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Preface to ”Polymer Biodegradation and Polymeric
Biomass Valorization”

Both plastics produced from petroleum and naturally occurring polymers such as cellulose or

chitin, derived, in turn, from the anabolism of living organisms, are examples of compounds that

find a very wide range of everyday use and used in industrial applications. However, the efficient

waste management of synthetic polymers has become a huge environmental and economic problem,

which best illustrates the ubiquity of microplastics in the environment. The management of waste

polymeric biomass appears to be an easy task, but incineration and landfilling are methods that

should be limited due to climate change and socio-political pressure. The best example of these trends

is the waste hierarchy, determined by the European Union and EPA, in connection to which emphasis

should be placed on maximal use of the waste product before it is finally taken out of circulation. The

waste should become the raw material.

Biodegradation appears to be a very interesting approach to polymer management, which is well

suited to current environmentally friendly expectations. Due to that, the aim of this Special Issue is

to present the latest developments in the biodegradation of both synthetic and natural polymers and

to provide examples of their valorization in the context of a circular economy.

Example topics include (but are not limited to) the following:

• Current trends and limitations in the biodegradation of waste plastics and biopolymers;

• Management of waste plastics and biopolymers via different treatment technologies and their

valorization;

• Development of new bioremediation and biodegradation technologies;

• Recycling, recovery, and valorization of waste polymeric mass;

• Novel and environmentally friendly polymeric materials.

Piotr Bulak

Editor
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Abstract: Looking for new, sustainable ways to utilize plastics is still a very pertinent topic consider-
ing the amount of plastics produced in the world. One of the newest and intriguing possibility is the
use of insects in biodegradation of plastics, which can be named entomoremediation. The aim of this
work was to demonstrate the ability of the insect Tenebrio molitor to biodegrade different, real plastic
waste. The types of plastic waste used were: remains of thermal building insulation polystyrene foam
(PS), two types of polyurethane (kitchen sponge as PU1 and commercial thermal insulation foam as
PU2), and polyethylene foam (PE), which has been used as packaging material. After 58 days, the
efficiency of mass reduction for all of the investigated plastics was 46.5%, 41.0%, 53.2%, and 69.7% for
PS, PU1, PU2, and PE, respectively (with a dose of 0.0052 g of each plastic per 1 mealworm larvae).
Both larvae and imago were active plastic eaters. However, in order to shorten the duration of the
experiment and increase the specific consumption rate, the two forms of the insect should not be
combined together in one container.

Keywords: mealworm; waste management; entomoremediation; bioremediation

1. Introduction

According to available data from 2019, worldwide plastic production reached 368 Mt
(mega tons). The largest amount of plastic was produced in Asia—51% (of which China
accounted for 31%), followed by NAFTA countries (North America, Canada, Mexico) 19%,
Europe 16%, Middle East, and Africa 7%, Latin America 4%, and Commonwealth of Inde-
pendent States (CIS) countries 3% [1]. In Europe, of the 29.1 Mt of plastic waste collected
in 2018, 32.5% was recycled, 42.6% went to energy recovery, and 24.9% to landfills [1]. Al-
though, as compared to 2016, in 2018 the annual average for recycling and energy recovery
of plastic waste increased in Europe by 5.7% and 4.8%, respectively, a significant proportion
(24.9%) still end its life cycle in landfills [1]. Furthermore, much of the plastic escapes
waste collection systems, polluting the environment and entering the world’s oceans. It
was estimated that, e.g., in 2010, that of the 275 Mt of plastic produced, as much as 4.8 to
12.7 Mt ended up in the aquatic environment [2]. Adequate waste management policies,
as well as the improvement of the plastic waste management methods used, have a huge
impact on the environment. In order to reduce the onerous problem of plastic waste, the
European Commission has presented a plan which includes, among other things, allowing
only reusable or recyclable plastic on the market and recycling at least half the amount of
plastic produced [3].

Currently, various forms of recycling are used. This includes mechanical recycling,
which involves re-introducing plastic waste into the production cycle and plasticizing it.
All thermoplastics such as: polyethylene (PE), polypropylene (PP), and polystyrene (PS)
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are suitable for this procedure due to their ability to change shape under high temperature
conditions. The disadvantage of this method is that plastics must be carefully sorted before
recycling. However, it should be remembered that the food industry uses packaging of
a high standard, so in most cases, recovered plastics must not be allowed to come into
contact with food. Recycled materials usually go into the production of items of lower
value (downcycling), such as garbage bags and traffic cones [4].

Chemical recycling includes activities connected with converting plastic waste into
valuable chemical substances or into precursors of plastic. One of the ways can be by
pyrolysis, where in anaerobic conditions under the influence of high temperatures and
a catalyst plastics decompose, and which contributes to the production of biofuel [5].
Another chemical method is the gasification of plastics, the conversion of waste into
gaseous products which can be used in the energy industry (it is necessary to control the
level of chlorine content during this process) [6].

Another alternative way to reduce residual waste is to produce plastics capable of
degradation under certain natural conditions, such as exposure to sunlight, moisture,
having shorter composting times or types of plastics that can be degraded by living
organisms. These plastics are called bioplastics, and include polyhydroxyalkanoates (PHA)
and polylactide (PLA). Plastics made of petroleum-based polymers, such as PE, PP, PS
are difficult to biodegrade. It was long thought that they are not available as carbon
source for microbiota. Fortunately, it was found that some microorganisms possess the
ability to produce enzymes that break down all these types of plastics [7,8]. The course of
biodegradation is influenced by factors, such as the characteristics of the polymer itself
(type of chemical bonds) and the storage conditions of the plastic waste. Biodegradation is
highly anticipated and future-oriented natural method of plastic waste disposal [9].

There are many studies which show that some bacteria and fungi, especially those
associated with the soil, are promising organisms for the biodegradation of plastic waste.
The numerous examples include, e.g., the bacteria Brevibacillus borstelensis [10], Bacillus
brevis [11], Pseudomonas stutzeri [12], and the fungi Rhizopus delemar [13], Mucor sp., Pae-
cilomyces sp., and Thermomyces sp., [14], although more specific research is still needed on
all of these, especially in order to increase their biodegradation potential.

Biodegradation potential has also been seen in more complex organisms, such as
insects. T. molitor has the potential to consume PE, PS, PP, polyurethane (PU), polylactic
acid (PLA), and polyvinyl chloride (PVC) [15–21] and even tire crumbs and vulcanized
butadiene-styrene elastomer (SBR) rubber [22]. The biodegradability of PE and PS is
provided by the larvae of the beetle Tribolium confusum [23] and the superworm Zophobas
atratus [21]. Another example is Galleria mellonella, a wax moth, which is capable of PE
degradation [24]. Studies have shown that the ability of the insect to biodegrade plastics
is in most cases dependent on its intestinal microorganisms. For example, the fungus
Aspergillus flavus contributed to PE degradation in the abovementioned wax moth [25].
However, studies on Corcyra cephalonica rice moth larvae have proven that they have the
ability to degrade low density PE (LDPE) even after antibiotic therapy, indicating that
biodegradation is not dependent on the activity of intestinal microflora enzymes [26]. These
are examples of entomoremediation [27,28] of plastics, a new subtype of bioremediation.

The recent discovery of the land snail Achatina fulica, able to disintegrate PS [29]
regardless of the composition of the intestinal microflora, in our opinion is an outstanding
example of how little we know about the enormous potential hidden in nature when it
comes to the utilization of plastics.

T. molitor is a species of beetles from the Tenebrionidae family, found in temperate
climate regions and considered a storage pest. T. molitor larvae is yellow, which is why
it is commonly called a “yellow mealworm”. Its size varies between 2.5 and 3.5 cm. The
adult form is black and measures approximately 1.5 cm [30]. Mealworm larvae are full of
nutritional value, making them suitable as live animal feed, e.g., for the zoo industry [31,32].
They are also considered an alternative source of protein in the food industry [33,34].
T. molitor frass can be used as a substitute or additive for NPK fertilizers [35], but it can

2



Polymers 2021, 13, 3508

also be used to produce biogas through anaerobic digestion [36]. T. molitor itself is likely
to have probiotic properties. Studies have shown that adding them to the diet of mice
results in the growth of bacteria from the Bifidobacteriaceae and Lactobacillaceae families in
their intestines [37]. Another study has found the enrichment of the beneficial intestinal
microflora in rabbits, as well as a reduction in pathogens in their digestive tract [38].
T. molitor can also be a source of chitosan production, which can be used to produce
UV-protective packaging due to its naturally opaque, brownish color [39].

The aim of the study was, therefore, test the performance of biodegradation of real
plastic wastes by T. molitor, including polystyrene (PS), two types of polyurethane (PU) and
polyethylene (PE) and, for the first time, provided data about the efficiency of polyurethane
biodegradation by mealworms. To demonstrate how the process of plastics biodegradation
by T. molitor really looks like we created time-lapse video. We measured also growth
parameters of the insects in order to show how they performed on the wastes and discussed
advantages and disadvantages of used approach. Heavy metals and other elements in
plastics were also analyzed to see how their content affected the disposal of plastics
by mealworms.

2. Materials and Methods
2.1. Insect Rearing

T. molitor larvae were ordered from an external supplier. The larvae were fed with
wheat bran (KUPIEC, Poland). The dry weight (DW) of the bran was 87.92 ± 0.01%
(105 ◦C/24 h) and pHH2O = 6.56 ± 0.04 (w/v 1:20). The mealworms were reared in the fol-
lowing conditions: temperature 24 ± 1 ◦C, relative humidity 60 ± 5%, in plastic containers
at the Department of Natural Environment Biogeochemistry, Institute of Agrophysics PAS,
Lublin, Poland. After the acclimatization of the larvae (3 d) they were sifted from wheat
brans and left for 24 h to empty their intestines.

2.2. Plastic Waste

Four types of plastics were tested in the experiment:

1. Polystyrene (PS) in the form of Styrofoam, which is used for insulating building elevations;
2. Polyurethane foam (PU1)—in the form of kitchen sponges;
3. Polyurethane thermal insulation foam (PU2)—consisting of polyphenylpolyisocyanate

polymethylene, according to information from the producer (SOUDAL Sp. z.o.o, Poland);
4. Polyethylene foam (PE)—which is used as filling material in packages, e.g., to protect

electrical equipment during transport.

The plastic used is showed on Figure 1. Kitchen sponge (PU1) was used without the
abrasive layer, which is often added to that type of houseware item. A day before the
beginning of the experiment, PU2 was removed from the original packaging and left to
bind in the form of one large mass. The following day, a thick slice was cut from the inside
of this piece and was used in the experiment. All plastics were cut to obtain an equal
weight of 2.6 g (±0.001 g) before the experiment begun, i.e., to match to the weight of the
PU1 (kitchen sponge), which was taken as a whole

The original plan of the experiment assumed the use of only PS and two types of PU,
but during the course of the experiment, we decided to add one more variant with PE
foam, as there was no research on the possibility of PE foam biodegradation by mealworm
larvae at that time. However, adding the PE variant was not possible in the experiment,
which was just being filmed, so the time-lapse video shows only 3 types of plastic.
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Figure 1. Plastics used for the experiment. (A) Materials for which time-lapse video was created. From left: polystyrene 
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Each of the four experimental variants was carried out in three independent replica-

tions in plastic boxes with dimensions of 30 × 19 × 12 cm (see Figure 1). The experiment 
was conducted in a laboratory room under controlled conditions: temperature 24 ± 1 °C 
and relative humidity 60 ± 5%. Each container contained 500 mealworm larvae with a 
length and weight of individual larvae about 2.39 ± 0.02 cm and 0.100 ± 0.010 g, respec-
tively. All variants (PS, PU1, PU2, PE) included 2.6 g of a given plastic, therefore at the 
beginning of the experiment 0.0052 g of each plastic was available per 1 mealworm larvae 
(based on literature data and our preliminary trials). The substrates were not enriched 
with additional substances such as water or feed.  

The substrates were weighed daily on a laboratory balance (OHAUS EX224M, 
Parsippany, NJ, USA) in order to investigate the loss of plastic. During the experiment, 
when the pupae started to appear massively, they were taken out of the container with 
tweezers and put into a separate glass vessel for pupation. After completion of this pro-
cess, the adult beetles were once again moved back into the original container. This oper-
ation can be seen on the recorded Video S1. Adult beetles are also capable of eating plastics 
and can survive on this substrate as the sole source of food, similar to the larvae. As meal-
worm pupae are not mobile, removing the pupae during the experiment was performed 
in order to protect them from cannibalism by other developmental stages of the insect. 
Cannibalism, which is always present in mealworm breeding, would reduce the amount 
of eaten plastic. 

The experiment lasted 58 days and was completed when the consumption of plastics 
by the insects became minimal. After that time the weight of the insects was determined 
by the use of a laboratory balance and their length using a hand ruler. In order to separate 
insect excrement from the uneaten plastic remains, they were sieved through a 500 µm 
mesh size sieve.  

Figure 1. Plastics used for the experiment. (A) Materials for which time-lapse video was created. From left: polystyrene (PS),
polyurethane kitchen sponge (PU1), polyurethane thermal insulation foam (PU2). (B) Polyethylene packaging foam (PE).

2.3. Experimental Procedure

Each of the four experimental variants was carried out in three independent replica-
tions in plastic boxes with dimensions of 30 × 19 × 12 cm (see Figure 1). The experiment
was conducted in a laboratory room under controlled conditions: temperature 24 ± 1 ◦C
and relative humidity 60 ± 5%. Each container contained 500 mealworm larvae with a
length and weight of individual larvae about 2.39 ± 0.02 cm and 0.100 ± 0.010 g, respec-
tively. All variants (PS, PU1, PU2, PE) included 2.6 g of a given plastic, therefore at the
beginning of the experiment 0.0052 g of each plastic was available per 1 mealworm larvae
(based on literature data and our preliminary trials). The substrates were not enriched with
additional substances such as water or feed.

The substrates were weighed daily on a laboratory balance (OHAUS EX224M, Parsip-
pany, NJ, USA) in order to investigate the loss of plastic. During the experiment, when the
pupae started to appear massively, they were taken out of the container with tweezers and
put into a separate glass vessel for pupation. After completion of this process, the adult
beetles were once again moved back into the original container. This operation can be seen
on the recorded Video S1. Adult beetles are also capable of eating plastics and can survive
on this substrate as the sole source of food, similar to the larvae. As mealworm pupae are
not mobile, removing the pupae during the experiment was performed in order to protect
them from cannibalism by other developmental stages of the insect. Cannibalism, which is
always present in mealworm breeding, would reduce the amount of eaten plastic.

The experiment lasted 58 days and was completed when the consumption of plastics
by the insects became minimal. After that time the weight of the insects was determined
by the use of a laboratory balance and their length using a hand ruler. In order to separate
insect excrement from the uneaten plastic remains, they were sieved through a 500 µm
mesh size sieve.

The utilization rate (U) of the plastics was calculated based on the following Equation (1):

U =
mi −m f

mi
·100% (1)

where:
mi—initial mass of plastic (i.e., at the beginning of the experiment) (g);
mf—final mass of plastic (i.e., at the end of the experiment) (g).

4
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Plastic remnants that passed through insect digestive tract were extracted from the
mealworm frass collected after the experiment. One gram of the frass from each exper-
imental variants was demineralized with 5% HCl by 1 h in room temperature and then
digested using 30% H2O2 by 48 h in room temperature. Digestates were filtered on glass
filter with pore size 1 µm [40]. After that the samples were dried in 50 ◦C for two days
(until no mass changes were noticed).

2.4. Fourier Transform Infrared Spectroscopy (FT-IR) of Plastics

The FT-IR spectra were developed by applying attenuated total (internal) reflection
(ATR/FT-IR) with the use of a FT-IR TENSOR 27 spectrophotometer (Bruker, Germany),
complete with a PIKE measuring cell which features crystalline diamond embedded in
zinc selenide. The FT-IR spectra were collected within the range of 4000 to 600 cm−1, with
32 scans per sample, at a resolution of 4 cm−1. The absorption mode was used for these
measurements. Figure 2 showed spectra obtained for used materials.
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Figure 2. FT-IR spectra for plastics used in the experiments. PS—polystyrene (Styrofoam),
PU1—polyurethane foam (kitchen sponge), PU2—polyurethane foam (building thermal insulator),
PE—polyethylene foam (packaging foam).

The FT-IR spectra of the tested plastics are shown in Figure 2. The peaks at 2921cm−1

and 2850 cm−1 correspond to C–H asymmetric and symmetric stretching in CH2 groups.
The presence of a benzene ring in PS is confirmed by absorption bands at 3060 cm−1 and
3026 cm−1 (correspond to C–H stretching in benzene ring), band at 754 cm−1 corresponds to
out-of-plane C–H bending of the benzene ring. Absorption peaks at 1601 cm−1, 1493 cm−1,
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1452 cm−1 are related to C=C stretching of the benzene ring. The absorption band at
696 cm−1 with high intensity corresponds to a monosubstituted benzene ring.

The FT-IR spectra of both polyurethane materials show characteristic absorption bands
responsible for N–H stretching vibrations (in the range 3290 to 3340 cm−1), N–H bending
(at 1509 cm−1) and C=O stretching (in the range 1727 to 1721 cm−1) of the urethane
group and absorption bands at 2929 cm−1 and 2868 to 2855 cm−1 (asymmetrical and
symmetrical, respectively) corresponding to C–H stretching vibrations of the CH2 group,
and at 1383–1373 cm−1 corresponding to C–C bending vibrations.

The spectra of PE show characteristic absorption bands at around 2915 cm−1 and
2849 cm−1 connected to C–H stretching in the CH2 group while absorption band at
1471 cm−1 correspond to C–H bending in CH2 group. Absorption bands at 729 cm−1

and 718 cm−1 are connected to C–H bending in-plane in CH2 groups.

2.5. Energy Dispersive X-ray Fluorescence (EDXRF)

The concentrations of elements in the plastics samples were measured by means of
EDXRF using EDX-7000 (Shimadzu, Kioto, Japan). Measurements were completed in air
atmosphere using default plastics measuring program with autobalance. Measurement
time was 100 s on each channel and collimator had 10 mm φ. Samples were placed directly
in the Rh X-ray beam without the use of foil or special containers.

2.6. Scanning Electron Microscopy (SEM)

Plastics samples taken for the experiment, as well as plastics remnants isolated from
the insect frass after the experiment were sputter coated with a 30 nm Au layer in

the coater EM ACE (Leica, Germany) and visualized by the use of Libra SEM (Carl Zeiss,
Germany) set to the following parameters: work distance (WD) 9–15 mm; spot size 360–370,
accelerating voltage 5 keV; aperture size 30 µm; beam current 30 µA; signal SE detector
with scanning mode and pixel noise reduction.

2.7. Photography and Time-Lapse Movie of Utilization

Photography was completed with the use of a Nikon D7100 with an AF-D DX NIKKOR
18-105mm f/3.5-5.6G ED VR lens. Photographs were taken automatically every 30 min
and a time-lapse movie was created from them using Adobe After Effects 2020 and Adobe
Media Encoder 2020.

2.8. Statistical Analysis

Experimental results were analyzed using Statistica 13.1. The statistical significance
was determined by t-Student test and ANOVA with post hoc Tukey’s test (p < 0.05; n = 3).
Three independent biological replications of the experiment were performed.

3. Results
3.1. Rate of PS, PU1, PU2, and PE Consumption by Mealworms

Figure 3 illustrates the weight reduction in plastics by T. molitor insect. The first
significant (Student t-test, p < 0.05) loss of mass for each type of plastic was observed on the
third day of the experiment and amounted to 0.566, 0.569, 0.482, and 0.313 g (PS, PU1, PU2,
and PE, respectively). On the 15th day, the most uniform utilization values of individual
plastics were observed, ranging from 0.85 to 0.94 g. On the 58th day of the experiment,
statistically significant differences in the reduction mass of the plastics were shown and
were as follows: PS 1.385 g, PU1 1.221 g, PU2 1.538 g, and PE 1.818 g, which is equivalent
to a percentage loss of 46.93 ± 0.12%, 46.77 ± 2.73%, 58.97 ± 5.15%, and 69.71 ± 6.34%,
respectively (Table 1) (PE > PU2 > PS > PU1). Interestingly, at the beginning, the utilization
of PE was the lowest, however, it was ultimately the highest of all the plastics used in
this trial.
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Table 1. Weight of the plastics at the beginning and end of the experiment and the mass of plastics remnants in the
mealworm frass (mean ± SD; n = 3).

Parameter\Plastic Type PS PU1 PU2 PE

Initial

Mass of plastic [g] 2.610 ± 0.001 2.611 ± 0.001 2.607 ± 0.001 2.608 ± 0.001

Final

Mass of plastic [g] 1.225 ± 0.004 b,c,* 1.390 ± 0.072 c,* 1.070 ± 0.133 a,b,* 0.790 ± 0.166 a,*

Utilization [w/w %] 46.929 ± 0.124 a,b 46.771 ± 2.734 a 58.972 ± 5.146 c 69.707 ± 6.341 c

Plastic remnants in frass [w/w %] 31.697 ± 0.647 a 45.353 ± 1.548 d 41.724 ± 0.543 c 38.977 ± 1.435 b

Significant differences between initial and final values of a given parameter are indicated with * (Student t-test, p < 0.05). Post hoc Tukey’s
test was completed to show significant differences between all the plastics within a given variable (different letters; p < 0.05).

3.2. Morphological Parameters of Mealworm Larvae

Table 2 shows morphological parameters of T. molitor larvae. At the end of the
experiment, the mass of 1 larvae in all variants, i.e., PS, PU1, PU2, PE decreased by 18.37%,
28.28%, 26.26%, and 24.71%, respectively. Similarly, decrease in larvae length was also
observed and amounted for PS 6.26%, for PU1 9.35%, for PU2 4.35%, and for PE 6.58%
(Table 1).
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Table 2. Average length and fresh weight of the insects at the beginning and end of the experiment (±SD; n = 3).

Parameter\Substrate PS PU1 PU2 PE

Initial

Mass of 1 larvae [g] 0.098 ± 0.001 0.099 ± 0.001 0.099 ± 0.001 0.085 ± 0.002

Length of 1 larvae [cm] 2.413 ± 0.013 2.397 ± 0.060 2.367 ± 0.003 2.386 ± 0.047

Final

Mass of 1 larvae [g] 0.080 ± 0.002 b,* 0.071 ± 0.003 a,b,* 0.073 ± 0.006 a,b,* 0.064 ± 0.001 a,*

Length of 1 larvae [cm] 2.262 ± 0.005 a,* 2.173 ± 0.010 a,* 2.264 ± 0.093 a 2.229 ± 0.005 a,*

Mass of 1 adult [g] 0.120 ± 0.001 b 0.114 ± 0.008 b 0.089 ± 0.001 a 0.087 ± 0.007 a

Length of 1 adult [cm] 1.617 ± 0.017 b 1.450 ± 0.050 a 1.459 ± 0.092 a 1.322 ± 0.006a

Significant differences between initial and final values of a given parameter are indicated with * (Student t-test, p < 0.05). Post hoc Tukey’s
test was completed to show significant differences between all the plastics within a given variable (different letters; p < 0.05).

3.3. Elements Content in the Plastics

Investigated plastics had in general trace amounts of different elements (Table 3), with
some exceptions. PS had the highest concentration of Br, amounted to 0.412 ± 0.019%. The
samples of polyurethane kitchen sponge (PU1) was characterized by high concentration of
Ca (10.110 ± 0.301%), Al (0.437 ± 0.038%), Si (0.358 ± 0.027%), and Cl (0.224 ± 0.022%).
The second investigated polyurethane material (PU2) had different elemental composition
and characterized by high content of Cl (7.574 ± 0.141%) and P (1.379 ± 0.035%). PE had
only minor content of Al (0.180 ± 0.029%) and Ca (1.381 ± 0.020%). Interestingly in PS and
PE trace amounts of Hf was detected.

Table 3. The concentrations of elements measured in plastics samples by means of EDXRF (± SD;
n = 3).

% PS PU1 PU2 PE

Al - 0.437 ± 0.038 - 0.180 ± 0.029

Ba - - - 0.029 ± 0.001

Br 0.412 ± 0.019 - 0.001 ± 0.001 -

Ca 0.020 ± 0.009 10.110 ± 0.301 - 1.381 ± 0.020

Cl 0.017 ± 0.001 0.224 ± 0.022 7.574 ± 0.141 0.017 ± 0.004

Co 0.002 ± 0.001 - - -

Cr 0.003 ± 0.001 0.008 ± 0.001 0.001 ± 0.000 0.004 ± 0.001

Cu 0.006 ± 0.000 0.013 ± 0.001 0.001 ± 0.000 0.006 ± 0.001

Fe 0.008 ± 0.002 0.021 ± 0.001 0.001 ± 0.000 0.006 ± 0.001

Hf 0.010 ± 0.001 - - 0.012 ± 0.000

K 0.009 ± 0.005 - 0.004 ± 0.002 0.005 ± 0.001

Mn 0.003 ± 0.001 0.007 ± 0.001 - 0.002 ± 0.000

Ni - 0.001 ± 0.001 - -

P - - 1.379 ± 0.035 -

S 0.023 ± 0.002 0.008 ± 0.005 - 0.012 ± 0.003

Si 0.049 ± 0.005 0.358 ± 0.027 0.072 ± 0.004 0.029 ± 0.004

Sn - 0.070 ± 0.000 - -

Ti - - - 0.004 ± 0.000

Zn 0.003 ± 0.001 0.003 ± 0.000 - 0.007 ± 0.000
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3.4. Scanning Electron Microphotography of the Plastics Surfaces

Figure 4 showed SEM microphotography taken from the plastic samples, which
were used in the experiment and those which were isolated from the insect frass. At the
beginning all materials were characterized by smooth surfaces. PS (Figure 4A) exhibited
a smooth and delicately cross-linked surface structure with visible longitudinal cracks
arranged in the same direction which were most likely caused by mechanical impact during
sample preparation (breaking and cutting of brittle material). PS isolated from the frass
showed completely different, rough and irregularly carved surface structure (Figure 4B).
PUs foams (Figure 4C,E) structures were at the beginning also smooth but PU1 (Figure 4C)
was more flat while PU2 (Figure 4E) showed a greater number of edges. After the passage
of the digestive system of insects, the surface of the PU foams was significantly wrinkled
(Figure 4D,F) and the edges clearly visible in the PU2 structure at the beginning were
significantly smoothed. At the magnification of 20,000× PE surface consisted of the flat
valleys and flaky layers of material superimposed on one another with visible fine pores
present in a small amount (Figure 4G). After digestion by the insect PE had undergone
wrinkles, the pores were no longer visible and instead of them numerous small bubble-like
protrusions have appeared (Figure 4H).
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Figure 4. SEM microphotography of the plastic samples taken for the experiment (A,C,E,G) and
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3.5. Time-Lapse Movie of Utilization

Video S1 shows the setup used for this experiment. The initial mass of each plastic
(2.6 g) was adopted due to the weight of the PU1, which was a whole unused kitchen
sponge. We tried to adjust the mass of the other plastics so that they were in one piece, but
it was not always possible, and some required more material to be added (as seen in the
example of PS). The sharp changes in the position of the plastic pieces visible in the video
resulted from weighing them during the experiment in order to obtain data for Figure 3.

4. Discussion
4.1. Rate of PS, PU1, PU2, and PE Consumption by Mealworms

The results of PS have shown a higher degree of utilization compared to the studies
of [16], where the reduction was only 9.0%, and [20,41], where the reduction was 31.0%
and 39.1%, respectively. Mealworms from three Chinese regions of Guangzhou, Tai’an,
Shenzhen utilized 57.5%, 34.4%, and 52.4% of PS, respectively [19]. In the study [42],
authors used two mealworm species (T. molitor and T. obscurus) and reached 41.5% and
55.4% of PS utilization. They also found that the application of food additives in the form of
wheat bran for T. molitor and corn flour for T. obscurus resulted in increased PS utilization:
56.8% and 67.1%, respectively. A similar increase was obtained by [43], where the addition
of wheat bran to PS increased the utilization rate from 31.7% PS to 54.4%.

To our best knowledge there are no reports about the efficiency of PU utilization by
mealworm. The researchers [44] investigated the epigenetic modification of mitochondrial
DNA in T. molitor caused by PU as a sole source of feed, however they did not present any
utilization parameters. Others [45], applied another insect species, Zophobas morio, from
the same family as T. molitor (Tenebrionidae) to utilize PU, but the degradation was only
6%. Our results showed a remarkably higher efficiency. Utilization of PU1 (kitchen sponge)
and PU2 (commercial insulation foam) (Figure 3, Table 1) amounted to 46.8% and 59.0%,
respectively. This significant difference between both materials was probably caused by
the different chemical composition (Figure 2) and, hence, its different macrostructure and
properties (e.g., hardness). PU1 was soft and elastic, while PU2 was rigid and brittle. The
observations show that regardless of the material itself, it is much easier for mealworms to
bite and chew something that is stiff and brittle than flexible and soft. FTIR spectra showed
the presence of different additives in both PUs (Figure 2), while element content analysis
(Table 3) allow to deduce to which classes of chemical compounds these additives can
belong (discussion below, see Section 4.3). Moreover, FTIR spectra confirmed that PU1 was
soft PU due to the presence of the 1120 cm−1 band characteristic for aliphatic alcoxy-groups
(Figure 2). PU2 was rigid foam due to presence of the band around 1600, 100, and 650 cm−1,
which confirmed ring structure of PU2 formulation (Figure 2). The spectrum showed also
2 characteristic bands at 1250 and 1040 cm−1, which indicated the aromatic alkoxy-groups
(Figure 2). Soft foams are formed of polyols with a molecular weight of 2000 to 8000 units
and diisocyanates, while rigid foams are made of polyols with a molecular weight of less
than 1000 units and a mixture of di- and triisocyanates. Summarizing, the differences
in the utilization of PU1 and PU2 resulted from the different chemical composition of
both materials, as well as the difference in mechanical properties. The results obtained
for PE reduction were higher than the results presented in the literature. [19] exploited
the mealworm larvae for PE disposal and showed that the origin of the larvae (different
regions in China) influenced the degree of utilization. The results were: 36.9% loss of PE for
the larvae from Guangzhou, 22.0% for larvae taken from Tai’an, and 29.7% for larvae from
Shenzhen. These differences were probably caused by the different microbiomes inhabiting
the intestines of the larvae. The addition of wheat bran increased the degradation rate of
PE from 48.3% to 61.1% [43].

It must be mentioned that not 100% of the eaten amount of given plastic is assimilated
by the mealworms. As revealed by [20], 47.7% of ingested PS carbon was converted to CO2
and ca. 0.5% was assimilated into biomass (lipids). This indicated that ca. 50% of PS left
in the frass [20]. Our results showed that the total amount of the plastics remnants in the
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mealworm frass was in the range of 31.7% to 45.4% (Table 1). PS was the most susceptible
to biodegradation while PU1 the least. The relatively high presence of plastics in the feces
is disadvantageous due to the possibility of spreading microplastics, however research
is needed on the susceptibility of these residues to microbial degradation, as it can be
changed due to the action of enzymes in the insects digestive tract.

Table 4 showed specific consumption rate given as µg plastic·day−1·larvae−1 calcu-
lated for our results, as well as for literature data. In most of the articles, the experiments
were conducted for 30 days, therefore to calculate this parameter we used our data for
plastic waste utilization also for that day. In general, specific consumption rate for PS as
reported in the literature was within the range of 118.0 to 268.2 µg plastic·day−1·larvae−1

(Table 4) and can be enhanced by the addition of more natural and nutritious feed, such
as soy protein, up to 491.0 µg plastic·day−1·larvae−1 [46]. PE consumption rates were
in the lower range than PS: 102.7 to 226.6 µg plastic·day−1·larvae−1 (Table 4) and was
increased to 286.5 µg plastic·day−1·larvae−1 by the addition of wheat bran [47]. Lower
than reported so far consumption rates calculated for our results were the consequence of
experiment design, in which both larvae and adult insects were used in one container to
eat plastics. This increased the chance of cannibalism occurring. The second reason was
the early appearance of pupae (which can be clearly seen in Video S1), which excluded
a large number of insects from actively eating plastic during pupation. Pupae started to
appear in large numbers starting from day 10. Specific consumptions rate calculated for
this day fall within the range reported in the cited literature (Table 4).

Table 4. Plastic consumption rates calculated on the basis of literature data and from this publication.

Plastic Consumption Rate [µg·day−1·larvae−1] Literature

Polystyrene (PS)

T. molitor from Guangzhou: 268.3
T. molitor from Tai’an: 160.5

T. molitor from Shenzhen: 239.9
[19]

119.9 [20]

T. molitor, PS alone: 243.0
T. molitor, PS + wheat bran: 332.3

T. obscurus, PS alone: 324.4
T. obscurus, PS + corn flour: 392.4

[40]

PS alone: 118.0–222.0
PS + soy protein: 491.0
PS + wheat bran: 441.0

[46]

PS alone: 148.4
PS + wheat bran: 255.2 [47]

77.4 a

174.7 b This research a

Polyurethane (PU)

PU1: 73.9 a

168.7 b

PU2: 87.5 a

158.9 b

This research a

Polyethylene (PE)

T. molitor from Guangzhou: 172.2
T. molitor from Tai’an: 102.7

T. molitor from Shenzhen: 138.6
[19]

PE alone: 226.6
PE + wheat bran: 286.5 [47]

86.7 a

122.4 b This research a

a—calculated from the weight loss data of the given plastic on the 30th day of the experiment (Figure 3).
b—calculated from the weight loss data of the given plastic on the 10th day of the experiment (Figure 3).
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Genetic differences between mealworm populations around the globe can be the third rea-
son. As shown in [19], genetic differences can be significant even between national populations.

From our results it can be estimated how many mealworm insects (in terms of pieces
and mass) would be needed to utilize 1 kg of each waste plastic in the same time as in
the presented experiment (i.e., 58 days). During the experiment, 500 insects consumed
1.385 g of PS, 1.221 g of PU1, 1.537 g of PU2, and 1.818 g of PE. Approximating directly,
the following number of insects would be needed: 361,011 pc. for PS, 409,500 pc. for PU1,
325,309 pc. for PU2, and 275,028 pc. for PE. The average mass of 500 pc. of larvae we
used for the experiment was 56.166 g. Therefore, in terms of mass, one would need the
following number of mealworms for the utilization of 1 kg of PS, PU1, PU2, PE during
58 days: 40.5 kg, 46.0 kg, 36.5 kg, and 30.9 kg, respectively. Such amounts are currently
commercially available from large growers.

4.2. Morphological Parameters of Mealworm Larvae

Different studies reported different changes in mass. A decrease in the average
weight of T. molitor larvae fed with PS differed greatly between the larvae from different
sources and amounted to 3.31%, 21.70%, and 37.06% for Guangzhou, Tai’an, and Shenzhen,
respectively [19]. Similar results were obtained by [42], where the reduction in T. molitor
larvae weight was 8.6% on PS. However, in the study of [41], no significant changes in
weight of larvae fed with PS were observed. Contrary, a weight increase of 2.5 ± 1.0% was
observed by [46] for expanded PS.

Decrease in the mass of mealworm larvae fed with PE, which amounted to 1.03%,
22.10%, and 24.87% was also noticed for the abovementioned Chinese regions, respec-
tively [19]. Ref. [46] used two types of PE: PE1, which had added pink colorant and PE2,
which was without colored additives. On the first material, an 8.8 ± 2.1% increase in
larval weight was observed and on the second one a decrease of 3.4 ± 1.6%. This allows
to conclude that differences may at least be partially dependent on additives for plastics,
such as colorants and fillers.

Unfortunately, the cited research did not present the changes in insect length. Litera-
ture data [20] suggested that, most likely, the insects lose some of the fat tissue they had
before the experiment and the hydration level of their bodies decreases significantly. This
is because, in the studies, plastics were usually the only source of food and larvae had no
access to water. Recently, ref. [47] showed that mealworm fed with polystyrene did indeed
have a lower fat content than those who ate a conventional diet. Amazingly, they were still
capable of successful pupation, which indirectly proves that digestion and assimilation
must occurred.

4.3. Elements in the Plastics

To check whether differences in the content of elements may affect the utilization of
plastics by mealworm larvae, their content was examined. Not even trace amounts of toxic
heavy metals, such as Cd, Hg, or Pb, were identified in any of the samples. The majority of
elements were present only in trace amounts (much below 0.1%).

Among all 13 identified elements in PS samples, only Br had non-trace concentration
of 0.4%. The compound containing Br, which are added to plastics fall into class of
flame retardants (FR) and green and red pigments [48,49]. The presence of Br can be
connected with the addition of, e.g., hexabromocyclododecane, which is widely utilized
FR in the formulations of PS [48]. Kitchen sponge (PU1) had the highest concentration
of Ca. Ca in plastics serves, mainly, as a filling and reinforcement agent, which is added
in the form of CaCO3 [48]. PU1 had also ca. 0.6% Si, which indicated that Ca may have
been partially added as wollastonite (CaSiO3) or other Si compounds, which improved
FR properties of the plastic [50]. The content of Cl in PU1 may be connected with the
addition of green Cl-based pigments, chemically belonging to chlorinated/brominated
phthalocyanine compounds [48]. Additionally, Cl-containing compounds, such as, e.g.,
Triclosan, could be added to PUs as antimicrobial agents [48]. Much higher content of
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Cl found in PU2 altogether with 1.4% P may be the result of using as FRs chlorinated
alkyl phosphates [49], such as, e.g., tris(1-chloro-2-propyl) phosphate and tris-2-chloroethyl
phosphate; such compounds are used in rigid and flexible PU foam formulations [48]. PU1
had also elevated concentration of Al. The compounds of these element are used, i.e., as
stabilizers and FR but in much higher concentrations, therefore the presence of Al in PU1
was probably due to the use of Al-based fillers [48].

The presence of Ca in PE was the most likely connected with the inorganic filler added
to the plastic to enhance its strength and decrease the cost of production, while low amount
of Al may result from the use of compounds, such as mica or kaolin to surface stabilization
of the material [48].

Analysis showed trace amount of quite exotic Hf metal in PS and PE samples. In PE it
can be connected with the use of catalyst based on Hf metallocene compounds, which are
widely used in the production of polyolefins [51]. In PS, it can be the results of contamina-
tion during production of this plastic by a manufacturer, which also produced polyolefins.

Figure S1 showed concentration of elements in the larvae after the experiment de-
termined by EDXRF. Regardless of the variant, major mineral components of the larvae
were K, Cl, P (>1%) and S (1–0.5%). Ca was present in concentrations of 0.1%, Zn and Fe in
the order of 0.02–0.01% and Cu below 0.01%. Non-physiological elements present in the
plastics probably not affected the mealworms due to its low concentrations.

4.4. Polymers Surface Alterations Visualized by SEM

Surface alterations of the plastics are characteristic of the aging processes occurring
under the influence of microorganisms (present in the intestines of insects) or, more specif-
ically, enzymes secreted by them. The folding of the previously smooth surface of the
polymer and the formation of pitting was observed during the biodegradation of PS and
PE with the bacterium P. aeruginosa isolated from the gut of Zophobas morio insect (Tenebri-
onidae; cousin of mealworm, known also as superworm) [52]. Surface elements mapping
comparison of PS and PE before and after biodegradation showed that those changes
were connected with increase in oxygen content, which suggests oxidative changes in the
plastics [52]. Similar changes as observed by us in the case of PU foams had been observed
by [53] after biodegradation trials in soil burial. SEM surface microphotography (Figure 4)
was indirect proof that plastics eaten by the mealworm biodegraded during the action of
microorganisms enzymes, as well as enzymes secreted by mealworms itself.

4.5. Time-Lapse Movie of Biodegradation

It can be seen that during the experiment, pupae started to appear quite quickly,
especially on PU1 (Video S1). It was about 10 days after experiment had started. At the
beginning, we had not planned to pull out the pupae but it became obvious that without
this step the degradation of the plastics would be lowered due to the cannibalistic behavior
of the larvae. This is a known problem in mealworm breeding, especially when the insects
have limited access to water and a low protein content in the substrate [54]. One of the
aims of this study was to reach as a high a utilization of plastics as possible, therefore
we decided to take advantage of the adults’ ability to feed on plastics as well. When the
amount of the adult insects increased in the containers, cannibalism started to occur with
the larvae being the victim. It can be seen in the second part of the Video S1, adults formed
specific “bundles” for a while with eaten larvae inside it. During the experiment dead
adults were taken out the of the containers to prevent the larvae from preferring them as
food. Our observations suggests also that the lifespan of the adults was much shorter than
it would have been on optimal feed. Video S1 suggested that the adults’ ability to consume
plastic can also be useful but they should not be combined with earlier stages within the
one container to prevent cannibalism and decrease the utilization of plastics.
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5. Conclusions

The efficiency of mass reduction for all of investigated plastics was 46.5%, 41.0%,
53.2%, and 69.7% for PS, PU1, PU2, and PE, respectively. However, specific consumption
rates for each plastics was lower that calculated from literature data. This was due to the
large number of pupae appearing less than two weeks after the start of the experiment
and the combination of larvae with adults in one container, which resulted in cannibalistic
behavior. Additionally, the used plastic waste were characterized by the addition of fillers
and FRs, which may influenced consumption rates. The utilization of plastics can be
increased by removing pupae from larvae and imago and by not combining adult and
larval forms in one container. Both larvae and imago were active in the eating of plastics.
More research is needed on different optimization approaches, which would reduce the
number of insects used while maintaining process efficiency. Such optimization should
be completed in order to decrease the costs of entomoremediation for larger amounts of
plastics. The risk of spreading microplastics with insect feces which left after this process
should also be determined in the future research.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13203508/s1, Figure S1: Element contents in T. molitor larvae after the experiment,
Video S1: Time-lapse movie of the process of plastics waste entomoremediation by Tenebrio molitor.
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Abstract: Polyurethane (PU) is a widely used polymer with a highly complex recycling process
due to its chemical structure. Eliminating polyurethane is limited to incineration or accumulation
in landfills. Biodegradation by enzymes and microorganisms has been studied for decades as an
effective method of biological decomposition. In this study, Tenebrio molitor larvae (T. molitor) were
fed polyurethane foam. They degraded the polymer by 35% in 17 days, resulting in a 14% weight loss
in the mealworms. Changes in the T. molitor gut bacterial community and diversity were observed,
which may be due to the colonization of the species associated with PU degradation. The physical
and structural biodegradation of the PU, as achieved by T. molitor, was observed and compared to the
characteristics of the original PU (PU-virgin) using Fourier Transform InfraRed spectroscopy (FTIR),
Thermal Gravimetric Analysis (TGA), and Scanning Electron Microphotography (SEM).

