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Abstract

The use of recycled plastics in applications similar to those of the original plastic is of great
interest for the fulfillment of the circular economy policies objectives. In this work, the
of using recxcled agricultural plastics in the manufacture of tube shel;rfor plant
[
f

gS, whigh can be used.in forest restoration andlother plantations, has been iAvestigated.

n h% virgin polyethyle ere*Charact

rmal @analysi cts of & ycled the optical
e Plends, which*are"key propertiestinthe s n erials
for tube shelters, were meastred using UV-Vis spectroscopy and tensile testing. Thermal
stability and degradation during an accelerated aging test were also investigated. The use of
recycled plastics did not alter the stability of the blends, but there were decreases in elongation
at break and UV and blue light transmission, with small decreases in red light transmission and
without significant changes in the red-far red ratio. Blends with less than 50 wt% of recycled
plastics show only small decreases in the elongation and provide an adequate light transmission
for seedlings. Therefore, the results indicate that significant amounts of recycled agricultural
plastics can be used in the manufacture of tube shelters, with clear environmental advantages.
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Abbreviation list

ATR Attenuated total reflectance

CE Circular economy

DSC Differential scanning calorimetry

EVA Ethylene-vinyl acetate copolymer

FTIR Fourier transform infrared spectroscopy
HALS Hindered amine light stabilizers

HDPE High-density polyethylene

LDPE Low-density polyethylene

LLDPE Linear low-density polyethylene
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PAR Photosynthetically active radiation

PLA Poly(lactic acid)

R-FR Red/far-red ratio

RH Relative humidity

TGA Thermogravimetric analysis

Ts Temperature at which 5 % of the mass is lost
Tmax Temperature of maximum rate of mass loss
Tm Melting temperature

uv Ultraviolet

Vis Visible

AHm Melting enthalpy

1. Introduction

The production and consumption of plastics continues to increase worldwide, due to the
important advantages of these materials in packaging, textile, automotive, agriculture and other
applications (Nature Comm., 2018). Most of these plastics are not biodegradable and are
obtained from non-renewable sources, mainly crude oil, so that their high consumption results
in serious issues, such as the depletion of raw materials or the need to manage large amounts of
very stable waste (Ragossnig and Schneider, 2019; Ellen MacArthur Foundation, 2016).

At present, the most important fates for plastics waste are landfill, energy recovery and
recycling (Plastics Europe, 2018). Still a significant amount of waste, about 20%, ends up in
unmanaged dumps, which causes major environmental problems (Hundertmark et al., 2018).
Among_ thespossible destinations, ghe most interestingyis recyclingg because it allo {dbjcing

the cg N gOfiwraw Jmate nergymassaciated with th t irgin
poly  reduciing of Waste that can caus @ ropme oblems. Gu et
al. hav rried out.a life cycle assess 1@ 0f the mecGhani€al fecy f plastic waste

coming from agriculture and_@ther sources, based on real-world data; their results show that
mechanical recycling is a superior alternative for the wastes in most environmental aspects (Gu
etal., 2017). Hou et al. have obtained similar results in their study of the environmental impacts
of various plastic film waste treatment systems; recycling shows a considerable advantage over
incineration or landfill disposal, mainly due to the use of recycled plastics instead of plastics
produced from virgin raw materials (Hou et al., 2018). Plastic waste recycling offers other
additional advantages such as creating jobs, generating sustainable growth and boosting the
competitiveness of the industrial companies (Andreoni et al., 2015; Arenas-Vivo et al., 2017).
It should also be noted that mechanical recycling preserves the possibility of energy recovery
when the recycling of waste is no longer viable. So, mechanical recycling of waste plastics
plays a main role in achieving the objectives of the circular economy (CE) policy, one of the
keys of the European policy for the coming years (Leal Filho et al., 2019; European
Commission, 2018).

Agriculture is one of the main applications of plastics (Rentizelas et al., 2018; Scarascia-
Mugnozza et al., 2011). Currently about 3.4 % of all plastic produced goes to agriculture in
Europe (Plastics Europe, 2018), for instance in the form of film for applications such as
greenhouses, tunnels, mulching and silage (Briassoulis et al., 2013). The use of plastic covers
presents important advantages in agriculture, since it allows to control the temperature and the
incoming solar radiation, while reducing the need for energy and the consumption of water,
fertilizers and pesticides. Only in Spain, more than 220,000 t of plastic were used in agriculture
in 2015, including more than 90,000 t of agricultural plastic film (ANAIP, 2019). The polymers
most used in agricultural films are low-density polyethylene (LDPE) and linear low-density
polyethylene (LLDPE), with minor amounts of ethylene-vinyl acetate (EVA) copolymer
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(Briassoulis et al., 2013; La Mantia, 2010). Other polymers, such as high-density polyethylene
(HDPE), polypropylene (PP) and poly(vinyl chloride) (PVC), are used in structures, pipes and
other applications.

