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Abstract

This study presents an evaluation of a potential alternative to plastic degradation in the form of organic composting. It
stems from the urgent need of finding solutions to the plastic residues and focuses on the compost-based degradation
of greenhouse film covers in an important rose exporter company in Ecuador. Thus, this study analyzes the physical,
chemical, and biological changes of rose wastes composting, and also evaluates the stability of new and aged agricul-
tural plastic under these conditions. Interestingly, results of compost characterization show a slow degradation rate
of organic matter and total organic carbon, along with a significant increase in pH and rise of bacterial populations.
However, the results demonstrate that despite these findings, composting conditions had no significant influence on
plastic degradation, and while deterioration of aged plastic samples was reported in some tests, it may be the result of
environmental conditions and a prolonged exposure to solar radiation. Importantly, these factors could facilitate the
adhesion of microorganisms and promote plastic biodegradation. Hence, it is encouraged for future studies to analyze
the ecotoxicity of plastics in the compost, as well as isolate, identify, and evaluate the possible biodegradative potential
of these microorganisms as an alternative to plastic waste management.

Article highlights

e The study assesse the stability of agricultural plastic e After composting, the chemical structure of the new
films during real conditions of rose waste composting. plastic films changed but this finding may correspond
to the protective additives.
e Environmental conditions such as a long-term expo-
sure to solar radiation may account in part for the deg-
radation of aged plastic films.
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1 Introduction

Plastics are synthetic materials composed of polymeric
chains with high molecular weight derived from fossil oil
or natural gas. Properties such as low-cost production,
durability, resistance, and flexibility have posed plastics
as the most popular replacement for related materials,
including paper bags, wood, and wool bags [1]. Indeed,
statistics have shown that around 6300 million metric
tons (Mt) of plastic residues have been generated dur-
ing 2015 worldwide, of which only 9% have been recy-
cled, while future predictions consider that the world
will generate around 230 Mt by 2025 of plastic waste [2,
3]. Consequently, plastic usage translates into high lev-
els of waste, reaching and affecting several ecosystems
daily [2, 4]. The resulting accumulation of plastic waste,
caused by its slow degradation rate, constitutes a severe
environmental problem worldwide [5].

Plastics have been categorized according to their
properties and applications. Low-Density Polyethylene
(LDPE), in particular, is a type of plastic formed by the
polymerization at high pressure of ethylene monomers
[6]. It is extensively employed in agriculture as green-
house covers, mulching, and coating, in which plastic
consumption rises to 2 million tons per year [7]. Moreo-
ver, greenhouse cover films have a lifetime of two years.
After this period, they need to be replaced, leaving
deteriorated films as a significant plastic waste source.
In Ecuador, for example, the amount of plastic used to
cover one hectare (ha) of greenhouse is roughly 1000 kg
per year [8].

Ecuador is one of the major floriculture producers
for exports worldwide. It occupies the third place after
the Netherlands and Colombia in the entire ornamental
industry, and it is the number one in exports of roses as
a cut flower, being one of the five main economic sectors
in the country [9]. By 2019, the flower industry generated
about 800 million USD, destining approximately 4900 ha
for the production of flowers [9]. In consequence, this
sector generates an enormous amount of waste, includ-
ing plastics and organic wastes with high concentrations
of pesticides and agrochemicals.

Ecuadorian regulations in agricultural waste manage-
ment require the collection and disposal of plastics by
authorized environmental managers. Nevertheless, while
such regulations exist, plastic-waste management plans
in many waste generator companies, including the agri-
cultural, floricultural, and forestry sectors, are still incipi-
ent. The apparent lack of effective plans may be, in part,
a consequence of the myopic focus on organic waste.
Current waste management programs seek to treat
and re-incorporate organic residues as soil fertilizers,
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while plastics (greenhouse films, bags, package films)
are sometimes buried in plantation pits, discarded in
landfills, or burned uncontrollably in the open fields,
especially among small farmers [6]. Additionally, it has
been reported that greenhouse plastic films and con-
tainers from pesticide packages are dumped in creeks
or sold to members of the community [10]. This implies
a chronic exposure of the community to toxic chemicals
derived from pesticides, including organophosphates,
carbamates, and chlorinates, known for being carcino-
genic and hormone-disrupters [10]. Managing such an
enormous amount of waste will considerably impinge
on the environment, whose repercussions are well
worth considering. It is, therefore, necessary to empha-
size the urgent need to find alternatives to plastic waste
management.

