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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Food delivery boxes are tested for aer-
obic disintegration and anaerobic
degradation.

• Boxes made of paper only or with coat-
ings (including polylactic acid) are
analysed.

• Paper is highly suitable for biological
treatments behaving similarly to food
waste.

• Aerobic disintegration of coated boxes is
much slower than that of paper only
boxes.

• Undigested polylactic acid coating is
found in anaerobic semi-continuous
tests.

A R T I C L E I N F O

Keywords:
Aerobic treatment
Anaerobic treatment
Biological process
Bioplastic
Packaging
Paper

A B S T R A C T

This study evaluated the fate of food delivery boxes when subjected to biological treatments, reproducing at the
lab-scale the conditions of full-scale plants. Four paper-based boxes were composted: two made of paper only,
one coupled with polylactic acid (PLA), and one with a barrier coating. One paper only box and the box with PLA
were also investigated for their anaerobic degradability with biochemical methane potential (BMP) and semi-
continuous tests. During composting, the boxes were not recognisable inside the compost after four (paper
only boxes), eight (box with PLA), and twelve (box with barrier coating) weeks. In BMP tests, the paper only box
showed a degradability similar to that of food waste (92 %), while the box with PLA degraded only at 76 %.
Furthermore, undigested pieces of PLA were found in semi-continuous tests. Accordingly, paper resulted suitable
for biological treatments, while the presence of PLA or other barrier coatings can be critical.

1. Introduction

The global organic waste generation accounts for 2.6 million tonnes
per day (i.e. 45% of municipal waste), expected to increase by 75% as of

2050 (Kaza et al., 2018). Inside the food waste, materials related to
packaging are increasingly found, such as cellulosic items and flexible
and rigid bioplastics (European Bioplastics, 2023) expected to increase
up to 10 % of the organic fraction in the year 2030 (Cucina et al., 2021).
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Bioplastics are commonly discarded during the mechanical pre-
treatments at full-scale anaerobic digestion processes, similarly to con-
ventional plastics. This is because they are not separable from non-
compostable materials and because bioplastics films would give hy-
draulic and handling problems in the digester, especially in wet or semi-
dry processes (Dolci et al., 2022; Utilitalia, 2020). This low compati-
bility with biological processes has consequences on their environ-
mental impacts. According to Dolci et al. (2021a), the environmental
performances of bioplastic bags are penalised by the fact that they must
be discarded before anaerobic digestion, dragging away into residues a
non-negligible amount of food waste. Globally, the technical-scientific
literature confirms the limited environmental benefits of biological
treatments applied to compostable bioplastics. Hottle et al. (2017)
compared composting and landfilling of thermoplastic starch and pol-
ylactic acid (PLA). Composting resulted preferable for some categories,
such as climate change and eutrophication, but resulted the worst option
for most of impact indicators. Moreover, Rossi et al. (2015) indicated the
anaerobic digestion and the composting as the most impacting end-of-
life treatments for thermoplastic starch and PLA.

The cellulosic fraction found in the organic waste comprises napkins,
kitchen paper, tableware, and packaging, including products used for
catering and food delivery. Compared to bioplastics, paper is muchmore
compatible with both aerobic (De Wilde et al., 1996; Francou et al.,
2008; Lopez Alvarez et al., 2009) and anaerobic processes (Dolci et al.,
2021b; Dolci et al., 2022; Kobayashi et al., 2012; Naroznova et al.,
2016).

The European legislation recognises the compostability (i.e. the
acceptability in any aerobic or anaerobic treatment plant) in accordance
with European standards EN 13432, for packaging, and EN 14995, for
items other than packaging (EN, 2002; EN, 2007). The tests included in
these standards allow for a simple execution and replicability at the lab-
scale, not being representative of the management in full-scale plants.
Therefore, the compliance with such standards is a necessary but not
sufficient condition for the degradation in full-scale plants (Papa et al.,
2023; Utilitalia, 2020).

For aerobic conditions (composting), the most important differences
between the compostability technical standards and the full-scale
treatments are related to the temperature and the duration of the test.
The EN 13432 standard requires maintaining thermophilic conditions
(with external heating) for the entire duration of the test (up to six
months), while for the full-scale treatment heat is released by the pro-
cess with a minimum of only two weeks under thermophilic conditions
(EU, 2019). Focusing on the trial period, the duration of the full-scale
composting process does not typically exceed three months, but
shorter processes are also found, down to only two months.

Concerning the anaerobic degradability, the EN 13432 standard re-
quires the execution of tests under dry thermophilic conditions (52 ±

2 ◦C) for a maximum of two months. First, the maximum test duration is
higher than the hydraulic residence times commonly adopted in full-
scale digesters treating food waste only, generally ranging between 15
and 30 days (Bátori et al., 2018). Furthermore, many plants operate
under mesophilic conditions, which might affect the degradation ki-
netics, or with wet processes. Finally, it is important to highlight that the
EN 13432 standard indicates that anaerobic tests are not mandatory.

In this framework, this study aims at reproducing, as far as possible,
the conditions of full-scale biological treatment plants to evaluate the
degradability of paper-based boxes when subjected to aerobic com-
posting or to thermophilic anaerobic digestion. The EN 14045 standard
was taken as reference for the aerobic test (EN, 2003). It aims at eval-
uating the disintegration of packaging materials in practical-oriented
tests under defined composting conditions. The technical-scientific
literature reports examples of similar composting trials to evaluate the
disintegration of cellulose products (Francou et al., 2008; Leppänen
et al., 2020) and bioplastics (Adamcová et al., 2017; Kawashima et al.,
2021; Weng et al., 2010).

