3 °C/min.

Surface Chemistry Characterized by FTIR Spectroscopy

Fourier transformed infrared (FTIR) measurements of the 
blend and sandwich-structured composite were obtained 
using a Jasco FTIR 6300 spectrophotometer (Jasco Co., 
Tokyo, Japan), and equipped with a Golden Gate ATR (dia-
mond crystal) from Specac Ltd., London, UK. The spectra 
were recorded in the range of 4000–400 cm−1, with 30 scans 
and 4 cm−1 resolution.

Morphology

The morphology of the soil exposed samples was evaluated 
using scanning electron microscopy (SEM) method and the 
images were obtained on an ESEM-FEI Quanta 200, Eind-
hoven (Netherlands) instrument.

X‑ray Diffraction (XRD)

XRD analysis was performed on a X-ray diffractometer 
(Rigaku Corporation, Japan) with a Cu Kα (λ = 0.1541 nm) 
source, at 2θ values of 5–90°, with a scanning rate of 8°/min. 
The accelerating voltage of the generator radiation was set 
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at 45 kV and the emission current at 200 mA. The crystal-
linity index was calculated by dividing the area under the 
crystalline peaks by the total area (under the crystalline and 
amorphous peaks). The inter-planar distances were calcu-
lated by using Bragg’s law, according to Eq. 2:

where λ is the wavelength and θ is the diffraction angle.
Crystal dimension  (Dhkl) was determined using Scherrer’s 

equation:

where β is the peak width at half maximum (in radians).

Results and Discussions

Visual and Morphological Characterization After 
Soil Biodegradation

The visual inspection showed a slight darkening of the PLA/
PHB blend after soil burial, and a consistent disintegration 
of the intermediate layer of cellulose cardboard, indicating 

(2)d =
�

2sin�

(3)Dhkl =
0.9 ∗ �

� ∗ cos�

that cellulose fibers are more prone to biodegradation than 
the blend of the selected bioplastics (Fig. 1). It was clearly 
seen a loss of luster and the formation of small and dense 
pits, which demonstrate that PLA/PHB blend experienced 
both surface and bulk degradation during testing. How-
ever, a consistent decomposition of the bioplastic film or 
detaching the polymer layers from the silanized paper was 
not noticed. The samples buried in moist active soil, were 
adequately cleaned and dried, to give a precise weight loss. 
Table 1 shows the gravimetric values of the samples before 
and after the biodegradation tests in the soil, respectively. 
The results show a reduction of the sample mass by 14 and 
16% under the action of soil microorganisms, water and 
heat, the sandwich-structured composite having the high-
est weight loss. Previous studies reported that the soil bio-
degradation rate is significantly accelerated when PHB was 
compounded with potato peel waste fermentation residue 
fibers, especially when the fiber content was higher than 
15% [32]. PLA formulations require special conditions to 
degrade in times compatible with current waste manage-
ment strategies. The biodegradation of PLA can be triggered 
by the addition of additives, microcrystalline cellulose [23, 
33], lignocellulosic materials, such as paddy straw [34] or 
biopolymers (chitosan, gelatinized starches) [8, 35]. This 
effect was explained either by the dissolution of the soluble 
additives or the leaching of highly degradable components, 

Fig. 1  Samples before and after 
8 months in the soil: PLA/
PHB blend (a) and PLA/PHB/S 
sandwich-structured composites 
(b)

Table 1  Evaluation of samples 
weight loss

Sample Weight before soil 
burial test
(g)

Weight after soil 
burial test
(g)

Film weight 
retention
(%)

Standard deviation

PLA/PHB 0.124 0.1064 85.78   4.08
PLA/PHB/S 0.1561 0.1311 83.98   4.06
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creating pores, voids and cracks on the polymer surface. 
Finally, this facilitates the attack of the microorganisms dur-
ing composting, resulting in a weight loss. In our case, the 
water was absorbed and retained by the intermediate cellu-
lose paper and the two polymeric layers were exposed to a 
continuous humid environment. That’s why the weight loss 
of the sandwich-structured composite was higher than that 
of the PLA/PHB film.

The SEM images of the PLA/PHB blend and PLA/PHB/S 
sandwich surfaces, before and after 8 months of soil burial 
degradation are shown in Fig. 2.

