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The ability of full-scale industrial plants to degrade bioplastics waste must be verified to exclude any negative
effects on the quality of the process outputs. This study aims to assess the degradation of two thermoplastic
cellulose acetate-based bioplastics, in pure and composite forms in both Anaerobic Digestion (AD) and Com-
posting (C) industrial conditions. The main degradation occurred during AD, where a disintegration of about
36% and 50% was achieved from pure and composite thermoplastic cellulose acetate, respectively. The disin-
tegration during C did not exceed 20% for both samples. The combined process resulted in a slightly higher
degradation (58-40%) than that obtained in AD, revealing how the main alteration of samples occurred in an
anaerobic environment. Despite this macroscopic degradation, the samples showed only minor superficial
degradation as highlighted from SEM analysis. FT-IR spectroscopy, TGA andDSC analyses showed that the
biodegradation mechanism involved mainly the plasticizer loss and deacetylation of the cellulose matrix, with
only partial degradation of cellulose backbone However, both deacetylation and degradation were favored in AD
and AD + C processes and from the presence of filler in anaerobic conditions. These results demonstrated how
the degradation obtained on an industrial scale can differ significantly from those obtained in the laboratory
scale, especially for pure thermoplastic cellulose acetate. Furthermore, current industrial AD and C process
resulted not optimized for the treatment of thermoplastic cellulose acetate-based bioplastics. Hence, this works
could help waste facilities managers to process emerging materials such as bioplastics in a more sustainable way.

1. Introduction industrial conditions has been thoroughly documented, albeit this

should be already known [3].

To prevent and reduce the impact of plastic wastes on the environ-
ment and to promote a transition to a Circular Economy, the European
Directive for Single-Use Plastics (SUP) aims to transform radically the
way plastic products are designed, produced, used and recycled in the
EU [1]. For the first time, bio-based, biodegradable and compostable
plastics were considered equivalent to conventional plastics under the
SUP Directive. The reason for this choice was essentially due to the lack
of shared technical standards to certify the actual biodegradability of
these materials in real conditions, such as in the marine environment
[2]. Not even the degradation of these materials under complex
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In this context, the term “bioplastics” is equivalently used to define
either the origin (bio-based) or the fate (biodegradable) of a given
plastic material. This term was introduced in the last few decades to
identify a generic environmentally friendly and sustainable alternative
to fossil-based materials [4]. This has produced a variegated class of
commercial materials that users, distributors and consumers did not
know and handle properly [5]. Despite this, the presence of bioplastics
on the market is constantly growing. In 2022 the global capacity of
bioplastics production of about 2.22 Mt of bioplastics was reported and
it was set to increase to approximately 6.29 Mt in 2027 [6]. There is a
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wide range of biopolymers such as PHA (polyhydroxyalkanoates), pol-
ylactic acid (PLA), starch-based and other that are still limited in amount
but with a promising fate: it is the case of cellulose-based biopolymers,
which accounted 3.6% of the global bioplastic production in 2022.

Nowadays, waste bioplastics are usually collected with the separate
collected organic waste. However, it has been realized that even if
bioplastics fully meet the criteria of industrial compostability (EN
13432), their treatment with separate collected organic waste through
anaerobic digestion and composting must be carried out with care [7]
and their general impact on the entire waste management system could
not be neglected [8].

Usually, the industrial processing conditions used for the treatment
of organic waste are different from that prescribed by standards, in
terms of temperature, bioplastic concentration and time [9]. In addition,
variable thicknesses, the presence of pollutants, additives and fillers are
some of the variabilities that can affect the degradation process of a
bioplastic material [10,11]. An incomplete bioplastics degradation,
achieved at the end of biological treatment, results in contamination of
digestate and/or compost, which must be mechanically separated in the
final step (or before the biological processes) [12]. The contamination of
digestate and/or compost by bioplastics fragments doesn’t allow to use
it in agriculture, resulting in significant environmental burden [13]. In
fact, these bioplastic fragments as well as pesticide residues used in
agriculture can potentially cause unpredictable damage to the envi-
ronment due to their persistent bio-accumulation [14,15]. Various
technologies such as bio-catalytic [16,17] and chemical treatments
[18,19] have been investigated. However, most of these techniques are
expensive and generate by-products that can sometimes be more toxic
than the initial themselves [20,21]. Improved approaches that control
plastics residues in industrial solid wastes treatments, as well as general
policy measures to reduce the single-use plastics are mandatory [22].