The high consumption of plastics in agriculture makes the fate of agricultural plastics
waste (APW) an important environmental issue and a problem for the fulfillment of the
objectives set out in the CE policies. Several studies have shown that mechanical recycling is a
viable alternative for many APWs because recycled plastics with good properties can be
obtained (Briassoulis et al., 2013, Picuno et al., 2012, Gonzalez-Sanchez et al., 2014).
Currently, a portion of the waste generated is mechanically recycled and marketed for different
applications. The highest quality recycled plastic is used, for example, in the manufacture of
recycled film for applications such as mulching, pipes and garbage bags. APW is also recycled
to be used in the manufacture of plastic lumber, which is used in applications such as deck
floors, fences, park benches and other outdoor furniture.

However, the APW fraction subjected to mechanical recycling is still a minority due to
some problems, among which the following can be highlighted:

e The cost of collection, separation, cleaning and reprocessing is rather high, so
sometimes the cost of recycled plastic is similar to that of virgin plastic (or even higher,
depending on the crude oil prices).

e The presence of different and immiscible polymers leads to recycled plastics with
decreased performance.

e The presence of soil and other impurities, often in high proportions, increases the cost
of cleaning and reduces the quality of the recycled plastic.

e The degradatlon suffered by the plastic during its useful life also reduces the quality of

rginat-draft-

In order to increas chanical recycling of APW, it is necessary to develop new
viable markets for the recycled plastics, optimizing the economy of the recycling process and
improving the performance of recycled plastic. The processes for improving the properties of
recycled plastics must be simple, economical and environmentally sound. For example,
previous works have shown that the properties of composite materials obtained from recycled
agricultural plastics and residual cellulose can be improved by mixing with HDPE coming from
urban plastic waste (Martinez Urreaga et al., 2015) and by the addition of small amounts of
organic peroxides (Gonzalez-Sanchez et al., 2016).

The development of new viable markets for recycled plastics also requires demonstrating
the utility of recycled plastics in new applications. The present work addresses the study of the
feasibility of using recycled plastics obtained from APW in the manufacture of tube shelters for
seedlings in plantations. These tube shelters, which are widely used in new vineyards, forest
restorations and other applications, are usually made from polymers such as PE or PP. The
tubes play an important role in the survival and growth of planted seedlings, because they
protect them from predators and control the amount of light reaching the plant, as well as the
temperature and relative humidity inside the tube (Oliet et al., 2005; Puértolas et al., 2010).
Some optical properties of plastic tube wall, such as amount and quality of transmitted light,
can affect these microclimatic conditions, with consequences for seedlings survival and growth
(Devine and Harrington 2008). Additionally, mechanical properties need to be characterized in
order to validate the use of tested material in planting operations and its response to outdoor
field conditions.

Two recycled agricultural plastics (RAP), both obtained by mechanical recycling of
greenhouse covers and other used agricultural plastic films, and one virgin LDPE, were used in
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the study. Tubes with different LDPE-RAP ratio, obtained by melt compounding and blowing,
were characterized in order to evaluate the suitability of the RAP to manufacture tube shelters.
Structure and chemical composition were analyzed using differential scanning calorimetry
(DSC) and Fourier Transform Infrared (FTIR) spectroscopy. The key properties of the tubes,
I.e., tensile strength and elongation at break, thermal stability and light transmission, were
measured using tensile tests, thermogravimetry (TGA) and UV-Vis spectroscopy, respectively.
Finally, samples of the different tubes were compared after being subjected to accelerated
aging. The performance of the tubes obtained from virgin LDPE and LDPE-RAP blends is
similar; therefore, these results appear to indicate that significant amounts of APW can be used
in the manufacture of tube shelters with good performance.

