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Abstract: Construction and demolition wastes represent a primary source of new alternative materials
which, if properly recovered, can be used to replace virgin raw materials partially or totally. The
distrust of end-users in the use of recycled aggregates is mainly due to the environmental performance
of these materials. In particular, the release of pollutants into the surrounding environment appears
to be the aspect of greatest concern. This is because these materials are characterized by a strong
heterogeneity which can sometimes lead to contaminant releases above the legal limits for recovery.
In this context, an analysis of the leaching behaviour of both CDWs and RAs was conducted by
applying a statistical analysis methodology. Subsequently, to evaluate the influence of the particle
size and the volumetric reduction of the material on the release of contaminants, several experimental
leaching tests were carried out according to the UNI EN 12457-2 and UNI EN 12457-4 standards. The
results obtained show that chromium, mercury, and COD are the most critical parameters for both
CDWs and RAs. Moreover, the material particle size generally affects the release of contaminants (i.e.,
finer particles showed higher releases), while the crushing process does not always involve higher
releases than the sieving process.

Keywords: construction and demolition wastes; recycled aggregates; leaching behaviour; statistical
analysis; crushing process

1. Introduction

The construction sector is one of the main players involved in achieving environmental
sustainability. This is due to the fact that it is primarily responsible for the exploitation
of non-renewable natural resources, land use, energy consumption, and production of
construction and demolition wastes (CDWs). According to Eurostat data [1], in 2018,
838.900 million tons of CDWs were produced in the 27 Member States of the European
Union (EU-27). In the same year, 60.5 million tons of CDWs were produced in Italy, equal
to 42.5% of all special waste produced in the nation [2]. In 2019, the CDW production
increased to 69.6 million tons, accounting for around 50% of all special waste produced.

These large quantities of wastes represent a primary source of new alternative materi-
als which, if properly recovered, can be used to replace virgin raw materials partially or
totally. In this context, the Directive (EU) 2018/851 (amending Directive 2008/98/EC on
waste) imposed a recovery rate for CDWs equal to 70% by weight by 2020. In particular, by
31 December 2024, the Commission will evaluate the feasibility of setting new targets on
the preparation for reuse and recycling of CDWs.

Within this framework, in 2018, Italy recovered 35.5 million tons of CDWs, corre-
sponding to 77.4% of all CDWs produced annually [2]. In 2019, this recovery rate increased
further to 78.1%. At the national level, this percentage of recovery is sometimes not
confirmed by other sources [3]. In particular, the most prominent and widespread envi-
ronmental association in Italy, “Legambiente”, states that 77% generally represents CDWs
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only treated and recovered in treatment plants which are subsequently stored without any
actual reuse in the economic market. This is mainly due the fact that end-users still prefer
to use natural aggregates rather than recycled aggregates (RAs) because, to date, they are
still cost-effective resources and are considered more reliable in terms of technical and
environmental performance. In particular, the possible release of contaminants into the
surrounding environment by the RAs is one of the main reasons for distrust in the use of
these materials in the construction sector. This is mainly due to the high heterogeneity rate
of both CDWs and RAs linked to the different origin of the materials contained (e.g., bricks,
concrete, gypsum, wood, masonry, plastics, metals, and more) [4]. As highlighted and
confirmed by Cabrera et al. [5] and Silva et al. [6], these materials may contain environ-
mentally hazardous compounds that can potentially filter and contaminate the underlying
soil as well as surface and groundwater [7,8]. Generally, concrete and masonry are usu-
ally the prevailing material fraction in CDWs, especially in Mediterranean countries [9].
Concrete derives from foundations, load-bearing structures, pavements, road structures, or
sidewalk [10], while masonry and ceramic materials come from covering elements, such
as roof tiles and brickworks [11]. Minor fractions of plastics, metals, gypsum, and wood
may also be found depending on the source segregation level and the recovery technology
adopted [12].

In the last few decades, several research studies have investigated the leaching of
organic and inorganic compounds by CDWs and RAs [12–20]. Generally, CDW and RA
eluates have alkaline pH (pH > 7) [17,21]. As stated by Delay et al. [22], pH values
of concrete and mixed CDWs—as well as of the respective RAs produced—is strongly
alkaline with pH values around 12.5 or even higher [23]. As stated by Park et al. [24]
and Moreno et al. [25], this alkalinity is due to high content of cement paste and mortar
in concrete. These compounds are mainly composed of portlandite and calcium-silicate-
aluminate (C-S-H) which are hydrated in an aqueous solution to produce Ca(OH)2 with
high alkalinity [26]. Conversely, the pH values of brick CDW leachates are neutral or
slightly alkaline (pH ranging from 7 to 8.5) [27].

