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In this study commercial starch-based (Mater-Bi®) disposable bioplastic tableware items, which are among the
most widely used commercial products available on the market, were selected for lab-scale anaerobic degrad-
ability tests. Since the knowledge of the biodegradation profile of bioplastic products is still incomplete, the study
was aimed at investigating the maximum biodegradation potential of the materials under ideal anaerobic con-
ditions, as well as the biodegradability degree as a function of treatment time. The experiments were carried out
under mesophilic and thermophilic conditions at different food to microorganism ratios and test material sizes,
and the specific biogas production and associated kinetics were evaluated. Biogas production was observed only
under thermophilic conditions, with conversion yields in the range 602-898 mL/gTOC for the tested cups and
1207 + 52.8 mL/gTOC for the knives. The degrees of biodegradation and disintegration were found to be
strongly dependent on the product composition. Physical, chemical and morphological analyses were used to
characterize the tested materials before and after the degradation and potential correlations among process
parameters and bioplastic characteristics were derived.

1. Introduction

The extensive production and use of conventional fossil-based plas-
tics has come to the point of being a threat to the environment and
human health. The rate of plastic consumption has been growing
steadily in the last decades and is not matched by an equally developed
waste management strategy, which causes plastic dispersion and accu-
mulation into the environment. Therefore, biodegradable plastics have
gained growing attention and are currently emerging in the market as a
sustainable alternative to commodity plastics, although concerns have
also been raised as to the overall environmental benefits of such mate-
rials including: the actual biodegradability in natural environments; the
low recyclability potential; the misconception of consumers about the
end-of-life routes; increased littering due to biased consumer perception
of the environmental effects of bioplastic waste; increased land/water
use intensity to produce bioplastic precursors; poor knowledge of the
secondary products of bioplastic degradation [1]. The global production
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of bioplastics reached 2.11 Mt in 2022 and is expected to increase to
6.30 Mt/y in the next five years [2]. Consequently, the share of bio-
plastic residues is expected to grow. In Italy, the amount of bioplastic is
estimated to currently account for 4% by mass of the organic fraction of
municipal solid waste [3] and it is therefore necessary to understand
their fate before their amount becomes even more relevant. There are
three main categories of bioplastics: bio-based and biodegradable, fossil-
based and biodegradable, bio-based and non-biodegradable. Biode-
gradable plastics are potentially advantageous since they can be
collected along with the organic fraction of municipal solid waste
(OFMSW), and biological treatments (both aerobic and anaerobic) can
be applied for the purpose of materials and energy recovery. However,
so far it has not been assessed systematically whether biodegradable
plastic products can be treated together with OFMSW [4]. Labelling of
biodegradable products has not been properly regulated yet and this
contributes to inadequate waste collection and treatment, which can in
turn determine bioplastic leakage into the environment [5].
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Starch blends belong to this category of biodegradable plastics, with
a contribution of 17.9% to the global bioplastics production in 2022.
Starch is a polysaccharide composed by two main fractions, amylose and
amylopectin, and has become particularly widespread for its availability
and low cost [6]. Due to its poor tensile properties and high hydrophilic
nature, it is usually modified into thermoplastic starch (TPS) to achieve
a better processability [7] and often blended with other polymers or
additives to obtain the required physical and mechanical properties [8].
For instance, fibrous inclusions are often used to reinforce the material
[9,10] and fillers can be used to improve the barrier capacity, such as
clay [11] or metal oxides [12]. One of the most common blends on the
market is Mater-Bi®, a family of polymeric compounds based on TPS
and commercialized with different chemical formulations depending on
the co-polymer used (e.g. cellulose acetate (CAc), poly(vinyl alcohol)
(PVA), poly(E-caprolactone) (PCL), and poly(butylene adipate- co-
terephthalate) (PBAT)) [13]. The presence of co-polymers and addi-
tives of different nature affects the material crystallinity, the thermal
behaviour and ultimately the biodegradability [14,15], which can
significantly change throughout different products of this bioplastic
category. Therefore, products composition should be correlated to their
ability to undergo biodegradation under different environmental con-
ditions and to the timeframe required for this to get to completion.
Currently, there is still a lack of information on the anaerobic biode-
gradability of commercial starch-based products [16]. Experimental
investigations under anaerobic conditions are still limited and so far
have been mostly focused on pure biopolymers [17]. Some researches
testing TPS alone under thermophilic (52 °C) conditions reported a
biodegradation degree of 81% in 127 days [18] and 77% in 30 days
[19]. Narancic and colleagues tested it also under mesophilic (35 °C)
aquatic anaerobic conditions and observed a biodegradation of 98% in
56 days [18]. A number of authors tested PCL/TPS blends and reported
biodegradation levels of 70-80% in 58 days at 35 °C [20], 68% in 80
days at 52 °C [18] and 83% at 35 °C in 139 days [21]. Guo and col-
leagues tested some starch and PVA blends at 37 °C for 115 days and
obtained a range of biodegradation of 68-75% [22].