2. Materials and methods
2.1. Materials

The recycled agricultural plastics used in this work, Alfaten 200 (AF200) (Gonzélez-
Séanchez et al., 2014) and Alfaten 231 (AF231), were kindly supplied by Befesa Plasticos (now
GW Plastics, Spain). AF200 was obtained by mechanical recycling of APW (mainly
greenhouse covers, with some amounts of tunnel and mulching films) generated in the southeast
of Spain. AF231 was obtained by melt reprocessing of AF 200. Both recycled plastics are dark
brown, because of the presence of impurities and some black plastic. The LDPE used as
reference material was Alcudia PE003, a colorless plastic supplied by REPSOL (Spain).

The tubes of the desired composition, with wall thickness around 0.7 mm, were obtained
by extrusion and blowing, usinqa Covex single-screw tubular film extruder. The barrel

tempegatures,firo er to die, we 0 -155.-160+165 and 170 °C, The code of the
RAP-LDPE bl ar )0jor 2 refXX sta ) for the'wt % of RAP in the
blend.

Accelerated aging was fcarfied out’ in gelantoni™ Discover 0 climatic
chamber. In order to compare the effects of temperature and humidity, samples were subjected
to temperatures ranging from -20 °C until 80 °C at relative humidities between 30 and 85 %,
including 6 h of UV treatment. Specifically, each sample was subjected to the following cycle:
8 h at -20 °C and 30 % RH; 8 h at 80 °C and 30 % RH; 8 h at 80 °C and 85 % RH; 8 hat 5 °C
and 85 % RH; 6 h at 35 °C without RH control; 6 h of UV treatment at 35 °C without RH
control.

2.2 Characterization Techniques

Differential scanning calorimetry (DSC) was performed under nitrogen atmosphere on
samples of about 5 mg, in standard aluminum pans, using a TA Instruments Q-20 calorimeter.
Samples were heated from 30 to 180 °C at a rate of 5 °C /min in the first heating scan. After 3
min at 180 °C, samples were cooled until -60 °C, kept at -60 °C for 1 min and then heated again,
until 180 °C (second heating). The values of melting temperature and melting enthalpy were
determined in the second heating scan. In the thermogravimetric analysis (TGA), samples of
12-14 mg were heated at 10 °C/min from room temperature to 800 °C in dry nitrogen (30
cm®min), using a TA Instruments TGA2050 thermogravimetric analyzer.

Infrared spectra were recorded in a Nicolet iS10 spectrometer, equipped with a diamond
Attenuated Total Reflectance (ATR) accessory. Each spectrum was recorded at a resolution of
4 cmt, with 16 scans. The FTIR-ATR spectra were corrected using the software supplied with
the spectrophotometer.
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Transmission in the ultraviolet and visible regions was measured according to the ISO
13468 standard, using a Shimadzu 2401 PC UV-Vis spectrophotometer equipped with a
Shimadzu integrating sphere, with a scan speed of 200 nm/min.

Tensile tests were performed using a Metrotec Hounsfield H10KT test machine,
following the standard ISO 527 (Part 1). Test samples according to the standard ISO 3167 were
used. Values reported are the average of measurements made on five specimens.

3. Results and discussion
3.1. Characterization of the plastics

Due to the presence of different polymers, additives and impurities, recycled plastics
usually have a complex chemical composition (Gonzalez-Sanchez et al., 2014), which must be
studied because it determines the structure and, therefore, the optical, mechanical and thermal
properties of the final product. The composition and structure of the starting recycled plastics
used in this work, AF200 and AF231, and their blends with LDPE, were studied using FTIR-
ATR spectroscopy and differential scanning calorimetry.
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Fig. 1. FTIR-ATR spectra of the virgin plastic, LDPE, and one of the recycled plastics used,
AF231.

Fig. 1 shows that the FTIR-ATR spectra of LDPE and AF231 are similar. The most
abundant polymer in both cases is polyethylene, since the spectra show the PE characteristic
absorption bands at 720-730 (CH. rocking), 1460 (CH: bending) and 2850-2920 cm™ (CH
symmetric and asymmetric stretching). Some differences can also be observed, mainly in the
1750-1500 and the 1250-1000 cm regions of the spectra, which are shown enlarged in Fig. 2.

