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The use of biodegradable polymers is spreading in agriculture to replace those materials derived from petroleum, thus reducing
the environmental concerns. However, to issue a significant assessment, biodegradation rate must be measured in case-specific
standardized conditions. In accordance with ISO 14855-1, we designed and used an experimental apparatus to evaluate the
biodegradation rate of three biopolymers based on renewable resources, two poly(𝜀-caprolactone) (PCL) composites, and a
compatibilized polylactic acid and polybutyrate (PLA/PBAT) blend. Biodegradation tests were carried out under composting
condition using mature olive-mill waste (OMW) compost as inoculum. Carbon dioxide emissions were automatically recorded
by infrared gas detectors and also trapped in saturated Ba(OH)

2
solution and evaluated via a standard titration method to check

the results. Some of the samples reached more than 80% biodegradation in less than 20 days. Both the experimental apparatus and
the OMW compost showed to be suitable for the cases studied.

1. Introduction

In the last years, the worldwide production of plastic waste
has increased enormously [1]. Following the motto “Reduce-
Reuse-Recycle,” European directives have therefore estab-
lished plastic waste recovery as the first choice in the waste
management hierarchy [2]. Consequently, industries are pay-
ing increased attention to innovative materials that can be
recycled or biodegraded at the end of their life-cycle.

Ever since a first generation of degradable plastics was
introduced in the 1980s [3], researchers have been attempting
to evaluate the authentic biodegradability of these products
[4]. Today, the global competition to produce biodegradable
materials is attracting the attention of a variety of scientific
branches and commercial sectors (food, packaging, and agro-
industries), and it has become even more crucial to identify
the true biodegradability of new goods put on the market—
some of which are merely self-proclaimed “biodegradable.”
Biodegradation results from the action of naturally occurring
heterotrophic microorganisms, such as bacteria and fungi.

These use biodegradable compounds as food, converting
them into metabolic by-products that have chemical struc-
tures remarkably different than the original materials [5].

To evaluate the biodegradability of biopolymers, different
standard methods have been defined [6, 7]. These are based
mainly on measuring carbon dioxide (CO

2
) emissions or

oxygen consumption under environmentally controlled con-
ditions [8]. Based on these standard methods, several exper-
imental apparatus have even been proposed. Jayasekara et al.
[9], for instance, developed a CO

2
monitoring system able to

manage up to 36 vessel outlets. Subsequently, Kijchavengkul
et al. [10] also tested their own respirometric apparatus.
And, more recently, Pantani and Sorrentino [11] carried
out biodegradation tests using a homemade respirometric
machine equipped with 3 L glass flasks and an infrared gas
analyser. However, very few studies checked their equipment
with other methods [12] and analysed different kinds of plas-
tics in the same conditions [13].

Previous literature and our experience in prototyping
[14] laid the foundations for our design of an experimental
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Figure 1: Schematic diagram of the experimental apparatus. CO
2
evolved (method 1) and titration test (method 2) are used to evaluate the

biodegradation of samples.

apparatus for evaluating the biodegradability of biopolymers
using OMW compost as inoculum.

In this study, we
(i) describe in detail an experimental apparatus designed

and assembled to assess the biodegradation rate of
plastic materials under controlled composting condi-
tions, in accordance with the ISO 14855-1:2012 [15];

(ii) test the apparatus by evaluating with infrared gas
analysis (IRGA) the cumulative CO

2
evolution of

three biopolymers made of renewable materials for
agricultural applications;

(iii) check the accuracy of the data by measuring the
amount of CO

2
released during biodegradation with

barium hydroxide, Ba(OH)
2
, titration method.