Commercial products generally display a lower degradation degree
compared to pure polymers. For example, Battista and colleagues re-
ported that some starch-based cutlery remained non-degraded in 250
days at 37 °C [23], while in another study two different starch-based
films were tested at 37 °C for 65 days and reached 18.3% and 10.2%
biodegradation, respectively [24]. A number of authors who tested
Mater-Bi® under mesophilic conditions (35 °C) reported a biodegrada-
tion of 30% in 40 days [25], 28% in 60 days [26] as well as 21% (film)
and 10% (pellets) in 81 days [27]. Temperature was found to enhance
biodegradation. For example, coffee capsules were degraded in 100 days
by 12-24% under mesophilic conditions (38 °C) and up to 47-69% in
thermophilic conditions (58 °C) [28]; in another study some starch-
based shopper bags were degraded by a 6% at 35 °C and 55% at 55 °C
in 90 days [29]. Calabro and colleagues investigated the biodegradation
of some Mater-Bi® bags and observed low methane production yields
under both mesophilic and thermophilic conditions (144 L/kgVS at
35 °C and 186 L/kgVS) in 30 days [30]. Massardier-Nageotte and col-
leagues tested a Mater-Bi® film at 35 °C for 28 days under both aerobic
and anaerobic conditions and observed 45% and 25% biodegradation,
respectively, suggesting that composting conditions are more suitable
for these kinds of materials [31]. Although the results from batch tests
cannot entirely reflect the biodegradation process in full-scale anaerobic
digesters [32,33], they can provide some useful insights on the process
and the specific effects of the adopted operating conditions. The out-
comes of the reported studies suggest that a low degree of biodegrada-
tion for the investigated bioplastics is expected for mono-digestion
processes at the typical residence times (20-30 days) of real plants.

The behaviour of commercial blends to different environmental
conditions is complex and difficult to predict. A thorough character-
ization of the polymeric matrix before and after the degradation process
should be carried out to better understand the developing metabolic
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pathways, as well as the evaluation of operating conditions influence.
The nature and amount of undesired final products, such as microbio-
plastics, should be evaluated. Given the wide variety of starch-based
items commercialized, a systematic assessment of their behaviour is
needed and can be only pursued by increasing the existing literature on
the topic.

In the present study, commercial disposable Mater-Bi® items were
tested in terms of their biodegradation profile under thermophilic and
mesophilic anaerobic mono-digestion conditions. The objective was to
investigate the maximum biodegradation potential of the materials
under ideal testing conditions in terms of strictly anaerobic environ-
ment, homogeneity of feed material composition and mixing conditions,
as well as control of the operating parameters (temperature, initial F/M
ratio). Further insights into the influence of treatment time on biode-
gradability were also derived. To this aim, batch conditions were
adopted as they are typically used to assess the biodegradability of a
variety of substrates through specific test protocols (see e.g. [34]). An
attempt was also made at relating the biodegradability degree and the
associated rate to the degradation conditions and the materials prop-
erties, in order to derive potentially useful suggestions about the treat-
ability of starch-based bioplastics through anaerobic digestion. Different
physical, chemical and morphological characterizations were performed
prior and after degradation in order to provide a thorough view of the
anaerobic biodegradation of the materials of concern.

2. Materials and methods
2.1. Feedstock materials

Three disposable Mater-Bi® (MB) tableware items (two cups and one
knife) were selected among the ones available in supermarkets and
compliant with the EN 13432 standard (EN 13432:2008) (Table 1). The
cups (MB1 and MB3) were manually cut into 1.5 x 1.5 cm squares,
removing the edges and the bottom to ensure test material homogeneity
in terms of thickness. The knife (MB2) was broken into sticks of 0.5 x 2
cm. In addition, MB1 and MB2 were also tested in powdered form (<0.1
cm, assessed through sieving), after mechanical grinding with a knife
shredder using dry ice to prevent material softening and particle sticking
effects. MB1 and MB3 were the same type of cup produced by the same
manufacturer but were found to have different chemical structures and
blend compositions and were therefore dealt with as different samples.
Anaerobic sludge was collected at a full-scale mesophilic anaerobic
digestion plant treating a mixture of organic residues from food in-
dustries, and was used as inoculum. The sludge was sieved at 0.84 mm to
remove the coarser fraction (fibers and inorganic particles) and stored at
—15 °C until the time of testing in order to ensure using homogeneous
inoculum samples. Preliminary microbiological analyses conducted on
the sludge detected the prevalence of acetoclastic methanogens
including Methanosarcina and Methanoculleus. The sludge was then
defrosted at room conditions every time a new set of experimental trials
was started. Calcium lactate (LACT; CgH;9CaOg-5 H20) was used as a
positive control material. The main characteristics of the sludge and
substrates are shown in Table 1.

2.2. Analytical methods

SEM (Mira3, Tescan) equipped with energy dispersive spectroscopy
(EDS) (Octane Elect, EDAX) was used to perform the morphological
analysis of bioplastic items. Differential scanning calorimetry (DSC)
(Netzsch DSC 214 Polyma) analysis was carried out to measure the glass
transition (Tg), melting (Ty,) and crystallization (T,) temperatures. The
analysis was performed under a 40 mL/min N3 gas flow in cycle ranges
from —40 to 210 °C at a heating/cooling rate of 10 °C/min. The thermal
degradation of the selected items was evaluated using a SetSys Evolution
TGA/DSC (Setaram Instrumentation) thermogravimetric analyser with a
temperature range up to 800 °C and a heating rate of 10 °C/min in an Ny
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Table 1
Main characterization parameters of substrates and inoculum.
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Material Type of item TS Vs TOC Hydrogen Thickness Theoretical biogas production
[Yoww] [Yoww] [gC/kgTS] [gH/kgTS] [mm] [LCH,4/kgTOC] [LCO,/kgTOC]

