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Abstract: In our modern, fast-paced life, plastic is a versatile material essential to our economy; daily
life is unthinkable without it. However, there are serious downsides for the environment and health,
which are becoming more and more stark in our society, and the recycling of plastic offers a partial
solution to these widespread problems. The present work delves into the environmental assessment
of fibre-reinforced concrete specimens, made with recycled plastic fibres from food packaging waste.
Leaching tank tests for the evaluation of the long-term release of pollutant elements, identification
of leaching mechanisms, and the diffusion process of contaminants into the environment were
conducted on fibre reinforced concrete. The results showed that the incorporation of the recycled
plastic fibres, classified as non-hazardous, did not release relevant levels of any potential harmful
element incorporated in concrete. Moreover, low mobility was detected in the studied elements and
different release mechanisms were identified through long-term diffusion leaching tests. Hence, the
environmental feasibility of the incorporation of recycled plastic fibre in concrete was proven. This
study strengthens the objectives set out by the Circular Economy Action Plan, which includes the
European Strategy for Plastics and aims to, among other things, boost the market for recycled plastics.

Keywords: sustainable construction; leaching tests; recycled plastic; reinforced concrete; circu-
lar economy

1. Introduction

Currently, facing the challenge of reducing the environmental impact resulting from
our economic and social activities is a priority at all levels. The waste that is generated daily
across the world is known. This waste has been studied in depth and new alternatives for
recycling have granted some of its parts a second life cycle, e.g., recycled aggregates from
construction and demolition waste, bottom ash from biomass combustion, or ash from
solid urban waste. All of these examples refer to recycled materials that can be applied to
engineering infrastructure. In addition, another example could be the utilisation of waste
products for the manufacturing of recycled concrete: waste products, such as discarded
tires, glass, steel, burnt foundry sand, and coal combustion by-products, have provided
specific effects on the properties of fresh and hardened concrete [1].

However, there are numerous types of waste that are being generated in high quanti-
ties but, from an environmental point of view, they are not reused at acceptable rates. This
is the case for plastic wastes coming from plastic food packaging, which is the subject of the
present study. Plastic packaging is widely used in the food sector due to several properties:
it is flexible and adaptable in form, hygienic, light, cost-effective, high versatility, and does
not easily degrade [2]. Increasing its recycling potential is a priority.

In recent years, the circular economy of plastic has been increasing year by year and,
in the specific case of plastic recycling, for the first time in Spain (in 2017), the number
of tons of recycled plastic exceeded that of plastic deposited into landfills. These data
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demonstrate the increase in society’s awareness, as well as the efforts and improvements of
the collection systems, the modernisation of recycling processes, and the innovation of the
plastics industry, which is incorporating more recycled material into new products. The
plastics recycling sector in Spain is one of the most mature and powerful in Europe, with
more than 120 companies and between 3500 and 4000 direct jobs, currently. The recycling
of plastics will continue to grow and it is estimated that, in 2030, with the recycling of
55% of plastic containers in Europe, savings of 14.8 million tons of CO, emissions will be
achieved [3].

On the other hand, the construction sector is continuously evolving and reinforced
concrete is an example of an innovative solution. Compared to other building materi-
als, such as metal and polymers, concrete is significantly more brittle and exhibits poor
tensile strength [4]. To overcome this deficiency, fibres have been added to concrete in
recent decades [5,6], increasing the productivity and adapting more rational production
techniques [7]. Fibre reinforced concrete (FRC) is composite material containing fibres
in a cement matrix, either in an orderly manner or a randomly-distributed manner. Its
properties are largely dependent on the type of fibre, fibre geometry, fibre content, orien-
tation and distribution of the fibres, mixing and compaction techniques of the concrete,
and size and shape of the aggregate [4]. The most common applications are pavements
(slabs, industrial floors, or roadways), precast elements, and structural reinforcements.
Different types of fibres have been used extensively in FRC (steel, polypropylene, glass,
asbestos, polyester, etc.) [8], although steel and polypropylene are the most commonly
used ones [9-12]. Polypropylene fibres (PF) are generally used in FRC structures to en-
hance shrinkage cracking resistance, impact strength, spalling resistance, splitting tensile
strength, and other properties [8,12-15]. Alhozaimy et al. [16] observed that an additive
amount of 0.1% PF in concrete had a 44% increase in its flexural toughness. Mindness and
Vondran [17] reported that compressive strength increased by about 25% at 0.5% volume
fraction of PF in the concrete mixture design. Hughes and Fattuhi [18] suggested that
compressive strength decreases but flexural properties are improved with increasing fibre
content. According to Kakooei et al. [8], polypropylene fibres have hydrophobic levels,
which protect them against wetting with cement paste, although their hydrophobic nature
has no effect on the amount of water needed for concrete. The studies demonstrated that
concrete made from macro plastic fibres is a composite material that could replace a part of
the steel reinforcement in upstream concrete. Therefore, the exploration of the possibilities
of reusing different types of plastic waste in concrete manufacturing would lead to unbeat-
able results while plastics are consumed daily, worldwide and the production of this waste
has increased immensely during the past 50 years.