In this context, Engelsen [12] investigated the leaching performance of recycled con-
crete aggregates (RCAs) and reported that the pH of the concrete material, although
strongly alkaline, gradually decreases over time due to carbonation, which is a natural
well-known aging process that occurs when the hardened concrete comes in contact with
atmospheric carbon dioxide and wetting-drying cycles [23,28]. In particular, in the case of
recycled materials, carbonation occurs when the RAs (specifically the RCAs) are crushed
and stored in heaps before being used in the desired applications. The crushing process,
in fact, leads to a substantial increase in the specific surface of the crushed concrete and
accelerates the carbonation process [29]. Based on this, the aging process can change the
RCA pH from an alkaline pH of about 12–14 (reference for a fresh non-carbonated material)
to a slightly basic pH of about 9–10 (reference for a fully-carbonated material) [12,16,27].
This is mainly due to the degradation of the alkaline hydrate phases by the reaction be-
tween the dissolved Ca(OH)2 and CO2 to form stable CaCO3 [30]. In reference to this, the
authors Butera et al. [8] found and highlighted that the carbonation level of RCAs stored
outdoor for several months is, however, partial and not total. The pH, in fact, decreases
but is always higher than 9–10.

In addition to the crushing process and storage time, Engelsen et al. [31] stated that
the RCA carbonation level is also related to the carbonation degree of the original concrete
structure associated with its manufacturing year and its service life exposure. However,
the authors Del Rey et al. [20] found small differences in the pH values of RCAs originated
from concrete structures manufactured in 1960s and 1990s (pH of approximately 11.9) and
those of RCAs originated from the demolition of new concrete samples (pH of approxi-
mately 12.9). Thus, despite the different manufacturing period, the RCAs were found to
be partially carbonated (i.e., pH values higher than 10). As reported above, this may be
due to the crushing of the old concrete that lead to the formation of new non-carbonated
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surfaces which come from the core of the concrete block and were not exposed throughout
the lifetime of the building and never interacted with air or water [32].

Based on all these considerations, a high concrete carbonation degree or a high amount
of ceramic materials (e.g., bricks, tiles) and soil in CDWs and RAs lead to lower pH values
of the eluates [8,27]. As stated by Engelsen [12], these pH variations (i.e., more or less
alkaline) affect the leachability of many chemical substances contained in both CDWs
and RAs. Several studies, in fact, identified high releases of Cr, As, Zn, Se, Mo, and Sb
at neutral or alkaline pH values [21,33,34]. In particular, the leaching of As, Se, and Cr is
related to the degradation of hydrated attached mortar on the RA surface [33]. Del Rey
and co-workers [20] also highlighted that at neutral or alkaline pH most of the total Cr is
released as hexavalent chromium (Cr (VI)), which is harmful and can cause allergies, nasal
lesions, bronchitis, and especially dermatitis [35]. Conversely, when the pH is less than 5,
Cr is leached as Cr (III).

High releases of Cu, Ni, Pb, Cd, and Zn (metal cations) are instead detected at lower
pH values (i.e., from pH 7 to pH 4) [36]. In particular, as stated by Nurhanim et al. [33], Zn is
highly released in both acidic and alkaline environments. Obviously, as shown by previous
research studies, the release of pollutants into the surrounding environment is also strictly
related to the merceological fractions present in both CDWs and RAs. Nurhanim et al. [33]
assessed the leaching behaviour of inorganic elements from concrete and gypsum CDWs.
As compared with concrete CDWs, the highest concentration of inorganic pollutants was
found in gypsum CDWs according to the order SO4 > Ca > CI > Mg > Zn > Cu > Fe.
All these parameters showed concentrations below the regulatory limits of EU Landfill
Directive (Directive 2003/33/EC), except for SO4. Specifically, the release of SO4 was due to
the sulphur content contained in gypsum. These results have also been confirmed by other
authors [8,20,37–43]. In particular, Agrela et al. [38] evaluated the leaching behaviour of
mixed recycled aggregates (MRAs) in order to assess their compliance with the European
landfill regulations and found that SO4 is the only critical parameter due to the presence of
gypsum in the analysed samples. During the study, the authors also observed a relationship
between the selective collection at the origin of CDWs, which reduces gypsum content,
and the concentration of leached SO4.

In this context, Barbudo et al. [43] also investigated the correlation between sulphate
content and leached SO4 in recycled aggregates with different contents of concrete, bi-
tuminous particles, ceramics, and gypsum. The results showed that high SO4 releases
mainly occur in recycled aggregates with more than 30% by weight of ceramic particles
(e.g., crushed bricks) or with more than 2% by weight of gypsum particles (from plaster,
cardboard-plaster panels, stucco, etc.). Combined with this, the authors found that the SO4
in leaching processes comes also from other compounds of recycled aggregates such as
concrete, mortar, and natural aggregates. In particular, the sulphate species from concrete
and mortars originate by the additions of gypsum to the clinker in order to retard “fast
setting”. High SO4 releases in crushed granular concrete and adhered mortar samples were
also detected by other authors [8,20,39,44]. In particular, Müllauer et al. [44] stated that
SO4 release is controlled by the dissolution of portlandite.

As confirmed by Diotti et al. [13], Estokovà et al. [45], Vegas et al. [41], and Chen et al. [21],
cement and concrete fractions also release high amounts of total Cr, As, Pb, and Se. In
particular, the release of Pb can also be associated with lead-based painted plasters found
mainly in older buildings [19], while the release of Cr can originate from raw materials and
fuels used during cement production (e.g., clays, char, limestone, or iron-based ingredients)
as well as from other sources, such as refractory bricks lining the kiln, mineral admixtures,
and grinding media in the final finishing mills [45,46].

