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Abstract: Composting the municipal organic fraction of waste results in a valuable product in the
form of compost, which could be used instead of other forms of fertilisation. The organic waste
stream may contain oxo-biodegradable and biodegradable plastics used for waste collection. Their
components and decomposition residues may contaminate the compost chemically and physically. In
this paper, the results of studies on the content of selected macro- and microelements in new and
composted plastics have been analysed. Statistical analyses were carried out in order to determine the
most characteristic components of plastics and to determine the character of chemical composition
changes. The analysis of the test results showed that multidirectional changes in the content of
macro- and microelements occur during composting, and they may be the source of contamination
of the fertiliser produced. Contaminants in the form of microplastics may also be released into the
environment, which may pose a threat to many elements of the environment, including animals
and humans.

Keywords: biodegradable and oxo-biodegradable polymers; pollution; heavy metals; microplastics

1. Introduction

Biodegradable and oxo-biodegradable plastics (bioplastics) are widely used, mainly for their
specific properties. Due to their ability to degrade in biological processes (biodegradation) and the
possibility of their production from renewable substrates, they replace petroleum-based plastics, which
contribute to the improvement of the quality of the environment [1]. Bioplastics are groups of materials
with different properties and applications. They can be produced in a natural way, such as cellulose
and starch [2], but also through chemical modifications [3]. These materials include biodegradable
and oxo-biodegradable plastics. Natural biodegradable plastics are made of a polymeric matrix from
natural sources (e.g., polysaccharides—cellulose, starch, and their derivatives). Natural fibres from
commonly grown plants, such as flax, jute, or hemp, are used to fill such materials [4,5]. Synthetic
biodegradable polymers include: polycaprolactone—PCL, poly(vinyl alcohol), poly(ethylene oxide),
polyesters obtained by fermentation polymerisation of polysaccharides, e.g. poly(hydroxybutyric
acid)—PHB or poly(lactic acid)—PLA [6]. Oxo-biodegradable plastics differ from biodegradable
plastics in their manufacturing process. They are produced with the use of additives accelerating the
decomposition of plastics, so-called pro-degradants, or prooxidative additives. The most common
additives on the market are d2w and TDPA (Totally Degradable Plastic Additives), usually produced
from cobalt, manganese, and iron compounds [7]. Oxo-biodegradable plastics can be, e.g., high-density
polyethylene—HDPE with a prooxidative additive, which is supposed to ensure its decomposition
at the end of the product life. The decomposition of biodegradable polymers takes place with
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the participation of microorganisms such as bacteria and fungi. However, the decomposition of
oxo-biodegradable polymers is more complex and has two stages. The first stage is the activation of the
additives responsible for the oxidation of the material. This can occur, for example, under the influence
of UV rays/heat [8-10]. The second stage is the degradation with the participation of microorganisms
(proper biodegradation).

The studies presented in the scientific literature on the chemical composition of biodegradable
and oxo-biodegradable plastics showed the presence of chlorine, phosphorus, and a number of
heavy metals (zinc, cadmium, lead, nickel, copper, chromium, cobalt, iron, and manganese) [11-16].
The sources of metals such as zinc, lead, copper, and cadmium in the test materials can be additives
such as dyes, fillers, antioxidants, stabilisers, or plasticisers used in the production of various types of
plastics [12,17,18]. As confirmed by Rochman et al. [19], metals have the ability to accumulate in the
environment, and their amount increases over time.

Bioplastics have been used in a number of applications, including organic waste disposal bags
and food packaging bags. After being used, they are most often discharged into the organic waste
stream, and then into composting plants or waste fermentation plants. It is, therefore, important that
such materials are completely biodegradable. When they enter a composting plant, they become part
of the waste manure (compost) and should not contaminate it.

The use of bioplastics on an increasing scale makes them the subject of research by many
authors. Among them, research on decomposition in various conditions prevails, e.g., in soil, water,
compost, with the use of isolated strains of bacteria or fungi. Often, studies on decomposition
are conducted under laboratory conditions. The results obtained in this way cannot be translated
into actual conditions, as these often differ significantly from those created artificially [20,21]. For
example, Poonam et al. [22] studied the biodegradability of polyethylene by isolated bacteria and
fungi under laboratory conditions, while Giacomucci et al. [23] studied the bacterial degradation of
various plastics (polyethylene - PE, polypropylene - PP, polyvinyl chloride - PVC). The processes
themselves (biodegradation and oxo-biodegradation) also take place in different ways. The additional
problem is that the term “biodegradable” could be used in the name of the material, without any
actual evidence of its biodegradability [24]. The physical and chemical structure of polymers, as well
as the environment in which they are found, have a great influence on the course of decomposition
processes [25-27]. It also happens that the results of tests of biodegradable and oxo-biodegradable
plastics decomposition are misinterpreted—during the experiment, there are some changes in the
structure of polymers, but there is no complete decomposition. Despite this, it is concluded that under
these conditions, the complete decomposition of the material may occur [3]. Some studies are carried
out in simulated conditions, which are to reflect the actual conditions, e.g., during composting [28,29].
It may also happen that only a part of polymers included in the plastic could be decomposed [30].

The prooxidative additives used in the processes do not always guarantee full decomposition of
plastics, or their decomposition requires special conditions not found in the natural environment [31].
Such situations may lead to a problem with the remaining plastics in the environment, i.e., microplastics.
The presence of bioplastics in the mass of organic waste may cause pollution of the compost produced
from this waste. The use of such compost may lead to soil contamination. Unfortunately, it turns out
that even bioplastics can be a source of microplastics that accumulate in the environment [32]. As
Weithmann et al. [33] confirm, the processing of bio-waste together with plastics leads to the presence
of microplastics up to 5 mm as well as <1 mm in the organic fertiliser produced.