Nowadays, industrial by-products are widely used due to their ability to be recycled
and valorised as secondary materials, which allows for the simultaneous saving of natural
resources and energy [19]. Industries are finding new ways to use materials that would
otherwise be discarded. Researchers have already used different recycled fibres to improve
the behaviour of ordinary concrete. Ahmadi et al. [20] concluded that adding recycled
steel fibres into concrete is feasible and recycled aggregates can be used in the production
of structural concrete with a 50% replacement of aggregates. Gu and Ozbakkaloglu [21]
evaluated the use of recycled plastic materials in conventional cement mortar; this concrete
has been researched extensively. Plastics have been used in fibre-reinforced concrete in two
forms: plastic aggregates (PA) and plastic fibres (PF). The use of recycled fibres in concrete
can lead to improved concrete properties, in addition to increased recycling rates. Apart
from PET, most types of common plastic (e.g., PP, PVC) are stable for decades, even for
centuries, inside concrete. Review findings indicate that the use of recycled plastic mate-
rials in concrete can contribute significantly to a more sustainable construction industry,
but future studies on environmental aspects, such as the long-term behaviour of plastic
materials in concrete and the environmental consequences of recycling of concrete con-
taining plastics, is recommended. This is the focus of the present work. The incorporation
of alternative materials in the production of concrete is liable to increase the quantity of
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pollutant elements in the product [22]. This fact could provoke an environmental risk due
to the continued exposure of contaminated concrete to its surroundings [23-25]. Cement
is a building material that has been extensively tested, with a long history of use under
different environmental conditions; advantageous solidification results in a monolithic, wa-
tertight final product [26]. So, the use of potentially polluting materials in the manufacture
of concrete would reduce the release of these in the case of contact with water; however, it
could induce a loss of durability in the concrete [27].

Leaching tests have proved to be a useful tool for the environmental assessment of
construction materials. Leaching is a diffusion—reaction phenomenon, which takes place
when concrete is exposed to poorly mineralised or acid water [22,28]. Degradation consists
of dissolution of calcium and hydroxide ions out of the matrix, which causes an increase
in porosity and transport properties of surface concrete. Leaching and external sulphate
attack on concrete leads to the dissolution of hydration products, mainly portlandite,
and in cases of ingress of sulphate ions, to the formation of expansive products, such as
gypsum and ettringite [27]. This emphasises the need to consider leaching behaviour in the
design of concrete structures. Previous researchers in this area focused on the assessment
of the underlying mechanisms of contaminant release and the chemical and physical
factors that control leaching behaviour from construction materials under a wide range
of environmental conditions [25,29,30]. Comparison with generally accepted norms, such
as the European Council Decision 2003/33/EC [31], permits the assessment of whether
application of a recycled product will be innocuous to the environment, although the
release of substances from a material depends on their solubility, which is influenced by
numerous factors including material composition, pH, permeability, contact time, and
water/solid ratio [32-34].

With this framework, the present study aims to make a practical contribution to
environmental sustainability and the circular economy;, as it is focused on concrete made
with non-commercial plastic fibres for reinforcement. Specimens of reinforced concrete
were prepared using the plastic sheets used for food packaging at different weights per m>
of concrete and two control specimens were used. In a preliminary laboratory phase, the
mechanical performance of concrete made with the addition of recycled macro plastic fibres
was evaluated and it was demonstrated that a certain improvement in the post-cracking
properties of the concrete was achieved. The presence of plastic fibres inside the matrix
increases both the ability of the concrete to resist the advancement of cracks and the ability
to deform plastically before breaking, giving a certain residual tensile strength to the
concrete matrix during the post-cracking phase. Once the mechanical assessment of using
recycled plastic fibre as reinforcement in concrete was evaluated, the present study was
implemented for the environmental assessment of RFC by means of leaching tank tests for
the evaluation of the long-term identification of leaching mechanisms and the diffusion
processes of contaminants into the environment. The following tests were performed:
(1) compliance leaching test of recycled plastic fibres from food packaging waste for their
pollutant potential classification, according to the EU Landfill Directive; (2) diffusion
leaching test in tank for basic characterisation of pollutant release from concrete made
with plastic fibres; and (3) dynamic diffusion leaching test for long term characterisation of
pollutant release from concrete made with plastic fibres. All of these tests focused on the
use of recycled materials coming from the processing of waste plastic used for packaging
which, as highlighted by the Plastics Europe report, accounts for 45.4% of the packaging
destined for recycling in Spain.