Inoculum — 6.4 + 0.01 4.2 £0.01 29.1 +£2.4 n.a.* — — —

MB1 Cup 99.7 + 0.04 67.1 + 0.02 356.3 + 0.9 38.3+0.8 0.07 640 1227.8

MB2 Knife 99.2 97.5 + 0.02 502.7 + 1.1 55.8 £ 0.2 1.17 958 909.9

MB3 Cup 99.8 + 0.04 69 + 0.02 386.5 + 1.2 45.4 + 0.9 0.07 748.3 1119.6

Calcium lactate (LACT) — 77.5 £ 0.28 42.3 £0.31 3179 £ 1.1 45.8 + 0.7 — 636.6 1231.3

*not analysed

atmosphere. Fourier-transform infrared (FT-IR) spectra were recorded
with 256 scans in the mid infrared range (400-4000 ecm™Y) at a reso-
lution of 3 cm L. The analyses were carried out with a Vertex 70 spec-
trometer (Bruker Optik GmbH) equipped with a single reflection
Diamond ATR cell. SEM, TG and FT-IR analyses were also performed on
the final digestates and on the residual bioplastic fragments at the end of
the degradation process. The concentrations of total solids (TS) and
volatile solids (VS) were measured according to the Standard Methods
for the Examination of Water and Wastewater (method 2540 G) [35].
Elemental analysis was performed using the dry combustion method
with elemental analyzer CHN600 (Leco Instr.). The total organic carbon
(TOC) and soluble organic carbon (DOC) concentration was measured
using a Shimadzu TOC analyser equipped with modules for the analysis
of both liquid and solid samples. DOC, volatile fatty acids (VFAs) and
soluble carbohydrates were analyzed in the liquid phase after sample
centrifugation at 5500 rpm for 15 min with IEC CL10 Centrifuge
(Thermo Scientific) and subsequent filtration through a glass microfiber
filter (1.2 pm pore size). Carbohyrates were determined with spectro-
photometric analyses using the colorimetric phenol-sulphuric acid
method using glucose as the standard [36]. The concentrations of VFAs
(acetic [HAc], propionic [HPr], butyric + iso-butyric [HBu], valeric +
iso-valeric [HVal], caproic + iso-caproic [HCal, heptanoic [HHp]) and
ethanol (EtOH) were determined using a gas chromatograph (Model
3600 CX, VARIAN) equipped with a flame ionization detector and a 30
m capillary column (TRBWAX) with an inner diameter of 0.53 mm. The
temperatures of the detector and the injector were 270 and 250 °C,
respectively. The oven temperature was initially set at 60 °C, held for 3
min at this value, subsequently increased to 180 °C at a rate of 10 °C/
min and finally increased to 220 °C at a rate of 30 °C/min and held for 2
min. The biogas produced during the tests was periodically sampled
from the gasbags used for gas storage and analyzed to determine its main
constituents. After each analysis, the gasbags were emptied with a
vacuum pump and reconnected to the reactors. The measured biogas
composition was assumed to be the average composition of the biogas
volume produced over each sampling period. The biogas analysis was
perfomed with a gas chromatograph (Model 3600 CX, VARIAN) equip-
ped with a thermal conductivity detector and a 2-m stainless-steel
packed column (ShinCarbon ST) with an inner diameter of 1 mm. The
operating temperatures of the injector and detector were 100 and
130 °C, respectively, with He as the carrier gas. The oven temperature
was initially set at 80 °C and subsequently increased to 100 °C at 2 °C/
min.

All the analytical determinations were performed in triplicate at the
beginning and at the end of the experiments.

Table 2

2.3. Anaerobic biodegradation tests

Anaerobic biodegradation assays were carried out using the Gas
Endeavour® apparatus by Bioprocess Control. The 500 mL reactors
equipped with overhead mechanical stirring and maintained in a ther-
mostatic bath were filled with 400 g of inoculum and substrate mixture
using F/M ratios of 0.5 or 1 g VSgybstrate/8 VSinoculum (Table 2). These
values for the F/M ratio were chosen according to the existing literature,
where 1 is the usual choice and 0.5 is adopted for more recalcitrant
wastes [37,38]. The reactors were then flushed with nitrogen to ensure
anaerobic conditions and incubated in a thermostatic bath at the fixed
temperature of 55 °C for thermophilic tests and of 38 °C for mesophilic
tests. The evolved biogas volume was measured through a flow cell unit
with a 10-mL accuracy coupled with each reactor and then conveyed
and stored into the gasbags. The instrument was also equipped with
sensors for room temperature and pressure measurement that were used
to convert the evolved gas volume to standard temperature and pressure
conditions (T = 273.15 K, p = 101 kPa). Blank tests were conducted to
evaluate the residual biogas production of the inoculum. Positive control
tests using calcium lactate were also conducted to assess both the ac-
tivity of the inoculum and the validity of the experiment (for the sake of
reference, according to ISO 14853 [39] a test is valid if the reference
material’s biodegradation exceeds 70% within 60 days). The details of
the experimental runs are reported in Table 2.