The suitability of biological treatment for bioplastics waste has been
mainly investigated by means of several laboratory tests on a wide range
of biopolymers, following the process conditions established by different
standard methods related to compostability, biodegradability and
disintegration [23]. Concerning two thermoplastic cellulose acetate-
based, a lab-scale assessment of their fate during a combined anaer-
obic digestion and composting process was carried out by Gadaleta et al.
[24]. Results revealed a slight increase in methane production during
the anaerobic digestion stage and no effect of bioplastics during com-
posting. Despite it was not detected any phytotoxic effect of the compost
with bioplastics residues, the final degradation of cellulose acetate
samples did not fulfil the compost quality requirement.

On the contrary, knowledge about the real degradation of bioplastics
during industrial anaerobic digestion and composting process are still
scarce and limited to few biopolymers, revealing different results be-
tween full-scale and lab-scale test. Altieri et al. [25] reported that, while
different Poly Butylene Succinate (PBS)-co-Adipate/Collagen Hydroly-
sates blend samples achieved a high degree of biodegradation at lab-
scale, the samples did not fulfil the residues limit admitted for the full-
scale tests. Intaraksa et al. [26] and Kale et al. [27] have reported that
PLA samples are completely degraded both in the laboratory and at full-
scale, but with a test duration of >90 days. In addition, both rigid and
flexible packaging (PLA- and PBS-based, respectively) significantly
differed in the degree of disintegration during lab-scale and on-field
composting tests [28]. The rigid and flexible packaging blends ach-
ieved a disintegration of 44.3% and 99.7% after 12 weeks in the lab-
scale test, respectively. After exposure to industrial composting on-
field, the degradation didn’t exceed 7% for both samples.

The lack of knowledge in full-scale investigation of bioplastic
degradation is due to the difficulty of testing the degradability of bio-
plastic in full-scale reactor, that better describe bioplastic degradability
than batch lab-scale conditions. In any case, most of the full-scale
experimental tests present in literature considered only the compost-
ing environment, revealing the poor attention dedicated to the investi-
gation on the anaerobic conditions. Full-scale evaluation of bioplastics
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degradation under anaerobic conditions was carried out only through
landfill burial tests [29] or for few biopolymers such as PLA and starch-
based shoppers [30]. Thus, the evaluation of bioplastics degradation at
full-scale needs to be further investigated, especially in real anaerobic
digestion plant, including also the case of incoming biopolymers such as
cellulose-based ones.

In order to cover the gap in existing literature, this study aims to
investigate the full-scale degradation of two thermoplastic cellulose
acetate-based samples, in pure and composite forms (already investi-
gated in Gadaleta et al. [24]) in both anaerobic and composting indus-
trial conditions. The full-scale degradation experiments were carried out
in a public waste treatment facility in Hamburg (DE) as an upgrade of
the previous assessment in lab-scale by Gadaleta et al. [24] (which was
seen as a reference test). The samples taken from the compost or
digestate at the end of each degradation test are characterized by
Fourier-Transform Infrared Spectroscopy (FT-IR), Thermogravimetric
Analysis (TGA), Differential Scanning Calorimetry (DSC) and Scanning
Electron Microscopy (SEM) to monitor and qualitatively describe the
degradation mechanism at different structural scales.

2. Materials and methods
2.1. Materials

Thermoplastic Cellulose Acetate (CA) with a plasticizer content of
about 30 % was supplied in form of pellets by GIBAPLAST (Varese, Italy)
and used as pristine and as polymeric matrix in the obtained master-
batch and composite. Cellulose acetate (39.8 wt% acetyl content, degree
of substitution (DS) 2.5, specific gravity ~ 1.31 and average molecular
weight Mn ~ 50,000) and Triacetin (99.5% purity, molecular weight
Mw ~ 218.2 g/mol) were used by GIBAPLAST to prepare CA.

A layered double hydroxide (LDH) intercalated with sorbate anion,
listed in EC-Directive 10/2011 was used as active nanofiller. It was
produced by Nicefiller Ltd., a startup of the University of Salerno (Italy)
[31]. The active molecule in the nanofiller is equal to 20 wt% (wt%).