Keywords: plastic; mealworms; insect; bacteria; gut microbiome

1. Introduction

Worldwide plastic polymer production and consumption are increasing every year,
reaching around 350–400 million tons in 2019. Its reduction and elimination are a huge
challenge [1] since an estimated 2.1 to 3.6 million tons are generated per year in Europe [2].
Polyurethanes (PU) are a type of plastic polymer used as foam in automobile seats, coatings,
sealants, the textile industry and other areas [3], with around 4 million tons produced world-
wide in 2019 [1]. PU foam is synthesized by the reaction of Diisocyanate (R–N=C=O) and
Polyol (R’–OH), producing organic units called urethane [4]. Numerous groups of urethane
joined together form a polyurethane molecule [5,6]. Polyurethanes are characterized as
resistant to physical and biological degradation due to their chemical composition, which
is highly resistant to temperatures and hydrophobicity, resulting in their long lifespans [7].

Recycling polyurethane foam (PU foam) is complicated [8], although mechanical
transformation processes, such as crushing and compression molding or pulverizing, can be
employed [9]. PU foam waste can also be used as a filler load in lower-value products [10].
However, not enough PU foam is used this way, and the large amount of accumulated PU
waste is a big environmental problem. This PU waste is usually incinerated, and the gas
emitted in this process contributes to the greenhouse effect. Potentially toxic gases are also
emitted from polyurethane combustion, and that not burned accumulates in landfills or
aquatic systems [8,11].

New approaches to PU biodegradation using enzymes, e.g., cholesterol esterases,
proteases, lipases [12,13], or microorganisms, e.g., Cladosporium pseudocladosporioides or
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Paracoccus sp. [7,14] that attack the PU bonds are being investigated, with interesting degra-
dation results. The use of insects to biodegrade plastic is a new natural approach [15,16].
During the last ten years, Tenebrio molitor larvae (T. molitor; yellow mealworms), commer-
cially used as animal feed and potential alternative protein for human consumption [17,18],
have been reported to ingest and degrade different types of plastics, i.e., polyethylene
(PE), polystyrene (PS), or the less-studied polyurethane (PU) [15,16,19]. Studies have
shown that T. molitor’s ability to biodegrade plastics is mainly dependent on its intestinal
microorganisms and adaptation to different foods [20,21].

The purpose of this study was to examine: (i) the feasibility of biodegradation, the
chemical and physical changes in PU foam using the mealworm larvae of T. molitor; and
(ii) the gut enzyme activity and microbiota changes associated with feeding polyurethane
to T. molitor.

2. Materials and Methods
2.1. Plastics and Mealworms

The polyurethane foam (PU) used in this experiment was obtained from Interplasp
S.L. (total Carbon 540.8 ± 15.6 g kg −1; total Nitrogen 43.6 ± 1.09 g kg−1; total Phosphorous
0.0037 ± 0.0016 g kg−1; total Potassium 0.1 ± 0.02 g kg−1). An Inductively Coupled Plasma
(ICP) analysis was carried out to check for the presence of heavy metals in the polyurethane
composition that could be toxic to T. molitor larvae, such as Cd, Hg, or Pb [22].

The mealworm larvae of Tenebrio molitor (T. molitor) were purchased from Proteinsecta
(Albacete, Murcia). Before starting the experiment, the mealworms were fed wheat bran
except for the last 24 h, when all food was withdrawn. They were fed PU or wheat bran
(bran) for 17 days, with the food incorporated at the beginning of the experiment and not
re-established. Three replicate containers with 100 g of randomly selected mealworms
were fed 15 g of PU foam, as the PU diet (PU), and three replicate containers of 100 g of
randomly selected mealworms were fed 100 g of wheat bran, as the control diet (bran). The
containers were incubated in the dark at 27 ± 1 ◦C and with 80 ± 3% relative humidity.
This made it possible to determine the behavior of the microbiota and metabolism of the
mealworms when they did not obtain any additional nutrients.

2.2. Analysis of PU Foam Biodegradation
2.2.1. Polyurethane Consumption

To evaluate the PU foam biodegradation, the PU and mealworms were sampled at 3,
10, and 17 days after feeding the mealworms with PU and wheat bran. At each sampling,
the mealworms, PU, and frass (feces) were separated and stored. The equivalent of 5 g of
mealworms was taken out and frozen for further analysis. The PU foam and the mealworms
were weighed to calculate the mealworms’ weight loss (%) and PU consumption (%).

2.2.2. Analysis of the PU Foam with Fourier Transform InfraRed Spectroscopy (FTIR)

Fourier Transform InfraRed spectroscopy with attenuated Total Reflectance Analysis
(FTIR-ATR) (Bruker Hyperion 1000, Billerica, Massachusetts, USA) in the wave range of
3100–400 cm−1 was used to analyze the changes in the bonds of the PU foam (PU) at the
end of the experiment (17 days) compared to the original polyurethane foam (PU-virgin).
The foam was previously washed with distilled water (×3) and dried in an oven for 24 h
at 80 ◦C.

2.2.3. Analysis of the PU Foam with Thermogravimetric Analysis (TGA)

This analysis was performed using an SDT Q600 Thermogravimetric analyzer, Waters,
TA instruments, Milford Massachusetts (USA) to characterize the changes in the thermal
properties of the PU foam (PU) at the end of the experiment (17 days) compared to the
original polyurethane foam (PU-virgin). The TGA was performed at 10 ◦C min−1 from 30 ◦C
to 700 ◦C in a nitrogen atmosphere (flow rate 25 mL min−1) in 2–3 mg of polyurethane foam.

18



Polymers 2023, 15, 204

2.2.4. Analysis of the PU Foam with Scanning Electron Microphotography (SEM)

The PU foam (PU) and original PU foam (PU-virgin) were analyzed after 10 and
17 days as feed for the mealworms by Scanning Electron Microscopy (SEM) using FEI
TENEO New York (USA). The analysis was developed following [14]. Previously, the PU
foam was washed by immersion in 0.88% (w/v) sodium hypochlorite for 2 h to eliminate
any possible remains of microorganisms in the foam. Later, it was washed in triplicate
in 100 mL of distilled water, stirred for 2 min at 150 rpm, and dried for 24 h at 80 ◦C and
coated in platinum.

2.3. Gut Microbiome Analysis
2.3.1. Enzyme Activities

The enzymatic activity of the esterases, lipases, proteases, and laccases able to break
some of the specific bonds that form polyurethane molecules was measured in the gut
of the mealworm larvae fed with PU foam and bran after 3, 10, and 17 days. The gut
was obtained by dissecting three larvae previously washed with 2 mL of distilled water
and air-dried. Once dissected, the gut was immersed in 1 mL of 0.1 M phosphate buffer
(pH 7) and shaken. Subsequently, the homogenate was centrifuged (Eppendorf, MiniSpin,
Hamburg, Germany) at 14,100× g for 10 min. The supernatant was diluted 1:10, and an
enzyme activity analysis was carried out (sample). All the enzyme activity was analyzed
on a GeneQuant 1300 spectrophotometer, VWR, Radnor, PA, USA. Protease activity was
determined spectrophotometrically by hydrolysis of p-nitroaniline following the modified
method of Preiser et al. [23]. A sample of 100 µL was mixed with 700 µL of reaction mixture
and incubated for 90 min at 37 ◦C. The reaction was stopped with 800 µL of 30% (v/v) acetic
acid, and the color change was measured at λ = 410 nm. The reaction mixture contained
0.05 M glycine Na–OH buffer (pH 10) and 0.001 M BAPNA dissolved in 1000 µL of DMSO.
The control samples were analyzed in the same way, but the sample was replaced with
a glycine Na–OH buffer. Esterase activity was determined spectrophotometrically by
hydrolysis of p-nitrophenyl acetate (p-NPA) following the modified method of Oceguera-
Cervantes et al. [24]. In a final volume of 1 mL, 100 µL of sample was mixed with 800 µL
of sodium phosphate buffer (0.05 M; pH 6.5) and 100 µL of p-NPA solution in acetonitrile
(0.01 M). The samples were incubated at 37 ◦C for 20 min. The reaction was stopped by
placing them in an ice bath for 5 min. Subsequently, the samples were centrifuged at
10,000× g for 5 min and measured at λ = 410 nm. The control samples were analyzed in the
same way, but the sample was replaced with a sodium phosphate buffer. Lipase activity
was determined spectrophotometrically with the hydrolysis of p-nitrophenyl laurate (p-
NPL) using a modification of the Kilcawley et al. [13] method. In a final volume of 2 mL,
100 µL of sample was mixed with 1.9 mL of sodium phosphate buffer (0.1 M; pH 7). The
samples were incubated at 37 ◦C for 30 min. The reaction was stopped by placing them
in an ice bath for 5 min and adding 0.85 mL of NaOH (0.5 M). Subsequently, the samples
were centrifuged at 10,000× g for 5 min and measured at λ = 400 nm. The control samples
were analyzed in the same way, but the sample was replaced with a sodium phosphate
buffer. Laccase activity was measured using spectrophotometry following the modified
method of Dhakar and Pandey [25]. The following were mixed and incubated for 1 min:
1 mL of final volume, 100 µL of sample, 800 µL of sodium acetate buffer (0.2 M/0.1 M; pH
4.5), and 100 µL of ABTS (0.01 M) dissolved in a sodium acetate buffer (0.2 M/0.1 M; pH
4.5). Subsequently, the samples were centrifuged at 10,000× g for 5 min and measured at
λ = 420 nm. The control samples were analyzed in the same way, but the samples were
replaced with a sodium acetate buffer.

ε The calculations of each activity were carried out using the molar extinction coeffi-
cients. Protease activity was calculated using the molar extinction coefficient at λ = 410 nm
by

Polymers 2023, 15, x FOR PEER REVIEW 4 of 14 
 

 

5 min and measured at λ = 420 nm. The control samples were analyzed in the same way, 
but the samples were replaced with a sodium acetate buffer. 

ε The calculations of each activity were carried out using the molar extinction coeffi-
cients. Protease activity was calculated using the molar extinction coefficient at λ = 410 nm 
by Ƹ = 8.8 mM−1 cm−1 [26]; esterase activity at λ = 410 nm by ε = 18.5 mM−1 cm−1 [27]; lipase 
activity by λ = 400 nm ε = 14.8 mM−1 cm−1 [13], and laccase activity at λ = 420 nm by ε = 36 
mM−1 cm−1 [25]. All the activities were expressed in µM−1 g−1 min−1. 

2.3.2. Gut DNA Extraction and Amplicon Sequencing 
The DNA from the gut of mealworms fed with PU foam (PU) and wheat bran (bran) 

for 3, 10, and 17 days was extracted from the gut of four mealworms from the same feed 
container pooled to eliminate individual variability. The gut was harvested and added to 
a tube with 100 µL of phosphate buffer (0.1 M). The DNA was extracted using the Dneasy 
PowerSoil kit (Qiagen, Hilden, Germany). The quantity and quality of the DNA extracts 
were evaluated using a Qubit 3.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, Wal-
tham, MA, USA). The samples for sequencing were analyzed with the Illumina Nextera 
barcoded two-step PCR libraries (V4, ITS2) and sequenced on an Illumina MiSeq, v3, 2 × 
300 bp. Demultiplexing and trimming the Illumina adaptor residuals and trimming the 
locus specific primer sequences were removed (Microsynth AG, Balgach, Switzerland). 

2.3.3. Bioinformatic Analysis 
The analysis of the sequences was carried out as follows: the samples were received 

in fastq, entered into QIIME2 [28], and denoised using the dada2 algorithm [29], taking 
into account the replicates of each treatment to avoid their slight variations. Once the ASV 
(Amplicon Sequence Variant) was obtained, the taxonomic classification was performed 
using consensus-vsearch with the Silva 132 database (released in 2020) as a reference. The 
eukaryotes, archeas, mitochondria, chloroplasts, and non-assignments were eliminated 
before the statistical analysis. Finally, normalization was conducted through rarefaction, 
bringing all the samples to the same value using the value of the last sample that con-
served a minimum of 3000 readings. The sequences were deposited in the DNA database 
with the accession code PRJEB54959. 

2.4. Statistical Analysis 
The results were analyzed using Statgraphics 18 and plotted through Sigmaplot 

v12.0. The correlations were performed using Spearman’s correlation test, and the statis-
tical significance was determined using a two-way analysis of variance (ANOVA) with a 
post-hoc Least Significant Difference (LSD) Fisher Test. To study the microbial commu-
nity, an NMDS was performed using the Bray–Curtis distance with the vegan package 
and the graphs were made using the ggplot2 package. 

3. Results and Discussion 
3.1. PU Foam Consumption and Its Effect on Mealworms 

To the best of our knowledge, there are only a few reports about the efficiency of PU 
consumption by mealworms. The PU consumption by mealworm larvae was linear, show-
ing a lower slope (y1 = 2.995 + 1.893x) than the bran consumption (y2 = 16.424 + 8.049x) 
(Figure S1 Supplementary Materials). This reflected a lower PU consumption (35%) than 
the bran (100%), and a higher mealworm weight loss (86%) than the bran (97%) (Table 1). 

  

= 8.8 mM−1 cm−1 [26]; esterase activity at λ = 410 nm by ε = 18.5 mM−1 cm−1 [27];
lipase activity by λ = 400 nm ε = 14.8 mM−1 cm−1 [13], and laccase activity at λ = 420 nm
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2.3.2. Gut DNA Extraction and Amplicon Sequencing

The DNA from the gut of mealworms fed with PU foam (PU) and wheat bran (bran)
for 3, 10, and 17 days was extracted from the gut of four mealworms from the same feed
container pooled to eliminate individual variability. The gut was harvested and added
to a tube with 100 µL of phosphate buffer (0.1 M). The DNA was extracted using the
Dneasy PowerSoil kit (Qiagen, Hilden, Germany). The quantity and quality of the DNA
extracts were evaluated using a Qubit 3.0 Fluorometer (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA). The samples for sequencing were analyzed with the Illumina Nextera
barcoded two-step PCR libraries (V4, ITS2) and sequenced on an Illumina MiSeq, v3,
2 × 300 bp. Demultiplexing and trimming the Illumina adaptor residuals and trimming
the locus specific primer sequences were removed (Microsynth AG, Balgach, Switzerland).

2.3.3. Bioinformatic Analysis

The analysis of the sequences was carried out as follows: the samples were received
in fastq, entered into QIIME2 [28], and denoised using the dada2 algorithm [29], taking
into account the replicates of each treatment to avoid their slight variations. Once the ASV
(Amplicon Sequence Variant) was obtained, the taxonomic classification was performed
using consensus-vsearch with the Silva 132 database (released in 2020) as a reference. The
eukaryotes, archeas, mitochondria, chloroplasts, and non-assignments were eliminated
before the statistical analysis. Finally, normalization was conducted through rarefaction,
bringing all the samples to the same value using the value of the last sample that conserved
a minimum of 3000 readings. The sequences were deposited in the DNA database with the
accession code PRJEB54959.

2.4. Statistical Analysis

The results were analyzed using Statgraphics 18 and plotted through Sigmaplot v12.0.
The correlations were performed using Spearman’s correlation test, and the statistical
significance was determined using a two-way analysis of variance (ANOVA) with a post-
hoc Least Significant Difference (LSD) Fisher Test. To study the microbial community, an
NMDS was performed using the Bray–Curtis distance with the vegan package and the
graphs were made using the ggplot2 package.

3. Results and Discussion
3.1. PU Foam Consumption and Its Effect on Mealworms

To the best of our knowledge, there are only a few reports about the efficiency of
PU consumption by mealworms. The PU consumption by mealworm larvae was linear,
showing a lower slope (y1 = 2.995 + 1.893x) than the bran consumption (y2 = 16.424 + 8.049x)
(Figure S1 Supplementary Materials). This reflected a lower PU consumption (35%) than
the bran (100%), and a higher mealworm weight loss (86%) than the bran (97%) (Table 1).

Table 1. The mealworm larvae’s weight loss and feed consumption.

Days Mealworm Weight
Loss PU Diet (%)

Mealworm Weight
Loss Bran Diet (%)

PU Consumption
(%)

Bran Consumption
(%)

0 100 100 0 0
3 97.95 ± 0.2 102.82 ± 1.35 8.27 ± 0.5 41.13 ± 1.04
6 95.32 ± 0.63 106.4 ± 1.12 14.35 ± 0.57 63.75 ± 5.35
10 93.53 ± 0.78 105.73 ± 4.36 22.73 ± 2.44 97.33 ± 0.79
17 85.84 ± 1.61 97.18 ± 7.82 34.78 ± 2.48 99.95 ± 0.05

This could be because the bran contains enough nutrients for the T. molitor mealworms’
metabolism [15], while PU, as the only source of carbon, does not provide sufficient
nutrients to support growth. This was observed by Lou et al. [30] with polyethylene (PE)
and polystyrene (PS). It could also be due to the high energy cost of eliminating the toxic
compounds derived from the PU foam degradation [21]. Bulak et al. [22] observed 45% of
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PU consumption and 26–28% of mealworm weight loss after 58 days. If our experiment had
lasted as long as Bulak et al.’s [22], we would have found similar data although mealworm
death or metabolic exhaustion could occur [21]. Yang et al. [31] showed that mealworms
fed with polystyrene were still capable of successful pupation, which indirectly proves that
digestion and assimilation occurred after 32 days, although they had a lower fat content
than those who ingested a conventional diet.

The results showed that PU is not as palatable for mealworms as bran, although they
have been shown to decompose it [32]. However, according to Peng et al. [15], a higher
degradation of polystyrene was observed with a mix of bran or corn flour and polystyrene.

3.2. Evidence of PU Foam Biodegradation by Mealworms

Evidence of changes in the functional groups of the PU used to feed the mealworms
compared to the PU-virgin was provided by FTIR analysis at the end of the incuba-
tion period (17 days) (Figure 1). The main changes observed were in the peak inten-
sity compared to the spike appearance and disappearance (functional groups). The PU
showed less intensity in the spectrum peaks, such as 1090–1099 cm−1 (C–O–C bond),
1220–1225 cm−1 (C–N bond), 1536 (N–H bond), 1630–1736 (C=O bond), 2867–2916 (CH2),
and 3288 cm−1 (–OH bond). The only signal where the PU-virgin was higher than the PU
was at 2930–2940 cm−1, corresponding to the symmetrical and asymmetrical stretching
vibrations of the CH bonds in the CH2 groups [33]. This general pattern demonstrates
that the PU molecule was occluded, and only the external parts could be degraded by
microorganisms and extracellular enzymes [32] without distinguishing the hard segments,
such as the free aromatic bond breaking [12] or urethane ester/ether, from the soft ones,
such as the plane urethane represented by C–N of N–H [32,34].
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Figure 1. The Fourier Transform Infrared spectroscopy (FTIR) analysis of PU foam (PU) and original
PU foam (PU-virgin) at the end of the experiment (17 days).

The TGA analysis also provided evidence of modifications in the structure of the PU
used to feed the mealworms compared to the PU-virgin after 17 days (Figure 2). The PU
weight loss was higher (97.5%) than the PU-virgin (94%). This could be attributed to the
lower amount of soft and hard segments found in the PU with higher thermic degradation
resistance [7]. The weight loss occurred in three phases: the first stage was from 220 to
280 ◦C, where about 30% of the weight loss occurred. This could be due to the release
of volatile organic compounds [35,36]. The second stage was from 300 to 400 ◦C, with a
weight loss of 60%, corresponding to hard and soft urethane segment dissociation [37]. The
third stage was above 400 ◦C, where a lower fraction of PU (around 10%) was degraded,
corresponding to the organic residue decomposition [36] (Figure 2).
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Figure 2. The Thermogravimetric analysis (TGA) of the PU foam (PU) and original PU foam (PU-
virgin) at the end of the experiment (17 days).

The SEM also demonstrated the physical degradation of the PU after 10 and 17 days
compared to the PU-virgin (Figure 3). The surface of the PU-virgin showed smooth edges
with no apparent breaks (Figure 3A), while the PU used to feed the mealworms showed
wrinkled edges and pits, cracking and erosion that could be attributed to mealworm
chewing [32] (Figure 3B–D). Similar results were observed by Bulak et al. [22] and Khan
et al. [38] on PU films exposed to Aspergillus tubingensis.
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3.3. The Mealworm Gut with PU Consumption: The Enzyme Activity and Microbial
Community Effect
3.3.1. Enzyme Activity in the Mealworm Gut

The different enzymatic activity, such as lipases, esterases, proteases, and laccases
associated with the polyurethane hydrolysis [39] was measured in the gut of mealworm
larvae for both diets, the PU and the bran (Figure 4). These enzymes showed a significant
(p ≤ 0.001) interaction between the type of diet and the sampling time. Enzyme activity in
the bran diet was significantly higher than that in the PU diet throughout the experiment,
with two apparent phases (Figure 4). Phase one was from 1 to 6 days, with almost constant
values, and phase two was from 6 to 17 days, when the enzymatic activity tended to
increase. This could be due to the bran depletion from the mealworm consumption. The
mealworms thus had fewer available nutrients and a greater need for enzyme synthesis to
obtain nutrients from the scarce food available. However, for the PU diet, the behavior was
different. The values of the enzyme activity were lower and mostly constant throughout
the experiment (Figure 4). This could be explained by the scarce availability of nutrients
since the first sampling time, not permitting the synthesis of the required digestive en-
zymes to degrade the polyurethane [40]. The enzymes esterase and lipase showed higher
values (Figure 4A,B) than protease and laccase (Figure 4C,D), probably because the former
degraded any PU bond [11]. This low enzyme activity on PU could also be due to the
synthesis of the corona protein, which inhibits the absorption of nanoparticles by intestinal
cells, such as nanoplastics [41], or the synthesis of enzymes and molecules related to the
immune system [42,43].
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Figure 4. Polyurethane activity throughout the experiment for both PU and bran diets (A) lipase
activity; (B) esterase activity; (C) protease activity; (D) laccase activity. For all the enzyme activity, a
Two-Way ANOVA (Pdiet < 0.001); (Ptime < 0.001) was performed.

It has previously been demonstrated than microbiota and the secreted enzymes in the
mealworm gut could be adapted to new diets, even poor ones with low nutrient availability,
like the PU diet [44]. It has also been shown that one of the survival mechanisms of some
insects in situations of stress or nutritional deficit is to consume their lipid reserves [45]. In
addition, an increase in proteases inside insects only occurs as a last resort in extremely
stressful situations since this would lead to protein biodegradation, which is the last element
to degrade [46].
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3.3.2. The Mealworm Gut Microbial Community

The Illumina MiSeq analysis of PCR-amplified 16S rRNA fragments was used to
assess the changes in the gut microbiome community of the mealworms fed PU throughout
the experiment since the gut microbiome of insects has an important role to play in their
digestion process [47]. The mealworm gut microbiome diversity for the PU diet was
higher (average 3.23) than for the bran diet (average 2.90) (Figure 5). Similar results were
observed by Wang et al. [32] and Peng et al. [15]. The Shannon diversity for the PU diet
slightly increased throughout the experiment, probably due to changes in the proportion of
microorganisms capable of degrading PU, while for the bran diet, it slightly decreased.
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Figure 5. The Shannon diversity index of the gut microbiome of the PU and bran diets throughout
the sampling (3, 10, and 17 days).

A non-metrical multidimensional scaling (NMDs) exhibited differences in the gut
microbiome for the PU diet and the bran diet mainly after 10 and 17 days (Figure 6). The
principal phylum observed for both diets (PU and bran) were Tenericutes, Protobacteria,
and Firmicutes (Figure 7). Similar results have been found by other authors with different
types of plastics [15–17]. Tenericutes was the dominant phylum, reaching the highest
proportion for the bran diet (63%), while for the PU diet, it reached 51%. These proportions
decreased throughout the experiment. At the end of the experiment (17 days), the opposite
occurred, with Tenericutes higher for the PU diet (around 30%) than for the bran diet
(17%). Nevertheless, the relative abundance of Firmicutes increased by 18% for the PU diet
compared to 10% for the bran diet at the end of the experiment (17 days). Bacteroidetes
were lower for the PU diet [48].
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An analysis of the relative abundance at the genus level (Figure 7) indicated four
dominant genera for both diets: Spiroplasma (average 66.5%), Enterococcus (11.08%), Lacto-
coccus (9.75%), and Pediococcus (5.32%). Spiroplasma (Tenericutes) decreased throughout the
experiment for the bran diet (7%) and for the PU diet (44%). At the end of the experiment, it
was more abundant for the bran diet (69.49%) than for the PU diet (38.62%). Spiroplasma was
also observed in many studies with different types of plastics [16,20] and it is considered a
pathogen or a male-killing bacterium, but in the gut of mealworms, it is not harmful [49].
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Figure 7. A bar plot of the community analysis of the mealworm gut for the PU diet (PU) and the
bran diet (bran) with phylum (A) and genus (>1%) (B).

Lactococcus was the only bacteria that could be associated with the PU diet throughout
the whole experiment (Figure 8). Lactococcus and Pediococcus (Firmicutes) (associated with
the PU diet at 3–17 days) are lactic acid bacteria, which may have contributed to adjusting
and maintaining the health of the gut microbiome [50]. Lactococcus and Enterococcus (Fir-
micutes) (associated with the PU diet at 3–17 days) (Figure 8) are also common insect gut
bacteria and are known members of the T. molitor gut microbiome [20,51]. According to Lou
et al. [30], understanding the approximate locations of different bacteria (Lactococcus was
present in every part of the gut, while Enterococcus was absent in the foregut and anterior
midgut [51]) is a good way to infer possible degradation pathways in the mealworm gut
since Enterococcus is related to PU degradation [32].
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Abstract: Microplastics (MP) are a global environmental problem because they persist in the envi-
ronment for long periods of time and negatively impact aquatic organisms. Possible solutions for
removing MP from the environment include biological processes such as bioremediation, which uses
microorganisms to remove contaminants. This study investigated the biodegradation of polystyrene
(PS) by two bacteria, Bacillus cereus and Pseudomonas alcaligenes, isolated from environmental samples
in which MPs particles were present. First, determining significant factors affecting the biodegrada-
tion of MP-PS was conducted using the Taguchi design. Then, according to preliminary experiments,
the optimal conditions for biodegradation were determined by a full factorial design (main exper-
iments). The RSM methodology was applied, and statistical analysis of the obtained models was
performed to analyze the influence of the studied factors. The most important factors for MP-PS
biodegradation by Bacillus cereus were agitation speed, concentration, and size of PS, while agitation
speed, size of PS, and optical density influenced the process by Pseudomonas alcaligenes. However,
the optimal conditions for biodegradation of MP-PS by Bacillus cereus were achieved at γMP = 66.20,
MP size = 413.29, and agitation speed = 100.45. The best conditions for MP-PS biodegradation by
Pseudomonas alcaligenes were 161.08, 334.73, and 0.35, as agitation speed, MP size, and OD, respectively.
In order to get a better insight into the process, the following analyzes were carried out. Changes in
CFU, TOC, and TIC concentrations were observed during the biodegradation process. The increase
in TOC values was explained by the detection of released additives from PS particles by LC-MS
analysis. At the end of the process, the toxicity of the filtrate was determined, and the surface area
of the particles was characterized by FTIR-ATR spectroscopy. Ecotoxicity results showed that the
filtrate was toxic, indicating the presence of decomposition by-products. In both FTIR spectra, a
characteristic weak peak at 1715 cm−1 was detected, indicating the formation of carbonyl groups
(−C=O), confirming that a biodegradation process had taken place.

Keywords: microplastics; polystyrene; Bacillus cereus; Pseudomonas alcaligenes; Taguchi design;
biodegradation; full factorial design

1. Introduction

It can be said that we live in the plastic age due to the extensive consumption of plastic
products in everyday life. Global plastic production has been increasing since the 1950s,
reaching 367 million tons in 2020 [1]. The most frequently produced are polyethylene
(PE), polyvinyl chloride (PVC), polypropylene (PP), polystyrene (PS), and polyethylene
terephthalate (PET) [2,3]. PS is widely used due to excellent properties such as good
mechanical properties, lightweight, versatility, durability, stability, and low cost [4]. It is
applicable for food and laboratory containers, disposable plastic accessories, CD/cassette
boxes, toys, the automobile industry, and construction materials [5,6]. PS production
reached 10.4 million tons in 2018, and it is estimated that global PS production will reach
10.9 million tons in 2024 [7]. During the manufacturing process, various additives such as
UV stabilizers, antioxidants, flame retardants, and/or lubricants [4,8] are usually added
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to PS to improve the properties and applicability of the polymer [9]. Generally, stabilizers
and antioxidants are added in an amount range between 0.05 and 3% (w/w), depending
on the structure of the additive and the polymer. For example, phenolic antioxidants are
added in small amounts in high-density polyethylene (HDPE), while phosphites are used
in large amounts in high-impact PS (HIPS). In addition, dyes (e.g., azo dyes) are commonly
used in PS to provide a bright, transparent color [9], but these compounds have a high
migration potential. In addition, carcinogenic polybrominated diphenyl ethers [10,11],
styrene oligomers as unintentional additives in expanded polystyrene (EPS) [12], and
styrene monomers [13] can also migrate from PS products. This makes the leaching of
additives from polymers a potential environmental risk to aquatic organisms. Accordingly,
it is not surprising that accumulated MP-PS in the environment lead to changes in the
ecosystem. Natural degradation of synthetic thermoplastic PS is a very slow process,
but microorganisms can use it as a carbon source [4]. According to Auta et al. [14], PS
pollutants persist under technical conditions (biodegradation by bacterial genera of Bacillus)
for 363.16 (Bacillus cereus) and 460.00 days (Bacillus gottheilii). The environmental lifespan
of PS ranges from 50 to 80 years [15]. Kim et al. [16] and Zhang et al. [17] reported that
biodegradation of PS in natural ecosystems is slow and requires several hundred years for
complete degradation. However, insect-based systems suggest that a much shorter period
of biodegradation of PS can occur within a few weeks.

Bioremediation, as an economical, efficient, and environmentally friendly biological
process [18], involves the use of microorganisms, bacteria, mold, and yeast [19] for the
purpose of removing pollutants from the environment. Biodegradation processes influence
many factors such as abiotic (pH-value, concentration of dissolved oxygen, moisture
content, temperature, salinity, and presence or absence of UV radiation), biotic factors
(type and number of microorganisms, extracellular enzymes, and biosurfactants), and
properties of MP particles (structure, molecular weight, hydrophobicity, functional groups,
etc.) [20]. Biodegradation of PS is complex, and it is considered that biodegradation begins
after microorganisms colonize PS particles. Thereafter, PS may be degraded into smaller
fragments such as oligomers, dimers, and/or monomers. Assimilation can occur due to
the ability of microorganisms to use styrene as a carbon source [21]. Pathways for the
biodegradation of PS by various enzymes (hydroquinone [22], oxidoreductases, laccases,
lipases, P450 monooxygenases, and alkane hydroxylases [23]) have been proposed, which
include conversion of the polymer to carboxylic acids and their further metabolism by
β-oxidation and Krebs cycle [24]. The first proposed pathway is that styrene is converted
into styrene epoxide by styrene monooxygenase and further into 4-maleylacetoacetate by
styrene oxide isomerase, phenylacetaldehyde dehydrogenase, phenylacetate hydroxylase,
2-hydroxyphenylacetate hydroxylase, and homogentisate 1,2-dioxygenase. Through the
β-oxidation pathway, 4-maleylacetoacetate is converted to acetyl-CoA, followed by citric
acid (TCA) cycle to the central biosynthesis pathways. On the other hand, in the second
proposed pathway of biodegradation of PS, styrene is hydroxylated by styrene dioxygenase
on the aromatic ring to generate styrene cis-glycol, which can be further converted to
acetyl-CoA by cis-glycol dehydrogenase, catechol 2,3-dioxygenase, 2-hydroxymuconic acid
semialdehyde hydrolase, 2-hydroxypenta-2,4-dienoate hydratase, 4-hydroxy-2-oxovalerate
aldolase, and pyruvate dehydrogenase complex. Similarly, acetyl-CoA will then enter the
TCA cycle and participate in biomass synthesis or accumulation of other metabolites [17,25].
Another proposed pathway of biodegradation of PS starts from the side-chain cleavage of
PS. Monooxygenases or aromatic ring hydroxylases are potential candidates to break the
aromatic ring of PS. However, the detailed degradation pathway and involved enzymes
have not still been revealed [17].

The most used bacteria for PS degradation are genera Bacillus [5,14,26,27], Pseu-
domonas [26], Paenibacillus [28], and Rhodococcus [29,30], while Aspergillus [5] and Curvu-
laria [31] are the most investigated genera of fungi. Asmita et al. [5] reported PS weight
loss of 20.0 and 5.0% by Bacillus subtilis and Pseudomonas aeruginosa, respectively, which
were cultured in nutrient broth. In the other case, bacteria were cultured in Bushnell–Hass
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broth, and the weight loss of PS was higher (58.8%) for Bacillus cereus, but for Pseudomonas
aeruginosa, weight loss was not observed. This indicates that providing a suitable nutrient
medium for bacteria is important to enhance the biodegradation process. Auta et al. [14]
investigated the biodegradation of PS microplastics by Bacillus cereus for 40 days. They
reported a weight loss of PS of 7.4%. Moreover, a slightly higher weight loss was observed
by Mohan et al. [26]. They investigated HIPS film degradation using Bacillus spp. and Pseu-
domonas sp. The weight loss percentage of HIPS film obtained after treatment with Bacillus
spp. was significant at 23.7% and was less than 10.0% with Pseudomonas sp. Moreover,
Kumar et al. [32] reported a PS weight loss of 34.0% by Bacillus paralicheniformis G1 after
60 days of exposure. However, the exposure of PS to Rhodococcus ruber for up to 8 weeks
resulted in a small reduction in PS weight loss (0.8%). Mor and Sivan [30] demonstrated
the high affinity of Rhodococcus ruber to PS, which led to biofilm formation and, presumably,
induced partial biodegradation. Furthermore, Pseudomonas sp. was tested for PS degrada-
tion, and according to Kim et al. [33], colonies of Pseudomonas sp. were observed on the
PS film after 30 days. Scanning electron microscopy analysis (SEM) revealed smoother
edges and holes in the PS film. The viability and proliferation of Pseudomonas sp. DSM
50071 on the surface PS suggests that PS can be used as an energy resource and cellular
component when no other alternative carbon sources are available. In addition, the study
by Motta et al. [31] tested pretreated PS films. In order to induce changes in the structure
of PS and thus facilitate the mechanism by which microorganisms can take up the carbon
contained in the polymer, PS was first subjected to novel chemical oxidation treatments that
can convert the polymer chains into more oxidized compounds with presumably lower
molecular weights. These treatments trigger a series of physical and chemical changes that
lead to the formation of carbonyl and hydroxyl groups. In one treatment, the oxidant was
used alone (sample 1); in another, a transition metal complex was added to the oxidant
(sample 2); and in the third, an inorganic acid was added to the oxidant (sample 3). In all
treatments, the polymers were exposed to the oxidant for 2 h at room temperature and
sterilized with UV radiation before incubation with the fungi. After pretreatment, the films
were placed on plates containing Sabouraud agar on which the fungus Curvularia sp. was
growing. After 4 weeks of exposure, Curvularia sp. began to colonize the surface of the
film pretreated with the oxidizing agent. However, after a longer period of time (9 weeks),
Curvularia sp. completely colonized the surface of the pretreated PS. Colonization of the
non-pretreated PS did not occur. These results suggest that improvement in biodegrada-
tion is possible by pretreating the MP as well as by longer exposure time. Furthermore,
acceleration of biodegradation can be achieved by co-metabolism. In this process, primary
substrates (e.g., glucose) are added to the polluted medium to stimulate the microorgan-
isms to produce degrading enzymes. However, this does not always have a positive effect
on decomposition. For example, Shabbir et al. [34] reported that the addition of glucose
increased the biodegradation of MP by the periphyton biofilm for all MP (from 9.52–18.02%,
5.95–14.02%, and 13.24–19.72% for PP, PE, and PET) after 60 days, respectively, while a
mixture of peptone and glucose and peptone together had an inhibitory effect. Accordingly,
there are a variety of factors that influence the biodegradation of MP. The study of key
biodegradation factors can be achieved by the Taguchi experimental design, which allows
a minimal number of experiments, saving time and resources. These are arrays selected
according to the number of factors and levels. The influencing factors are arranged in
orthogonal arrays, and the levels on which they are examined vary. The Taguchi method
is most suitable for studying processes where there are few interactions between factors;
some factors are statistically significant, and there is an average number of factors, such as
3 to 50 [35]. However, the study of optimal conditions is usually conducted by changing
one variable while all other variables remain fixed in a given set of conditions. To find the
correct optimum, possible interactions between variables should be considered. On the
other hand, factorial experimental design can be used to estimate the interactions of possi-
ble influencing parameters on efficiency with a limited number of planned trials [36]. In
addition, factorial experimental designs allow the investigation of the joint effect of factors
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on a response. Full factorial experiments consist of all possible combinations of values
for all factors [37]. This experimental design is also commonly used in bioremediation
studies [36,38].

This study investigated the significant factors affecting the biodegradation of MP-
PS particles by bacteria Bacillus cereus and Pseudomonas alcaligenes. Experiments were
conducted using the Taguchi method, and seven factors were investigated at two levels.
After 30 days of experiments, the statistically significant factors for biodegradation were
determined using colony-forming units (CFU) as the response parameter. Subsequently,
biodegradation experiments were conducted with the obtained significant factors using the
full factorial design to determine the optimal conditions for the biodegradation of PS by
the two mentioned bacteria.

2. Materials and Methods
2.1. Microplastics Preparation

MP were obtained by grinding plastic disposable accessories such as spoons for PS.
First, these materials were cut into smaller pieces with scissors and then ground in a
cryo-mill (Retsch, Haan, Germany) with liquid nitrogen and dried in the air for 48 h at
room temperature. Next, obtained particles were sieved on stainless steel screens (RX-86-1
Sieve shaker, W.S. Tyler, Mentor, OH, USA) to obtain particles in size ranges: 500–700 µm,
300–500 µm, and 100–300 µm. After sieving, the MP particles were stored in glass bottles.
Before the experiments, MP particles were sterilized in 100 mL flasks containing 70% ethanol
for 10 min on a rotary shaker (Heidolph unimax 1010, Heidolph incubator 1000, Schwabach,
Germany) at 160 rpm. The particles were separated from the ethanol by vacuum membrane
filtration (through cellulose nitrate 0.45 µm sterile filter (ReliaDiscTM, Ahlstrom-Munksjö,
Helsinki, Finland)) and additionally washed with sterile deionized water.

2.2. Bacterial Cultivation

The bacteria Bacillus cereus and Pseudomonas alcaligenes were isolated from environ-
mental samples in which MP particles were present, from activated sludge (municipal
wastewater treatment plant, Vrgorac, Croatia) and river sediment (Kupa, Croatia). In total,
100 mL of activated sludge and river sediment were placed in 250 mL sterilized Erlen-
meyer flasks and shaken for 24 h at room temperature on the thermostatic rotary shaker at
160 rpm. After 24 h, the colony-forming units (CFU) of bacteria on the general-purpose
medium (nutrient agar (NA)) were determined using the pour plate method according to
Briški et al. [39]. For plate counting, a dilution series (0.9% mass aqueous NaCl solution)
was prepared from each sample. The plates were incubated at 80% relative humidity and
37 ◦C to culture the bacteria. After incubation, the number of colonies on the agar plates
was determined. Bacterial colonies that were morphologically distinct and dominated
on the nutrient agar plates were collected and transferred to the nutrient agar plates and
incubated at 37 ◦C for 24–48 h. After pure isolates were obtained, they were stored in slants
for characterization. The isolated bacteria were Gram-stained (Figure 1) [40]. After Gram
staining, a series of biochemical tests known as API (Analytical profile index, bioMérieux®,
Lyon, France) were performed. Gram-negative bacteria were identified using API strip 20
E (Analytical Profile Index, bioMérieux®, Lyon, France). The final step of bacterial identifi-
cation was matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(Microflex LT MALDI-TOF MS, Bruker Daltonics, Bremen, Germany), which is based on
protein identification of pulsed single ionic analytes (pure microbial culture) coupled with
a TOF measurement mass analyzer, and the exact protein mass was determined. Cultures
were set on the pre-cultivation in the mineral media [41] for 24 h before experiments in or-
der to achieve the growth’s log phase. The optical density (OD) of bacterial suspension was
measured on a spectrophotometer (DR/2400 Portable Spectrophotometer, Hach, Loveland,
CO, USA) at λ = 600 nm, and CFU was determined by the decimal plate method [42].
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Figure 1. Bacteria (A) Bacillus cereus and (B) Pseudomonas alcaligenes cultivate on nutrient agar by
streak plate method. Microphotos of bacterial Gram-stained smears, (A1) Bacillus cereus, and (B1)
Pseudomonas alcaligenes at the microscope magnification of 1000×.

2.3. Biodegradation Experiments

Biodegradation of MP-PS particles was investigated by the Gram-positive bacterium
Bacillus cereus and the Gram-negative bacterium Pseudomonas alcaligenes, respectively. The
mentioned microorganisms were isolated from environmental samples where MP particles
were found and adapted to the above conditions. Therefore, it can be assumed that the
bioaugmentation of the autochthonous microorganisms into the system will accelerate the
biodegradation process. The research was divided into two parts: preliminary experiments
according to the Taguchi design (P1 and P2) and the main experiments by full factorial
design (M1 and M2). All experiments were carried out in duplicate.

The experiments (preliminary and main) were conducted in 250 mL Erlenmeyer flasks
with a working volume of 100 mL for 30 days at the thermostatic rotary shakers (Heidolph
unimax 1010, Heidolph incubator 1000, Schwabach, Germany). The temperatures and
agitation speeds on the rotary shakers were set according to the experimental plan. The
flasks contained mineral medium (composition according to [41]), bacterial suspension
(Bacillus cereus or Pseudomonas alcaligenes), and MP-PS. The control flasks were set for
the purpose of monitoring bacterial growth and contain mineral medium and bacterial
suspension without MP-PS particles.

2.3.1. Preliminary Experiments

Preliminary experiments were performed according to the L8 orthogonal array listed
in Table 1 and obtained by the Taguchi design (7 factors at 2 levels). Significant factors
(pH-value, temperature, T, MP size, concentration of MP, γMP, agitation speed, optical
density of bacterial suspension, OD, and addition of glucose, γGLU) that can influence
the biodegradation process of MP-PS by Bacillus cereus and Pseudomonas alcaligenes were
investigated. Experiments (presented in Table 1) were marked as P1 (1-1 to 1-8) and P2 (2-1
to 2-8) for MPs-PS biodegradation by Bacillus cereus and Pseudomonas alcaligenes, respectively.
In experiments with Bacillus cereus, CFU were 5.5 × 106 cells/mL and 2.6 × 107 cells/mL at
optical densities of 0.1 and 0.5, respectively. In experiments with Pseudomonas alcaligenes,
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CFU values were 4.5 × 107 cells/mL and 3.5 × 108 cells/mL at optical densities of 0.1 and
0.5, respectively.

Table 1. Taguchi L8 orthogonal array for each factor at 2 levels.