The tests were carried out in duplicate and were stopped according to
Holliger et al. when the daily methane production during three
consecutive days was below 1% of the accumulated volume of methane
[40]. Runs MB2_1 and MB3_1 were also carried out at intermediate sets
of time to investigate the process evolution at different stages of prog-
ress. Three additional reactors for each test were run in parallel and
stopped respectively at day 18 (t1), 25 (t2) and 32 (t3). These intervals
correspond to the time needed for the biogas production rate to increase
to 50% of the maximum value (R) (t1), to reach R (t3) and to get back
down to 50% of R (t3). The results were modeled with the Gompertz
equation (Equation (1):

R*
P(1) = P,,,*exp{ —exp {P ¢

A—1)+ 1} } @
where P(t) is the cumulative biogas production at time t, P, is the
maximum biogas production and 1 indicates the lag phase duration.
Modelling was performed using the average biogas production of
duplicate experiments and the fitting was found to be highly accurate,
with values for the correlation coefficient (R2) higher than 0.99. The
process kinetics was evaluated through a parameter, tyy, which

Experimental design. Test codes refer to substrate type, F/M ratio and material size (pow = powder) used. The mesophilic tests are indicated with the letter “m” at the
end of the code. All runs were stopped according to the Holliger’s criterion, with the exception of runs with the code t;, t; and t3, which refer to runs with time sets,

corresponding to 18, 25 and 32 days of testing, respectively.

Run Substrate size [cm] F/M [gVSsubstrate/ §VSinoculum] TI[°C]
MB1_1mMB1_0.5MB1_1MB1_1pow 1.5 x 1.51.5 x 1.51.5 x 1.5< 0.1 10.511 38555555
MB2_1mMB2_1_t;MB2_1_t,MB2_1_t;MB2_1MB2_1pow 1.5 x 1.51.5 x 1.51.5 x 1.51.5 x 1.51.5 x 1.5<0.1 111111 385555555555
MB3_0.5MB3_1_t;MB3_1_t;MB3_1_t;MB3_1 0.51111 5555555555

LACT 1

1.5 x 1.51.5 x 1.51.5 x 1.51.5 x 1.51.5 x 1.5

1 38/55
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represents the time required to reach a predetermined percentage, x%,
of the maximum conversion yield into biogas (with x% = 10, 25, 50, 75
or 95%). The degree of biodegradation was calculated using Equation
(2) [41]:

Pnel(t) + PlCne/(t)

Py @

Biodegradation(t) =

where Pp(t) is the actual cumulative biogas production (net of blank) at
time t, Pjc(t) is the actual dissolved inorganic carbon (IC) (net of blank),
Py, is the theoretical biogas production calculated according to the
Buswell equation [42], which is widely used to predict the stoichio-
metric amount of biogas generated assuming full conversion of the
original material. The Buswell equation was applied using the elemental
analysis results (expressed on a dry basis) assuming that the bioplastic
materials only contained carbon, hydrogen and oxygen. The oxygen
content of the samples was calculated by difference after determination
of the C and H contents (see data in Table 1).

Bioplastics disintegration was evaluated at the end of each test. Ac-
cording to the EN 13432 standard [43], disintegration is considered to
be complete if a maximum of 10 wt% of the initial material is retained by
a 2-mm sieve. Bioplastics disintegration was evaluated at the end of each
test using a 0.84-mm sieve, as this was previously used for inoculum pre-
treatment, thus adopting a stricter assessment condition. The plastic
fragments retained were carefully rinsed with deionized water and then
dried at 35 °C until constant weight.

3. Results and discussion
3.1. Bioplastics characterization

All the selected products were morphologically characterized by
SEM, as shown in Fig. 1. The polymeric matrices appeared to be complex
and heterogeneous, with inclusions of different geometries. The micro-
structure of MB1 and MB3 was similar and displayed a ductile behav-
iour, which might be attributed to a high concentration of ductile
polyester components in the blend. MB2 showed a brittle fracture sur-
face with a sea island structure, suggesting a limited miscibility between
the components, which were likely PLA and PBAT, which is usually
added to improve PLA ductility [44]. The EDS analysis performed on
MBI indicated the presence of significant amounts of Mg, Si and Ti. This
might suggest that titanium-based additives were used, while the co-
presence of Mg and Si suggests the addition of a talc filler. The same
fillers were detected in MB3 (Fig. 1c), which also displayed a less
compact structure. On the other hand, EDS analysis for MB2 mainly
detected carbon and oxygen, and this could mean that a lower content of
additives was blended in the matrix and that the clearly visible fibers in
Fig. 1b had a lignocellulosic nature.

Table 3 shows the DSC analysis results for the tested materials. No
significant difference in the thermal behaviour of MB1 and MB3 was
observed. During the first heating of the three samples a T, of around
56-60 °C and a Ty, in the range 163.7-169.7 °C were observed, which
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Table 3
Thermal properties of the bioplastic samples obtained by DSC analysis.
T, [°C] Tee [°C] Tm[°C] AH [J/8] AHp, [J/g]
MB1 57 - 112.4; 168.6 - 23.7; 8.1
MB2 58.6 - 169.7 - 31.9
MB3 55.1 - 114.7; 163.7 - 27.2;10.8

are typical of polylactic acid (PLA) polymers, which was likely used as a
component in the blends. The starch melting peak is usually in the range
150-175 °C and a superimposition of the thermal response of starch and
PLA is hypothesized [10,45]. A second melting peak at 112.4 and
114.7 °C was observed for MB1 and MB3, respectively, which can be
attributed to PBS [46].

