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ABSTRACT
In Italy, the majority of bioplastic bags used in food waste collection is made of
starch-based biopolymer. The compostability of this material in a full-scale plant
remains to be demonstrated, largely due to the fact that bioplastic bags are screened
and removed together with conventional plastic bags during pre-treatment steps.
The present research was performed on a small scale to study the degradation of
starch-based bioplastics during composting. Evolution of the physical and chemical
parameters of the material was evaluated by means of Fourier Transform Infrared
(FTIR), experimental mass loss and granulometric trend. The results obtained suggested that fragmentation (physical size reduction of the material) occurred mainly
during the thermophilic phase, while biodegradation (breakdown by microorganisms of an organic chemical into simpler, innocuous compounds) occurred during
the curing phase. Based on the monitored parameters (TS, VS, pH, C/N and RI4), the
composting process of the waste matrix ended after 55 days, but the degradation of
bioplastics failed to achieve the regulatory standards for assessment of compostability (≤ 10% sized > 2 mm). Experimental data revealed a linear trend for the fragmentation process and a duration of 100 days would be required to meet regulatory
requirements.

1. INTRODUCTION
The management of plastics continues to present a
series of challenges worldwide (Hahladakis et al., 2018).
The magnitude of the problem is highlighted by the finding
published by ISPRA (ISPRA, 2019) that plastic waste represents 30% of total waste generated yearly. One of the main
waste streams is constituted by plastic bags, a serious environmental concern worldwide due to the enormous quantities produced and low recovery rate. However, production
and use of plastic bags is achievable by political means:
by banning plastics or taxing the production and use of
plastic bags whilst promoting alternatives such as paper
or bioplastic bags (e.g.: EU, 2018; Italian Legislative Decree
123/20179) (Byun and Kim, 2013).
Bioplastics, characterised by production from renewable sources (bio-based) and biodegradability (biodegradable), represent an effective and sustainable alternative to
traditional plastics (Yates and Barlow, 2013).
Indeed, bio-based plastics are deemed environmen* Corresponding author:
Ruggero Federica
email: federica.ruggero@dicea.unifi.it

tally-friendly materials (Karana, 2012), being produced by
means of a cleaner production cycle than petrol-based
plastics. Moreover, bioplastics may potentially be suitable
for reintroduction into the soil following decomposition (in
the case of biodegradable materials)
However, the biodegradability of bioplastics is an important issue as products, either accidentally or on purpose, frequently end their life cycle in the environment (soil
or water) (Shruti and Kutralam-Muniasamy, 2019). Indeed,
the term biodegradability relates in particular to the environmental context in which bioplastics are disposed, with
some commonly used bioplastics being biodegradable
through composting, in accordance with EN 13432 (EN
13432, 2000). Importantly, the characteristics required to
allow the treatment of bioplastics by means of composting
are as follows: biodegradation relates to the breakdown of
an organic chemical compound by microorganisms, whilst
compostability to the suitability of a packaging material to
undergo biodegradation in a composting process. To attest
this suitability, following assessment of a fragment of the
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material, no more than 10% of the initial material should
fail to pass a 2 mm sieve at the end of the process; thus, a
2 mm dimension is the threshold below which residues are
considered assimilable compost in accordance with current regulation.
Biological processes in composting are carried out by
a consortium of various microorganisms (bacteria, actinomycetes, fungi, yeasts, etc.) and determine the degradation of organic matter accompanied by release of thermal
energy and consequent temperature increase, in many
cases exceeding 55°C. Experiments conducted on the degradation of bioplastics through composting have yielded
at times divergent results. (Emadian et al., 2017), (Mohee
et al., 2008). Balaguer et al, 2016, (Balaguer et al., 2016)
observed an effective action in terms of degradation of bioplastics, while others reported only 26.9% of degradation
due to the presence of lower temperatures (Mohee et al.,
2008).
When subjected to unfavourable composting conditions (mainly low temperatures and insufficient composting time), bioplastics may not disappear completely but
merely break down into microscopic pieces. Therefore, the
difficulty of using the compost on cultivated fields may impact negatively on market demand for the product.
Currently, the majority of industrial composting plants
are not equipped to receive bioplastic bags, as these are
selected by pre-treatment and removed from the composting line together with conventional plastic bags. As a
consequence, numerous aspects of bioplastic composting remain to be ascertained: how initial size affects the
degradation process; whether the time frame applied in
food waste composing is sufficient to comply with the
standards for bioplastic size reduction; and the fate of
microplastics generated once treatment has been completed.
Starch-based bioplastic bags are currently the most
widely used carrier bags in Italy. Use of these bags is undoubtedly destined to increase further in the future, particularly in view of the strict limitation of single-use plastics imposed by the European Circular Economy package
(Package., 2018) (Hahladakis and Iacovidou, 2018). The biodegradation of starch-based film bioplastics under composting has been studied by previous authors in different
conditions, generally at lab scale and with constant temperature and humidity (Ruggero et al., 2019). A degradation