2.2. Thermoplastic cellulose acetate-based bioplastics preparation

Two different CA based bioplastics, in pristine and composite form,
were prepared. A composite of CA with 5 wt% of organically modified
LDH was prepared in two steps. Initial step involved the preparation of a
masterbatch to obtain a good dispersion of filler in the polymeric matrix.
Masterbatch was prepared by mixing 45 g of CA with 25 g of organically
modified LDH in an internal mixer (Rheomix 600 Haake, Germany), at
140 °C and 75 rpm. Before the mixing process, CA was dried in a lab-
oratory oven at temperature 80 °C for 8 h. Preparation of the master-
batch in the mixer was carried out in two stages. In the first, CA was
melted for 2 min; in the second, LDH was added and the mixture was
stirred for 3 min. Subsequently, the composite containing 5% of
organically modified LDH was extruded using 430 g of pristine CA with
75 g of masterbatch. The extrusion process was carried out using a twin-
screw extruder (Thermo Scientific 121 EuroLab 16 XL) at 40 rpm and
temperature profile: 150 °C, 160 °C, 160 °C, 160 °C, 160 °C, 160 °C,
150 °C (head) to form a continuous, 150 um thick, film samples (namely
CA-LDH). Before extrusion, CA and masterbatch were dried in a dryer
for 8 h at 80 °C. Pristine thermoplastic cellulose acetate film samples
(namely CA) were produced by applying the same procedure to the CA
pellets.

2.3. Anaerobic and composting facility

The facility used for the full-scale experiments is Biogas-und Kom-
postwerk Biitzberg, located in Hamburg (BKW Biitzberg, SRH), which
has a typical layout of a combined anaerobic and composting plant in
Europe [32] (Fig. 1a).

It is a public waste treatment utility of the city, producing biogas as
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Fig. 1. Full-scale plant layout with reactors involved in cage placement (a); Cages preparation and positioning: (b) mixture of CA based samples with separate
collected biowaste/digestate, (c) placing the net in the metal cage, (d-e) placing the cages in the biomass to process and covering them; Experimentation timeline (f).

Single images with higher resolution are shown in Supplementary Materials.

well as compost via dry-anaerobic digestion (solids content >20%) and
composting from organic waste. The facility has a capacity of 70,000 Mg
of bio-waste and it can produce annually 1.3 million m® of bio-methane
and 35,000 Mg of compost [33]. The waste is collected, sieved to remove
impurities (e.g. plastic films or metals) and then shredded with an
average dimension of 8 cm through a screw mill crusher. Then, about
150 Mg of organic waste (80% of raw material from bio-waste, 5% of
structure from green waste, 10% of digestate and 5% of processed sieve
overflow) are fed to one of the 21 box-shaped fermenters (24 m x 5 m x
4.5 m) and 2-3 weeks of mesophilic anaerobic digestion (38-40 °C) with
leachate percolation are carried out. Biogas is collected and purified to
reach high methane concentration and used for the Hamburg energy

supply. The digestate in output is then mixed with raw bio-waste as
process initiator and fed into a box-shaped reactor (22 m x 125 m): there
for 4-5 weeks the digestate is aerated (6 times per hour) held at 60 °C
and every 7 days it is mixed and moisturized. After composting, the
finished compost is sieved and made available for marketing. Over-
screens (>10 mm) are removed through a wind sifter and reused as
structural material while impurities removed at the beginning of the
process (1.5 — 2.5 % of the input) are incinerated.

2.4. Samples preparation and experimental degradation tests

In order to evaluate bioplastic degradation during biological
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treatment, (i) anaerobic digestion (AD), (ii) composting (C) and (iii)
combined anaerobic digestion and composting (AD + C) have been
carried out on both CA and CA-LDH samples. The waste loading of the
anaerobic digestion fermenter was 145 Mg of organic waste, in which,
due to the waste composition fluctuation, no green waste was added.