Efforts have focused on developing these strategies.
Composting is a rather oldmethod for organic waste pro-
cessing and has become a strategy, amongst many others,
for plastic waste management. Polymeric chains can be
broken down and fragmented by the formation of biofilms
on the polymer’s surface. These films will then attract other
microorganisms, which will favor plastic degradation by
enzymatic processes [11]. Several studies have reported
that some microorganisms have the potential to degrade
plastics, such as LDPE. For example, many strains of Bacil-
lus sp., Aspergillus sp., Penicillium sp., and Pseudomonas
sp., have been identified as potential degraders [12-14].
Interestingly, these microorganisms have been isolated
from soils, landfills, and compost, highlighting the high
potential of composting in plastic waste management.

Composting is a dynamic four-step process undergoing
the following phases: mesophilic, thermophilic, cooling,
and maturation. In each of these phases, microbial growth
and composition vary continuously due to temperature
changes, promoting organic matter degradation [15]. The
mesophilic phase reaches 40 °C due to metabolic activity.
Specifically, the labile compounds and simplest carbon
and nitrogen sources are used up by the microorganisms,
releasing heat. A mixture of bacteria, actinomycetes, and
fungi contributes to the decomposition process [16]. As
temperature increases to 45 °C, the system turns from a
mesophilic to a thermophilic stage, where mainly thermo-
philic bacteria, Bacillus in particular, and actinomycetes are
favored. The metabolic activity of these microorganisms
facilitates the decomposition of more complex carbon
sources such as lignin and cellulose polymers. The ther-
mophilic phase ends once the substrates are not available,
whose gradual decrease in temperature induces meso-
philic microorganisms to reappear, especially fungi, fond
of the remaining lignin and cellulose substrates. On the
other hand, it takes some weeks for the compost to cool
down to 20 °C, a step that in turn indicates the starting
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point of the maturation phase. At this stage, actinomy-
cetes can proliferate and induce the formation of humic
substances [16].

Finally, given the increasing interest in plastic degrada-
tion, this study evaluates agricultural LDPE film stability
during rose waste composting in an ornamental farm in
Ecuador. Itisimportant to note that this study worked with
two plastic types; a new or virgin film and an aged one
used for two years as greenhouse cover. Moreover, the
research focused on two aspects: (1) a physical-chemical
and biological characterization of composting; and (2) an
evaluation of the physical and chemical changes in LDPE
after being inserted into the composting process. There-
fore, in the next section, the preparation of methods and
materials are discussed for both compost and plastics.
After that, in Sect. 3, the results are analyzed along with
the discussion and, finally, in Sect. 4 we present the conclu-
sions drawn from this study.

2 Materials and methods
2.1 Materials and preparation of samples

Two different types of LDPE were used: aged and new. The
former was a two-year-aged plastic of 7 mils of thickness
(“Agrolene Transparente AT"), previously used as green-
house cover, while the latter was a new agricultural film
of 7 mils thick (“Infralene Transparente Rosa Roja"). Both
were cut into 25 sheets of 21 cm long x 14.7 cm wide. All
samples were disinfected with 5% sodium hypochlorite,
then with 1% sodium dodecyl sulfate (SDS), and rinsed
three times with distilled water for 15 min each. Finally, all
samples were dried in a desiccator.

2.2 Location
This study was performed in Agroplantas Cia. Ltda.,

a company located in Ecuador, ltulcachi-Pichincha,
at 2600 m above sea level (—0.2779;—78.339). This

company produces, selects, and exports various types of
roses. Unsatisfactory roses are discarded whose residues
include petals, stems, and leaves, which are then managed
through the composting process.