2. Materials
2.1. Recycled Plastic Fibres (RPF) from Food Packaging Waste (FPW)
The FPW consisted of macro plastic fibres obtained from the waste products and

processing of plastic, supplied in waste rolls by a local company that deals with the
production of plastic for packaging. The fibres used in the experiments were obtained in
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the laboratory by cutting them from plastic sheets. The average dimensions of the fibres
were 50 mm long, 4 mm wide, and 0.125 mm thick (Figure 1).

Figure 1. Plastic sheets from food packaging: front and back sides (a) and the prepared fibres (b).

The tested plastic sheets were made of four overlapping layers of different materials:
polyester, aluminium, bi-axially oriented polyamide that is resistant to thermal sterilisation
treatment (121 °C for 30 min), and polypropylene (PET + ALU + OPA STE + PP G).
This is one of the most resistant multilayer complexes used in food packaging in terms
of aluminium barriers. It is used for standing or flat bag formation, and also as tray
lids. Aluminium makes it easily deformable; however, it does not lose the barrier effect.
This composite material presents a high barrier to oxygen, humidity, aroma, and light,
being rigid and opaque, sterilisable, and pasteurisable. The main properties and methods
presented by the plastic sheet are summarised in Table 1.

Table 1. Technical data of plastic sheets PET + ALU + OPA STE + PP G.

Technical Data Value Unit Method

Thickness 125.00 £+ 10% um ASTM E 252

Density 1.13 £ 10% g/cm? ASTM D 1505

Tensile strength 500 MPa ASTM D 882

Modulus of elasticity 9 GPa ASTM D 882

Unit weight 140.90 £ 10% g/ m? ASTM D 252

Oxygen permeability <0.5 cm3/m?/24 h ASTM D 3985

Water vapor permeability <0.5 g/m?/24h ASTM F 1249

Permeability to carbon dioxide <0.5 em3/m?/24 h ASTM D 3985

Permeability to nitrogen <0.5 cm3/m?/24 h ASTM D 3985
Departure sealing temperature 150-160 °C -
Temperature for use —18-121 °C -

Footnote: ASTM: American Society for Testing and Materials.

2.2. Fibre Reinforced Concrete Specimens (FRC) Made with RPF

Specimens of FRC were prepared using the plastic sheets used for food packaging by
the packaging company (Figure 2). This food packaging waste (FPW) was used at 2, 4, and
6 kg per m> of concrete, and the prepared mixtures were named using the codes: FRC2,
FRC4 and FRC6. Two control specimens were also prepared: a control specimen of concrete
without reinforcement (C-REF) and a fibre-reinforced concrete made with commercial
fibres of polypropylene at a dosage of 2 kg of fibre per m® of concrete (FRC2-REF).

The aggregates used for manufacturing the concrete mixes in the laboratory were
coarse gravel (6-20 mm) and sand (0—4 mm), both of a siliceous nature. The cement used
was CEM I 42.5 AV-R at 280 kg per m?® of concrete produced, reaching a water to cement
ratio of 0.54. To improve the workability and to avoid the segregation of the mixture, two
different types of additives were used: the plasticiser Complast MR260 at 5 mL/kg of
cement and the superplasticiser Structuro 357 at 7.7 mL/kg of cement.
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Figure 2. Concrete specimens of FRC with RPF: FRC2, FRC4 and FRC6.

3. Experimental Methods for Environmental Assessment

The use of any waste in concrete manufacturing for a second cycle life implies, not only
the technical feasibility of a material, but also its environmental risk assessment. Leaching
tests are an essential tool as they allow analysis of the transport rate of a constituent
(pollutant element) through a material, which depends on the physical factors of the
concrete, such as its porosity and permeability. Galvin et al. [35] observed that physical
factors, such as density, porosity, and absorption, are not as relevant to the release of metals
as was expected, which confirms the relevant role of chemistry on the release of metals. It
proves the difficulty of reproducing leaching phenomena and the complexity of analysing
the complete processes that govern the pollutant release of the chemical species being
studied. Testing can be classified as tests aimed at attaining equilibrium conditions at
the end of the leaching experiment (generally based on batch-type leaching tests or with
controlled pH) or tests aimed at the dynamic aspects of leaching (tests in which time is an
important variable, such as diffusion tests for monolithic materials and column leaching
tests for granular materials) [24].