Based on past studies, Cr release is also associated with ceramic materials, such as
bricks and tiles [20,42]. This finding was later corroborated by Galvin et al. [18] who evalu-
ated the release of pollutant elements by compliance (EN 12457-3) and Dutch percolation
leaching test (NEN 7343) from recycled aggregates with different ceramic particles and gyp-
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sum content. The results revealed that higher ceramic and gypsum content in the material
caused higher levels of Cr release, above inert limits imposed by EU Landfill Directive.

Some studies have also demonstrated the correlation between the release of pollutants
and the particle grain size, as well as the possible crushing of the material before being
subjected to leaching tests [18,32,47]. Coudray et al. [32] investigated the leaching behaviour
of RCAs with particle sizes of 0/6.3 mm, 6.3/20 mm, 20/40 mm, and >40 mm by applying
two different leaching test methods: (1) the EN 12457-2 standard, in which each fraction was
crushed to a 4 mm particle size before the leaching experiment (whatever the initial particle
size of the sample) and (2) a non-standardised leaching test without any supplementary
crushing (RAs only sieved), in order to show the effect of grain size on the leaching
behaviour. The results of the tests performed on samples crushed to a 0–4 mm showed
different concentration trends for the chemical elements analysed (Si, Al, Na, K, Ca, Mg, Fe,
P, Cr, Ti, S). In particular, the smaller fraction (0–6 mm) concentrates trace elements (Cr, Cu,
and Pb) and SO4 more often than the coarse fraction. The same behaviour was detected
for RAs tested with the non-standardized method (i.e., only screened and not crushed).
The results globally showed a decrease in the concentrations of K, SO4, Cl, Cr, and Cu as
the grain size rises. Based on this, the study showed that smaller fractions generally leach
more than the coarse fractions. Moreover, by comparing the two leaching test methods, the
volumetric reduction involves a greater release of contaminants. In this context, the authors
recommended the implementation of leaching tests on samples of different grain sizes
without prior volumetric reduction. This finding was also corroborated by Mahedi and
Cetin [48], who highlighted that leached concentrations of Ca, Ba, Cr, and SO4 decreased
with an increase in RCA particle size, and by Bestgen et al. [49], who reported that leached
metal concentrations increased when the particle size decreased.

Galvin et al. [18] also demonstrated the importance of evaluating the release of con-
taminants from RAs in their commercial particle size to simulate their actual on-site condi-
tions. In particular, MRAs with 0–32 mm grain size distribution were tested by applying
the Under Compaction Leaching Test (i.e., procedure that analyses the samples without
any pre-crushing or alteration of the grain-size distribution). Compared with traditional
leaching tests (UNE EN 12457-3 and NEN 7343) that predict a reduction in particle size
(dmax < 4 mm), the results showed lower release levels.

Within the aforementioned context, most of the scientific studies [7,8,14,15,17,18,20,33,
39,41,48,50–52] concerning the evaluation of the environmental properties of both CDWs
and RAs are generally based on laboratory-scale research. Thus, one of the main purposes
of this research was to evaluate the leaching behaviour of CDWs and RAs by adopting
a statistical approach. In particular, several leaching test certificates related to CDWs
and RAs were collected by two CDW treatment plants located in the Lombardy Region
(northern Italy). The collected data were then statistically processed, and the leaching
behaviour of both CDW and RAs was assessed in compliance with the limits defined by
the Italian legislation for recovery of granular materials (Ministerial Decree 186/2006) [53].
Subsequently, in order to identify the sources of high release levels in both CDWs and
RAs, the critical release of some contaminants was correlated with specific EWC codes
(i.e., European Waste Code).

The second goal of this research was to investigate whether and how the RA grain size,
as well as the crushing process before the leaching test, can affect the release of contaminants.

As reported above, the material crushing leads to higher pollutants release due to the
increase of the contact surfaces between RAs and leaching agent, but, at the same time,
sieving operations can also lead to greater fine fractions that cause high releases. Despite
this, research studies that thoroughly evaluate these aspects are limited [18,32,48,54]. Thus,
the main aim was to further investigate these conditions and support or integrate the
data obtained from previous studies. In this context, different laboratory leaching tests
were developed on RAs sampled from each of the two CDW treatment plants in order
to evaluate the release of pollutants according to the EN 12457-2 (dmax < 4 mm) and
EN 12457-4 (dmax < 10 mm) methods and, respectively, in conditions of simple sieving or
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crushing. As above, the release of pollutants was evaluated according to the limits imposed
by Ministerial Decree 186/2006.

2. Materials and Methods
2.1. Construction and Demolition Wastes and Recycled Aggregates

Two CDW treatment plants located in the Province of Brescia (in Lombardy Region—
northern Italy) were assumed as case studies. The managed CDWs are classified within
Chapter 17 of the European Waste Code and are treated through consecutive operations
of unwanted fraction separation (e.g., wood, plastic, glass, etc.), dry crushing, and iron
removal and screening in order to obtain RAs with a selected granulometry. Specifically,
the RAs produced are generally mixed recycled aggregates since about 80% of all the
CDW managed by the analysed treatment plants are mixed CDWs, classified with EWC
code 170904. This is due to the fact that, as for the national situation, the CDWs generally
come from micro demolition operations [55]. Soil and rocks (EWC 170504), concrete
(EWC 170101), and bituminous mixture (EWC 170302) are, instead, the other waste streams
most managed by the plants. According to the Italian legislation, the RAs produced
must comply with technical (EC marking) and environmental requirements. In particular,
regarding the environmental properties, the recycled material must be subjected to leaching
test according to the UNI EN 12457-2 and must comply with the limits imposed by the
Ministerial Decree 186/2006.