2.3 Experimental design

We worked with a total of 50 samples. As described in
Sect. 2.1, twenty-five sheets of both new and aged LDPE
were cut, yet just twenty-four of each were placed in the
compost. While the entire composting process lasted
for four months, six new and aged plastic samples were
taken out for analysis monthly. The remaining two sam-
ples, absent in the composting system, were used as the
control. Heat treatment simulated the composting period
in these samples (see Table 1).

2.4 Compost unit preparation and compost
sampling

An open compost wooden bin of 240 cm long, 140 cm
wide, and 110 cm high was built. Roses residues were
crushed and placed inside, filling almost 70% of the con-
tainer (73 cm high). The LDPE samples (new and aged)
were placed randomly at this level with an average dis-
tance between samples of 20 cm. As for compost sam-
pling, every week, a total of 5 compost samples were
collected at random positions, immediately stored in
airtight plastic bag covers (26.8 cmx27.3 cm) and then
transported into containers to the laboratory for physical,
chemical, and microbiological compost analyses.

2.5 Physical and chemical compost characterization
2.5.1 Temperature measurements in the compost unit

The compost temperature was measured in situ with a
digital thermometer type K thermocouple of about 40 cm

long. Measurements were taken at four different points in
the compost pile for four months.

Table 1 Sampling design for

I . Time (months) New LDPE Aged LDPE
LPDE characterization during
composting Total number Weight loss SEM Total number Weight loss SEM
samples FTIR samples FTIR
Mechanical Mechanical
test test
1 6 3 3 6 3 3
2 6 3 3 6 3 3
3 6 3 3 6 3 3
4 6 3 3 6 3 3
Total 24 12 12 24 12 12
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2.5.2 pH measurements

For pH value determination, 20 g of sample was diluted
in 100 ml of distilled water in a 500 ml flask, shaken for
30 min on a rotary shaker (Shaker Orbit 3525), and filtered
to proceed with pH value reading using a Mettler Toledo
FiveEasy FE30 pH meter [17].

2.5.3 Moisture content, organic matter, and total organic
carbon

Moisture content analyses were performed in triplicates
and calculated with the gravimetric method. 5 g of sample
was oven-dried at 105 °C for 24 h, placed in a desiccator
for a day, and reweighed. For organic matter (OM), dried
samples were calcinated at 550 “C for six hours [18]. The
total organic carbon (TOC) content was calculated dividing
the volatile solids by 1.83 [19].

2.5.4 Total nitrogen content

The content of total nitrogen (TN) was measured in tripli-
cates using the Kjeldahl method with a VELP Scientifica DK
6 Unit Digester and UDK 129 Distillation Unit [20].

2.6 Microbiological analysis of compost

A stock solution was prepared by diluting 25 g of compost
sample into 225 ml of the sterile water solution and stirred
for 20 min for homogenization. Ten-fold serial dilutions
(107" to 107°) were made from this stock for bacterial and
fungal counts.

For bacterial counts, 0.1 ml of each dilution was asep-
tically transferred onto the culture media Nutrient Agar
(NA) in triplicates and incubated for 24 h at 28 °C for meso-
philes and at 50 °C for thermophiles. Fungal counts were
performed in equal conditions yet they were incubated
on Potato Dextrose Agar for a week. All colonies were
counted by the direct method and the number of Colony
Forming Units (CFU/g) of bacteria and fungi was calculated
(adapted from Gebeyehu and Kibret) [21].

2.7 Characterization of low-density polyethylene

Every month, polyethylene degradability was evaluated
by taking six random samples of new LDPE and six ran-
dom samples of aged ones from the compost (Table 1).
Three samples, subject to weight loss, FTIR analysis and
mechanical strength, were washed following the proto-
col described in Sect. 2.1. The remaining three samples of
each LDPE were used for Scanning Electron Microscopy
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(SEM) analysis (2.7.4) and, as a control, a film of each type
was treated with heat to simulate compost conditions for
four months.