2. Materials and Methods

2.1. Apparatus. The apparatus combines a pneumatic and
an electric system. In the pneumatic system, compressed air
is used to stimulate aerobic biodegradation of the samples,
which are kept in air-tight closed vessels (bioreactors) and
exposed to mature compost throughout the trials. The com-
post (called “inoculum”), rich in living microorganisms, pro-
motes the biodegradation of the samples, thus producing

CO
2
. CO
2
measurements are performed on the exhausted

air by means of the appropriate IRGA sensors. A customized
software was developed in LabVIEW (National Instruments,
USA) environment for the automatic control of the apparatus.
The schematic diagram of the pneumatic system is shown in
Figure 1. During trials, the pressurized system ensures opti-
mal aerobic conditions and prevents undesired anaerobic fer-
mentation. We used polymethylmethacrylate, air-tight tubes
(4mm internal diameter) for the pneumatic system and con-
trolled pressure by means of a double-stage regulator (Festo
AG & Co., Germany). Before entering the vessels, air flows
into a CO

2
scrubber consisting of a series of two 2 L vessels

filled with soda lime (Sofnolime 2550USP Grade). By reduc-
ing the inlet air CO

2
concentration to about 10 ppm, the CO

2

scrubber allows the exhausted air to ultimately match the
range of measurement for the CO

2
IRGA sensors used (sen-

sors described below).Weused a pressure transducer (Dwyer,
Germany) to monitor the airflow and highlight possible
undesired pressure drops, which are promptly displayed on
video by the software. CO

2
-free air is distributed to the vessels

via needle valves, which control the flow.
Twelve 2 L glass vessels are placed inside an environmen-

tal chamber (Gallenkamp, UK) outfitted with a temperature
controller and equipped with a suitable passage for the air-
tight tubes (Figure 2). The chamber temperature is also
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Figure 2: Environmental chamber of the experimental apparatus set
at 58 ± 2∘C.
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Figure 3: Prototyped arrangement for the vessels.

recorded by means of a thermocouple type T (Tersid, Italy),
which is properly connected to the PC. Each vessel is
connected in-line with another 2 L vessel containing distilled
water used to humidify the inlet air. Both humidifiers and
vessels are equipped with handmade coarse bubble diffusers.
These are arranged in a circular scheme and contain multiple
fine holes to permit uniform diffusion of the airflow (Fig-
ure 3).

An outlet manifold, equipped with low-power micro-
solenoid-valves and placed inside the chamber to avoid water
condensation from the flowing air, drives the air exhausted
from each vessel towards themeasuring line, where the IRGA
sensors are located. Airflow blockage was prevented using
plastic filters of 90 𝜇mmesh (Preferred Products Design Inc.,
USA), which were placed in-line on the flows escaping from
each vessel. The tube that drives exhausted air to IRGA sen-
sors and located outside the chamber is thermally insulated
and reduced to a minimum length to prevent water from
condense and undesired interference on the flow rate.

A water condenser was placed in the measuring line
before the IRGA sensors. It is made of a copper serpentine
containing a circulating liquid (mixture 1 : 1 v/v, water : ethy-
lene glycol) refrigerated by a cryostat (Science/Electronics,
USA) to a temperature below the dew point, inserted in poly-
methylmethacrylate, air-tight tubing; the condensed water is
automatically discharged by gravity thanks to a solenoid valve
that opens periodically.

A second in-line dryer consisting of a polymethylmetha-
crylate, air-tight tube (diameter 3 cm) containing granular
calcium chloride (SIGMA-Aldrich, USA) removes the resid-
ual moisture from the exhausted air before it enters the
IRGA sensors. Drying the exhaust air is necessary to ensure a
correct operation of the IRGA sensors.The system is provided
with two sequential IRGA sensors for measuring the CO

2

concentration in the outflow air (method 1, Figure 1): a Ley-
bold-Heraeus Binos� (Germany), for measurements within
the range 0–3000 ppm and an accuracy of 1%, and a
Gascheck by Edinburgh Sensors (UK), for concentrations up
to 100000 ppm and an accuracy of 3%.The IRGA sensors are
automatically switched in order to achieve the highest accu-
racy of CO

2
concentrationmeasurements andwere calibrated

using three certified mixes (SOL group, Italy) of air contain-
ingCO

2
at known concentration (824, 2970, and 80600 ppm).