2.2. Statistical Approach

A total number of 300 certificates of leaching tests performed on both CDWs and
RAs were acquired from the databases of the two selected treatment plants. The collection
period refers to 10 years. The collected data were subsequently elaborated using a statistical
approach. Specifically, the “box-plot” methodology was applied to identify the variability
of pollutant concentrations and the critical parameters according to the regulatory limits
imposed by the M.D. 186/2006. In particular, this research methodology was applied using
the IBM SPSS software.

As shown in Figure 1, the box-plot graph visually shows the distribution of numerical
data by means of five significant numbers:

• lower extreme: minimum value identified by a whisker. Points within a distance
between Q1 and Q1 minus 1.5 times the interquartile range (IQR—the difference
between Q3 and Q1).

• first quartile (Q1): 25% of the data values are less than or equal to this value;
• median (Q2): 50% of the data values are less than or equal to this value;
• third quartile (Q3): 75% of the data values are less than or equal to this value;
• upper extreme: maximum value identified by a whisker. Points within a distance

between Q3 and Q3 plus 1.5 times the IQR.

The graph also shows the presence of anomalous values (i.e., outliers marked with
circles and extreme values marked with asterisks) with respect to the majority of the
observed data. These data are values that significantly differ from the general trend of the
distribution and can be caused by errors (of transcription and measurement), exceptional
circumstances, or contamination of data.

In this context, to better understand the behaviour of pollutants with respect to
regulatory limits and to identify any critical parameters, the dispersion of concentrations in
terms of IQR and whisker lengths was evaluated. In particular, the greatest criticality was
identified when the box (i.e., IQR which contains 50% of all analysed data) exceeded the
regulatory limit considered. By means of this methodology, the identified critical pollutant
releases were then correlated with the merceological fractions (i.e., EWC code) present in
the analysed material in order to identify possible correlations between the characteristics
of RAs and those of the original CDWs. In particular, the analysis was developed with
reference to the EWC codes most managed by the analysed treatment plants: EWC 170101
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“cement”, EWC 170302 “bituminous mixtures”, EWC 170504 “soil and stones”, EWC 170904
“mixed construction and demolition wastes”.

Figure 1. Scheme of the box-plot diagram.

2.3. Experimental Leaching Tests

In order to evaluate the influence of particle size and crushing conditions on the
leaching behaviour of RAs, three RA samples were collected from the two selected CDW
treatment plants (here called plant A and plant B) and subjected to experimental leaching
tests. Specifically, based on the type of RA generally produced by the plants, a Mixed
Recycled Aggregate (MRA) and a Concrete Recycled Aggregate (RCA) were gathered from
plant A and a MRA was sampled from plant B, as shown in Table 1.

Table 1. Origin, type, and dimension of the recycled aggregates sampled.

RA Sampling Point Recycled Aggregate Type Original Grain Size

Plant A
MRA

0–90 mmRCA
Plant B MRA 0–20 mm

All the samples were collected according to the methodology provided by the standard
UNI EN 10802. In particular, based on the RA heap volume (less than 1000 m3), 10 incre-
ments of mass 2 kg were sampled at different heap levels and carefully mixed to obtain a
primary sample of about 20 kg. After that, the primary sample was reduced by quartering
operations (EN 932-1) in order to obtain a laboratory sample of 10 kg (Figure 2). In labora-
tory, this sample was then further volumetrically reduced to 2 kg, and based on its moisture
and dry matter content, the test portions for leaching were subsequently identified.

Figure 2. RA sampling points and quartering operation.
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On the three selected RAs two types of leaching test were performed (Table 2):

• batch leaching test according to UNI EN 12457-2 with particle size of at least 95% less
than 4 mm;

• batch leaching test according to UNI EN 12457-4 with particle size of at least 95% less
than 10 mm.

Table 2. Comparison between the applied test methods (UNI EN 12457-2 and UNI EN 12457-4).

Parameter UNI EN 12457-2:2004 UNI EN 12457-4:2004

Dmax 4 mm 10 mm
Leaching agent demineralized water demineralized water

Liquid-to-solid ratio (L/S) 10 L/kg 10 L/kg
Duration 24 h 24 h

Extraction n◦ 1 1

In particular, the UNI EN 12457-2 is the leaching test method adopted in Italy, while
the UNI EN 12457-4 is the method applied by some EU countries which have already
adopted End of Waste criteria (EoW) for CDWs (i.e., Austria, France). To date, in Italy there
are no End of Waste criteria for CDWs. Thus, the purpose of performing new leaching
tests taking as reference countries with more developed knowledge and policies could
represent a basis for new knowledge to support standardization bodies that will adopt
national EoW criteria.

As aforementioned, to evaluate the possible influence of size reduction and crushing
conditions on the leaching behaviour, both tests were carried out, respectively, under
conditions of (Table 3):

• simple sieving until the maximum diameter required by regulations (4 mm or 10 mm), and
• RA crushing until the maximum diameter required by regulations (4 mm or 10 mm).