2.7.1 Weight loss analysis

This analysis is one of the easiest methods to quantify
plastic degradation. Thus, three samples (Table 1) monthly
taken and washed as described in Sect. 2.1., were weighed
using a five-digit analytical balance AUW120D, Shimadzu
Corp., and the respective percentage of weight loss was
calculated applying the following equation [22].

Weight loss = (Initial weight — final weight)/(Initial weight) x 100

2.7.2 Fourier-transform infrared spectroscopy analysis

Fourier-transform infrared spectroscopy (FTIR) analysis was
performed using an Agilent Technologies Cary 630 FTIR
spectrometer. Structural changes in LDPE samples were
identified based on the emitted spectrum, with sample
spectra being set between [4000 cm™" and 650 cm™'] [23].

2.7.3 Mechanical properties

Tensile strength measurements through elongation at
break were carried out to evaluate deterioration in LDPE
samples during the composting process (Table 1) using
Lloyd Instruments LFPlus TkN single column tester. This
measurement was performed in triplicates using the ASTM
method D882 to determine changes in the elongation per-
centage of both types of LDPE (aged and new) in parallel
direction (PD) and transverse direction (TD). The material
was considered degraded if more than 50% of its mechani-
cal properties were lost [6].

2.7.4 Scanning electron microscopy analysis

Scanning electron microscopy analysis (SEM) was used
to observe changes in the polymer’s morphology caused
by the different conditions to which the LDPE samples
were subjected, and to identify microbial adherences to
the polymer [23]. Subsamples (0.5x 0.5 cm) were cut from
each LDPE type as detailed in Table 1 and washed with 1%
SDS for 10 min to remove impurities. Then, following fixa-
tion with 3.7% formaldehyde in Phosphate Buffer Saline
(PBS) for 1 h 30 min at 4 °C, they were rinsed with distilled
water first, with PBS after, and then by a dehydration gradi-
ent with ethanol (50%, 70%, 95%, 100%) for 15 min each.
After washing, the samples were dried in a vacuum hood
[1, 24]. A JSM-IT300 Scanning Electron Microscope (JEOL
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Fig. 1 Physical-chemical and biological characterization of com- »

posting of rose residues during 124 days. a Evolution of tempera-
ture and pH during composting. b Evaluation of total solids content
(%TS), organic matter (%OM), moisture (% moisture), total organic
carbon (% TOC); ¢ C/N ratio and total nitrogen (%N) during com-
posting; d: Counting of (CFU/g) of bacterial and fungal populations
during composting

Ltd.) was employed to observe the sample surface at dif-
ferent points.

3 Results and discussions

As mentioned earlier, this study focused on two aspects:
(3.1) characterization of physical-chemical and biological
composting parameters that influence the decomposi-
tion of organic matter; and (3.2) evaluation of biodegra-
dability of new and aged LDPE under conditions of rose
composting.

3.1 Characterization of physical, chemical
and biological parameters of roses residues
composting

3.1.1 Determination of temperature and pH value
during the composting process of rose residues

Temperature is a key indicator of microbial activity [25,
26]. Figure 1a, shows the variation of temperature during
composting. Mesophilic phase began at 21.53+1.36 °C,
and after eight days, the temperature reached the ther-
mophilic phase, which lasted about twenty days, with a
maximum value of 56.50+ 1.55 °C registered at the twelfth
day of composting. The heat generated resulted from the
labile and carbon-rich sources metabolized by different
microorganisms [16]. The thermophilic phase is an essen-
tial step in the composting process since proteins, fats, and
complex compounds such as cellulose and hemicellulose
are broken down [27]. The maintenance of high tempera-
tures depends mainly on the composition of the waste, the
compost system’s design, moisture, and adequate aeration
[28, 29]. In this study, the cooling phase began with a con-
stant decrease in temperature from day 22 of composting
until day 60. At this point, the temperature recorded was
19.55+2.16 °C (maturation phase).