The aim of this study was to assess the possibility of composting selected bioplastics (shopping
bags, waste disposal bags) together with organic waste in real conditions in an industrial composting
plant. The scope of the work included the analysis of changes in the chemical composition of the tested
packaging, the selection of components that best characterise this composition (useful for monitoring
the contamination of compost), preliminary assessment of the possibility of formation of physical
contaminants (microplastics) during composting. In addition, an assessment of the possibility of using
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UV radiation to initiate oxo-biodegradation processes of plastics during the waste storage before filling
the bioreactor was carried out.

2. Materials and Methods

Preliminary tests of selected 10 packages showed that the majority of composted samples of
biodegradable and oxo-biodegradable plastics did not decompose or were only partially fragmented [34].
In order to obtain more data for statistical analysis, the number of samples was extended to 12, and
three series of experiments on their composting were carried out. Table 1 presents the characteristics
prepared on the basis of their own research and information from packaging manufacturers. All of them
have been characterised as degradable in the composting process, biodegradable, oxo-biodegradable,
or intended for organic waste. Samples of approximate 500 cm? were cut from shopping bags and
waste disposal bags. Figure 1 shows the appearance of the samples before composting (new bags).

11 12

Figure 1. Appearance of shopping bags and waste disposal bags selected for the study [photo F.
Markowicz].



Geosciences 2019, 9, 460

Table 1. Characteristics of selected samples [own study based on information from producers].

4 0f23

Sample . Characteristics of the Polymer
Type of Raw Material/Polymer Manufacturer’s Information
Number Form Colour Use Type
Corppostable in 1n'd}.1str1al. There is no need'to remove from . ' milky, translucent, bags for biodegradable,
1. conditions, two certificates in the stream of bio-waste at the foil, elastic, soft imprinted biodeeradable waste compostable
accordance with norm EN 13432 composting industry p & P
Compostab .le at hf)me conditions, ftis degr.adeq m compostlng foil, elastic, soft, thin, milky, green, bags for biodegradable,
2. two certificates in accordance conditions in a period of rubber translucent biodeeradable waste compostable
with norm EN 13432 approximately 45 days & P
Compostable, a certificate in Made on the basis of corn and foil, elastic, soft, green, opaque, matt, packaglng Of. biodegradable,
3. - potato starch, decomposed by . . . products, including
accordance with norm EN 13432 . starch coating imprinted compostable
bacteria from 6 weeks to one year foodstuffs
Oxo-biodegradable, HDPE and .It is decomposed under the . . milky, white, packagmg of. .
4, i influence of oxygen, UV and foil, elastic, soft, matt translucent, products, including oxo-biodegradable
d2w additive i . .
heat, use within 18 months imprinted foodstuffs
Oxo-biodegradable, PE and It is subject to accelerated foil, elastic, slippery orange, imprinted, . .
> TDPA additive decomposition to the touch opaque, glossy packaging of products oxo-biodegradable
. Sugar cane content above 85%, . Lo . packaging of
6. Biodegradable, LDPE and sugar renewable raw material, 100% foil, elastic, slippery Whlte'. opaque, glossy, products, including biodegradable
cane to the touch imprinted
recyclable foodstuffs
7 Oxo-biodegradable, PE and d2w  Thanks to the addition of d2w, foil, elastic, slippery white. opadue. eloss rogiccl::gi;ncgh?jin oxo-biodeeradable
’ additive the bag is 100% biodegradable to the touch sopaque glossy b ¢ & &
foodstuffs
. . . . . . packaging of
8. Oxo-biodegradable, HDPE The bag is oxo bolodegradable .fOﬂ’ elastic, soft, . m.llky, white, products, including oxo-biodegradable
100% slippery to the touch imprinted, opaque
foodstuffs
o o o a1 . . packaging of
9. Oxo blodegraclabl_ef HDPE and It has t_he Oxo b}oglegradable foil, rigid, slippery to milky, white, products, including oxo-biodegradable
d2w additive Plastics Association mark the touch translucent, matt
foodstuffs
. o P, . packaging of
10. Oxo-biodegradable, HDPE The bag is oxo-biodegradable foil, rigid, slippery to Whlte’. opaque, glossy, products, including oxo-biodegradable
100% the touch imprinted
foodstuffs
. . . . probably
11. HDPE Bags for organic waste foil, elastic brown bags for organic waste oxo-biodegradable
Compostable, a certificate in . . . milky, green, bags for biodegradable,
12. accordance with norm EN 13432 Bags for biodegradable waste foil, elastic, soft translucent biodegradable waste compostable
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In order to initiate the process of decomposition of oxo-biodegradable plastics, the samples were
exposed to a 36 W UV lamp. The cycles and exposure times were selected so as to be replicable under
real conditions in the composting plant by irradiation for 2 X 10 h (for two consecutive days) or 5 x 10 h
(for five consecutive days) during the waste storage, prior to loading the bioreactor. Non-irradiated
sets of samples were also prepared for the tests. In this way, three sets of samples for composting
were created:

e 12 non-irradiated samples,
e 12 samples irradiated for 20 h,
e 12 samples irradiated for 50 h.

In total, three series (replications) were subjected to composting during the study; each of them
consisted of three sets of samples that were not exposed to light and were exposed to light for 20 and
50 h. The samples were placed between two layers of coated glass fibre mesh [35], resistant to heat and
UV radiation. Figure 2 shows the image of the prepared sample. The meshes with the single samples
were joined together with cable ties resistant to temperatures that occur during composting. During
the filling of the bioreactor in the industrial composting plant, the sets of meshes with samples were
placed horizontally, on previously arranged layers of waste, and then covered with successive layers.
The research at the composting plant in Jarocin (Wielkopolskie Voivodeship, Poland) was carried out
in 2017-2018. After the composting process, the samples were washed and prepared for laboratory
analyses. The detailed course of this phase of research and the characteristics of the composting plant
are presented in the paper by Markowicz et al. [34].