The experimental procedure performed on the FRC specimens was carried out accord-
ing to the three different phases of study observed in Figure 3.

e Phase 1: The Compliance Batch Test according to UNE-EN 12457-4:2003 for basic
characterisation of leaching levels of a RPF sample. The data are compared with the
legal limit established by Council Decision 2003/33/EC [31], which establishes limits
for the release levels of 12 heavy metals (Ni, Cr, Sb, Se, Mn, Hg, As, Pb, Cd, Cu, Ba,
and Zn) and three anions (sulphate, chloride, and fluoride), classifying the material as
inert, non-hazardous and hazardous according to its pollutant potential.

e  Phase 2: The availability test NEN 7341:2004 was performed in order to determine the
maximum pollutant release from the tested materials. It was performed on ground
samples of FRC2, FRC4, FRC6, C-REF, and FRC2-REF analysing three eluates per
samples (at pH 4, pH 7, and the total, according to the standard).

e  Phase 3: The standards conducted on monolithic samples (FRC2, FRC4, and FRC6)
and the controls (C-REF, and FRC2-REF) were: the diffusion leaching tank test with
periodic leachant renewal (UNE-EN 15863:2015) obtaining eight eluates per samples
(40 samples in total) and the single stage batch leaching test (CEN-TS 15862:2012)
analysing in ICP-MS one eluate per sample (five samples in total).
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Figure 3. Phases of the experimental procedure for leaching assessment of FRC made with RPE.

3.1. Compliance Test for RPF UNE-EN 12457-4:2003

The compliance test is a procedure for the basic characterisation of materials. The
procedure was conducted on the RPF material by means of a single-step batch leaching
test, in which the solution was shaken for 24 £ 0.5 h at an L/S ratio of 10 L/kg. After the
contact phase, the samples were left to decant, then filtered and a subsample of 40 mL of
eluate collected for testing.

3.2. Determination of the Availability Threshold of FRC

The Dutch leaching test NEN 7341 was carried out on samples from FRC specimens
after being crushed until they passed through a 125 pm sieve. The protocol consists of
extracting the leachate in two steps with a liquid to solid ratio (L/S) of 50 L/kg each, at pH
of 7 (first extraction) and pH of 4 (second extraction) and a contact time of three hour at
each step. pH was kept constant by feedback control, adding 1 N HNO;.

The purpose of the availability test was to indicate the quantity of a particular compo-
nent that may leach out from a granular waste material exposed to extreme conditions (for
example, in the very long term, after disintegration of the material, full oxidation and/or
loss of acid neutralising capacity), in an aerobic environment. The potential risk depends
on the availability of the contaminants for leaching [36,37].

The aim of this procedure is to establish pseudo-equilibrium conditions (eluent is in
constant contact with the subsample of the granular material). The equilibrium is controlled
by the solubility of the minerals present in the solid phase (once equilibrium is established,
release is dependent on the geochemistry of the solid phase and the chemistry of the liquid
phase, rather than on contact time.
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3.3. Determination of the Leaching Behaviour of Monolithic Specimens

Leaching tests on concrete monoliths were conducted according to the 24 h tank test
(CEN-TS 15862:2012), for basic characterisation of concrete specimens, and the dynamic
Dutch standard with periodic leachant renewal (NEN 7343:2004), for long-term leaching
assessment of concrete pieces.

In the NEN 7343:2004 standard, each monolith was placed in a plastic container and a
given volume of de-ionized water was introduced to completely submerge the monolith
and reach a “liquid to contact area ratio” (L/A ratio) of 8 cm®/cm?. The top surface of the
monolith was kept at least 2 cm below the surface of the water and the distance between
the surfaces of the monolith and the walls of the reactor was kept above 2 cm. At time
intervals of 0.08, 1.00, 2.25, 8.00, 14.00, 15.00, 28.00 and 36.00 days, the aqueous solution
was completely removed from the reactor and replaced with the same volume of deionised
water. Before water renewal, the pH and electrical conductivity were measured and a
sample was extracted for testing. In the CEN-TS 15862:2012 standard, monoliths samples
were contained in deionised water for 24 h with a L/ A ratio of 12 cm?/cm?.

All of the samples that were collected from the different tests conducted were filtered
through a cellulose-acetate membrane of 0.45 pm pore size and the solution was analysed
within 24 h, for several elements and/or anions using ICP-MS and ionic chromatogra-
phy, respectively.

In the diffusion leaching tank test in monolithic materials, release levels are expressed
as leached quantity per unit area: E;'. defined as the measured leaching of a component in
the fraction “i” (expressed in mg/m?). This value can be calculated for each component
using Equation (1):

« XV
Ei—fXA (1)

where:
c; is the concentration of the component in fraction i in ng/L;
V is the volume of the eluate in L;

A is the surface area of the test piece in m
f is a conversion factor: 1000 ng/mg.

2.
7

Equation (2) allows the calculation of the cumulative values. The parameter &};,
expressed in mg/m?, measures the cumulative leaching of a component for a period (n)
which comprises fraction i = 1 to n, n being the number of periods equal to the number of
specified replenishment times (in this case, n = 8).

n
e =) Ef )
i=1

One of the main objectives of monolithic leaching testing is the determination of the
diffusion coefficient, D,, which can only be calculated when leaching is diffusion controlled.
D,, calculated according to Equation (3), is the effective diffusion coefficient which is
used to assess the long-term leaching behaviour for an element in the monolith. For this
calculation, it is necessary to use the availability data (Ugysilapility) €stimated in Section 3.2.