Figure 1a, also shows the variation in pH value, an indi-
cator of microbial environment which influences biologi-
cal activities and hence the decomposition process. The
initial value was about 5.3, and a neutral pH value of 7.20
was observed after the 8th day (thermophilic phase), pos-
sibly due to the formation of carbonates, bicarbonates,
and strong bases such as KOH [16, 19]. Together with the
release of ammonia/ammonium by the breakdown of
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proteins, these compounds tend to neutralize and even
alkalinize the compost [30, 31]. The pH value is, therefore,
an important parameter to evaluate compost maturity and
stability [32]. This statement supports the observation that
pH was maintained between 8.20, 8.40, and 8.35 at the
maturation phase (final step of compost).

3.1.2 Determination of Moisture Content, Organic Matter
and Total Organic Carbon

Compost moisture promotes microbial activity, survival,
and facilitates the transport of nutrients which highly
influeces OM decomposition [15]. Figure 1b illustrates
some physical parameters such as the moisture content
trend during 124 days of composting, whose initial value
was 67.07% + 0.82. Notably, similar research elsewhere
has also reported initial values of 70-80% in moisture
content for floral waste [19, 33, 34]. In this study, moisture
content decreased periodically down to a final value of
16.21+0.53%. This indicates low metabolic activity and
suggests that the compost reached its mature phase [35].

In composting, microbial activity drives OM degrada-
tion with higher rates in the thermophilic phase where
labile organic compounds are mineralized [31]. However,
Fig. 1b showed no significant reduction in this parameter.
The initial content was 91.19+0.66%, and after 124 days
of composting, 88.03 £ 0.58%. Importantly, this low deg-
radation rate was due to feedstock decomposition as it is
entirely made of rose wastes which possess high amounts
of cellulose and lignin, compounds hard to depolymer-
ize [33]. The final amount of OM in the compost depends
therefore on its initial value and the transformation of its
components during the process [36]. Hence, decompo-
sition rates are inversely proportional to the amount of
cellulose, hemicellulose, and lignin [33]. These polymers
will be decomposed from the thermophilic phase to the
cooling phase and even at the curing phase [37].

Furthermore, the TOC content was expected to change
the same as organic matter during composting due to
the mineralization of organic compounds and compost
maturation [38]. In this study, however, the TOC content
remained almost constant (Fig. 1b). These findings are sup-
ported by Sharma et al.; Shouche, Pandey, and Bathi [33,
34], who recommended that cow dung or chicken manure
should be incorporated into the compost to promote the
further reduction of organic matter.

3.1.3 Total nitrogen and C/N ratio

Total nitrogen content during composting ranged from
1.19£0.10% to 2.93+0.07% (Fig. 1c). In line with results
obtained by Sharma and Yadav [19] this increasing trend
was observed at the mesophilic and thermophilic phases
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due to mineralization of organic matter, the loss of carbon,
perhaps in the form of CO,, and the action of nitrogen-
fixing bacteria [34].

The C/N ratio is an essential indicator of OM decom-
position and stabilization in the compost. This parameter
should decrease during composting due to the loss of
carbon and TN content per unit material [27, 39]. Moreo-
ver, the initial C/N ratio highly influences the composting
process as it directly affects the degradation of materials
mediated by microorganisms [31]. In this study, the initial
C/N ratio was 43 (Fig. 1¢). Although this value disagrees
with similar studies in which initial values of 28 to 33 are
reported for floral wastes [19, 34], it can be speculated
that such differences may just reflect the heterogeneity
of the initial compost of this study, which contained pet-
als, stems, and leaves from different varieties of flowers.
Finally, the value dropped down to 12 in the first 22 days,
followed by a period of small fluctuations before reaching
a final value of 17 (Fig. 1c) and it could indicate the com-
post maturity [40].