After each CO
2
concentration measurement, the line is

flushedwithCO
2
-free air. At the end of the pneumatic circuit,

adjacent to the IRGA sensors, there is a gas mass flow meter
(Dwyer, Germany), with a flow range of 0–80 L h−1, and an
in-line thermocouple (Tersid, Italy).Themass flowmeter was
calibrated using a soap bubble glass flow meter (500mL),
following the procedure adopted by Levy [16], and the ther-
mocouple calculates the CO

2
concentration at Lab working

conditions. To ensure the continuous and reliable measure-
ment of all parameters, the system was checked for gas leaks
at each connection point using a diluted soap solution.

Analog sensor signals are converted and recorded by
means of a data logging system. Here, a computer monitors
the results, a bus-powered multifunction DAQ (NI USB-
6009, National Instruments, USA) acquires analog signals,
and a digital output module (NI USB-6501, National Instru-
ments, USA) controls the solenoid valves via a multiple-relay
module board.

2.2. Software. The automation and monitoring of all param-
eters is performed by means of a customized software devel-
oped within a LabVIEW environment.The parameters mon-
itored are inlet air pressure, environmental chamber tem-
perature, CO

2
concentration, temperature, and airflow rate

of the exhausted air.
An appropriate measuring/cleaning sequence is ensured

to monitor the parameters of the exhausted air. Since the
sequence lasts 20 minutes for each vessel, a complete mea-
surement cycle for 12 vessels lasts 4 hours, thus providing 6
series of data per day for each vessel.

In the first 5min of each sequence (time required formea-
sured signals to reach steady state), the air valve opens and
the detector is thus purged with CO

2
-free air. During the

cleaning cycle, a drain valve located at the bottomof the water
condenser opens for 30 seconds to discharge the condensed
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water accumulated in the previous set of analyses. Next, the
valve associated with the selected vessel opens for 15 minutes,
while the air valve closes. The exhaust air of the selected
vessel enters the infrared sensors until a steady state pattern
is reached. In the last minute of this steady state phase, the
software acquires the analog signals, released every second
from each sensor, and converts them into average values.

Data for each sample is recorded, plotted, and displayed
in final tables, graphs, and spreadsheets.The software is struc-
tured with a front panel that monitors the trial and shows
the results in real time; possible errors occurring during the
trial—such as flow line blockage or unexpected temperature
or pressure line drops in the chamber—are continuously
checked by the software. If called for, a specific alarm signal
appears on the screen for each vessel.

2.3. Experimental Conditions. In keepingwith severalmetho-
dologies reported in the literature [17], our trials were
conducted in triplicate: 3 vessels contained the inoculum,
3 vessels contained compost plus a reference biodegradable
material (namely cellulose, Sigma-Aldrich), and 3 vessels
contained compost plus specimen. Since the apparatus could
drive up to 12 vessels, each trial involved two samples.

We carried out two biodegradation trials on three bio-
polymers: two different poly(𝜀-caprolactone) (PCL) compos-
ites (sample A and sample B) and a commercially available,
compatibilized polylactic acid, and polybutyrate (PLA/
PBAT) blend (sample C, ECOVIO IS 1335, BASF, Germany).
A polyethylene (PE) film (sample D) was used as negative
reference. Each vessel charge included 276 g of inoculum (wet
weight), which filled about two-thirds of the internal volume,
plus 23 g of the specimen or reference material (Table 1).
Twenty-three g (dry weight) of agricultural perlite, previously
humidified up to its maximum water retention (76.5%),
was added to each vessel to reduce the bulk density of the
inoculum and provide better air circulation in it. The plastic
specimenwasmilled (<1mm) and thoroughlymixedwith the
inoculum at the start of trial, ensuring a 1 : 6, plastic : ino-
culum weight ratio, on a dry matter basis. Throughout the
trial, we shook the samples manually once per week to
achieve more homogeneity in the degradation process of the
specimen.Themoisture content of the inoculumwas adjusted
to about 50% (w/w) at the start of the trials and held constant
by means of inlet air humidification. However, during the
weekly shaking procedure,moisturewas controlled byweigh-
ing each vessel and distilled water was added if necessary.The
carbon and nitrogen content of the samples was determined
using a CHNS analyser (Macro Cube, Elemental, Germany)
equipped with selective traps for CO