2
€64
D — X (3)
¢ (2653 X p X uavailability) /

where:
D, is the average, effective diffusion coefficient for a given component (m?/s);
€64 is the derived cumulative leaching of the component over 64 days determined with
Formula (4) (mg/ m?);

e pisthe density of the test piece (kg dry matter per m3);
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®  Ugpgitavitity 1s the leachable, available quantity derived according to NEN 7371 (mg
per kg dry matter);
e fisa factor equal to 1.

We also express the average value of the effective diffusion coefficient in the form of a
negative logarithm:
pD, = —log D,

Equation (3), for the calculation of D, coefficients, is in accordance with the leaching
process described by Fick’s law if (i) dissolution is extremely rapid compared to diffusion,
(ii) leachant imbibition attains a fixed equilibrium value very soon after commencement
of the elution test, and (iii) the embedded salt is fully soluble in the leachant. Given these
preconditions, the following equation can be applied for the calculation of g44:

b E* Hﬁ
€64 = M{E\/ﬂ— ﬁ} (4)

where:

e &g is the derived cumulative leaching for a component over 64 days (mg/m?);
E; is the measured leaching of the component in fraction i (mg/m?);
t; is the end time of fraction i for which diffusion has been established, measured from
the start of the test, in days;

e t;_q is the start time of fraction i for which diffusion has been established, measured
from the start of the test, in days;

e 4,b are dimensionless indices by which an increment a-b is indicated for which a
diffusion mechanism is established.

4. Results and Discussion
4.1. Release Levels on Leachates from RPF by UNE-EN 12457-4:2003

The release levels of pollutant elements were measured in the recycled plastic fibres
(RPF) by performing the compliance test according to the UNE-EN 12457-4:2003 standard
and the obtained data are shown in Table 2. Anions (sulphate, chloride, and fluoride) and
heavy metals (Hg, Pb, Cd, and Se) are not included because their levels were lower than
the detection limits.

Table 2. Leachate concentrations (mg/kg m.s.) from RPF by UNE-EN 12457-4:2003.

Leachate Concentrations (mg/kg m.s.) According to the Compliance Test

Elements Inert Legal Limit at L/S of 10 L/kg RPF

pH value - 9.2
Cr 0.50 0.0035
Cu 2.00 0.0557
Zn 4.00 0.0528
Sb 0.06 0.0860
Ni 0.40 0.0074
Ba 20.00 0.1102
As 0.50 0.0088
Mo 0.50 0.0053

Low concentrations were measured for heavy metals and anions regulated by Council
Decision 2003/33/EC [31], according to the compliance test, except for antimony. This
surpassed the limit established for being classified as inert, and so FRP was classified as
being a non-hazardous material. The release of antimony from PET is because it is widely
used as a polycondensation catalyst in production [38].
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C-REF

10

mg/kg

0.01

0.001

Cr

4.2. Determination of Maximum Leachability for Heavy Metals by NEN 7341

Previous studies have demonstrated that the potential risk of environmental contam-
ination from leaching is determined not by the total content of pollutants present in the
material, but by the amount of water that can dissolve into the soil and reach the surface
water and/or subsurface water [29,35]. Leaching tests are an essential tool for proving that
the recycled material is safe and suitable for reuse.

The batch leaching tests in the UNE-EN 12457-4 standard allow measurement of
the concentration of the polluting elements in the leachate, obtained by the laboratory
procedures that simulate the effect of rainwater, surface water and groundwater coming
into contact with the material used in the infrastructure [39]. The available leaching tests in
NEN 7341 detects the maximum leachability of contaminants from the recycled concrete
in the worst-case scenario, compared to the real situation of the tested material in the
infrastructure. The leachable available quantity, Usuaiapility, is then expressed in mg per kg
dry matter, and was obtained and is represented as a logarithmic scale in Figure 4.

Regarding the effect of the percentage of RPF in the FRC specimens, the release levels
observed for the elements studied were similar between the control specimens (C-REF
without fibres and FRC-REF with a commercial fibre) and specimens FRC2 and FRC4.
However, a slightly higher release was observed in the FRC6 samples for Zn and Ni.