3.1.4 Bacteria and fungi communities during composting

The environmental conditions during composting, such as
temperature, moisture content, pH value, and the nature
of organic substrates, strongly affect the structure and
diversity of the microbial community, which plays a fun-
damental role in composting by promoting OM decom-
position [15, 41]. Hence, monitoring the evolution of such
communities may provide vital information to effectively
manage the process and assess OM stabilization [42]. This
study determined the total bacterial and fungal communi-
ties at different phases of rose residues composting.

As shown in Fig. 1d, both mesophilic and thermophilic
bacteria populations were in a higher proportion than
the fungal population, primarily at the mesophilic phase
and thermophilic phase. According to Shilev et al. [27],
bacteria are the most active microorganisms during the
thermophilic phase due to high temperatures, pH condi-
tions, and drastic humidity changes. Mesophilic bacterial
population was around 10° CFU g7 in all the period of
composting (Fig. 1d). In comparison, the thermophilic
bacteria population present at the beginning of the com-
posting was 107 CFU g~' and then reached 10'° CFU g
in 14 days (thermophilic phase). After, the number was
reduced to a range of 10® to 10’ CFU g7', reaching a pla-
teau at this value (Fig. 1d). In contrast, no thermophilic
fungi were found in this study as fungi may be less tolerant
to high temperatures [42]. Nevertheless, the population of
mesophilic fungi were maintained throughout the com-
posting process in a range of 10° to 108 CFUg™" (Fig. 1d).
These results reflect that fungi populations at different
phases of composting play an essential role because they
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are actively involved in the decomposition of recalcintrant
substrates such as cellulose, lignin, hemicellulose and low-
nitrogen containing substrates [25, 26].

3.2 Characterization of new and aged low density
polyethylene under conditions of rose
composting

As mentioned in Sect. 2.3., LDPE films were subjected to
rose residues composting during 124 days, yet 6 samples
for each type (new and aged) were collected monthly
(Table 1). To assess changes in physical and chemical
properties, four methods were employed: Weight loss,
FTIR, mechanical properties by tensile test, and Scanning
Electron Microscopy (SEM). Moreover, one sample of each
LDPE underwent heat treatment to simulate the compost
temperature, and after 124 days FTIR was performed.

3.2.1 Weight loss analysis

As a preliminary physical test, weight loss average was cal-
culated for both new and aged LDPE samples collected
in the same month. A significant reduction of 0.639%
was registered in new LDPE after 31 days of composting
(Fig. 2a), whereas in aged LDPE, the maximum average
weight loss was about 1.92% after 91 days of compost-
ing. However, this trend is variable as after 124 days of
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composting, an average weight loss of 0.028% was regis-
tered (Fig. 2b). Moreover, the negative values represent an
increase of weight (Fig. 2b). This suggests that the microor-
ganisms adhered and accumulated on the plastic forming
biofilms, or that the samples were not cleaned properly,
and it was remaining waste and impurities that adhered
to the plastic [1]. Finally, these results reflect that although
weight loss analysis is a simple method, it is not a direct
evidence of degradation [23].

3.2.2 FTIR analysis of LDPE

To identify chemical changes on the plastic samples after
being subjected to the compost or to the heat treatment,
FTIR studies were performed. Figure 3a shows the spec-
trum of both LDPE types (new and aged) under heat treat-
ments and without any treatments. Figure 3b illustrates
the spectrum of new LDPE samples composted during
31, 61,91, and 124 days, and Fig. 3c represents the spec-
trum of aged LDPE samples composted during the same
intervals.

The new sample undergoing heat treatment showed
a slight peak formation at 1615 cm™' (corresponding to
bonds -C=C-), also observed in new samples composted
for 61 days (Fig. 3b). This could indicate the oxidation of
polyethylene due to thermal processes [23]. Moreover, in
the FTIR spectrum for composted new samples, peaks at
864 cm™' (CH, groups) and 1548 cm™"' (vibration of amino
groups of additives) seemed to gradually disappear in 30,
61, 91, and 124 days, compared to new LDPE with heat
treatment and no treatments (Fig. 3b). These changes coud
be caused by the microbial diversity and abiotic factors
such as temperature. Moreover, the agrochemicals pre-
sent in rose residues could react with LDPE additives and
accelerate degradation because they contain compounds
such as halogens and sulfides, chlorides that attack the UV
stabilisers [6].