Experiment No. pH/- T/◦C MP Size/µm γMP/mg/L Agitation
Speed/rpm OD/- γGLU/mg/L

P1-1; P2-1 8 15 600 1000 100 0.5 0
P1-2; P2-2 6 15 200 50 100 0.1 0
P1-3; P2-3 6 15 200 1000 200 0.5 100
P1-4; P2-4 8 15 600 50 200 0.1 100
P1-5; P2-5 6 25 600 50 100 0.5 100
P1-6; P2-6 8 25 200 1000 100 0.1 100
P1-7; P2-7 6 25 600 1000 200 0.1 0
P1-8; P2-8 8 25 200 50 200 0.5 0

Analyses of key process parameters, by contribution, for PS biodegradation by Bacillus
cereus and Pseudomonas alcaligenes were determinate using the logarithmic CFU value (log
CFU) as a response parameter. The influence of each of the above factors was assessed using
the L8 orthogonal array method, and the factors with the greatest contribution by analysis
of variance were determined (ANOVA). Statistical significance of the factors’ effects was
considered at a 95.0% confidence level. Calculations and statistical analyses were performed
using Design-Expert 10.0, Stat-Ease, Minneapolis, MN, USA.

2.3.2. Main Experiments

Preliminary experiments pointed out three factors with the highest contribution to
biodegradation. Based on the results of the preliminary experiments, the authors designed
two new sets of experiments (M1 and M2 for Bacillus cereus and Pseudomonas alcaligenes,
respectively) to determine the optimal conditions for MP-PS biodegradation. The experi-
ments were designated following the full factorial methodology with 3 factors at 3 levels,
resulting in a total of 27 experiments each (Table 2). M1 experiments included MP con-
centration (γMP), MP size, and agitation speed as factors. The pH-value of the mineral
medium (7.323), temperature (25 ± 0.2 ◦C), and optical density (OD = 0.3) were constant.
In the case of M2, the factors were optical density, agitation speed, and size of MP particles;
the pH-value of the mineral medium (7.323), temperature (25 ± 0.2 ◦C), and concentration
of MP (500 mg/L) were constant in this set of experiments. In all experiments (M1 and M2),
glucose was not added to the media. Calculations and statistical analyses were performed
using Design-Expert 10.0, Stat-Ease, Minneapolis, MN, USA.

Table 2. Full factorial experimental design for MP-PS biodegradation process by bacteria Bacil-
lus cereus and Pseudomonas alcaligenes at 3 levels.

Bacillus cereus Pseudomonas alcaligenes

Experiment No. γMP/mg/L MP Size/µm Agitation
Speed/rpm

Experiment
No.

Agitation
Speed/rpm MP Size/µm OD/-

M1-1 1000 400 100 M2-1 200 400 0.1
M1-2 50 400 200 M2-2 100 400 0.5
M1-3 1000 200 150 M2-3 200 200 0.3
M1-4 50 200 100 M2-4 100 200 0.1
M1-5 500 400 100 M2-5 150 400 0.1
M1-6 50 600 150 M2-6 100 600 0.3
M1-7 50 600 100 M2-7 100 600 0.1
M1-8 500 200 100 M2-8 150 200 0.1
M1-9 500 600 100 M2-9 150 600 0.1

M1-10 1000 200 200 M2-10 200 200 0.5
M1-11 1000 200 100 M2-11 200 200 0.1
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Table 2. Cont.

Bacillus cereus Pseudomonas alcaligenes

Experiment No. γMP/mg/L MP Size/µm Agitation
Speed/rpm

Experiment
No.

Agitation
Speed/rpm MP Size/µm OD/-

M1-12 50 200 150 M2-12 100 200 0.3
M1-13 500 400 200 M2-13 150 400 0.5
M1-14 500 400 150 M2-14 150 400 0.3
M1-15 1000 600 150 M2-15 200 600 0.3
M1-16 50 600 200 M2-16 100 600 0.5
M1-17 50 200 200 M2-17 100 200 0.5
M1-18 1000 600 200 M2-18 200 600 0.5
M1-19 1000 600 100 M2-19 200 600 0.1
M1-20 500 600 150 M2-20 150 600 0.3
M1-21 500 600 200 M2-21 150 600 0.5
M1-22 1000 400 200 M2-22 200 400 0.5
M1-23 1000 400 150 M2-23 200 400 0.3
M1-24 50 400 100 M2-24 100 400 0.1
M1-25 50 400 150 M2-25 100 400 0.3
M1-26 500 200 150 M2-26 150 200 0.3
M1-27 500 200 200 M2-27 150 200 0.5

During these experiments, OD and CFU were measured in order to analyze bacterial
growth. After 30 days of the biodegradation process, the optimal conditions for MP-PS
biodegradation by Bacillus cereus and Pseudomonas alcaligenes were determinate using the
log CFU as a response parameter.

Additional analyses of the aqueous phase during the experiments were also performed
to verify the biodegradation process and to get a better insight into the whole process.
Total carbon (TC), total organic carbon (TOC), and inorganic carbon (IC) were determined
(TOC-VCSH, Shimadzu, Japan). Released additives in the aqueous phase were estimated
by LC/MS analysis (LC-MS 2020, Shimadzu, Japan).

At the end of the experiments, the MP-PS particles were separated from the aqueous
phase by vacuum membrane filtration (and washed with sterile deionized water). The
ecotoxicity of the aqueous phase (Lumistox 300, Dr. Lange GmbH, Düsseldorf, Germany)
with the marine bacterium Vibrio fischeri [43] was conducted.

MP-PS particles were analyzed before and after biodegradation by FTIR-ATR spec-
troscopy (Spectrum One, PerkinElmer, Waltham, MA, USA).

2.4. Response Surface Modeling

Response surface modeling (RSM) was applied to define the influence of the concen-
tration of MP particles (X1), particles size (X2), and agitation speed (X3) on the logarithmic
number of the living cells (log CFU) of Bacillus cereus in M1 experiments. For M2 ex-
periments, it was necessary to define the influence of agitation speed (X1), particles size
(X2), and OD (X3) on the logarithmic number of the living cells (log CFU) of Pseudomonas
alcaligenes. For that purpose, the MP size intervals were replaced by corresponding average
values: 200, 400, and 600 µm. Two polynomials of various complexities were applied to
describe the response surface. The models were presented by Equations (1) and (2).

log CFU = a0 + a1X1 + a2X2 + a3X3 (1)

log CFU = a0 + a1X1 + a2X2 + a3X3 + a4X1·X2 + a5X1·X3 + a6X2·X3 + a7X1
2 + a8X2

2 + a9X3
2 (2)

Letter a, used in these models, represents model coefficients. MODEL I (Equation
(1)) contains linear contributions of the concentration/agitation speed, particle size, and
agitation speed/optical density for M1 and M2 experiments, respectively. MODEL II
(Equation (2)) is, in fact, MODEL I upgraded by the interaction terms (X1·X2, X1·X3, and
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X2·X3) as well as by quadratic terms (X1
2, X2

2, and X3
2). Calculations and analyses were

performed using Design-Expert 10.0, Stat-Ease, Minneapolis, MN, USA.

3. Results and Discussion
3.1. Preliminary Experiment

In the preliminary experiments, seven factors (T, pH-value, γMP, γGLU, agitation
speed, size of MP, and OD) were examined on two levels according to the Taguchi design,
Table 1. According to the response parameter, log CFU (Table 3), the statistically significant
factors for the biodegradation of MP-PS by Bacillus cereus were the size of MP (48.52%),
γMP (5.03%), and agitation speed (41.31%). From the results according to the contribution,
the agitation speed and the size of MP-PS had the greatest influence on the biodegradation
of MP-PS by Bacillus cereus. This is not surprising, as the smaller particle size and larger
surface area contribute to the bacterial colonization of the MP-PS particles, and colonization
is considered the first necessary step for biodegradation [25]. In addition, the rotary
shaker’s agitation speed maintains the dissolved oxygen concentration, which is essential
for biochemical reactions [44]. Furthermore, increased oxygen concentration accelerates
the degradation of the polymer [45]. According to the oxygen demand, Bacillus cereus is a
facultative anaerobe that can adapt to and grow in anoxic conditions [46]. Moreover, the
presence of higher concentrations of MP-PS can negatively affect the biodegradation process
due to its toxic effects, such as reducing the efficiency of the photosynthesis process and
damaging the cells of microorganisms [47]. Over time, they can release various additives
(plasticizers, stabilizers, pigments, fillers, and flame retardants) that have been shown to
have a toxic effect on organisms [48,49]. In addition, this rod-shaped bacterium forms
endospores that make it more resistant to extreme environmental conditions and enable its
growth, adaptability, and survival [46].

Table 3. Results of preliminary experiments designed by the Taguchi method for biodegradation of
MP-PS by Bacillus cereus and Pseudomonas alcaligenes.

Bacillus cereus Pseudomonas alcaligenes

Factors γMP MP Size Agitation
Speed

Agitation
Speed MP Size OD

Sum of Squares 0.07 0.68 0.58 1.88 0.51 0.49
DF * 1 1 1 1 1 1

F-value 128.82 1243.26 1058.59 46.93 12.72 12.22
p-value 0.002 0.000 0.000 0.006 0.038 0.040

Contribution/% 5.03 48.52 41.31 14.48 14.48 13.91

* DF = degree of freedom.

According to Table 3, significant factors for the biodegradation of MP-PS by Pseu-
domonas alcaligenes were agitation speed (53.42%), size of MP-PS (14.48%), and OD (13.91%).
However, the agitation speed and size of MP-PS had a higher impact on the biodegradation
process due to higher percentages of contribution. As mentioned above, the agitation
speed is important to ensure the dissolved oxygen concentration in the system. Apart
from this effect, it also allows homogenization and bioavailability of particles to bacteria.
Indeed, Pseudomonas alcaligenes is an aerobic bacterium, which means that the dissolved
oxygen concentration is essential for its growth [50]. This confirms our results, as the better
biodegradation of PS by Pseudomonas alcaligenes occurred at the higher tested agitation
speed (200 rpm). Pseudomonas alcaligenes is a Gram-negative, rod-shaped bacterium com-
monly used in bioremediation for the degradation of polycyclic aromatic hydrocarbons [51].
One of the many factors that influence the biodegradation of MP-PS is particle size; a
larger particle size means a smaller surface area, which directly reduces the possibility of
colonization (biofilm formation) of MP-PS by bacteria [25]. In addition, OD represents the
number of live and dead bacterial cells and is a useful and technically simple parameter
to indicate bacterial growth. A higher OD value means a higher number of bacterial cells,
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which consequently increases the efficiency of the biodegradation process. However, CFU
determination is a better indicator of bacterial growth.

3.2. Main Experiment

Optimal conditions for biodegradation of MP-PS were determined from the main
experiments, M1 and M2, for Bacillus cereus and Pseudomonas alcaligenes, respectively.

To monitor bacterial growth, CFU was determined during the biodegradation of MP-
PS (Figure 2). CFU as the number of live bacterial cells was increased until days 7 and 14 of
the experiment M1-24 and M2-23, respectively. CFU of Bacillus cereus (experiment M1-24)
increased from the initial value (9.3 × 106 cells/mL) at the beginning of the experiment to
3.2 × 107 cells/mL on the 7th day. The same trend was observed in M2-23 for Pseudomonas
alcaligenes, which showed a higher increase (from an initial CFU of 6.5 × 107 cells/mL
to 2.3 × 108 cells/mL on day 14). After the exponential phase of bacterial growth, the
stationary phase occurred (Figure 2A,B) in which the number of live and dead bacterial cells
is equal. On the last day (day 30) of the experiments, the CFU was 2.2 × 107 cells/mL and
2.8 × 108 cells/mL for Bacillus cereus and Pseudomonas alcaligenes, respectively. Accordingly,
the studied conditions were favorable for the growth and multiplication of the bacteria
due to the possible production of degradation products. In addition, the CFU values of
the control were lower compared to the samples containing MP-PS. This suggests that
bacteria have adapted to the conditions with MP-PS and are likely using MP-PS as a carbon
source for growth. This ability of bacteria of the genera Bacillus and Pseudomonas has been
investigated by other researchers [14,26,33].
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The same trend as CFU was observed in the changes of TOC and TIC values of the
aqueous phase in M1-24 (Figure 3A) and M2-23 (Figure 3B). The TOC and TIC values
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increased until the 7th day. After the 7th day and until the end of the experiment, the
TOC and TIC values had not changed significantly. This is consistent with the growth
stages of Bacillus cereus shown in Figure 2A. In experiment M2-23, TOC and TIC values
increased until day 14. These changes were also consistent with the changes in CFU of
Pseudomonas alcaligenes during the 30-day biodegradation of PS. However, TOC and TIC
concentrations in the blank (BP) also increased, indicating the lysis of bacterial cells [27,52].
Compared to BP, TOC and TIC values were higher in samples with MP-PS particles,
indicating the utilization of MP-PS by bacteria. Higher TOC and TIC values were observed
for samples with Pseudomonas alcaligenes, correlating with higher CFU values for this
bacterium. This indicates more efficient biodegradation of MP-PS by Pseudomonas alcaligenes
than Bacillus cereus. An increase in TOC concentration in the sample may indicate the
production of degradation products and/or the release of additives from the surface MP-PS.
The increase in TOC concentration in the sample correlates with an increase in TIC levels,
indicating that biodegradation has occurred [52]. In general, the TOC content of polluted
water decreases during biodegradation [53]. This trend usually correlates with the increase
in TIC since CO2 is a product of mineralization [54]. However, during the biodegradation
of water containing solid plastic particles, the TOC content may not decrease due to the
plastic particles’ release of additives or/and synthetic polymer analogs. These compounds
may be mineralized to CO2, which is reflected in an increase in the TIC value. This is
consistent with the LC/MS analysis results of the aqueous phases (Figure 4).
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Figure 4. LC/MS analysis of aqueous phase for biodegradation process of MP-PS by (A) Bacillus
cereus in experiment M1-24 and (B) Pseudomonas alcaligenes in experiment M2-23.

During the exposure of Bacillus cereus and Pseudomonas alcaligenes to MP-PS particles,
additives that were added to the material during production may be released in the aqueous
phase, and that was monitored by a flow injection LC/MS analysis. At the beginning of the
experiment, no peaks were recorded on the chromatogram. However, on the 7th day, peaks
appeared in the chromatogram (Figure 4), indicating the release of the additive from the
surface MP. LC/MS analyses of the aqueous phase for the M1-24 experiment (Figure 4A)
indicate the presence of [M+H]+ product at m/z peak of 328 that may represent triphenyl
phosphate, flame retardant in plastics [55]. Triphenyl phosphate is a commonly used
commercial chemical additive that is classified as an organophosphate flame retardant and
poses a potential toxic risk to aquatic organisms [56]. In the sample of M2-23, an antioxidant
additive butylated hydroxytoluene was assumed at an m/z ratio of 243 (Figure 4B) in the
form [M+Na]+ [55]. Butylated hydroxytoluene, as a phenolic compound, is one of the
frequent antioxidants used to protect plastics against oxidation (during their exposure
to heat and light) [57]. Generally, according to Ho et al. [4] and De-la-Torre et al. [58],
various additives such as antioxidants, UV stabilizers, processing lubes, antistats, and
flame retardants may be incorporated into MP-PS. These compounds improve MP-PS
properties but cause serious ecotoxicological concerns for the water environment.

The ecotoxicity test was performed with Vibrio fischeri for the aqueous phases of
experiments M1-24 and M2-23, which are shown in Table 4. The inhibition value (INH) of
the aqueous phase for M2-23 was higher than the INH value for M1-24, indicating higher
toxicity of the sample obtained after the biodegradation of PS by Pseudomonas alcaligenes.
The lower EC20 value in M1-24 also indicates higher toxicity of the mentioned sample.
These results confirm the previously mentioned findings regarding the higher CFU, TOC,
and TIC values in M2-23 than in M1-24 and the released additives. The aqueous phase
of M2-23 contained some degradation products and/or additives that may be toxic to
aquatic organisms. However, these obtained toxicity values are relatively low due to the
not possible estimation of EC50.

Table 4. Inhibition of aqueous phase (INH) and EC values (EC20) obtained by ecotoxicity tests for the
aqueous phase in experiments M1-24 and M2-23 by Vibrio fischeri.

Experiment No. INH/% EC20/%

M1-24 40.11 28.57
M2-23 46.79 27.40
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For the purpose of confirming MP-PS biodegradation, FTIR-ATR analyses were carried
out. Characteristic MP-PS peaks at 3024, 2847, 1601, 1492, 1451, 1027, and 694 cm−1 [59]
are in Figure 5. The peak of 3024 cm−1 is specific for aromatic C−H stretching while
stretching of the other C−H groups is detected at 2847 cm−1. Wavenumbers 1601 and
1492 cm−1 are related to aromatic ring stretching. The bending of the CH2 group occurs
at 1451 cm−1, while the bending of the aromatic C−H groups has characteristic peaks at
1027 and 694 cm−1 [59]. All characteristic peaks decreased their intensities after biodegra-
dation by Bacillus cereus (M1-24) (Figure 5A). The decrement in intensities of characteristic
FTIR-ATR peaks was noticed after treatment by Pseudomonas alcaligenes (M2-23), as well
(Figure 5B). The peak between 1000 to 750 cm−1, representing C−H groups, disappeared
in both spectra, while the new peak at approximately 1395 cm−1 appeared; Subramani and
Sepperumal [60] noted the appearance of the same peak during the biodegradation of PS
foam by Pseudomonas sp. During the oxidation process, functional groups such as hydroxyl
or carbonyl groups could be formed via β-oxidation, which are known to be used in the
TCA cycle or in the energy metabolism of bacteria, thereby increasing hydrophilicity [61,62].
A characteristic weak peak at 1715 cm−1 was detected in both spectra, indicating the forma-
tion of carbonyl groups (−C=O). Therefore, the increased number of oxygen atoms on the
plastic surface in areas exhibiting bacterial growth is direct evidence of PS degradation [16].

Polymers 2022, 14, x FOR PEER REVIEW 13 of 19 
 

 

carbonyl groups could be formed via β-oxidation, which are known to be used in the TCA 
cycle or in the energy metabolism of bacteria, thereby increasing hydrophilicity [61,62]. A 
characteristic weak peak at 1715 cm−1 was detected in both spectra, indicating the for-
mation of carbonyl groups (−C=O). Therefore, the increased number of oxygen atoms on 
the plastic surface in areas exhibiting bacterial growth is direct evidence of PS degradation 
[16]. 

 
Figure 5. FTIR-ATR spectroscopy of MP-PS particles before (MP-PS control) and after (MP-PS sam-
ple) biodegradation by: (A) Bacillus cereus in experiment M1-24 and (B) Pseudomonas alcaligenes in 
experiment M2-23. 

According to significant parameters (Table 3), the optimal conditions for MP-PS bio-
degradation were investigated by full factorial design. Three factors were examined at 
three levels (Table 5), and response surfaces (Figure 6) were created to determine the effect 
of the factors on changes in log CFU. As can be seen in Figure 6A, the concentration and 
size of MP-PS have no significant effect on the growth of bacteria (CFU). In contrast, the 
living colonies of Bacillus cereus (CFU) increased with decreasing agitation speed and MP-
PS concentration (red parts of response surfaces in Figure 6B,C). These results indicate a 
greater influence of agitation speed on the biodegradation of MP-PS by Bacillus cereus. In 

Figure 5. FTIR-ATR spectroscopy of MP-PS particles before (MP-PS control) and after (MP-PS
sample) biodegradation by: (A) Bacillus cereus in experiment M1-24 and (B) Pseudomonas alcaligenes in
experiment M2-23.

42



Polymers 2022, 14, 4299

According to significant parameters (Table 3), the optimal conditions for MP-PS
biodegradation were investigated by full factorial design. Three factors were examined at
three levels (Table 5), and response surfaces (Figure 6) were created to determine the effect
of the factors on changes in log CFU. As can be seen in Figure 6A, the concentration and size
of MP-PS have no significant effect on the growth of bacteria (CFU). In contrast, the living
colonies of Bacillus cereus (CFU) increased with decreasing agitation speed and MP-PS con-
centration (red parts of response surfaces in Figure 6B,C). These results indicate a greater
influence of agitation speed on the biodegradation of MP-PS by Bacillus cereus. In the case of
biodegradation of MP-PS by Pseudomonas alcaligenes, the number of bacteria colonies (CFU)
increased with increasing agitation speed and at a particle size of PS = 400 µm (Figure 6D).
Figure 6E shows an increase in the number of live bacteria colonies with increasing agi-
tation speed and OD = 0.3. According to the red area in Figure 6F, the highest log CFU
was observed at OD = 0.3, and the mean investigated particle size of MP-PS (200 µm). This
indicates a high effect of all three investigated factors on CFU values, which was confirmed
by ANOVA analysis (Table 5).

Table 5. ANOVA analysis for obtained models for MP-PS biodegradation by Bacillus cereus and
Pseudomonas alcaligenes.

Bacterium Applied
Model

Statistical Analysis Influential
Model
Factors

Influential
ParametersModel Coefficients

R2 R2
adj F p Coefficient Value p

Bacillus cereus

MODEL I 0.8616 0.8435 47.71 0.000

a0 = 7.55 0.000

agitation
speed

a1 = 1.34 × 10−4 0.304

a2 = −9.02 × 10−5 0.107

a3 = −6.03 × 10−3 0.000 X3

MODEL II 0.9108 0.8636 19.29 0.000

a0 = 8.16 0.000

agitation
speed

a1 = 1.30 × 10−3 0.271

a2 = −1.57 × 10−5 0.091

a3 = −0 × 02 0.000 X3

a4 = 1.87 × 10−7 0.550

a5 = −1.02 × 10−6 0.732

a6 = −8.38 × 10−7 0.504

a7 = −1.38 × 10−6 0.198

a8 = −2.23 × 10−8 0.905

a9 = 4.25 × 10−5 0.020 X3
2

Pseudomonas
alcaligenes

MODEL I 0.4287 0.3542 5.75 0.004

a0 = 7.44 0.000

agitation
speed and

OD

a1 = 3.87 × 10−3 0.011 X1

a2 = −3.67 × 10−4 0.304

a3 = 1.10 0.008 X3

MODEL II 0.9076 0.8587 18.55 0.000

a0 = 3.49 0.000

agitation
speed, MP

size and OD

a1 = 4.98 × 10−2 0.000 X1

a2 = 4.37 × 10−4 0.038 X2

a3 = 6.93 0.000 X3

a4 = 2.25 × 10−6 0.581

a5 = −1.04 × 10−2 0.018 X1· X3

a6 = 1.60 × 10−3 0.127

a7 = −1.46 × 10−4 0.000 X1
2

a8 = −2.03 × 10−6 0.169

a9 = −8.32 0.000 X3
2
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The analysis of the developed mathematical models revealed information about the
biodegradation of MP-PS by Bacillus cereus, Table 5. Two models (linear and quadratic) were
used to describe the experimental data. MODEL I showed the agitation speed of the rotary
shaker (term X3) as the influential factor. The associated coefficient of determination had a
relatively low value (R2 = 0.8616) compared to more complex polynomials such as MODEL
II. Following the highest value of R2 for MODEL II, this model was the most statistically
significant in describing the biodegradation of MP-PS particles. Statistical analysis of
MODEL II pointed out that the agitation speed of the rotary shaker (terms X3 and X3

2) was
the only factor influencing the MP-PS biodegradation. Moreover, statistical analysis of the
biodegradation experiments with Pseudomonas alcaligenes shows that MODEL II proved
to be the best model to describe this system (Table 5). The higher values of R2 and R2

adj
for MODEL II suggest that the statistical analysis is much closer to the experimental data,
indicating the greater significance of MODEL II compared with MODEL I. In this case, the
large, influential factors were agitation speed, size of MP-PS particles, OD, the interaction
term of agitation speed and OD, as well as quadratic terms of agitation speed and OD
(terms X1, X2, X3, X1· X3, X1

2, and X3
2, respectively).
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Overall, optimal biodegradation conditions are represented in Table 6. These results
are in agreement with previously explained response surfaces and statistical analysis.
Accordingly, the most efficient biodegradation of MP-PS by Bacillus cereus can be obtained
at low MP-PS concentration and some average MP-PS particle size at 100 rpm. On the other
hand, an average MP-PS particle size at a higher agitation speed and the average value
of OD was the most suitable conditions for Pseudomonas alcaligenes. From the determined
optimal conditions for biodegradation, the optimal particle size of MP is medium in both
cases, which is surprising considering that the smaller particle size has a larger surface area.
Thus, the bioavailability of the particles for biodegradation is better. However, according to
previous studies, the toxic effect of MP increases with decreasing particle size [63,64].

Table 6. Optimal conditions for MP-PS biodegradation by Bacillus cereus and Pseudomonas alcaligenes.

Bacillus cereus Pseudomonas alcaligenes

Factor γMP/mg/L MP
Size/µm

Agitation
Speed/rpm

Agitation
Speed/rpm

MP
Size/µm OD/-

Value 66.20 413.29 100.45 161.08 334.73 0.35

4. Conclusions

This research investigated the biodegradation of MP-PS particles by the bacteria
Bacillus cereus and Pseudomonas alcaligenes. There are many factors that influence the
biodegradation process of MP-PS. Hence, it is necessary to ensure optimal conditions for
bacteria to stimulate bacteria for MP-PS biodegradation. Accordingly, the key factors that
significantly influence these two bacteria’s biodegradation of MP-PS were investigated.
After this step, the determination of optimal conditions for MP-PS biodegradation was
studied. In conclusion, the agitation speed of the rotary shaker plays a key role during
MP-PS biodegradation for both bacteria. Furthermore, additional analyses provided a
better understanding of the biodegradation process. Bacterial growth was monitored by
determining the CFU; CFU changes were correlated with TOC values; an increase in TOC
was observed due to the deterioration of PS structure and release of additives, which were
correlated with LC/MS results. According to the m/z peaks, the flame-retardant triphenyl
phosphate and the antioxidant butylated hydroxyl toluene were noticed. The increase
in TIC values indicates the formation of CO2, which is a product of biodegradation. By
FTIR-ATR spectroscopy, the deterioration of the MP-PS structure was confirmed due to the
carbonyl group formation in both used bacteria. Overall, the obtained results indicate a
higher biodegradation potential of MP-PS for Pseudomonas alcaligenes. However, Bacillus
cereus and Pseudomonas alcaligenes are suitable choices for biodegrading MP-PS particles
due to their great adaptability to various conditions. Future research should be focus on
investigating these optimal biodegradation conditions.
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Abstract: In order to make bioplastics accessible for a wider spectrum of applications, ready-to-use
plastic material formulations should be available with tailored properties. Ideally, these kinds of
materials should also be “home-compostable” to simplify their organic recycling. Therefore, materials
based on PLA (polylactid acid) and PHB (polyhydroxybutyrate) blends are presented which contain
suitable additives, and some of them contain also thermoplastic starch as a filler, which decreases the
price of the final compound. They are intended for various applications, as documented by products
made out of them. The produced materials are fully biodegradable under industrial composting
conditions. Surprisingly, some of the materials, even those which contain more PLA than PHB, are
also fully biodegradable under home-composting conditions within a period of about six months.
Experiments made under laboratory conditions were supported with data obtained from a kitchen
waste pilot composter and from municipal composting plant experiments. Material properties,
environmental conditions, and microbiology data were recorded during some of these experiments
to document the biodegradation process and changes on the surface and inside the materials on a
molecular level.

Keywords: polylactic acid (PLA); polyhydroxybutyrate (PHB); blend polymeric material; biodegra-
dation; industrial compost; home-compost

1. Introduction

Biodegradable polymers are one of the possible alternatives to conventional polymeric
materials that can, for specific applications, provide the benefit of biological decomposition
without leaving unwanted litter or potentially dangerous microplastics [1,2]. However,
biodegradable polymers and materials based on them are significantly different in the con-
ditions needed for their biodegradation and in the time frame of their biodegradation [3–5].
Ideally, for a given application, we need a material that fulfils the necessary application
properties and most important mechanical properties and at the same time can biodegrade
under the conditions related to the particular application. It is often difficult to find or
develop a material that fulfils all of those requirements.

Mainly with the aim to achieve suitable processing and mechanical and barrier prop-
erties for a given application, real polymer materials are often blends of several polymers
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and contain various additives and fillers [6–8]. The whole material has to be biodegrad-
able, which means that correct selection of individual components is very important and
can significantly affect its biodegradability. The plasticizer triacetin, used in a study by
Sedničková et al. [9], was tested with PLA and PLA/PHB blends, and the materials were
exposed to biodegradation in compost at 58 ◦C. The results of the study prove higher
sensitivity of PHB (polyhydroxybutyrate) towards biodegradation in comparison with that
of PLA under the same conditions. Additionally, the plasticizer triacetin degraded faster
in comparison with PLA. The study also showed that changes in material composition
(e.g., amount of plasticizer) might change the biodegradation rate. Another bio-based
plasticizer, acetyl-tri-n-butyl citrate (ATBC), in combination with polyethylene glycol (PEG)
was also tested as a component of PLA/PHB blends [10]. The material exhibits disintegra-
tion under composting conditions in less than one month. The ability of PHB to act as a
nucleating agent in PLA/PHB blends slowed down the disintegration, while plasticizer
content accelerated it.

It is expected in many cases that waste containing biodegradable plastics is collected
along with other primarily plant-based organic waste and it is further treated in municipal
or agricultural composting plants. In general, materials suitable for such an end-of-life
should comply with EN 13432 standard describing procedures for testing under so-called
industrial composting conditions [11]. According to this standard, industrial composting
requires an elevated temperature (55–60 ◦C) in combination with relatively high water
activity expressed as water content (approximately 60% w/w) and the presence of oxygen.
Under such conditions, several criteria must be met: (i) The disintegration of the material
from at least 90% must take place within 12 weeks, (ii) 90% mineralization of the composted
material must be achieved in less than six months, which is usually measured from evolved
CO2, and (iii) the material should not have a negative effect on compost quality (no or
minimal heavy metal content, no ecotoxicity) [12].

The description above, however, does not correspond to the conditions on a typical
simple composting plant where temperatures over 50 ◦C can be achieved for about two to
three weeks maximally [13]. Then, the process continues in a milder mesophilic temperature
range. To address this issue, a group of standards was formulated describing so-called
“home-composting” (Vicotte OK compost HOME, AS 5810 Austrian standard) [14]. Here,
besides other requirements, the temperature should be kept between 20 and 30 ◦C during
the biodegradation test. Despite the fact that some commercially used materials declared
as compostable polymers are often used in applications where composting is meant to be
the final stage of life of these materials, they do not meet these requirements and therefore
are not compostable. Chemical and biological processes, in general, are, to some extent,
accelerated with temperature [15,16]. For example, PLA needs temperatures well over
50 ◦C to initiate the biodegradation process, which is possibly related to the glass transition
temperature of PLA occurring in approximately the same temperature range [17]. This fact
was demonstrated, e.g., by Sedničková et al. [9] in a study, where the biodegradation of PLA
was measured in compost incubations at 25, 37, and 58 ◦C for 119 days. The mineralization
achieved at 58 ◦C was 92.3%, but only 19.5% at 37 ◦C and 14.9% at 25 ◦C. Other studies
showed no or limited PLA biodegradation under mesophilic conditions [18,19].

Moreover, in reality, the almost complete mineralization must be achieved within six
months, most of the time at relatively mild temperatures, to make the material compatible
with the typical composting plant operation settings [12]. As a consequence, today, typical
relatively simple composting plants with no fundamental process control possibilities often
tend to reject biodegradable polymer materials, even those labelled as compostable, because,
according to their experiences, these items do not decompose fast enough, complicate
operations at the plant, and contaminate the resulting compost [20,21].

Another prospective material, PHB, also produced from renewable resources [22,23],
can, in contrast to PLA, reach 100% mineralization in five weeks under mild conditions,
e.g., in the soil [24]. This polymer itself does not have sufficient processing and mechanical
properties for many applications.
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The main aim of this study is to demonstrate the biodegradation of the original bio-
based biodegradable materials and some model products made of these materials under
conditions corresponding to industrial composting (58 ◦C) and some of them even under
conditions corresponding to home-composting (28 ◦C) in a reasonable time frame. The
samples were also evaluated in a real municipal composting plant. Other supporting
methods were performed to follow the biodegradation process. This study is meant to
show that the presented materials with very good mechanical and processing properties
are also biodegradable and fully compatible with common composting technology in a
simple municipal composting plant or even in the proper home-compost.

2. Materials and Methods
2.1. Materials

Samples made of PLA/PHB or PLA/PHB/TPS (thermoplastic starch) blends for this
study were developed for various processing technologies and applications. Thermoplastic
starch TPS was prepared by blending corn starch + glycerol 70/30 in a twin screw extruder
at 160 ◦C. The used plasticizers are based on esters of citric acid. Blends according to
composition in Table 1 were prepared by blending in a co-rotating twin screw extruder
with the following parameters: L/D = 44, D = 26 mm, temperature profile from hopper to
head: 50-160-170-170-170-170-170-170-160-160 ◦C, screw speed 150 rpm. The blends were
cooled in a water bath and pelletized. All blends were sent to production companies that
made the test products. The basic characteristics of all the used blends are listed (Table 1).

Table 1. Basic characteristics of the tested materials.

Blend
No.

Blend
Technology

PLA Ingeo
4043D
%wt.

PHB Enmat
Y1000
%wt.

ATBC
Citrofol B2

%wt.

TPS
%wt. MFI P TS ε Tg

IM 2 Injection
moulding 40 50 10 0 5.8 1.2 31 8 N/A

IM 1 Injection
moulding 30 40 5 25 35 1.3 34 5 53

TF -1 Thermoforming 65 30 5 0 6.2 1.2 28 36 N/A
FB 2 Film blowing 70 15 15 0 18 1.2 18 330 28
FB 1 Film blowing 50 10 15 25 33 1.3 11 288 24

MFI, melt flow index, 180 ◦C, 2.16 kg, g/10 min; P, density g/cm3; TS, tensile strength at break, MPa; ε, elongation
at break, %; Tg, glass transition temperature, ◦C.

The test specimens based on PLA/PHB or PLA/PHB/TPS are listed in Table 2. Cups
were produced by the company KS-PT s.r.o. (Slovakia), the thermoforming sheet was
produced in Panara a.s. (Slovakia), and blown films were produced in Topstav s.r.o.
(Slovakia) in their pilot (Panara a.s.) plant or production plant (KMS-PT s.r.o. and Topstav
s.r.o.). The smaller picture of the sample represents the specific used test specimen for
biodegradation testing in home-compost, industrial compost, and an electric composter.

Table 2. Products that were tested for biodegradation and compostability.

Sample Grade No Thickness Description

A, bicomponent cup
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Table 2. Cont.

Sample Grade No Thickness Description

B, 500 mL cup
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2.2. Biodegradation Testing by CO2 Production Quantification

Composting biodegradation tests were performed according to the adapted and
miniaturized ISO 14855 method in 500 mL biometric flasks with septum-equipped stoppers.
Mature compost from a nearby municipal composting facility (TSZ Ltd., Zlín, Czech
Republic) was used in this part of the study. This test was done at 58 ◦C for industrial
composting and at 28 ◦C to simulate home-composting conditions. Into each flask, 2.5 g
of dry-weight compost, 5 g of perlite, and 1 mL of mineral salt medium were weighed,
and the water content of the substrate mixture was eventually adjusted to 60% by the
addition of sterile drinking water. One hundred milligrams of the samples were cut into
5 × 5 mm fragments that were placed in each sample flask. For each sample, three flasks
plus 4 blank flasks were used. The internal production of CO2 in blank incubations was
always subtracted to calculate the net sample mineralization. Headspace gas was sampled
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at appropriate intervals through the septum with a gas-tight needle and conducted through
a capillary into a gas analyzer (UAG, Stanford Instruments, Sunnyvale, CA, USA) to
determine the amount of CO2. Biodegradation percentage (Dt) was calculated as

Dt =
(CO2)t − (CO2)b

ThCO2
× 10 (1)

where (CO2)t is the released CO2 by each sample, (CO2)b is the CO2 produced by the blank
flasks, and (ThCO2) is the theoretical CO2 from the sample. A flash elemental analyzer 1112
(Thermo Fisher Scientific, Waltham, MA, USA) was used to measure the carbon content of
the samples.

2.3. Compostability Testing in an Electric Composter

A small electric composter GG 02 from the JRK company (Slovakia) was used for
biodegradation testing while the samples were incubated together with kitchen waste. The
effective volume of the composter was 40–50 liters. The temperature was 65 ◦C during
the whole operation time, except for one hour per day when the temperature increased
to 75 ◦C to ensure the hygienization of the content. The internal stirrer was activated
for 20 min during each hour, providing altered mixing sequences in forward and reverse
directions. The biodegradation process was initiated according to the user manual using
the original ACIDULO® bacteria culture. Samples of PLA/PHB or PLA/PHB/TPS blends
were inserted into the composter two weeks after the stabilization of the process in the
composter. Each day, 0.5–1.0 kg of kitchen food waste was added to the composter. The
samples were weighed before being inserting into the composter. Only one sample was
measured for every composition because of technical reasons of the experiments. The
content of the composter was removed each week and sieved through a sieve with a
mesh size of 2 × 2 mm. Pieces larger than 2 mm (which did not pass through the sieve)
were collected from the fraction above the sieve. The collected samples were washed in
water, subsequently dried in an air oven for 1 h at 90 ◦C, and weighed with precision of
0.0001 g. Then, the samples were returned to the composter immediately after weighing.
Biodegradation was evaluated as the percentage of disintegration. Microbiology inside
the composter was monitored with DNA isolation and sequencing following an already
established methodology [25].

2.4. Disintegration Testing in a Municipal Composting Plant

The disintegration of samples was tested also in the municipal composting facility of
the city of Nitra (Nitra District, Southwest Slovakia) under real conditions of industrial
composting. The compost pile consisted of approximately 11 m3 of biodegradable munici-
pal waste (a family house garden and public greenery plant-based waste). Disintegration
testing was realized in two independent 12-week-long composting cycles. The first cycle
was realized from 6 July 2019 to 27 September 2019, and the second cycle—from 16 July
2020 to 12 October 2020 on a dedicated roofed site. Both cycles followed a certified method-
ology [26]. The samples were weighed and enclosed in a plastic net with a 2 × 2 mm mesh
diameter. The cut samples were inserted to approximately 2/3 of the height of the compost
pile (Figure 1).

Right below the samples, probes were placed to measure the temperature and humidity
inside the compost pile. The data were continuously monitored and recorded. The samples
were inspected every 2–3 weeks; sample packages were carefully removed from the pile,
visually inspected, and photographed. Afterwards, they were again inserted to 2/3 of the
height of the compost pile. The residues of the samples were dried and weighed at the end
of the cycle. Biodegradation was evaluated as the percentage of disintegration. The outside
air temperature (in both cycles) was about 22 ◦C on average.
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Figure 1. The compost pile and the plastic net with the cut samples.

During the first cycle, only one specimen was tested from each sample. The average
value of humidity during the entire monitored period was 39.3% (vol). The average value
of inner temperature during the first cycle was 62.6 ◦C. During the second cycle, two
specimens were tested for each sample. The average humidity during the entire monitored
period was 35% vol. The average inner temperature during the second cycle was 61.1 ◦C.

2.5. Material Characterization Methods

SEM microscopy. Surface changes on the tested films were observed using SEM.
The samples were coated by a gold/platinum alloy using Balzers SCD 050 sputtering
equipment. TESLA BS 300 was used for the observation of samples composted in an
electric composter, and JEOL F 7500 SEM (JEOL, Tokio, Japan) was used for the samples
from an industrial city composting plant. Phenom Pro Desktop SEM (Thermo Fisher
Scientific, Waltham, MA, USA) was used for laboratory experiments under industrial and
home-composting conditions.

Thermophysical properties’ measurement. Differential scanning calorimetry (DSC)
was used for the determination of basic thermophysical properties such as glass transition
temperature, crystallization temperature, and melting temperature of samples after 0, 6,
and 13 days of composting. The conditions for DSC measurements are in Table 3.

Table 3. Conditions for DSC measurements.

Phase Ramp Temperature, ◦C Time, min

1. Conditioning isothermal 0 1
2. Heating 10 ◦C/min 200 20

3. Conditioning isothermal 200 1

Gel permeation chromatography (GPC) measurements. Samples (5 mg) were dis-
solved in chloroform (1 mL) at 70 ◦C and filtered through 0.45 µm polytetrafluoroethylene
(PTFE) syringe filters. GPC was performed in a 185 Agilent HPLC series 1100 chromato-
graph (Santa Clara, CA 95051, United States) with a PLgel mixed-c 5 µm, 7.5 × 300 mm
column, with chloroform as the mobile phase. Twelve polystyrene standards (0.2–2000 kDa)
were used for calibration.

3. Results and Discussion
3.1. Characterization of the Studied Materials

PLA/PHB- and PLA/PHB/TPS-based materials and final products (films, sheets, and
cups) are described in Tables 1 and 2. The materials were developed to be compostable in
industrial compost or even under home-composting conditions while still having favorable
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processing and service properties and containing an important proportion of PLA, which is
probably the most available bio-based polymer but still considered to be non-biodegradable
under home-composting conditions. All specimens listed in Table 2 were tested in the
electric composter, municipal composting plant, and laboratory tests under industrial com-
posting conditions. Samples in the film form (D, E, F) were also tested for biodegradability
in a laboratory test under home-composting conditions. The selection of these samples
for home-composting was based on their relatively low thickness and on the assumption
that home-composting conditions are less aggressive than those in industrial composting,
especially for the PLA component of the materials [27,28].

3.2. Biodegradability in the Laboratory Test under Industrial and Home-Composting Conditions

All samples were exposed to the laboratory test under industrial composting condi-
tions (58 ◦C). It was expected that based on the composition of the samples; they all should
be completely mineralized under these conditions. For the thick-wall samples without TPS
(A and B), more time to reach 100% mineralization was assumed.

Three samples for each composition were measured, including the reference sample
(cellulose). The average standard deviation for all tested compositions was ±8.6 for the
industrial composting conditions. Mineralization of 100% was obtained for all tested
samples after about 90 days of incubation (Figure 2). No sample except E exhibited a lag
phase. Sample E contained the highest amount of PLA (70%), so this typical feature of
PLA compost biodegradation was demonstrated in this sample [28,29]. All other samples,
which degraded without a lag phase, contained at least 30% of easily biodegradable PHB
and/or TPS, which were able to smooth out the lag phase in the biodegradation curve
under industrial compost conditions. In the case of E, the PHB phase was probably closed
inside the dominant PLA phase. After the lag phase, mineralization went on exponentially,
and the sample reached complete mineralization as the first one. The mineralization
was also fast for other film samples D and F, with F being faster at the beginning, which
probably reflected its higher content of easily biodegradable TPS and plasticizers (40%) in
comparison to that in D (5%). Surprisingly, the mineralization was also fast for a relatively
thick (1 mm) sample C with high PHB and TPS contents (65%). The slowest degradation
was observed in the case of both thick samples A (4 mm) and B (1 mm). TPS-containing cups
exhibited slightly faster biodegradation in very good correlation with the cup’s construction
(thickness). Interestingly, the thickness of the sample, at least to some extent, did not play
a very significant role. The thin film F composed of a PLA/PHB/TPS blend exhibited
a course of biodegradation similar to that of the thick sample C. Both were made of a
comparable formulation, but if TPS was not present in the composition, thickness played a
more important role (samples B, D, and E were TPS-free formulations). Possibly, the TPS
phase could initiate early disintegration of the sample and thus circumvent the importance
of thickness.
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The selected samples were removed from the compost after incubation, and they were
observed in SEM to evaluate microbial colonization and deterioration of the material’s
surface (Figure 3). After only 10 days in the compost, all materials were densely colonized,
and the density of the biofilm was clearly increased with the time of exposure. It was
not possible to identify the microorganisms present, but the morphological appearance
suggested filamentous thermophilic actinobacteria with distinguishable round endospores.
The erosion of the surface was also clearly apparent.
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Film samples D, E, and F were selected for biodegradation under home-composting
conditions (28 ◦C, Figure 4). From our previous experiences [28,29] and the majority of
the scientific literature on the topic [30], it should be expected that the PLA fraction of the
materials should not be mineralized under such conditions.
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Figure 4. Mineralization of samples under home-composting conditions, 28 ◦C.