After comparing the differences between the leachable quantity at pH 4 and pH 7,
the strong influence of pH on release was confirmed, the pH in the environment being
crucial in determining the release of many constituents in the monoliths and granular
materials. As each material presents its own pH-dependent release curve, the leachability
varies depending on the stage of the availability test and, according to Figure 4, elements
such as Cr, As, Mo, and Sb present a higher release at pH 4, while heavy metals (such as
Ni and Zn) showed higher release levels at pH 7. This is consistent with previous studies
such as that of Tosti et al. [40]. Van der Sloot and Dijkstra [32] presented release curves
as a function of pH which were similar and systematic for different groups of elements.
Cations, such as Ni, Cu, Zn, Cd, Pb, Al or Fe, present a release curve decreasing to pH 9
(with a minimum at this value) and increasing to pH 12. Anions, such as Mo, Cr, As, Se or
Sb, present a curve with a minimum at pH 3, which increases to pH 10 and then flattens
to pH 12. Finally, soluble salts have a distinct leach pattern, caused by their chemical
speciation, and orders of magnitude vary as a function of pH. The results obtained are also
consistent with Engelsen et al. [30], who observed that, for cations in the most acidic region
(i.e.,, pH ~ 1-2), the leached contents for all elements are at their maxima and represent the
available contents (maximum leachability) as the paste was degraded.

OpH4 mpH7 = Uavailability FRC-REF oOpH4 mpH7 = Uavailability
10 A
en
=
en ]
21
0.1 -
0.01 -
0.001 - I
Ni Zn As Mo Sb Ba Cr Ni Zn As Mo Sb Ba
(a) (b)

Figure 4. Cont.
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0.01 A

0.001 -

Cr

OpH4 mpH7 mUavailability FRC4 OpH4 mpH7 mUavailability
10 A
o0
=4
e 1
= 1
0.1 -
0.01 - I
0.001 - I
Ni Zn As Mo Sb Ba Ctr Ni Zn As Mo Sb Ba
(c) (d)
FRC6 OpH4 mpH7 mUavailability
10
an
=
g1
0.1 -
0.01 A
0.001 -

Cr Ni Zn As Mo Sb Ba
(e)

Figure 4. Comparison of two pH regimes in the availability test (pH 7 and pH 4) for heavy metals in samples: (a) control
C-REF; (b) control FRC-REF; (¢) FRC2 specimen; (d) FRC4 specimen; and (e) FRC6 specimen

4.3. Diffusion Leaching Tests in FRC Specimens Made with RPF
4.3.1. Basic Characterisation: 24 h Tank Leaching Test by CEN/TS 15862: 2012

Leaching of monolithic materials is essentially governed by diffusion phenomena.
Thus, for a previously basic characterisation, the diffusion leaching tank test was performed
according to the CEN/TS 15862:2012 standard. This is a fast test (24 h) that allows the
measurement of concentrations of the legally regulated elements, as shown in Table 3.
Anions (sulphate, chloride, and fluoride) and heavy metals (Hg, Pb, Cd, Mo, As, Ni, and
Se) are not represented because they are under the detection limits.

Table 3. Leachate concentrations (mg/m?) from concrete specimens according to the diffusion
leaching test.

Leachate Concentrations from Concrete (mg/m?)

Elements C-REF FRC2-REF FRC2 FRC4 FRC6

pH values 10.2 10.1 10.4 10.3 10.2
Cr 0.0042 0.0072 0.0030 0.0027 0.0032
Zn 0.0568 0.0495 0.0508 0.0576 0.0545
Sb 0.0149 0.0033 0.0105 0.0076 0.0059

Ba 0.0159 0.0058 0.0100 0.0061 0.0080
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The 24-h dynamic tank test was carried out and it provided a basic and quick char-
acterisation of the levels released by the concrete specimens. The heavy metals listed
in Table 3 were released at low rates for all specimens and non-relevant differences are
observed between the control specimen without fibre (C-REF) and specimens prepared
with fibre reinforced concrete. The low release levels detected on the concrete specimens
are justified, since solidification and stabilisation (S/S) using cement as a binder is most
often applied (worldwide) for controlling the environmental impact of residues; it involves
a conversion of the residues into a monolithic or granular material, ensuring easy han-
dling and transportation to landfill sites. It also immobilises toxic pollutants by physical
encapsulation, chemical incorporation and/or adsorption [41,42].

The data showed that the level of the heavy metals presented in Table 3 were similar
to the RPF except to the antimony ones, which were lower than in RPF and inert limit,
classifying them as inert material.

4.3.2. Long Term Behaviour: Dynamic Tank Leaching Test by UNE-EN 15863: 2015

For a complete characterisation of the leaching behaviour of specimens in the long
term, the dynamic tank leaching test was performed according to UNE-EN 15863:2015, to
obtain different eluates over time (“i” fractions). To continue with the study of long-term
leaching behaviour, the anions were not included due to their despicable release levels
observed in previous sections. In the present section, the regulatory limits indicated by
the Soil Quality Decree (SQD) [43] are used as a reference because this regulation specifies
criteria for the (re)use of mineral materials in construction applications: “shaped materials”,
and the limits are most accurate to apply to FRC specimens (it prescribes the rules for the
use of “shaped” construction materials).