Concerning the anaerobic degradability of boxes, biochemical

methane potential (BMP) tests were performed inmono and co-digestion
together with synthetic food waste. Subsequently, semi-continuous co-
digestion tests were carried out to better simulate conditions of full-scale
treatment plants. The technical-scientific literature provides examples of
BMP tests to evaluate the degradability of cellulose products (Dolci
et al., 2021b; Dolci et al., 2022; Kobayashi et al., 2012; Naroznova et al.,
2016) and bioplastics, including PLA (Battista et al., 2021; Zhang et al.,
2018). On the contrary, to the authors’ knowledge, the evaluation of the
behaviour of such materials in semi-continuous co-digestion tests was
performed only by Dolci et al. (2022) to compare the degradability of
bioplastic and paper bags employed for the food waste collection, and by
Zhang et al. (2018), to assess the anaerobic degradability of compostable
bioplastics.

In this study, four boxes for food delivery were tested including paper
only boxes and boxes laminated with PLA or with a barrier coating. The
novelty is the coupling of multiple tests (both aerobic and anaerobic) to
novel materials (i.e. paper boxes for food delivery laminated with PLA),
whose behaviour is still poorly investigated. Composting and above all
anaerobic tests reproducing the conditions of full-scale treatment plants
(such as semi-continuous co-digestion tests) on these substrates are not
widespread and, to the authors’ knowledge, there are no previous
studies related to paper coupled with PLA.

2. Materials and methods

2.1. Substrates selection and experimental plan

Four paper-based boxes available on the market were selected for the
tests: (i) Box 1 (B1)–a cartonboard (90 %) box laminated with a film in
PLA (10 %); (ii) Box 2 (B2)–a corrugated cardboard box made of
bleached paper (the fluting and the linerboards are glued with starch);
(iii) Box 3 (B3)–a bleached cartonboard box (with a lid–B3L) with a
barrier coating against fats and humidity; (iv) Box 4 (B4)–a corrugated
cardboard box made of unbleached paper (glued with starch).

The behaviour of these boxes was evaluated in both aerobic and
anaerobic conditions as both of them are widespread processes for the
management of organic waste. Considering the 27 countries of the Eu-
ropean Union, Switzerland, United Kingdom, and Norway, 42 million
tonnes of bio-waste were managed by composting plants in 2020, and 29
million tonnes in anaerobic digestion processes (ECN, 2022). The
experimental plan first included the evaluation of the disintegration of
all four boxes in a composting test together with synthetic food waste
and bulking materials. Then, as regards the anaerobic degradability,
thermophilic digestion tests were performed on B1 (one of the paper
only bag) and B2 (the bag laminated with a film in PLA). These two
boxes were selected as they are more widespread in the market than B3
and B4. First, B1 and B2 were subjected to preliminary BMP tests. Based
on such results, B1 (containing the bioplastic film) was selected for co-
digestion tests with synthetic food waste, evaluated in a second BMP
test series. Finally, semi-continuous co-digestion tests with food waste
were performed on B1. The performed tests were specifically selected
with the aim to evaluate the behaviour and the compatibility of the
boxes in full-scale plants, where aspects such as the disintegration and
the absence of residues (in both composting and anaerobic digestion)
and the production of methane (in anaerobic digestion) are essential
aspects.

2.2. Substrates characterisation and preparation

2.2.1. Paper boxes
For the composting test, the four boxes were manually cut into

square pieces with a 5 cm side (see Supplementary Material). Each piece
was then inserted inside a thin plastic net in order to be recognised
during the testing period. To better monitor the state of disintegration,
half of the pieces was inserted in 12mmmesh plastic nets, the remaining
in 3 mm mesh plastic nets (see Supplementary Material).

G. Dolci et al.
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For the anaerobic tests, B1 and B2 were manually cut into square
pieces with 1 cm side.

The wet weight, the thickness, total solids (TS), and volatile solids
(VS) were determined for all the boxes. The chemical oxygen demand
(COD) and the total Kjeldahl nitrogen (TKN) were measured for B1 and
B2.

2.2.2. Synthetic food waste
The synthetic food waste was prepared based on the results of 90

composition analysis of the food waste fraction delivered to three
composting plants located in Northern Italy including: fruit and vege-
tables (edible portion–42 % w/w, apples, potatoes, and carrots skins–14
%, citrus peels–7.6 %, other non-edible parts–16 %), bread and cere-
als–8.5 %, meat and fish–6.3 %, pasta and rice–2.8 %, wet paper–2.0 %,
and dairy products–1.0 %. Inert materials (e.g. eggshells and bones)
were not included because they are usually removed at the full-scale
plants during the pre-treatments.

For the aerobic test, each waste fraction was cut into pieces smaller
than 50 mm and then stored at − 18 ◦C. As regards anaerobic trials, the
food waste fractions were shredded with the water addition (850 g per
kg of synthetic food waste), then mixed and stored at − 18 ◦C.

TS, VS, COD, TKN, ammonium (NH4
+), pH, total alkalinity (TA), and

volatile fatty acids (VFA) of the synthetic food waste were determined.

2.2.3. Inoculum and bulking materials for the aerobic test
The components of the bulking material (grass, leaves, medium/

thick wood, sawdust, and thin wood) were first reduced under 50 mm
size pieces to obtain a homogeneous compound. Mature compost from
food waste and garden waste was used as inoculum. The proportions of
the components were defined to guarantee a ratio between carbon and
total nitrogen (C/N) between 20 and 30, allowing for the correct man-
agement of the composting process (EN, 2003). The inoculum and the
bulking materials were analysed in terms of TS, VS, and TKN.