The SEM images of the samples exposed to the soil bio-
degradation test show traces of erosion and biodegradation. 
Before the biodegradation test, the surface of both PLA/PHB 
(Fig. 2a) and PLA/PHB/S (Fig. 2c) has a smooth appearance, 
without unevenness. After biodegradation test, the surface 
morphology changes, becoming rough, with traces of ero-
sion, but without the disintegration of PLA/PHB (Fig. 2b) 
and PLA/PHB/S (Fig. 2d) samples. The increase of the sur-
face roughness of PLA and PHB films after exposure to soil 
biodegradation has been reported in the literature [16, 36, 
37]. These observations can be correlated with the gravimet-
ric results, where a weight loss was observed, highlighting 
biodegradation. In addition, visible ruptures and consistent 

changes in physical appearance of the cellulose layer were 
noticed (data not shown).

XRD Analysis

The PLA/PHB blend and the structured composite were 
characterized by X-ray diffraction to study the effect of 
the compost soil and weathering conditions on the crystal 
structure and crystallinity. It is generally accepted that the 
degradation of PHA and PLA under burial composting con-
ditions starts with the amorphous regions [38], but neighbor-
ing crystal regions may be also affected. Therefore, XRD is 
a useful technique to estimate the degree of disintegration 
of the plastic at the end of the test. The diffraction peaks 
characteristic for PLA are less visible in the diffractograms, 
because PLA exhibits a lower crystal growth rate and crys-
tallinity than PHB [16, 39]. In Fig. 3 the XRD patterns of 
all samples showed the characteristic peaks of PHB, PLA, 
cellulose and some additional peaks, at 2θ = 9.4°, 18.8° and 
28.5°, assigned to the inorganic filler (talc), present in PHB 
[40]. The crystalline peaks of PHB, the minor component in 
the blend, appeared at 2θ = 13.4°, 20°, 21.4°, 22.6°, 25.4°, 
26.8° and 30.5°. The interplanar distances  (dhkl), the Miller 
indices (h, k and l) corresponding to each Bragg angle, the 

Fig. 2  SEM images for PLA/
PHB blends before (a) and after 
(b) soil burial degradation and 
PLA/PHB/S before (c) and after 
(d) soil burial degradation
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crystallites sizes perpendicular to the 200 plane  (D200) and 
crystallinity indices for blends and composites are given in 
Table 2.

The interplanar distances are smaller in the structured 
composite compared to the plain blend and this tendency 
is further observed after soil burial showing the effect of 
supplementary compression processing and soil erosion. In 
addition, the apparent crystal size  (D200) was smaller in the 
structured composites than in the blend and also smaller 
after soil burial. This is also an effect of the supplemen-
tary processing and moist active soil, which may decrease 
the molecular weight of surface PHB [41]. The values 
recorded for the full-width at half maximum of the peak 
(β) were higher for the structured composite compared with 
the blend. Additionally, higher β values were obtained in 
the case of the buried samples as compared to the original 
samples kept in desiccator. This suggests a lower organiza-
tion of the crystalline phase after the fabrication process of 
sandwich-structured composite and after the soil burial test.

The higher crystallinity index values obtained for the 
composted samples indicate the degradation of the amor-
phous phase, which is firstly attacked [38]. This is not 

necessarily correlated with a better organization of the crys-
talline phase and higher crystal dimensions. In fact, it can be 
seen from Fig. 3 that the main diffraction peaks become less 
sharp after soil burial test, which suggests that the ordering 
level of PHB molecular chains diminished. Several stud-
ies have found that the crystallinity of PLA and PHA-based 
composites increased after biodegradation [34, 38], because 
during the initial stages of degradation only amorphous 
regions were consumed.

FTIR Analysis

The IR spectra were recorded to examine the impact of soil 
conditioning on the chemical structure of the PLA/PHB 
blends and their sandwiches (Fig. 4). It can be seen that the 
soil burial test carried out over a period of 8 months brought 
significant changes in the FTIR spectra for both samples. 
The bands detected at 2995 cm−1 and 2942 cm−1 shows 
the –CH stretching characteristic to PLA [42]. The peak 
at 1750 cm−1 shows the typical stretching of amorphous 

Fig. 3  XRD patterns of the samples before and after composting 
(inset: X-ray diffractogram of the cellulose paper)

Table 2  XRD interplanar distances  (dhkl), crystallites size  (Dhkl) and crystallinity indexes (C) for the samples before and after soil degradation

Sample 2θ ≈ 13.4
d020 (nm)

2θ ≈ 16.8
d110 (nm)

2θ ≈ 20.0
d021 (nm)

2θ ≈ 21.5
d101 (nm)

2θ ≈ 22.6
d111 (nm)

2θ ≈ 25.4
d121 (nm)

2θ ≈ 26.8
d040 (nm)

2θ ≈ 30.5
d200 (nm)

D200
(nm)

C
(%)