CA and CA-LDH film samples were cut in pieces of 100 cm? surface
and placed into plastic nets of 2 mm mesh, as established by normative
EN ISO 16929:2021 [34]. Indeed, a bioplastic can be considered dis-
integrated when the size of the residues is under 2 mm and inert ma-
terials (i.e., plastic, glass, metal, and bioplastic) with a size under 2 mm
are not considered to negatively affect the quality of fertilizers. For each
environment (AD, C and AD + C), three nets (triplicate) were prepared
for both CA and CA-LDH samples, in order to overcome the problem
associated with the complexity of full-scale study. Every net contained
about 1 kg of bio-waste (items with a dimension >50 mm were manually
removed) and a specific number of plastic samples (from 8 to 14) were
added in order to achieve 1 % of bio-waste (wet mass basis). All the nets
were placed in a specific cage (25 cm x 25 cm x 51 cm) for each
environment (AD, C and AD + C) with a metal grid of 3 cm x 3 cm,
allowing a continuous contact with the rest of the pile and protecting the
nets for possible damage (Fig. 1b-1e). The cages were placed in the
middle of the bio-waste pile and properly marked [35]. As visible in
Fig. le, three cages were used: two of them were placed in the anaerobic
digestion fermenter at the same moment. At the end of the process, the
first was opened to assess the plastic degradation and the second one was
transferred to the composting unit to assess the whole anaerobic-aerobic
treatment. A third cage was introduced in the same composting stage to
assess the plastics’ aerobic degradation only. AD was conducted for 15
days while active C was conducted for a further 21 days (with weekly
mixing) (Fig. 1f). The reactor adopted was the same, equipped to work
under anaerobic (no aeration) and aerobic conditions.

2.5. Analytical methods

In order to characterize the CA based waste with regard its physical,
morphological and chemical properties, different analytical methods
were applied, herein presented.

2.5.1. Total and Volatile solids, elementary composition, electrical
conductivity, pH

Total solids (TS) and Volatile solids (VS) were determined by
following DIN 38414 — S2 [36] and DIN 38409 — H 1-3 [37], respec-
tively. pH was measured for both liquid and solid samples: for the latter,
the DIN 38404 — C5 [38] was adopted. The elementary composition of
the output from the different stages of composting was evaluated using
an NCHS analyser (Vario MACRO cube, Elementar). Electrical conduc-
tivity was measured for the final compost in accordance with the DIN
38404 — C8 standard [39].

2.5.2. Plastic disintegration

Plastics disintegration was evaluated at the end of every stage: (i)
after 2 weeks for AD, (ii) after 3 weeks for C and (iii) after 5 weeks for
AD + C. At the end of each process, the nets were opened, the material
was dried at 105 °C and then sieved. Plastic samples with dimension >2
mm were recovered, manually cleaned from macroscopic impurities and
weighed. According to ISO 16929, the degree of disintegration (D) was
calculated from the Eq. (1):
p— M= ™6 M

m;

where m; is the initial dry mass of the test material and m, is the dry mass
of the residual test material recovered by sieving (2 mm). Although the
ISO 16929 standard refers to the aerobic environment, for comparison
purpose, here the calculation of the degree of disintegration was also
extended to the anaerobic environment.
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2.5.3. Scanning Electron Microscopy (SEM)

SEM X Carl Zeiss Sigma 300 VP (Carl Zeiss Microscopy GmbH, Jena,
Germany) was used to characterize the surface morphology of the
samples before and after degradation. Before placing the samples in the
vacuum chamber, they were coated with graphite by using Sputter
Quorum Q150 (Quorum Technologies Ltd., East Sussex, UK). The images
were captured using an acceleration voltage of 5 kV at a working dis-
tance of 6-9 mm.

2.5.4. Thermogravimetric analysis (TGA)

A thermogravimetric balance, TGA Q500 (TA Instruments, USA),
was used to analyse the thermal degradation behaviour of the test
samples between 30 °C and 800 °C at a heating rate of 10 °C/min in a
nitrogen atmosphere.

2.5.5. Differential Scanning colorimetry (DSC)

A DSC Discovery differential scanning calorimeter (TA Instruments,
USA) was employed to determine the change in glass transition tem-
perature (T,) after the degradation process. The samples were weighed
and analysed under a nitrogen atmosphere at a heating rate of 10 °C/
min from —50 to 200 °C.

2.5.6. Fourier transform Infrared spectroscopy (FT-IR)

FT-IR analyses were performed using a Nicolet apparatus (Thermo
Scientific, Italy) at ambient temperature. The samples were analysed in
ATR spectra mode from 4000 to 600 cm ! with a wavenumber resolu-
tion of 4 cm ™! for 64 scans. These analyses were performed before and
after degradation.

3. Results and discussion
3.1. Anaerobic digestion and composting output

The main bio-waste characteristics evaluated at the end of each
treatment step are summarized in Table 1.