The FT-IR spectra are reported in Fig. 2. The typical polylactic acid
(PLA) absorption bands can be observed in all spectra [47], however
with a higher intensity for MB2, as demonstrated by the bands at 1758
and 1645 cm™! (UC = 0). At 1387 and 1357 cm ™! CH3 deformation and
asymmetric bending and C-CHj stretching (also detected at 1043 cm 1)
are visible. At 1268 cm ™! the -C-O-C stretching and CH bending modes
were identified. C-O stretching of PLA was detected at 1180 and 1086
cm L. Characteristics C-O stretching (C-O-C and C-O-H) of starch at
1150-950 cm™! were not detectable due to the superimposition with
PLA absorption bands. The MB2 spectrum showed some minor bands
that were assigned to poly(butylene adipate- co-terephthalate) (PBAT),
which is used as co-polyester in the blend for mechanical purposes.
Some of the bands commonly associated to PBAT were identified at
1717 em™! (C = O of the ester linkage) and 1453 cm? (vC = C phe-
nylene group) [48]; band at 1270 cm™! may be associated to C-O
asymmetric stretching, while bands at 870 and 729 cm ™! were associ-
ated to the out-of-plane bending vibration of the phenylene ring [49].
The presence of stearamide, a nucleating agent of PLA commonly used in
Mater-Bi®, was associated to some additional absorption bands (3393,
3186, 2923, 2850 and 1648 em 1) [50]. In the MB1 and MB3 spectra,
along with the PLA bands, absorptions commonly associated to Poly
(butylene succinate) (PBS) were observed.

The asymmetric stretching of the —CH— groups was identified in the
range 3000-2800 cm ™! and the corresponding symmetrical vibration
was found at 1335 cm ™! [49]. The band at 1713 cm ™' is imputable to the
carbonyl stretching (C = O) of the polymer’s crystalline domain
[49,51,52]. The bands at 1157 em ! and 953 cm ! correspond to the
—C-0O-C- stretching of the ester bonds and to the -C-OH bending at the
terminal acid groups, respectively [49]. Some additional bands were
detected in the MB1 and MB3 spectra at 3675, 1006 and 667 em ™Y,
which were ascribed respectively to O—H group, Si—O stretching and
Si—O0-Si bending of talc (MgsSi4O19(OH)2) [53] and confirmed what
already observed from the EDS results. From the thermal degradation
curves it was confirmed that the polymeric matrix of the products had
two main constituents (Fig. 3b). The dTG first peak was attributed to
starch and PLA degradation, which displayed a Tpeak of 336 and 339 °C
for MB1 and MB3, respectively (see values reported in Table 4). The
higher Tpeax associated with the first degradation step of MB2 (357 °C)

Fig. 1. SEM micrographs of a) MB1, b) MB2 and c¢) MB3.
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Thermal analysis of the tested materials: a) TG and b) dTG.

Table 4
Onset temperature (To), maximum degradation temperature (Tpeqi) and residual
mass for each tested material.

To [°Cl* Tpeak [°Cl Residue [%]
MB1 329 339; 403 33
MB2 320 357; 408 4.7
MB3 310 336; 402 31.2

* Temperature value corresponding to a 5% mass loss

could have derived from the overlapping of starch and the compatibil-
ising agent previous detected by infrared analysis, or from the inter-
penetrating networks formed by starch with the aliphatic polyester [54].
The second peak could be ascribed to the co-polyesters presence in each
blend, which included PBAT and PBS for the knife and the cups,
respectively [55-57]. Starch/PLA was a predominant component in
MB2, moreover the lignocellulosic fibers could also have contributed to
the first thermal degradation peak. From the comparison of MB1 and
MB3, a change in the intensity of both peaks was observed (Fig. 3b): the
second cup had a higher starch content and a lower polyester content
compared to the other material.

This suggests a higher biodegradability potential of the new product.
Moreover, the residual weight at the end of the thermal analysis tests for
the Mater-Bi® samples was equal to 33%, 5% and 31% for MB1, MB2
and MB3, respectively (see Table 4), and this appeared to confirm the
hypothesis that the additives in the cups had a more recalcitrant nature.

3.2. Biochemical methane potential (BMP) tests

The results of the biodegradation assays were evaluated in terms of
the time evolution of bioplastics conversion into biogas during the tests,
as well as total cumulative biogas yield attained. It should be mentioned
that the biodegradation tests were found to display a very high repli-
cability, with standard errors always below 5% of the calculated average
values.

The activity of the inoculum used was testified by the fact that the
positive control test showed no lag time in biogas production, indicating
the absence of inhibiting effects of the inoculum storage method before
testing. The calcium lactate used as the positive control material dis-
played a degradation yield of ~ 87% in 26 days under thermophilic
conditions (biogas production 1016 + 30 mL/gVS) and in 50 days under
mesophilic conditions (982.4 + 5 mL/gVS), confirming the reliability of
the degradation tests performed on account of the fact that biodegra-
dation was considerably larger than the threshold of 70%. Under
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mesophilic conditions, the net biogas production for MB1 and MB2 was
130.6 £ 2.2 and 184.7 + 4.3 mL/gTOCyp, respectively, which corre-
sponds to biodegradation degrees as low as 7 and 10%. Material disin-
tegration was around 2% for the cups and 4% for the knives. It was
concluded that mesophilic conditions did not promote degradation,
therefore the corresponding tests results are not shown and the
following data refer to thermophilic test conditions only. In order to
compare the different materials tested, the experimental data were re-
ported per unit of initial TOC of the feed material (MB). In particular,
Fig. 4 shows the specific volume of evolved biogas for the different
samples, while Fig. 6 reports the associated ty; values derived from
fitting of the cumulative biogas production.