ranging from 30 to 45% was found in mesophilic conditions
(Mohee et al., 2008) (Accinelli et al., 2012) (Massardier-Nageotte et al., 2006), while if composting is carried out with
a temperature not lower than 58°C for a period longer than
45 days, the degradation reaches 90% (Iovino et al., 2008),
(Javierre et al., 2015) (Gómez and Michel, 2013).
The present study, performed on a small scale, was
aimed at providing an additional insight into the degradation of starch-based bioplastics during the composting process. Important parameters monitored during the
process included the concentration, size and mass of bioplastics. The chemical composition and structure of the
material were investigated by means of Fourier Transform
Infrared (FTIR).

2. MATERIALS AND METHODOLOGIES
2.1 Experimental set-up
The experimental tests were performed in small-scale
pyramidal composting heaps of 30 kg of waste, organized
in two replicates referred to as Line 1 and Line 2, each comprising three heaps. One blank containing only the organic
fraction of waste (OF) and two heaps with a mix of OF and
the tested bioplastics manually cut into two different sizes
were set up (Figure 1).
Waste composition for heaps was generated considering the need to simulate the waste matrix of food and
green waste generally entering composting plants; it was
selected on the basis of indications provided by ARPAV
(Regional Environmental Protection Agency of Veneto)
(Veneto Region, 2015): kitchen waste (53% on wet basis),
wood chips (33%), grass (3%), with an inoculum of compost (11%) to facilitate start-up of the process. Heaps were
placed in a climatic chamber under controlled temperature and humidity, which was monitored daily. Tests were
carried out to evaluate granulometry, concentration, and
physicochemical features of bioplastics: sampling was
performed on 10th, 25th, 40th and 55th days with an aim to
clarifying evolution during the composting process.

2.2 Tested material
Tested material consisted of starch-based bioplastic
carrier bags; the composition of this material, commercially available in Italian supermarket, is 30% of starch and 70%
of polybutylene adipate terephthalate (PBAT), a biodegradable not biobased polyester. The thickness of the material

FIGURE 1: Experimental set-up of the composting test.
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was 0.5 mm. The initial concentration of the tested material in the waste matrix was of 7 g bioplastics for each kilogram of mixture. Parameters used in identifying the latter
were based on: (i) the current quantity of compostable bioplastics produced in Italy (Assobioplastiche, 2018); (ii) the
increasing trend of 30% foreseen over the next five years
(Bioplastics European, 2019); (iii) the amount of waste to
composting (ISPRA, 2017); (iv) variables identified in the
use of biobags by Italian families, including number of
householders, seasonal variations in collection timing, and
type of collection (Peelman et al., 2013).
As shredding tools adopted in composting plants determine a final size ranging from a maximum of 70-80 mm to
a minimum of 20-10 mm, the initial size of bioplastic pieces represented a test variable and bags were shredded into
two size ranges: from 50 to 70 mm, and from 20 to 30 mm,
referred to as BioPOF big and BioPOF small, respectively.