It is possible to note that, during the AD step, the water content in the
bio-waste increased due to leachate recirculation. Once C started, the
bio-drying that characterizes that process was responsible for a rise in
TS. On the opposite, during the AD treatment a significant reduction of
VS, electrical conductivity and C/N was observed. This increase pro-
ceeded slower in the following C process. All parameters presented here
were comparable with that measured during the lab-scale degradation of
the same materials, confirming the effectiveness of the full-scale process.
During the AD step, the biomass reached an average temperature of
41 °C. Instead, the C process was characterized by an average temper-
ature of 64 °C. In particular, Fig. 2 shows the temperature variation over
the course of 22-days of composting process assessment.

Every 7 days, the mechanical mixing of the material caused a sharp
drop in temperature to a minimum of 35 °C. The temperature during the
C process varied between 45 and 70 °C with a peak up to 78 °C during
the second week of processing.

3.2. Plastics disintegration

Fig. 3 shows the disintegration degree of CA and CA-LDH samples

Table 1

Changes of TS, VS, pH, electrical conductivity and C/N during AD and C.
Treatment step'® TS VS pH Conductivity C/N

[%] [%TS] [-1 [mS/em] [-1

AD input 49.7 53.8 5.48 2.49 25.44
AD output 37.1 37.77 6.77 2.00 18.84
C day 14 (turning) 43.1 38.4 6.81 1.94 -
C output 47.6 40.5 6.74 1.87 17.63

@ : AD = Anaerobic digestion; C = Composting.
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evaluated after each degradation step.

It is possible to note that the lowest degree of disintegration was
achieved at the end of the C process where the CA and CA-LDH samples
resulted in comparable values: 18.92 % and 17.71 %, respectively. At
the end of the AD process, higher levels of disintegration were achieved
for both CA and CA-LDH samples. In particular, CA showed a lower
disintegration (36.82 %) than CA-LDH (50.25 %). In this case, the
presence of LDH filler in the CA matrix seemed to promote its disinte-
gration. The combination of AD and C processes produced a similar
degree of disintegration: 57.82 % for CA-LDH and 39.49 % for CA
samples. These values were comparable to the ones reached after AD,
confirming the minor degradation that occurred under aerobic
environment.

The lower level of disintegration of the CA samples with respect to
that of CA-LDH under anaerobic environment was not in agreement with
that founded on the same materials at lab-scale [24]. This discrepancy
was probably due to the difference in anaerobic environment between
industrial and laboratory scale. The first was conducted at solid-state
condition, instead the latter at liquid-state. In addition, the scale-up
could have influenced the overall degradation as well, as already
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pointed out for the anaerobic digestion of cellulose acetate [40]. In
addition, CA disintegration was positively influenced by the presence of
water in the anaerobic environment. On the other hand, the presence of
water did not affect aerobic degradation, which was quite slow for CA
[41]. Indeed, the aerobic degradation achieved similar values between
industrial and laboratory scales, despite the moisture level being
significantly different (52.4% and 38.7% for industrial and laboratory
scales, respectively).

It is important to note that the disintegration values obtained at full
scale were referred to a mesophilic temperature (40 °C). The adoption of
thermophilic temperature might increase the methane production from
the organic waste but also the bioplastic waste degradation. Indeed, it is
reported how the biodegradation time necessary for most of the bio-
polymers (e.g PLA, starch-based) was reduced when AD was performed
under thermophilic instead of mesophilic conditions [42,43]. Changes
in the mechanical properties of bioplastics (for PLA, reaching its glass
transition temperature) can occur only under thermophilic conditions,
making them more hydrophilic and accessible for microbial hydrolysis
[44].

The visual characterization of the samples before and after each
degradation step allows interesting observation of the process (Fig. 4).
Single images with higher resolution are shown in Supplementary
Materials.

After the C process, both CA and CA-LDH samples retained their
initial shape and do not present any sign of degradation caused by the
contact with the substrate. After the AD process, the degradation was
more evident for both samples. The surface of the CA samples showed
deep cracks and holes, whereas the CA-LDH samples presented only
small damages, mainly on the border. In any case, the lack of fragments
in the nets allowed the conclusion that both specimens held their initial
shape during the process. After the combination of AD and C process, the
surface of the samples showed a level of damage similar to that occurred
after only AD. However, in this case, a significant number of fragments
was recovered from the nets. It was probably due to the longer time in
contact with the bio-waste.

3.3. SEM analysis

Fig. 5 shows the morphology evolution of CA (1) and CA-LDH (2)
samples before and after the degradation processes. In Fig. 5.1a and
5.2a, the morphology of the pristine CA and CA-LDH samples presented
a smooth-surface. Single images with higher resolution are shown in
Supplementary Materials.