Figure 2. The appearance of a sample sandwiched between two layers of mesh [photo F. Markowicz].

In the prepared samples (new and composted), the content of components that may pose a threat
to the environment in case of leakage of plastic into the compost was determined. Laboratory analyses
were carried out after dissolving (mineralisation) in a mixture of concentrated nitric(V), chloric(VII),
and sulphuric(VI) acids (HNOs, HCIOy4, HySO,), prepared in a ratio of 10:4:1. In the dissolved samples,
the content of calcium (Ca), magnesium (Mg), potassium (K), sodium (Na), iron (Fe), and cadmium
(Cd) was determined using Atomic Absorption Spectrometry (AAS) [36].

The results of plastics composition tests were subjected to statistical analysis using Statistica 13.1
(StatSoft Poland, StatSoft, Inc. USA). To assess the significance of chemical composition differences
between the groups of new samples, samples composted without irradiation, samples composted after
20 h and 50 h irradiation, Student’s t-test (parametric test), and Mann-Whitney U test (nonparametric
test) were used. The principal components analysis (PCA) was used to indicate which of the selected
metals best characterised the composition of the tested plastic samples.



Geosciences 2019, 9, 460 6 of 23

3. Results

3.1. Chemical Composition of Composted Bioplastics

Table 2 presents the content of analysed metals in the samples before composting, i.e., in new
biodegradable and oxo-biodegradable plastics. The majority of the samples contained large amounts
of calcium (Ca), magnesium (Mg), potassium (K), and iron (Fe). Lower contents of Ca, Mg, and Fe
were found only in samples 2 and 11. The total content of macroelements (calcium, magnesium,
potassium, sodium, iron, manganese) ranged from 10,230 mg/kg in sample 3 to 428 mg/kg in sample 11.
It should be noted that all plastics selected for the study contained heavy metals—copper (Cu), zinc
(Zn), chromium (Cr), lead (Pb), nickel (Ni), and cadmium (Cd). Their contents were differentiated, with
the highest content of copper and zinc, the lowest in the case of nickel and cadmium. Samples that were
presented as 100% oxo-biodegradable (No. 8) and compostable (No. 12) had the highest content of
heavy metals (over 300 mg/kg). The slightly lower content of heavy metals (over 200 mg/kg) was found
in sample 6 (biodegradable) and samples 5, 7, 9, and 10 (oxo-biodegradable). Their decomposition
may cause an increase in the content of heavy metals, exceeding the levels safe for the environment.
The lowest content of heavy metals (below 40 mg/kg) was found in samples 1 and 2. Negative effects
may also occur in case of excessive content of macroelements in soil, e.g., death of plants in the case of
excess calcium [37,38].

Table 2. Contents of the analysed metals in samples before composting.

Sample Content (mg/kg)
Number ¢, Mg K Na Fe Mn Cu Zn C Pb Ni «d

1 68351 19392 1344 725 1108 3.0 22245 7845 5385 1874 1.55 0.2

2 85.3 31.8 1724  89.2 72.5 1.8 1572 7955 3405 7.05 2685 0.255
3 7194 14217 163.6 982 13299 225 17438 3.033 12345 2155 3.81 0.16
4 6505.8 1402 2747 79.1 287.1 14.6  18.075 13995 6.85 5965 1.2 0.31
5 50414 2693 255.6 834  106.1 3.1 43.83 168.65 6.42 353 1.045 0.325
6 52559 89.7 1792 594 6224 6.6 103.67 8254 25435 745 1547 0.25
7 3849 1509 3056 718 86.8 71 112.37 75415 4785 9265 298  0.165
8 7052.8 4424 1369 483 90.2 11.8 8788 213.72 11.78 14.0 5.27 0.2

9 1458.8 2825 190.7 109 88.7 53 91.525 13342 13.07 37325 1.63 0.225
10 6351 128.1 148.8 163 2418 3.3 54.09 141.12 10.085 30.57 428  0.295
11 67.6 274 1378 1254 685 1.2 12086 9.7 8.865 47.095 1385 0.195
12 2452 1748 124 89.3 16783 94 95.035 194.09 10.6 12.845 2395 0.28

Figures 3-5 present the results of the analysis of the content of twelve metals in all samples—new
(3,4,5,6,7,8,9,10, 12), composted without irradiation (A), composted after 20 h of irradiation (B),
and composted after 50 h of irradiation (C). Roman numbers (I, II, III) indicate test/replicate series.
The figures do not show the samples 1, 2, and 11, which were completely decomposed in all replicates.
Samples 1 and 2 were marked by the manufacturers as compostable under industrial or domestic
conditions (Table 1), sample 11 was made of HDPE (high-density polyethylene) and intended for the
storage of organic waste. In other cases, only single fragments of plastics were decomposed, hence the
missing results on the pictures.
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Figure 3. Comparison of the content of analysed metals in new and composted samples

3 (a—macroelements, b—heavy metals), 4 (c—macroelements, d—heavy metals), and 5

(e—macroelements, f—heavy metals).
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Figure 4. Comparison of the content of analysed metals in new and composted samples

6 (a—macroelements, b—heavy metals), 7 (c—macroelements, d—heavy metals), and 8

(e—macroelements, f—heavy metals).
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Figure 5. Comparison of the content of analysed metals in new and composted samples

9 (a—macroelements, b—heavy metals), 10 (c—macroelements, d—heavy metals), and 12

(e—macroelements, f—heavy metals).