2.2.4. Inoculum for the anaerobic tests
Anaerobic tests were performed with two digestates from wet ther-

mophilic plants (located in Northern Italy) fed with only food waste,
serving as inocula. The digestates were pre-incubated for 5 days at 55 ◦C
before the tests and analysed for TS, VS, COD, TKN, NH4

+, pH, TA, and
VFA.

2.3. Composting test

2.3.1. Settings
The composting test was carried out in duplicate by using two plastic

vessels as reactors (operating volume of 100 L) with a drainage system
made of a 10 cm layer of bark at the bottom of each vessel. Perforated
pipes connected to a pump (maximum air flow rate of 275 L/h) were
placed inside the bark layer to provide an even air distribution.

Each vessel was filled with synthetic food waste (21 kg), bulking
materials (grass–1.2 kg; leaves–0.90 kg; medium/thick wood with
diameter> 3 mm–0.90 kg; sawdust–0.70 kg; thin wood with diameter<
3 mm–0.35 kg), and compost (3.0 kg). In addition to the synthetic food
waste (C/N = 17.8), the amount of other substrates was determined to
obtain an overall 21.5 C/N, compatible with the needs of the process.
After the filling, the compaction of the material rapidly occurred, with a
reduction of the operating volume of 35 %. Six pieces of each box were
homogeneously distributed inside each vessel to evaluate their disinte-
gration during composting.

2.3.2. Operations
The test was conducted for an overall duration of twelve weeks. In

the active composting time (ACT) phase (weeks one to four) the tem-
perature inside the vessels was measured daily (in three different mea-
surement points) and the test material was turned and mixed once a
week. At each turning, the pH of the test material was measured. During

the subsequent eight-week maturation phase, temperature measure-
ments were periodically performed, while the turning of the test mate-
rial was carried out every one/two weeks. For all the test duration, the
moisture control was carried out through leachate removal and periodic
irrigations over the surface.

The efficiency of the overall composting process was evaluated by
means of mass balances of inputs (substrates and added water) and
outputs (compost and removed leachate).

To monitor the disintegration level of the box pieces, three extrac-
tions were carried out after four, eight, and twelve weeks. In each
extraction, the vessels were completely emptied. Then, for each vessel,
two pieces of each box were randomly selected and removed, one in the
12 mm net and the other in the 3 mm net (see Supplementary Material).
Each piece (or its residues) was removed from the net, cleaned of the
compost adherent to the surface, dried for 24 h at room temperature,
and sieved with a 2 mm mesh. The fraction larger than 2 mm was then
weighed to evaluate the weight loss with respect to the piece inserted at
the beginning of the test.

2.4. Biochemical methane potential tests

2.4.1. Settings
Table 1 reports the features of the two BMP test series. The assays

were performed in triplicate; in addition to the inoculum and the sub-
strates (for all reactors excluding blanks), three solutions containing
macronutrients and micronutrients were dosed, together with tap water
to reach the operating volume. Before the tests, the pH of each reactor
was verified to be higher than 7 and lower than 8.5 (resulting in the
range 7.5–8.0) according to what indicated in Holliger et al. (2016).
Furthermore, N2 was flushed in the reactors to achieve anaerobic con-
ditions (VDI, 2016).

A volumetric system (AMPTS–Automatic Methane Potential Test
System II, Bioprocess Control®) was used to measure the cumulative
volume of the produced methane.

The final BMP of each substrate was defined as the mean of the test
replicates when the daily net production of each of the last 3 days was
lower than 1 % of the cumulative net production until that day (Koch
et al., 2019). Nevertheless, a minimum duration of 21 days was guar-
anteed (UNI/TS, 2018). At the end of the tests, the digestate was sieved
with a 2 mm sieve to check the presence of undigested box pieces.

2.4.2. Kinetic interpretation
The time required by each substrate to reach 50 % and 90 % of the

final BMP was first investigated. Then, for each substrate, some kinetic
models were fitted to the experimental results and compared by means
of different efficiency criteria to identify the most representative one.

2.5. Semi-continuous co-digestion test

2.5.1. Settings
The lower degradability of B1 observed in BMP tests suggested to

better investigate its behaviour under conditions more similar to those
of full-scale treatment plants (i.e. semi-continuous co-digestion tests) in
order to highlight potential criticalities. Table 1 reports the features of
the test. It was set up by dosing 1.7 L of inoculum in each reactor. Then,
semi-continuous conditions were obtained through a bi-weekly extrac-
tion of part of the digestate and feeding of substrates.

The tests were divided in 2 phases: (i) Phase 1 (days 1 to 52), con-
sisting of 15 extraction and feed cycles, in which both reactors were fed
with only synthetic food waste to allow for the acclimation of the
inoculum and to get stationary conditions; (ii) Phase 2 (days 53 to 118),
consisting of 18 extraction and feed cycles, in which the feeding of
reactor 1 remained unchanged (blank), while part of the synthetic food
waste was replaced by B1 in the reactor 2. In detail, the amount of B1 fed
to reactor 2 corresponds to 25 g of B1 (1.2 boxes) per kg of food waste, in
accordance with the amount of cellulosic fractions found in the organic
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waste (see Table 1).