2
, H
2
O, and SO

2
and

detected by thermal conductivity. The ash content was deter-
mined as weight loss at 650∘C for 24 h in a muffle furnace
on samples previously oven dried at 105∘C. The inoculum
employed in the biodegradation trials was the compost
obtained at the end of a static composting procedure set up
for OMWmanagement, as described in Altieri and Esposito
[18] and Altieri et al. [19]. The OMW compost used as
inoculum was produced in 2013 and stored dry until the day
before use, when it was moistened to about 50% for the trial.
This procedure keeps alive the microorganism populations

that drive the biodegradation of the plastic samples.The envi-
ronmental chamber was set at 58 ± 2∘C, which is representa-
tive of full-scale composting. Vessel flows were set at 20 L h−1
and fresh air at 60 L h−1 to adequately clean up the measure-
ment line.

The degree of biodegradation is determined from the
amount of specimen carbon converted to CO

2
by the end

of the trial. CO
2
emissions, automatically calculated for each

measurement cycle and then cumulated, are converted to
mass values with the following general equation:

CO
2sample =

𝑄 ⋅ CO
2
⋅ Δ𝑡 ⋅ 𝑀 (CO

2
)

𝑉
𝑚

, (1)

where 𝑄 is the flow rate measured with the gas mass meter,
CO
2
is the CO

2
concentration measured with the IRGA

sensors and corrected for the background CO
2
concentration

of the inlet CO
2
-free air, Δ𝑡 is the period of the measurement

cycle, 𝑀 (CO
2
) is the molar mass of CO

2
, and 𝑉

𝑚
is the

volume occupied by one mole of CO
2
at the exhaust-air

temperature, as determined by the local in-line sensor. The
molar volume of CO

2
is calculated using the following:

𝑉
𝑚
= 𝑅 ⋅
𝑇out
𝑃atm
, (2)

where 𝑅 is the ideal gas constant, 𝑇out is the temperature of
the outlet flow, and 𝑃atm is the atmospheric air pressure.

The percentage of biodegradation for each specimen is
calculated as

%𝐷sample =
CO
2sample − CO2inoculum

ThCO
2

, (3)

where CO
2sample and CO2inoculum are both calculated with (1)

and ThCO
2
is the theoretical (maximum) amount of CO

2

released from the fully mineralized sample, calculated on the
basis of its organic carbon content.

2.4. Check of the CO2 Emissions by the Titration Method. In
order to confirm the results obtained by the experimental
apparatus, the amount of CO

2
released during biodegrada-

tion was also checked using the standard titration method
reported in ISO 17556:2012 [20]. The comparison of the
methodswas based on a fixed observation time. Exhausted air
from a randomly chosen vessel was directed towards a series
of three 2-L vessels fitted with gas diffusers and containing
saturated Ba(OH)

2
solution able to capture the CO

2
(method

2, Figure 1). In fact, when CO
2
enters the scrubbing vessels, it

reacts as follows:

Ba (OH)
2
+ CO
2
󳨀→ BaCO

3
+H
2
O (4)

The barium carbonate formed is insoluble and precipitates.
The excess of Ba(OH)

2
in the three CO

2
scrubbing vessels

was then determined by end-point titration with HCl, using
phenolphthalein as indicator, according to the following
equation:

Ba (OH)
2
+ 2HCl 󳨀→ BaCl

2
+ 2H
2
O (5)
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Table 1: Characteristics of the samples used in the trials of the experimental apparatus.