Three samples for each composition were measured, including the reference sample
(cellulose). All samples exhibited total mineralization in a period of about 180 days. The
average standard deviation for all tested compositions was ±3.9 for the home-composting
conditions. An about 15-day-long lag phase occurred for all tested samples. Additionally,
the curves for the tested samples were not so far from that of the cellulose reference and
had the expected order. The thin film of the PLA/PHB/TPS blend (F) exhibited the fastest
biodegradability, followed with a minimal gap by the thin film sample without TPS (E).
In this case, apparently, thickness and plasticizer played a significant role; the thick film
made of PLA/PHB without TPS and at lower plasticizer content (D) degraded significantly
slower than did the thin film with higher plasticizer content (E).

When observed in SEM (Figure 5), the samples from the home-compost experiments,
in general, showed a much lower degree of surface colonization if compared with that in the
industrial compost experiment, which can be explained by the fact that at this temperature,
a completely different microbial community was present. Again, filamentous (actinomyces
most probably) but also rod-shaped bacteria were discernible (e.g., Figure 5F, 30 days).
(1) (2) (3) Cavities and cracks were gradually formed. At this temperature, fungi were very
active, with their extracellular enzymes probably degrading the material even if they were
not seen attached to the surface.

A very important result from the environmental as well as practical points of view
is the fact that PLA/PHB-blend samples degraded fully at home-compost conditions. It
means that 100% mineralization was reached despite the general opinion that PLA is
not able to biodegrade at temperatures below its Tg, (about 55 ◦C) under home-compost
conditions and therefore only the mineralization of the non-PLA part of the blends could
be expected. The blending of PLA and PHB in the hot melt state probably causes re-
esterification reactions, leading to the formation of PLA/PHB co-polyesters. The easily
biodegradable PHB segments in such a co-polyester can promote a release of low MW
fragments that are prone to further biodegradation [27]. It is very difficult to investigate
the occurrence and extent of re-esterification by standard analytical methods, but the
results from the home-composting biodegradation can be considered as proof. This is
indeed a significant discovery not only for the eventual compositing “at home” but also
for industrial composting plants. In these usually municipal facilities, the composting
process is quite simple and not always fully controlled, so the thermophilic phase of
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the composting process could be too brief or not sufficiently hot to initiate total PLA
mineralization. Problems have been reported with various items from PLA-based material
labelled as “compostable”, and often, such items are no longer accepted in these plants.
Additionally, this will prevent microplastic formation, one of the most-closely watched
environmental risks studied recently.
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3.3. Composting in the Electric Composter

All samples in Table 2 were also tested in a small electric composter. Test specimens of
10 × 7 cm with the original thickness were inserted into the composter. Biodegradation
was evaluated as weight losses in percentages; it can also be stated that the degree of
disintegration was evaluated. The results presented in Figure 6 show differences between
the disintegration of individual samples. The disintegration of all film samples was very
fast, and all films were disintegrated into pieces smaller than 2 mm after 20 days. The
cup containing TPS (C) exhibited fast disintegration into particles smaller than 2 mm
after 40 days. The other two cups (B, PLA/PHB-based; A, TPS-containing cup) were
disintegrated after a very similar time period, while the combined cup A was slightly
faster. The comparison of biodegradation curves based on CO2 measurements (in industrial
compost conditions and home-compost conditions (Figure 6) and disintegration curves
(Figure 6) can provide an important insight into the problem of the eventual formation
of microplastics.
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Figure 6. The disintegration of tested samples in a small electric composter, expressed as weight loss.

In Figure 7, sample C is shown as a typical example of all three cups. It means that the
composting process in this case ensured direct microbial conversion of the materials to CO2
with a relatively short disintegration step. On the contrary, the films rapidly disintegrated
into smaller particles, and the mineralization followed immediately. This observation
in the case of films was given by the low mechanical strength of the samples and the
mechanical strain during the mixing inside the composter. A thick cup was more resistant
to mechanical breakdown than thin films were before the samples became too brittle due to
the biodegradation process. A similar effect was also observed when home-composting
and electric composter biodegradation were compared in the case of sample E (Figure 7),
where, logically, a more significant delay of mineralization after disintegration was detected.
These results show that the studied materials really also underwent mineralization in home-
composting conditions, and eventual fragments/microplastics after their disintegration
were readily mineralized.
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Figure 7. Comparison of biodegradation curves measured as CO2 in industrial compost conditions
(58 ◦C) for samples C and E and in home-compost conditions (28 ◦C) for sample E with disintegration
curves obtained using an electric composter for samples C and E.

All tested samples exhibited well-visible changes in the surface morphology after only
6 days of incubation, as can be seen in the SEM figures. Thick samples B without TPS and
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C with TPS that were not disintegrated instantly are shown as examples (Figure 8). The
microscopic observation is in perfect correlation with the results of biodegradation and
disintegration testing discussed previously. Cavities of various dimensions and depths
were created in relation to the sample´s composition, which resulted in the enlargement of
the surface area and acceleration of the biodegradation process.
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Figure 8. SEM images of the tested samples before composting and after 6 days of incubation in
an electric composter. Specifications according to Table 2. (B—500 mL cup and C—200 mL cup
with TPS).

The composition of the bacterial community was described by next-generation 16S
r DNA metagenome sequencing in different stages of the process. The design of the
composter and its operation exhibited a severe limitation for the bacterial community. Very
high operation temperature (65 ◦C) and a daily hygienization period (75 ◦C) put even
thermophilic bacteria on the limit of their survival. These parameters should be adjusted to
provide a better environment for the compost microflora; however, it is not the topic of this
study. Evidently (Figure 9), the community was dominated by thermophilic spore-forming
taxa (Bacilli, Actinobacteria). The presence of other taxa like Bacteroidia, Negativicutes,
and even Clostridia witness probably the presence of anaerobic pockets inside the compost.
The introduced inoculum strongly influenced the initial stage, then, the gradual increase of
the other taxa with time could be seen.
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Figure 9. The bacterial community inside an electric composter. (A): heatmap at class taxonomic
level, RA, relative abundance. (B): PCoA scatter plot.

3.4. Composting at the Municipal Composting Plant

The study of compostability under real conditions and verification of the results from
the laboratory and the electric composter were realized in two composting cycles at Nitra
municipal composting plant (Slovakia). Samples B, C, and F were tested during the first
cycle. All investigated (Table 2) samples were tested in the second cycle. The first and
second cycles were realized separately, the first one during the summer of 2019 and the
second one during the summer of 2020. The main difference between the first and second
cycles was in the humidity curve of the compost substrate (Figure 10). During the first
cycle, the composting process started with a high level of moisture which then decreased
over time. The moisture profile in the second cycle was exactly the opposite. In both cases,
pure pulp paper (pure cellulose) was used as a reference. Biodegradation was evaluated
from the weight losses after 12 weeks of incubation.
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The investigated samples provided very interesting results regarding the above-dis-
cussed differences between both composting cycles. Despite the humidity profile, film 
samples degraded completely in both composting cycles (sample F in the first composting 
cycle, as well as samples D, E, F in the second composting cycle). A thick cup sample 
containing TPS (sample C) degraded equally in both cycles, and the humidity profile had 
a small effect on their biodegradation. The thick sample without TPS (cup sample B) and 
the combined cup (sample A) were probably more sensitive to the moisture content but 
still biodegraded substantially. In general, the samples in the study biodegraded compa-
rably or even better than the cellulose reference did in the described real-condition exper-
iment.  

Figure 10. Moisture and temperature profiles during composting in a municipal composting plant.

Significant differences in the first cycle (year 2019) were observed in the degradation
of the pulp paper reference in both cycles (Figures 11 and 12). While temperature profiles
were very similar in both cycles, the trends of the compost substrate humidity differed
significantly. The first stages of composting in the second cycle proceeded apparently
at insufficient humidity, which could explain why in the second cycle, the compost was
not sufficiently active for the biodegradation of the reference material. Suitable moisture
content is an essential parameter for the composting process, especially during the initial
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hot phases of the composting. The pulp paper reference was not found in the first cycle of
composting after 12 weeks, while in the second cycle, with low humidity in the first stages
of composting, lower than 50% weight loss was observed (Figure 12), and the paper still
preserved its original shape (Figure 11).
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Figure 12. Weight losses of the tested samples after 12 weeks of incubation in the first and second
composting cycles at a municipal composting plant.

The investigated samples provided very interesting results regarding the above-
discussed differences between both composting cycles. Despite the humidity profile, film
samples degraded completely in both composting cycles (sample F in the first composting
cycle, as well as samples D, E, F in the second composting cycle). A thick cup sample
containing TPS (sample C) degraded equally in both cycles, and the humidity profile had a
small effect on their biodegradation. The thick sample without TPS (cup sample B) and the
combined cup (sample A) were probably more sensitive to the moisture content but still
biodegraded substantially. In general, the samples in the study biodegraded comparably or
even better than the cellulose reference did in the described real-condition experiment.

The surface morphology of the samples was also studied in the second cycle of the
industrial composting experiment. Film samples could not be analyzed because they
were decomposed completely; all other samples exhibited significant changes in surface
morphology (Figure 13). Similarly, as with the samples from the electric composter, strong
surface erosion was observed.
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Figure 13. SEM images after 12 weeks of incubation at a municipal composting plant (second cycle).

3.5. Changes in the Material Properties during the Composting Experiments

In the case of the electric composter, after each period, molecular weight distributions
were measured by GPC. It must be noted that GPC measurements were realized with
solid, nondegraded residuals of composted materials. GPC curves of unprocessed PLA
and PHB used in the blends were also analyzed, and the records are shown (Figure 13,
insert). Partial degradation due to blending and then processing of the blend during sample
preparation was noticeable for each sample. The degradation caused by processing only
in the melt state was not very extensive; only in the case of sample C was its extent more
significant. This can relate to the presence of glycerol in TPS and possible alcoholysis of PHB
by glycerol [31,32]. The intense shift of the main peaks to lower molecular weights after
composting was visible mainly in the case of thick cup samples. In addition, the appearance
of low-molecular-weight fractions was clearly seen in GPC records. The last indicated
fraction produced by the biodegradation process exhibited an average molecular weight
(MW) of about 1000 g/mol. Lower MW fractions (below 500 g/mol) were probably easily
mineralized. The fast gradual decrease of MW was observed for all samples (Figure 14).

63



Polymers 2022, 14, 4113

Polymers 2022, 14, x FOR PEER REVIEW 16 of 20 
 

 

Figure 13. SEM images after 12 weeks of incubation at a municipal composting plant (second cy-
cle). 

3.5. Changes in the Material Properties during the Composting Experiments 
In the case of the electric composter, after each period, molecular weight distributions 

were measured by GPC. It must be noted that GPC measurements were realized with 
solid, nondegraded residuals of composted materials. GPC curves of unprocessed PLA 
and PHB used in the blends were also analyzed, and the records are shown (Figure 13, 
insert). Partial degradation due to blending and then processing of the blend during sam-
ple preparation was noticeable for each sample. The degradation caused by processing 
only in the melt state was not very extensive; only in the case of sample C was its extent 
more significant. This can relate to the presence of glycerol in TPS and possible alcoholysis 
of PHB by glycerol [31,32]. The intense shift of the main peaks to lower molecular weights 
after composting was visible mainly in the case of thick cup samples. In addition, the ap-
pearance of low-molecular-weight fractions was clearly seen in GPC records. The last in-
dicated fraction produced by the biodegradation process exhibited an average molecular 
weight (MW) of about 1000 g/mol. Lower MW fractions (below 500 g/mol) were probably 
easily mineralized. The fast gradual decrease of MW was observed for all samples (Figure 
14). 

 
Figure 14. MW evolution during incubation in an electric composter. The GPC records of sample C 
after 0, 27, and 41 days of composting are shown as an example (insert). 

Regardless of the original MW, all samples that did not biodegrade exhibited similar 
MW values after 30 days of composting. It means that the degradation process ran not 
only on the surface of the samples but also in the bulk of the materials. Only short time 
periods were evaluated in the case of film samples because already after 14 days of com-
posting, no film sample could be retrieved. 

The process at the municipal composting plant also caused a dramatic decline in MW 
below 1000 g/mol, as shown for selected samples (Figure 15). Such low-molecular-weight 
substances are considered to be easily and rapidly biodegradable during the following 
composting period. 

Figure 14. MW evolution during incubation in an electric composter. The GPC records of sample C
after 0, 27, and 41 days of composting are shown as an example (insert).

Regardless of the original MW, all samples that did not biodegrade exhibited similar
MW values after 30 days of composting. It means that the degradation process ran not only
on the surface of the samples but also in the bulk of the materials. Only short time periods
were evaluated in the case of film samples because already after 14 days of composting, no
film sample could be retrieved.

The process at the municipal composting plant also caused a dramatic decline in MW
below 1000 g/mol, as shown for selected samples (Figure 15). Such low-molecular-weight
substances are considered to be easily and rapidly biodegradable during the following
composting period.
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composting cycle (2020).

The mentioned changes in polymer structure were also confirmed by DSC measure-
ments realized on solid residuals after each evaluated period of composting process in the
electric composter (Figure 16).
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Figure 16. DSC curves of sample B before composting (B_0) and after 55 days of composting (B_55)
in an electric composter.

Significant changes were visible in the first heating as well as in the cooling and the
second heating cycle. The temperatures of melting were significantly shifted to lower
values after 55 days of composting; after the same period, the crystallization tempera-
ture was significantly decreased. The composting caused the disappearance of the cold
crystallization peak visible in the original sample, and the melting peak was split in two.
Quantitative analysis of DSC measurements (Figure 17) also showed that the changes in
thermograms in the first run were not connected only to the consumption of the amorphous
phase, but significant changes in the molecular structure occurred. This was confirmed by
the decrease of crystallization enthalpy as well as of the melting enthalpy in the second
heating cycle when the record of the sample was no longer affected by its previous thermal
and other history.
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4. Conclusions

This detailed study presents results from composting experiments in several experi-
mental settings, all aimed at the group of PLA/PHB blend materials with various compo-
sitions and, depending on the particular material, also containing citric-acid-ester-based
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plasticizers and thermoplastic starch (TPS). All tested samples were in their real final
product forms and shapes.

It was found that the studied PLA/PHB-based blends were fully biodegradable under
industrial composting conditions as well as in an electric composter, which was designed
for the composting of kitchen waste. A very important result from this study is the
observation that some of the studied materials, despite their high PLA contents, could fully
biodegrade under home conditions. The result is explained by the assumption that PLA
could react with PHB during the blending in the melt form, and this reactive extrusion
process could induce re-esterification of both polymer components. This extrusion process
was intentionally designed with such a purpose. The easily biodegradable PHB segments
can promote the polymer chains’ scission and ultimately complete biodegradation of the
materials under home-composting conditions.

Evaluation of GPC, DSC, and SEM data showed that during the composting of studied
PLA/PHB blends, the changes in the molecular structure and morphology proceeded not
only on the surface but also in the bulk of the materials. SEM images showed that already
in the first stages of biodegradation, not only macroscopic disintegration but also biological
decomposition of the materials took place on the surface, causing an enlargement of the
specific surface area and thus the acceleration of the biodegradation process.

A very important result was the verification that disintegration and mineralization
as the two main processes during biodegradation of materials could run in the case of the
studied PLA/PHB blends not only in sequence but also in parallel. This was observed
mainly in the case of thicker specimens like cups, but also in the case of thin products
like films where the disintegration was extremely rapid but the mineralization phase was
delayed only shortly. Based on these results, it can be concluded that these PLA/PHB
materials do not leave microplastics in the environment after industrial as well as after
home-composting processes. The composting experiment in a municipal composting plant
confirmed and verified the laboratory results. During two independent testing cycles, it
was found that the studied PLA/PHB materials degraded comparably or even faster than
the pure cellulose reference did.

Author Contributions: Conceptualization, R.P. (Roderik Plavecand); methodology, M.F. and M.K.
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Abstract: A major limitation of the treatment of low-grade upper tract urothelial carcinoma is the
difficulty of intracavitary instillation of adjuvant therapy. Therefore, the aim of this in vitro study
was to develop and to assess a new design of biodegradable ureteral stent coated with a silk fibroin
matrix for the controlled release of mitomycin C as a chemotherapeutic drug. For this purpose, we
assessed the coating of a biodegradable ureteral stent, BraidStent®, with silk fibroin and subsequently
loaded the polymeric matrix with two formulations of mitomycin to evaluate its degradation rate, the
concentration of mitomycin released, and changes in the pH and the weight of the stent. Our results
confirm that the silk fibroin matrix is able to coat the biodegradable stent and release mitomycin for
between 6 and 12 h in the urinary environment. There was a significant delay in the degradation rate
of silk fibroin and mitomycin-coated stents compared to bare biodegradable stents, from 6–7 weeks
to 13–14 weeks. The present study has shown the feasibility of using mitomycin C-loaded silk fibroin
for the coating of biodegradable urinary stents. The addition of mitomycin C to the coating of silk
fibroin biodegradable stents could be an attractive approach for intracavitary instillation in the upper
urinary tract.

Keywords: ureteral stent; biodegradable stent; drug eluting stent; chemotherapy; UTUC

1. Introduction

Urothelial carcinomas are the sixth most common tumors in developed countries.
They may be located in the lower urinary tract, bladder or urethra, as well as in the upper
urinary tract, ureter, and pyelocaliceal system. Bladder tumors are responsible for 90–95%
of urothelial carcinomas and are the most common neoplasm of the urinary tract. Upper
tract urothelial carcinomas (UTUC) are uncommon and represent only 5–10% of total cases,
with a yearly incidence of almost 2 cases per 100,000 population [1].

Patients with UTUC may have one of two types of urothelial carcinoma: low-grade or
high-grade. It is very useful to stratify the risk of UTUC into low- and high-grade in order
to identify those patients who will benefit from nephron-sparing surgery and those who
should instead undergo radical treatment, such as nephroureterectomy [2].

In order to categorize a tumor as low risk, each of the following characteristics must
be met: unifocal disease, tumor size <2 cm, negative urine cytology for high-grade tumor,
positive biopsy for low-grade tumor, and non-invasive appearance on a computed tomog-
raphy (CT) scan [3]. These patients may benefit from minimally invasive treatment using a
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transurethral endoscopic approach with a semi-rigid or flexible endoscope. Additionally,
an adjuvant instillation of mitomycin C (MMC) has provided promising results in previ-
ous studies and may reduce the risk of urothelial recurrence and progression in patients
affected by low grade UTUC [3,4]. Unfortunately, there is currently no suitable procedure
for adjuvant chemotherapeutic intracavitary instillation after holmium laser fulguration
of UTUC tumor lesions [5]. This is due to the difficulty of intracavitary chemotherapy
instillation in the upper urinary tract, given the washout effect of urine production at the
renal level and the low storage capacity of the upper urinary tract [6]. As a result, many
patients do not benefit from an adjuvant chemotherapy instillation procedure, which leads
to worse results in this group of patients.

A recent meta-analysis highlighted that novel drug delivery technologies promise
to change this paradigm by favoring drug exposure in the upper tract, leading to higher
treatment efficacy [7]. One of the new technologies for chemotherapy instillation in the
upper urinary tract is a gel loaded with 4 mg/mL MMC. When it is instilled, it is liquid,
but at body temperature it gels and is removed within 4–6 h, through the urinary tract.
It is used for primary chemo-ablation. A single-arm, open-label, phase III clinical trial
has shown very encouraging results, which have been evaluated up to 12 months. This
system was approved by the Food and Drug Administration (FDA, Silver Spring, MD, USA)
2 years ago; it shows a successful response in 59% of patients but 27% experience severe
side effects, and the administration schedule is very complicated for patients [8].

A further new development in the delivery of cytostatics to the upper urinary tract
comes from vascular stents, called ‘drug eluting stents’ [9]. Our research group has devel-
oped a biodegradable ureteral stent known as the BraidStent® [10]. This platform has been
coated with a multi-layered silk fibroin (SF) protein coating for the controlled release of
MMC. SF has previously demonstrated outstanding properties as a drug eluting coating,
such as for stent applications, based on its useful mechanical properties and biological
outcomes [11–13]. The scientific literature has high expectations for fibroin, reporting that
it represents a new biomaterial with improved mechanical properties as a scaffold. It is
expected to overcome the limitations of current biomaterials for stent coating, both as a
polymer carrier and because of its demonstrated biocompatibility and easy processability.
In fact, many studies have shown that SF is more biocompatible than other currently-
used polymeric degradable biomaterials, such as PLGA (poly-lactic-co-glycolic acid), PLA
(polylactic acid), and PGA (polyglycolic acid) [11,14,15].

The aim of this comparative in vitro experimental study was to develop and to assess
a new design of biodegradable ureteral stent coated with a SF matrix for the controlled
release of MMC for intracavitary instillation in the adjuvant treatment of UTUC.

2. Materials and Methods

The experimental study was organized into three protocols.
Experimental protocol I. In the first protocol, the aim was to compare two combina-

tions of biodegradable polymers and copolymers for the manufacture of the biodegradable
ureteral stent before coating it with SF.

Materials for stent preparation. Three polymers and copolymers were selected for
this purpose: GlycomerTM 631 (Biosyn suture by Covidien, Minneapolis, MN, USA),
PGA (Safil® Quick suture by B. Braun, Secaucus, NJ, USA), and poly-4-hydroxybutyrate
(Monomax® suture by B. Braun Surgical, Barcelona, Spain). All three biomaterials are
derived from biocompatible and biodegradable surgical sutures. The search for the right
combination of polymers for the biodegradable ureteral stent aimed to produce a stent that
degrades within 7–8 weeks in a progressive manner to avoid obstructive degradation in
future in vivo studies.

In order to compare the degradation rate, 3-cm long fragments of biodegradable
ureteral stents were developed using the following combinations: Group BraidStent-1, a
long-term braided stent with GlycomerTM 631 and poly-4-hydroxybutyrate; and group
BraidStent-2, a short-term braided stent with GlycomerTM 631 and PGA. The ratio in the
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composition of the polymers of each stent was always kept constant in their manufacture:
GlycomerTM 631 (54%); PGA and poly-4-Hydroxybutyrate (46%).

Five samples of each of the types of stent fragments were developed, giving a total of
10 samples. These were placed in watertight tubes with artificial urine (human synthetic
urine, BioIVT, Royston, UK), pH: 6.7 specific gravity 1.008 (FDA registered) for screening
studies for high performance liquid chromatography with diode-array detection (HPLC-
DAD). To investigate the degradation rate, the stent fragments were dipped in 5 mL of
artificial urine (AU) and incubated in an orbital shaker-incubator under mimicked biological
conditions (36.5 ◦C with 5% CO2, at 90 rpm) until complete stent biodegradation, with
daily AU changes. Four follow-ups were performed in each group: T0—start of the study;
T1—day of onset of macroscopic degradation; T2—day on which we macroscopically
detected that the stent had degraded by 50%; and T3—complete stent degradation. The
changes in pH, manifestation of nitrites, weight of the wet stent, and days at which the
described changes appeared were assessed. The average thickness of each stent was also
determined at baseline (T0) (Figure 1).

Figure 1. Ureteral stents fragments dipping in artificial urine (Day 6).

Experimental protocol II. Once the study corresponding to protocol I had been com-
pleted and the most suitable polymer/copolymer combination for the development of the
BraidStent® was known, we proceeded to the next step, which consisted of the SF coating
of the BraidStent® (the BraidStent-SF group).

Materials for stent preparation and SF coating. Cocoons of Bombyx mori were ob-
tained from worms reared in the sericulture facilities of the IMIDA, Biotechnology Depart-
ment (Murcia, Spain). Cocoons were chopped up and boiled in 0.02 M Na2CO3 for 30 min
in order to eliminate the sericin. Then, the raw SF was rinsed with distilled water and
dried at room temperature for 3 days. Subsequently, SF was dissolved in 9.3 M LiBr (Acros
Organics) for 3 h at 60 ◦C, yielding a 20% w/v dissolution that was dialyzed against distilled
water for 3 days (Snakeskin Dialysis Tubing 3.5 KDa MWCO, Thermo Scientific, Waltham,
MA, USA) with 8 total water changes (at 4 ◦C) [16]. The resultant 7–8% w/v SF solution
was recovered and used for the preparation of the coated BraidStent-SF stents as explained
below, adjusting the concentration to 7% w/v before use. The protocol was adapted from
the methodology proposed by Rockwood et al. for the manufacture of fibroin tubes by
means of a dipping technique using alternate baths of aqueous fibroin and methanol [17].

The BraidStent-SF group was composed of the same number of stent fragments (five)
and followed the same experimental protocol, with the same follow-ups and assessment of
the same variables as in protocol I (Figure 2).
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Figure 2. BraidStent-SF sample. The SF coating of the stent can be appreciated.

Characterization. In order to assess the appropriate SF coating on the stent surface, a
comparative study was carried out with three samples per group, where BraidStent-2 was
compared to BraidStent-SF with sulforhodamine B (SRB) (a fluorescent aqueous marker)
coating added to visualize the homogeneity of the SF coating by fluorescence microscopy.

Experimental protocol III. Following the evaluation of the BraidStent-SF, it was
loaded with two different MMC formulations (BraidStent-SF-MMC1 and BraidStent-SF-
MMC2) to assess the release concentration and MMC release time. The BraidStent-SF-
MMC1 and 2 groups were composed of the same number of stent fragments, 5 per group,
and followed the same experimental protocol and follow-ups as in protocols I and II.

Materials for stent preparation and SF and MMC coating. For the BraidStent-SF-
MMC1 group, the coating of the stents used powdered 10 mg MMC to produce the in-
travenous injectable solution commonly used in the medical field (INIBSA, Barcelona,
Spain); the vials contained sodium chloride as an excipient (9.5 mg of sodium per 1 mg of
MMC). For this, a 7% w/v fibroin solution containing 5 mg/mL of MMC was prepared
by dissolving the drug for 30 min under orbital agitation at 120 rpm. At the same time,
the same protocol was performed using absolute methanol, dissolving MMC at the same
concentration and for the same period of time. These two starting solutions were used to
alternately bathe the stent fragments, by dipping for 5 s in the first solution (of aqueous
fibroin) and then in the second (containing methanol), for the same time, and letting them
dry slightly for 1 min before repeating the procedure. These coating cycles were carried out
in this BraidStent-SF-MMC1 group 10 times. The containers used for this purpose were
5 mL glass tubes (Figure 3).

Figure 3. Illustration of BraidStent-SF-MMC. A—BraidStent; B—SF coating; C—MMC embedded in
SF matrix.

For the BraidStent-SF-MMC2 group, the concentration employed for both the fibroin
and methanol solutions was 10 mg/mL, and 10 dip coating cycles were performed. In
this group, 70 mg of pure MMC (Mitomycin CRS, Sigma-Aldrich, Steinheim am Albuch,
Germany) was used, without any excipient (Figure 3).

The stents were completely stable in room air. However, the MMC coating needed
special care, i.e., it must be packaged in a lightproof for preservation and transportation to
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ensure its physical and chemical stability. MMC shows some light sensitivity, so reasonable
steps to minimize light exposure should be taken.

MMC assessment. MMC concentrations were assessed every six hours until there
was no analytical evidence of its detection. Urine from each follow-up was replaced and
analyzed. MMC was released from the SF matrix due to solubility events of the SF matrix
in the urinary environment. The permeability and release kinetics of the MMC depends
on the SF coating and relates to the percentage of the beta-sheet structure. Increasing
the crystallinity (methanol immersion) of the SF beta sheet decreases the release rate and
increases the release duration.

The HPLC-DAD method was an isocratic method with a mobile phase of acetonitrile:
ultrapure water 80:20 (v/v) at a flow rate of 1 mL/min, and separation was performed
on a LUNA C18 250 mm, 4.6 mm, 5 µm column at 30 ◦C temperature. A total of 10 µL of
sample was injected. The MMC was detected with a diode array detector (DAD) at 365 nm
(1260 Infinity II Prime LC System, Agilent Technologies, Santa Clara, CA, USA).

Statistical analysis. Statistical analysis was performed with the SPSS 25.0 program for
Windows (IBM, Armonk, NY, USA). The variables studied were pH, weight of the stents in
g, degradation rate expressed in days, stent width in mm, and artificial urine concentration
of MMC in mg/L. Variables are shown as their mean ± standard deviation. The normality
of the data was analyzed using the Shapiro–Wilk test. For data that followed a normal
distribution, the intra-group and intra-phase distributions were analyzed using a one-
factor ANOVA. Post-hoc analysis was performed using Tukey’s HSD (honestly significant
difference) test.

For variables in which the data were not normally distributed, the comparison between
groups in each phase was carried out using the Kruskal–Wallis test. In the event of
statistical significance, the corresponding post-hoc pairwise comparison was carried out.
The trends of the variables throughout the follow-ups concerning the effect of the factors
time and group, were analyzed by means of a General Linear Model (GLM) Repeated
Measures. Again, the post-hoc analysis was performed using Tukey’s HSD. In certain cases,
to evaluate the trend of each group along time, a Friedman test or a Wilcoxon test was
performed, depending on the number of follow-ups included in the analysis. In addition,
the concentration of Mitomycin C released by the two groups, BraidStent-SF-MMC1 and
BraidStent-SF-MMC2, was analyzed either via a t-test for independent samples or a Mann–
Whitney test, depending on the normality of data. Confidence intervals were set at 95%
and significance was determined by p-values less than 0.05.

3. Results

Protocol I. We found significant differences between the two groups for the variable
‘stent weight’ at T0 and T1. The combined weight of polymers and copolymers in BraidStent-
1 was significantly higher than in BraidStent-2. BraidStent-1 showed a weight loss of 11.11%
and BraidStent-2 showed a weight loss of 14.81% between the baseline study and the
macroscopic onset of degradation (Figure 4). The duration of degradation variable shows a
statistically significant difference between both groups at T1 and T3, but not at T2 (Figure 5).
BraidStent-2 started degrading later, but between T2 and T3, there was an acceleration of the
hydrolysis process, resulting in a shorter time to complete stent degradation. BraidStent-2
fit the criterion of degradation in the first 7–8 weeks (Figure 5). The difference in the pH of
the medium in protocol I showed statistical significance at T1 and T2. The stent degradation
metabolites of BraidStent-1 and BraidStent-2 caused overt acidification of the medium,
which was more marked with BraidStent-1. At T2 and T3, the pH returned nearly to basal
levels. Using Friedman’s statistical test, we assessed the trend over the different phases
and whether the changes in pH within each group were uniform (Figure 6). In both groups,
the pH trend was not uniform and showed significance throughout the different phases
(BraidStent-1 group p = 0.006 and BraidStent-2 group p = 0.009). None of the samples were
positive for nitrites on urinalysis.
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Figure 4. Assessment of weight loss (grams) between the start of the study (T0) and the start of
stent degradation (T1). Values indicate mean ± SD. Significance of the values between each tested
groups at T0 and T1 was determined by the Kruskal–Wallis H test and post hoc pairwise comparison.
Wilcoxon test was used to analyze weight loss from T0 to T1 within each group. Significant differences
are expressed as: intra-groups (* p < 0.05); inter-groups (** p < 0.05) (BraidStent-1 vs. BraidStent-2;
BraidStent-SF-MMC1 vs. BraidStent-SF-MMC2); inter-groups (*** p < 0.05) (BraidStent-SF vs.
BraidStent-SF-MMC1 and BraidStent-SF-MMC2).

Figure 5. Degradation rate assessment (days) between T1 (onset of degradation); T2 (50% of
stent degradation); T3 (complete stent degradation). Values indicate mean ± SD. Significance
of the values among tested groups within each follow-up was determined by the Kruskal–
Wallis H test and post hoc pairwise comparison. The effect of group and time along follow-
ups from T1 to T3 was assessed via a GLM Repeated Measures and pairwise comparison via
Tukey’s test. Statistical significance is depicted as follows: intra-groups (* p < 0.05); inter-groups
(** p < 0.05) (BraidStent-1 vs. BraidStent-2; BraidStent-SF-MMC1 vs. BraidStent-SF-MMC2); inter-groups
(*** p < 0.05) (BraidStent-SF vs. BraidStent-SF-MMC1 and BraidStent-SF-MMC2).
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Figure 6. Assessment of pH throughout the study until complete stent degradation. T0 (start of
study); T1 (onset of degradation); T2 (50% of degradation); T3 (complete stent degradation). Values
indicate mean ± SD. Significance of the values between each tested groups within each phase of
the study was determined by the Kruskal–Wallis H test and post hoc pairwise comparison; while
a General Linear Model (GLM) Repeated Measures was used to evaluate the effect of both group
and time (from T0 to T3) in the trend of pH, with the corresponding post-hoc analysis by Tukey test.
Statistical significance is indicated in the figure as follows: intra-groups (* p < 0.05); inter-groups
(** p < 0.05) (BraidStent-1 vs. BraidStent-2; BraidStent-SF-MMC1 vs. BraidStent-SF-MMC2); inter-
groups (*** p < 0.05) (BraidStent-SF vs. BraidStent-SF-MMC1 and BraidStent-SF-MMC2). Friedman
test shows that only the BraidStent-SF-MMC1 group is homogeneous along follow-ups.

Protocol II. For this protocol, the BraidStent-2 group was selected as it met the inclu-
sion criteria of complete degradation before 8 weeks. The BraidStent-SF group used the
same combination of polymers and copolymers as in the BraidStent-2 group, dip-coated
with SF. The characterization results of the comparative study between BraidStent-2 and
BraidStent-SF SRB coated show, after evaluation with fluorescence microscopy, that the SF
coating of the stent is uniform (Figure 7).

Figure 7. Assessment of SF coating with SRB fluorescent dye. Comparative study between
BraidStent-2 (non-coated stent) and BraidStent-SF with SRB coating. Fluorescence microscopy
showed adequate homogeneity of SF coating.
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The BraidStent-SF group did not show statistically significant changes between T0
and T1, with a decrease in the weight of 11.36% between the two phases (Figures 4 and 8).
With regard to degradation time, the addition of the SF coating led to significant differences
compared to the BraidStent groups, significantly increasing the degradation time compared
to the stent without the SF coating at T1-T2-T3 (Kruskal–Wallis H test, p = 0.002). The
Friedman test determined that the trend in pH between the study phases showed statistical
significance (p = 0.016). As in groups BraidStent-1 and -2, there was acidification of the
urinary medium at the beginning of degradation, which subsequently recovered to basal
levels at T3 (Figure 6). None of the samples were positive for nitrites on urinalysis, ruling
out bacterial contamination.

Figure 8. BraidStent-SF sample in T2. It can be appreciated that the SF coating has
practically disappeared.

Protocol III. Following the addition of the two MMC formulations to the stent, the
weight showed statistically significant changes between the BraidStent-SF-MMC1 and
the BraidStent-SF-MMC2 groups, with a greater weight in the latter group at T0 and T1.
Both groups showed statistically significant differences compared to the SF-coated stent
without MMC; thus, the addition of MMC significantly increased the weight of the stent
(Figure 4). Moreover, stent thickness showed statistically significant differences between
the BraidStent-SF group and the two groups coated with MMC (Figure 9). There was no
statistically significant difference between the BraidStent-SF-MMC1 and the BraidStent-
SF-MMC2 groups with regard to the manifestation of the different degradation phases,
however, when both groups were compared with BraidStent-SF, statistical significance was
found at T2, with this latter group showing a much faster degradation at this follow-up
(Figure 5). The BraidStent-SF-MMC1 group, in contrast to BraidStent-SF-MMC2, shows a
uniform trend in its variations throughout the urinary pH study (Friedman’s test, p = 0.357)
(Figure 6). Both stent groups underwent the same number of coating cycles, 10, although
the initial concentration of MMC in BraidStent-SF-MMC1 was 10 mg compared to 70 mg in
BraidStent-SF-MMC2. In addition, the joint dilution of SF and MMC was 5 mg/mL and
10 mg/mL, respectively. The kinetics of MMC in both groups was fully released within the
first 12 h, with no analytical evidence of MMC afterward. We found statistically significant
differences in the concentration of MMC released at 12 h between the groups, with a higher
urine concentration of MMC in the BraidStent-SF-MMC2 group (Table 1). Statistically
significant differences were also found within each group between 6 and 12 h. None of the
samples were positive for nitrites on urinalysis.
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Figure 9. Stent thickness in the experimental groups at baseline (T0) (mm). Values indicate
mean ± SD. Significance of the values between each tested group was determined by a one-way
ANOVA and a post hoc Tukey test: (* p < 0.05) (BraidStent-1 versus the rest of experimental groups);
(** p < 0.05) (BraidStent-2 versus the rest of experimental groups); (*** p < 0.05) (BraidStent-SF versus
the rest of experimental groups).

Table 1. Mitomycin C concentration release rate (mg/L). MMC release is assessed every 6 h in
artificial urine in BraidStent-SF-MMC1 and BraidStent-SF-MMC2 stents, until it is not detected by
HPLC-DAD. The variable mg/L MMC at 6 h follows a normal distribution but not at 12 h. A
Student’s t-test for independent samples was performed in order to determine the differences at 6 h
between groups. As for the study at 12 h, a Mann–Whitney test was performed. The trend in MMC
concentration over the 6 and 12 h, between groups and within each group, was analyzed using a
GLM Repeated measures. Superscripts refer to statistical significance between the values, namely
inter- or intra-group. a-b-c (p < 0.01).

mg/L 6 h 12 h 18 h 24 h

BraidStent-SF-MMC1 10.98 ± 3.73 a 2.33 ± 3.05 ac 0 0

BraidStent-SF-MMC2 7.67 ± 1.39 b 56.08 ± 4.76 bc 0 0

4. Discussion

In response to the clear need to design new intracavitary chemotherapy instillation
systems for adjuvant treatment of low-grade UTUC, gels and ureteral stents that can
deliver chemotherapeutics have been developed [7–9,18,19]. MMC-eluting gels are already
FDA-approved; these represent an important advance, despite having demonstrated a
high complication rate in the first clinical study [8,18]. There is also an in vitro study on a
chemotherapy-eluting ureteral stent reported in the scientific literature [9,19]. These two
developments for intracavitary instillation of chemotherapy present important limitations
at the clinical level, since, in the case of the gel, it is necessary to introduce a ureteral
catheter for instillation, and in the case of the ureteral stent, it is necessary to remove it
cystoscopically. The design we assessed in this experimental study uses a biodegradable
ureteral stent able to release MMC as a chemotherapeutic agent. This avoids the necessary
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removal of plastic ureteral stents, which would reduce health care costs and improve the
quality of life of patients.

The optimal combination of polymers and copolymers in the stent is determined by
the requirements of their placement in the upper urinary tract [10,20]. The main current
limitations to the development of biodegradable ureteral stents (BUS) are related to the
control of the degradation rate and the size of the degradation fragments [10,20–23]. For
this reason, a combination of polymers and copolymers with different degradation rates
(always with degradation mainly by hydrolysis when placed in urine) are chosen to produce
BUS. PGA is a synthetic, biodegradable, rapidly-degrading polymer, with glycolic acid
as a metabolite. Poly-4-hydroxybutyrate is a long-term absorbable biomaterial, in which
degradation occurs by hydrolysis and enzymatic pathways. 4-hydroxybutyric acid is a
natural metabolite, which is primarily converted to carbon dioxide and water [24]. Finally,
GlycomerTM 631 shows a degradation rate intermediate between these two options [25].
The application of polymers used in surgical sutures has been previously described. Due to
their biocompatibility and ease of biodegradation, they may be a suitable material for drug
delivery by techniques that include electrospinning, melt-extrusion, and coating [26].

For this reason, the two stent groups (BraidStent 1 and 2) use stents composed of
a combination of two synthetic polymers with different degradation rates. This allows
the degradation to be controlled as their biodegradation starts at different times, thus
allowing the stent to fulfil its function as a scaffold while gradually reducing its mass,
producing smaller fragments than if the stents were composed of a single degradable
biomaterial. In protocol I, we found that both groups showed significant differences at
T0 and T1 with respect to stent weight, but not stent thickness (Figures 4 and 9). We
believe that the degradation characteristics of poly-4-hydroxybutyrate are the cause of
the significantly slower biodegradation, although it should be noted that the degradation
fragments were similar in both groups. An in vitro study by Barros et al. used artificial
urine to assess a BUS from natural origin polymers (biopolymers) such as alginate as well
as gellen and their blends with gelatine; it was found that the degradation duration ranged
from 14 up to 60 days. This is in agreement with our results with synthetic polymers from
protocol I, i.e., 52–77 days. Unlike synthetic polymers, biopolymers present better elasticity,
biocompatibility, interface lubricity, and resistance to biofilm formation and encrustation [27].

One factor to consider in the assessment of new biodegradable stents in the urinary
tract is that most synthetic polymers show a higher degradation rate at acidic pH than at
physiological pH, which affects the ability to adjust the degradation time of the stent to
the demands of patients [24,28]. Our experimental study demonstrates that, in all tested
groups, excluding the BraidStent-SF-MMC1 group, the pH decreased significantly between
baseline and T1, with a greater decrease in pH in the non-SF groups (pH < 6.0) (Figure 6).
However, the range of pH changes found in our study, irrespective of the groups, remains
within normal values for human beings. This is very relevant as significant alterations in
urinary pH are associated with stent encrustation or crystal deposition that can lead to
urinary lithiasis.

SF represents a new biomaterial, which, according to the scientific literature, can solve
weaknesses related to stent coating, as it has the ability to carry drugs, control drug release
kinetics, and improve the internal scaffold function [11]. The biocompatibility and biosafety
of SF have been demonstrated previously, and the FDA has approved this polymer matrix
for use in medical devices [12]. SF stent coating has been used for the delivery of various
drugs, such as heparin, paclitaxel, clopidogrel, curcumin, 5-fluorouracil, sirolimus, emodin,
theophylline, amoxicillin, and salicylic acid [11–13,29–31]. In the current experimental
study, we added MMC to this series of drugs, which had not previously been evaluated as a
drug to be included in an SF coating. Our results confirm that SF is useful for carrying and
releasing MMC over a time period that could correspond to the postoperative application
of chemotherapy (Table 1). Additionally, its biodegradation capacity allows the ureteral
stent designed in our study to completely degrade. This degradation of the stent and its
coating took place in a urinary environment, and it was achieved due to the layer-by-layer
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distribution with which it was designed. It is very important to control the changes in
SF crystallization because the crystalline domains of SF are mainly formed by its beta-
sheet structure, which contributes to MMC release. Our coating technique, by dipping
the aqueous SF in absolute methanol, allowed the insolubilization process to increase the
beta-sheet content of the regenerated SF. In our study, this allowed for the deposition of SF
layer by layer, ensuring the encapsulation of MMC and its gradual and programmed release
in the first 12 h, in order to achieve a suitable protocol for patients. In our methodology, to
avoid losses in the encapsulation of MMC in the SF layers during methanol dipping, MMC
was incorporated not only in the SF solution, but also in the methanol solution, at the same
concentration. This represents an innovation with respect to the SF dip-coating techniques
reported in the scientific literature.