Among the analysed macroelements (Ca, Mg, K, Na, Fe, Mn), calcium was the main component
of samples 3, 4, 5, 6, 7, and 8 (Figure 3a,c,e, Figure 4a,c,e). The second component was iron, which
dominated in sample 10 (Figure 5c) and also had a significant share in samples 4, 5,7, 8, 9, and 12
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(Figure 3c,e, Figure 4c,e, Figure 5a,e). This concerned both new samples and those after composting.
This may indicate the durability of the plastic components that contain these macroelements, which
limits their transfer to the compost.

Among heavy metals, copper was found in the highest amounts in sample 3 (Figure 3a), and also
in samples 4, 6, 7, 9 (Figure 3d, Figure 4b,d, Figure 5b). The studied materials also contained a lot of
zinc and chromium-samples 3, 4, 5 (Figure 3b,d,f), 6, 7, 8 (Figure 4b,d,f), 9, 10 (Figure 5b,d). In samples
5,6,7,9, and 10, significant nickel contents were also determined (Figure 3f, Figure 4b,d, Figure 5b,d).
Heavy metal content fluctuated quite a lot, even in replications of the same sample. The increase in the
content compared to the new material, visible in some cases, may indicate the durability of the plastics
components (e.g., dyes, stabilisers), which limits their transfer to the composted mass (e.g., copper,
zinc and chromium in sample 3, Figure 3b). There were also cases of a significant decrease in the heavy
metal content of composted plastics due to susceptibility to degradation processes and the entry of the
component into the compost (e.g., copper and zinc in Sample 6, Figure 4b). Please note that in the case
of incomplete decomposition of bags, only part of their components was released into the compost,
and the packaging itself was a physical contaminant. An example of the appearance of such samples
was presented in Markowicz’s et al. work [34]. The total decomposition (which occurred in samples
1, 2, and 11) eliminates the problem of physical contamination; however, all the components of the
packaging are mixed with the compost.

3.2. Influence of Irradiation on the Plastic Degradation Processes and Changes in their Composition

In order to determine the differences between the properties of the tested biodegradable and
oxo-biodegradable plastics, the Student’s t-test was used. It is a parametric test used for data
demonstrating compliance with the normal distribution. Due to the limited amount of analysed data
(which usually is connected with a lack of compliance with the normal distribution), additionally, the
nonparametric Mann-Whitney U test was used, which does not require meeting this condition [39].
The samples were divided into groups: a—new samples, b—composted samples without irradiation,
c—composted samples irradiated for 20 h, d—composted samples irradiated for 50 h. Tables 3-5 show
the results of tests carried out between the groups: a-b (Table 3), a—c (Table 4), a—d (Table 5). The
highlighted results are significant with p < 0.05. The comparison of groups a and b (Table 3) showed
statistically significant differences between the contents of potassium, sodium, iron, manganese, copper,
and zinc. These differences were confirmed by both tests. Furthermore, the nonparametric test showed
statistically significant differences between the lead, nickel and cadmium contents. None of the applied
tests showed any differences between the studied groups in the case of calcium, magnesium, and
chromium content. This was due to similar contents of these components in new and composted
samples without irradiation.

Table 3. Analysis of the differences between the composition of new (a) and composted samples
without exposure to UV light (b)—the highlighted results are significant with p < 0.05.

Student’s ¢-Test Mann-Whitney U Test
Variable Average Average Sum of Sum of Corrected
a b t P Ranks a Ranks b v z

Ca 3396.825  5597.682 -1.381 0.176885 174 421 96 -1.279  0.200781
Mg 424.833 5155 -0469  0.641979 162 433 84 -1.712  0.086938

K 185.308 871.182 —4.295 0.000152 102 493 24 -3.874  0.000107
Na 70.317 478.5 —5.436  0.000006 78 517 0 —4.739  0.000002
Fe 398.592 3465.605  —4.323 0.00014 97 498 19 —4.054  0.00005
Mn 7.475 69.532 —4.016  0.000335 86 509 8 —4.451  0.000009
Cu 78.306 31.313 2.536 0.016296 289 306 53 2.829 0.00467
Zn 98.119 36.784 2.757 0.009561 297 298 45 3.117 0.001826
Cr 9.919 52.24 -1.291 0.205895 195 400 117 -0.523  0.601264
Pb 14.927 11.326 0.232 0.817785 330 265 12 4.666  0.000003
Ni 3.642 9.739 -1.361 0.182934 152.5 442.5 74.5 —2.054  0.039948

Cd 0.238 25.261 -0.729 0.471341 318 277 24 4.198 0.000027
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Table 4 presents a comparison between the a and ¢ groups, which showed statistically significant
differences between potassium, sodium, iron, manganese, zinc, lead, and cadmium contents. These
differences were confirmed by both tests. Furthermore, the nonparametric test showed statistically
significant differences between copper and nickel contents. None of the tests showed any differences
between the studied groups in the case of calcium, magnesium, and chromium content (as in the
previous comparison).

Table 4. Analysis of differences between the composition of new (a) and composted samples after 20 h
irradiation (c)—the highlighted results are significant with p < 0.05.