2.3 Composting monitoring parameters
Typical parameters of composting process were monitored throughout the test. First, the heaps were weighted
with a balance (gram precision) to evaluate mass trend
during the process and to obtain the BioPOF mass for each
heap. Total and volatile solids (TS and VS) were measured in accordance with the standard method IRSA-CNR Q
64/84 vol. 2 n. 2. A Benjamin by Vittadini - Suprema 600
oven and a Gefran 1001 muffle were used to analyse TS
and VS, respectively.
Temperature was monitored three times a day using an
Endress + Hauser - RSG40 probe at the centre and bottom
of the heaps to obtain a daily average value for each heap.
Although in the presence of a negligible inorganic fraction, Total Carbon was measured in accordance with the
UNI EN 13137 standard using a Shimadzu - TOC-V CSN Total Organic Carbon Analyzer combined with an SSM 5000
Solid Sample Module.
Total Nitrogen (TKN) was measured in accordance with
IRSA-CNR Q 64/85 vol. 3 n. 6 mod. standard using the following equipment for the three phases of analysis: Velp
Scientifica - DKL Heating Digester, Velp Scientifica - UDK
127 Distillation Unit and Crison – TitroMatic.
The IRSA-CNR Q 64/86 vol. 3 n. 8a standard was used
to measure nitric nitrogen for transfer of the solid sample
to the liquid phase, and IRSA-CNR 29/2003 vol. 2 n. 4040
A1 standard to measure analytical parameters of the liquid
by means of UV analysis using Shimadzu - UV - 1601 UVVisible Spectrophotometer. The monitoring parameter C/N
was subsequently calculated.
Measurement of pH following transfer to the liquid
phase was conducted on the liquid sample as established
in IRSA-CNR 29/2003 vol. 1 n. 2060 using a Crison – TitroMatic.
To conclude, static and dynamic respirometric indexes
RI4, were measured by means of the SAPROMAT method
(Federal Compost Quality Assurance Organization) using a
Sapromat model E.
Table 1 reports parameters for the initial waste matrix,
in comparison with values required by standard EN 14045
(EN 14045, 2003).
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TABLE 1: Chemical characteristics of the initial compostable feedstock.
Parameters

Initial compostable
matrix

Reference values (EN
14045)

Moisture (%)

54

> 40-50

VS (%)

91

> 50

C/N

34

20-35

pH

6

>5

RI4 (mgO2/g TS)