PLA/PHB/0 0.6607 0.5497 0.4450 0.4136 0.3936 0.3507 0.3321 0.2922 12.54 19.9
PLA/PHB/8 0.6562 0.5220 0.4428 0.4117 0.3978 0.3505 0.3329 0.2953 9.96 34.8
PLA/PHB/S/0 0.6607 0.5276 0.4413 0.4120 0.3921 0.3495 0.3321 0.2883 10.20 21.9
PLA/PHB/S/8 0.6565 0.5329 0.4394 0.4120 0.3921 0.3484 0.3331 0.2907 6.58 32.7

Fig. 4  FT-IR spectra for PLA/PHB blend and PLA/PHB/S sandwich-
structured composite, before and after soil burial test
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carbonyl group (C=O) attributed to lactide [43]. All these 
peaks were clearly observed in PLA/PHB blend and struc-
tured composite before composting (Fig. 4). However, these 
absorption peaks were not distinguishable in the spectrum of 
PLA/PHB/S/8, which suggests the scission of ester bonds. 
Fukushima et al. reported that the degradation of linear ali-
phatic polyesters takes place through the scission of ester 
bonds, by enzymatically catalyzed hydrolysis, due to the 
presence of microorganisms in the soil [44].

Furthermore, the band at around 1720 cm−1, present in 
the spectra of PLA/PHB and PLA/PHB/S before the soil 
burial test, and associated with crystalline C=O stretching 
vibration of PHB [45], is barely noticeable in the spectrum 
of both degraded samples. A new band appears at 1656 cm−1 
in the spectrum of PLA/PHB/S sample; it has been previ-
ously observed during the degradation of PLA-MCC com-
posite and correlated with the presence of carboxylate ions 
in degraded PLA composites [33, 46]. This chemical change 
is due to the microorganisms present in soil which consume 
lactic acid and its oligomers from the surface and leave car-
boxylate ions at the chain end [47]. The peak at 1450 cm−1 
is assigned to the lactides –CH3 group and its intensity is 
decreased after composting. The –C–O– bond stretching in 
–CH–O– group of PLA appeared at 1181 cm−1 [33] and 
shows a drastic decrease in intensity after the degradation 
tests.

Overall, the FT-IR spectra showed that after the soil 
burial test, the obtained composites displayed significant 
changes in the characteristic peaks. This indicates the deg-
radation of the polymer layer, which is also confirmed by the 
weight loss analysis.

Thermogravimetric Analysis

The thermal stability of the blend and composite, before and 
after soil biodegradation test was evaluated through TGA. 
The weight loss curves and corresponding derivatives are 
shown in Fig. 5, and the main parameters are summarized 
in Table 3. The temperature corresponding to the onset of 
decomposition (Tonset) is essential for evaluating the thermal 
stability of the samples. It is noteworthy that the degradation 
curves for all the samples present similar profile, slightly 
different in the case of the composted sandwich. The degra-
dation of PLA/PHB occurred in two steps, while the PLA/
PHB/S sample presents a supplementary event of weight 
loss at around 350 °C and attributed to cellulose pyrolysis. 
The first weight loss starts at around 230 °C up to 280 °C 
and corresponds to PHB degradation, as reported previously 
[48]. The second and most important weight loss is noticed 
between 300 and 380 °C and is attributed to the decomposi-
tion of PLA, the major component of the polymer matrix. 
These values are in agreement with results reported for PLA 
[18, 49, 50]. As expected, the control sample, PLA/PHB/0, 

was more thermally stable than composted samples and, to 
a greater extent than the structured-composite before soil 
burial. This suggests that water and other degradation prod-
ucts of cellulose favor the degradation of PHB which begin 
to decompose at a lower temperature. The water adsorption 
was found to accelerate the hydrolysis of PHB and this effect 
was even more pronounced when hydrophilic additives were 
added [51, 52]. This behavior was also observed in vivo, in 
the case of PHB particles loaded with a hydrophilic drug, 
whose dissolution created pores, increasing the water uptake 
and accelerating the polymer degradation by hydrolytic scis-
sion [52]. However, the Tonset of the composted sandwich 
was higher (Table 3), probably because of the consistent 
degradation of the outer layer after 8 months, as observed 
visually and in the SEM images (Fig. 2) and the consump-
tion of lactic acid and its oligomers, as highlighted by FTIR. 
This reduced their contribution to the sample’s composition 
and on the onset degradation temperature. The highest shift 
of the main degradation step was observed for PLA/PHB/S/0 
sample, as shown by the derivatives curves (Fig. 5). Its 
reduced thermal stability is attributed to the presence of cel-
lulose interlayer, phenomenon observed in the case of some 

Fig. 5  TGA (a) and DTG (b) curves of the blend (PLA/PHB) and the 
structured composite (PLA/PHB/S) before and after soil burial test
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PLA/cellulose composites [53, 54]. The residue was higher 
for the structured composites, as compared with PLA/PHB 
samples, as a result of the thermal decomposition of the 
silanized cellulose paper.