AD caused a well-distributed surface degradation on both CA
(Fig. 5.1b) and CA-LDH (Fig. 5.2b) samples. In particular, CA-LDH
samples revealed a more evident degradation as confirmed by the
higher degree of disintegration (see Fig. 3). For this sample, exfoliation,
cracks and some fractures of the surface could be detected even at lower
magnification. A higher degradation degree of the sample is responsible
of significant embrittlement of the material with a consequent produc-
tion of fractures on the surface. SEM images of CA and CA-LDH samples
after C (Fig. 5.1c and 5.2c¢) did not show relevant signs of degradation.
On these samples, SEM images only evidenced punctual and superficial
scrapes, which were probably caused by mechanical stresses during
aeration processes. The presence of a fracture in the SEM images of CA
sample after C process can be due, instead, to the plasticizer leaching
from a portion of film richer of triacetin. As expected, the combination of
AD and C emphasized the surface damage of both samples (Fig. 5.1d and
5.2d). The superficial roughness increased, with some hints of holes due
to the activity of microorganisms. Also in this case, the highest level of
damage was reached by CA-LDH samples, where signs of degradation
could be detected also at lower magnification. The chemical analysis of
CA-LDH samples revealed a significant presence of calcium, attributed
to contamination of the organic waste during the process. In general, the
degradation patterns for the tested samples were comparable to that
registered on LDPE samples investigated in similar conditions by
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Alassali et al. [45].

3.4. Thermal analysis

TGA curves of the CA and CA-LDH samples before and after C, AD
and AD + C processes are reported in Fig. 6a and 6b, respectively (single
images with higher resolution are shown in Supplementary Materials).
The main thermal parameters recovered by the analysis of these weight
loss curves are summarized in Table 2. These curves clearly show that
the thermal decomposition of the pristine CA and CA-LDH occurred in
three successive steps: evaporation of moisture, plasticizer evaporation

and thermal pyrolysis of the cellulose acetate backbone [46]. The
plasticizer evaporation in both samples occurred at higher temperatures
(220 °C for CA and 228 °C for CA-LDH) with respect to that of the sole
plasticizer (190 °C) [47] for its interaction with cellulose acetate
molecules.

The initial thermal degradation temperatures (Ty) for the CA and CA-
LDH samples were 316 and 297 °C, respectively (Table 2). In the same
Table 2, the temperature at maximum degradation rate is also reported,
denoted as Tpax. After different degradation processes, the step of
moisture loss became more evident for the increase of absorbed water
from the sample during the degradation processes, while the step of
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Table 2
TGA and DSC results for CA and CA-LDH samples before and post C, AD and AD
+ C.

Sample Tra Tr Tmax Residue T,
(9] (] (9] (%) (9]
CA 220 316 369 9 127
CA post C - 207 360 13 195
CA post AD - 205 353 15 192
CA post AD + C - 195 348 19 198
CA-LDH 228 297 362 11 115
CA-LDH post C - 230 360 11 194
CA-LDH post AD - 208 358 16 192
CA-LDH post AD + C - 205 356 13 197

plasticizer evaporation disappeared, indicating the complete loss of
plasticizer from CA and CA-LDH samples. The thermal stability of both
CA and CA-LDH samples reduced post degradation processes; in
particular, T; was significantly lowered in comparison with Tpax and
post AD and AD + C processes, for which a higher degradation degree
was evaluated. Finally, it was also noticed that after C, AD and AD + C

the thermal degradation residue of CA and CA-LDH increased. This in-
crease could be due to the inorganic component of the compost/diges-
tate in which the test samples were incubated [48].

Fig. 7a and 7b show the DSC heating curves of the CA and CA-LDH
samples, respectively, before and after C, AD and AD + C processes
(single images with higher resolution are shown in Supplementary
Materials). The corresponding glass transition temperatures (Ty),
determined as the onset of the DSC signal from the baseline shift, are
summarized in Table 2.