In accordance to the criterion defined by Holliger et al. [40] on the
basis of which a test is stopped once the residual methane production
falls below 1% of the total cumulative biogas recorder for three
consecutive days, the total duration of the thermophilic biodegradation
tests for the different samples was found to lie in the range 40-48 days,
with the only exception of MB2_1, which continued until day 60. While
the above mentioned criterion may lead to an underestimation of the
biogas production potential if a small residual biogas generation occurs
for prolonged periods, we meant to overcome this issue by extrapolating
the asymptotic value of the biogas production curves on the basis of a
theoretical growth function. The Gompertz formulation, modified to
describe a two-stage degradation process due to the presence of com-
ponents with different biodegradation kinetics in the bioplastic blend,
was found to adequately describe the experimental data, as indicated by
the high R? values estimated from the fitting procedure (see Table 5).

The methane content was 59.0% =+ 0.8% (MB1), 56.5% + 0.2%
(MB2) and 56.8% =+ 1.3% (MB3) of the total cumulative biogas pro-
duction for the different runs. When adding up the amount of CO; dis-
solved in the liquid phase to the overall biogas volume, the contribution
of methane to the total biogas generated was calculated to fall in the
ranges 34.8% =+ 5.1% (MB1), 48.7% =+ 0.6% (MB2) and 43.5% =+ 5.3%
(MB3). These values are in close agreement with the theoretical con-
tributions calculated from the Buswell equation, which were calculated
to be 34.3% (MB1), 51.3% (MB2) and 40.1% (MB3). On the other hand,
the degree of biodegradation attained using Equation (2) was in the
ranges 40-60% for cups (MB1, MB3) and 66-74% for the knife (MB2)
(Fig. 6), suggesting that the blend composition was a limiting factor for
products degradation, especially for the cups. The material disintegra-
tion at the end of the tests was in the range 31-42% for MB1 and MB3
and 95% for MB2. The runs on MB1 and MB3 (cups) compared in Fig. 4a
show that MB3 attained a 25-30% higher biogas yield as predicted
based on its composition. Furthermore, decreasing the F/M ratio from 1
to 0.5 appeared to result in an increase in biogas production, although
the improvement attained was relatively limited (12% increase for MB1
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and 18% increase for MB3). While exploring the influence of the F/M
ratio on bioplastic biodegradation was not the aim of the present study,
it is worth emphasizing that previous studies on PLA and PHB bioplastics
revealed that lower F/M ratios had mainly an influence on accelerating
the kinetics of the biodegradation process rather than on enhancing the
ultimate methane yield [58]. In addition to that, we mention that F/M
ratios in the range 0.5-1.0 are commonly adopted in batch BMP tests,
with F/M ratios close to the lower limit of this range having been re-
ported to be more suitable for recalcitrant substrates [59]. Particle size
did not apparently affect the biodegradation degree, whereas it was
found to reflect on the degradation rate. In this regard, the powdered
MB1 sample displayed faster degradation kinetics particularly during
the initial stages of the process, with a decrease by ~ 10% in the ta50, and
tsoy values from those of 1.5-cm square MBI particles (see Fig. 5).
However, the differences in the degradation rate between the two
samples tended to decrease gradually as biodegradation proceeded, so
that the tgsy, value was similar for the square and the powdered MB1
particles. This indicates that, while reducing the initial MB particle size
was capable of accelerating the degradation process (as also reported
previously [60]) likely by promoting biomass accessibility to the sub-
strate, the biodegradation process was comparable in both cases irre-
spective of whether powdering was performed.

MB2 biogas production was twice the one observed for MB1
(Fig. 4b). This clearly depends on the specific chemical formulation of
the two blends, which could affect the bioavailability of organic carbon
and inhibit its degradation to different extents. Indeed, as previously
determined, starch/PLA was the predominant component of the poly-
mer matrix in MB2. Material pulverization was particularly effective for
MB2, where an increase in both biogas production (13%) and an ac-
celeration of the process kinetics (20% decrease of tgsy,) was recorded,
likely due to the influence of particle thickness on the degradation
process. However, runs MB2_1 and MB2_1pow displayed the highest
values of tgse,, which may have been caused by the lignocellulosic fibers
embedded in the matrix.

The results of the experimental runs at different degradation times
are shown in Fig. 7. In such tests, both the biodegradation and the
disintegration degree were measured over time. The biological alter-
ation of the material was not evident until day 18, increased thereafter
to 7-9% at day 25, and attained 37% for MB2 and 22% for MB3 at day
32. The disintegration degree of MB2_1_t2 was over 55%; unfortunately,
for the MB2_1_t3 and MB3_1_t3 runs it was not possible to retrieve in-
formation about the disintegration degree due to operational problems
encountered during the corresponding digestion tests.