50

-

2.4 Evaluation of bioplastics fragmentation and
degradation in composting
2.4.1 Granulometry of bioplastics
To evaluate the fragmentation of bioplastics (physical size reduction), sieving analysis as established in EN
13432 was considered as a reference. However, since the
focus of the study was to investigate the fragmentation of
bioplastics both throughout and on completion of the process, sieving analysis was carried out on the 10th, 25th, 40th
and 55th days of the test. For each analysis, 500 g of composted BioPOF big and BioPOF small wastes were sieved
through six meshes, in accordance with ASTM international classification: 3/4, 3/8, 5/16, 3.5, 8, and 14, corresponding to 20 mm, 10 mm, 8 mm, 5.60 mm, 2.38 mm, 1.40 mm.
The fractions of bioplastics passing through sieve 3.5 were
considered micro-pieces.
After sieving, each granulometric fraction was visually
screened to recover bioplastic fragments; this procedure
for fragments recovery is suggested also in the main standards for bioplastics compostability (e.g. EN 13432). However, to improve the identification of the smallest particles,
down to the size of 1 mm, the procedure was enhanced by
a magnifying glass, diameter 50 mm and magnification 5x,
and carried out for the same sample at least by three operators to reduce the subjectivity of the naked eye.
These fragments were weighted (g BioP) and used to
calculate the concentration of bioplastics in the 500 g BioPOF sample.
The granulometric curve, describing the percentage of
bioplastics retained in mass for each heap at any sampling
time, was drawn.
Finally, bioplastics mass measured in each granulometric fraction was exploited to build a curve showing an
average trend of granulometric size reduction during composting, applying Equation 1.
(1)
Where j is the sampling day, from 0 to 55, and i are the
granulometric fractions (20 mm, 10 mm, 8 mm, 5.60 mm,
2.38 mm, 1.40 mm); is identical with the mesh size of the
sieve and is obtained with Equation 2.
(2)
2.4.2 Bioplastics mass
An important information to be obtained from the analysis is related to the decrease of total bioplastic amount
(g) in the waste matrix during composting. To extrapolate
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the total mass of bioplastics (total BioP mass) in the heap
at each sampling time, the bioplastic concentration previously obtained in the 500 g sampled from each heap was
used. To obtain this unknown value, concentration was
multiplied by total mass of the heap (BioPOF mass):
(3)
However, two features in particular impacted on the
experimental mass calculated as per Equation 1, namely
increased moisture content in bioplastics, ranging from 5
to 9%, empirically evaluated by means of total solids analysis, and percentage of mass increase caused by waste
adhering to the surface (dirt). The latter variable was defined on the basis of experimental data yielded by calculating the difference in mass before and after the cleaning
of bioplastic pieces. The cleaning operation was carried
out on samples of five pieces gathered from different size
categories, for different days of analysis and from different
heaps. These samples were weighted, cleaned using spatulas, hard brushes and tweezers to remove other adhering
wastes and once again weighted. The percentage of dirt
thus obtained was subtracted from total mass.
2.4.3 Degradation of bioplastics assessed by FTIR analysis
Fourier Transform Infrared (FTIR) spectra were obtained in total reflectance mode (ATR) with Thermo Scientific™ Nicolet™ iS™10 FTIR Spectrometer with 2 cm-1 spectral resolution, coupled with OMNIC software. Fragments
of bioplastics were recovered during the composting process for the analysis; these had been previously cleaned
and tooth-brushed in order to remove all waste residues
from their surface. The investigated wavenumber range
was 4000-600 cm-1. The spectra were acquired in absorbance. The variation observed in peaks intensity and wavenumbers provides qualitative information on chemical
change to the polymeric structure and the degradation process of materials.
FTIR analysis was also applied at the beginning of the
research to different brands of bioplastic carrier bags present on the Italian market, to define each spectrum. The re-

sults confirmed that, despite the different brands, composition of the tested bags was identical, being all starch-based
and made by the same company.
2.4.4 Visual analysis
In accordance with EN 14045 (EN 14045, 2003), visual
assessment criteria distribution of particle size of remaining bioplastic particles and signs of microbial colonisation
of the material. Ten bioplastic particles were selected to
provide an overview of all visible degradation phenomena:
consistency and thickness of the material, discolouring,
erosion of the material (holes, tunnels, etc.) and ease of
detection. Results of each assessment relevant for the test
were documented in writing and by photographs.
Furthermore, evolution of the aspect of bioplastics may
define the turning point after which pieces of the tested
material became assimilable to compost for size, colour,
smell and features.

3. RESULTS AND DISCUSSION
3.1 Evolution of composting parameters
As expected, two main phases were identified during
the composting process: a thermophilic, or high rate phase,
which ended within ten days, and a mesophilic curing
phase, lasting forty-five days.
Process temperatures, having a similar trend in the
heaps of the two lines, were in the proximity of 60°C over
the first ten days (thermophilic phase). After this period,
the heaps presented a progressive reduction of temperature to 30 °C, reaching ambient temperature in the final
stage of the process.
A significant indicator of process evolution was mass
variation of the heaps: mass trend and total solids content
are reported in Figure 2. Mass decrease displayed the highest intensity during the thermophilic phase, reaching 60%
of initial mass (40% loss) and 30% (70% loss) at the end
of the process. Although mass loss may vary depending
on the feedstock and evolution of the composting process,
this result is comparable with trends reported in literature

FIGURE 2: Decrease in mass (a) and total solids (b). recorded in the tests.
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(Tiquia et al., 2002).
Final values obtained for composting parameters met
the requirements of EN 14045 and Italian limits for compost quality (Annex 1 C of Law 748/84 modified by Ministerial Decree dated 27/03/98). Moisture was below 40%, pH
was in the range of 7.6-7.7, and C/N in the range between
12 and 13 (Table 2). Respirometric index achieved values
compatible with indication of a stable RI4 < 5 mg O2/ g TS
(Barrena Gómez et al., 2006).
Moreover, results obtained for the heaps containing
bioplastics (BioPOF) displayed no substantial differences
compared to blank heaps (OF); therefore, in the context
of composting, bioplastics do not seem to impact on final
compost quality. Negligible alteration in the matrix due
to bioplastics was observed by previous authors, both in
compost (Balaguer et al., 2016) and in soil (Adhikari et al.,
2016).