Table 4 shows the pD,-values (negative logarithm of effective diffusion coefficient) for
the elements which showed the highest mobility levels on concrete samples: Cr, Zn, Sb and
Ba, along with cumulative emission (es4) and the pH at the start and the end of the test. The
pH of the eluates collected did not vary significantly over the course of the test, presenting
values corresponding to a medium alkaline, as expected. Only the elements Cr, Zn, Sb and
Ba are represented because they present the higher mobilities. The cumulative emission for
the elements in Table 4 did not present any substantial differences between the samples.
The results obtained were consistent with the data obtained by previous researchers, in
terms of cumulative emission at 64 days [28,44] and diffusion coefficient [45] in concrete.

Table 4. Cumulative emission (gg4), diffusion coefficient (D.) and pD,

Parameters C-REF FRC2-REF FRC2 FRC4 FRC6
Initial pH 10.2 10.4 10.3 10.2 10.4
Final pH 10.1 10.2 10.2 10.1 10.2
Cr Cumulative emission. eg4 (mg/ m?) 0.125 0.189 0.135 0.185 0.168
Diffusion coefficient. D, (m?/s) 1.500 x 10714 8270 x 1074 1.580-101%  2.800 x 10714 1.240 x 1014
pDe 13.820 13.080 13.800 13.550 13.910
Zn Cumulative emission. g54 (mg/ m?) 2.271 2.778 2.504 2.020 2.207
Diffusion coefficient. D, (m2/s) 3770 x 1071 1380 x 107¥ 3410 x 107  1.660 x 10714  2.480 x 10~15
pDe 13.420 13.860 13.470 13.780 14.610
Sb Cumulative emission. &5 (mg/m?) 0.717 0.643 0.861 0.342 0.729
Diffusion coefficient. D, (m?/s) 4580 x 1071% 6940 x 10714 7.010-1071*  1.600 x 10~#  3.970 x 10~14
pDe 13.340 13.150 13.150 13.800 13.400
Ba Cumulative emission. &5 (mg/m?) 4.261 3.965 3.992 3.277 3.403
diffusion coefficient, D, (m2/s) 8130 x 10714 5480 x 101> 5100 x 10~ 4530 x 1015  1.710 x 10~15
pDe 14.090 14.260 14.290 14.340 14.770

The higher pD, value implies the lower speed of leaching of the component concerned
with constant availability Uugiapiiry- The pD. value determines the concentration gradient,
which is the driving force for diffusion of the pollutant elements studied: pD, > 12.5: com-
ponent with low mobility; 11.0 < pD, < 12.5: component with average mobility; pD, < 11.0:
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component with high mobility, according to the NEN 7343. Of all the represented elements:
Cr, Zn, Se and Ba showed a pD, value higher than 12.5 because they are components with
low mobility.

The determination of the leaching mechanisms occurring in the diffusion test is
possible, based on the leaching of components previously measured and establishing
whether the matrix of the test piece is dissolving during the conduct of the test. It is
possible to determine whether leaching is diffusion controlled or whether other leaching
mechanisms also contribute, for all individual components. Despite the usefulness of short-
term tests, they do not provide information about the behaviour of contaminants in the
medium or long-term. On the contrary, dynamic tests are usually employed for elucidating
the dominant leaching mechanism from a stabilised/solidified (S/S) waste [46,47]. As
a matter of fact, the main release mechanisms are: (i) solubility; (ii) diffusion from the
internal porosity of the matrix to the surface; and (iii) surface wash-off (where substances
concentrated at the surface of the monoliths may be released at the first contact with
water) [48].

Figure 5 illustrates the graphical representation of diffusion-controlled leaching
(mg/m?) vs. time (days) for the identification of leaching mechanisms of the four heavy
metals studied. The Ugypiapisity value obtained by the availability test is included to observe
the maximum release level obtained for each heavy metal and each specimen is plotted
in Figure 5, along with the obtained data from the diffusion test of cumulative leaching
measurements (expressed in mg/m?) and its linear regression. Regarding the leaching
behaviour of monolithic samples, there are three main basic transport and chemical mecha-
nisms that usually control the leaching processes: surface wash off, where way the most
soluble phases on the surface of the monolith are released quickly, diffusion transport of the
solubilised species in the aqueous phase inside the monolith, and the surface dissolution of
the monolith in contact with the aqueous phase that surrounds it (chemical mechanism
control) [32,47].

For determining the main leaching mechanism, the linear regression that fits the
experimental points of cumulative fraction released versus time, or the logarithmic rep-
resentation of cumulative flux versus time, can be used [49-52]. According to Torras
et al. [47], if the slope of the straight line fitting the experimental data is greater than 0.65,
then surface dissolution is the dominant leaching mechanism; if the slope is close to 0.50
(0.35 < slope < 0.65) diffusion transport is the leaching mechanism and if the slope is near 0
(slope < 0.35) a phenomenon of initial wash-off or depletion (if it happened in the middle
or at the end of the test) is occurring.