Fig. 2 shows that the spectra of the blends with AF200 and AF231 are very similar. The
strongest characteristic bands of both recycled plastics, and their blends with LDPE, appear at
1740 and 1240 cm™. These absorptions can be assigned to the stretching modes of C=0 and C-
O, respectively, of the acetate groups of ethylene-vinyl acetate copolymer (Martinez Urreaga
et al., 2015). The presence of EVA in recycled agricultural plastics is explained by the use of
this polymer in the formulation of plastics for greenhouse covers, due to its good mechanical

5
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properties and its contribution to the greenhouse effect (La Mantia, 2010). In a previous work,
an analysis of recycled agricultural plastics revealed the presence of 2.5-4.5 wt% of EVA
(Gonzélez Sanchez et al., 2014).

— AF231
—--—+ 90AF231
— 90AF200
—— 30AF231
— LDPE

Absorbance

T T T T — A/ T T T T T T T T
1800 1700 1600 1500 1300 1200 1100 1000 900
Wavenumber (cm™)

Fig. 2. FTIR-ATR spectra of LDPE, AF231 and their blends.
that rev

|

@ the m bt ined fr cyclediplasti¢s sha erlowsinténsity bands

eal thejpresenceofia that m esting fo cat these plastics.
A very weak ba t cmindicates the presence of hindered am Ight stabilizers
(HALS), a kind of additive"widely used in greenhouse covers (Scoponi et al., 2000). This
absorption is interesting because it reveals that a part of the photo-stabilization additives of
agricultural plastics remains after their useful life and appears in the recycled plastics, providing
resistance to degradation. The weak bands that appear between 1000 and 1200 cm™ can be
assigned to impurities, mainly soil, present in recycled plastics, but also to the presence of
silicates such as talc or kaolin, which are used in greenhouse covers as additives for improving
the greenhouse effect (La Mantia, 2010; Picuno et al., 2012). The presence of silicates and
HALS increases the interest of agricultural recycled plastics in the manufacture of tube shelters,
since they confer interesting properties such as stability and greenhouse effect.
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Fig. 3. FTIR-ATR spectra of LDPE and the blend with 90 wt % of AF200, recorded before
and after the accelerated ageing experiments.

FTIR spectroscopy also provides information on the chemical transformations of plastics
during aging tests. Fig. 3 allows comparing the effect of the aging test on the spectra LDPE and
()

parance of wea rptions

di whichiea sighed to i uring
hi/ﬁ)l i s@ in abs nml, hich does

; nd to the'absorption all ameunt of
water during the test, dbest0 the presence of EVA, a polymer more hydrophilic than
polyethylene. Anyway, it should be noted that the chemical changes are minimal, as can be
observed in the values of the absorbances. The changes in the recycled plastic are even smaller
than in the virgin, which may be due to the presence of stabilizing additives. The disappearance
of the band centered at 1535 cm™ in the aged blend can be related to the consumption of

stabilizers during the aging tests.
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Fig. 4. DSC curves (first heating scan) corresponding to LDPE and different blends with
AF200 and AF231.

The chemical nature of recycled plastics can also be studied by differential scanning
calorimetry (DSC). Fig. 4 shows the DSC curves, corresponding to the first heating scan (the
curves of the second heating scan are very similar), of virgin LDPE and different RAP-LDPE

BSC curve of LDPE Confirms that it is t e pure polymer, since it only shews the

: elting endo f low-den lyethyle meling temperature Tm
. e presence led ag plastic cau
g melting enda w and ‘reduCes ed under

ase to 108.9 °C,

asures the

melting enthalpy (AHm) and;"therefore, the crystallinity of the material. The values of T and

AHn are shown in Table 1. The differences in the DSC curves of the recycled plastics can be

explained considering that the presence of impurities and other polymers, such as EVA and

LLDPE, hinders the crystallization of LDPE during the cooling of the melt, thus generating less

perfect crystalline structures and in smaller proportion. The presence of EVA has been shown

above by FTIR spectroscopy. The presence of LLDPE in recycled plastics is confirmed by a

small melting peak observed at 120 °C in the DSC curves of the blends (Tzankova Dintcheva
etal., 1997).

Table 1. DSC and TGA parameters of LDPE and different blends with AF200 and AF231.