An interesting attribute provided by SF is its ease of processability in different formats
such as gels, membranes, coatings, and scaffolds [32]. This property was used in our study
for the BraidStent-2 coating. Despite the statistically significant increase in thickness that
SF and MMC caused, it is important to highlight that though thickness is below the size
used in patients so it will not be an obstacle to clinical application [33].

Comparisons of this new design (BraidStent-SF-MMC1 or -2) with other biodegradable
ureteral stents made of PGA and GlycomerTM 631 have been experimentally evaluated
in the literature [21–23]. We found that, as with Braidstent groups 1 and 2 in the current
study, coating with SF and MMC caused a significant reduction in the rate of ureteral
stent degradation, from 6–7 weeks to 13–14 weeks (Figure 5) [21–23]. Despite signif-
icant differences in baseline thickness and weight between the BraidStent-SF, and the
BraidStent-SF-MMC1- and -2 groups, no differences in overall degradation time were
seen (Figures 4, 5 and 9). This may be due to the fact that, in both MMC formulations,
complete release occurred within the first 12 h, a fact verified by HPLC-DAD. On the
other hand, in a study assessing a very promising compound, such as Titanium dioxide
nanoparticles to inhibit tumor development, which has shown in cell culture and in an-
imal models similar results to current chemotherapy (Doxorubicin) but which reduces
the side effects associated with conventional therapies. The researchers find, as in our
study, that exposure at 6 and 12 h reach their maximal uptake and relate this to anti-tumor
efficacy [34]. Regarding this MMC release rate, we found a huge difference between the
two formulations, especially at 12 h, with a significantly higher concentration of MMC
released by the BraidStent-SF-MMC2 group (Table 1). In this regard, unfortunately our
study did not allow us to clarify whether the difference in the concentration of MMC
released between the two groups depended exclusively on the different concentration of
MMC added to the SF, or whether it was due to the use of pure MMC in the BraidStent-
SF-MMC2 group. However, we did find greater difficulties in the manufacture of stents
when MMC contained sodium chloride as an excipient compared to pure MMC, which
did not cause precipitation of the dip solution. This is an aspect that will be assessed in
future studies.

5. Conclusions

The present study demonstrated the feasibility of using MMC-loaded SF for the coating
of biodegradable urinary stents. Coating with a fibroin matrix allowed for the controlled
and programmed release of MMC but delayed the complete biodegradation of the ureteral
stent. The addition of MMC to the coating of SF stents could be an attractive approach for
intracavitary instillation in the upper urinary tract.
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Abstract: Potato waste, such as peels, broken or spoiled potatoes and grape bagasse residues from the
winery industry, can be used for the biotechnological production of high-value products. In this study,
green, sustainable and highly productive technology was developed for the production of antioxidant
bacterial cellulose (BC). The aim of this work was to evaluate the feasibility of a low-cost culture
medium based on wine bagasse and potato waste to synthesize BC. Results show that the production
of BC by Komagateibacter xylinus in the GP culture medium was five-fold higher than that in the
control culture medium, reaching 4.0 g/L BC in 6 days. The compounds of the GP culture medium
improved BC production yield. The mechanical, permeability, swelling capacity, antioxidant capacity
and optical properties of the BC films from the GP medium were determined. The values obtained
for the tensile and puncture properties were 22.77 MPa for tensile strength, 1.65% for elongation
at break, 910.46 MPa for Young’s modulus, 159.31 g for burst strength and 0.70 mm for distance to
burst. The obtained films showed lower permeability values (3.40 × 10−12 g/m·s·Pa) than those
of other polysaccharide-based films. The BC samples showed an outstanding antioxidant capacity
(0.31–1.32 mg GAE/g dried film for total phenolic content, %DPPH• 57.24–78.00% and %ABTS•+

89.49–86.94%) and excellent UV-barrier capacity with a transmittance range of 0.02–0.38%. Therefore,
a new process for the production of BC films with antioxidant properties was successfully developed.

Keywords: bacterial cellulose; agricultural waste; Komagateibacter xylinus; active film; antioxidant
properties; ABTS; DPPH; TPC

1. Introduction

In 2019, the Food and Agriculture Organization of the United Nations estimated
that approximately 14% of the world’s food, valued at 400 billion USD, is lost on an
annual basis between harvesting and the retail market (https://www.fao.org, (accessed on
24 October 2022)). Food loss and waste has indeed become an issue of great public concern.
The 2030 Agenda for Sustainable Development reflects the increased global awareness of
the problem. Target 12.3 of the Sustainable Development Goals calls for halving global
per capita food waste at retail and consumer levels by 2030, as well as reducing food
losses along production and supply chains (https://www.fao.org, (accessed on 24 October
2022)). Food loss and waste streams often contain valuable components that should be
considered to transform the current linear supply chain into a circular model, following the
foundations of a circular economy. In addition, these resources can help address the major
global challenge of transitioning from a fossil-based to a bio-based economy, including
energy, chemicals and materials. Food loss and waste have been assessed mainly for biofuel
production and energy recovery and, to a lesser extent, for synthesizing bio-based materials.
Due to the need to find biodegradable materials to help minimize the consumption of non-
biodegradable packaging with a higher environmental impact, there has been an increased
interest in evaluating these wastes as feedstock for the production of biomaterials [1]. Often,
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food loss and waste can be used directly without separation or purification processes as a
source of nutrients for the fermentation of microorganisms that produce biopolymers such
as polyhydroxyalkanoates or bacterial cellulose (BC), reducing production costs [2,3].

BC, like vegetable cellulose, is a linear polysaccharide of covalently linked glucose
residues between carbon 1 and 4 (β1–4). BC has several advantages over vegetable cellu-
lose: (1) BC is synthesized in a pure form, free of other vegetable impurities; (2) it does
not require costly extraction and purification processes or the use of environmentally haz-
ardous chemicals; (3) it has a higher degree of crystallinity and polymerization; (4) it has
superior tensile properties; and (5) it has a higher specific area and swelling capacity due
to its network structure [4]. BC is presented as a promising biodegradable material with
applications in multiple fields, such as biomedicine [5], pharmaceuticals, cosmetics and
the food industry [6,7], among others. However, the large-scale industrialization and com-
mercialization of BC remains a challenge due to high fermentation costs, low productivity
and expensive culture media. In order to reduce the costs of culture media, research has
been intensifying to evaluate low-cost biomass waste substrates as a nutrient source for
BC production [8]. Among waste generated in greater volumes and due to their chemical
compositions, waste from wineries and the potato industry can be excellent candidates for
BC production.

The International Organization of Vine and Wine estimated that, in 2018, the global
production of grapes reached 77.8 Mt, being 57% of the harvest destined for wine produc-
tion (https://www.oiv.int, (accessed on 24 October 2022)). During the production of red
wine, after fermentation and pressing, a solid residue is obtained consisting of stalks, skins
and seeds, namely grape pomace or grape marc. Grape marc represents approximately 20%
of the total processed grapes and is rich in polyphenols, anthocyanins, flavonoids, essential
oils and polysaccharides, with potential revaluation applications [9]. The rich composition
of wine residues in these components allows value-added products to be obtained through
biotechnological processes [9]. Previous studies have evaluated the use of grapes in several
versions (juice, must and unpressed residue) as a cheap carbohydrate source to produce BC.
Mostly unpressed residues or grape extract with a high content of free monosaccharides are
used as alternative carbon sources in Hestrin–Schramm media or in alternative media en-
riched with corn steep liquor as a nitrogen source [10–13]. However, most waste generated
in wineries is grape marc, which, after fermentation and pressing, has a limited content of
monosaccharides available for fermentation. On the other hand, in many studies, bagasse
components (seeds, stalk, pulp or skin) are separated and subjected to separation processes
in order to use mainly the components with the highest monosaccharide content [10,12].
Additional operating units increase the cost of production. In this work, the whole residue
is evaluated, avoiding the separation of components, as a source of monosaccharides and
nutrients that improve the yield of BC production.

The potato (Solanum tuberosum), which is the fourth leading crop after rice, wheat and
maize, plays an important role in the human diet worldwide. The worldwide production
of potatoes is constantly increasing and currently amounts to around 380 Mt. The share of
potatoes in 2011 designated as a raw material for the industry was 130 Mt [14,15]. The main
compound of potato is starch. It is composed of two polysaccharides: the linear molecule
amylose, which consists of glucose polymers connected predominantly by α-1,4 bonds,
and amylopectin, the main macromolecular component of starch and responsible for the
structure of starch granules [16]. The contribution of potato starch to total starch production
in the EU is 15–20% and 3–4% worldwide. In recent years, potato starch production in
Europe has been approximately 1.7 million tons per year [17]. Due to their content of
starch, cellulose, hemicelluloses and fermentable sugars, potato residues (non-commercial
potatoes, potato peelings, potatoes with high content of glucoalkaloids α-solanine, and
α-chaconine) are a good substrate for biotechnological processes [16]. A previous study
evaluated the use of potato peel waste [18] for the low-cost production of BC. In that case,
the culture medium contains only sugars from the acid hydrolysate of the potato peels,
without being enriching with other components or hydrolysates of other residues with a
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high content of micronutrients or antioxidants that can increase the yield of BC production
or that can obtain functionalized films with antioxidant properties.

The acid hydrolysis treatment of potato and wine bagasse residues is a simple and
economical option to break down cellulose and hemicellulose structures and to increase
the content of fermentable monosaccharides.

The use of the potential high content of hydrolysable polysaccharides to obtain fer-
mentable sugars, as well as the possible presence of micronutrients, mainly in the remains
of grape bagasse, could turn these agri-food wastes into an excellent source of substrates
to obtain enriched culture media for economically more profitable biotechnological pro-
cesses, such as the production of BC. Moreover, the presence of antioxidant components in
the bagasse could allow in situ modifications of the BC films, retaining these antioxidant
components within the BC polymeric matrix, leading to films with antioxidant properties
after fermentation, purification and drying processes.

The aim of this work was to evaluate the feasibility of using a low-cost culture medium
based on Garnacha bagasse and potato waste to synthesize BC. The transfer of the antioxi-
dants of the bagasse extract to the polymeric matrix was evaluated to obtain active BC films
with antioxidant properties. Moreover, the mechanical, permeability, swelling, antioxidant
and optical properties of the obtained films were measured.

2. Materials and Methods
2.1. Chemicals and Standards

For the synthesis of BC, a pure freeze-dried culture of Komagateibacter xylinus was
obtained from the Spanish Type Culture Collection “Colección Española de Cultivos Tipo”
(CECT) (Paterna, Spain). The control medium was prepared with D(+)-glucose monohy-
drate (99%) provided by Acros Organics (Geel, Belgium) and yeast extract supplied by
Scharlau (Barcelona, Spain). The natural culture medium that was evaluated was based
on bagasse extracts and potato hydrolysates obtained under acid hydrolysis conditions
using sulfuric acid (95–97%), and sodium carbonate purchased from Scharlau Microbiology
(Barcelona, Spain) was used to neutralize the media.

Grape pomace from Vitis vinifera L. Garnacha Tintorera, which contains skins, pulp,
seeds and stems after the pressing process in winemaking, was kindly provided by a
local winery (42◦33′58.2′′ N 7◦40′37.4′′ W) in the Ribeira Sacra region (Lugo, Spain). Tu-
ber samples of potatoes (Solanum tuberosum) were generously supplied by a local com-
pany called Pitita’s Farm (Dozón, Spain), harvested at the following geocoordinates:
42◦36′14.0′′ N 8◦01′24.6′′W.

The synthesized BC samples were purified using sodium hydroxide (98%) and were
conditioned using anhydrous sodium bromide (99%) or silica gel from Acros Organics (Geel,
Belgium). All reagents and solvents used for HPLC were of analytical HPLC grade. Stan-
dards of gluconic acid, D(+)-glucose monohydrate (99%), D-xylose (99%), L(+)-arabinose
(99%), 5-(hydroxymethyl)furfural (98%) and furfural (99%) standards were purchased from
Acros Organics (Geel, Belgium). Folin–Ciocalteu reagent from Panreac (Barcelona, Spain),
1,1-diphenyl-2-picrylhydrazyl radicals (DPPH•) and 2,2′-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS•+) free radical reagents purchased from Alfa Aesar (Haverhill, MA,
USA) and methanol and ethanol provided by Scharlau Microbiology (Barcelona, Spain)
were used for antioxidant assays.

2.2. Culture Media for Bacterial Cellulose Synthesis

Grape pomace, which contained skins, pulp, seeds and stems, was dried using hot
air-drying at 50 ◦C for 24 h. The dried grape pomace was ground into powder and was
sieved by a 0.5 mm mesh sieve. The homogeneous sample with a size lower than 0.5 mm
was stored in an airtight container at room temperature until use. The same process was
followed to dry and homogenize the potato samples after washing and slicing. Aliquots
of the homogenized raw material were analyzed for moisture determination by drying a
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known amount of sample at 105 ◦C to a constant weight. The moisture content test was
carried out in triplicate.

The sulfuric acid hydrolysis was performed in an autoclave capable of controlling
temperature (±1 ◦C). Samples with a bagasse powder/potato powder ratio of 50:50 (w/w)
were prepared in 0.5 L bottles by adding a 2% sulfuric acid solution to a final solid/liquid
ratio of 1:10. In order to allow all the matter to be wetted and to obtain good supernatant
recovery, the mixture was kept under vigorous stirring for 1 h before the thermal process.
Then, the reaction mixture was submitted at 125 ◦C for 1 h. When the heat treatment
was completed and the mixture was cooled to room temperature, the hydrolysate liquors
were neutralized with CaCO3 until reaching a pH of 6. The resulting solution was filtered
through filter paper (10 µm porosity) to remove un-dissolved material, and the CaSO4 was
precipitated from the supernatant. The natural grape pomace–potato (GP) culture media
were prepared with the hydrolysates and were supplemented with 10 g of yeast extract/L.

The selected synthetic culture media were recommended by the Spanish Type Culture
Collection (CECT), equaling the glucose concentration of that obtained in the natural
medium studied and with 10 g of yeast extract/L.

2.3. Bacterial Cellulose Fermentation

Pre-inoculum was prepared from a starter stock of K. xylinus. For this purpose, 100 mL
of GP culture medium and 100 mL of control synthetic culture medium were prepared in
250 mL Erlenmeyer flasks and were sterilized at 121 ◦C for 15 min. The sterile media were
inoculated with the K. xylinus starter culture and were incubated under static conditions
for 2 days at 30 ◦C.

For the BC production study, Petri dishes were prepared with 25 mL of culture medium
(GP or control) and were inoculated with 10% of the volume of the corresponding pre-
inoculum. The dishes were incubated under static conditions for a maximum of 10 days at
30 ◦C. Each day, 3 dishes were removed to analyze the composition of the culture medium
and the BC film formed in the air–liquid medium. All experiments were carried out in
triplicate, and the means and standard deviations are given. The parameters that were
measured to analyze the production of BC in the media under study were as follows:

- The pH was measured using pHmeter pH 210 (Hanna Instruments, Woonsocket,
RI, USA).

- The drained weight (g) was determined from the weight of the samples of BC, from
which excess liquid was removed by draining the BC for 1 h.

- The dry weight (g) of the BC was determined from samples dried at 105 ◦C for 24 h.
- The swelling capacity (%S) of the polysaccharides was calculated from the difference

in the drained weight and the dry weight of the polymer matrix.
- BC concentration (g/L) was calculated by considering the amount of BC synthesized

(dry weight, g) per unit of volume of the culture medium in each Petri dish (25 mL).
- BC productivity (g/L·h), BC yield and BC efficiency were calculated using

Equations (1)–(3) [19,20]:

BC productivity (g/L·h) = X/V·t (1)

BC yield = (X − X0)/S0 − S (2)

BC efficiency = (X − X0)/S0 (3)

where X is the biomass concentration under steady-state conditions (g/L), V is the reaction
volume (L), t is the time of reaction (d), X0 is the initial biomass concentration (g/L), S is
the glucose concentration (g/L) and S0 is the initial glucose concentration (g/L).

2.4. Analytical Methods

Glucose, gluconic acid, cellobiose, xylose, arabinose, hydroxymethyl furfural and
the furfural content of the culture media were determined by HPLC using a Rezex RHM
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(Phenomenex, Torrance, CA, USA) column with isocratic elution (flow rate of 0.400 mL/min
and mobile phase of 0.025 M H2SO4), a column oven set at 45 ◦C and a refractive index
detector (RI) (LC 2000 plus, Jasco, Tokio, Japan). The RI detector was used for the analysis of
glucose, cellobiose, xylose and arabinose. Gluconic acid, furfural and HMF were detected
spectrophotometrically with DAD. Gluconic acid was detected at 220 nm, and furfural and
HMF were detected at 275 nm [21–23]. The analysis was performed in triplicate by taking
3 Petri dishes each day until the end of the incubation (10 days).

2.5. Bacterial Cellulose Films Processing

Based on the optimal conditions of the minimum time required to achieve the highest
BC production observed in the fermentation study in synthetic and alternative media,
K. xylinus was fermented under static conditions at 30 ◦C. After the fermentation time, the
formation of a cellulose film floating on the surface of the culture medium was observed.
The pellicles were separated from the culture media and were washed with water to remove
the culture medium remains. The homogeneous BC films were treated with a solution
of NaOH 1% (w/v) at 90 ◦C for 1 h to remove bacterial cells. Later, films were subjected
to several washing cycles with distilled water until a pH of 7 of the wash water was
reached. The wet BC pellicles were placed between a support designed to dry the samples
and to prevent them from wrinkling or shrinking. The films were dried for 48 h at room
temperature. Finally, the films were cut into a specific size, and the thickness of each sample
was measured at 5 random points using a thickness meter ET115S (Etari GmbH, Stuttgart,
Germany). The samples were stored in desiccators with a saturated anhydrous sodium
bromide solution or silica gel for 5 days, which was enough time to ensure that the samples
reached an equilibrium moisture content.

2.6. Characterization of the Antioxidant Bacterial Cellulose Samples as Films

The antioxidant capacity of the samples was determined by the ABTS•+ (2,2′-azino-
bis (3-ethylbenzothiazoline-6-sulfonic acid) and DPPH• (1,1-diphenyl-2-picrylhydrazyl
radicals) free radical scavenging assays, and the total phenolic content (TPC) was de-
termined by the Folin–Ciocalteu method, as described elsewhere [24,25]. The TPC was
expressed as mg of gallic acid equivalents (GAE) per 1 g of dried BC sample determined by
calibration with gallic acid. The obtained calibration equation was TPC (mg ac gallic/g
sample) = 1010 Abs765nm − 85.311, and the determination coefficient was R2 = 0.9993.

The equilibrium moisture content (%W) and the swelling capacity (%S) were esti-
mated by gravimetric methods, following the previously reported method [26,27]. Water
vapor permeability (WVP) was measured following the ASTM Standard Test Method E96
(https://www.astm.org/Standards/E96.htm, (accessed on 20 October 2022)). The WVP of
the samples was determined at 30 ◦C and 50% relative humidity for 4 h, which was enough
time to reach a dynamic equilibrium in the water flux. The equilibrium moisture content
and WVP tests were carried out in triplicate.

The tensile strength (TS, MPa), percentage of elongation at break (%E, %), Young’s
Modulus (YM, MPa), burst strength (BS, g) and distance to burst (DB, mm) were measured
with a texturometer (TA-XT plus, Stable Micro System, UK). The tensile test was performed
using the standard method D-882 (ASTM), and samples had a size of 15 × 100 and were
preconditioned for 5 days at room temperature and 57% relative humidity. The samples
were clamped between the grips of the texturometer with an initial gap of 40 mm and
a test speed of 1 mm/s. Seven samples were tested to calculate the mean value of each
parameter [28,29]. A film holder (HDP/FSR) attached to the texturometer was used for the
puncture test. Sample squares with 30 mm sides were conditioned at 57% relative humidity
and room temperature for 5 days. The test was carried out in triplicate with a cylindrical
probe (d = 3 mm) at a constant crosshead speed of 1 mm/s until rupture.

The UV barrier, transparency, opacity and color of the samples were measured with
absorbance values in the UV-Vis light range (190–800 nm) using a spectrophotometer, V-670
(Jasco Inc., Tokyo, Japan), as described elsewhere [29]. The transparency and opacity values
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of the samples were estimated using their transmittance and absorbance values at 500 nm
and 600 nm wavelengths. Spectra Manager software (Jasco Inc., Tokyo, Japan) was used to
determine the CIE L*a*b* coordinates.

2.7. Statistical Analysis

The obtained results were statistically analyzed by a one-way analysis of variance
(ANOVA) by employing Microsoft Excel® software. Differences between pairs of means
were assessed based on confidence intervals using the Tukey’s post hoc test. The least
significant difference was p < 0.05.

3. Results and Discussion

The moisture contents of bagasse powder and potato powder dried with the air-dryer
were (2.38 ± 0.06)% and (7.72 ± 0.06)%, respectively. These values were considered when
preparing the hydrolysis mixtures.

A minimum of 36 Petri dishes were prepared for the tests analyzed with the GP
culture medium, and the same number of Petri dishes was prepared for the control culture
medium. Every 24 h, from the start time of the incubation of K. xylinus, three plates were
removed to evaluate and measure the different parameters that determined the changes in
the composition of the culture medium and the growth of the BC. Figures 1 and 2 show
the composition changes in the main analyzed components of the GP medium and the
control culture medium throughout the incubation period. Tables 1 and 2 show the values
obtained for the different parameters related to the production of BC in the GP and the
control medium, respectively.
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Figure 1. Cellobiose, gluconic acid, glucose, xylose, arabinose, 5-(hydroxymethyl)-2-furaldehyde
(HMF) and furfural (F) concentration (g/L; mg/L) of the bagasse–potato culture medium during the
incubation time. Values are shown as means and standard deviations.
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Table 1. Parameters analyzed at each incubation time in bagasse–potato culture medium: pH,
bacterial cellulose (BC) drained weight (g), BC dried weight (g), BC concentration (g/L), BC swelling
capacity (%S) and gluconic acid concentration (g/L).

Time pH Drained Weight Dried Weight BC BC %S Gluconic Acid

Day g g g/L % g/L

0 5.20 ± 0.01 a - - - - 6.49 ± 0.19 a

2 4.68 ± 0.11 b 0.48 ± 0.15 a 0.01 ± 1.18 × 10−3 a 0.23 ± 0.05 a 8611 ± 3001 abe 9.43 ± 0.74 b

3 3.57 ± 0.04 cd 2.15 ± 0.10 b 0.02 ± 2.73 × 10−3 a 0.67 ± 0.11 a 12,935 ± 2551 a 24.42 ± 1.47 c

4 3.46 ± 0.01 c 3.02 ± 0.14 bc 0.041 ± 4.01 × 10−3 a 1.64 ± 0.16 ae 7318 ± 745 bc 24.72 ± 0.33 c

5 3.50 ± 0.01 cd 3.23 ± 0.50 bc 0.09 ± 0.02 b 3.66 ± 0.75 b 3463 ± 419 c 22.39 ± 0.43 c

6 3.55 ± 0.01 cde 3.71 ± 0.19 ce 0.10 ± 0.01 b 4.00 ± 0.49 b 3640 ± 393 c 19.47 ± 1.22 d

7 3.58 ± 0.01 bde 4.69 ± 0.56 ef 0.08 ± 0.01 b 3.10 ± 0.33 bce 5952 ± 217 ec 15.79 ± 0.96 e

8 3.64 ± 0.05 bef 4.80 ± 0.41 ef 0.11 ± 0.03 b 4.32 ± 1.07 bc 4615 ± 1646 ec 13.36 ± 1.19 f

9 3.70 ± 0.05 bf 5.18 ± 0.20 f 0.10 ± 0.01 b 4.14 ± 0.48 b 4963 ± 722 ec 12.00 ± 0.82 fg

10 3.80 ± 0.05 5.28 ± 0.76 f 0.09 ± 0.01 b 3.71 ± 0.30 b 5658 ± 1276 ec 9.86 ± 1.32 g

Values are expressed as mean ± standard deviation (SD). Different letters in the same column indicate significant
differences (p > 0.05).

Table 2. Parameters analyzed at each incubation time in control culture medium: pH, bacterial
cellulose (BC) drained weight (g), BC dried weight (g), BC concentration (g/L), BC swelling capacity
(%S) and gluconic acid concentration (g/L).

Time pH Drained Weight Dried Weight BC Concentration BC %S Gluconic Acid

Day g g g/L % g/L

0 5.26 ± 0.01 a - - - - 0.98 ± 0.15 a

2 3.25 ± 0.03 bd 2.47 ± 0.48 a 0.009 ± 0.001 0.35 ± 0.02 a 28,169 ± 4038 a 11.95 ± 0.28 b

3 3.17 ± 0.01 c 2.71 ± 0.20 a 0.010 ± 3.06 ×
10−4 0.41 ± 0.01 a 26,592 ± 1306 a 15.40 ± 0.33 c

4 3.17 ± 0.01 c 2.61 ± 0.40 a 0.010 ± 0.002 0.41 ± 0.07 a 25,471 ± 1249 a 14.53 ± 0.20 c

5 3.15 ± 0.02 c 2.29 ± 0.50 a 0.011 ± 0.001 0.43 ± 0.05 a 20,948 ± 4246 abc 12.72 ± 0.31 b
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Table 2. Cont.

Time pH Drained Weight Dried Weight BC Concentration BC %S Gluconic Acid

Day g g g/L % g/L

6 3.18 ± 0.02 bc 2.61 ± 0.21 b 0.020 ± 0.003 0.78 ± 0.13 b 13,352 ± 1487 bc 10.08 ± 0.93 d

7 3.27 ± 0.01 d 2.71 ± 0.55 a 0.012 ± 0.004 047 ± 0.14 a 22,496 ± 2653 abc 7.88 ± 0.67 e

8 3.27 ± 0.03 d 2.65 ± 0.04 ab 0.014 ± 0.004 0.54 ± 0.17 a 20,787 ± 5874 ac 6.11 ± 0.80 f

9 3.35 ± 0.06 e 2.39 ± 0.87 a 0.011 ± 0.0031 0.44 ± 0.10 a 21,205 ± 2961 a 4.57 ± 0.36 g

10 3.42 ± 0.02 f 2.09 ± 0.44 ab 0.013 ± 0.001 0.52 ± 0.02 a 16,100 ± 3956 c 3.61 ± 0.14 h

Values are expressed as mean ± standard deviation (SD). Different letters in the same column indicate significant
differences (p > 0.05).

3.1. Bacterial Cellulose Production

The production of BC was tested on pure media of Garnacha bagasse hydrolysates.
However, no BC production was observed in pure Garnacha bagasse media. The HPLC
analysis of the carbon sources of Garnacha hydrolysate revealed a low concentration of
sugars such as glucose (<5 g/L), xylose (<5 g/L) or arabinose (<2 g/L). Low concentrations
of the carbon sources were likely not enough to form homogeneous BC films on the plate
surfaces. The content of monosaccharides in the bagasse was low because the many sugars
were previously consumed by yeasts during alcoholic fermentation in the wine production
process. The used bagasse was previously drained and pressed, and therefore, almost
all the juice with free sugars were extracted, being the final residue of the winemaking
process. In other studies, a concentration of monosaccharides up to 17.6% or 13.64% was
observed in grape extracts obtained directly from grape juice extract enriched with sugar
cane (5%) [13] or from grapes under enzymatic hydrolysis treatment [2]. Furthermore, the
content of monosaccharides and total sugars in grapes depends on the type of variety and
the part of the grape analyzed [30].

Despite the low content of free monosaccharides, this extract contains a high content
of phenolic compounds, antioxidant components or micronutrients as vitamin C that are
of great interest to be included in active biodegradable films [2,31,32]. Moreover, these
components can enrich the culture medium and enhance the synthesis of polysaccha-
rides, such as BC [2,33]. The evaluated Garnacha hydrolysate showed a TPC value of
79.3 ± 6.7 mg GAE/L of extract, the %DPPH• was (37.4 ± 6.9)% and the %ABTS•+ was
(30.0 ± 6.2)%, indicating valuable content of phenolic compounds and other antioxidants
in the bagasse hydrolysates.

The enrichment of Garnacha bagasse hydrolysate with non-commercial potato waste
hydrolysate may increase the monosaccharide content (mainly glucose) of the culture
medium to enhance the growth of K. xylinus and the BC production. A previous work
evaluated the acid hydrolysis with sulfuric acid of non-commercial potatoes to obtain
glucose for fermentative purposes [16]. The data showed a glucose concentration of
73.08 ± 0.09 g/L after a hydrolysis treatment at 130 ◦C for 60 min with a 2% sulfuric acid
solution and a solid/liquid ratio of 1:10 [16].

Based on these results and with the goal of improving the monosaccharide content of
the culture medium, culture media enriched with potato residues were prepared with a
bagasse:potato ratio of 50:50 (w/w). The selected hydrolysis conditions were like the previ-
ous work, at 125 ◦C for 60 min with a sulfuric acid concentration of 2%. A slightly lower
hydrolysis temperature was chosen to minimize the formation of undesirable components
in the hydrolysate, such as HMF or furfural.

Figures 1 and 2 show the content of the main monosaccharides and disaccharides in
the fermentation of K. xylinus in the GP and the control culture media. Starting from a
GP hydrolysate of 50:50 (w/w), a medium with a glucose concentration of 33.0 g/L, an
arabinose concentration of 0.9 g/L and a xylose concentration of 5.7 g/L was obtained.
The glucose content values are in agreement with those previously obtained for pure
hydrolysates of potato waste [16] and are higher than those reported in a previous study
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of acid hydrolyzed potato peelings [18]. The glucose in the medium came mainly from
the hydrolysis of potato starch and in a small proportion from bagasse cellulose [16,30].
The small number of other monosaccharides detected in the hydrolysates was due to
the presence of pectic polysaccharides and the hemicellulosic polysaccharides of grape
bagasse [30]. For this reason, these monosaccharides were not detected in the control
culture medium (Figure 2).

Glucose consumption can be related to both bacterial growth and BC production since
it is the main carbon source in the medium. Comparing the glucose consumption of the GP
medium with the control medium, a sharp decrease in glucose content in the GP medium
was observed on the 3rd day, and this decrease took place in the control on the 2nd day.
This could be due to the fact that the bacteria needed more time to adapt themselves to
the new medium, but once the bacteria adapted, the glucose consumption was higher
compared to the control. Thus, in the GP medium, all the glucose was consumed in less
than 8 days, and in the control, it was on day 10. The presence of micronutrients in the
GP medium led to an increase in the activity of the bacteria, with an increased rate of
consumption of the main carbon source (glucose).

BC production in the GP medium was much higher than BC production in the control
medium (Tables 1 and 2). After 6 days, a BC concentration of 0.78 g/L was reached in the
control medium, obtaining an average of 0.02 g of dry BC per 25 mL of medium. However,
this production was five times higher in the GP medium, reaching a BC concentration of
4.0 g/L and an average of 0.10 g of dry BC per 25 mL of GP medium. Note that, in the
control medium on day 2, unlike the GP medium, BC production slowed down without
increasing significantly during the next 8 days (Tables 1 and 2). The BC concentration values
achieved in the present study were higher than those observed in previous work using
grape pomace extract or potato residues. Grape pomace as a carbon source and corn steep
liquor as the main nitrogen source needs 18 days of incubation to reach a concentration
of over 4 g/L [10]. In the case of HS medium with white grape bagasse replacing the
carbon source, incubated for 14 days at 28 ◦C, the BC concentration was 1.2 g/L [12]. In
culture media containing pure xylose, glucose: galactose (1:1), lactose or glycerol, the
BC production was 0.26, 2.60, 0.31 and 2.07 g/L, respectively [11]. The application of
acid hydrolysates of potato peel waste for BC fermentation resulted in BC production of
1.21–2.61 g/L after 96 h of incubation [18].

Additionally, the higher activity of the bacteria in the GP medium and the increased
consumption of glucose promoted higher production of gluconic acid (Tables 1 and 2, and
Figures 1 and 2). Glucose dehydrogenase located in the cytoplasmic membrane of K. xylinus
oxidizes glucose to gluconic acid, resulting in decreased conversion of glucose to BC [21].
In addition, gluconic acid promotes a significant decrease in the pH of the culture medium,
which may hinder BC synthesis [21,34,35].

The times of greatest glucose decrease corresponded to the times of highest gluconic
acid concentration in the medium, being 24.7 g/L in the GP medium and 15.4 g/L in the
control medium. Note that, despite starting from similar values of glucose concentrations,
the production of gluconic acid in the GP medium was 1.6 times higher than that in the
control medium. A higher production of gluconic acid may be related to higher growth
and activity of K. xylinus bacteria in the GP medium than those in the control medium. The
presence of micronutrients and antioxidant components in bagasse are able to enhance
bacterial growth by increasing glucose consumption and BC and gluconic acid production.
The obtained results are in agreement with those observed in previous studies in which
the presence of antioxidant components in the culture medium, such as vitamin C or
lignosulfonate, improved BC production yields [33,36].

The synthesis of gluconic acid leads to a decrease in the pH of the culture medium
that could hinder BC biosynthesis [21], as can be seen in the pH values of the media shown
in Tables 1 and 2.

The pH of the media showed a sharp decrease on day 3 (medium control) and day
4 (medium GP) and a decrease of almost 50% of the initial glucose level that coincided
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with the maximum peaks of gluconic acid concentrations in both media. After 4 days
of incubation time, the concentration of gluconic acid began to steadily decrease from
24.7 g/L to 9.7 g/L in the GP medium and from 15.4 g/L to 3.6 g/L in the control medium
on day 10. In addition, the pH increased slightly from 3.5 to 3.8 in the GP medium and
from 3.2 to 3.4 in the control medium as gluconic acid was consumed. The greatest increase
in cellulose production occurred in the first few days (Tables 1 and 2), overlapping with the
highest glucose consumption; thereafter, the increase was slower until reaching a maximum
concentration of BC. This steady increase in BC concentration, complemented by a decrease
in gluconic acid, indicated that the gluconic acid by-product could be used by K. xylinus to
produce BC, as reported elsewhere [21,35].

The cellobiose content of both media increased slightly from 3.3 to 13.3 g/L and
from 0.4 to 2.9 g/L as the incubation period advanced, being higher in the GP medium.
Cellobiose is the structural unit of cellulose molecules and is also a product in the hydrolysis
of cellulose [37]. This increase in cellobiose concentration could be related to the increase in
the BC content in the plates, being higher in the samples with the GP medium. In the case
of the monosaccharides, xylose and arabinose, they were only observed in the GP medium,
as they were components derived from the hydrolysis of pectin and hemicelluloses. No
variations in xylose concentration were observed throughout the incubation time. However,
arabinose was consumed by day 6, when glucose concentrations reached minimum values
(2.5 g/L) before being completely consumed. Thus, K. xylinus began to consume arabinose
when glucose was close to being completely consumed.

The main drawback of acid hydrolysis is the generation of degradation products, such
as furfural or 5-(hydroxymethyl)-2-furaldehyde (HMF). These by-products are microbial
growth inhibitors and must be controlled under lethal concentrations to allow posterior
fermentation. HMF is generated as a degradation product from glucose. Furfural is
generated as a degradation product from pentose (xylose and arabinose) and can be found,
for example, in grape seeds or in hemicellulosic portions [16,23,38]. The acid hydrolysis of
the bagasse–potato mixture resulted in the appearance of HMF (241.6 mg/L) and furfural
(7.9 mg/L). Note that, in both cases, as K. xylinus fermentation progressed, the concentration
of both compounds decreased, indicating that the K. xylinus bacteria were able to consume
HMF and furfural at the concentration level of the case study. HMF reached minimum
values (0.7–1.3 mg/L) on day 6 of fermentation, and furfural was completely consumed by
day 3. A similar behavior was observed in the control, in which only HMF (1.8 mg/L) was
detected. Furfural was not detected due to the absence of hemicellulosic components in the
medium. A significant inhibitory effect of HMF and furfural on the activity of K. xylinus
was reported at a concentration of 2 g/L of HMF and 0.4 g/L of furfural [39]. In the GP
medium, the concentration of both components was much lower, not having to affect BC
production performance. Thus, no detoxification process of the hydrolysate was necessary
before further use. However, no evidence of the K. xylinus consumption of HMF and
furfural at low concentrations was found in the literature.

Regarding the drained BC weight, the pellicles obtained from the GP medium, the
drained weight of the samples increased from 0.48 to 5.28 g as the incubation time increased,
in accordance with the increase in the BC concentration. However, in the control medium,
on day 2, the drained weight remained between 2.09 and 2.71 g during the whole fermenta-
tion time, in agreement with the observed data of dry weight and BC concentration, due to
the interruption in BC production.

The swelling capacity data (Tables 1 and 2) indicate that, as the BC concentration
increased, the moisture decreased. Thus, for dry pellicle values between 0.009 and 0.020 g,
the swelling capacity remained between 13,352 and 28,169%. These values were reduced
by more than eight times with increasing BC concentrations, obtaining a value of 3463% for
0.09 g dry samples. Likely, as the BC concentration increased, the sizes of the voids free to
hold water decreased.

Overall, 6 days was enough to reach the maximum values of BC synthesis, because,
after 6 days, the increase in BC is not relevant. At this period, in the GP medium, the
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estimated BC productivity was 0.028 g/L·h, the efficacy was 0.12 g/g and the yield was
0.13 g/g. However, in the control, the values were considerably lower, obtaining a pro-
ductivity of 0.005 g/L, an efficacy of 0.03 g/g and a yield of 0.03 g/g. The significant
difference in the parameters assessing BC synthesis showed enhanced production of BC
in the medium from Garnacha bagasse and potato waste compared with the synthetic
medium (control). The results indicate that the nutrients that were present in the proposed
natural medium enhanced K. xylinus growth and BC production.

3.2. Characterization of Bacterial Cellulose Films

The physicochemical properties of BC pellicles obtained from the culture medium
from the studied agro-food waste were evaluated. Unlike the films from the natural GP
culture medium, the films synthesized in the control medium did not homogeneously form
a film along the surface of the plate, as shown in Figure 3a. The films synthesized in the
control culture medium were irregular and brittle, and it was not possible to dry them and
obtain samples with homogeneous thickness for their characterization.
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Figure 3. Images of bacterial cellulose films formed at the air–liquid interface of the culture medium:
(a) Bacterial cellulose film growing in control culture medium showing non-homogeneous growth on
the free surface of the Petri dish; (b) Bacterial cellulose film synthesized in bagasse–potato culture
medium growing homogeneously covering the Petri dish surface.

Several Petri dishes with a diameter of 210 mm were prepared with GP culture
medium and were incubated for 6 days at 30 ◦C under static conditions (Figure 3b). The BC
membrane formed at the air–liquid interface was removed and was subsequently purified,
washed and dried. Once the samples had been conditioned for at least 5 days at the specific
relative humidity conditions for each test, they were measured.

The outstanding antioxidant capacity values of the films obtained confirmed the
presence of the components of the GP culture medium in the polymer matrix despite the
purification and washing processes to which the samples were subjected. The antioxidant
capacity of film extracts obtained with ethanol and methanol was analyzed, observing
TPC values of 0.31 and 1.32 mg GAE/g dried film, %DPPH• of 57.24 and 78.00% and
%ABTS•+ of 89.49 and 86.94%, respectively. The components with antioxidant capacity
came mainly from bagasse hydrolysate with antioxidant capacity, as indicated above.

The obtained results for mechanical properties (tensile and puncture), water vapor
permeability, moisture content at standard conditions of 57% RH and swelling capacity are
presented in Table 3.
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Table 3. Physicochemical properties of bacterial cellulose films synthesized in bagasse–potato culture
media.

Property Value Unit

Thickness 0.010 ± 0.001 mm
Tensile strength 22.77 ± 2.54 MPa

Percentage of elongation 1.65 ± 0.43 %
Young’s Modulus 910.46 ± 48.66 MPa

Burst strength 159.31 ± 47.99 g
Distance to burst 0.70 ± 0.14 mm

Water vapor permeability 3.40 × 10−12 ± 1.35 × 10−13 g/m·s·Pa
%W * 10.07 ± 1.55 %

Swelling capacity 1053.27 ± 45.59 %
* Moisture content at equilibrium (57% RH).

Comparing the results shown in Table 3 with previously published results for BC
films with a similar thickness (0.02 mm) obtained from K. xylinus from a commercial
medium with 10% glucose and 1% yeast extract incubated for 8 days at 30 ◦C [26,28], slight
differences were observed. The BC films obtained from the synthetic medium showed a TS
value of 20.76 MPa, %E of 2.28% and a Young’s modulus of 1043.88 MPa [28]. Considering
the different incubation conditions, the films obtained from the GP medium showed higher
breaking strength but lower deformation and elongation capacity. Likely, despite the
purification process, some components of the bagasse–potato culture medium, such as
phenolic compounds and antioxidants, remained embedded in the polymeric matrix of the
BC, leading to a cross-linking effect. This effect could be seen most clearly in the puncture
properties. Films from the GP medium showed higher BS and DB values (159.31 g and
0.70 mm) than those of films obtained from the synthetic medium (58.88 g and 0.39 mm) [26]
despite having a lower thickness.

On the other hand, the obtained films showed lower permeability values of
3.40 × 10−12 g/m·s·Pa compared with films previously obtained from the synthetic medium
(2.38× 10−11 g/m·s·Pa) [28]. The assembly pattern of BC fibers could be altered depending
on the bagasse–potato components suspended in the medium, obtaining a modified BC
pellicle at a morphological level. The compound in the medium could modify the conforma-
tion of the BC chains and lead to new physic interactions between the supplement and BC.
The supplementation effect on the structural film properties could extend to the rest of the
functional properties of the film, such as mechanical resistance and the permeability of the
films [40]. In the present study, cellulose synthesis in the GP medium could result in a more
closed and compact polymeric structure, which hindered the passage of water molecules
through the matrix, resulting in lower WVP values. Moreover, these permeability values
are lower than those shown by other polysaccharide matrices, extending the applicability
of this BC matrix [41].