Table 3. Battery of RA samples.

RA Sampling
Point RA Type Standard Grain Size Operation

Plant A

MRA
UNI EN 12457-2 Dmax ≤ 4 mm

Only sieved
Crushed

UNI EN 12457-4 Dmax ≤ 10 mm
Only sieved

Crushed

RCA
UNI EN 12457-2 Dmax ≤ 4 mm

Only sieved
Crushed

UNI EN 12457-4 Dmax ≤ 10 mm
Only sieved

Crushed

Plant B MRA
UNI EN 12457-2 Dmax ≤ 4 mm

Only sieved
Crushed

UNI EN 12457-4 Dmax ≤ 10 mm
Only sieved

Crushed

Twelve parallel batch tests were stirred for 24 h at L/S ratio of 10 L/kg. The eluates
sampled from all the tests were collected, filtered with a 0.45 µm membrane, and conserved
for chemical analysis.

To allow discussion of the results, the concentration values below the Limit Of Detec-
tion (LOD) were assumed to be equal to the LOD. To identify potentially critical substances,
all the leaching concentrations were compared with the legal limit established by the M.D.
186/2006 for recovery of granular materials.

Finally, Figure 3 exemplifies the different stages implemented on-site and at the
laboratory to obtain representative samples for each RAs analysed, while Figure 4 shows
all the tested RA samples.
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Figure 3. Scheme of the RA sampling method adopted.

Figure 4. Samples of RAs subjected to leaching tests according to EN 12457-2 and 4 standards.

3. Results
3.1. Statistical Evaluation of Leaching Behaviour of CDWs and RAs

The assessment of potential environmental impact of CDWs and RAs is a topic of
great interest around the world, as the main goal of most countries is to achieve high
recovery rates of these materials [31]. In this context, to ensure environmental protection
and to evaluate the release of pollutants into the surrounding environment, these materials
are subjected to leaching test during their recovery process. One of the main goals of the
leaching test is to evaluate the potential pollution of a material by comparing the released
contents of contaminants with the legal limits defined by national legislation [16].

In this study, the leaching behaviour of CDWs and RAs was evaluated according
to the compliance test established by UNI EN 12457-2 and the release of pollutants was
compared with the limits imposed by M.D. 186/2006. Table 4 reports the concentrations of
released compounds in terms of minimum-maximum range and average value.
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Table 4. Leaching properties of CDWs and RAs (contaminant releases reported in the average and minimum–
maximum range).

Parameters Unit
CDWs RAs Limit Values

M.D. 186/2006Min Max Mean Min Max Mean

pH - 6.58 12 8.30 6.90 12 8.85 5.5–12
Nitrates (mg/L) 0.10 95.20 4.68 0.10 49.50 9.47 50

Fluorides (mg/L) 0.05 6.16 0.54 0.01 1.21 0.23 1.5
Sulphates (mg/L) 0.80 457 30.77 5 219.20 34.38 250
Chlorides (mg/L) 0.08 102.80 10.60 1 51.40 11.06 100
Cyanide (µg/L) 0.10 30 6.77 0.05 50 13.72 50
Barium (mg/L) 0.01 1 0.12 0.01 0.50 0.08 1
Copper (mg/L) 0 0.02 0.01 0.0002 1 0.02 0.05

Zinc (mg/L) 0.001 0.42 0.07 0.005 1.64 0.14 3
Berillium (µg/L) 0.20 10 1.48 0.10 5 1.96 10

Cobalt (µg/L) 0.10 41.30 7.68 0.51 30 5.42 250
Nickel (µg/L) 0.01 190 9.72 0.10 10 3.64 10

Vanadium (µg/L) 0.10 118 14.91 0.30 64.40 13.84 250
Arsenic (µg/L) 0.01 35 5.87 0.10 22.50 5.04 50

Cadmium (µg/L) 0.05 10 1.53 0.10 5 2.00 5
Total chromium (µg/L) 0.01 1361 38.65 1 183 18.70 50

Lead (µg/L) 0.02 28 4.64 0.10 79 5.55 50
Selenium (µg/L) 0.10 10 3.10 0.10 10 3.53 10
Mercury (µg/L) 0.01 50 2.11 0.10 1.62 0.60 1
Asbestos (mg/L) 0 30 3.82 0.01 30 2.45 30

COD (mg/L) 4 443 30.35 5 43.40 17.93 30

Data marked in bold are values that exceed the regulatory limits imposed by M.D. 186/2006.

As research studies reported [14,40,48,52,56], the pH of both CDWs and RAs is generally
alkaline with maximum values equal to the regulatory limit (i.e., pH 12) (Figure 5).

Compared with the available regulatory limits, the average concentrations are gener-
ally lower except for mercury and COD in CDWs. Nitrates, fluorides, sulphates, chlorides,
nickel, cadmium, and total chromium are also critical parameters for CDWs in terms of max-
imum concentrations. These results have also been confirmed by other authors [13,19,27,33].
Regarding RAs, critical maximum concentrations were detected for total chromium, lead,
mercury, and COD.