2.5.2. Operations
Tests were performed to evaluate both the anaerobic degradability of

B1, by measuring the produced methane, and the presence of undigested
residues. The measurement of the methane produced during the tests
was performed with the AMPTS system. The methane contained in the
reactors headspace, lost during the extraction operations, was taken into
account considering the biogas composition periodically measured.

To verify operational parameters and to recover possible undigested
residues of B1 pieces, twice a week (after each extraction), the extracted
digestate was analysed in terms of pH, TS, VS, TA, NH4

+, and VFA and
sieved at 2 mm. The extracted residues of B1 were then washed with
water, dried at room temperature, and weighed after the weight
stabilisation.

As regards each feeding following the digestate discharge, substrates
and water were dosed in the reactors. Furthermore, macro and micro-
nutrients were periodically dosed to guarantee enough nutrient supply
to the thermophilic anaerobic digestion of food waste. Their dosage was
defined according to Dolci et al. (2022). Moreover, when required, so-
dium bicarbonate was dosed to ensure a TA higher than 4 gCaCO3/L. At
the end of each feeding, before restarting the test, N2 was flushed to
restore the anaerobic conditions.

2.5.3. Statistical analyses
Statistical analyses were performed (with the SPSS v.28 software) on

the specific methane production, to evaluate the behaviour of both the
reactors in the two phases. Before starting phase 2, the two reactors were
compared to verify the absence of statistically significant differences.
The methane productions of the two reactors were also compared in
phase 2, characterised by different feeding. The normality of each dis-
tribution was first tested by means of the non-parametric Shapiro-Wilk
test (0.05 significance level). Since the normality was not always satis-
fied, the comparison was performed with the Mann-WhitneyU test (0.05
significance level).

2.6. Analytical methods

The StandardMethods 2540 were considered to determine TS and VS
content (Rice et al., 2017). For the evaluation of C/N, the carbon content
was calculated as 58 % of the VS content (Tatàno et al., 2015). The
temperature in the composting vessels was measured by means of
graduated tube thermometers. A portable multiprobe meter (Hach-

Lange HQ40D) was used for the pH measurement. COD and TKN were
determined according to Standard Methods 5220 (Rice et al., 2017) and
ISO 5663 (ISO, 1984), respectively. NH4

+ was measured using spectro-
photometric test kits (Hach-Lange) on 0.45 μm filtered samples. TA was
measured by automatically titration with H2SO4 up to pH 4.3 (Hach
Lange BIOGAS Titration Manager). VFA concentrations were deter-
mined according to Standard Methods 5560 (Rice et al., 2017), using a
gas chromatograph (Dani Master GC) coupled with a flame ionisation
detector. A gas chromatograph (DANI Master GC Analyser equipped
with two columns HayeSep Q and Molesieve 5 A) was employed to
measure biogas composition. The thickness of the paper boxes (and PLA
residues) was determined with a digital sliding gauge (Preciva
CS45002).

3. Results and discussion

Table 2 summarises the results of the characterisation of substrates
and inocula. Sections 3.1, 3.2, and 3.3 present the results for compost-
ing, BMP, and semi-continuous tests.

3.1. Composting test

As regards the effectiveness of the composting test, the weight loss of
the system, due to the degradation process and the evaporation of hu-
midity, resulted equal to 68 % (after eight weeks) and 73 % (after twelve
weeks) for vessel 1 and equal to 69 % (eight weeks) and 73 % (twelve
weeks) for vessel 2 (see Supplementary Material). These results are
comparable to those achieved in several composting plants fed exclu-
sively or mainly with food waste, which showed a 73 % average mass
loss (Zhang and Matsuto, 2011), confirming the effectiveness of the
process.

Focusing on the temperature trend during composting (see Supple-
mentary Material), average temperatures of 61 ◦C and 60 ◦C were
reached (in vessel 1 and vessel 2, respectively) at the beginning of the
ACT phase (days three to nine), with a maximum of 70 ◦C in the seventh
day. The observed temperatures are close to the requirements for full-
scale treatment plants, which have become more restrictive following
the recent European Union Regulation 2019/1009 (i.e. one of the
following temperature/time profiles: 70 ◦C for at least 3 days, 65 ◦C for
at least 5 days, 60 ◦C for at least 7 days, or 55 ◦C for at least 14 days; EU,
2019). Regarding the pH of the material subjected to the composting
process, values higher than 5 were measured throughout the test,
reaching a final compost pH of 8.4 for vessel 1 and 8.2 for vessel 2.

Table 1
Features of anaerobic tests (BMP and semi-continuous).

Test Tested substrate Volume (mL) Temperature
(◦C)

Inoculum/
substrate c

(gVS inocolum
/gVS
substrate)

Organic loading
rate
(kgCOD/
m3 × day)

Hydraulic retention time
(days)