BioP small and BioP big during the mesophilic phase. The
bullet points on the graphs are calculated in accordance
with Equation 1. The graph illustrates the equations for the
trend of each line.
The steep slope observed during the thermophilic
phase confirmed the high efficiency of this phase in achieving fragmentation (Balaguer et al., 2016). The second, lower slope indicated a slowing down of the fragmentation
process during the curing phase. The different size of bioplastics at the beginning of the experiment clearly affected
the fragmentation process during the thermophilic phase;
however, during the last part of the process the BioP small
and BioP big curves definitely tended to converge.
The hypothetic time required to achieve an average final size of 5 and 2 mm was extrapolated using linear equations obtained for the curing phase, corresponding to 80
and 100 days of composting, respectively.

3.2 Granulometry of bioplastics

3.3 Bioplastics mass

The fragmentation process was clearly visible in the
tested material, mainly during the thermophilic phase of
composting. Figure 3 shows the granulometric curves of
small and large bioplastics, with an average value between
the two lines of each size (BioP small and BioP big).
A substantial reduction of the initial size was manifested during the thermophilic phase: the granulometry of the
particles of both BioP small and BioP big moved towards
10 mm. This trend of high fragmentation was expected in
view of the typically higher intensity of the first phase of
composting (Insam and de Bertoldi, 2007), (Tiquia et al.,
2002).
At the end of the process, the granulometric curves of
bioplastics revealed that the percentage of pieces passing
through 5 mm sieve reached 55% and 20% in BioP small
and BioP big respectively. Moreover, the curves outlined
the generation of micro-pieces below the 2 mm regulatory
threshold.
Figure 4 reports the average trend in size reduction of
bioplastics based on data obtained from the granulometric
curves. After a strong size reduction found in the end of
the thermophilic phase, a linear trend was defined both for

During the composting process, bioplastic mass decreased to 20-30% of the initial mass, corresponding approximately to the mass achieved by the compostable
heaps, as previously discussed. Final results were achieved
on inclusion of variables relating to water and surface dirt.
In particular, alteration (increase) of mass due to surface
dirt was lower at days 10 and 25 than at days 40 and 55th,
yielding percentages of 10-20% and 20-30%, respectively.
Mass trend is reported in Table 3, illustrating average values obtained from the two lines for BioP small and big. It
is evident how mass was still stable after the thermophilic
phase, while during the curing phase it underwent a substantial decrease, showing a similar behaviour for both
BioP. Mass decrease may be taken as an index of biodegradation, occurring thanks to the activity of microorganisms
in the curing phase (Chiumenti et al., 2005) (Insam and de
Bertoldi, 2007), (Tiquia et al., 2002).

3.4 Degradation of bioplastics investigated by
means of FTIR analysis
Results obtained at FTIR-ATR analysis confirmed that
the degradation of bioplastics occurred mainly during the

TABLE 2: C/N ratio and respirometric index RI4 parameters during composting.
C/N (mgO2/gTS)

RI4
Line 1

1st

10th

25 th

40 th

55 th

1st

10th

25 th

40 th

55 th

OF

29

21

13

17

13

52.3

38.7

38.2

26.4

1.3

BioPOF small

25

19

17

22

12

51.9

39.1

41.0

33.3

3.4

BioPOF big

24

19

16

18

12

49.8

36.5

43.7

30.2

5.3

Average

26

19

15

19

13

51.3

38.1

41.0

30.0

3.4

Line 2
1st

10th

25 th

40 th

55 th

1st

10th

25 th

40 th

55 th

OF

25

19

18

17

13

49.5

33.9

27.1

13.1

8.6

BioPOF small

23

17

14

14

11

50.0

34.8

35.4

22.1

6.6

BioPOF big

32

18

14

14

12

53.2

27.9

32.1

16.2

8.4

26.8

18.0

15.6

14.8

12

50.9

32.2

31.5

17.1

7.9

Average
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FIGURE 3: Bioplastics granulometric curves during composting process for bioplastics small (BioP small) (a) and big (BioP big) (b).