Tm(°C) AHm(J/g) Ts5(°C) Tmax(°C) Residue (wt %)

LDPE 111.5 128 405.0 465.5 0.1
Aged LDPE 111.2 126 390.6 4554 0.9
90AF200 108.9 119 396.0 477.7 2.3
Aged 90AF200 108.9 119 387.5 476.4 25
90AF231 109.2 118 395.7 476.6 2.3

Materials subjected to the accelerated aging test show a different behavior in the first and
the second heating scan, as can be seen in Fig. 5. In the DSC curve corresponding to the first
heating, the samples subjected to the test show a splitting of the melting endotherms, with the
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appearance of a new maximum at temperatures as low as 88 °C. A similar behavior has been
previously observed in polyethylene samples subjected to thermal treatments and has been
explained considering that the treatment causes a rearrangement of the crystalline structures,
which leads to a segregation in structures of different sizes and different melting temperatures
(Vallés-Lluch et al., 2002). As expected, this segregation cannot be observed in the second
heating scan because the fusion erases the thermal history of the material. It is also worth to
note that Fig. 5 confirms that the virgin plastic and the blends with recycled agricultural plastics
behave in a very similar way.

| — aged LDPE first heating

— — aged LDPE second heating
— aged 90AF200 first heating

| = = aged 90AF200 second heating

Heat flow (W/g)

Endo

. & 1 1

0 1

'O edd

Fig. 5. DSC curves (first cond heating scans) corresponding to LDPE and a blend with
AF200, measured after being subjected to accelerated aging.

3.2. Properties of the blends

The development of the use of a recycled plastic in a certain application, such as the
manufacture of tube shelters, requires ensuring that the key properties of the final product will
be at least similar to those of the product manufactured with virgin plastic. Therefore, the effect
of recycled plastics on the most important properties when selecting a plastic to make tube
shelters, that is, stability and mechanical and optical properties, has been investigated.

3.2.1. Stability and mechanical properties

The effect of the recycled plastics on the thermal stability of the blends has been
investigated using thermogravimetric analysis. Fig. 6 shows the degradation curves of LDPE
and the blends with a high content of AF200 and AF231, as well as the curves recorded after
subjecting the materials to accelerated aging tests. Table 1 shows the values of the residue, i.e.,
the mass remaining after the thermal degradation, as well as those of two characteristic
degradation temperatures. Ts is the temperature at which 5% of the initial mass has been lost
by degradation and is frequently considered as a value representative of the initial degradation
temperature. Tmax IS the temperature at which the maximum speed of mass loss is reached.
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Fig. 6. TGA curves corresponding to LDPE and blends with 90 wt% of AF200 or AF231.
Note: TGA curves corresponding to 90AF231 and aged 90AF200 are practically
superimposed.

Fig. 6 and Table 1 show that the behavior of the blends during the thermal degradation is
ent. While the TGA @urves corresponding to LDPE show the loss of 100%

sinfa Single"stagdith S nd 400 °Grthe c ow a
small 0SS fat a a‘ra res, b n 850 a m C. ver, the total
decomp on of the materialtakes place at t tures hig n thos ved forkDPE.

e TGA tests of the blends is not null, but a residue of more than

2 wt% is formed.

The mass loss step that appears at temperatures lower than 400 °C, which reduces the
initial degradation temperature by 9 °C, may be assigned, at least in part, to the decomposition
of the EVA present in the recycled plastic. It is known that the thermal decomposition of EVA-
LLDPE blends starts at 300-380 °C with a deacetylation process that produces acetic acid; the
second step takes place at temperatures higher than 380 °C and involves the decomposition of
the polyethylene macromolecules (Chuang et al., 2004). The thermal degradation of some
impurities and additives of the recycled plastics may also contribute to the first mass loss step.
Regarding the residues observed in Table 1 and Fig. 6 at temperatures higher than 500 °C, it
must be considered that some of the additives, such as talc and kaolin, and impurities, such as
silica and silicates from soil, generate stable compounds under thermal treatments a 600 °C,
which may be responsible for the residues. In order to explain the greater overall thermal
stability of blends with recycled plastic, which leads to a greater value of Tmax, different factors
have to be considered, among which the presence of LLDPE and stabilization additives in
recycled plastics could be highlighted.

Fig. 6 and Table 1 also present the results corresponding to aged samples of LDPE and
90AF200. The accelerated aging causes a clear decrease in the thermal stability of pure LDPE,
which leads to significant decreases, of more than 10 °C, in both Ts and Tmax. However, the
effects of the same test on the thermal stability of the blend are less important. In this case, Ts
decreases by 8.5 °C, but Tmax remains almost unchanged. The better behavior of the recycled
plastic in the accelerated aging test, which is in good agreement with the results of the FTIR
analysis of the aged samples, may be due to the presence of stabilization additives.