Normally, a polymeric material subjected to biodegradation shows a
strong reduction in Tg due to the decreased molecular weight and the
increased mobility of the molecular chains plasticized by water mole-
cules [49]. On the contrary, the thermograms in Fig. 7 show that for all
the analyzed samples, the T, resulted increased after the degradation
processes. This was probably connected to plasticizer leaching and to the
deacetylation process that leading to an increased hydrogen bonding
with partial regeneration of the cellulose structure [50]. The thermal
results highlighted that both phenomena are more significant with
respect to the molecular weight reduction normally induced by the
degradation processes.
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As previously reported in literature [51], in parallel to the plasticizer
leaching, the key mechanism for the degradation of CA and CA-LDH
samples was an initial deacetylation step, mediated by chemical hy-
drolysis and acetylesterase. Only after complete or partial deacetylation,
the degradation could proceed by scissions of “regenerated” cellulosic
chains, named intermediate metabolites, by enzymes including cello-
biohydrolases and cellobiases, which shortened the chain length and led
to weakened and embrittled material and finally to production of sugars,
named end metabolites [52]. The potential degradation pathway of
samples is reported in Fig. 8.

Cellulose acetate acetylation and chain scission is possible through
the action of acetyl esterase enzymes and enzymes including cellobio-
hydrolases and cellobiases, respectively [53]. Acetyl esterases are en-
zymes produced by many microorganisms: Trichoderma reesei,
Schizophyllum commune, Aspergillus awamori, A. niger, A. oryzae,
A. japonicus, Termitomyces clypeatus, Coriolus versicolor, Fibrobacter suc-
cinogenes, Thermomonospora fusca and Bacillus pumilus [54]. The cellu-
lases are, instead, a class of enzymes, produced mainly by cellulolytic
fungi and bacteria, that catalyze hydrolysis of the f-1,4-glucosidic bonds
that link the glucosyl units of cellulose [55]. On the other hand, the
presence in the organic waste of such microorganisms or any other
actually responsible of cellulose acetate degradation were not investi-
gated by this work.

3.5. FT-IR spectroscopy
A further characterization of the chemical changes occurred by the

samples during the different degradation processes is obtained by ATR-
FTIR spectroscopy. Fig. 9a and 9b show ATR spectra of CA and CA-LDH
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Fig. 9. FT-IR spectra before treatment and post AD, C and AD + C of (a) CA
samples; and (b) CA-LDH samples.
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samples before and after C, AD and AD + C processes, respectively.
Single images with higher resolution are shown in Supplementary
Materials.

The CA and CA-LDH samples before degradation exhibited a broad
peak at 3483 cm ™! assigned to the —OH stretching of unacetylated cel-
lulose. The absorption peaks at wavenumber of 2947 and 1738 cm™!
corresponded to the CH stretching of methyl groups (-CHs) and to
carbonyl (C=0) stretching of acetate group. The other peaks located at
1642, 1437, 1373, 1211, 1033 and 901 cm ™! are correlated to H-O-H
bending of absorbed water, CHy bending, C-H bending vibration of CHj
in the acetyl group, C-O stretching of acetyl group, C-O-C stretching of
cellulose backbone and C-O-C stretching at p—(1 — 4) glycosidic linkage,
respectively [56]. However, since that both samples contain about 30 wt
% of plasticizer the interpretation of FT-IR spectra has been carried out
by considering also the triacetin presence. Cellulose acetate and triacetin
share the same main functional groups, so the presence of plasticizer in
the samples must be detected mainly by the increasing of absorbance
intensity of these functionality and by the slight shifting of the bands of
acetate C-O stretching. Mixing generally enhances the alkoxyl groups of
triacetin and cellulose acetate molecules [57]. The characteristic peaks
of LDH were not observed in the ATR spectrum of CA-LDH. It happens
when a small amount of filler is added to a sample [58]. For this reason,
the spectra of CA and CA-LDH were perfectly stackable. After C, AD and
AD + C processes, the decrease of absorbance bands at 1738, 1373,1211,
1033 and 901 cm™! and the shift and broadening of hydroxyl group
absorbance band (from 3483 to 3280 cm’l) of both CA and CA-LDH
samples clearly indicated the occurrence of different phenomena: plas-
ticizer loss, deacetylation and regeneration of the hydroxyl functional-
ities and hydrogen bonding between the hydroxyl groups of cellulose
molecules, and partial degradation of cellulose backbone. However, the
interpretation of the first two phenomena has been complicated since
the spectrum of plasticizer exhibited peaks which overlap with those of
the cellulose acetate [59]. Usually, in fact, the triacetin loss is measured
by the decreasing absorbance peaks at 1738 and 1211 cm ™ [46] and the
deacetylation is followed by the decreasing and the increasing absor-
bance peaks at 1738 and 3483 cm’l, respectively [50]. The degradation
of cellulose backbone can be, instead, evaluated by the decreasing
absorbance peaks at 1033 and 901 cm .. The spectra of CA and CA-LDH
after C, AD and AD + C processes also showed an increase of peak
absorbance at 1642 cm™! due to water absorption from the samples
during degradation processes and the formation of a new peak at 1550
cm ! attributable to the presence of proteinaceous substances, probably
due to bacterial activity [60]. The absence of an invariant peak in the
FTIR patterns of both samples don’t allow a quantitative analysis of the
phenomena but only qualitative based on observing how the size of
different peaks changes. The plasticizer loss was complete during all
processes, as it highlighted from the TGA analysis, while from the
observation of corresponding peaks the deacetylation and degradation
was favored in AD and AD + C processes and from the presence of filler
in anaerobic conditions confirming the results of disintegration tests and
in according to Julinova et al. [61]. These authors reported that the
degradation rate and the biodegradation percentage was strongly
affected from degradation process type and filler type. In particular, they
concluded that under anaerobic conditions, the samples biodegraded to
the greatest extent with respect to composting in soil and that interca-
lation/exfoliation of inorganic fillers within the polymer matrix may
have some importance on their biodegradation; in terms of the velocity
of biodegradation, the use of non-dispersible fillers appeared to be a less
appropriate solution, since biological degradation was only supported to
a very limited extent compared with the intercalated fillers such as the
LDH. The slight improvement of water barrier property of matrix due to
the LDH presence, heighted from water absorption tests not reported for
brevity, was instead responsible to the small difference of disintegration
degree of CA and CA-LDH samples during C. Penetration of water and
microorganisms into the matrix is limited, resulting in a reduced rate of
disintegration of the CA-LDH sample.
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4. Conclusions