According to the data obtained, all element concentrations in the leachates are be-
low the permissible limits prescribed by the SQD and used as a reference for shaped
construction materials, such as concrete. The limits for heavy metals are shown in Table 5.

According to the data in Table 5, Zn and Sb showed linear regression slopes that lead to
the idea that the wash off mechanism occurred. A flat Zn curve appeared in the last steps of
the diffusion test, indicating that the element has been depleted in dissolution. Ba presented
a tendency towards a dissolution mechanism, except in the FRC-REF sample. In Figure 5,
the cumulative leaching points follow the slope and the release levels increase along the
steps. The element Cr presented lower values for the samples with RPF, corresponding
to the wash off mechanism, whereas diffusion was detected for control specimens as has
been observed in previous works: contaminants may be in the oxidised or reduced form
(e.g., Chromium may be present as CrO,~2 or Cr*?). Heavy metals tend to be complex
and strongly associated with the natural, humic substances present in natural waters or
soils and these complex forms of heavy metals are generally highly soluble, being released
more rapidly than simple forms [32]. Thus, comparing Cr and Ba patterns, it is clearly
observed that the slope is more horizontal for Cr (diffusion) than for Ba (dissolution),
and the difference in the release pattern is clearly observed for these elements with the
differentiated mechanisms.
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Figure 5. Graphical representation of diffusion-controlled leaching (mg/m?) vs. time (days) in samples: (a) control C-REF;
(b) control FRC-REF; (¢) FRC2 specimen; (d) FRC4 specimen; and (e) FRC6 specimen.

Table 5. Limits for diffusion release levels from shaped construction materials (in mg/m?). Slope of linear regression and
correlation coefficient.

Parameters C-REF FRC2-REF FRC2 FRC4 FRCé6

Cr  SQD limit for shaped materials emission limits e54 (mg/m?) 120.0
Slope of the linear regression 0.522 0.566 0.299 0.197 0.299
Correlation coefficient, R 0.907 0.739 0.992 0.951 0.989
Standard deviation 0.146 0.294 0.023 0.039 0.027

Zn  SQD limit for shaped materials emission limits g4 (mg/m?) 800.0
Slope of the linear regression 0.369 0.343 0.326 0.293 0.327
Correlation coefficient, R 0.944 0.946 0.936 0.960 0.963
Standard deviation 0.078 0.072 0.075 0.052 0.056

Sb SQD limit for shaped materials emission limits e54 (mg/ m?) 8.7

Slope of the linear regression 0.317 0.255 0.287 0.378 0.272
Correlation coefficient, R? 0.951 0.911 0.936 0.997 0.977
Standard deviation 0.063 0.070 0.075 0.017 0.036

Ba SQD limit for shaped materials emission limits e54 (mg/ m?) 1500.0
Slope of the linear regression 0.716 0.530 0.763 0.777 0.764
Correlation coefficient, R? 0.989 0.962 0.986 0.983 0.984
Standard deviation 0.065 0.091 0.079 0.090 0.086

5. Conclusions

Waste plastic food packaging, used for the preparation of plastic sheets to be used as
fibre reinforcement in concrete, showed low release levels of the elements determined by
the Council Decision 2003/33/EC and they were under the inert limits, except for antimony.
Hence, they are classified as non-hazardous material. The environmental feasibility of RPF
was proven when added to the manufacturing of reinforced concrete with macro recycled
plastic fibres at different amounts (2, 4 and 6 kg per m3). The low release levels in concrete
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with RPF confirms that the process of stabilisation/solidification (S/S) of the waste in the
cement matrix of the concrete, reduces the concentrations in leachatesto a minimum. The
concentrations of the elements with higher mobility, in the long-term, were much lower
than the limits imposed by regulations for “shaped” construction materials, such as SQD.

The study carried out to identify the transport and chemical mechanisms, indicated
that the release patterns were: wash-off for Sb, Zn (although Zn also presented depletion in
the final steps) and Cr in concrete samples with RPF; dissolution for Ba, except for FRC-REF
samples; and diffusion for Cr in FRC-REF and C-REF samples. These were identified in the
curves of the cumulative leaching vs. time graphs, obtained by conducting the dynamic
tank leaching test.

Therefore, the present study contributes to the recycling of wastes, such as plastic
packaging with a thickness of 0.125 mm and layers of different polymers, as reinforcement
in concrete. This type of material does not present any possible environmental impact and
could be a viable alternative that would help increase the valorisation of such types of
plastic residue, which is considered as being one of the biggest concerns worldwide.
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