When comparing aged LDPE (used in greenhouse cov-
ers for 2 years) with new one, no peaks associated with
CH, groups were observed at 864 cm™', nor the peak
at 1548 cm™', (Fig. 3a). The study of Cristofoli et al. [43],
reported the reduction of a peak at 1534 cm™" which cor-
responds to amine groups of the amine light stabilizer
additives after exposing LDPE to UV radiation. Further-
more, authors explain that several factors could cause the
decrease in the absorption band at 1534 cm™'. These fac-
tors include additive consumption during the exposure
period, stabilization of free radicals, loss of additives by
diffusion to the polymer surface or by chemical reactions,
evaporation and leaching [43]. Additionally, a slight peak
at 1735 cm™' corresponding to C=0 bonds was observed
in aged LDPE samples (Fig. 3a) which could represent
either ester or carbonyl groups. These are formed by
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Fig.3 FTIR Analysis of new LDPE and aged LDPE (used in green-
house covering for two years). a New LDPE and aged LDPE without
treatments and samples under heat treatment; b New LDPE com-
posted during 30 days (30 d), 61 days (61 d), 91 days (91 d) and
124 days (124 d); ¢ Aged LDPE composted during 30 days (30 d),
61 days (61 d), 91 days (91 d) and 124 days (124 d)

exposure to UV radiation and are an indicator of degrada-
tion [5, 44]. The formation of peaks at 3000 and 3500 in the
aged sample, composted for 91 days, (Fig. 3¢) corresponds
to alcohols’-OH groups vibrations, which may have been
formed by solar radiation or by plastic biodegradation
processes [45]. This sample corresponds to the one that
presented a higher percentage of weight loss. No further
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Fig.4 Percentage of elongation at break in LDPE samples in par-
allel direction (PD) and transversal direction (TD). a On new LDPE
samples without treatment; with heat treatment during 124 days
(heat treatment); and composted samples during 30 days (30d) and
124 days (124d). b On aged LDPE samples. It shows initial proper-
ties*; samples without treatments; with heat treatment during
124 days (heat treatment); and composted samples during 30 days
(30d) and 124 days (124d). *Initial properties of aged LDPE (used
for greenhouse covering) are values obtained from the sheet with
technical information of the material

FTIR changes were observed in the other aged composted
samples.

To conclude, the formation and reduction of the peaks
mentioned above may indicate structural changes in
the polymer additives such as amine light stabilizers
(1548 cm™"). This can be corroborated with the composted
aged LDPE samples since, except for one sample, no
changes were observed in the FTIR spectra. This indicates
that polyethylene additives protect the plastic by increas-
ing its strength, stability and durability.

3.3 Analysis of mechanical properties

Elongation at break was the tensile test employed to deter-
mine the index deterioration since the degraded material
is more brittle and unable to retain its initial elongation at
break [6]. As mentioned in Sect. 2.7.3., elongation at break
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tests for each type of LDPE after composting were carried
out in triplicates following ASTM method D882, for both
parallel (PD) and transverse direction (TD). Figure 4a shows
the average of elongation at break at PD and TD of new
samples after composting, whereas Fig. 4b illustrates the
average of elongation at break in samples of aged LDPE
composted during 30, 60, 124 days.