In addition, a mass balance of carbon was carried out to track the fate
of the organic matter at intermediate stages (tj, tz and t3) and at the end
of the process (Fig. 8). The following contributions to the overall amount

MB2_1

T T T T T T 1

0 10 20 30 40 50 60 70

t [d]

MB2_lpow —MB3_0.5 —MB3_1

Fig. 4. Specific biogas production for thermophilic runs. Comparison among MB1 and MB3 tests at different F/M ratios and material sizes (a) and MB2 at different
material sizes (b). The dashed lines indicate Gompertz interpolation projection beyond the test duration.
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Table 5

Fuel 355 (2024) 129361

Measured net biogas production (average value + standard deviation) at the end of the thermophilic biodegradation tests and parameters (average values) of the

Gompertz fitting curves for biogas production.

Run Pet(mL/gTOC) Picnet(mL/gTOC) P,,(mL/gTOC) A(d) R(mL/gTOC/d) R2
Stage 1 Stage 2 Stage 1 Stage 2
MB1.0.5 593.6 + 12.0 512.4 +17.6 698.1 + 7.0 0.0 25.8 9.5 50.0 0.997
MB1_1 562.3 + 17.2 251.9 + 55.7 621.7 + 3.4 3.2 23.5 10.0 41.3 0.998
MB1_lpow 611.0 + 5.8 184.0 £ 16.2 659.7 + 6.2 3.8 20.9 11.4 44.9 0.998
MB2_1 1126.6 + 13.8 95.1 + 28.3 1181.3 + 15.1 5.4 20.2 23.2 28.5 0.999
MB2_1pow 12321 + 1.4 149.6 + 26.6 1330.2 + 4.2 3.5 11.3 31.1 54.6 0.997
MB3_.0.5 848.3 +7.2 255.7 + 5.8 907.7 + 5.6 3.0 23.6 13.1 57.9 0.999
MB3_1 749.6 + 16.2 0.4+0.1 772.7 £ 17.2 5.9 21.3 15.5 49.0 0.999
o0 samples led to some interferences during the analytical measurement,
and it was not always possible to accurately determine the TOC
“ contribution. At time t; a reduction of particulate (13 and 17%) and
residual dissolved carbon (17 and 29%) was observed; the sum of these
40 two contributions was found to be mainly (65 and 58%) converted into
VFAs, while gas production was still minor and comparable to that
= observed for the blank test. This indicates that the active biomass until
0 time t; was mainly composed of hydrolytic and acidogenic microor-
ganisms. In the subsequent biodegradation stages, particulate and dis-
201 solved carbon consumption proceeded along with VFA conversion,
while the contribution of gas production increased as expected.
10
IIII II 3.3. Digestate characterization
° t10% t25% t50% t75% 195%
mMBL 05 ®mMBL1 mMBl lpow mMB2.1 = MB2 lpow mMB3 0.5 mMB3 1 SEM analyses were conducted on the digestate samples taken at the

Fig. 5. Evolution of the ty, parameter during the biodegradation process for
the thermophilic experimental runs.

of carbon were considered: i) gasified carbon, as the sum of carbon in the
evolved CO» (including the fraction dissolved in the liquid phase) and
CHy; ii) residual particulate carbon, obtained as the difference between
the final TOC and DOC masses; iii) dissolved carbon in the form of
undegraded carbohydrates and VFAs; iv) residual dissolved carbon,
obtained as the difference between total DOC and the directly deter-
mined metabolic products (iii). A term referred to as “balance” was
added to account for the carbon mass lost due to analytical inaccuracies
or to sample heterogeneity in order to close the material balance. The
values for the balance term ranged from —1 to 11% indicating a good
degree of carbon recovery from the different analytical determinations
for most of the runs, with the exception of MB2_1_t2 and MB3_1_t2. The
presence of a considerable amount of non-degraded bioplastics in the
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end of the biodegradation tests in an attempt to determine the presence
of residual microbioplastics. No residues were detected for the experi-
mental runs MB2_1 and MB2_1powder, while it was possible to identify
MB1 and MB3 particles in the respective digestate samples. In Fig. 9 the
SEM results for sample MB1_1 at the end of the digestion process are
shown as an example. Bioplastic particles down to 80 pm were detected
(Fig. 9a and b) that could easily be distinguished from the surrounding
matrix due to their irregular edges and layering (Fig. 9c).

Moreover, the release of additives from the matrix resulting from
material’s surface erosion was observed (Fig. 9d). EDS analysis
confirmed the presence of Mg and Si in such particles.Final digestates
thermogravimetric analyses results are shown in Fig. 10. The peaks in
the range 50-150 °C are attributed to dehydration processes, as
observed by other authors [61-63]. The inoculum response is shown for
comparison in all the figures, and it is mainly composed of three
degradation steps: (i) the first peak at 300 °C corresponds to the thermal
degradation of carbohydrates, of cellulose and hemicellulose [61]; (ii) at

r 100%
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Fig. 6. Biogas composition (including IC contribution) and biodegradation degree for the experimental runs.
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Fig. 9. A) and b) mbl microplastics detected in the digestate; ¢) mb1 microplastic layering; d) surface of mb1 fragment showing an embedded particle.
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Fig. 10. TG (a, b and ¢) and dTG (d, e and f) results for the final digestates from runs on MB1, MB2 and MB3.

400-520 °C the thermal degradation of the aromatic structures occurs
and (iii) the last peak in the 695-750 °C range is due to thermal
degradation of inorganic material [63].