To identify the main sources of the most critical compounds for recovery (i.e., total
chromium, mercury, and COD), the box-plot graphs resulting from the statistical analysis
are shown in Figures 6–8.

Figure 5 illustrates the variation of pH values in CDWs and RAs. Both materials are
alkaline with 50% of the values ranging between 7 and 10, but values up to the regulatory
limit (i.e., 12) were also detected. This alkalinity is mainly due to the cementitious fractions
present in the CDWs and, consequently, in the produced RAs. In fact, EWC 170101 “cement”
has the highest pH values, with a median value of approximately 11. Although to a lesser
extent, mixed CDWs (EWC 170904) are also responsible for alkalinity, as they may contain
concrete and cement fractions (median value of approximately 8), while CDWs with EWC
170504 (soil and stones) and EWC 170302 (bituminous mixtures) have significantly lower
pH values (median values of about 7.5).

These results are confirmed by Chen and Zhou [14], Gupta et al. [52], and Butera et al. [8].
In particular, Butera et al. [8] highlighted that CDWs or RAs samples containing cement
and concrete fractions have pH values between 11 and 13. Instead, mixed CDWs show
slightly lower pH values due to the presence of ceramic and soil fractions. The results
obtained also show that RAs generally have pH values higher than CDWs. This may be
due to the fact that the RAs—subjected to crushing—present new non-carbonated surfaces
coming from the core of the concretes that have higher pH values [32].
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Figure 5. pH values of CDWs and RAs (left) and pH values of different EWC codes (right).

As previously stated, total chromium is one of the most conflictive elements for CDW
recovery and RA use. As shown in Figure 6, the greatest criticality was found in RAs as
part of the samples analysed (i.e., upper whisker) show total chromium concentrations
higher than the regulatory limit of 50 µg/L. From the analysis developed, the main source
of chromium are cementitious materials (EWC 170101), in which 50% of the total concen-
trations are close to the regulatory limit. This is mainly due to the presence of Portland
cement [41] and the mortar adhered to the original natural aggregate [21].

Figure 6. Total chromium release in CDWs and RAs (left) and EWC code responsible for the highest
release (right).

The results are generally aligned well with the existing literature. In fact, as confirmed
by several authors [45,46,57–59], total chromium is one of the parameters most released by
cement when subjected to leaching test. This is mainly due to the raw materials and fuels
used during its production [57]. Several studies have also demonstrated that total Cr is one
the most leachable and unstable metal even in crushed granular concrete samples [44,60].
According to Galvin et al. [18], Del Rey et al. [20], and Butera et al. [8], also mixed CDWs
(EWC 170904) containing ceramic fractions, bricks, tiles, and more can be a source of
total chromium.

Figure 7 shows the mercury concentrations in both CDWs and RAs. The results
showed mercury releases close to the regulatory limit of 1 µg/L in both CDWs and RAs. In
particular, the greatest criticality was identified in RAs, in which 25% of all concentrations
exceed the limit for recovery. These results confirm the considerations presented by the au-
thors Puthussery et al. [61] and Engelsen et al. [62]. In particular, based on both compliance
and availability test, the authors Puthussery et al. [61] found mercury concentrations higher
than those reported by other studies [36,42] and above the permissible limits prescribed for
inert waste landfills.
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In this context, as highlighted in the graph, the main sources of mercury are the soil
and rocks fractions (EWC 170504) contained in the CDWs, confirming the results obtained
by [63].

Figure 7. Mercury release in CDWs and RAs (left) and EWC code responsible for the highest
release (right).

Finally, COD was found as one of the most critical parameters, especially in CDWs in
which more than 10% of the detected concentrations exceed the regulatory limit of 30 mg/L.
Maximum concentrations up to 443 mg/L were also recorded.

The main sources responsible for high COD release are cement and concrete fractions
(EWC 170101) and soil and stones (EWC 170504), according to the results reported by
Mikami et al. [64] and Diotti et al. [13]. In particular, high levels of COD are mainly
attributable to the degraded organic matter contained in the analysed materials [65].

Figure 8. COD release in CDWs and RAs (left) and EWC code responsible for the highest re-
lease (right).

3.2. Influence of Particle Grain Size and Crushing Conditions on the Leaching Behaviour of RAs

Table 5 shows the results obtained from the leaching tests carried out on the selected
12 RAs, according to the limits imposed by the M.D 186/2006.

As previously mentioned, in order to evaluate the influence of the particle size and
the volumetric reduction by crushing on the release of contaminants, the leaching tests
were performed according to the UNI EN 12457-2 (dmax ≤ 4 mm) and UNI EN 12457-4
(dmax ≤ 10 mm) standards and in conditions of only sieving or crushing of the material. In
particular, the pollutant concentrations that exceed the regulatory limits for recovery are
marked in grey and bold.
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Table 5. Leaching behaviour of MRAs and RCAs tested according to the EN 12457-2 (d≤ 4 mm) and EN 12457-4 (d ≤ 10 mm) methods, under conditions of only sieving and crushing.