Student’s ¢-Test Mann-Whitney U Test
Variable Average A Sum of Sum of U Corrected
a verage ¢ t b Ranks a Ranks ¢ z

Ca 3396.825  4934.571 -1.012 0.319298 180 381 102 -0.879 037915
Mg 424.833 592.381 —-0.593 0.557685 159 402 81 -1.665  0.09584
K 185.308 963.857 —3.636 0.000994 95 466 17 —4.061  0.000049
Na 70.317 521.905 —5.277 0.00001 79 482 1 —4.659  0.000003
Fe 398.592 3192.605 —4.835 0.000034 92 469 14 —-4.173 0.00003
Mn 7.475 53.548 -2.877 0.007202 87 474 9 —4.361  0.000013
Cu 78.306 42.189 1.185 0.244974 288 273 42 3.125 0.001779
Zn 98.119 27.779 3.466 0.001572 293 268 37 3.312 0.000926
Cr 9.919 25.866 -1.361 0.183174 192 369 114 -0431  0.666817
Pb 14.927 3.137 2.629 0.013191 306 255 24 4.087 0.000044
Ni 3.642 8.332 -1.597  0.120425 141.5 419.5 63.5 —-2.320  0.020315
Cd 0.238 0.039 5.827 0.000002 318 243 12 4.640 0.000003

Table 5 presents a comparison between the groups a and d, which showed statistically significant
differences between potassium, sodium, iron, manganese, copper, zinc, and lead content. These
differences were confirmed by both tests. Moreover, the nonparametric test showed statistically
significant differences between nickel and cadmium contents. As in previous comparisons, none of
the tests showed any differences between the studied groups in the case of calcium, magnesium, and
chromium content.

Table 5. Analysis of differences between the composition of new (a) and composted samples after 50 h
irradiation (d)—the highlighted results are significant with p < 0.05.

Student’s t-Test Mann-Whitney U Test
Variable Average Average Sum of Sum of U Corrected
a d t b Ranks a Ranks d z

Ca 3396.825 5271917 -1.091 0.282788 191 475 113 -1.024  0.306066
Mg 424.833 588.333 -0.707 0.484454 170 496 92 -1.728  0.083929
K 185.308 810.917 —4.260 0.000153 93 573 15 —4.312  0.000016
Na 70.317 495.125 —5.226 0.000009 78 588 0 —4.816  0.000001
Fe 398.592 3002.338 —6.394 0.0000003 86 580 8 —4.547  0.000005
Mn 7.475 70.117 —4.921 0.000022 84 582 6 —4.614  0.000004
Cu 78.306 26.08 2.913 0.006282 321 345 45 3.305 0.000948
Zn 98.119 27.404 3.483 0.001384 327 339 39 3.507 0.000454
Cr 9.919 20.566 -1.105 0.276784 187 479 109 -1.158  0.246969
Pb 14.927 0.154 4.890 0.000024 366 300 0 5.289 0.0000001
Ni 3.642 10.997 -1.577 0.124103 140 526 62 -2.735  0.006239
Cd 0.238 3.358 —-0.655 0.516915 354 312 12 5.023 0.000001

Figures 6 and 7 show descriptive statistics (mean, standard error) for potassium, iron, copper,
and zinc content in the compared pairs of groups: a-b, a—c, a—d. In the case of potassium and iron
(Figure 6), there is an increase in concentration in composted samples. These components were released
to the composted mass of waste only to a small extent. The situation was different in the case of copper
and zinc (Figure 7), whose contents in the samples after composting were lower. This could have been
due to the release of some of these components into the compost.
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Figure 6. Comparison of basic statistics (mean, standard error) for potassium and iron content in the

tested sample groups (a—new samples, b—composted samples without irradiation, c—composted

samples irradiated for 20 h, d—composted samples irradiated for 50 h).
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Figure 7. Comparison of basic statistics (mean, standard error) for copper and zinc content in the tested
sample groups (a—new samples, b—composted samples without irradiation, c—composted samples
irradiated for 20 h, d—composted samples irradiated for 50 h).

Table 6 summarises the results of all comparisons carried out between groups a, b, ¢, and d.
Statistically significant differences occurred only in the case of comparison of new (a) and composted
samples (b, ¢, and d). No statistically significant differences were found between the samples subjected
to composting (with and without irradiation), which means that the irradiation did not affect the
decomposition process of the samples, as they were not completely decomposed and their chemical
composition did not change significantly. The applied tests (parametric and nonparametric) showed
significant differences in the case of groups:

e a-b: K,Na, Fe, Mn, Cu, Zn,

e a—c K,Na, Fe, Mn, Zn, Pb, Cd,
e a—d: K, Na, Fe, Mn, Cu, Zn, Pb.
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The metals whose contents differed significantly in all the comparisons (in which such differences
occurred) were: potassium, sodium, iron, manganese, and zinc.

Table 6. Summary of the results of the analysis of differences in composition between the tested sample
groups (a—new samples, b—composted samples without irradiation, c—composted samples irradiated
for 20 h, d—composted samples irradiated for 50 h)—the contents of the mentioned metals in the
groups differed significantly.

Group a b C d
Mann-Whitney U test: ~ Mann-Whitney U test: ~ Mann-Whitney U test:
a K, Na, Fe, Mn, Cu, Zn, K, Na, Fe, Mn, Cu, Zn, K, Na, Fe, Mn, Cu, Zn,
Pb, Ni, Cd Pb, Ni, Cd Pb, Ni, Cd
Student’s t-test: no statistically

no statistically significant

b K, Na, Fe, Mn, significant differences .
differences were found
Cu, Zn were found
tudent’s t-test: ... .. .
Student’s t-tes no statistically significant no statistically significant
C K, Na, Fe, Mn, . .
differences were found differences were found
Zn, Pb, Cd
Student’s t-test: no statistically sienificant no statistically
d K, Na, Fe, Mn, ysig significant differences

Cu, Zn, Pb differences were found were found

3.3. Selection of Ingredients that Best Characterise the Biodegradable and Oxo-biodegradable Plastics Analysed

The Principal Component Analysis (PCA) method was used to select the variables (metals) that
best characterise the properties of the plastic bags selected for testing. This method reduces the
number of variables, enabling a process or phenomenon to be described with a maximum amount of
information [40]. The analysis was carried out for samples 3, 4, 5, 6,7, 8, 9, 10, and 12, which were not
completely decomposed during composting in an industrial composting plant.