The moisture content of the samples obtained under standard conditions (10.07%) was
higher than that previously observed in films obtained in synthetic media (1.82%) [28]. This
difference could be mainly due to the presence of remains with hydrophilic properties in
the culture medium. These hydrophilic remnants in the BC matrix led to a higher swelling
capacity of the BC matrix for the GP medium compared with the swelling capacity of a pure
BC film (364.78%) with a thickness of 0.002 mm [26]. Additionally, the swelling capacity of
the dried films (1053.27%) was lower than that observed in BC films removed directly from
the Petri dishes (Tables 1 and 2). This is because, once BC films are dried, the structure
closes and the physical interactions between the polymeric chains increase, not being able
to reach swelling capacity values similar to those of a non-dried film [42].

The UV barrier properties of the BC samples from the GP culture medium were calcu-
lated from the transmittance values in the UV region. The transparency, opacity and color
of the pellicles were determined from the transmittance values in the visible region. The
samples showed a significant barrier capacity against UV radiation, giving mean values
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of percent transmittance ranging from 0.02 to 0.34%. The UV blocking capacity of the
BC films were enhanced by structural modifications or components in the GP medium
that remained between the polymer matrix. In previous work, BC films from synthetic
media showed UV barrier values ranging from 1.35 to 5.61% [4]. These remains of the
GP medium trapped between the cellulose chains also modified the opacity and color
properties of the films. The transparency of the film (26.97 ± 51.47) remained at values
similar to those previously observed in synthetic BC medium films [4], but the opacity
(214.57 ± 61.95) increased more than 10-fold. In addition, the lightness of the samples
(L* value of 14.16 ± 11.91) decreased, and the redness (a* value of 4.84 ± 1.63) and yellow-
ness (b* value of 11.05 ± 6.21) increased.

4. Conclusions

This work demonstrates that it is possible to improve the production and yield of
BC from a natural medium based on bagasse and non-commercial potato waste. The
proposed low-cost culture medium could be an alternative to give added value to the
by-products of the agri-food industry and to obtain a raw material with potential use
in the food, cosmetic, medical and pharmaceutical industries. Nutrients of the culture
medium, due to the presence of bagasse, increased BC production yield compared with the
control synthetic medium. The enriched medium also promoted increased activity of the
bacteria, converting glucose to gluconic acid. The production of gluconic acid reduced the
availability of glucose and lowered the pH of the medium, hindering BC synthesis. The
ability of K. xylinus to consume HMF and F at low concentrations was observed, which
raises interesting applications that deserve to be deeply studied in future work.

The obtained films showed permeability values in orders of one and two magnitudes
lower than the permeability properties of most of the other polysaccharide-based films.
In addition, components with antioxidant capacity from Garnacha bagasse were retained
between the BC chains during polymer synthesis, providing antioxidant capacity and
functionality to the films.

The UV radiation blocking capacity of the samples, together with their antioxidant
capacity, edibility and water insolubility, make BC films from GP media a material with
potential applications in direct food contact to retard oxidation reactions that may modify
the organoleptic properties of the product.

Author Contributions: Conceptualization, P.C.; methodology, P.C. and G.P.; investigation, P.C.;
writing—original draft preparation, P.C.; writing—review and editing, G.P. and M.V.; supervision,
M.V.; funding acquisition, M.V. All authors have read and agreed to the published version of the
manuscript.

Funding: The authors appreciate the funding support of Xunta de Galicia, within the postdoctoral
fellowship granted to Patricia Cazón Díaz (No. ED481B-2021–040).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The use of RIAIDT-USC analytical facilities is acknowledged. In addition, the
authors would like to thank the researcher María Belén García Gómez for her assistance with the
wine company and for providing the Garnacha bagasse samples.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Otoni, C.G.; Azeredo, H.M.C.; Mattos, B.D.; Beaumont, M.; Correa, D.S.; Rojas, O.J. The Food–Materials Nexus: Next Generation

Bioplastics and Advanced Materials from Agri-Food Residues. Adv. Mater. 2021, 33, 2170342. [CrossRef]

95



Polymers 2022, 14, 0

2. Kovalcik, A.; Pernicova, I.; Obruca, S.; Szotkowski, M.; Enev, V.; Kalina, M.; Marova, I. Grape Winery Waste as a Promising
Feedstock for the Production of Polyhydroxyalkanoates and Other Value-Added Products. Food Bioprod. Process. 2020, 124,
1–10. [CrossRef]

3. Hussain, Z.; Sajjad, W.; Khan, T.; Wahid, F. Production of Bacterial Cellulose from Industrial Wastes: A Review. Cellulose 2019, 1,
2895–2911. [CrossRef]

4. Cazon, P.; Velázquez, G.; Vázquez, M. Bacterial Cellulose Films: Evaluation of the Water Interaction. Food Packag. Shelf Life 2020,
25, 100526. [CrossRef]

5. Picheth, G.F.; Pirich, C.L.; Sierakowski, M.R.; Woehl, M.A.; Sakakibara, C.N.; de Souza, C.F.; Martin, A.A.; da Silva, R.; de Freitas,
R.A. Bacterial Cellulose in Biomedical Applications: A Review. Int. J. Biol. Macromol. 2017, 104, 97–106. [CrossRef]

6. Ullah, H.; Santos, H.A.; Khan, T. Applications of Bacterial Cellulose in Food, Cosmetics and Drug Delivery. Cellulose 2016, 23,
2291–2314. [CrossRef]

7. Cazón, P.; Vázquez, M. Bacterial Cellulose as a Biodegradable Food Packaging Material: A Review. Food Hydrocoll. 2021,
113, 106530. [CrossRef]

8. Torres, F.G.; Troncoso, O.P.; Gonzales, K.N.; Sari, R.M.; Gea, S. Bacterial Cellulose-based Biosensors. Med. Devices Sens. 2020,
3, e10102. [CrossRef]

9. Portilla Rivera, O.M.; Saavedra Leos, M.D.; Solis, V.E.; Domínguez, J.M. Recent Trends on the Valorization of Winemaking
Industry Wastes. Curr. Opin. Green Sustain. Chem. 2021, 27, 100415. [CrossRef]

10. Cerrutti, P.; Roldán, P.; García, R.M.; Galvagno, M.A.; Vázquez, A.; Foresti, M.L. Production of Bacterial Nanocellulose from Wine
Industry Residues: Importance of Fermentation Time on Pellicle Characteristics. J. Appl. Polym. Sci. 2016, 133, 43109. [CrossRef]

11. Carreira, P.; Mendes, J.A.S.; Trovatti, E.; Serafim, L.S.; Freire, C.S.R.; Silvestre, A.J.D.; Neto, C.P. Utilization of Residues from
Agro-Forest Industries in the Production of High Value Bacterial Cellulose. Bioresour. Technol. 2011, 102, 7354–7360. [CrossRef]
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Abstract: The development of innovative fibrous materials with valuable multifunctional properties
based on biodegradable polymers and modifying additives presents a challenging direction for mod-
ern materials science and environmental safety. In this work, high-performance composite fibrous
materials based on semicrystalline biodegradable poly-3-hydroxybutyrate (PHB) and natural iron-
containing porphyrin, hemin (Hmi) were prepared by electrospinning. The addition of Hmi to the feed
PHB mixture (at concentrations above 3 wt.%) is shown to facilitate the electrospinning process and
improve the quality of the electrospun PHB/Hmi materials: the fibers become uniform, their average
diameter decreases down to 1.77 µm, and porosity increases to 94%. Structural morphology, phase
composition, and physicochemical properties of the Hmi/PHB fibrous materials were studied by
diverse physicochemical methods, including electronic paramagnetic resonance, optical microscopy,
scanning electron microscopy, and energy-dispersive X-ray spectroscopy, elemental analysis, dif-
ferential scanning calorimetry, Fourier-transformed infrared spectroscopy, mechanical analysis, etc.
The proposed nonwoven Hmi/PHB composites with high porosity, good mechanical properties, and
retarded biodegradation due to high antibacterial potential can be used as high-performance and
robust materials for biomedical applications, including breathable materials for wound disinfection
and accelerated healing, scaffolds for regenerative medicine and tissue engineering.

Keywords: biodegradable polymers; poly(3-hydroxybutyrate); hemin; electrospinning; outdoor
weathering; new technologies

1. Introduction

At the present time, the mainstream direction of modern materials science and technol-
ogy is oriented toward the development of innovative and ecologically friendly materials
based on natural components and biodegradable polymers with task-oriented multifunc-
tional properties presents. In this connection, the family of biodegradable polyhydrox-
yalkanoates, including poly(hydroxybutyrate) (PHB) is of special interest due to their
potential as biomedical materials for therapeutic applications. PHB seems to be a promising
candidate for the development of composite materials for biomedical applications as this
biopolymer is characterized by high melting temperature, high degree of crystallinity, and
low permeability to oxygen, water, and carbon dioxide [1]. This biodegradable polymer
can be synthesized from renewable natural sources and is known to be biocompatible with
the human body [2].

The introduction of various additives to PHB allows the preparation of the com-
posite PHB-based materials with desired functional properties (nanoparticles [3], carbon
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nanotubes [4], catalysts, and enzymes [5]). Nowadays, special interest is focused on the
molecular complexes of porphyrins and related materials for their applied use as super-
conductors [6–8], in analytical chemistry [9,10], photonics [11,12], gene therapy [13,14],
biomedicine [15–17]. Progress in the synthesis and chemistry of tetrapyrroles has triggered
the ever-growing attention to tetrapyrrole complexes as an effective modifying additive for
polymeric materials, including numerous analogs of natural systems such as porphyrins,
texaphyrins, chlorins, corroles, and others, applied for biomedical purposes [18–22].

Hemin is the iron-containing porphyrin, which is endogenously produced in the
human body, for example, during the turnover of old red blood cells. The unique properties
and benefits of hemin have been widely discussed in the literature [23–32]. Evidently,
hemin is biocompatible with living organisms [23] and can be used for the stabilization of
protein molecules on polymer carriers, and hemin-containing materials can be successfully
used for diverse biomedical applications [24], including, for example, the development of
safe containers for drug delivery systems [25]. Moreover, peptides can be attached to the
surface of hemin-containing materials [26,27]. Hemin shows a well-pronounced catalytic
activity [28] and can be effectively used in anticoagulants [29]. Hemin is characterized by
high thermal stability, thus lifting the challenging problems related to the processing of
polymers and the preparation of sustainable polymer nanocomposite materials [30]. In
addition, hemin also shows high antimicrobial activity against Gram-positive S. aureus [31],
which is a significant advantage in the creation of biomedical materials. Finally, the benefits
of hemin are concerned with its natural origin biocompatibility with living organisms, and
simple and facile procedure of synthesis [32]. Hence, hemin was selected as an efficient
additive for the modification of the PHB materials and preparation of new Hmi/PHB
materials with task-oriented functional properties.

Electrospinning (ES) is credited as a reliable and efficient method for the prepara-
tion of high-performance nonwoven materials based on a wide range of polymers [33].
This method provides the formation of an interconnected network of ultrathin fibers by
drawing a jet of the polymer solution under the action of physical forces. Electrospinning
offers powerful tools for the preparation of diverse composite materials when a functional
additive is dissolved in the polymer feed solution [34–37]: poly(3-hydroxybutyrate-co-
3-hydroxyvalerate)/polylactide [38], poly(butylene adipate succinate)/polylactide [39],
poly(butylene adipate terephthalate)/polylactide [40], poly(ε-caprolactone)/poly
(3-hydroxybutyrate) [41]. This ES approach allows one to control the content of addi-
tives in the composite, phase composition, and distribution of the additive within the
fibrous materials.

This work addresses the development of a facile and sustainable method for the
preparation of high-performance innovative biocompatible Hmi/PHB materials by elec-
trospinning, characterization of their morphology, phase composition, and mechanical
properties by diverse physicochemical methods (electronic paramagnetic resonance (EPR),
optical microscopy, scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) elemental analysis, differential scanning calorimetry (DSC), Fourier-
transformed infrared (FTIR) spectroscopy, mechanical analysis, etc.), investigation of their
stability upon outdoor weathering tests, and description of the potential applied benefits
of the resultant Hmi/PHB materials for diverse applications.

2. Materials and Methods
2.1. Materials

In this work, semicrystalline biodegradable polymer, poly(3-hydroxybutyrate) (PHB)
(trade mark 16F series, BIOMER, Frankfurt, Germany) was used; molecular weight—
206 kDa, density—1.5 g/cm3 and degree of crystallinity—59% (Figure 1A). Hemin (a
tetrapyrrole complex from the class of natural porphyrins) was used as a modifying
additive (Figure 1B). Hemin with the coordination complex of iron (oxidation state III) was
obtained from the bovine (Aldrich Sigma, Saint Louis, MO, USA).
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2.2. Preparation of Electrospun Materials

In this work, polymer nanofibrous materials were prepared by electrospinning (ES)
technique using a single-capillary laboratory unit with a capillary diameter of 0.1 mm
(EFV-1, Moscow, Russia) (Supplementary Files, Figure S1). As a result of electrospinning,
polymer fibers are cured due to the complete evaporation of the solvent. For the prepa-
ration of feed solutions, finely dispersed PHB powder was dissolved in chloroform at
a temperature of 60 ◦C. Hemin was dissolved in N,N-dimethylformamide at 25 ◦C and
homogenized with the PHB solution. The content of PHB in the solution was 7 wt.%, and
the content of hemin was 1, 3, and 5 wt.% of the PHB. The conditions of the ES process
were the following: voltage 17–20 kV, the distance between the electrodes—190–200 mm,
the gas pressure on the solution—10–15 kg(f) cm−2. The electrical conductivity of the feed
solution was 10–14 µS cm−1 and the viscosity of the hemin/PHB solution was 1.4–1.9 Pa s
(viscosity of the 7 wt.% PHB solution in chloroform was 1 Pa s) and the flow rate of the
solution was 0.15–0.20 cm3 min−1 (flow rate of the 7 wt.% PHB solution in chloroform was
0.45 cm3 min−1).

2.3. Methods
2.3.1. Optical Microscopy

Primary data on topography and the general appearance of the samples were collected
using an Olympus BX43 optical microscope (Tokyo, Japan) in transmission mode.

2.3.2. Scanning Electron Microscopy (SEM)

The morphology of the samples was examined by SEM observations using a Tescan
VEGA3 microscope (Wurttemberg, Czech Republic). Prior to SEM observations, the surface
of the test samples was decorated with a thin platinum layer.

2.3.3. Estimation of Structural Parameters

The morphology of the fibrous materials was studied using the Olympus Stream Basic
software (Tokyo, Japan). The average diameter of individual fibers was estimated for each
fiber on the z-stack at five different points. The density δ of the samples reads as:

δ =
m

l × B× b
(1)

where m is the weight of the sample; l is the length; B is the width; b is the thickness.
The porosity of the fibrous electrospun materials was estimated as the ratio between

the volume of pores and the overall volume of the sample:

W = (1−
Vf

Vs
)× 100, % (2)
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where W is the porosity of the nonwoven sample, Vf and Vs stand for the volume of
polymer as fibers in the nonwoven sample and the nonwoven sample, respectively.

2.3.4. Energy-Dispersive X-ray Spectroscopy (EDX)

The elemental composition of the samples (oxygen, chlorine, and iron) was studied
by the method of energy-dispersive X-ray spectroscopy (EDX) using a Tescan VEGA3
instrument (Wurttemberg, Czech Republic).

2.3.5. FTIR Spectroscopy

The chemical composition of initial, modified, and weathered materials were stud-
ied using an FTIR Lumos BRUKER (Berlin, Germany) spectrometer at a temperature of
(22 ± 2) ◦C in the range of wavenumbers of 4000 ≤ ν ≤ 600 cm−6 in the mode of frus-
trated total internal reflection (FTIR) on the diamond crystal [42]. The intensity of several
absorption peaks related to polymer degradation (functional groups) was estimated [43,44].

2.3.6. Differential Scanning Calorimetry (DSC)

The thermal properties of the test samples were studied using a Netzsch 214 Polyma
thermal analyzer (Selb, Germany); the heating rate was 10 ◦C/min. The samples were
heated from 20 ◦C to 220 ◦C and then cooled down to 20 ◦C. The heat of fusion was
calculated using the NETZSCH Proteus software (Selb, Germany). The weight of the
samples was ~7 mg. The data were analyzed according to the standard procedure [45]. The
degree of crystallinity of the samples χ reads as:

χ = ∆Hm/∆Hm,100% × 100% (3)

where ∆Hm is the heat of fusion; ∆Hm,100% is the heat of fusion of the ideal crystal of PHB
(146 J/g [46]).

2.3.7. Electronic Paramagnetic Resonance (EPR)

The EPR spectra were collected using an EPR-V automated spectrometer (Moscow,
Russia). Microwave power in the resonator cavity was below 7 mW. Stable nitroxyl radical
(2,2,6,6-tetramethyl piperidine-1-oxyl (TEMPO) radical moiety) was used as a probe. The
TEMPO radical was introduced into the polymer samples from the gas phase at 60 ◦C.
The content of the TEMPO radicals in the polymer samples was estimated using Bruker
WinEPR and SimFonia software (Berlin, Germany) (CCl4 with the radical concentration
below 10−3 mol L−1 as a reference). Correlation times of the probe rotation were estimated
from the corresponding EPR spectra.

The EPR spectra of the TEMPO spin probe in the slow-motion region (τ > 10−10 s)
were analyzed in the terms of the model of isotropic Brownian rotation using the NLSL
software [47]. Correlation times of the probe rotation τ in the fast-motion region (5 × 10−11

< τ < 10−9 s) were estimated from the corresponding EPR spectra as:

τ = 6.65× 10−10(
√

I+/I− − 1)× ∆H+ (4)

where ∆H+ is the half-width of the spectrum component in the weak field, and I+/I− is the
ratio of the intensities of the components in weak and strong fields, respectively [48].

2.3.8. Mechanical Tests

Mechanical properties (tensile strength, elongation at break) of the test samples were
estimated using a Devotrans DVT GP UG 5 tensile compression testing machine (Istanbul,
Turkey) according to ASTM D5035-11.

2.3.9. Weathering Experiments upon Outdoor Exposure

The weathering experiments were performed according to the ASTM G7/G7M-21
(“Standard Practice for Natural Weathering of Materials”). The samples were subjected to
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outdoor exposure according to standard protocol D1435-13 (“Standard Practice for Outdoor
Weathering of Plastics”). According to the protocol, the wooden weathering racks were
tilted at an angle of 90◦ with respect to the horizontal line.

The dimensions of the samples were 40 mm × 40 mm × 0.3 mm (length, width, and
thickness, respectively). Similar samples were placed as blank samples in a dark and
dry place. The specimens were fastened with white cotton threads; one side of the speci-
mens was fastened with adhesive tape. The duration of each weathering experiment was
3 months (June–August; temperature average 21 ◦C; humidity average 75.7%; geographical
location: 55◦ 45′ north latitude; 37◦ 37′ east longitude).

2.3.10. Statistical Analysis

All measurements were performed, at least, three times for each sample. Mechanical
tests, weathering experiments, and measurements of structural characteristics were per-
formed for 8–10 samples. A mean value and standard deviation were estimated using Data
Analysis by the Origin Pro program (OriginLab Corporation, Northampton, MA, USA).

3. Results

Electrospinning is a well-known and reliable procedure for the development of a
fibrous structure [49,50]. This method makes it possible to control the supramolecular
structure and morphology of individual fibers as well as the morphology of the system as
a whole [51]. The introduction of modifying additives even at low concentrations (below
5 wt.%) provides a marked effect on the formation of the structure of the resultant materials
at all structural levels.

3.1. Morphology Structure and Properties of Hemin/PHB Fibrous Materials

Nonwoven materials prepared by electrospinning are characterized by well-developed
morphology which is described by several key parameters, including density, the average
diameter of individual fibers, porosity, and pore dimensions. Figure 2 shows the optical
micrographs illustrating the visual appearance of the Hmi/PHB samples with different
content of Hmi.
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Figure 2. The micrographs of Hmi/PHB fibrous nanocomposites with different content of hemin:
1 wt.% (A), 3 wt.% (B), and 5 wt.% (C).

As follows from Figure 2, the Hmi/PHB fibrous samples contain big-sized dark inclu-
sions which are accommodated on the surface of individual fibers of the nonwoven sample
(Figure 2A,B). The dimensions of the inclusions are equal to 4–32 µm and 0.7–17 µm for
Hmi/PHB containing 1 and 3 wt.% of Hmi, respectively. Noteworthy is that the Hmi/PHB
samples containing 5 wt.% Hmi are seen to be uniform and free of big-sized inclusions
(Figure 2C). This fact indirectly suggests that electrospinning from the feed solutions
containing 3–5 wt.% of Hmi is enhanced and provides the preparation of more uniform
nonwoven Hmi/PHB materials. Analysis of the micrographs in Figure 2 allows estimation
of the average diameter of individual fibers of the Hmi/PHB nonwoven materials. With
increasing the content of Hmi to 5 wt.%, the average diameter of the fibers decreases from
3.5 µm for the neat PHB down to 1.77 µm for the Hmi/PHB containing 5 wt.% of Hmi.
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Noteworthy is that, as the content of Hmi in the Hmi/PHB composites increases, porosity of
nonwoven materials increases from 80% (for neat PHB) to 94%. Hence, this evidence allows
one to conclude that electrospinning of the feed solutions with the maximum content of
Hmi leads to the preparation of nonwoven Hmi/PHB materials with uniform structure and
high porosity. Structural characteristics of the nonwoven Hmi/PHB materials are listed in
Table 1. The histogram illustrating the size distribution of PHB and Hmi/PHB nonwoven
composites is given in the Supplementary Files, Figure S2.

Table 1. Structural characteristics of PHB and Hmi/PHB nonwoven composites.

Content
of Hmi

%

Density
(Mean ± SD, n = 10)

g/cm3

Average Diameter of
Fibers

(Mean ± SD, n = 100)
µm

Porosity
(Mean ± SD, n = 10)

%

0 0.30 ± 0.01 3.50 ± 0.08 80 ± 2.0

1 0.20 ± 0.02 2.06 ± 0.07 92 ± 1.5

3 0.20 ± 0.01 1.77 ± 0.04 92 ± 1.5

5 0.17 ± 0.01 1.77 ± 0.04 94 ± 1.2

Hence, the presence of 5 wt.% Hmi in the Hmi/PHB feed mixture is associated with a
lower density of the feed solution and facilitates the ES process due to better-organized
movement through the jet. As a result, pore size decreases, and porosity increases. This is
due to the fact that the diameter of the PHB fibers is higher than that of the Hemin-modified
fibers. Thicker PHB fibers are also characterized by the presence of large defects and their
diameter exceeds the average diameter of the fibers by 3–10 times. As a result, upon ES,
thicker fibers are located at a higher distance from each other, forming large pores, and this
effect is the consequence of low electrical conductivity of the spinning solution. However,
as Hemin is added into the feed solution, the number of big-sized defects on the surface
of fibers decreases, the diameter of fibers is reduced, thinner fibers are packed in a more
uniform mode, and the distance between the neighboring fibers is smaller, thus leading
to smaller pores. In other words, when the density of the material is reduced (Table 1),
the resultant material is characterized by a higher content of air layer between well-cured
fibers without bonds, smudges, and thicker regions.

The fine structure of the fibrous Hmi/PHB materials was studied in more detail by
SEM observations. Figure 3 shows the corresponding SEM images. As follows from
Figure 3, the fibrous materials based on neat PHB and Hmi/PHB with a low content of
Hmi (below 3 wt.%) are seen to be non-uniform; the fibers contain joints, crimps, and
big-sized elements as spindles. The average size of structural imperfections ranges between
20 and 30 µm along the longitudinal direction and between 15–25 µm in the perpendicular
direction. With increasing the content of Hmi in the Hmi/PHB system, the diameter of
fibers markedly decreases, and the fibers within nonwoven materials are seen to be more
uniform. Noteworthy is that, for the Hmi/PHB systems containing 5 wt.% of Hmi, the
individual fibers are nearly free of structural defects and imperfections. Both roughness on
the fiber surface almost completely, and spindle-shaped thickenings disappeared at 5 wt.%
content of Hemin.

To gain a deeper insight into the fine structure of the Hmi/PHB materials, elemental
analysis, and distribution of Hmi additive within the fibers, the Hmi/PHB materials were
studied by the EDX method (Figure 4).

104



Polymers 2022, 14, 4878Polymers 2022, 14, x FOR PEER REVIEW 7 of 19 
 

 

 

Figure 3. SEM micrographs of PHB and Hmi/PHB nonwoven materials with different content of 

Hmi: (A) neat PHB, (B) Hmi/PHB with 1 wt.% of Hmi, (C) Hmi/PHB with 3 wt.%, (D) Hmi/PHB with 

5 wt.% of Hmi. 

To gain a deeper insight into the fine structure of the Hmi/PHB materials, elemental 

analysis, and distribution of Hmi additive within the fibers, the Hmi/PHB materials were 

studied by the EDX method (Figure 4). 

Figure 3. SEM micrographs of PHB and Hmi/PHB nonwoven materials with different content of
Hmi: (A) neat PHB, (B) Hmi/PHB with 1 wt.% of Hmi, (C) Hmi/PHB with 3 wt.%, (D) Hmi/PHB with
5 wt.% of Hmi.

According to the EDX analysis, hemin is incorporated into fibers and uniformly
distributed within the polymer structure on the surface and in the bulk. Iron and chlorine
atoms serve as probes for the characterization of the distribution of Hmi within the fibers
as the above atoms are the coordination centers of the tetrapyrrole ring. Noteworthy is
that the distribution of iron and chlorine atoms appears to be identical (hence, the EDX
micrographs illustrating the presence of iron atoms is presented). In Figure 4, iron atoms are
seen as orange dots. In the case of the neat PHB, neither iron nor chlorine atoms are seen.

As was mentioned above, PHB is a semicrystalline polymer, which is composed of
amorphous and crystalline phases. The crystalline phase is presented by lamellae with
folded chains [52]. Under certain conditions formation of spherulites is also allowed [53].
The amorphous phase exists in the rubbery state (glass transition temperature of PHB is
7 ◦C) The influence of technological methods was very great in the formation of the crystal
structure of PHB, since it introduced boundary conditions in the process of formation of the
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supramolecular structure. Thus, the ES method promoted the formation of pass-through
oriented macromolecules [54].
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Figure 4. EDX elemental analysis of iron atoms in the Hmi/PHB samples with different content of
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According to the DSC tests, the degree of crystallinity of PHB is ~60–65%. Hence,
the content of the amorphous phase in the rubbery state is ~35–40% [55]. As follows from
Figure 5, as the content of Hmi in the Hmi/PHB system increases to 5 wt.%, the degree
of crystallinity decreases by 12%. Hence, the presence of Hmi has a certain effect on the
crystallization of PHB from the solution during the ES process.

106



Polymers 2022, 14, 4878

Polymers 2022, 14, x FOR PEER REVIEW 9 of 19 
 

 

folded chains [52]. Under certain conditions formation of spherulites is also allowed [53]. 

The amorphous phase exists in the rubbery state (glass transition temperature of PHB is 7 

°C) The influence of technological methods was very great in the formation of the crystal 

structure of PHB, since it introduced boundary conditions in the process of formation of 

the supramolecular structure. Thus, the ES method promoted the formation of pass-

through oriented macromolecules [54]. 

According to the DSC tests, the degree of crystallinity of PHB is ~60–65%. Hence, the 

content of the amorphous phase in the rubbery state is ~35–40% [55]. As follows from 

Figure 5, as the content of Hmi in the Hmi/PHB system increases to 5 wt.%, the degree of 

crystallinity decreases by 12%. Hence, the presence of Hmi has a certain effect on the crys-

tallization of PHB from the solution during the ES process. 

 

Figure 5. Degree of crystallinity versus the content of Hmi in the Hmi/PHB system. 

Of special interest are the profiles of the melting DSC runs curve for the Hmi/PHB 

samples with the different content of Hmi. As the content of Hmi in the Hmi/PHB materials 

increases, the melting peak upon the first heating run (Figure 6A), becomes more sym-

metric, the melting temperature remains virtually unchanged, and the degree of crystal-

linity decreases. Hence, this evidence makes it possible to conclude that, in the presence 

of Hmi, crystallization of PHB proceeds at a slower rate and in a more uniform manner 

thus leading to the formation of a more regular and well-organized structure. Noteworthy 

is that, for the samples with a higher Hmi content, the low-temperature shoulder in the 

temperature interval of 150–160 °C becomes less pronounced, thus indicating the lower 

content of poorly organized crystallites and defects. On the second heating run, the DSC 

scans show double melting peaks, and this behavior is typical of PHB and corresponds to 

the melting-recrystallization-remelting process. The melting temperature of initial crys-

tals is observed at 160 °C, whereas the melting temperature after recrystallization is about 

174 °C. 

Figure 5. Degree of crystallinity versus the content of Hmi in the Hmi/PHB system.

Of special interest are the profiles of the melting DSC runs curve for the Hmi/PHB
samples with the different content of Hmi. As the content of Hmi in the Hmi/PHB materials
increases, the melting peak upon the first heating run (Figure 6A), becomes more symmetric,
the melting temperature remains virtually unchanged, and the degree of crystallinity
decreases. Hence, this evidence makes it possible to conclude that, in the presence of
Hmi, crystallization of PHB proceeds at a slower rate and in a more uniform manner thus
leading to the formation of a more regular and well-organized structure. Noteworthy
is that, for the samples with a higher Hmi content, the low-temperature shoulder in the
temperature interval of 150–160 ◦C becomes less pronounced, thus indicating the lower
content of poorly organized crystallites and defects. On the second heating run, the DSC
scans show double melting peaks, and this behavior is typical of PHB and corresponds to
the melting-recrystallization-remelting process. The melting temperature of initial crystals
is observed at 160 ◦C, whereas the melting temperature after recrystallization is about
174 ◦C.
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The Hmi/PHB materials were studied by the EPR method to gain a deeper insight
into the inner structure of the amorphous regions of PHB. Noteworthy is that the spin
probe radical TEMPO is localized only within the amorphous phase of semicrystalline PHB
whereas the crystalline regions contain no TEMPO. Hence, the analysis of the corresponding
EPR spectra provides information concerning the mobility of spin radicals within the
amorphous regions. Figure 7 shows the correlation times and concentration of TEMPO
radicals plotted against the content of Hmi in the samples. As follows from Figure 7A,
as the content of Hmi in the Hmi/PHB samples increases, the correlation time tends to
decrease, and this decrease suggests the mobility of the TEMPO spin probe is reduced. The
content of the spin probe (Figure 7B) appears to be independent of the Hmi content in the
Hmi/PHB samples [54]. In other words, even when the concentration of the probe radical
is the same, the mobility of the spin probes decreases.
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Marked changes in supramolecular structure and morphology of the Hmi/PHB lead
to changes in the physical-mechanical properties of the resultant materials (Table 2). For
the Hmi/PHB containing 5 wt.% of Hmi, tensile strength increases up to 5.5 MPa, and this
value is three times higher than that of the PHB nonwoven materials. Elongation at break
is equal to 6% (1.7 times higher than that of the initial PHB).

Table 2. Mechanical characteristics of the Hmi/PHB samples with different content of Hmi.

Content of Hmi
%

Tensile Strength
(Mean ± SD = 0.05, n = 10)

MPa

Elongation at Break
(Mean ± SD = 0.2, n = 10)

%

0 1.7 3.6

1 0.7 4.7

3 1.9 4.7

5 5.5 6.1

3.2. Outdoor Exposure of Hemin/PHB Fibrous Materials

The stability of the biodegradable Hmi/PHB materials containing 5 wt.% of Hmi was
studied under outdoor exposure. The microscopic images of the test samples before and
after weathering experiments are shown in Figure 8. In contrast to the PHB nonwovens
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containing porphyrins with metal ions when degradation within 60–90 days is complete,
the Hmi/PHB materials remain nearly intact: the material retained its integrity and shape.
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The corresponding FTIR spectra of the initial and weathered samples are seen to be
nearly the same and reveal no presence of the accumulated products of the degradation
process (Figure 9).
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The FTIR spectrum shows a slight decrease in the intensity of the peaks at 1721 cm−1

(C=O group), 1278 cm−1 (CH3 group), and 1052 cm−1, (C-O-C group). In the region of
900–700 and 1700–1500 cm−1, noticeable changes are observed. This fact suggests the
breakage of C-C bonds and the accumulation of OH groups.

Even though the weathered Hmi/PHB samples experience minor biodegradation, their
supramolecular structure after weathering is changed. The results of the DSC analysis are
presented in Figure 10. The shape of the melting peak is markedly changed, thus indicating
the occurrence of certain processes during the exposure period.
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The heat of fusion (∆H) and melting temperature (Tm) of intact and weathered PHB
and Hmi/PHB (5 wt.%) nanocomposites are listed in Table 3.

Table 3. Thermophysical characteristics (Tm—the melting temperature, ∆H—the heat of fusion) of
weathered PHB and Hmi/PHB nanocomposites (90 days of exposure).

Sample
Exposure

Time Days
First Heating Run Second Heating Run

Tm, ◦C ∆H, J/g Tm, ◦C ∆H, J/g

Hmi/PHB (5 wt.%) 0 174.5 88.7 171.0 87.9

Hmi/PHB (5 wt.%) 90 171.3 82.8 166.9 80.2

PHB 0 174.1 73.6 170.4 79.4

PHB 90 170.8 63.2 167.2 64.9

The corresponding stress-strain curves of the Hmi/PHB containing 5 wt.% of Hmi
before and after weathering are shown in Figure 11.

As follows from Figure 11, upon weathering, the mechanical characteristics (tensile
stress and elongation at break) are markedly deteriorated. Information on tensile strength
and elongation at break is presented in Table 4.

Upon weathering, the tensile strength of the Hmi/PHB materials decreases by a factor
of 2, and elongation at break decreases from 6.1 down to 4.2%. However, even after outdoor
exposure, the Hmi/PHB materials (in contrast to the weathering of the neat PHB) preserve
their stability and high mechanical properties. Reduced mechanical properties suggest the
occurrence of certain irreversible destruction processes promoted by the photosensitizing
activity of the tetrapyrrole complex of Hemin. However, the samples preserve good
mechanical properties, and both strength and elongation are higher than those of the
initial PHB. Slightly increased strength characteristics of PHB are known to be provided by
oxidation and UV irradiation.
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Table 4. Mechanical characteristics of the neat and weathered Hmi/PHB materials (90 days of
exposure).

Content of Hmi
%

Exposure Time
Days

Tensile Strength
(Mean ± SD = 0.05, n

= 10) MPa

Elongation at Break
(Mean ± SD = 0.2, n = 10)

%

5 0 5.5 6.1

5 90 1.9 4.5

0 0 1.7 3.6

0 90 2.7 4.2

4. Discussion

Nonwoven materials are characterized by three hierarchical levels of structural organi-
zation: macroscopic (the system in whole), mesoscopic (fiber contact area), and microscopic
(structure of individual fibers) levels [56], and structural organization at all levels is con-
trolled by the regime of electrospinning and composition of feed solution. For the Hmi/PHB
composite, the introduction of hemin molecules to the feed mixture appears to exert a
marked effect on the structural organization of Hmi/PHB at all levels.

At the stage of the electrospinning, the introduction of an even concentration of Hmi
(1, 3, 5 wt.%) to the Hmi/PHB cocktail provides a sustainable regime of ES and leads to the
formation of regular nonwoven fibrous material with a uniform distribution of Hmi within
the amorphous phase between crystallites [51] as proved by the EDX method. The role of
Hmi is likely to be associated with an increased electrical conductivity of the feed solution
due to the presence of the metal ion as the coordination center in the Hmi molecule and
the viscosity of the solution [57]. As a result, the electrospinning conditions are improved,
and the performance of ES is enhanced. As the content of Hmi in the Hmi/PHB solution
increases (from 1 to 5 wt.%), the fibrous material becomes more uniform, and the thickness
of regular fibers without defects (smudges, spindles, etc.) decreases down to 1.77 µm.
Noteworthy is that the fibers are well developed upon the Taylor cone formation stage [50].
In this case, due to the well-organized movement of a jet upon ES, the porosity of the
Hmi/PHB material increases from 80 (pristine PHB) to 94% (Hmi/PHB containing 5 wt.%).
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In other words, at the high content of Hmi (Table 1), the Hmi/PHB material is characterized
by a high percentage of the air layer between well-cured fibers.

Concerning the effect of hemin on the morphology of the Hmi/PHB materials, the
SEM observations (Figure 3) prove that the quality and uniform character of the resul-
tant Hmi/PHB nonwoven materials are improved due to the presence of big-sized Hmi
molecules in the intermolecular space of PHB; as a result, the content of amorphous regions
increases, thus increasing the rate of solvent desorption. Evidently, the above changes are
provided by the supramolecular structure of PHB [44]. Electrospinning is known to be ac-
companied by a high deformation rate of the feed polymer solution (103 s−1) [51], thus gov-
erning the orientation of polymer chains [58]. Upon electrospinning, PHB macromolecules
are organized as fibers containing alternating crystalline and amorphous regions [59].
Without the action of external forces, spherulites are formed.

As follows from the DSC scans (Figure 6b), with increasing the content of Hmi in the
Hmi/PHB materials (from 0 to 5 wt.%), the melting peak becomes sharper and the onset
of melting is shifted to higher temperatures. This evidence proves the formation of more
regular crystallites with regular average dimensions and the absence of poorly organized
small crystallites. However, the overall degree of crystallinity decreases (from 65% for neat
PHB down to 53% for Hmi/PHB containing 5 wt.% of Hmi). Hemin is likely to serve as
nucleation sites for the formation of uniform PHB crystallites; after crystallization, Hmi is
accommodated within the amorphous phase of the Hmi/PHB materials. According to the
EPR observations, as the content of Hmi in the Hmi/PHB samples increases, correlation
time markedly decreases (Figure 8).

The above changes in the morphology of the Hmi/PHB materials are associated
with the mechanical properties of the resultant materials. The addition of Hmi to the
feed mixtures provides the formation of regular and uniform fibers and better-organized
and well-cured nonwoven materials. The fibers contain no defects as bonds, spindles,
smudges, and thinned regions, and their thickness is uniform along their length. Hence,
the mechanical characteristics of the Hmi/PHB materials are improved.

The stability of the resultant Hmi/PHB materials was tested under the conditions of
natural weathering (outdoor exposure). In general, weathering of PHB is accompanied
by diverse processes, including oxidation, hydrolysis, photooxidation, stress-induced
changes, etc., which lead to degradation and cleavage of the polymer chain to shorter
fragments [60]. Degradation of biodegradable polymers strongly depends on many factors,
including microbial activity, polymer composition, molecular weight, degree of crystallinity,
temperature, humidity, pH, UV action, accessibility to oxygen and other oxidizing agents,
etc. [61]. According to general knowledge, biodegradation is primarily provided by the
biological activity of living organisms and leads to the decomposition of organic compounds
into nontoxic products with lower molecular weights. Biodegradation of PHB under
anaerobic conditions is accompanied by the formation of carbon dioxide (CO2), water
(H2O), and methane; under aerobic conditions, CO2 and H2O are formed [62–64]. Several
bacteria and fungi, e.g., Pseudomonas, Actinomadura, Penicillium Aspergillus spp., Microbispora,
Saccharomonospora, Streptomyces, Thermoactinomyces, and Bacillusspp., can also degrade PHAs
both aerobically and anaerobically. Degradation of ultrathin PHB fibers is known to proceed
with a high rate as compared with that of PHB films [65] due to the three-dimensional
structure and high surface area of nanofibers [65,66].

The results on the outdoor weathering of the Hmi/PHB nonwoven materials contain-
ing thin fibers seem to be of vital importance for the characterization of their stability and
potential use in biomedical applications. As follows from Figure 9, even after outdoor
exposure for 90 days, the weathered Hmi/PHB samples preserve their shape and integrity.
Further tests reveal insignificant fiber cleavage and thinning. The FTIR analysis reveals that
degradation proceeds without any accumulation of functional groups or toxic products. As
follows from Table 4, this process leads to certain deterioration in the mechanical properties
of the Hmi/PHB materials: tensile strength decreases by a factor of 2, and elongation
at break decreases by a factor of 1.5 (Figure 11). This evidence can be explained by the
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degradation-induced changes in the integrity of fibers and supramolecular structure of the
Hmi/PHB materials due to oxidative and photooxidative processes in the air under the
action of the UV light. Earlier, this phenomenon was observed for ozone-induced oxidation
of PHB [67].

The DSC data [68] were analyzed for the detailed description of the structural evolution
in the crystalline phase as evidenced by marked changes in physicomechanical properties.

Within 90 days of exposure, the supramolecular structure (including the crystalline
phase) experiences marked changes in the action of environmental factors (water, wind,
UV, temperature changes). The slight decrease in the melting temperature of the weathered
samples suggests the formation of poorly organized crystallites and a certain decrease in the
molecular weight of the samples [69,70]. However, in general, degradation of the Hmi/PHB
materials is retarded as compared with the neat PHB. Seemingly, the exposure to solar
radiation leads to the initiation of oxidative processes on the surface of individual fibers,
leading to minor changes in the crystalline structure as evidenced by a well-pronounced
shoulder and double melting peaks which are indicative of the formation of imperfect
crystallites. Noteworthy is that the overall degree of crystallinity remains unchanged.

Let us also mention the action of Hmi as an efficient antibacterial agent with respect
to bacteria and fungi [34,71–73]. In the presence of Hmi, intensive generation of hydroxyl
radical leads to oxidation of cellular compartments, cell wall rupturing, and membrane
leakage, thus providing bacterial apoptosis. As a result, the amorphous phase of the
Hmi/PHB composite materials, which is the most susceptible to biodegradation, appears to
be stabilized. Hence, the resultant Hmi/PHB composites with high biocompatibility, good
mechanical properties, and retarded biodegradation can be used as effective biomedical
materials and scaffolds for regenerative medicine and tissue engineering.

5. Conclusions

This work addresses the preparation of bioinspired Hmi/PHB composite materials
with high mechanical properties and retarded biodegradation. The addition of Hmi to the
feed PHB solution (above 3 wt.%) provides a marked improvement in the performance
of the electrospinning process and leads to the formation of well-organized and uniform
nonwoven materials with high porosity and good mechanical properties.

The work investigated and described the regularities of changes in the PHB-hemin
system during outdoor exposure. The obtained results revealed a deeper understanding
of the structural organization of PHB macromolecules and their response to oxidative
processes. In the case of the commercial launch of the material, practical recommendations
for the use of the PHB-hemin system can be carried out. This material retains its stability
within 90 days. The Hmi/PHB materials can be recommended for their use as biomedical
materials for wound disinfection and accelerated healing, and as scaffolds in regenerative
medicine and tissue engineering, and this challenging task requires further detailed studies.
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68. Mosnáčková, K.; Danko, M.; Šišková, A.; Falco, L.; Janigová, I.; Chmela, Š.; Vanovčanová, Z.; Omaníková, L.; Chodáka, I.;
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Abstract: Oil-in-water bitumen emulsions stabilized by biobased surfactants such as lignin are in
line with the current sustainable approaches of the asphalt industry involving bitumen emulsions for
reduced temperature asphalt technologies. With this aim, three lignins, derived from the kraft pulping
and bioethanol industries, were chemically modified via the Mannich reaction to be used as cationic
emulsifiers. A comprehensive chemical characterization was conducted on raw lignin-rich products,
showing that the kraft sample presents a higher lignin concentration and lower molecular weight.
Instead, bioethanol-derived samples, with characteristics of non-woody lignins, present a high
concentration of carbohydrate residues and ashes. Lignin amination was performed at pH = 10 and 13,
using tetraethylene pentamine and formaldehyde as reagents at three different stoichiometric molar
ratios. The emulsification ability of such cationic surfactants was firstly studied on prototype silicone
oil-in-water emulsions, attending to their droplet size distribution and viscous behavior. Among the
synthetized surfactants, cationic kraft lignin has shown the best emulsification performance, being
used for the development of bitumen emulsions. In this regard, cationic kraft lignin has successfully
stabilized oil-in-water emulsions containing 60% bitumen using small surfactant concentrations,
between 0.25 and 0.75%, which was obtained at pH = 13 and reagent molar ratios between 1/7/7 and
1/28/28 (lignin/tetraethylene pentamine/formaldehyde).