Parameter Unit

d ≤ 4 mm d ≤ 10 mm
Limit Values
(M.D. 186/06)

Only Sieved Crushed Only Sieved Crushed

MRA 1 RCA MRA 1 RCA MRA 1 RCA MRA 1 RCA

pH - 10.4–10.9 11.4 10.7–11.1 11.3 10.6–11 11.5 10.7–11 11.4 5.5–12
Nitrates (mg/L) 14–27 3 14–24 3 13–23 3 13–21 2 50

Fluorides (mg/L) 0.3–0.5 0.3 0.3–0.6 0.3 0.3–0.5 0.3 0.3–0.5 0.3 1.5
Sulphates (mg/L) 85–94 39 78–95 53 71–99 32 71–98 36 250
Chlorides (mg/L) 5–8 1 5–8 1 4–7 1 5–7 1 100
Cyanide (µg/L) 5 5 5 5 5 5 5 5 50
Barium (mg/L) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 1
Copper (mg/L) 0.02–0.04 0.01 0.01–0.03 0.01 0.02–0.03 0.01 0.02–0.03 0.01 0.05

Zinc (mg/L) 0.05 0.05 0.05 0.1 0.05 0.05 0.05 0.05 3
Berillium (µg/L) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 10

Cobalt (µg/L) 5 5 5 5 5 5 5 5 250
Nickel (µg/L) 2–4 2 2–4 2 2–4 2 2–4 2 10

Vanadium (µg/L) 27–36 16 27–29 22 27–33 13 29–32 15 250
Arsenic (µg/L) 1–3 1 1–3 1 1–3 1 1–3 1 50

Cadmium (µg/L) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 5
Tot. chromium (µg/L) 15–35 48 17–43 67 15–30 46 16–30 44 50

Lead (µg/L) 1 1 1 1 1 1 1 1 50
Selenium (µg/L) 1 1 1 1 1 1 1 1 10
Mercury (µg/L) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 1

COD (mg/L) 17–31 12 16–36 8 14–33 12 21–35 9 30

Data marked in bold are values that exceed the regulatory limits imposed by M.D. 186/2006. 1 The pollutant concentrations are indicated as a range of values detected in the MRAs produced by the two
treatment plants.
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Generally, the pollutant concentrations comply with the regulatory limits imposed by
the M.D. 186/2006, except for total chromium and COD. In particular, total chromium was
identified as critical for a crushed RCA, while COD for all the tested MRAs.

Figure 9 shows the pH values recorded in plants A and B in relation to the type of RA
(RCA or MRA), particle sizes, and test conditions (i.e., material only sieved or crushed).

Figure 9. Trend of pH values in relation to the type of RA (RCA or MRA), particle sizes, and test
conditions (i.e., material only sieved or crushed).

As shown, the pH is always alkaline (pH > 10) for both MRAs and RCAs and below
the regulatory limit of 12. Compared with MRAs, RCAs have higher pH values according
to the results reported by several authors [8,27,52].

For both MRAs and RCAs, the particle size of the material (dmax less than 4 mm or
10 mm) does not significantly affect the pH values. Only slightly lower pH values are
recorded for recycled aggregates with a maximum particle diameter equal to 4 mm. On the
contrary, the crushing process greatly affects the pH values of MRAs produced by both
treatment plants. In particular, regarding the MRAs produced by plant A, the pH of the
only sieved material varies between 10.9 (dmax ≤ 4 mm) and 11 (dmax ≤ 10 mm), while the
pH of the crushed material varies between 11 (dmax ≤ 10 mm) and 11.1 (dmax ≤ 4 mm).

Similarly, the MRAs produced by treatment plant 2 show pH values of the sieved
material equal to 10.4 (dmax ≤ 4 mm) and 10.6 (dmax ≤ 10 mm), while equal to 10.7
(dmax ≤ 4 mm and 10 mm) for the crushed material.

The influence of the crushing process is not, however, evident in the RCA elu-
ates. For these samples, in fact, the sieving process contributes to higher pH values
(11.4 for dmax ≤ 4 mm and 11.5 for dmax ≤ 10 mm) than those of crushed samples (11.3 for
dmax ≤ 4 mm and 11.4 for dmax ≤ 10 mm).

Figures 10 and 11 show the pollutant concentrations normalized to their respective
regulatory limits for recovery (M.D. 186/2006).

As for pH, Figure 10 shows the release of contaminants from MRAs and RCAs pro-
duced by plant A in terms of particle grain size and test conditions (i.e., sieving or crushing).
As shown, the only critical parameter for recovery is total chromium released by the crushed
RCA (dmax ≤ 4 mm) which, with a concentration of 67 µg/L, exceeds the regulatory limit
of 50 µg/L. Generally, the results clearly show that the greatest concentration of chromium
comes from RCAs, confirming the results obtained by other authors [13,21,41,45].

Overall, for both MRAs and RCAs, the coarser fraction (dmax ≤ 10 mm) releases lower
pollutant concentrations than the finer fraction (dmax ≤ 4 mm), except for copper and COD.
These results confirm the data observed by Mahedi and Cetin [48], Coudray et al. [32],
and Bestgen et al. [49]. In particular, as stated by Bestgen et al. [49], this high release of
contaminants from fine particles is due to their larger specific surface area, which allows
a greater interaction between the aqueous solution and the recycled aggregate. In fact,
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as highlighted by Schmukat et al. [66], the available specific surface area exhibit a direct
correlation with the release of contaminants.