From the dTG results for the tests on MB1 and MB3, the peak asso-
ciated to the starch/PLA component in the product was no longer
detectable, suggesting that it was completely degraded (Fig. 10d and f).
The peak attributed to PBS, instead, appeared to be shifted to the left
(Tpeax 380 °C), probably suggesting a worsening of the thermal capacity
of the polyester phase. The intensity of this peak was not affected by
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material pulverization, which confirms what was observed with the BMP
tests. The thermal response of the MB2_1 and MB2_lpowder samples
was found to be mainly dictated by the inoculum, with the exception of a
peak observed on the dTG curves at around 550 °C that was not observed
for the other samples and was probably related to the thermal decom-
position of some residual undegraded component of the original poly-
meric blend.

Additional TG and FT-IR analyses were conducted on the bioplastic
fragments retrieved during the determination of material mass loss. The

200 600 800

dTG [%/min]

T[°C]

T[°C]

——MB1.0.5 ~——MB1_1 ——MB1_lpowder ———MB3_0.5 ——MB3_1 ---Mater-Biproduct

Fig. 11. TG (a, b) and dTG (c, d) results for MB1 and MB3 fragments retained with a 0.84 mm sieve from the digestate at the end of the tests; results are compared to
the neat Mater-Bi® product.
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TG analysis was carried out on the MB1 and MB3 fragments (size > 0.84
mm) recovered after the degradation process (Fig. 11). The starch/PLA
component was found to have been fully degraded during the BMP tests,
so that the corresponding peak on the dTG curve was no longer visible
(Fig. 11c and d) and the fragments had a higher residual weight
compared to the original product (Fig. 11a and b). The peak at 400 °C
was still visible for all the recovered fragments with an intensity that was
comparable to the neat product. The run MB1_lpowder displayed a
different response that was attributed to a higher contamination of the
sample by the inoculum at the time of testing, since in this case it was not
possible to clean the material properly from microbial incrustations.

The FT-IR analyses carried out on the final digestates are shown in
Fig. 12 in the wavenumber range between 1800 and 400 cm ™!, where
the main absorption bands were detected. Runs on the MB2 sample did
not show any characteristic peak of the original bioplastic, confirming
that the undegraded portion of the material likely had a lignocellulosic
nature that could not be distinguished from the composition of the
inoculum (Fig. 12b). Runs on the MB1 and MB3 samples, which dis-
played a consistent residual portion of the initial bioplastic mass at the
end of the test (69-58 wt%), still showed the characteristics absorption
band of the original polymeric matrix. However, the bands at 1757
em™L, 1134 em™!, 1088 em™! and 755 cm™! were no longer visible
(Fig. 12a and c), confirming the degradation of the associated PLA
component. A decrease in the intensity of the band at 1713 cm ™!, which
was associated to PBS, was observed, as also previously indicated by
other authors [64]. Upon inspection of the MB2 spectrum, no bands
associated to the co-polyester could be detected, suggesting that PBAT
was degraded probably as a consequence of its lower concentration in
the polymeric matrix.

4. Conclusions

The anaerobic degradation of three Mater-Bi® disposable items
(cups and knife) was assessed under thermophilic and mesophilic con-
ditions. At 38 °C the material was found to be strongly recalcitrant to
degradation and the biogas production of the test was comparable to the
blank; the disintegration of the material was lower than 4%. All the
experimental runs under thermophilic conditions attained a biogas
production in the range 332-425 mL/gTOCy within 48 days, with the
exception of MB2 which carried on until day 60. Material biodegrada-
tion and disintegration was mainly influenced by the chemical compo-
sition of the products, which were a blend of starch, polyesters (mainly
PLA, PBAT and PBS) and organic/inorganic additives. MB cups had a
high content of PBS and inorganic additives that limited both biodeg-
radation (40-60%) and disintegration (40%). On the other hand, the
biodegradation of the knife product, mainly composed of PLA, was ~

Fuel 355 (2024) 129361

thermogravimetric and spectroscopic analyses helped drawing further
considerations on bioplastics degradation. The PBS component was
found to be particularly recalcitrant to microbial assimilation. The
findings of this study emphasize the need for more detailed investigation
of the bioplastics behaviour during biological treatments and, in
particular, the need to understand the correlation between the process
results and the products composition. In particular, the biodegradation
profile under full-scale anaerobic digestion conditions should be
explored more systematically in order to assess the treatability of bio-
plastic residues in waste management plants. To this regard, since bio-
plastic waste is expected to be collected together with the OFMSW (at
least in short- to medium-term scenarios), the conditions under which
the combined treatment of these two streams can be successful are yet to
be assessed. A careful evaluation of the technological limitations of
existing treatment facilities needs to be carried out to determine if
specific operating strategies (e.g. recirculation of non-degraded bio-
plastics, dedicated pre-treatment, combination of anaerobic and aerobic
treatment), can be implemented. Although the present study was based
on batch biodegradation tests which do not entirely reflect the perfor-
mance of full-scale anaerobic digestion, the results can still be inter-
preted in the sense that the investigated bioplastic materials,
particularly under specific conditions (average digestion times, meso-
philic regime), pose critical issues with regard to their expected biode-
gradability. In particular, on the basis of the observed biodegradation
kinetics, the time required to reach a satisfactory biodegradation of the
investigated bioplastics is not compatible with the typical residence time
used in full-scale plants and this could lead to the contamination of the
final products (compost and digestate), which could in turn be a carrier
of residual bioplastics in the environment.
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