Keywords: lignin; amination; emulsion; bitumen; rheology; microstructure

1. Introduction

Lignin is after cellulose the second most abundant renewable polymer [1,2], being
mainly synthetized by enzymatic polymerization of the following monomers: p-coumaryl
alcohol, coniferyl alcohol, and synapyl alcohol. Each of these monolignols gives rise to
different types of lignin units, which are called p-hydroxyphenyl (H), guaiacyl (G), and
syringyl (S), respectively [3]. It is known that other monomers such as coniferaldehyde,
acylated monolignols, etc. could also act as precursors of lignin [3]. The final polymeric
structure of lignin is a heterogeneous complex macromolecule with different types of bonds
and a large variety of functional groups that depend on the biomass source [4]. Accordingly,
hardwood would contain approximately 20–25% of lignin, which is mostly composed of
G and S units and traces of H units. On the other hand, softwood with around 20–35%
of lignin mostly contains G units and small amount of H units [5,6]. Finally, non-woody
species have lower lignin content (9–20%) of HGS type, which is characterized by a high
proportion of H units [7]. Moreover, along with their source, the method used to generate
the different lignins strongly affects their characteristics and, consequently, industrial
applications [8,9].
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Nowadays, pulp and paper industries, using processes such as kraft and sulfite pulp-
ing, generate a high amount of residual lignin dissolved in the black liquor, yielding kraft
lignin and lignosulfonates [10]. Around 50–70 million tons/year of lignin are generated
by this industry, mainly from kraft mills, since it is the most extended pulping technology
to produce cellulose pulp [11,12]. On the other hand, the residues generated in lignocel-
lulosic biorefineries that produce bioethanol are also enriched in lignin [8]. Within these
biorefineries, the residual lignins come either from the solid residues generated after sac-
charification/fermentation processes (lignin of lower quality) or from the liquid fractions
generated in the pre-treatments carried out on the raw biomass (high purity lignin) [13].
If these lignins are also considered, an increase of up to 225 million tons/year of residual
lignins is forecasted by 2030 [14].

Most of such lignin side streams are normally burned, due to their high calorific value,
to obtain energy that is partially used in the same production plant. However, this process
generates an excess of energy, making more interesting the valorization of the residual
lignin into high value-added products that guarantee the profitability of these plants [15].
Interestingly, a wide range of products can be obtained from them with application in
many different industries, given the interesting properties that these residual lignins may
exhibit (e.g., biodegradability, antioxidant and antimicrobial capacity, high reinforcing
ability, surfactant properties) and the possibility of chemical modifications due to the high
amount of chemicals sites available in the lignin structure [16].

Among promising alternatives, lignin-derived products could find application in
the asphalt industry that has demonstrated a strong commitment to the development
of more sustainable technologies and materials. In this regard, reduced temperature
asphalt technologies, involving cold or half warm mix asphalt, may lead to a remarkable
reduction in energy consumption (up to 7.5 times lower) and emissions (up to 7 times
less kg equivalent CO2/ton product) [17]. For such technologies, the use of a bituminous
emulsion allows bitumen mixing with aggregate and further compaction operations to be
performed at lower temperatures (in the range 60–130 ◦C) compared with those used for
hot mix asphalt, which is typically above 165 ◦C [17–19]. Moreover, the development of
oil-in-water bitumen emulsions stabilized by a biobased surfactant such as lignin would be
clearly in line with the above commented sustainability approach.

However, markets and similar product specifications demand positively charged
cationic bitumen emulsions [20], given that most common aggregates are of acidic type
(i.e., siliceous-based derivatives) and exhibit a negative charge on their surfaces [21]. Due
to the absence of protonatable functional groups, raw lignins cannot be used as cationic
emulsifiers requiring their amination through the well-known Mannich reaction, which
involves formaldehyde and amines as reagents, and this may be carried out under alkaline
conditions [22,23]. The resultant modified lignins become positively charged and soluble
under an acidic aqueous phase of the emulsion. These charges, when used in cationic
bitumen emulsions for asphalt, are expected to stabilize the bitumen–water interface and,
more interestingly, promote binder interaction and adhesion to a negatively charged surface
of aggregates.

With this aim, this work compares the emulsification ability of three commercial
lignins, by-products of the pulp and paper (kraft pulping) and bioethanol industries, which
have been chemically modified via the Mannich reaction to be used as cationic emulsifiers.
Initially, a comprehensive characterization of the different lignins has been carried out,
and the emulsification ability of the resulting cationic surfactants has been assessed on
prototype silicone oil-in-water emulsions in terms of droplet size distribution and viscous
behavior. Afterwards, cationic bitumen emulsions stabilized by a modified lignin have
been designed attending to the surfactant content and reagent molar ratio used for the
amination reaction.
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2. Materials and Methods
2.1. Raw Materials

A kraft lignin (referred to as KFT) from Sigma Aldrich (Madrid, Spain) and two lignin
samples derived from the bioethanol process with two purification grades, provided by
DONG Energy (Fredericia, Denmark) (referred to as BIOeth1 and BIOeth2, respectively),
were used as precursors to obtain cationic lignins (C-KFT, C-BIOeth1 and C-BIOeth2).
Bioethanol lignins are expected to be the solid residue fraction derived from wheat straw
subjected to a hydrothermal pre-treatment followed by enzymatic hydrolysis and sugars
fermentation to obtain bioethanol [24].

Lignin amination was performed following the Mannich reaction procedure, using
tetraethylene pentamine (TEPA) and formaldehyde 37% as reagents, which were both
supplied by Sigma Aldrich (Spain).

In the production of the model emulsions, silicone oil (FS100 from Esquim SA,
Barcelona, Spain) with an approximate viscosity of 100 mPa·s at ambient temperature
was chosen. This viscosity allowed us to easily reproduce at ambient conditions bitumen
viscosity prior to its emulsification at high temperature, which is recommended to be less
than 200 mPa·s before entering the colloid mill [20]. Subsequently, for the second part
of the study, a bitumen with a penetration grade of 160–220 (Repsol SA, Madrid, Spain)
was emulsified.

2.2. Preparations

Amination reaction was carried out under alkaline conditions at 60 ◦C for 4 h, previ-
ously dissolving lignin in distilled water at two pH values, 10 and 13. Formaldehyde (Fd)
and tetraethylene pentamine (TEPA) were used as reagents for the amination of lignins (Lig)
at three different Lig/TEPA/Fd stoichiometric molar ratios, 1/7/7, 1/14/14, and 1/28/28.
Once reaction finished, the emulsification pH was reduced to 1 with hydrochloric acid (HCl)
to activate new amine functional groups of modified lignins. Lignin amination by TEPA
has been confirmed by FTIR analysis (as described below), suggesting that modification
takes place with the inclusion of amine functional groups in the aromatic units [18].

The emulsification process of model silicone emulsions was performed with the IKA
T25/25F homogenizer (Germany) at 20,000 rpm rotational speed for 4 min, and bitumen
emulsification was carried out with an IKAT50/G45M at 10,000 rpm for 3 min. Silicone
oil was emulsified at room temperature, whereas bitumen was blended with the aqueous
phase (water and surfactant) to prepare a premixture at 90 ◦C prior to the emulsification
stage. Two oily disperse phase (O) concentrations were studied, 60% and 70%, and cationic
emulsifier (Surf) concentrations ranged from 0.25 to 0.75% Surf.

2.3. Tests and Measurements

Lignin composition was determined by standard analytical methods (National Re-
newable Energy Laboratory NREL/TP-510-42618). In order to determine the carbohydrate
composition, samples were subjected to quantitative acidic hydrolysis in two steps. The
obtained hydrolyzed liquids were then analyzed for sugar contents using an Agilent Tech-
nologies 1260 HPLC fitted to a refractive index detector and an Agilent Hi-PlexPb column
operated at 70 ◦C with Milli-Q water as the mobile phase, which was pumped at a rate of
0.6 mL/min. Soluble lignin was also measured in the hydrolyzed liquids using a Lambda
365 UV/Vis spectrometer (Perkin Elmer, Boston, MA, USA) at 205 nm. The resulting solid
residues obtained after the acid hydrolysis were considered acid-insoluble lignin (Klason
lignin). Ash content was determined following the standard UNE 57050:2003. Finally,
elemental analysis was conducted in an Elemental Thermo Flash EA1112 analyzer (Thermo
Fisher Sci., MA, USA) following the standards EN 15104, EN 15296 and EN 15289.

The total phenols content of lignins was analyzed according to Jiménez-López et al. [25].
For that, lignins were previously dissolved in dimethylsulfoxide (DMSO). Then, the ab-
sorbance of a mixture with Na2CO3, Folin–Ciocalteau reagent, and lignin solutions was
measured at 760 nm using a UV–Vis spectrophotometer (Lambda 365, PerkinElmer, Boston,
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MA, USA). The total phenols content of samples was quantified using a calibration curve
prepared from a standard solution of gallic acid (1–20 mg/L) and expressed as mg gallic
acid equivalent (GAE)/g of lignin (on a dry basis).

Size exclusion chromatography analysis (SEC) was used to evaluate the average
molecular weight (Mw), number average (Mn) and polydispersity (Mw/Mn) of the lignins.
Lignin samples were examined by high-performance liquid chromatography (HPLC) using
a column PLgel 10 µm MIXED B 300 × 7.5 mm operated at 70 ◦C. A column PLgel 10 µm
guard 50 × 7.5 mm was also employed. N,N-dimethylformamide (DMF) pumped at a rate
of 1 mL/min was employed as the mobile-phase. Polystyrene was used as the standard,
with peak average molecular weights of 570, 8900, 62,500, 554,000 (Sigma-Aldrich, Spain).
For detection, a G1362A refractive index (RI) detector (Agilent, Waldbronn, Germany) was
used. Solubilization was almost complete; only approximately 5% of the samples remained
undissolved, which it is considered a non-significant percentage of the samples for the
determination of their molecular weight.

Fourier-transform infrared spectroscopy (FTIR) measurements were conducted for
identifying the functional groups present in lignin samples. A JASCO FT/IR 460 Plus
spectrometer (Jasco, Japan) was used to acquire the spectra from 4000 to 600 cm−1, after
400 scans at 1 cm−1 resolution.

Emulsion characterization was carried out by means of droplet size distribution mea-
surements and viscosity curves at 30 ◦C. Particle size distribution tests were conducted in
a Mastersizer 2000 Malvern (UK), at ambient temperature, according to the laser diffrac-
tion method. Steady flow viscous tests between 0.5 and 500 s−1 were performed using a
profiled-surface coaxial cylinder (di = 26.657 mm and do = 28.922 mm), to avoid wall-slip
phenomena [26], in a controlled stress rheometer Anton Paar MCR301 (Graz, Austria).

3. Results and Discussion
3.1. Lignin Characterization

Table 1 shows compositions obtained for the different raw lignin-rich products. As
may be seen, the kraft lignin sample (KFT) shows a higher lignin concentration than the
bioethanol-derived products (BIOeth1 and BIOeth2). This result is related to the higher
concentrations of carbohydrate residues (around 23–24%) and ashes (9–10%) found for
BIOeth1 and BIOeth2 samples. As known, the solid residual fraction after bioethanol
production is enriched in lignin but with a certain contamination of carbohydrates derived
from the non-hydrolyzed cellulose during the saccharification [8], among which glucose is
the main sugar (Table 1).

Table 1. Composition of the different raw lignin-rich products.

Sample
Klason
Lignin
(wt.%)

Soluble
Lignin
(wt.%)

Total
Lignin
(wt.%)

Glucose
(wt.%)

Xylose
(wt.%)

Arabinose
(wt.%)

Ash
(wt.%)

Elemental Analysis (wt.%)

C H N O S

KFT 89.08 5.14 94.22 0.92 1.61 0.20 2.4 61.2 6.72 2.18 26.9 1.8
BIOeth1 60.59 3.35 63.94 23.61 5.68 0.26 10.4 49.1 5.16 2.37 33.4 0.13
BIOeth2 62.12 3.62 65.74 24.06 5.49 0.17 9.4 49.0 5.21 2.75 34.0 0.12

During bioethanol production, hydrothermal pre-treatments solubilize a great part
of hemicellulose fraction, resulting in pre-treated materials enriched mostly in cellulose
and lignin [27]. This residual lignin in the pre-treated materials may unspecifically bind
hydrolytic enzymes during the subsequent enzymatic hydrolysis [28], decreasing the
saccharification yields and, consequently, increasing the content of carbohydrates non-
hydrolyzed (mainly glucose) in bioethanol-derived lignin samples. Regarding the kraft
lignin sample, the small amount of carbohydrates found (mainly xylose) is normally
attributed to the lignin carbohydrates complexes and non-bounded sugars, as suggested
by Alekhina et al. [29] and dos Santos et al. [30]. These authors have also described
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that the fast degradation of carbohydrates (mainly hemicelluloses as xylan) during kraft
pulping, through the well-known peeling reactions, together with the low solubility of
hemicelluloses in acid media during lignin precipitation from black liquors, are the factors
that explain why xylose is the most abundant sugar in KFT (Table 1).

As for the higher ash content found for bioethanol-derived lignin samples compared
with KFT (Table 1), the presence of ashes in kraft lignin is probably related to the inorganic
compounds used in kraft pulping (e.g., NaOH and Na2S) and the high amount of Na2SO4
salts formed during the acid precipitation step. However, the low content of ashes found
for this lignin would indicate it has been subjected to a purification post-treatment. Con-
versely, the higher ash concentration observed for BIOeth1 and BIOeth2 samples cannot be
explained by the isolation process of these lignins, where neither kraft cooking nor acid
precipitation processes have been used. The reason for the higher ash concentration found
in bioethanol lignins could be related to the content of inorganic compounds present in the
raw material (e.g., wheat straw). It is known that the ash and silicate contents of different
non-woody materials, such as wheat straw, are higher than in wood lignin [31]. In any case,
the ash content would depend on post-treatments performed on the lignin-rich product,
such as salt removal with a wash step using deionized water until pH 5 [29].

Another relevant difference observed among samples was the lower sulfur content
measured in bioethanol samples, which is 10 times lower than that found in KFT (Table 1).
This result is due to the use of Na2S during the kraft process, in which lignocellulosic raw
material is treated with NaOH and Na2S in an aqueous solution at high temperature [32,33].
As a result, some ionizable groups as phenolic hydroxyls present in kraft lignin may become
sulfonated during kraft pulping.

Regarding acid soluble lignin contents (Table 1), BIOeth1 and BIOeth2 lignin samples
presented a lower amount than kraft lignin. This fact could be attributed to the hydrother-
mal pre-treatment used in bioethanol production that could have removed low molecular
weight degradation products and hydrophilic derivatives of lignin, which are both compo-
nents of the acid-soluble lignin [27]. On the other hand, the severity used during the kraft
pulping along with the lignin precipitation step at low pH would favor the increase in the
acid-soluble lignin content found in KFT [34].

FTIR spectroscopy was used to characterize the main functional components of lignin
samples (Figure 1), showing all spectra the typical lignin bands according to previous
studies [8,9,29,35]. At 3330 cm−1, a wide band attributed to O−H stretching vibration
(both alcohol and phenolic hydroxyl groups) was displayed in all lignin spectra. The
kraft lignin spectrum showed a broader band, moved toward 3250 cm−1, with higher
intensity compared with bioethanol-derived lignin spectra, demonstrating a higher content
of hydroxyl groups, mainly phenolic, possibly because of the major cleavage of alkyl–aryl
ether linkages (β-O-4′ substructures) during the kraft pulping process [29,36]. Thus, the
phenol content measured on samples agrees with this result, having KFT, BIOeth1 and
BIOeth2, respectively, 366, 102 and 104 mg GAE/lignin. The bands at 2928 cm−1 and
2852 cm−1 correspond to the C−H stretching vibration in the −CH3 and −CH2− groups,
respectively, whereas the band at 1455 cm−1 is associated to the C−H asymmetric vibrations
and deformation. The intensity of these bands was lower for kraft lignin compared with
bioethanol-derived lignins, which could be related to a lower aliphatic group content,
which is probably due to a higher aliphatic chain shortening during kraft pulping [36]. The
higher content of hydroxyl groups, together with the aliphatic chain shortening observed
in the kraft lignin spectrum, suggests a lignin with a major fragmented structure compared
with bioethanol-derived lignins. Similar effects were described by Santos et al. [8] when
bioethanol lignins from olive tree pruning were compared with alkaline lignins, either
soda-anthraquinone or kraft lignins, the latter being more degraded.
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Figure 1. FTIR spectra, 4000–650 cm−1 region, of KFT (black), BIOeth1 (red) and BIOeth2 (blue) lignin
samples, and KFT lignin sample after amination reaction (green).

All lignin spectra presented the typical bands at 1598, 1502, and 1417 cm−1 attributed to
vibrations of lignin aromatic skeleton. Furthermore, the three spectra showed a shoulder at
1648 cm−1 (conjugated C=O groups), especially visible in bioethanol lignins, which could be
explained by lignin oxidation. Nevertheless, in the case of bioethanol lignins, these carbonyl
groups may also be associated to the C=O stretching of amide bonds from cellulolytic
enzymes and/or biological contaminations from the fermentative microorganisms [37–39].
This last hypothesis is supported by the higher nitrogen content found in bioethanol lignins
samples (Table 1). Another shoulder at 1698 cm−1, associated to unconjugated C=O groups
stretching from lignin oxidation, was also observed in all spectra, although it can also be
attributed to carbonyl groups in hemicelluloses impurities [29].

Regarding the presence of S, G or H units, the kraft lignin spectrum showed the
typical pattern of softwood lignins, with pronounced bands at 1262 cm−1 (G ring breathing
with C=O stretching), 1219 cm−1 (G ring breathing with C–C, C–O, and C=O stretching),
1030 cm−1 (C–H bond deformation in G units) and the bands at 853 cm−1 and 817 cm−1 (C–
H out of plane in position 2, 5 and 6 of G units) [29]. On the other hand, bioethanol-derived
lignins showed the corresponding G units bands, together with S and H units bands at
1327 cm−1 (S aromatic ring breathing) and at 836 cm−1 (C–H out of plane in position 2 and
6 of S units and all positions of H units), which are typical of hardwood lignins as well as
non-woody lignins (e.g., wheat straw) [8,9,35].

In agreement with the higher carbohydrate content (mainly glucose) determined in
bioethanol lignins (Table 1), their spectra displayed cellulose bands at 1153, 1105, 1053, and
1030 cm−1 overlapping some lignin bands. On the other hand, the kraft lignin spectrum
showed a new band at 1082 cm−1, which is associated to hemicelluloses. Furthermore, as

122



Polymers 2022, 14, 2879

previously commented, the band intensity at 1698 cm−1 could also be partly correlated
to hemicelluloses.

After amination reaction, the structural units appear different as observed by the
following evidence on the modified Kraft lignin spectrum: (a) a broader and stronger band
at 3250 cm−1, in which N-H stretching vibrations could be contributing, as well as the
presence of a newly developed peak centered at 770 cm−1 associated to N-H wagging out of
plane; (b) a broader band appeared at 1640 cm−1, arising from the N-H bending vibrations
in a single bond NH2 structure; and (c) the C–H vibrations from the aromatic skeleton of
lignin showed a lesser definition, such as 1598, 1502, 1455 and 1417 cm−1 [18,40,41]. This
would suggest that modification, with the inclusion of an amine functional group, has
occurred in their aromatic unit.

Finally, Figure 2 and Table 2 show, respectively, lignin molecular weight distributions
and their average molecular weight (Mw), number average (Mn), and polydispersity
(Mw/Mn). As seen in Table 2, all lignins showed low molecular weights with very similar
polydispersity values. Nevertheless, the kraft lignin sample showed a lower molecular
weight than lignin samples from bioethanol production (BIOeth1 and BIOeth2). The
lower molecular weight of kraft lignin corroborates with the higher phenolic content
observed by the FTIR spectroscopy of this lignin, compared with bioethanol lignins, which
supports a major lignin depolymerization during the kraft pulping process. In this sense,
previous studies indicated that the molecular weight of kraft lignin could be greatly reduced
due to an extensive cleavage of alkyl-aryl ether linkages of β-O-4′ bonds during kraft
pulping [29,42]. On the contrary, lignins from bioethanol production are usually found to
be less degraded [8].
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Figure 2. Molecular weight distribution of KFT (black), BIOeth1 (red) and BIOeth2 (blue)
lignin samples.

Table 2. Average molecular weight (Mw), number average (Mn) and polydispersity (Mw/Mn) of the
lignin samples.

Sample Mn (g/mol) Mw (g/mol) Polydispersity

KFT 5366 6248 1.164
BIOeth1 6618 7869 1.189
BIOeth2 6878 8217 1.195

3.2. Lignin as Cationic Surfactants of Model Emulsions

Emulsion properties such as droplet size distribution (DSD) and rheology are closely
linked to emulsifier performance. Optimization of the emulsifier was initially carried out
on model silicone–oil-based emulsions by studying the effect of the lignin source and
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reaction pH for a selected reagent ratio of 1/14/14 (Lig/TEPA/Fd reagents), which was
calculated according to the previous lignin characterization. Figure 3 shows the effect of
lignin source on the emulsification ability of the cationic surfactants prepared under alkaline
conditions (pH = 10 and 13). When reaction at pH of 13 was used for lignin amination,
no matter the selected lignin source, a 0.5% cationic lignin was able to stabilize the 60%
and 70% oil emulsions formulated at pH = 1. Systems emulsified by bioethanol-derived
cationic surfactants (C-BIOeth1 and C-BIOeth2) showed bimodal distributions, obtaining a
narrower droplet size distribution (DSD) for the emulsions stabilized by C-BIOeth2 (i.e.,
the most purified lignin by-product from the bioethanol process). Conversely, emulsion
stabilized by cationic kraft lignin (C-KFT) showed a monomodal DSD with a shoulder at
low particle size.
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Figure 3. Droplet size distribution of emulsions formulated with 60% (A) and 70% silicone oil (B) and
stabilized by 0.5% surfactant. Emulsification ability of cationic surfactants as a function of their lignin
source and pH of amination.

The mean particle size of emulsions was determined as Sauter (D3,2) and De-Brouckere
or volumetric (D4,3) diameters [43]:

D3,2 =
∑i nid3

i

∑i nid2
i

, (1)

D4,3 =
∑i nid4

i

∑i nid3
i

(2)

where ni is the number of droplets with diameter di. Table 3 shows that C-KFT leads to
emulsions with much lower Sauter and volumetric mean diameters. Furthermore, an
increase in oil concentration from 60% to 70% hardly modifies the values of D3,2 and D4,3 no
matter the lignin considered. Likewise, the emulsion particle size remained almost constant
after one week of storage time at room temperature (Table 3). Conversely, a less alkaline
medium (pH = 10) for the amination reaction significantly reduced lignin’s emulsification
ability, shifting DSD curves toward higher droplet sizes (Figure 3B and Table 3).

The viscous behavior of prepared emulsions is shown in Figure 4. Systems presented a
shear thinning non-Newtonian behavior characterized by a power-law decrease in viscosity
with shear rate, which is more evident for the most oil-concentrated (and, therefore, more
viscous) emulsions (Figure 4B). This behavior is well known in flocculated emulsions, in
which the slope of the shear-thinning region is higher as the flocculation degree increases
(Santos et al., 2015). Thus, Figure 4B shows, for cationic lignins synthetized at pH13, that
emulsions stabilized by bioethanol-derived lignins present viscosity curves steeper (i.e.,
more dependent on shear rate) than C-KFT-stabilized systems. However, a decrease in the
slopes of the shear-thinning region is found with storage time, suggesting a weakening of
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flocculation degree and a slow destabilization process of the emulsion that, instead, does
not lead to an eventual droplet coalescence, as may be deduced from Table 3.

Table 3. Mean droplet diameter of cationic silicone emulsions prepared at pH = 1 and with a 0.5%
surfactant (reagent molar ratio 1/14/14).

Lignin
Type

Reaction
pH

Oil Conc.
(wt.%)

D3,2 (µm) D4,3 (µm)
Storage Time Storage Time

1 Day 1 Week 1 Day 1 Week

BIOeth1 13 60 16.9 - 37.3 -
BIOeth2 13 60 14.2 - 27.4 -

KFT 13 60 6.8 - 9.2 -
BIOeth1 10 70 311.9 - 376.5 -
BIOeth2 10 70 194.3 - 207.5 -
BIOeth1 13 70 18.7 17.3 49.7 49.3
BIOeth2 13 70 12.8 12.9 31.0 32.9

KFT 13 70 7.3 7.8 10.0 10.5
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Figure 4. Viscous behavior of silicone emulsions stabilized by cationic lignin. Effect of the lignin
source of cationic surfactants synthetized, pH of amination reaction and storage time on emulsions
containing 60% (A) and 70% oil (B).

Interestingly, when the oil concentration is 60%, which is far below the expected maxi-
mum packing fraction for the emulsion disperse phase, cationic kraft lignin leads to weakly
flocculated emulsions as may be deduced from the almost Newtonian behavior exhibited by
this system, unlike bioethanol-derived cationic lignins (Figure 4A). Flocculation is known
to increase the apparent dispersed phase volume, along with the formation of non-spherical
aggregates. Both factors may contribute to the development of a non-Newtonian viscous
response [44]. Under such conditions, with a less packed disperse phase in the emulsion
(i.e., with a higher distance among droplets), only C-BIOeth1 and C-BIOeth2 would be able
to build up an extended three-dimensional network formed by droplets interconnected
by the lignin surfactant. This network seems to be more developed for the C-BIOeth2
stabilized emulsion as may be deduced from its steeper viscous flow curve (Figure 3A).

Results obtained would be in good agreement with the structures and compositions
of the above-described lignin-rich products. Thus, cationic surfactants obtained from
bioethanol process are expected to have a higher molecular weight (Table 2) than kraft
lignin cationic-derived surfactant. Likewise, the contamination of these lignins by sugars
may have a strong influence on the emulsion rheology, since polysaccharides are known
to have a thickening effect with little surface activity, increasing the viscosity of the con-
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tinuous aqueous phase of the emulsions [44,45]. Together, the higher lignin molecular
weight and the thickening effect of carbohydrate contamination are expected to favor
droplet flocculation.

Conversely, the lower molecular weight of kraft lignin (with a more fragmented
structure compared with bioethanol-derived lignins) would lead to less flocculated systems
with a lower droplet size, suggesting a higher interfacial activity for C-KFT. This fact,
together with its higher purification degree, with about 94% lignin concentration (Table 1),
makes cationic kraft lignin the best candidate to stabilize bitumen emulsions.

3.3. Formulation of Lignin-Based Cationic Bituminous Emulsions

According to the previous results, cationic kraft lignin showed the best performance
as an emulsifier of silicone oil model emulsions, being selected as a potential cationic
surfactant for bitumen emulsions. Regarding its surfactant activity, previously, it was found
that the surface tension of this cationic lignin decreases with the increase in concentration up
to 0.625% surfactant, and both polar and dispersive components of surface energy remain
constant for higher concentrations [19]. As a result, the effect of surfactant concentration
was initially assessed for the design of such emulsions in the range of 0.25–0.75%. Figure 5A
shows that C-KFT successfully stabilizes water-in-oil emulsion containing 60% bitumen (O)
at surfactant concentrations between 0.25 and 0.75%. In all cases, DSD curves show a trend
to a bimodal distribution with peaks located at about 15 and 95 µm. Likewise, even though
mean droplet diameters are similar for the three surfactant concentrations (Table 4), the
smallest values of D3,2 and D4,3 are found for the emulsion stabilized with 0.75% C-KFT.
All emulsions remained visually stable for at least one week, which is the shortest storage
time required for this type of emulsions to be used in road applications.
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Figure 5. Effect of C-KFT concentration on droplet size distribution (A) and viscosity (B) of 60%
bitumen emulsions.

Table 4. Mean droplet diameter and Sisko model parameters of 60% bitumen emulsions as a function
of C-KFT concentration (reagent molar ratio 1/14/14).

Surfactant
Conc. (wt.%) D3,2 (µm) D4,3 (µm) η∞ (Pa s) k (Pa sn) n (-)

0.25 11.7 60.9 0.014 0.06 0.29
0.50 11.4 63.7 0.013 0.06 0.27
0.75 9.1 53.9 0.018 0.07 0.23
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Similarly, emulsion viscosities hardly change with surfactant concentration (Figure 5B).
All flow curves display a non-Newtonian behavior with a shear thinning region at low shear
rates followed by a trend to reach a high-shear-rate limiting viscosity, which corresponds to
the shear-induced deflocculation process. The observed viscous behavior may be described
by the Sisko model:

η = η∞ + k
.
γ

n−1, (3)

where k and n are, respectively, the consistency and flow indexes, and η∞ is the high-shear-
rate limiting viscosity. As may be seen in Table 4, the Sisko model parameters slightly
change with surfactant concentration, showing a trend to decrease flow index values with
increasing concentration. Compared with previous model emulsions containing the same
oil concentration, bituminous emulsions present higher viscosity and a more developed
non-Newtonian character, which is characteristic of a more complex microstructure.

Finally, with the aim of optimizing surfactant properties, the effect of the reagent molar
ratios selected for lignin aminations was assessed with two additional ratios, below and
above the previously studied reagent ratio 1/14/14 (MKL/Am/Fd). As may be seen in
Figure 6A, an increase in reagent ratios from 1/7/7 to 1/28/28 does not lead to remarkable
changes in DSD curves, although the number of small droplets tends to increase above
1/7/7, with the development of the peak located around 15 µm. Interestingly, the smallest
mean droplet diameters were obtained for a reagent ratio of 1/14/14 (Table 5).

Polymers 2022, 14, x FOR PEER REVIEW 11 of 15 
 

 

low shear rates followed by a trend to reach a high-shear-rate limiting viscosity, which 
corresponds to the shear-induced deflocculation process. The observed viscous behavior 
may be described by the Sisko model: 𝜂 = 𝜂 + 𝑘 𝛾 , (3) 

where k and n are, respectively, the consistency and flow indexes, and η∞ is the high-shear-
rate limiting viscosity. As may be seen in Table 4, the Sisko model parameters slightly 
change with surfactant concentration, showing a trend to decrease flow index values with 
increasing concentration. Compared with previous model emulsions containing the same 
oil concentration, bituminous emulsions present higher viscosity and a more developed 
non-Newtonian character, which is characteristic of a more complex microstructure. 

Table 4. Mean droplet diameter and Sisko model parameters of 60% bitumen emulsions as a func-
tion of C-KFT concentration (reagent molar ratio 1/14/14). 

Surfactant 
Conc. (wt %) D3,2 (µm) D4,3 (µm) 

η∞ 
(Pa s) 

k 
(Pa sn) 

n 
(-) 

0.25 11.7 60.9 0.014 0.06 0.29 
0.50 11.4 63.7 0.013 0.06 0.27 
0.75 9.1 53.9 0.018 0.07 0.23 

Finally, with the aim of optimizing surfactant properties, the effect of the reagent 
molar ratios selected for lignin aminations was assessed with two additional ratios, below 
and above the previously studied reagent ratio 1/14/14 (MKL/Am/Fd). As may be seen in 
Figure 6A, an increase in reagent ratios from 1/7/7 to 1/28/28 does not lead to remarkable 
changes in DSD curves, although the number of small droplets tends to increase above 
1/7/7, with the development of the peak located around 15 µm. Interestingly, the smallest 
mean droplet diameters were obtained for a reagent ratio of 1/14/14 (Table 5). 

  

Figure 6. Effect of reagent molar ratio on droplet size distribution (A) and viscosity (B) of emulsions 
containing 60% bitumen and 0.75% C-KFT. 

A shear-thinning behavior followed by a constant high shear-limiting viscosity was 
found for all samples (Figure 6B). Comparing the values of Sisko model parameters (Table 
5), high-shear-rate limiting viscosities are hardly affected by reagent stoichiometric. The 
highest consistency index (k) and slope for the shear-thinning region (i.e., the lowest value 
of n) were found for the surfactant synthetized with a molar ratio of 1/14/14, whilst the 

10-1 100 101 102 103
-1

0

1

2

3

4

5

6

7

8

9

Vo
lu

m
e 

fra
ct

io
n 

(%
)

Droplet size (μm)

            KFT / Am / Fd
     1   /   7    /  7
     1  /  14   / 14
     1  / 28    / 28

60% O (Bitumen 160/220 penetration) 
0.75% C-KFT

A

10-1 100 101 102 103
10-2

10-1

100

101
 

60% O (Bitumen 160/220 penetration) 
0.75% C-KFT

          KFT/ Am / Fd
   1 /   7  /  7   
   1 /  14  / 14
   1 /  28  / 28

 Sisko model
  

η 30
ºC

(P
a.

s)

γ (1/s)

B

Figure 6. Effect of reagent molar ratio on droplet size distribution (A) and viscosity (B) of emulsions
containing 60% bitumen and 0.75% C-KFT.

Table 5. Mean droplet diameters and Sisko model parameter of 60% bitumen emulsions as a function
of C-KFT reagent molar ratio.

Reagent
Molar Ratio

(KFT/TEPA/Fd)
D3,2 (µm) D4,3 (µm) η∞ (Pa s) k (Pa sn) n (-)

1/7/7 12.20 63.84 0.019 0.05 0.25
1/14/14 9.12 53.85 0.018 0.07 0.23
1/28/28 10.24 55.10 0.019 0.04 0.28

A shear-thinning behavior followed by a constant high shear-limiting viscosity was
found for all samples (Figure 6B). Comparing the values of Sisko model parameters (Table 5),
high-shear-rate limiting viscosities are hardly affected by reagent stoichiometric. The
highest consistency index (k) and slope for the shear-thinning region (i.e., the lowest value
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of n) were found for the surfactant synthetized with a molar ratio of 1/14/14, whilst
the lowest ones corresponded to the system stabilized with a surfactant prepared with a
1/28/28 reagent ratio. In any case, all reactions, with stoichiometric values between 1/7/7
and 1/28/28, were considered successful as deduced from emulsifier solubility under the
acidic environment and from the already demonstrated performance as emulsifiers.

4. Conclusions

The kraft lignin used in this work as a source of cationic surfactants is characterized
by a high purity: about 94% lignin concentration. Conversely, less purified bioethanol-
derived samples, with a lignin content around 65%, also contain high concentrations
of carbohydrate residues (23–24%) and ashes (9–10%). FTIR spectroscopy conducted
on kraft lignin, compared with bioethanol-derived products, supports a major lignin
depolymerization during the kraft pulping process, showing a lower content of aliphatic
groups and higher content of hydroxyl groups. As a result, kraft lignin presents a more
fragmented structure with a lower molecular weight.

On these grounds, the cationic surfactants obtained from the bioethanol process
are expected to have a higher molecular weight than the kraft lignin cationic surfactant,
which, together with the thickening effect of carbohydrate contamination, would favor
droplet flocculation. The resultant emulsions would be stabilized by a combination of
surfactant interfacial (electrostatic) interactions, due to the positive charge of the protonated
amine groups, and steric interactions related to the high molecular weight of lignin and
the presence of carbohydrates located in the emulsion continuous phase. A decrease in
the alkalinity used for the amination reaction of these lignins, from pH = 13 to 10, did
not improve their performance as cationic emulsifiers, leading to dispersions with large
droplet sizes.

Conversely, the lower molecular weight and higher purification degree of raw kraft
lignin has led to less flocculated emulsions with a lower droplet size, suggesting a higher
interfacial activity for C-KFT. As a result, cationic kraft lignin has been selected as the best
candidate to stabilize bitumen emulsions.

C-KFT has successfully stabilized oil-in-water emulsions containing 60% bitumen,
with surfactant concentrations between 0.25 and 0.75%. In all cases, DSD curves have
shown a trend to a bimodal distribution with peaks located at about 15 and 95 µm, and
emulsions exhibited a non-Newtonian flow behavior, with a shear-thinning region followed
by a trend to reach a constant viscosity at a high shear rate. Amination reactions, performed
at pH = 13 and stoichiometries between 1/7/7 and 1/28/28, were considered success-
ful as deduced from the solubility of the modified (cationic) emulsifier under an acidic
environment (aqueous phase of the emulsion) and their demonstrated performance as
cationic emulsifiers. In this sense, a more depolymerized lignin (i.e., with lower molecular
weight) would result in a surfactant that has a higher positive charge per gram added to
the emulsion. That weight of emulsifier would be composed by more molecules of lignin
with protonated amine groups.
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Abstract: Highly crystallized polylactic acid (PLA) is suitable for industrial applications due to its
stiffness, heat resistance, and dimensional stability. However, crystal lamellae in PLA products might
delay PLA decomposition in the environment. This study clarifies how the initial crystal structure
influences the hydrolytic degradation of PLA under accelerated conditions. Crystallized PLA was
prepared by annealing amorphous PLA at a specific temperature under reduced pressure. Specimens
with varied crystal structure were kept at 70 ◦C and in a relative humidity (RH) of 95% for a specific
time. Changes in crystal structure were analyzed using differential calorimetry and wide-angle X-lay
diffraction. The molecular weight (MW) was measured with gel permeation chromatography. The
crystallinity of the amorphous PLA became the same as that of the initially annealed PLA within
one hour at 70 ◦C and 95% RH. The MW of the amorphous PLA decreased faster even though the
crystallinity was similar during the accelerated degradation. The low MW chains of the amorphous
PLA tended to decrease faster, although changes in the MW distribution suggested random scission
of the molecular chains for initially crystallized PLA. The concentrations of chain ends and impurities,
which catalyze hydrolysis, in the amorphous region were considered to be different in the initial
crystallization. The crystallinity alone does not determine the speed of hydrolysis.

Keywords: biopolymers; hydrolytic degradation; crystal structure

1. Introduction

Polylactic acid (PLA), as a bio-polymer, is expected to assist the transition to a carbon-
neutral world. A low-molecular-weight (MW) PLA was prepared by ring-opening poly-
merization in 1932, and a high-MW PLA was made from purified raw materials in 1954 [1].
Moreover, in 1954, polypropylene (PP) was discovered [2]. The global production capacity
of PLA in 2020 was 390,000 tons [3], while that of PP was 90 million tons [4]. One of the
reasons for such a large difference is the performance of polymeric material.

The goal of PLA researchers has been to achieve long-term durability, molding pro-
cessability, and thermal stability. Thus, the optical purity of the L-form has been increased,
the polymerized product has been purified, and the chain ends of the polymer have
been protected [5]. Currently, high-performance PLA with high crystallinity is manufac-
tured. However, the improvement in durability indicates a decrease in degradability in
the environment. Hence, PLA has caused plastics waste. In particular, PLA is not marine
degradable [6].

After a long period in the ocean, PLA becomes a microplastic, similar to PP. The
environmental impact of microplastics can be divided into the absorption of toxic chemi-
cals and their own toxicity. Since PLA is less hydrophobic, it adsorbs fewer polynuclear
aromatics [7], but the biological activity of the sediments made from microplastics may
affect organisms [8]. Thus, there is a demand for a plastic with high marine decomposition

131



Polymers 2021, 13, 4324

properties. Not limited to synthetic or natural polymers, highly degradable plastics are
characterized by a low glass transition temperature (Tg), low fusion heat, and low hy-
drophobicity [9]. It is difficult to achieve both degradability and mechanical performance.

Molded products of amorphous PLA will be deformed above the Tg of 65 ◦C. To
stabilize the dimensions of products at high temperatures, sufficiently crystallized PLA
is utilized. Factors that control the crystallinity of PLA are the processing conditions, the
optical purity of polymer chains, and doped additives such as plasticizers and nucleating
agents. Crystallized PLA shows that enzymatic degradation occurs at the surface of
the products, the amorphous part is lost, and lamella crystals remain during surface
erosion [10]. The same surface erosion occurs in an alkaline aqueous solution [11]. The
hydrolysis reaction is unlikely to occur inside the crystal.

On the other hand, the hydrolysis of PLA in a neutral solution proceeds with a bulk
erosion mechanism, in which water molecules diffuse inside the molded product. The
permeability coefficient of water vapor at 25 ◦C decreases by half as the crystallinity of PLA
increases [12]. However, with the hydrolysis of crystallized PLA in a 37 ◦C buffer solution,
little depends on the differences in crystallinity [13]. In some cases, the PLA with greater
crystallinity decomposes faster than the amorphous PLA [14], as there could be a different
factor than the permeability coefficient that could be measured over a shorter time.

The development of marine-degradable materials requires accelerated testing of dura-
bility such as hydrolysis to shorten the evaluation time. Generally, the Arrhenius plot
estimates the durability of polymer materials [15]. PLA crystallizes rapidly at Tg and above
the temperature in hydrolysis tests [16], although crystallization progresses gradually
near room temperature [13]. It is important in accelerated tests that the hydrolysis of
molecular chains and changes in the crystal structure are accelerated similarly. In this
study, we investigated the effect of the initial crystal structure on the hydrolysis of PLA
in a high-temperature and high-humidity environment. In particular, the relationships
between the internal morphology, crystallinity, and mechanical properties of molded PLA
products were analyzed at different annealing temperatures and levels of humidity.

2. Materials and Methods

A Total Corbion (Rayong, Thailand) L175 with a melt mass flow rate (MFR) of
3 g/10 min at 190 ◦C was used as the PLA. The film samples were prepared using a
compression-molding machine manufactured by Imoto Seisakusho (Kyoto, Japan). The
PLA pellets were pressurized at 10 MPa for 2 min after heating and melting at 190 ◦C for
4 min under reduced pressure; then, they were cooled at 20 ◦C with a pressure of 10 MPa
for 2 min. The film thickness was about 150 µm. To change the crystal structure, The PLA
films were annealed at a predetermined temperature for 2 h in an AS ONE (Osaka, Japan)
AW-250N vacuum oven. The constant temperature and humidity treatment of the sample
were carried out at 70 ◦C and 95% relative humidity (RH) for a predetermined time using
Tokyo Rika Kikai (Tokyo, Japan) KCL-2000W.

The tensile test was carried out using a Sanko (Nagoya, Japan) ISL-T300 at a span
of 18 mm and a tensile speed of 1 mm/min at room temperature. The dumbbell sample
was prepared by punching a JIS No. 7 dumbbell from a PLA sheet at room temperature.
The crystal morphology inside the sheet was observed using an Olympus (Tokyo, Japan)
BX-51P polarized optical microscope. A 20 µm-thick film was cut from the cross-section
of the sheet using a sliding microtome Leica (Tokyo, Japan) RM2125. An impregnating
solution was added to the preparation.