Inoculum A B C D Ref.
Compost PCL PCL PLA/PBAT PE

Amount g vessel−1 276.0 23.0 23.0 23.0 23.0 23.0
Moisture % 51.10 1.14 2.75 0.41 0.46 0
Ash∗ % 18.00 1.21 2.07 5.90 0.35 0
Carbon∗ % 44.7 60.5 59.0 58.4 84.0 44.4
Nitrogen∗ % 4.50 2.56 3.76 0.18 1.09 0
ThCO

2
g vessel−1 221.2 50.4 48.4 49.0 70.5 37.4

∗Data are referred on dry matter base; PCL, poly(𝜀-caprolactone) composite; PLA/PBAT, compatibilized polylactic acid and polybutyrate blend; PE,
polyethylene (negative reference); Ref., reference (pure cellulose, Sigma-Aldrich); ThCO2, theoretical CO2 emission.

From (4) and (5), one can calculate the number of mmoles of
CO
2
produced in a fixed time as follows:

mmolesCO
2
= mmolesBa (OH)

2
−
mmolesHCl
2
, (6)

where mmoles Ba(OH)
2
is the initial number of mmoles

of Ba(OH)
2
. The CO

2
scrubbing solution was prepared by

dissolving Ba(OH)
2
in distilled water, filtering it, and sealing

it to prevent absorption of CO
2
from the atmosphere. It was

then stored as standard clear solution. However, since it is
quite unstable, the actual concentration of the initial solution
was determined by titrationwith a standardHCl 0.05Mprior
to each use.

3. Results and Discussion

Thefindings of the biodegradation experiment carried out on
A and B plastic polymers (Table 1) are given in Figures 4 and
5. Both graphics show average values with related standard
error, evaluated every four hours and calculated using (1)
(CO
2
emission per vessel) and by (3) (degree of biodegrada-

tion). Figure 4 shows a very high degradation rate for both
plastic polymers tested—even higher than that of the biodeg-
radable standard (cellulose)—starting right from the early
stages of the trial. In fact, after about 20 days, both plastics
reached a percentage of biodegradation higher than 80%
(Figure 5), about double that of cellulose (about 45%). The
high nitrogen levels of specimens A and B (Table 1) might
explain their more rapid biodegradation; indeed, biomass
having a lower C/N ratio is more easily degraded bymicroor-
ganisms, which can then find an appropriate source of
nitrogen for supporting their metabolism and reproduction.

In the first trial, after 10 days, the inoculum showed a
cumulated emission of 9.4 ± 0.1 gCO

2
vessel−1, which corre-

sponds to 86.3 ± 1.3mgCO
2
per gram of volatile solids—a

value falling in the range prescribed by ISO 14855-1:2012 and
considered optimal for successfully conducting biodegrada-
tion tests under composting conditions [17]. Thus, compost
based on OMW as inoculum showed to be adequately rich in
microorganisms that drive biodegradation of the specimens
tested. At the end of the first trial, a cumulated emission equal
to 31.0 ± 3.3 gCO

2
vessel−1 was registered for the reference

material (cellulose), which corresponds to 45.0 ± 9.2% bio-
degradation (coefficient of variation, CV = 20.5%). At that
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time point, the amount of cumulated CO
2
emission for the

inoculum triplicates was 14.7 ± 0.4 gCO
2
vessel−1, which is

the value subtracted from the cumulated CO
2
emissions

registered both for the reference and specimen vessels, as
specified in (3). At the end of the first trial, a cumulated
CO
2
emission equal to 59.1 ± 2.0 gCO

2
vessel−1 and 52.3 ±

1.8 gCO
2
vessel−1 was found for specimens A and B, respec-

tively. This corresponds to 92.1 ± 4.1% and 82.9 ± 4.0%
biodegradation. Moreover, the low variability among the
replicates corroborates the validity of the first trial.