10
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The effects of the recycled plastics on the mechanical properties have been also studied
because some properties, such as the tensile strength and the elongation at break, are very
important when selecting plastics for the manufacture of tube shelters. Fig. 7 shows that the
effect of the recycled plastics on the strength at break is small; the blends of LDPE with AF200
or AF231 generally show lower values than the pure LDPE, but the decreases are similar to the
uncertainty of the measurements.

The elongation at break of the blends is clearly lower than that of the virgin plastic and
decreases as the recycled plastic content increases, as can be seen in Fig. 8. This effect may be
due to the presence of impurities that facilitate the breakage under stress and, also, to the
degradation of the agricultural plastics during its useful life, which causes chain scission and
cross-linking reactions that increase the brittleness of the material. However, it should be noted
that the presence of the recycled plastics studied only causes moderate decreases, lower than
30%. For instance, the blend with an AF231 content as high as 50% shows a decrease in the
elongation at break of only 18%. These results suggest that blends of virgin LDPE with
significant amounts of recycled agricultural plastics can meet the mechanical requirements of
the plastics in many applications, so that great amounts of recycled plastics could be used in
this kind of applications.

Fig. 7 and 8 also show the values of strength and elongation at break corresponding to
aged samples of LDPE and 90AF200. In good agreement with the results obtained in the studies
of thermal stability and chemical degradation, the accelerated aging test causes only small
decreases in the mechanical properties of pure LDPE and, especially, 90AF200. For this blend,
the decreases are very similar to the values of the uncertainty of the measurements, thus
confirming the good stability of the blends of LDPE with recycled agricultural plastics.

On. ;

15

[ aged samples

10

Strength at break (MPa)

0 30 90 30 50 90 100
Recycled plastic content (wt %)

Fig. 7. Strength at break of LDPE and different blends with AF200 or AF231. The values
corresponding to aged materials are also included.

11
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Fig. 8. Elongation at break of LDPE and different blends with AF200 or AF231. Grey bars
correspond to aged samples of LDPE and 90AF200.

3.2.2. Optical properties

..
i
C
, I t iV
This is the radiation thatydrives photosynthesis, with a spectral range very similar to that of
visible light (400-700 nm) and both survival and growth of seedlings depend on the PAR light
transmission of the shelter (Puértolas et al., 2010; Oliet et al., 2015). However, it must be taken
into account that the spectral distribution of the visible light that passes through the walls of the
shelter has a significant effect on the growth of the seedlings. In addition, other radiations, such
as the low and mid-energy ultraviolet, could also have significant effects.

Fig. 9 shows the UV-Vis transmission spectra of virgin plastic and different blends with
AF200 (blends with AF231 show similar spectra). The addition of recycled plastic causes a
significant decrease of the whole transmission, due to the presence of impurities and black
plastics that make it darker. In the visible light region, this reduction ranges from 10 % (for a
blend with 30 wt % of AF200) to 50 % (blend with wt90 % of AF200). Although the effects of
this transmission depends on the climate and functional attributes of the species, conducted
studies in this regard show that a reduction of the visible light transmission between 20 and 60
% may be useful depending on shade-tolerance of the species in Mediterranean or other dry
ecosystems (Vazquez de Castro et al., 2014). Thus, the recycled blends provide an appropriate
light transmission range for our ecological planting conditions.
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Fig. 9. UV-Vis transmission spectra of LDPE and different blends with AF200. Dashed lines
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Light transmission also slightly decreases during the accelerated aging test (Fig. 9), which

could b ated to the®rearrangement of the crystallibe structure§ that takes plac ing the
test. This rearran I sﬁti rystallinetructu f , as it
has b eimei‘e ule of t eaa les, @ or:laa inckease in
the scattéring™of light ahd nsequent dec n transmissien:

Along with the redu€tien’shown in the transmission in the whole spectrum, it is important
to note that the decrease is not the same throughout the different spectral regions (Fig 10). In
particular, light transmission drops sharply in the ultraviolet fraction (Fig. 9 and 10). For
instance, an addition of 30 wt% of recycled plastic leads to a reduction of more than 68 % of
UV-A radiation (320-400 nm). UV-B radiation (280-320 nm), which has potentially damaging
effects on seedlings (Briggs and Christie, 2002; Schulze et al., 2005), is eliminated by the
recycled plastic in even greater percentages; as can be seen in Fig. 9, blends with 90 wt% of
recycled plastic do not show appreciable transmission in that spectral region. Transmission in
the blue region of the spectrum, which is important for the development of the seedlings
(Lambers et al. 2008; Brown et al., 1995), decreases significantly, although to a lesser extent
than the transmission of UV light.