The crystal structure of the PLA was analyzed by wide-angle X-ray diffraction (WAXD)
using Rigaku (Tokyo, Japan) Smart Lab. The measurement conditions were as follows:
X-ray, Cu (Kα); camera length, 28.5 mm; exposure time, 10 min; and the detector was a
HyPix-3000. Three samples were sandwiched between the Kapton tapes (3M Japan, Tokyo,
Japan) for measurement. From the measured 2D image, the background including Kapton
tape was corrected using SmartLab Studio II software (Rigaku, Tokyo, Japan). Figure 1
shows how the crystallinity was calculated using Igor Pro 6.0 software (WaveMetrics,
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Portland, OR, USA). The integral value of the amorphous halo (A) in the azimuth direction
was fitted by a Gaussian function to obtain an amorphous 1D profile. From the 1D profile
of the semi-crystalline sample (B), the crystal planes (200) (110) and (113) (203) were fitted
by a Gaussian function to obtain the area ratio of crystals to an amorphous halo.
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Figure 1. One-dimensional (1D) profile of wide-angle X-ray diffraction of the annealed PLA at
110 ◦C under reduced pressure. Amorphous halo (A); diffraction from (200), (110), (203), and (113)
planes (B).

Thermal characterization was performed by differential scanning calorimetry (DSC)
using the TA Instruments (New Castle, DE, USA) Q200. The samples were kept at room
temperature for 24 h under reduced pressure before DSC measurement. The temperature
was raised from 0 to 200 ◦C at 10 ◦C/min and the glass transition, cold crystallization,
and melting behavior were measured. The crystallinity was calculated with the heat of
fusion of the perfect crystal as 143 J/g [17]. The mobile amorphous portion was quantified
from the ratio of the change in specific heat (∆Cp) at the glass transition temperature to the
completely amorphous ∆Cp 0.531 J g−1K−1 [18]. Figure 2 shows the change in specific heat
near Tg. The tangent line was extended to Tg from the specific heat of the glass state on the
low-temperature side and the rubber state on the high-temperature side, and the difference
was defined as ∆Cp.

Figure 2. Comparison of specific heat between the amorphous PLA (0 h) and annealed PLA at 70 ◦C
and 95% RH (1 h).

The MW of the PLA was determined by a gel permeation chromatography (GPC)
using a Waters Corporation 515 HPCL pump, 2414 RI, and Agilent Technologies PLgel
5µ MID XED-C columns. The solvent was chloroform. The measurement temperature
was 40 ◦C and the PS conversion method was used for the MW calibration. The number
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average molecular weight (Mn) of Total Corbion L175 was 99,600 Da, and the weight
average molecular weight (Mw) was 217,000 Da. This measurement is comparable to the
previously reported results [19].

3. Results
3.1. Crystal Structure of Annealed PLA

In this study, we observed changes in the crystal structure that occurred during the
test at 70 ◦C and 95% RH using samples with varied initial crystallinities. To change the
crystal structure, the compression-molded PLA film was annealed under predetermined
conditions. Table 1 shows the annealing temperature, crystallinity (χc), and tensile prop-
erties. The reference sample (STD) rapidly cooled at 20 ◦C was confirmed by wide-angle
X-ray diffraction to be in an amorphous state with no out-of-plane orientation (Figure 1A).
This STD was annealed at a predetermined temperature for 2 h under reduced pressure.
Although annealing was performed at a temperature higher than the Tg of 65 ◦C, almost no
crystallization occurred at 80 ◦C. The crystallinity was approximately 30% for the samples
annealed from 90 to 110 ◦C. The crystallinity increased with the annealing, and the tensile
strain at break decreased.

Table 1. Characteristics of PLA annealed at predetermined temperatures.

Annealing χc * Tensile Properties

Temperature Modulus Strength Strain at Break

(◦C) (%) (MPa) (MPa) (%)

STD - - 2730 57.9 >50
A80 80 1 3370 69.0 >50
A90 90 30 3270 71.0 >50
A100 100 32 3520 69.6 28
A110 110 29 3300 68.0 5

* DSC method.

Annealing PLA changes not only the crystallinity but also the polymorphism. A DSC
curve measured in a heating process included the information of rigid amorphous, α-form
crystals, and α’-form crystals. In Figure 3, the STD and A80 showed a Tg around 60 ◦C,
and the heat of cold crystallization (Tcc) around 120 ◦C. The peak of Tcc was apparently
shifted to a lower temperature by annealing [20]. For A90, A100, and A110, a transition
from α’-form to α-form crystal appeared at around 160 ◦C instead of the Tcc [21,22]. Thus,
the amorphous molecular chains changed to an α’-form crystal during annealing at less
than 110 ◦C under reduced pressure.
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3.2. Influence of Accelerated Environment on Crystal Structure

Annealed PLA specimens were placed in a chamber at 70 ◦C and 95% RH for a specific
length of time. Then, changes in the crystal structure were measured with POM and
DSC. Figure 4 shows the POM micrographs of the cross-section of the specimens after a
predetermined time had passed. Specimens at 0 h, which meant initially annealed, changed
significantly depending on whether the annealing temperature was 80 ◦C or less or 90 ◦C or
more. Birefringence was observed in the cross-section of the STD; the molecular chains were
in-plane oriented despite the amorphous scattering by WAXD. The annealed specimens
A90, A100, and A110 showed oriented crystals and spherulites. This corresponded to the
crystallinity shown in Table 1.

Figure 4. Changes in crystal morphology observed with POM during hydrolysis at 70 ◦C and 95%
RH for PLA annealed at various temperatures.

After 1 h at 70 ◦C and 95% RH, the STD and A80 changed from amorphous to
spherulite structures. On the other hand, the crystal morphology produced by annealing
had little change at the same conditions. Even after 25 h in the chamber, there was little
visual change in the crystal morphology. Thus, the initially amorphous PLA crystallized
within 1 h. The crystallization rate of the hydrated PLA was higher than that in the dry
state due to the increased level of molecular mobility [23]. The annealed PLA did not
show the same morphology as the STD after 25 h—that is, the spherulitic morphology was
formed from the amorphous PLA and not from the initially crystallized specimens. The
molecular chains incorporated into the crystals indicate that they could not move freely
even when hydrated.

Figure 5 shows the crystallinity measured by the DSC to quantitatively understand the
change in the crystal structure. The horizontal axis represents the time for the accelerated
test at 70 ◦C and 95% RH. The initially amorphous PLA reached a crystallinity of 30% in
one hour. After 1 h or more, the crystallinity was similar regardless of the initial crystal
structure. The crystal morphology shown in Figure 4 was different in the initial annealing
conditions even though the crystallinity was similar. Although crystallization within 1 h is
important, it was difficult to do the accelerated test in a short time due to a transient time
of approximately 5 min for stabilizing the chamber. The time it takes for amorphous PLA
to reach a crystallinity of 30% might be even shorter.
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Figure 5. Changes in crystallinity during hydrolysis at 70 ◦C and 95% RH for PLA annealed at
various temperatures.

3.3. Changes in Tensile Fracture after the Accelerated Test

Generally, crystal morphology is considered to affect the physical properties of speci-
mens. In this study, we focused on the change in strain at breaking point in the tensile tests.
Figure 6 shows the relationship between crystallinity and strain at break. Regardless of the
initial crystal state, when the crystallinity reached 30% after the accelerated test, the strain
at break sharply decreased. Increasing crystallinity generally reduces the strain at break.
However, even with similar crystallinity, some stretched and some fractured. Thus, the
critical reason for the difference in elongation was examined.
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Figure 6. The relationship between crystallinity and strain at break for PLA annealed and hydrolyzed
in predetermined conditions.

The index of higher-order structure includes not only crystallinity but also rigid
amorphous. Although the crystallinity measured using DSC was the same in the specimens
set for 1 h at 70 ◦C and 95% RH, the detailed structures were analyzed again. The WAXD
analysis was added, and we attempted to separate the amorphous sections into mobile
amorphous (χmaf) and rigid amorphous (χraf) groups using the gap in specific heat change
at Tg. Figure 7 shows the ratio of χc χmaf χraf for each specimen. The comparison of the STD
to the A110 suggested that the initial annealing increased χc and decreased χmaf. There was
little change in χraf. Thus, we focused on the amount of χmaf. As shown in Figure 8, strain
at break increased when χmaf was 17% or more. Since the tensile test was performed at a
room temperature lower than Tg, the amount of χmaf, which indicated higher molecular
mobility, affected the elongation of specimens.
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3.4. Changes in Molecular Weight Distribution after Accelerated Test

As described above, each specimen had comparable crystallinity except during the
first hour. We examined whether the initial crystal structure affected hydrolysis for the
remaining 24 h. Figure 9 shows the changes in the molecular weight distribution (MWD)
of PLA due to hydrolysis. The MWD of PLA after the 25 h test was compared to that of
raw pellets with no processing history as a reference. The Mn decreased from 217 kDa in
Pellet to 98.1 kDa in STD 25 h and 122 kDa in A110 25 h. The polydispersity was 2.2, 3.1,
and 2.2, respectively. The difference in the polydispersity was that the MW peak of A110
25 h shifted toward a lower MW, as shown in both curves of weight fraction w(M) and
mole fraction n(M). On the other hand, in STD 25 h, the low-molecular-weight component
increased remarkably.

In the decomposition of polymer chains, the asymptotic value of polydispersity is
two as the secession probability of each repeating unit is equal—that is, random secession
occurs [24]. Therefore, the molecular chains were randomly cleaved, although A110 was
in a semi-crystalline state, where the mobility of chains was considered to be different in
amorphous and crystal phases. On the other hand, the STD indicated that the low MW
portion had become even lower in MWD.
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Figure 9. GPC curves with vertical axes of weight fraction (w(M)) and molar fraction (n(W)).
Comparison of the raw pellet and the amorphous and annealed specimens hydrolyzed for 25 h.

4. Discussion and Conclusions

The hydrolysis of PLA often proceeds at temperatures below its Tg in the natural
environment. In contrast, accelerated degradation at a high temperature and humidity
is generally performed in the laboratory. In researching the relationship between the
crystal structure of molded PLA products and their hydrolysis, there was concern that
the difference in crystal structure between the initial specimens would be lost during the
accelerated test. In this experiment as well, the amorphous PLA reached a crystallinity
of 30% within 1 h at 70 ◦C and 95% RH—that is, the difference in crystallinity of the
initially annealed specimens disappeared. However, as shown in Figure 9, the initial crystal
structure greatly affected the decrease in MW.

There are two possible reasons for the difference in the MWD change by hydrolysis
between STD and A110. First, the STD was hydrolyzed during the crystallizing amorphous
process. Since hydrolysis is likely to proceed in the amorphous state, some molecular
chains were cleaved before the crystals were sufficiently grown within 1 h at 70 ◦C and 95%
RH, as shown in Figure 5. The low MW portion was further reduced in MW as a catalytic
effect of the terminal carboxyl group of the cleaved molecular chains being concentrated in
the amorphous region in the process of crystallization.

Second, the terminal groups and impurities, which promote the decomposition of
polymer chains, are not as concentrated in the amorphous region in the process of A110
crystallization under reduced pressure. As shown in Figure 4, the crystal morphology of
A110 is different to that of the STD crystallized in the presence of water. The STD has a fine
spherulite structure due to its high molecular mobility with moisture. Thus, the diffusion
of terminal groups and impurities is different in the moisture of crystallization conditions.

The hierarchy of these two reasons for accelerated hydrolysis in STD is still unknown—
that is why the low MW portion is further reduced in MW. In contrast, the random decrease
in MW shown by A110 indicates that it is possible to produce an industrial product that
decomposes without distinguishing between crystalline and amorphous portions. Highly
crystalline PLA, which has a high stiffness and thermal stability, might hydrolytically
degrade without becoming microplastics made of lamellar crystals if the crystallization
process is controlled. This is an industrially important finding.
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Abstract: Organic wastes represent an increasing pollution problem due to the exponential growth of
their presence in the waste stream. Among these, waste flour cannot be easily reused by transforming
it into high-value-added products. Another major problem is represented by epoxy-based thermosets,
which have wide use but also poor recyclability. The object of the present paper is, therefore, to
analyze both of these problems and come up with innovative solutions. Indeed, we propose a
completely new approach, aimed at reusing the organic waste flour, by converting it into high-value
epoxy-based thermosets that could be fully recycled into a reusable plastic matrix when added to the
waste epoxy-based thermosets. Throughout the research activity, the organic waste was transformed
into an epoxidized prepolymer, which was then mixed with a bio-based monomer cured with a
cleavable ammine. The latter reactant was based on Recyclamine™ by Connora Technologies, and
in this paper, we demonstrate that this original approach could work with the synthetized epoxy
prepolymers derived from the waste flour. The cured epoxies were fully characterized in terms of
their thermal, rheological, and flexural properties. The results obtained showed optimal recyclability
of the new resin developed.

Keywords: epoxidation; thermoset recycling; organic waste

1. Introduction

The use of epoxy-based composites is widely accepted in different fields. In the
aerospace sector, epoxy resins are used because of its low cost and suitability for producing
large structures. Recent studies reported novel technologies for producing enhanced com-
posites for the aeronautical field. Zotti et al. [1] developed PDA-coated silica nanoparticles
as filler for a common aeronautical epoxy resin, improving the mechanical properties,
the damage resistance, and the thermal stability with respect to the neat matrix. Liquid
resin infusion of epoxy resins is well established in the transportation and naval sectors.
In the civil sector, the use of epoxy composites is widely accepted for semistructural and
structural applications. An increasing interest was recently devoted to the epoxy–timber
composites in the construction field. Awad et al. [2] studied the effect of calcium sulfate
as a UV absorber able to improve the aging of two cured epoxies. However, increased
awareness of the environmental impact of thermosets has raised concerns regarding their
use and has pressed the industry and academia to develop tailored recycling strategies
for epoxy-based composites. An additional environmental limitation of currently used
epoxy systems is the use of petroleum-based raw materials for their synthesis. Life cycle
analysis (LCA) must be considered to develop resins and composites complying with the
cradle-to-cradle strategy [3].
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Rybicka et al. [4] described the technology readiness level (TRL) of several recycling
technologies: Incineration and landfilling were classified as TRL 9; pyrolysis for carbon
and glass fiber composites resulted in a TRL 8. The fluidized bed pyrolysis and solvolysis
process achieved a median TRL of 4. In some recent reviews, the annual capacity of several
technologies for recycling carbon-fiber-reinforced composites was discussed [5,6]. Pyrolysis
was confirmed as the approach reaching capacities in the range of 1000–2000 tons. The main
limitations of thermal and mechanical recycling processes are fibers’ property degradation
and that matrices are fully depolymerized with partial recovery in useful forms [7].

Chemical recycling is emerging as a viable approach to recover clean and undamaged
reinforcing fibers while allowing for the recovery of monomers or oligomers that can
be reused. Xu et al. [8] presented an approach based on the decomposition of epoxy-
based composites in a H2O2/acetone mixed solution heated between 60 and 150 ◦C. The
degraded products were analyzed, showing mainly bisphenol A and its derivatives, such
as phenol derivatives, which are generated during the decomposition of the epoxy network.
Wang et al. [9] developed a recycling approach based on the use of acetic acid to swell
the composites while the weakly coordinating aluminum ions in CH3COOH solution
selectively cleaved the C−N bond, allowing for obtaining oligomers from the epoxy
resins. These papers demonstrated the possibility to cleave epoxy networks, but the reuse
strategies for the recovered oligomers were not assessed.

Back in 2012, the company Connora Technologies presented a novel class of ammine
reagents named Recyclamine™, designed to be selectively cleaved in an aqueous solution
with acetic acid, using mild conditions (i.e., 80 ◦C), thus yielding clean reinforcing fibers
and a reusable thermoplastic matrix from the epoxy network. The Recyclamine™ reactants
were characterized in terms of their aging resistance [10], and mixing them with bio-based
epoxy monomers, their properties using high-pressure resin transfer molding [11] and
resin infusion [12] were measured. The recycling process of bio-based resin cured by
Recyclamine™ was investigated by life cycle analysis (LCA), confirming its potential to
offer a disruptive solution to the end-of-life problem of epoxy-based composites [10,13,14].
In a recent study, the benefits of Recyclamine™ in terms of life cycle costing (LCC) were
assessed [13].

The use of petroleum-based raw materials for the synthesis of epoxy monomers is an-
other limit of the epoxy-based composites used nowadays. To overcome this limit, several
researchers developed bio-based epoxy monomers synthetized from vegetable oils [14],
natural acids [15,16], lignin [17], and so forth. The procedures for the synthesis of epoxy
precursors from natural renewable resources require, in most of the cases, the use of organic
solvents limiting the development of a truly green approach. In a recent paper, Esposito
Corcione et al. [18] presented an innovative approach to obtain epoxidized monomers
starting from waste flours recovered from the processing waste of pasta factories or from
the organic fraction of municipal solid waste. This approach simply relies on waste’s
treatment with UV/ozone radiations without the use of any solvents. This treatment is fast,
cheap, reliable, and with no toxic emissions. The amount of municipal solid waste globally
collected per year is approximately 1.3 × 1012 t, and it is expected to rise up to 2.2 × 1012 t
per year by 2025 (EPA (United States Environmental Protection Agency), 2017).

The huge amount of organic waste is becoming an increasing issue for the waste
management of modern cities, while the technology developed by Esposito Corcione
et al. [18,19] can turn waste into a high-value-added product. However, avoiding global
negative impacts when using epoxy monomers is important to develop suitable recycling
approaches to reuse epoxy resins at their end of life. This approach respects the cradle-to-
cradle strategy.

In the present paper, epoxidized monomers synthetized from waste flour were mixed
with bio-based epoxy precursors; then the epoxy blends obtained were cured using a
cleavable ammine to develop a fully recyclable bio-based epoxy thermoset. The resins
were fully characterized in terms of thermal and mechanical properties to optimize their
final performances. The optimized formulation was recycled using only an acidic aqueous
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solution under mild conditions to demonstrate the possibility to recover a reusable plastic
from the cured epoxy resin.

2. Materials and Methods

Polar Bear (R-Concept, Barcelona, Spain), a bio-based epoxy system designed specifi-
cally for the composite processing.

Recyclamine R-101 (R-Concept, Barcelona, Spain), is a recyclable epoxy cure agent
for composite manufacturing. Polar Bear and Recyclamine R-101 are both liquid at room
temperature.

Waste flour (WF) was obtained from the processing waste of the pasta factories. Epox-
idized waste flour (EWF) was obtained by contemporary exposure to UV radiations and
ozone for 5 h following the method reported in a previous work [18] and in a patent appli-
cation [20]. A medium-pressure Hg UV lamp (UV HG 200 ULTRA, Jelosil Srl, Vimodrone,
Italy), with a radiation intensity on the surface of the samples of 9.60 W/mm2, was used
for waste flour treatment.

FTIR analysis, performed with an FTIR (6300 Spectrometer, Jasco, Cremella, Italy), was
used to assess the presence of epoxy groups after UV/ozone exposure. Infrared spectra
were recorded in the wavelength range between 400 and 4000 cm−1, 128 scans, and 4 cm−1

of resolution by using a germanium round crystal window. The spectra acquisition was
carried out before and after the UV/ozone and after curing.

As reported in our previous article [20], the epoxy content of the waste flour was
checked by using titration, carried out according to Method A of ASTM D 1652-97 (ASTM
D (1652)-97, 1997). The amount of the consumed acid during titration, which is an index
of the epoxy content of the sample, was used to calculate the epoxy content (E) and the
equivalent epoxy weight (WPE) of the waste flour.

Different samples were produced by mixing the Polar Bear resin with specific amounts
of epoxidized waste flour and Recyclamine R-101. First, different blends were produced by
varying the ratio between Polar Bear and waste flour, keeping a constant amine content
(Table 1). The initial amount of amine was chosen by considering the value suggested from
R-Concept for the blend of Polar Bear and Recyclamine R-101, corresponding to 22 phr.

Table 1. Samples at different commercial/epoxidized waste flour ratios and constant amine content.

Sample Name Polar Bear
(wt%)

Epoxidized Waste
Flour (wt%)

Recyclamine R-101
(phr)

P_A22 100 - 22
EWF35_A22 65 35 22
EWF40_A22 60 40 22
EWF50_A22 50 50 22

After choosing the optimal ratio between Polar Bear and waste flour, the amine content
was varied by adding different phr’s of Recyclamine R-101 (Table 2) in order to optimize
the curing kinetic of the system.

Table 2. Samples at constant commercial/epoxidized waste flour ratio and varying amine contents.

Sample Name Polar Bear
(%)

Epoxidized Waste
Flourn (%)

Recyclamine R-101
(phr)

EWF50_A15 50 50 15
EWF50_A20 50 50 20
EWF50_A22 50 50 22
EWF50_A24 50 50 24
EWF50_A26 50 50 26
EWF50_A28 50 50 28
EWF50_A30 50 50 30
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All the mixtures were degassed by applying vacuum at room temperature, then
pouring in silicon molds and curing for 24 h at room temperature. The cure was followed
by a postcure process for 2 h in a static oven. The postcure temperature was varied between
120, 150, and 160 ◦C, as shown in Figure 1.
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2.1. Recycling Procedure

RecyclamineTM is an epoxy hardener developed by Connora Technologies that allows
for obtaining a recyclable thermoset that can be converted into a meltable thermoplastic.
Its recyclability key factor is based on the presence of amino-acid-cleavable groups that
allow the cleavage of the crosslink points of the epoxy-cured network [21].

The resin system selected for the recycling trials was EWF50_A15, which showed the
best properties among all the resin systems tested, as it will be shown in the paper. The
chemical recycling procedure is schematically drawn in Figure 2.
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A sample of 5 g of the epoxy system EWF50_A15 was solubilized in 300 mL of 25 %vol
acid acetic solution (CH3COOH) at 80 ◦C for 1 h. The obtained mixture was rotoevaporated
at 60 ◦C at a pressure ranging between 110 and 60 mbar and at a rotation speed of 3500 rpm.
The distilled acetic acid was stocked, being reusable for a new chemical recycling treatment,
while the concentrated solution obtained (about 75 mL) was neutralized in 300 mL of
50 %vol ammonium hydroxide solution. During this phase, a whitish compound started to
precipitate, which was the recycled thermoplastic of interest. Then, the solution containing
the precipitate was centrifuged for 5 min at 3000 rpm and, at the end, the supernatant
removed. The solid phase at the bottom of the test tube was recovered and washed in
ionized water to remove any residual traces of acetic acid and ammonium hydroxide
solutions. Eventually, it was dried in a vacuum stove for 24 h at 50 ◦C. The thermoplastic
obtained is a brown compact solid shown in the panel of Figure 2. The recycling process
applied previously on bio-based epoxy derived from pine oil and paper byproducts [22]
resulted in a white solid. However, in this paper we modified the recycling process
compared with the one used previously [21] in the following steps: the use of a Rotavapor to
concentrate the solution, the replacement of sodium hydroxide with ammonium hydroxide
in the neutralization phase, and the use of centrifugation in place of filtration.

The recycling process yield was equal to 85%, in the same range of the yields obtained
previously [22]. However, the new process was faster and allowed for reusing the ammo-
nium hydroxide solution, thus leading to a greener process, which is under evaluation
using LCA to quantify the environmental benefits.

2.2. Methods

Rheological analyses were carried out with a Rheometrics Ares rheometer. A double
plate geometry was used, setting a gap of 0.3 mm, constant oscillatory amplitude (1%),
and frequency (1 Hz). The tests consisted of a temperature ramp from room temperature
to 130 ◦C.

DSC analysis was performed on a Mettler Toledo 622 differential scanning calorimeter
(DSC). Samples were heated from 25 to 250 ◦C at 20 ◦C/min in air.

The thermal stability of the films was assessed by TGA, with a TA Instruments SDT
Q600 (TA Instruments, New Castle, DE, USA). The samples were heated in an alumina
holder from 20 to 600 ◦C at a heating rate of 10 ◦C/min under air atmosphere; three
measurements were performed on each sample.

The flexural properties of each cured sample were measured using a dynamometer,
Lloyd LR5K, according to ASTM D790 (ASTM D790-17, 2017) (three points bending with
the specimen dimension: 80 mm × 10 mm × 4 mm). Five replicates were performed on
each sample.

Dynamic mechanical analysis was carried out on a dynamic mechanical thermal ana-
lyzer (TRITEC2000 by Triton Technology, Leicestershire, UK) by single cantilever geometry.
The recycled polymers, after 1 day drying at 40 ◦C, were tested in their powder form using
the pocket DMA approach, a technique used for testing powders in the pharmaceutical
field [23] and for polymer blends [24] The polymers obtained from recycling were finely
micronized in powder with an average dimension of 30 µm. Then 0.35 g of polymer powder
was weighted in a standard stainless steel pocket purchased from Triton and pressed to
obtain a uniform thickness. The test was carried out according to the following protocol:
the sample was stabilized at 25 ◦C and then heated up to 180 ◦C at 5 ◦C min−1; the samples
were cooled down naturally and reheated up to 180 ◦C at 5 ◦C min−1. Similar techniques
were also reported by Carlier et al. [25] for organic polymers under the name supported
DMA. This kind of technique allows for direct evaluation of thermal transitions from E’ and
tan d traces. However, the absolute values of E’ and tan δ for the polymer are influenced by
the presence of the metal pocket, and thus, the real values should be analyzed considering
the assembly as a sandwich material. The tan δ versus temperature was plotted.
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2.3. Statistical Analysis

Analysis of variance (ANOVA) was used to highlight the statistical significance of
different parameters, as the different amounts of EWF and Polar resin, on the mechanic
properties. For this purpose, the F value, which is defined as the ratio of the variation
between sample means to the variation within the samples, was calculated from the
measured data. Then, being “a” the number of levels of the variance factor and “n” the
number of tests for each level, the critical F value, FCV(a-1, a(n-1), α), can be estimated.
FCV represents the value of F distribution with degrees of freedom (a-1) and a(n-1), which,
at a confidence level, α, corresponds to the null hypothesis (equivalence of the means).
Therefore, F < FCV indicates that the population means are equivalent, whereas F > FCV
indicates that the population means are significantly different. Another quantitative
measure for reporting the result of a test of hypothesis is the p-value. The p-value is the
probability of the test statistic to be at least as extreme as the one observed, given that the
null hypothesis is true. A small p-value is an indication that the null hypothesis is false.
It is good practice to decide in advance of the test how small a p-value is required to reject
the test, that is, to choose a significance level, α, for the test. For example, it can be decided
to reject the null hypothesis if the test statistic exceeds the critical value (for α = 0.05) or,
analogously, to reject the null hypothesis if the p-value is smaller than 0.05.

3. Results and Discussion

The FTIR spectra on waste flour are reported in Figure 3; in particular, the FTIR
curve of waste flour (WF) shows the typical peaks of starch: 1412 cm−1 assigned to –CH2
bending and –COO stretch, 1075, 1048 cm−1 and 1022 cm−1 assigned to the crystalline and
amorphous regions of starch, respectively, and 1164 cm−1 assigned to vibrations of the
glucosidic C–O–C bond and the whole glucose ring that can present different modes of
vibrations and bending conformations.
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Figure 3. FTIR spectra of waste flour.

A contemporary exposure of waste flour to UV/ozone radiation involves the appear-
ance of the typical signals of the epoxy ring at 1260, 890, and 827 cm−1. This indicates that
the treatment allows for obtaining epoxidized waste flour (EWF).
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After curing of the waste flour in the presence of the amine, the peaks due to the epoxy
rings disappear, confirming epoxy curing reaction. The strong peak at 1075 cm−1 can be
again attributed to the bending vibration of residual glucose.

The viscosity curves of the commercial system and its blend with 50% of EWF are
reported in Figure 4. The commercial system is characterized by a step increase in viscosity
of around 95 ◦C, which is indicative of the reaction with the amine. The addition of
waste flour involves a decrease in the onset temperature of reaction, as clearly observed
in Figure 4a. This indicates that in the presence of EWF, the crosslinking reaction of the
system is accelerated.
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However, as shown in Figure 4b, the exothermal peak temperature obtained by DSC
analysis is the same for both systems. A comparison between the rheological and DSC
curve of the commercial system shows that viscosity increase occurs around 100 ◦C, where,
however, the extent of reaction, as measured by DSC, is still quite low. This indicates
that the rheological analysis can only provide information at a relatively low degree of
conversion. The lower onset temperature of viscosity increase observed in Figure 4a for
the system with EWF is therefore relative to very low conversions, where probably DSC
analysis is not able to detect the very slow heat release of the reaction.

In order to choose the optimal postcure temperature, DSC scans were carried out on
systems postcured at three different temperatures (120, 150, and 160 ◦C) after the cure at
room temperature for 24 h.

The DSC curves in the temperature range between 30 and 170 ◦C, reported in Figure 5a–c
for the cured systems, show that the postcure temperature has no significant effect on the
glass transition of the commercial system, which is, in any case, around 96 ◦C. On the other
hand, two different glass transition signals were detected in the blend with EWF, which
indicates a partial miscibility of the system. Both Tg values were significantly affected
by the postcure temperature. The higher values were found after postcure at 150 ◦C. The
decrease of the Tg values after further increasing the postcure at 160 ◦C was due to the
poor thermal stability of the EWF, which, from TGA analysis, was found to have an onset
temperature of degradation of around 170 ◦C.
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With the aim of developing an epoxy system that could find use in different industrial
applications, a glass transition at around 140–150 ◦C is high enough to guarantee good
performances and stability of properties. On the other hand, the lower Tg represents a
limit of the developed system.

Therefore, our further efforts were aimed at increasing the lower Tg signal. In the
following analysis, we will only focus on the lower Tg, neglecting potential changes of the
higher Tg.

Figure 6 shows DSC heating scans on samples postcured at 150 ◦C with different
amounts of waste flour. No difference in the lower glass transition temperature was de-
tected with increasing EWF content. Therefore, in order to increase the amount of recycled
material, we focused our further analysis on the blend at 50% of EWF. Unfortunately, it
was impossible to further increase the amount of EWF since this resulted in a significant
increase in the liquid blend viscosity. However, the Tg value of the blends was much lower
than that of the neat commercial systems, which required further optimization of the amine
content in order to increase the glass transition of the system.
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Figure 6. DSC analysis of postcured blends at different EWF contents.

In Figure 7, the DSC curves of samples at a constant EWF content and varying amine
amounts are reported. A lower amine amount allowed for increasing the lower glass
transition of the system. This indicates that when the amount of amine was too high, an
excess of uncured amine remained in the sample after curing. This amine can effectively
act as a plasticizer for the epoxy, significantly reducing the glass transition signal. A similar
behavior was in fact observed for the commercial system at higher amine contents, as
reported in Figure 8. Additionally, in this case, the excess of unreacted amine caused a
plasticization effect, which reduced the Tg of the system. According to our analysis, it
would be possible to further reduce the amount of amine. However, for the same reason
previously discussed, the amount of amine was not further reduced below 15 phr because
it resulted in very high viscosities.
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Figure 8. DSC analysis of postcured commercial epoxy at different amine contents.

Thermogravimetric analyses, shown in Figure 9, were performed on EWF without
and with the addition of different amounts of Polar resin. The EWF sample showed a
first weight loss below 150 ◦C, mainly attributed to the water evaporation, and a second
loss between 150 and 350 ◦C, due to the degradation of the starch. The addition of Polar
resin involved, in any case, a strong decrease in the absorption of water. Additionally, an
increase in thermal stability was detected in the second stage, between 250 and 350 ◦C,
where the production of a carbonaceous residue at lower temperatures occurred together
with the degradation of the flour. In this step, a decrease in weight loss was detected by
increasing the Polar resin content. The second stage was followed by a third degradation
step, characterized by the oxidation of the remaining carbonaceous char; also in this step,
the production of a higher final solid residue was detected with higher Polar content.
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In Figure 10, the stress–strain curves obtained from flexural tests on samples with
different EWF contents are reported. Results from flexural tests, and the mechanical
properties reported in Table 3, confirmed the results from DSC analysis. The lower Tg
found in Figure 6 for the blends, compared with the neat commercial system, resulted
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in lower mechanical properties too. The flexural modulus and strength of the blends
were significantly lower compared with the commercial system. This was first due to
the structure of the samples. In particular, the structure of the manufactured system was
influenced by the presence of a crystalline zone of the waste flour typical of starch, which
remained unchanged even after the progressive reprocessing cycles. As reported in our
previous work [20], waste flour showed a semicrystalline nature, without any significant
change in the crystalline fraction and the crystal planes, compared with native starch.
The presence of this crystalline fraction involved an increase in brittleness of the sample,
compared with the completely amorphous Polar Bear–Recyclamine system. On the other
hand, the addition of Polar Bear resin involved a strong increase in the mechanical response,
compared with the results found in our previous work [20] for the sample made up of only
waste flour, characterized by very low flexural strength (7.32 ± 0.65 MPa). The addition of
Polar resin, in fact, allowed a reduction of the high number of voids and defects occurring
during both the water evaporation and the curing process of neat waste flour samples.
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Table 3. Flexural properties of cured blends at different EWF contents.

Sample σR (MPa) εR (mm/mm) E (MPa)

P_A22 37.4 ± 11.4 0.021 ± 0.008 1893 ± 340
EWF50_A22 20.1 ± 5.9 0.020 ± 0.004 1313 ± 430
EWF40_A22 18.5 ± 3.5 0.021 ± 0.007 1146 ± 245
EWF35_A22 19.1 ± 4.3 0.014 ± 0.009 1371 ± 188

This was confirmed by one-way analysis of variance (ANOVA). Considering the
amount of EWF as the source of variation, with four levels, and three degrees of freedom, its
significance on flexural modulus, strength, and strain at break was tested by calculating the
F value as the ratio of the variance between the means to the variance of the experimental
error. The F value was then used in order to calculate the corresponding p-value, which
was then compared with the confidence level, α = 0.05. According to ANOVA, p > α

corresponds to the null hypothesis (equivalence of the means), whereas p < α indicates
that the population means were significantly different. For flexural strength and modulus,
p = 0.0013 and p = 0.01, respectively, indicate the statistically relevant effect of the addition
of EWF on the corresponding property of the blend. In contrast, for strain at break, p = 0.39
indicates that the effect of EWF was not statistically significant.
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On the other hand, limiting the ANOVA to the blends, and therefore neglecting the
sample of commercial epoxy, with three levels, and two degrees of freedom, for flexural
strength and modulus, p = 0.85 and p = 0.50, respectively, indicates that the corresponding
mechanical properties were not influenced by the amount of EWF in the tested range of
compositions. This is consistent with the fact that, in Figure 6, the lower Tg signal was
independent on the amount of EWF.

In Figure 11, samples with different amine contents are compared. The mechanical
properties calculated from the stress–strain curves are reported in Table 4. ANOVA was
again used to establish the effect of the amount of amine on the mechanical properties of the
sample. Considering the data in Table 4, neglecting the commercial sample, and therefore
considering seven levels, and six degrees of freedom, for flexural strength, modulus, and
strain at break, p = 2.1 × 10−11, p = 8.3 × 10−6, and p = 8.2 × 10−4, respectively, indicate
that the amount of amine had a statistically significant effect on each of the mechanical
properties. Referring to the data in Table 4, each of the mechanical properties increased
with a decreasing amount of amine. The lower modulus and strength found for the higher
amine content confirmed that excess amine acts as a plasticizer for the cured epoxy, which,
as discussed for Figure 7, involved the Tg reduction.
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Table 4. Flexural properties of cured blends at different amine contents.

Sample σR (MPa) εR (mm/mm) E (MPa)

P_A22 37.4 ± 11.4 0.021 ± 0.008 1893 ± 340
EWF50_A 15 33.0 ± 2.9 0.019 ± 0.003 1935 ± 120
EWF50_A 20 27.1 ± 6.0 0.021 ± 0.003 1690 ± 377
EWF50_A 22 20.1 ± 5.9 0.020 ± 0.004 1313 ± 430
EWF50_A 24 18.3 ± 3.2 0.018 ± 0.001 1121 ± 397
EWF50_A 26 14.8 ± 2.2 0.016 ± 0.008 1188 ± 339
EWF50_A 28 8.60 ± 1.4 0.012 ± 0.003 927 ± 136
EWF50_A 30 5.84 ± 1.5 0.010 ± 0.002 705 ± 140

In addition, ANOVA was used to compare only the commercial system with the blend
at 15 phr of ammine. With two levels, and one degree of freedom, for flexural strength,
modulus, and strain at break, p = 0.43, p = 0.8, and p = 0.61 highlight that the two samples
were not statistically different. This is consistent with the observation from DSC analysis,
which showed that, for the sample at 15 phr amine, a relatively high Tg was found, which
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was only 15 ◦C lower than that of the commercial system. All the ANOVA findings are
summarized in Tables 5–8.

Table 5. ANOVA parameters—amount of EWF as the source of variation.

Property Source of Variation SS MS F-Test p-Value

Flexural
strength

EWF amount (4 levels) 1244 414 8.48 0.0013

Error 782 48.8

Flexural
modulus

EWF amount (4 levels) 1.56 × 106 5.2 × 105 5.25 0.010

Error 1.58 × 106 9.89 × 104

Strain at
break

EWF amount (4 levels) 0.00017 5.7 × 10−5 1.08 0.385

Error 0.00084 5.3 × 10−5

Table 6. ANOVA parameters—amount of EWF as the source of variation, neglecting the sample of
commercial epoxy.

Property Source of Variation SS MS F-Test p-Value

Flexural
strength

EWF amount (3 levels) 6.53 3.26 0.149 0.862

Error 262 21.85

Flexural
modulus

EWF amount (3 levels) 1.36 × 105 6.82 × 104 0.73 0.502

Error 1.12 × 106 9.34 × 104

Strain at
break

EWF amount (3 levels) 3.3 × 10−6 1.7 × 10−6 0.0387 0.962

Error 0.00052 4.3 × 10−5

Table 7. ANOVA parameters—effect of the amount of amine on the mechanical properties.

Property Source of Variation SS MS F-Test p-Value

Flexural
strength

Amine amount (8 levels) 2791 465 33.1 1.84 × 10−11

Error 394 14

Flexural
modulus

Amine amount (8 levels) 5.43 × 106 9.05 × 105 9.71 8.35 × 10−6

Error 2.61 × 106 9.31 × 104

Strain at
break

Amine amount (8 levels) 5.24 × 10−4 8.6 × 10−5 5.40 8.18 × 10−4

Error 4.56 × 10−4 1.6 × 10−5

Table 8. ANOVA parameters—effect of the amount of amine on the mechanical properties, neglecting
samples with commercial epoxy.

Property Source of Variation SS MS F-Test p-Value

Flexural
strength Amine amount (2 levels) 48.4 48.4 0.699 0.427

Error 553 69.2

Flexural
modulus Amine amount (2 levels) 4410 4410 0.0678 0.801

Error 5.20 × 105 6.5 × 104

Strain at
break Amine amount (2 levels) 0.00001 0.00001 0.274 0.615

Error 0.00029 3.7 × 10−5
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The effect of the lower Tg of the blends on the flexural strength and modulus is also
highlighted in Figure 12a,b. From the plots, it is clear that all the samples produced at
different EWF or amine amounts fall on a single master curve. Interestingly, also the
commercial epoxy falls on the same master curve. This indicates that the low-range
Tg is the parameter that mainly influenced the mechanical properties of the produced
resin. The higher-range Tg (measured around 150 ◦C) and the chemical structure of the
resulting polymer had only marginal effects on the flexural strength and modulus of the
produced blends.
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Figure 12. Effect of the lower-range Tg on the evolution of (a) flexural strength and (b) flexural modulus.

The recycled polymer obtained from the chemical recycling of the epoxy network was
characterized by DMA and DSC. The tan δ vs. temperature was measured at three different
frequencies: 1, 10, and 30 Hz. The results (Figure 13) clearly showed the presence of a single
peak for all the frequencies tested. The peak was centered at 69 ◦C at 1 Hz, and it shifted
to higher temperatures for increasing frequencies. This relaxation behavior was shown
by glass transition temperature (Tg). Similar values were typically displayed by similar
polymers derived from the recycling of bio-based epoxies cured by cleavable ammines [12].
Reprocessable bio-based epoxy cured using an aromatic disulfide crosslinker with diacid
functionality displayed, after recycling, a glass transition temperature between 65 and
73 ◦C [26]. Slightly higher (i.e., 80 ◦C) and even lower (i.e., 18 ◦C) Tg values were obtained
by the same group, varying the epoxy precursor among different epoxidized linseed and
soybean oils cured by 2,2′-dithiodibenzoic acid [27].
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4. Conclusions

An exemplary bio-based epoxy resin formulation showing full recyclability was
presented in this paper. Two different epoxy resin precursors were mixed with a cleavable
ammine: a commercial bio-based epoxy and a novel epoxidized waste flour. The latter
chemical reactant was obtained using a green approach based on the use of a UV/ozone
treatment. Mixing the two epoxy monomers allowed for obtaining formulations easy to
mix at room temperature showing low viscosity in the unreacted state that could be cured
at temperatures varying between 120, 150, and 160 ◦C.

The glass transition temperature of the epoxy formulation was optimized by varying
the ratio between the two epoxy monomers and the amount of the cleavable amine. When
the ammine was added at 22 phr, the glass transition temperature was fixed at about 54 ◦C
with no significant change varying the bio-based epoxy content. However, reducing the
ammine content down to 15 phr improved the glass transition temperature up to 76.5 ◦C,
while increasing the ammine content to 30 phr reduced the Tg down to 45.4 ◦C. Similar
results were obtained when considering the mechanical properties with the formulation
cured with 15 phr ammine content. This hardener amount was chosen as optimal since a
further reduction of the ammine content resulted in high viscosity systems.

The resin developed showed optimal recyclability when treated with an acidic solution
under mild conditions (i.e., 80 ◦C for 1 h), obtaining a plastic material with a Tg of 69 ◦C
by DMA and about 50 ◦C by DSC. The plastic material obtained from the recycling is
unique compared with those obtained before as it was derived from a valuable thermoset
formulated using 50 wt% of an epoxy monomer synthetized from waste flours.

The use of materials derived from organic waste as valuable thermoset prepolymer,
which, after curing, can also be recycled at the end of their life, can truly revolutionize the
recycling strategies for organic wastes, avoiding negative impacts on the environment. At
the same time, the possibility to recover a high percentage (i.e., 85%) of this product into
a reusable plastic matrix can guarantee the respect of the environment. However, more
efforts will be required to further optimize the thermal and mechanical properties of the
cured thermosets. These efforts should be focused on the synthesis of reactants, leading
to a balanced stoichiometry and with a stiffer structure to improve the glass transition
temperature and the mechanical properties.

5. Patents

Esposito Corcione, C., Greco, A., Visconti, P., Striani, R., Ferrari, F., 2019. Process for
the production of bio-resins and bio-resins thus obtained. 102019000016151. IT.
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