DSC Analysis

The DSC scans obtained from the first heating run show a 
single noticeable glass transition, between 55 and 57 °C, 
which is the Tg of the PLA, while for the PHB component 
this thermal event was not discernable (Fig. 6). The similar 
Tg values for the blend and structured-composite indicate 
that the mobility of the amorphous polymer chains was not 
hampered by the cellulose interlayer. The cold crystalliza-
tion peak of PLA at around 90 °C in both samples, indicates 
that PHB crystals act as nucleating agents in PLA, which 
promote its recrystallization. This is consistent with previous 
research made on PLA/PHB blends, with the ratio of 75/25 
[17, 18, 39]. However, a decrease of the Tcc with about 10 °C 
was observed after soil degradation (Table 4) showing faster 
crystallization. This may be a result of the biodegradation 
processes leading to a decrease of the molecular weight of 
PLA, also highlighted by FTIR.

A single endotherm corresponding to the melting of PLA/
PHB blend was obtained before and after composting in both 
the first and the second heating cycles. On the contrary, a 
multi-melting process was observed for the PLA/PHB com-
posites in the first heating cycle, similar to previous reports 
[39]. The melting peak at 161–163 °C corresponds to the 
melting of stable PLA α homocrystals developed during 
the heating process. The peak at 180 °C corresponds to the 
melting of the as-formed PHB crystals during the pressing 
process and recrystallized PHB crystals formed during DSC 

Table 3  TGA parameters 
 (Tonset—the temperature 
at which the weight loss 
begins,  T5%—temperature 
corresponding to 5% weight 
loss,  TP—the temperature of the 
maximum weight loss rate and 
the residue at 700 °C)

Sample Tonset
(°C)

T5%
(°C)

TP
(°C)

Residue at 
700 °C
(%)

Peak 1 Peak 2 Peak 1 Peak 2 Peak 3

PLA/PHB/0 270.2 336.7 269.1 283.3 363.8 – 1.03
PLA/PHB/8 264.7 332.6 261.5 279.5 360.2 – 0.82
PLA/PHB/S-0 246.9 306.5 244.7 272.1 327.3 358.6 5.18
PLA/PHB/S/8 264.4 311.1 261.6 278.3 356.2 – 2.62

Fig. 6  a DSC thermograms corresponding to first heating run (bot-
tom curve) and cooling (upper curve). b DSC curves obtained from 
the second heating run

Table 4  DSC parameters (glass 
transition temperature—Tg, 
melting temperature—Tm, 
enthalpy—ΔH, crystallization 
temperature—Tcc)

Sample First scan Second scan

Tg,PLA
(°C)

Tcc,PLA
(°C)

ΔHcc
(J/g)

Tm,1
(°C)

ΔHm,1
(J/g)

Tm,2
(°C)

ΔHm,2
(J/g)

Tm,3
(°C)

ΔHm,3
(J/g)

PLA/PHB/0 56.9 89.9 14.6 163.2 40.3 − − 166.0 32.8
PLA/PHB/8 57.9 80.3 9.8 162.2 41.8 − − 166.1 31.2
PLA/PHB/S/0 57.0 92.0 14.5 162.5 25.6 180.4 6.1 166.4 31.7
PLA/PHB/S/8 58.0 80.1 9.1 161.4 25.5 180.0 5.8 166.3 34.9



2318 Journal of Polymers and the Environment (2021) 29:2310–2320

1 3

heating. This suggests the influence of cellulose interlayer in 
the formation of both polymer crystalline phases during the 
pressing process. A small crystallization peak was observed 
in all the samples just before the PLA’s melting peak, dur-
ing both the first and second heating run, which is ascribed 
to the presence of two crystal forms and recrystallization 
effects during heating [55]. This peak is less visible in the 
case of the samples after the soil burial tests, as expected, 
since are more vulnerable to biodegradation.