B1 B2 food
waste

B1 + food
waste

reactor operative

BMP
first series

X X X − 600 400 55.0 ± 0.5 2.5 − −

BMP
second series

X X X Xa 600 400 55.0 ± 0.5 4.0 − −

Semi-
continuous

− − X Xb 2,250 2,000 55.0 ± 0.5 − 2.20d 21e

Notes.
Biochemical methane potential (BMP), box 1 (B1), box 2 (B2), chemical oxygen demand (COD), volatile solids (VS).
BMP tests were performed in triplicate.
a Co-digestion of B1 (13 % COD based) and food waste (87%). This amount is in accordance with the amount of cellulosic fractions found in the Italian organic waste

found to be in the range 2 %–3 % (CIC, 2017).
b Co-digestion of B1 (13 % of COD load, corresponding to 0.29 kgCOD/(m3 × day)) and food waste (87 %).
c Optimal range: 1 to 4 gVS inocolum/gVS substrate.
d Corresponding to 1.65–1.66 kgVS/(m3 × day), cautiously low compared to full scale treatment plants (up to 6 kgVS/(m3 × day); Schnaars, 2012) to guarantee the

stability of the lab-scale process.
e Selected in the range of values typically adopted by full-scale thermophilic plants treating food waste (15–30 days).
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3.1.1. Boxes disintegration level
Fig. 1 shows, for each of the three extractions, the pieces recovered

from the nets, cleaned of compost residues and dried for 24 h at room
temperature. Table 3 shows the average weight loss and the qualitative
disintegration level of the boxes after each extraction (see Supplemen-
tary Material for the weight loss of each of the extracted pieces).

Limited variations in the structure of B1 pieces were observed at the
end of the first four weeks, also confirmed by the low weight loss (35 %).
On the contrary, after eight weeks the average weight loss increased up
to 75 %, as confirmed by the conditions of the residues. Examining B2
and B4, they were already disintegrated and not recognisable inside
compost after the first extraction. Finally, B3 and B3L showed an intact
structure after four weeks, which was still distinguishable after eight
weeks. The higher disintegration level reached only after twelve weeks
is confirmed by the increasing weight losses (up to 68 % and 49 % for B3
and B3L, respectively).

Test results are consistent with the characteristics of the analysed
boxes, with the best performances being obtained for the paper only
boxes (B2 and B4), a material highly compatible with biological pro-
cesses. López Alvarez et al. (2009) verified that the presence of paper in
proportions lower than 27 % (dry weight) has no adverse effects on the
composting process. Furthermore, Francou et al. (2008) indicated that a
paper or cardboard content between 20–40 % allows a quick stabilisa-
tion of the organic matter in composting. Experimental tests performed
by De Wilde et al. (1996) compared the composting of two types of
organic waste containing 16 % and 2 % of paper. According to the re-
sults, a higher quantity of paper leads to an improvement of the process
with a better control of humidity, pH, and aeration, obtaining a compost
with a quality comparable to that observed with a smaller amount of
paper. Finally, it is important to underline that unbleached paper is
typically characterised by a higher lignin content, compared to bleached
paper (the bleaching process removes lignin). Lignin, showing complex
molecular structures, can reduce the composting rate (NCASI, 2018).
Nevertheless, no relevant differences were observed between B2
(bleached) and B4 (unbleached) about the disintegration time and rate.

Regarding B1, its slower disintegration is reasonably associated with

the presence of the PLA film. Literature findings confirm a potentially
good degradability of PLA under aerobic conditions, but with the
requirement of high temperatures or a relatively long time.

Composting tests by Kawashima et al. (2021) on paper coupled with
a PLA film showed disintegration levels equal to 95 % (compared to the
weight of the analysed sample) after 56–60 days. Narancic et al. (2018)
reported that for different bioplastics, including PLA and some of its
blends, more than 60 days at 58 ◦C were required to reach a 90 %
degradation compared to a reference material (cellulose). Finally, in
Abraham et al. (2021), six studies on PLA degradation were examined,
reporting values between 58 % and 85% under thermophilic conditions,
with times ranging from 28 to 130 days.

The slow disintegration shown in this research (i.e. a process simu-
lating industrial conditions) suggests potential critical issues in home
composting. Studies evaluating the behaviour of PLA in home com-
posting are still not widespread but they generally indicate no degra-
dation. As an example, Mayekar et al. (2023) found no mineralisation of
a PLA film in 180 days at 37 ◦C. Furthermore, according to Narancic
et al. (2018), lower temperatures (28 ◦C) proved to be totally ineffective
for the degradation of this biopolymer.

As regards B3, the barrier coating is potentially the cause of its slow
disintegration. However, no further information is available to the au-
thors regarding the type of coating.

For both B1 and B3, as the barrier coating has the function to
improve the functional properties and characteristics of paper, it is also
expected to prevent the biomass from accessing the more easily
degradable substrate (Kathuria and Zhang, 2022). Therefore, the
biodegradability and the compostability can be limited by certain ad-
ditives (Kathuria and Zhang, 2022; NCASI, 2018). The different
behaviour of different additives is suggested by comparing B1 (PLA) and
B3 (unknown coating) disintegration time and rate. PLA resulted to be
potentially compatible with the full-scale composting process. On the
contrary, other materials, although respecting the EN13432 compost-
ability standard, are not necessarily suitable for full-scale processes,
being the standard not representative of the management in full-scale
plants (see Section 1).

Table 2
Substrates and inocula characterisation results.