This work investigated the full-scale biological degradation through
dry anaerobic digestion and/or composting of two thermoplastic cellu-
lose acetate-based bioplastics, in pure and composite forms. For both
samples a disintegration of 50-37% was achieved during anaerobic
digestion, while during composting the degradation did not exceed 20%.
The disintegration obtained from the combined anaerobic digestion-
composting process (58-40%) confirms how the main degradation
occurred in anaerobic environment. Such disintegration was lower than
that obtained previously at lab-scale on the same materials (74-55%).
Despite this macroscopic degradation, the samples showed only minor
superficial degradation as highlighted from SEM analysis where small
fractures and exfoliation were detected in the anaerobically degraded
samples. The biodegradation mechanism was determined by FT-IR
spectroscopy, TGA and DSC analyses. The absence of a step in the
TGA curves of degraded samples was the proof of the plasticizer loss
from the cellulose acetate matrix during all treatments. The increase of
T, of degraded samples (from 115 to 127 to almost 200 °C) due to the
deacetylation process was visible from DSC curves. All these aspects
were confirmed by the decrease of absorbance bands of FT-IR spectra at
1738, 1373 and 1211 cm ™! and the shift and broadening of hydroxyl
group absorbance band (from 3483 to 3280 cm™'). The decreasing
absorbance peaks at 1033 and 901 cm ! also indicated a partial
degradation of cellulose backbone.

Evidence shows discrepancies between results at different scales and
suggests that it is not prudent to automatically extend results from the
laboratory scale to the full scale. Another aspect not revealed on labo-
ratory scale was that the biodegradation of the bioplastics involved
mainly the plasticizer loss and deacetylation of the matrix with only a
limited fragmentation of the cellulose backbone. It points out the
weakness of the current industrial processes in the treatment of tested
cellulosic bio-plastics, as contamination of the output (digestate/
compost) by bioplastics fragments cannot be avoided. From these results
emerged that important decisions are necessary for the management of
full-scale treatment plants. Future experiments should primarily involve
changes to the process scheme and/or its operating conditions. Higher
thermophilic temperatures, longer residence times and bioplastics
recirculation are probably necessary to increase the degradation of
bioplastics at the end of the process.

The current study has only investigated the fate and the degradation
of cellulose-based bioplastics waste within the biological process
(anaerobic digestion and/or composting), not focusing on the respon-
sible of such degradation but evaluating its degree. Consequentially, this
study was not specifically designed to assess and identify the microor-
ganisms involved in the cellulose acetate degradation, which will be
further explored in future research.
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