For each material, a graph of the own values of the main components and the percentage of
variance explained by them is presented. For the first three components (for sample 4 there are four
components), which explained the largest part of the variance, the input values of individual variables,
determined on the basis of the correlation between the variables and components, were presented.
The marked values correspond to strong correlation (correlation coefficient 0.7-0.89) and very strong
correlation (correlation coefficient 0.9-1.0) [41].

Table 7 shows the results of PCA analysis for samples 3, 4, and 5. For sample 3, the first three
components explained 88.37% of the variance. Strong and very strong correlations were found between
components 1 and 2 and most of the analysed variables (metals). Only sodium, iron, and chromium
did not show such correlations. In the case of sample 4, the first four components explained 84.04% of
the variance. Strong and very strong correlations with the main components were not found for iron,
copper, lead, and nickel. The first three main components identified for sample 5 explained 85.74% of
the variance. The analysis did not take into account the content of lead and cadmium, which did not
show variability. Among other variables, only iron did not show strong or very strong correlations
with the components.

Table 8 shows the results of PCA analysis for samples 6, 7, and 8. For sample 6, the first three
components explained 98.75% of the variance. Strong and very strong correlations occurred between
the components and most of the analysed variables (metals). Only calcium did not show such
correlations. In the case of sample 7, the first three components explained 90.89% of the variance.
The analysis did not take into account the content of cadmium, which did not show any variability.
Strong and very strong correlations with the main components were not found for calcium and copper.
The first three main components identified for sample 8 explained 84.57% of the variance. Among the
remaining variables, manganese, lead, and nickel did not show strong or very strong correlations with
the components.
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Table 7. The results of the Principal Component Analysis (PCA) for samples 3, 4, and 5.

Sample 3
7
Variable Component 1 Component 2 Component 3 6 K
Ca —0.752 0.318 -0.056 5
Mg —0.925 -0.279 -0.137 .
K -0.588 0.745 -0.190 k:
Na —-0.650 0.638 -0.179 Q\(: 3
Fe —-0.552 0.213 —-0.654 2
Mn —0.949 0.004 -0.146 e
Cu -0.611 -0.735 0.258 s
Zn ~0.086 —0.808 -0.562 it
Cr 0.004 —-0.554 —-0.545 0
Pb —0.883 -0.156 0.398
Ni -0.983 -0.077 0.043 T 2 P 6 8 10 12
Cd —0.835 —0.268 0.470 Number of principal component
Sample 4
6
Variable ~ Component1 Component 2 Component 3 Component 4 s
@
Ca 0.034 0.109 0.222 0.896 g 4
Mg 0.716 0573 0.346 -0.115 z
K 0.773 0.533 0.070 —-0.288 g 3
Na 0.843 -0.041 0.429 -0.165 ;
Fe 0.409 -0.621 0.450 -0.174 E 2
Mn 0.910 0.063 —-0.384 0.099 =
Cu -0.615 0.288 -0.306 -0.403 g1 5.06%
Zn -0.824 0.207 —0.256 -0.214 ) 155% 0 740
Cr 0.780 -0.115 —-0.591 0.038 0
Pb 0.432 -0.150 0.054 -0.357
Ni 0.678 -0.159 —0.689 0.136 1 2 4 6 8 10 12
Cd 0.018 0.842 0.039 0.158 Number of principal compenent
Sample 5
6
Variable Component 1 Component 2 Component 3 2 s
5
£
Ca 0.280 -0.082 0.922 -
Mg 0.867 0261 0.340 5
K 0.839 0.088 -0.299 S 2
Na 0.965 0.098 -0.091 E
Fe 0.574 0.604 0.244 g 1 5.86%
Mn 0.719 0.448 -0.191 2 S5 290% 4030 g ex
Cu —-0.921 0.146 0.156 0
Zn —0.845 0.095 0.236
Cr —0.726 0.575 -0.202 T s 3 4 5 & 7 s s 1 n
Ni —-0.530 0.770 0.041

Number of principal component
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Table 8. The results of the Principal Component Analysis (PCA) for samples 6, 7, and 8.

Sample 6
8
Variable Component Component Component 82.2:%
1 2 3
g 6
Ca 0.668 -0.549 -0.503 2
Mg -0.903 -0.396 —0.164 =8
K —0.935 —0.296 -0.125 5,
Na -0.993 0.011 0.096 °
Fe —0.804 —0.346 —0.403 P p60%
Mn —0.886 —-0.274 —0.374 22 14.91%
Cu 0.909 -0.410 0.045 £
Zn 0.940 0.180 0.202 o
Cr 0.274 0.598 -0.752 0
Pb 0.734 -0.636 -0.239
Ni 0.362 0.605 -0.709 1 2 7 . . 10 12
Cd 0.679 -0.723 -0.122 Number of principal component
Sample 7
6
Variable Component  Component Component
1 2 3 ®
5
£,
Ca -0.622 0.645 -0.326 z
Mg —0.800 0.342 —0.341 g3
K -0.946 0.173 -0.144 2
Na -0.936 -0.197 —0.104 32
Fe —-0.727 0.425 0.299 E! 11.36%
Mn -0.715 0.366 -0.337 g1 e
Cu 0.690 -0.029 —0.642 g Z64% . 26% 0.34% 0.06%
Zn 0.767 -0.108 -0.591 0
Cr -0.592 -0.795 -0.088
Pb -0.559 -0.808 -0.139 1 5 " p s 10 p
Ni -0.467 —0.866 -0.073 Number of principal component
Sample 8
7
Variable Component Component Component |
1 2 3 6
3
Ca -0.350 0.021 0.883 g8
Mg —0.898 -0.409 0.038 z 4
K -0.915 0.294 0.011 e
Na —0.887 —0.052 0.392 g3
Fe -0.864 -0.005 -0.045 P
Mn —0.496 0.595 —0415 3¢
Cu 0.885 -0.185 0.078 £,
Zn 0.886 -0.262 0.150 & 140%q 470,
Cr -0.165 -0.888 -0.355 0
Pb 0.619 -0.294 0.353
Ni -0.486 -0.519 0.431 e 2 4 6 8 10 12
Cd —0.438 —0.761 —0.428 Number of principal component