Parameter Substrate Inoculum

B1
cartonboard
laminated
with
a PLA film

B2
corrugated
cardboard
(bleached)

B3
cartonboard
(bleached) with
a barrier coating

B3L
cartonboard
(bleached) with
a barrier coating

B4
corrugated
cardboard
(unbleached)

Synthetic
food
waste

Bulking
material +
aerobic
inoculum

Digestate
(first
BMP
series)

Digestate
(second BMP
series and semi-
continuous)

Wet weight (g) 21.1 ± 0.2 47.6 ± 0.4 12.8 ± 0.1 7.48 ± 0.05 20.2 ± 0.2 − − − −

Thickness (mm) 0.40 ± 0.01 a 0.59 ± 0.08 0.43 ± 0.04 0.42 ± 0.01 0.66 ± 0.01 − − − −

TS (g/kg) 934 ± 3 927 ± 7 936 ± 1 939 ± 3 932 ± 1 88.2 ±

2.2b
439 ± 28 24.7 ±

0.3
20.5 ± 0.1

VS (g/kg) 833 ± 64 836 ± 65 862 ± 8 866 ± 3 873 ± 27 80.6 ±

4.4b
314 ± 1 13.0 ±

0.2
10.2 ± 0.1

pH − − − − − 4.68 ±

0.01b
− 8.27 ±

0.05
8.72 ± 0.05

COD (g/kg) 1,122 ± 28 1,086 ± 23 − − − 106 ± 1b − − 12.8 ± 0.2
TKN (gN/kg) 1.02 ± 0.01 0.875 ±

0.012
− − − 2.56 ±

0.01b
9.80 ± 0.01 − 2.33 ± 0.01

NH4
+ (mgN/L) − − − − − 54.5 ±

8.5b
− 1,400 ±

56
1,760 ± 42

TA (mgCaCO3/L) − − − − − 446 ±

121b
− 10,406 ±

98
9,305 ± 163

VFA
(mgCH3COOH/
L)

− − − − − 5,617 ±

878b
− 404 ± 10 85.4 ± 14.0

Notes.
Ammonium (NH4+), biochemical oxygen demand (BMP), box 1 (B1), box 2 (B2), box 3 (B3), box 3 lid (B3L), box 4 (B4), chemical oxygen demand (COD), polylactic
acid (PLA), total alkalinity (TA), total Kjeldahl nitrogen (TKN), total solids (TS), volatile fatty acids (VFA), volatile solids (VS).
Analyses were performed in duplicate.
a PLA film = 0.04 ± 0.01 mm, cartonboard = 0.36 ± 0.01 mm.
b Including the water added to allow for the components shredding.
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3.2. Biochemical methane potential tests

Results of the first BMP test series are reported in Table 4 and Fig. 2A.
Comparing the two boxes, B1 (made of paper and PLA) showed a final
BMP 14% lower than the value of B2 (made of paper only). Accordingly,
its anaerobic degradability is 16 percentage points lower. The final BMP
of B2 resulted very similar to that of synthetic food waste. Examining the
digestate, no undigested residues of the tested substrates were found
when sieving at 2 mm. As regards the kinetic, all the substrates reached
50 % of the final BMP in 4 days; while 12 days (B2, food waste) and 15
days (B1) were necessary to obtain 90 % of the final BMP (see

Supplementary Material for the detailed results of the kinetic analysis).
Based on its outcomes, the Cone model was selected to describe the data
of all the tested substrates. This model, together with the Gompertz
model, is typically used for cellulose and substrates which are charac-
terised by an initial lag phase (Carrère et al., 2020).

Results of the second BMP test series, including B1 and food waste
co-digestion, are reported in Table 4 and Fig. 2B. The results confirmed
the differences between the two boxes observed in the first series, both
in terms of final BMP and anaerobic degradability, and also the absence
of undigested residues. The time required to reach 50 % of the final BMP
increased up to 5 days for both the boxes; while the time required to

Fig. 1. Box pieces extracted from the composting test. The absence of the sample indicates that no residues were found within the plastic net. Box 1 (B1), box 2 (B2),
box 3 (B3), box 3 lid (B3L), box 4 (B4).
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reach 90 % decreased to 10 (B2) and 12 days (B1). The model selected to
describe data are reported in Table 4 (see Supplementary Material for
the detailed results of the kinetic analysis).

The final BMP of food waste is in agreement with previous thermo-
philic tests: 418 mLnCH4/gVS (Dolci et al., 2022), 430 mLnCH4/gVS
(Chuenchart et al., 2020), and 300–500 mLnCH4/gVS (Davidsson et al.,
2007). Concerning B2, made exclusively of paper, the final BMP is in line
or higher than the literature findings: 260–570 mLnCH4/gVS on
different types of paper waste (Kobayashi et al., 2012), 372 mLnCH4/
gVS on paper contained in food waste (Naroznova et al., 2016), and
262–290 mLnCH4/gVS on paper bags for the food waste collection (Dolci
et al., 2021b; Dolci et al., 2022). The similarity in terms of methane yield
and kinetics between B2 and the food waste suggests the high compat-
ibility of paper with anaerobic digestion, in agreement with the afore-
mentioned literature.

The lower BMP of B1 (90 % cardboard and 10 % PLA) with respect to
B2 is potentially due to the presence of the PLA film. In absence of
further studies related to paper coupled with PLA, BMP tests on PLA,
usually performed under mesophilic condition, show a very limited
degradability of this substrate (Battista et al., 2021; Zhang et al., 2018).
On the contrary, thermophilic conditions seem to be more effective on
PLA degradation (Cazaudehore et al., 2022), reaching values close to 90

% although obtained in 60 days (Narancic et al., 2018; Yagi et al., 2009).
Focusing on the co-digestion, the final BMP obtained for food waste

+ B1 was slightly higher (+5 %) then the weighted average BMP
calculated based on the single substrates BMPs. It can be thus concluded
that the co-digestion of these two substrates did not show relevant
synergistic effects.