The results of the second biodegradation trial performed
on specimens C (a commercial plastic polymer) and D (poly-
ethylene as negative reference) are shown in Figures 6 and 7.
Here, the rate of biodegradation for specimen C was much
lower than that of the reference, at least in the first ten days
of the trial (Figure 6). It was also much lower than the rates
registered in the first trial for specimens A and B (Figure 4).
As expected, the rate for the negative reference was almost
zero (Figure 6). Due to the lower biodegradation rate, trial
two was necessarily longer; it lasted 46.5 days, the time point
at which both specimen C and cellulose reached about 80%
biodegradation (Figure 7). In the second trial, a cumulated
CO
2
emission of 10.7 ± 2.4 gCO

2
vessel−1, corresponding to

96.4 ± 21.6mgCO
2
per gram of volatile solid, was registered

after ten days.This value is comparable to that of the first trial,
thus confirming the repeatability of the test and the suitability
of the OMW compost as inoculum. At the end of the second
trial, a cumulated CO

2
emission of 49.5 ± 3.9 gCO

2
vessel−1

was registered in the reference vessels, corresponding to
79.0 ± 10.3% biodegradation and a 13% coefficient of vari-
ability. At the end of the second biodegradation trial, a
cumulated CO

2
emission for the inoculum triplicates equal

to 19.9 ± 3.9 gCO
2
vessel−1 was also detected, a value then

subtracted from the total cumulated CO
2
emissions recorded

for the reference and specimen vessels, as specified in (3).
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Furthermore, cumulated emissions of 59.6±3.8 gCO
2
vessel−1

and 21.9 ± 2.0 gCO
2
vessel−1 were found for specimens C

and D (negative reference), respectively, which correspond
to 81.1 ± 7.7% and 2.8 ± 2.8% biodegradation. These results
confirm the validity of the second test, since specimen C
exhibited an acceptable variability (9.5 CV%) and specimen
D, as expected, underwent no significant biodegradation.
Although the respiration activity of the inoculum should be
carefully considered when comparing results, the cumulated
CO
2
emission registered for the inoculum and the reference

material in both biodegradation trials agreed with those
reported in the literature [10].

Check-tests using the titration method to measure CO
2

emissions were performed on the outflows from cellulose
vessel and polymer A vessel and lasted 139 and 225 min-
utes, respectively. In 139 minutes, cellulose vessel emit-
ted 213.5mgCO

2
according to the titration method and

210.8mgCO
2
according to the IRGA. Thus, the agreement

was very good (1.24%). In 225 minutes, polymer A vessel
emitted 287.8mgCO

2
according to the titration method and

266.7mgCO
2
according to the IRGA, a difference of 7.33%. It

is worth noting that the check-testswere performedondays 11
and 12 of the trial, during a very active biodegradation phase.
Titration tests confirmed the reliability of the apparatus
designed and built for assessing the ultimate biodegradation
of plastic polymers under composting condition.

4. Conclusions

In this study, we developed an experimental apparatus for
analysing the biodegradability of plastic polymers under
controlled composting conditions. Using direct infrared gas
analysis, we evaluated the cumulative carbon dioxide emis-
sions of two poly(𝜀-caprolactone) (PCL) composites and a
compatibilized polylactic acid and polybutyrate (PLA/PBAT)
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blend, which are made of renewable materials and can
be used for specific applications in the agricultural sector.
Their biodegradation conducted in olive-mill waste compost
used as inoculum was proved in a very short time. Our
findings were checked (CV < 10%) by means of a cumulative
measurement technique, performed simultaneously during a
fixed time, and based on acid-base titration, using saturated
Ba(OH)

2
to trap the evolved carbon dioxide.

The apparatus proves to be quite flexible; in fact, different
environments can be simulated by means of small changes,
such as the design of the vessels, the inoculum used (e.g., soil
or water, instead of compost), or the environmental param-
eters under control (e.g., oxygen). This makes it possible to
evaluate a wide range of different biodegradation scenarios.
Moreover, it reduces the likelihood of systematic errors that
might result from use of the laborious technique necessary
for the standard acidimetric titrations.

This studymay serve as basis for further investigations on
biopolymer degradation in different composting conditions
and environment. Furthermore, laboratory data may be used
for upscaling results, in order to mitigate plastic waste issues
of the agricultural sector towards an efficient use of renewable
resources.
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