FIGURE 4: Evolution over time of size reduction (average) of bioplastics due to disintegration and biodegradation.

curing phase. In Figure 5, the spectrum of one sample
(chosen from hundreds with similar results) for each day
of analysis is reported.
After ten days of composting, the spectrum was almost
identical to the initial spectrum, and at the end of the thermophilic phase few differences were noticeable; the most
substantial changes, however occurred during the curing
phase.
Prior to the 25th day, the spectra displayed a peak at
1717 cm-1 corresponding to the initial C=O group present
in the structure of the tested bioplastic polymers: the peak
TABLE 3: Bioplastic (BioP) mass decrease during composting.
BioP mass (%)
Time (d)

BioP small

BioP big

st

1

100

100

10th

96.8

95.8

25th

60.0

79.0

40th

45.8

40.0

55

29.8

18.3

th
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is strictly relatable to PBAT present in the polymer (Elfehri
Borchani et al., 2015). . Indeed, the disappearance of the
peak in the spectra of day 40 and 55 can be considered as
an index of at least a partial degradation of PBAT in the polymer. However, it is fair to highlight the trend of peak 727
cm-1, which previous authors identified as representative of
bonds typical of PBAT (Weng et al., 2013). Even after 55
days of composting, the peak is still present in the spectrum, assessing that this part of the polymer has not yet
been degraded. Importantly, the two peaks in the surrounding of 1270 cm-1 are the main peaks relatable to starch in
the polymer; their substantial decrease is a clear index of
starch degradation in composting (Elfehri Borchani et al.,
2015) (Ruggero et al., 2020).
Shortly after the 25th day, and particularly on days 40
and 55, an increase in concentration of the peaks in the regions between 1650 and 1600 cm-1, and between 1450 and
1400 cm-1 was observed. These new peaks may be attributed to the formation of carboxylate ions (R-COO-) by microorganisms and amidic groups of proteinaceous materials,
respectively, in line with the findings of previous studies
(Ruggero et al., 2020) (Arrieta et al., 2014). Moreover, an
F. Ruggero et al. / DETRITUS / Volume 12 - 2020 / pages 57-65

FIGURE 5: Spectra from the same heap at different times of the composting process.

increase of 3270 cm-1 peak concentration is imputable to
the –OH group, a further sign of hydrolytic degradation of
the material.

3.5 Visual analysis
Visual analysis of bioplastics during the process revealed increasing amounts of surface dirt on the pieces
produced by contact with organic waste, in addition to limited signs of bacterial activity in terms of lateral erosion.
With regard to the smallest bioplastic particles, a marked
similarity with compost was detected mainly in the curing
phase.
During manual operations carried out in the sieving
analysis, it was visually noted that due to softening and increasing humidity, the bioplastics tended to wrap the food
waste, thus preventing full degradation of the food waste.
Evolution of the visual aspect of bioplastics was photographically documented during the tests, as shown in
Figure 6.

the thermophilic phase. Accordingly, the initial dimensions
of the bioplastics were found to impact on the fragmentation process. Moreover, two linear trends were identifiable
in the size reduction curve: a steep slope in the thermophilic phase, which evolved into a much slower trend of fragmentation during the curing phase. Extrapolation of experimental data has revealed the need for a 100-day period
of composting in order to meet standard requirements for
the compostability of bioplastics.
Taking into account the future extended use of bioplastics and marketing of new products, including cutlery, food
packaging and coffee capsules, further research should be
undertaken. Indeed, further research should extend the experimental day up to more than 100 days and be based on
the inclusion of a series of additional features of bioplastic
and variables with an aim to providing an in-depth analysis of the conditions (composting time, temperature, initial
quantity and size) best suited to promoting degradation in
composting.

4. CONCLUSIONS
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