3.3. Semi-continuous co-digestion test

In the overall phase 1, the two reactors (fed with only food waste)
showed a similar behaviour in terms of methane production and oper-
ating parameters: the average specific methane production resulted
equal to 310 and 308 mLnCH4/gCOD, respectively for reactor 1 and
reactor 2 (417 and 414 mLnCH4/gVS) and the corresponding anaerobic
degradability of food waste was 94 % and 93 %. The operating param-
eters indicated a stable digestion process (Schnaars, 2012) in the last
part of phase 1. In detail, the pH stabilised in the range 7.4–7.5 for both
the reactors, the methane content of biogas resulted in the range 68
%-70 %, while NH4

+ and the VFA/TA ratio resulted lower than 1,100
mgN/L and 0.1 mgCH3COOH/mgCaCO3, respectively.

Furthermore, the statistical analysis confirmed the absence of sig-
nificant differences between reactors 1 and 2, with the Mann-Whitney U

Table 3
Average weight loss and qualitative disintegration level of the boxes subjected to composting.

Substrate Average weight lossa Qualitative disintegration levelb

4 weeks
1st extraction

8 weeks
2nd extraction

12 weeks
3rd extraction

4 weeks
1st extraction

8 weeks
2nd extraction

12 weeks
3rd extraction

B1 cartonboard laminated
with a PLA film

35 % 75 % 88 % 0/1 2 3

B2 corrugated cardboard (bleached) * 71 % 83 % 2/3 3 3
B3 cartonboard (bleached)

with a barrier coating
21 % 33 % 68 % 0 1/2 2/3

B3L cartonboard (bleached)
with a barrier coating

21 % 40 % 49 % 0/1 1 2

B4 corrugated cardboard (unbleached) 54 % 85 % 100 % 2/3 3 3

Notes.
Box 1 (B1), box 2 (B2), box 3 (B3), box 3 lid (B3L), box 4 (B4) polylactic acid (PLA).
* Residues could not be separated from compost.
a Weight loss= (weight of the fraction larger than 2mm of box residues–weight of the piece inserted at the beginning) / weight of the piece inserted at the beginning.

For each extraction and for each box, the average loss of the four extracted pieces is reported (two pieces for each vessel one inserted in the 12 mm and one in the 3 mm
mesh net, respectively).
b Qualitative disintegration levels of the boxes: 0–intact piece; 1–piece with still recognisable structure; 2–small fragments of piece not completely disintegrated;

3–completely disintegrated piece.

Table 4
Results of the two BMP tests series.

BMP test
series

Substrate Final BMP CV
(%)

Anaerobic degradability
(%)a

Test duration
(days)

t50%
(days)

t90%
(days)

Selected kinetic
model

(mLnCH4/
gVS)

(mLnCH4/
gCOD)

1 Food
waste

422 ± 14 321 ± 10 3.2 97 ± 2 21 4 12 Cone

B1 338 ± 9 251 ± 7 2.6 76 ± 3 24 4 15 Cone
B2 395 ± 2 304 ± 2 0.56 92 ± 2 21 4 12 Cone

2 Food
waste

397 ± 13 302 ± 10 3.4 92 ± 3 21 4 10 First order

B1 334 ± 2 248 ± 1 0.45 75 ± 2 24 5 12 Cone
B2 394 ± 38 303 ± 29 9.6 92 ± 9 21 5 10 Cone / Gompertz
Food
waste
+ B1

393 ± 24 296 ± 18 6.1 90 ± 6 24 4 10 First order /
Gompertz

Notes.
Biochemical methane potential (BMP), box 1 (B1), box 2 (B2), chemical oxygen demand (COD), coefficient of variation (CV), volatile solids (VS).
BMP tests were performed in triplicate.
a 6 % of COD used for cell growth, i.e. theoretical methane production of 330 mLnCH4/gCOD.
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test showing these results: U = 89, asymptotic significance = 0.330,
mean rank reactor 1: 17.1, and mean rank reactor 2: 13.9.

Concerning the overall phase 2 (co-digestion of food waste and B1 in
reactor 2), the operating parameters remained in the ranges previously
indicated for both reactors (see Supplementary Material). Reactor 1
(serving as blank) showed an average specific methane production of
306 mLnCH4/gCOD, maintaining an anaerobic degradability compara-
ble to that of phase 1 (93 %).

To evaluate the possible acclimation of the biomass to B1, phase 2
was further split into phase 2A (days 53 to 87) and phase 2B (days 88 to
118). The average specific methane production of reactor 2, equal to 294
mLnCH4/gCOD in phase 2A, increased to 298 mLnCH4/gCOD in phase
2B. In comparison with reactor 1, these values indicate reductions of 3.8
% (2A) and 2.5 % (2B), due to the substitution of 13 % of COD with B1.
The methane production allowed to calculate the anaerobic degrad-
ability of B1, reported in Table 5. In detail, it reached 75 % in phase 2B,
starting from 66 % of phase 2A.

The statistical analysis was then applied to compare the specific
methane production distributions of the two reactors. As regards the 10
feed cycles of the phase 2A, the Mann-Whitney U test showed the
following results: U = 22, asymptotic significance = 0.0340, mean rank
reactor 1: 13.3, and mean rank reactor 2: 7.70. Accordingly, the
methane production resulted statistically different in the two reactors.
Although reactors 1 and 2 showed smaller differences, the Mann-
Whitney U test for the 8 feed cycles of the phase 2B confirmed the sta-
tistically significant difference of the distributions (U = 12, asymptotic
significance= 0.0360, mean rank reactor 1: 11.0, and mean rank reactor
2: 6.00).