Figure 10. Plant A: trend of pollutant concentrations in relation to the type of RA (RCA or MRA),
particle sizes, and test conditions (i.e., material only sieved or crushed).

Regarding the test conditions, the results obtained in plant A show that, compared
with the crushing process, the sieving procedure generally involves a higher release of pol-
lutants both in MRAs and RCAs, except for total chromium (in samples with dmax ≤ 4mm)
and COD (in the MRA with dmax ≤ 10 mm). For these samples, the highest concentrations
of pollutants were recorded under condition of volumetric reduction.

As for plant A, Figure 11 shows the release of contaminants from MRAs produced by
plant B in terms of particle grain size and test conditions.

Figure 11. Plant B: trend of pollutant concentrations in relation to the type of RA (RCA or MRA),
particle sizes, and test conditions (i.e., material only sieved or crushed).

From the results obtained, COD is the only critical parameter for both the fraction
with dmax ≤ 4 mm and dmax ≤ 10 mm. In particular, with respect to the regulatory limit,
the concentration of COD increases from 3% to 20%. As compared with the MRAs of
plant A that did not show critical issues in terms of COD release, the higher release of
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COD in the MRAs of plant B can be attributed to the greater presence of organic vegetable
substances [65]. Additionally, in this case the finer fraction (d max ≤ 4 mm) releases higher
concentrations of pollutants than the coarser fraction (d max ≤ 10 mm), except for COD.

According to Coudray et al. [32], the results obtained also highlight the influence of
crushing condition on the release of several analysed compounds, especially for fluorides,
sulphates, total chromium, and COD. On the other hand, copper is the only parameter that
shows higher release in sieving conditions.

4. Conclusions

In this study, the leaching behaviour of CDWs and RAs was evaluated by means of a
statistical analysis, and the possible influence of grain size and volumetric reduction on
the release of contaminants from MRAs and RCAs sampled from two CDW treatment
plants was evaluated by applying the UNI EN 12457-2 (dmax ≤ 4 mm) and UNI EN 12457-4
(dmax ≤ 10 mm) leaching test methods.

The analysed recycled aggregates were also tested in conditions of simple sieving and
crushing, and the release of pollutants was compared to the legal limits imposed by the
Ministerial Decree 186/2006.

According to the results obtained from the statistical analysis performed, the following
conclusions are drawn:

• The pH of both CDWs and RAs is generally alkaline, with maximum values up to
the legal limit of 12. This alkalinity is mainly due to the presence of cementitious
fractions (EWC 170101) which show median values equal to 11. Instead, mixed CDWs
(EWC 170904), soil and rocks (EWC 170504), and bituminous mixtures (EWC 170302)
showed lower pH values (median values equal to about 7.5–8), and this is due to the
presence of ceramic and soil fractions [8].

• In terms of release of contaminants, total chromium, mercury, and COD are the most
critical parameters for the recovery of CDWs and RAs. In particular, total chromium
is mainly released by cementitious materials (EWC 170101) due to the presence of
cement and adhered mortar. Specifically, the main sources of chromium in cement are
the raw materials and fuels used during its production process [57]. Instead, lower
chromium release comes from mixed CDWs (EWC 170904).

• High mercury releases were detected in soil and rocks fractions (EWC 170504), while
high releases of COD are mainly associated with both cementitious and soil and stone
fractions. In particular, this is due to the presence of decomposable organic matter.

• Finally, maximum concentrations of nitrates, fluorides, sulphates, chlorides, nickel,
and cadmium above the regulatory limits were detected in CDWs, while maximum
concentrations of Pb were found in RAs.

The results obtained from the experimental leaching tests carried out on MRAs and
RCAs produced by two CDW treatment plants led to the following conclusions:

• In line with the results obtained from the statistical analysis, the pH is always alkaline
(pH > 10) for both MRAs and RCAs. In particular, compared with MRAs, RCAs show
higher pH values.

• Total chromium and COD are the most critical parameters for recovery, as they showed
concentrations above the regulatory limits of 50 µg/L and 30 mg/L, respectively.
In particular, higher chromium concentrations were detected in RCAs, while COD
in MRAs.

• The grain size of the tested recycled aggregates (i.e., dmax less than 4 or 10 mm) does
not significantly affect the pH values for both MRAs and RCAs. Conversely, in terms
of release of contaminants, the finer particles (dmax ≤ 4 mm) generally tend to release
higher pollutant concentrations in the eluate than the coarse fractions (dmax ≤ 10 mm).
This is mainly due to the larger specific surface area of the fine particles, which favours
a greater interaction between the leaching agent and the solid matrix.

• Different from some findings available in the literature [32], in this study the crushing
of the material before being subjected to leaching tests does not always influence
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the release of contaminants into the surrounding environment. In particular, from
the results obtained in plant A, the sieving process contributes to a greater release of
contaminants. Conversely, regarding plant B, the material crushing results in a higher
release of pollutants (especially for fluorides, sulphates, chromium, and COD).

In conclusion, about this last aspect, the authors believe that the results obtained
should be further investigated with additional experiments. In fact, as stated in the
introduction, the research studies that address and evaluate the influence of the RA crushing
process on the release of contaminants are still limited. These new analyses would help
confirm whether the obtained considerations were precise and could produce a more
meaningful analytical data database for future studies.
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