To consider deterioration, the films should lose more
than 50% of their initial properties on elongation at
break [46]. In this study, no significant differences were
found between elongation at break of new samples after
composting nor in new sample under heat treatment.
Although these results suggest that composting had no
influence on the mechanical properties of the material,
deterioration in some samples of aged LDPE was deter-
mined (Fig. 4b) which may be attributed to environmental
factors such as wind, temperature variations, and expo-
sure to long periods of solar radiation [7]. These factors,
primarily sunlight UV, cause polymer photodegradation
and formation of free radicals on its surface with the abil-
ity to attack polymer structures and hence affect plastic
properties [1, 47]. Meanwhile, variations in greenhouse
factors such as temperature, moisture, wind, and struc-
tural anchors can accelerate and intensify deterioration
and photodegradation [6]. Additionally, the presence
of aged samples with no deterioration, elongation at
break lower than 50% of its initial value, (Fig. 4b) can be
explained by the position in which those were located on
the greenhouse. Therefore, the chosen samples probably

Fig.5 Scanning Electron
Microscopy. a and b: new LDPE
without treatment; cand d:
aged LDPE" without treatment.
“Referring aged LDPE to the
film used in greenhouse cover-
ing during two years

Erosion
and bulks

v

Adhering
particles

correspond to greenhouse cover borders where environ-
mental factors do not affect their mechanical properties.

3.4 Scanning electron microscope analysis

SEM analyses were performed to identify morphologi-
cal changes on new and aged LDPE film. In aged sam-
ples, some morphological changes were observed such
as surface rupture, voids, erosions, and cracks (Fig. 5¢, d).
This indicates deterioration of the aged plastic compared
to the new one Fig. 5a, b in which a smooth surface was
observed, despite the presence of adhering particles to
the film [14, 48].

Similarly, these morphological changes, also identi-
fied in aged samples composted during 61 and 91 days,
Fig. 6a and b, respectively, could be explained by the
exposure of the material to solar radiation, temberpature
variations, and other environmental factors that affected
the structure and properties of the plastic. In the study of
Nikafshar et al. [47], it was established that exposure to
UV radiation causes small cracks on the polymer surface,
in line with those found in this investigation, as seen in
Fig. 6b. Additionally, in samples of aged LDPE composted
for 124 days, the adherence of microorganisms Fig. 6c and
the formation of a possible biofilm Fig. 6d was observed,
as the previous deterioration due to environmental factors
could facilitate microbial adhesion for subsequent biodeg-
radation. However, it is important to consider that it may
be residual material adhered to the sample.

Adhering
particles

!

ruptures

R
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Fig.6 Scanning Electron
Microscopy. a samples of
aged LDPE composted during
61 days; b samples of aged
LDPE composted during

91 days; c and d: samples of
aged LDPE composted during
124 days

scratch

¥~ erosion

4 Conclusions

This study found that composting had a limited role in
plastic degradation. After subjecting the new and aged
LDPE samples to composting for 124 days, small weight
loss changes were observed yet insignificant. FTIR analy-
sis determined the formation and reduction of peaks that
could indicate structural changes in polyethylene film
additives. As for the mechanical tests performed on the
samples, deterioration in the two-year-aged LDPE, previ-
ously used in greenhouse covers, was determined due to
the loss of elongation percentage at break in more than
50% respecting its initial properties. SEM analysis deter-
mined the formation of cracks, holes, erosions, voids and
surface ruptures in aged films that indicates polymer
deterioration.

The physicochemical analyses of composting per-
formed in this study showed a slow degradation rate of
organic matter and total organic carbon. Moreover, in this
study, no thermophilic but mesophilic fungi were found
in all the composting period. At the same time, the bacte-
rial population were in a higher proportion than fungal
population during composting.

In terms of the management of plastic greenhouse
waste, compliance with the regulation of discarded
plastics is necessary after their useful life. Further-
more, beyond its management, it is essential to look
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for circular economy alternatives to greenhouse plas-
tics that are discarded annually, because the incorpo-
ration of plastics into compost piles is not sufficient for
their degradation although the potencial showed in the
study. In addition, for future it require studies on the
ecotoxicity of plastics with additives for greenhouses
on the compost, as well as isolation, identification, and
evaluation the possible microorganisms biodegradaters
as an alternative to plastic waste management.
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