Table 9 shows the results of PCA analysis for samples 9, 10, and 12. For sample 9, the first three
components explained 84.39% of the variance. The analysis did not take into account the content of
cadmium which did not show any variability. Among the remaining variables, strong and very strong
correlations with the components were not found for sodium, chromium, lead, and nickel. In the case
of sample 10, the first three components explained 90.94% of the variance. The analysis did not include
cadmium content, which showed no variation. Strong and very strong correlations with the main
components were not found in the case of manganese and nickel. The first three main components
identified for sample 12 explained 95.54% of the variance. Among the remaining variables, manganese
and nickel did not show strong or very strong correlations with the components.



Geosciences 2019, 9, 460

17 of 23

Table 9. The results of the Principal Component Analysis (PCA)for samples 9, 10, and 12.

Sample 9
55
Variable Component Component Component 0 =2
1 2 3 45
§ 4.0
Ca 0.539 -0.707 -0.418 § 35
Mg -0.899 -0.396 -0.057 T a0
K -0.871 -0.379 0.046 3 g
Na -0.677 —0.683 0.173 g 20
Fe -0.500 0.174 0.800 3
Mn ~0.633 0.356 -0212 5
Cu 0.923 -0.010 0.286 s
Zn 0.818 0.182 0.424 05
Cr -0.180 0.627 —-0.590 00
Pb 0.617 —-0.582 —-0.433 05 T T s e T e e w o n
Ni 0.299 -0.413 0.490 Number of principal component
Sample 10
7
Variable Component Component Component 6 -
1 2 3 g
g 6
Ca 0.810 0.406 0.342 E
Mg 0.945 0.178 0.095 2
K 0.953 —-0.101 0.083 o3 23.30%
Na 0.889 0.377 -0.086 P
Fe 0.874 0.176 -0.285 e .|
Mn 0.650 —0.675 —-0.321 g, ’ :w/
Cu —0.805 0.209 -0.199 & - “2.24%1_63%“1%003%
Zn —0.916 0.261 -0.122 0 s
Cr 0.362 —0.754 0.387
Pb 0.076 —0.826 -0.528 T 2 " p P 10 12
Ni 0.484 0.604 —0.585 Number of principal component
Sample 11
Variable Compionent Comp20r1ent Comgonent : 68.54%
87
Ca —0.556 —-0.712 —0.350 5
Mg -0.989 0.018 0.061 s°
K —0.814 0.077 0.380 g6
Na -0.701 —0.427 0.535 54
Fe -0.964 0.042 -0.129 P
Mn —-0.652 0.577 —-0.484 %
Cu 0.994 -0.087 -0.005 g ?
Zn 0.994 -0.089 —-0.005 24
Cr 0.281 —-0.933 —-0.079 0
Pb 0.994 -0.088 —-0.004
Ni -0.630 -0.660 -0.241 5 5 . 5 5 m 2
Cd 0.994 —0.088 —0.004

Number of principal component

3.4. Biodegradable and Oxo-biodegradable Plastics As a Source of Microplastics

Some of the bioplastics (especially those containing added plastics) may not be completely
biodegradable but only fragmented, which may lead to the formation of microplastics. Microplastics
are small polymer particles with a size ranging from 1 um to 5 mm. There are also smaller particles

(<1 pm), which are referred to as nanoplastics [42]. The materials tested are also a potential source of
microplastics. Some have been fragmented into particles up to 5 mm (sample 3), others have become
more brittle, which results in the division into smaller fragments even under the influence of a small
force (sample 9). Figure 8 shows the appearance of samples 3 and 9 after composting.
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a b

Figure 8. The appearance of the samples after composting: (a) biodegradable plastic from corn and
potato starch (Sample 3), (b) oxo-biodegradable plastic (Sample 9) [photo F. Markowicz].

Plastic decomposition was studied under conditions of industrial composting. After completion
of the process, the compost is mixed and screened on a drum screen to separate the contaminants
from the finished compost. Under these conditions, plastics that are susceptible to mechanical impact
will burst and fragment, resulting in compost that will then be used as fertiliser (some technologies
also involve grinding compost) [33]. The regulations setting requirements for compost quality often
do not take into account the occurrence of physical impurities, which are micro and nanoplastics.
For example, in Poland, where the research was conducted, the requirements for the quality of organic
fertilisers (including compost) focus on the content of nutrients, heavy metals, and microbiological
contaminants [43,44]. It is not required to conduct analyses of physical contamination, which may
include micro and nanoplastics.