Fig. 10 confirms that the transmission in the visible region of the spectrum is less affected
by the addition of recycled plastics, especially in the red region (600-700 nm), of critical
importance for photosynthesis. However, it is necessary to analyze the small transmission
differences that appear even within the red region, because each wavelength in this region could
cause a different effect on the growth of the seedlings. Several studies have investigated the
importance of the red/far-red (R-FR) ratio, which measures the intensity in the far red, about
730 nm, compared to the intensity in the middle red, about 660 nm (Warrington et al., 1988).
In this work, the R-FR ratio has been calculated according to Eq. 1, where T is the percent
transmittance at the corresponding wavelength.

R — FR = L0 1

T730
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Fig. 11. Effect of recycled plastics on the R-FR ratio. Dashed lines are the best linear fits.

The use of recycled plastic also modifies the Red/Far-red ratio, which has sometimes been
used to analyze the suitability of the existing radiation for the development of the seedlings.
However, as can be seen in Fig. 11, the effect of recycled plastics is small and the reduction in
the R-FR ratio is less than 10% even in samples with 90 wt % of recycled plastic.

Fig. 10 and 11 indicate that both the light transmissions in the red and visible spectral
regions and the R-FR ratio decrease linearly as the content of recycled plastics increases.
Moreover, the effects on the optical properties of the two recycled plastics studied, AF200 and
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AF231, are very similar, as it has been also observed in the mechanical and thermal properties
of the blends.

The above results reveal that the blends with low contents of recycled agricultural plastic
show photosynthetically active radiation transmissions similar to that of virgin plastic.
However, the potentially damaging UV-B radiation is mostly blocked. These results, together
with those obtained in the study of stability and mechanical properties, indicate that it is possible
to use recycled agricultural plastics to obtain blends with similar properties, or even better in
some cases, to those of virgin LDPE, which could be used in the manufacture of protective
tubes and related applications. In this way, it would be possible to use significant amounts of
agricultural plastics waste in a similar application to that of virgin plastic, thus contributing to
achieve the objectives of circular economy policies. The viability of using other recycled
plastics, such as polypropylene and poly (lactic acid) (PLA) in this type of applications, will be
analyzed in subsequent works.

Conclusions

Two recycled agricultural plastics and their blends with a virgin low-density polyethylene
have been characterized in order to evaluate the feasibility of using the recycled plastics in the
manufacture of tube shelters. The main constituents of the recycled plastics are low-density
polyethylene, linear low-density polyethylene, ethylene-vinyl acetate copolymer, additives
remaining from the original plastics and impurities. The two recycled plastics are dark brown
due to the presence of impurities and low amounts of black agricultural plastics.

Regarding the effects on the key properties of the blends, it has been observed firstly that

the twostaiting recyaled agricultural plastics behave similarly.gThe stability o blends
i

IS Similag.to f virgin polyethylene; li eases
aniicall proper eré obse @ hel ther tability of the
gin polye , possiblyadueto the p stabilizing

additives remaining from rgin agricultural plastic. The addition of recycled plastic does
not significantly reduce the breaking strength of polyethylene, but the elongation at break is
reduced by up to 30%, due to the presence of impurities. The effect on the transmission of light,
which plays a fundamental role in the growth of the seedling inside the protective tube, depends
on the spectral region considered. While transmission in the ultraviolet (UV-A and UV-B) is
severely reduced by the use of recycled plastic, transmission in the red region is reduced to a
much smaller extent. Finally, it is important to note that the use of recycled plastics in moderate
proportions, for example 30 wt%, leads to very small decreases in both the transmission of
visible light and the elongation at break, while blocking most of the UV-B radiation.
Summarizing, the results obtained in this work indicate that the properties of blends with
moderate contents of recycled agricultural plastic are similar to those of virgin plastic, so these
blends could meet the specifications for materials in applications such as the manufacture of
tube shelters. Therefore, significant amounts of recycled agricultural plastics could be used in
this manufacturing, as well as in other similar applications, thus contributing to the development
of a circular economy.
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