Dynamic Mechanical Analysis

The effect of the cellulose paper on the stiffness of the poly-
mer blend sheets was investigated by DMA. Figure 7 shows 
the temperature dependence of the dynamic storage modulus 
and tan delta of the blend and structured composite before 
and after soil degradation and the corresponding data are 
listed in Table 5. The curves shape is typical for semi-crys-
talline polymers, with a high storage modulus in the glassy 
state followed by a dramatic decrease after the materials 
glass transition temperature. A consistent enhance in E′ 
was observed for the PLA/PHB/S/0 sample, which shows 
a strong reinforcing effect of the cellulose interlayer on the 
PLA/PHB matrix. The samples subjected to soil burial tests 
exhibited a decrease of the storage modulus in the glassy 
state (30 °C) of around 15% in the case of neat blend and 
59% for the composite sample, as compared to unburied 
sample. The storage modulus drops significantly at the 
glass transition of the amorphous PLA (around 60 °C), but 
then increases, at 96 °C showing a peak, which indicates the 
recrystallization of PLA. This behavior is noticeable for all 
samples and is consistent with the work of Zhang & Thomas 
in the case of a PLA/PHB 75/25 blend [17]. The data also 
shows that cellulose layer did not hampered the recrystal-
lization of PLA; on contrary, it started earlier, just above 
80 °C (Fig. 7).

The decrease of the E′ upon aerobic degradation is asso-
ciated with chain loss and decrease in molecular weight 
through a bulk hydrolysis. During first degradation stage 
the ester bonds are cleaved hydrolytically and fragmentation 
occurs. These small fragments are furthermore assimilated 
by microorganisms and fully mineralized to  CO2,  H2O and 
biomass. According to some authors the hydrolysis of PLA 
may be accelerated by the addition of hydrophilic fillers, 
which allows the penetration of the water molecules who 
initiate the degradation [55, 56]. Comparing the E′ values 
of the blend and composite before and after degradation we 
estimate that the addition of cellulose paper between two 
biopolymer layers increased the storage modulus but also the 
rate of PLA hydrolysis. Indeed, the E′ value of the composite 
became lower than that of the blend after composting.

A glass transition event was observed in all the samples at 
about 70 °C (Fig. 8) and corresponds to the glass transition 
of the PLA component. A small shoulder was observed at a 
lower temperature only in the PLA/PHB blend, before and 
after composting. This may be related to the glass transition 
of the PHB component which is in smaller amount in the 
blend and contain a large crystalline phase, therefore low 

Fig. 7  Storage modulus (E′)

Table 5  E′ and tanδ of the PLA/PHB blend and sandwich composite 
before and after soil burial test

Sample name Storage modulus 
(MPa)

Tanδ

30 °C 96 °C Max value Tg (°C)

PLA/PHB/0 4497 372 0.064 47.3
1.886 68.5

PLA/PHB/8 3804 425 0.036 45.1
0.524 69.1

PLA/PHB/S/0 7666 2392 0.138 73.1
PLA/PHB/S/8 3132 482 0.488 69.7

Fig. 8  tanδ curves for the samples before and after soil burial test
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amorphous content. This shoulder was not observed in the 
composite sample, biodegraded or not, being probably an 
effect of the post processing by compression.

The damping factor (tan δ) at the glass transition tempera-
ture was high in the case of the original PLA/PHB blend and 
decreased after composting due to the physical and chemical 
changes induced by the soil degradation and highlighted by 
FTIR, SEM and XRD. The structured composite showed 
a much lower tan δ value due to the influence of cellulose 
paper and silanization which strongly decreased the poly-
mers chains mobility and increased the stiffness. After the 
soil burial of the composite, the influence of moisture from 
the soil and different degradation processes favored by the 
presence of cellulose, led to the decrease of the molecu-
lar weight and increased chains mobility, increasing the 
damping.

Conclusions

We conducted biodegradation experiments on PLA/PHB 
blend and composite at ambient temperature, using cattle 
manure in the soil composition, to ensure an appropriate 
bacterial activity. These conditions better illustrate the real 
ones, since biopolymer based products are more likely to be 
disposed in environments characterized by the mesophilic 
content rather than high temperatures. The chemical changes 
of both neat and structured composite after 8 months in com-
posting were consistent, as revealed by FTIR analysis. The 
XRD crystallinity of all the samples significantly increased 
during the soil burial test, which confirms that the mate-
rial is in initial stage of degradation, where only the amor-
phous regions are degraded. Moreover, DSC measurements 
showed that the degradation of a PLA/PHB matrix occurs 
also at environmental temperatures, which confirm the mor-
phological and X-ray analysis. The changes observed in the 
appearance and physico-chemical properties of the samples 
exposed to soil degradation at moderate temperature let us 
to conclude that both PLA/PHB and PLS/PHB/S will remain 
stable ensuring a short-time protection for humid foodstuff. 
However, both materials would degrade after a period of 
exposure to microorganisms and relative humidity. The 
results lead to the conclusion that a possible application of 
this type of material could be Tetrapak packaging for long 
packaging.
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