4. Discussion

The scientific literature provides many examples of how plastics decompose in the composting
of organic waste processes. However, many of these experiments were carried out under controlled
composting conditions (similar to actual conditions in a composting plant but created artificially) or the
process took place in the presence of bacteria or fungi isolated from the compost. Zhao et al. [45] studied
the decomposition under composting conditions; however, it consisted of the isolation of selected
strains of bacteria from the compost and then inoculating them on the studied materials. Our research
on the decomposition of packaging was carried out in real conditions in an industrial composting plant.
Selected plastics were composted together with bio-waste processed in the installation. The process
conditions were similar to those prevailing in many industrial composting plants, where biodegradable
and oxo-biodegradable plastics mixed with organic waste are deposited. Similar studies were carried
out by Vaverkova [46] and Adamcova [47] in a windrow composting plant. The tested shopping bags
were taken out for examination every several days. The entire composting process took place in a
windrow area exposed to weather conditions. Zafar et al. [48] also analysed the decomposition of
plastics in the conditions of windrow composting; however, the studies included the decomposition
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of only one polymer and changes in the number of microorganisms. Our research in the industrial
composting plant was carried out in two stages. The first one took place in closed bioreactors and then
on a windrow area, which ensured higher temperatures of the process. Furthermore, the samples were
not removed from the bioreactor after being placed in the mass, and the decomposition process was not
interfered with until its completion. Removal of samples from a high-temperature windrow can cause
the death of microorganisms present on the plastic surface due to a sudden change in temperature.
Providing stable temperature during composting promotes an optimal process that can ensure the best
possible decomposition of the packaging under these conditions.

The contents of the analysed components in the examined bioplastics were very diverse. In most
new and composted samples the concentrations of heavy metals did not exceed the limit values for
compost (Cr: 100 mg/kg dm, Cd: 5 mg/kg dm, Ni: 60 mg/kg dm, Pb: 140 mg/kg dm) [44]. There was
only one case of exceeding the limit value for cadmium. The content of heavy metals in the remaining
samples was relatively low and did not exceed the amounts observed in the Acosta—Coley’s and Alam’s
studies [13,49]. Their source could have been additives used in the production of plastics. Stabilisers,
plasticisers, or dyes can pose a threat to the environment, causing heavy metals to accumulate in the
soil or move further, including into water [15,19]. Printing on packaging can also hinder decomposition
and compost production, restricting the access of bacteria and fungi to plastics [50].

Oxo-biodegradable plastics constituted a large part of the studied packaging (samples 4,5,7, 8, 9,
and 10). However, no significant influence of UV radiation on their degradation and on composition
changes in the composting process was found. Significant differences in chemical composition occurred
only between the new and composted samples (regardless of the irradiation and its time). The metals
that showed the highest variability were potassium, sodium, iron, manganese, and zinc. However, no
significant differences were found in the content of metals between the composted samples exposed
and those not exposed to UV radiation. Also, single samples showed a large variation in chemical
properties. The use of PCA analysis to select the most characteristic components showed the lowest
usefulness of cadmium, which in some samples was present in very low amounts and showed no
variability. Individual samples were described by different sets of variables (metals), among which
the most frequent were calcium, magnesium, potassium, sodium. The characteristic heavy metals
for the analysed plastics were: zinc, copper, chromium, and lead. The changes in the quantities of
the macroelements and heavy metals during composting which involved their concentration (for
components resistant to degradation processes) or decrease in the content for components entering the
compost. With a small share of plastics in the composted waste, their decomposition will not cause a
significant deterioration in the quality of compost; however, the number of packaging delivered to the
composting plant in the organic waste stream should be controlled.

The problem in composting biodegradable and oxo-biodegradable plastics may also be the
presence of their residues in the produced compost. Some authors [51] have shown in their research
that the presence of biodegradable plastics does not affect the quality of compost, but did not consider
the possibility of accumulation of contaminants in soil. In addition, the requirements for organic
fertilisers limit only some ingredients, allowing relatively high contents, and the use of such compost
could lead to the accumulation of contaminants [15].

Bioplastics can be a solution to the problems of increasing amounts of plastics in landfills, but
they have to be properly processed [52]. In addition, it is necessary to eliminate from the market the
bioplastics which, despite the declarations of the producers, do not decompose at all or only partially
decompose. Such products will be a source of microplastics in the environment, posing a risk to
the health and life of animals and humans due to their heavy metal content and their potential to
accumulate in the environment [49,53].

Microplastics are also a source of contaminants that can enter living organisms [54]. According to
Bradney, [11] microplastics can be absorbed by fish, for example, and contaminants from plastic particles
can accumulate. Therefore, if fish absorb a certain amount of microplastics, their components can
accumulate in their bodies. Ultimately, contaminants could also be absorbed by humans after consuming
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contaminated fish. Many authors have identified the problem of the presence of microplastics in sea
and ocean waters [55], but few have pointed to the accumulation of microplastics on land and in soil.

5. Conclusions

The content of macroelements (calcium, magnesium, potassium, sodium, iron, manganese) in the
tested samples varied from 10,230 mg/kg to 428 mg/kg. All the studied materials contained heavy
metals (copper, zinc, chromium, lead, nickel, and cadmium). The highest contents were recorded for
copper and zinc, the lowest for nickel and cadmium. The highest contents of heavy metals reached
over 300 mg/kg and the lowest was below 40 mg/kg. The changes in composition, resulting from
composting, involved an increase in the concentration of components (related to components resistant
to degradation) or its decrease in the case of components susceptible to decomposition. The biggest
differences in the composition of the tested packages were observed in the case of potassium, sodium,
iron, manganese, and zinc. No significant effect of UV radiation on the degree of decomposition and
on the composition of oxo-biodegradable plastics was observed.

The use of PCA for the selection of variables (metals) that best characterise the properties of the
plastic bags selected for testing showed the lowest usefulness of cadmium, which in some samples was
very low in content and not variable. Individual samples were described by different sets of variables
(metals), among which the most frequent were calcium, magnesium, potassium, and sodium. The most
characteristic heavy metals for the analysed plastics were: zinc, copper, chromium, and lead.

The conducted research also proved that there is a problem of contamination in the form of micro
and nanoplastics, which are formed as a result of fragmentation of biodegradable and oxo-biodegradable
plastics. Their small size facilitates their displacement in the environment and even their penetration
into living organisms.
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