Undigested residues of B1 were recovered with the 2 mm sieving of
the digestate extracted from reactor 2. They were made of the PLA film

(whole pieces and fragments) as shown in Fig. 3, and accounted for 2.8
% of the total inserted mass, corresponding to 26 % of the total mass of
PLA fed to reactor 2. Focusing on the number of undigested pieces, in
addition to several fragments, the PLA residues retrieved as whole pieces
accounted for 20 % of the total inserted amount (with no differences in
their average thickness with respect to that of the inserted PLA). This
amount suggests the problems that bioplastics, and specifically PLA,
may cause in the management of anaerobic digestion reactors.

Comparing the results of BMP and semi-continuous tests in phase 2B
(Table 5), they showed a similar degradability for both the food waste
and B1, suggesting the absence of significant synergistic effects between

Fig. 2. Cumulative net specific methane production (at temperature = 0 ◦C and
pressure = 1 atm) in the first (a) and in the second (b) biochemical methane
potential (BMP) tests series, as a function of time (mean and standard deviation
of triplicates). Box 1 (B1), box 2 (B2).

Table 5
Anaerobic degradability (COD based) of the substrates tested under anaerobic
conditions (BMP and semi-continuous tests).

Substrate Anaerobic degradability (%)a

BMP tests Semi-continuous tests
Phase 2A
(days 53–87)

Phase 2B (days
88–118)

Food waste 97 ± 2 (first
series)

93b 93b

92 ± 3
(second
series)

B1 (cartonboard laminated
with a PLA film)

76 ± 2 (first
series)

66c 75c

75 ± 3
(second
series)

B2 (corrugated
cardboard–bleached)

92 ± 2 (first
series)

− −

92 ± 9
(second
series)

B1 + Food waste 90 ± 6
(second
series)

89d 90d

Notes:
Biochemical methane potential (BMP), box 1 (B1), box 2 (B2), chemical oxygen
demand (COD) polylactic acid (PLA).
BMP tests were performed in triplicate.
a 6 % of COD used for cell growth, i.e. theoretical methane production of 330

mLnCH4/gCOD.
b Degradability of reactor 1 fed with only food waste.
c Degradability of B1 in semi-continuous tests, calculated by subtracting the

food waste contribution to methane production (obtained from reactor 1) from
the methane production of reactor 2.
d Overall degradability of reactor 2 fed with B1 and food waste.

Fig. 3. Pieces of box 1 (B1) fed to semi-continuous tests (a) and undigested
pieces of B1 extracted from semi-continuous tests washed and dried (b).
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the two substrates or the presence of acclimation phenomena. Never-
theless, although showing a good overall degradability of B1 (75 %), the
semi-continuous tests, performed under conditions more similar to those
of full-scale treatment plants, showed potential issues associated to the
presence of undigested pieces of PLA. Such issues are confirmed by the
literature findings: Zhang et al. (2018) evaluated the ratio between
undigested and fed pieces of a PLA film and a PLA pellet during semi-
continuous digestion tests, obtaining the biodegradation of the film
but no evidence of degradation for the pellet. Furthermore, semi-
continuous tests performed by Dolci et al. (2022) showed a degrad-
ability of Mater-bi (a starch-based compostable bioplastic) lower than
27 % associated to the presence of undigested bag pieces.

3.4. Discussion

As introduced in Section 1, issues related to the management of
biopolymers in biological treatment plants (and above all in anaerobic
digestion plants) are well documented.

First, anaerobic digestion processes should be adapted to manage
these critical materials (mainly in terms of temperatures and residence
times). To this purpose, thermophilic processes are more effective than
mesophilic ones. Moreover, the combination of biological processes with
thermal processes such as hydrothermal carbonisation (HTC) could also
be effective. Marchelli et al. (2023) examined the degradability of cel-
lulose diacetate, a rigid compostable bioplastic, in biological processes.
When subjected to HTC as a pre-treatment, the HTC slurry fed to
anaerobic digestion allowed to markedly enhance both the biogas yield
and the biodegradation rate, compared to the ineffective digestion of the
bioplastic. Accordingly, bioplastics could be degraded more effectively
and in shorter times by combining thermal and biological processes
(Marchelli et al., 2023).

At the same time, the use of alternative materials, such as paper
coupled with compostable bioplastics, could allow to create products
having not only the properties necessary for their use, but also the fea-
tures that can partly limit the criticalities shown by bioplastics in bio-
logical treatment processes. Furthermore, regarding these composite
materials, the paper content (i.e. the ratio between paper and bioplastic)
could be a valid support for the certification of compostability, in order
to understand the real compatibility of items with each biological
treatment.

Finally, it is important to underline that this research evaluated the
effectiveness of biological process in the degradation and disintegration
of the boxes. Nevertheless, further research could examine the potential
release of fragments (such as microplastics and nanoplastics) contained
in the compost or in the digestate, typically intended to be applied in
agriculture. As stated by literature findings (Ruggero et al., 2020), the
release of bioplastic fragments in the environment is potentially critical,
also because their degradability in unmanaged environments (soil,
freshwater, and marine water) is generally very slow and limited (Nar-
ancic et al. 2018).

4. Conclusions

The disintegration and degradation tests indicated the high
compatibility of paper with biological treatments applied to food waste
under both aerobic and anaerobic conditions; on the contrary, the bar-
rier coatings showed potential critical issues. All the boxes effectively
disintegrated within the overall duration of the composting test, sug-
gesting compatibility with full-scale processes (typically lasting three
months). However, barrier coatings might negatively affect the degra-
dation in case of shorter durations (i.e. two months). In anaerobic tests,
the lower methane production and the presence of undigested residues
indicated potential issues in the anaerobic treatment of PLA.
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