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Abstract

The density, colour and texture, plus mineral and chemical features of 18 ceramic-like CDW
samples from the Abruzzo region (Central Italy) were characterised. The concretes, natural stones,
tiles, roof-tiles, bricks and perforated bricks are either aphanitic to porphyric. Concretes and natural
stones are grey to white and tend to be > 2.0 g/cm?; the masonries are brown to reddish and close to
<2.0 g/cm®. Concrete and natural stone are rich to exclusively made up of calcite, with high amounts
of CaO (> 40 wt.%) and LOI (volatiles, CO2 + H>O). The masonries are instead calcite-, CaO- (< 25
wt.%) and LOI-poor (< 8 wt.%) but enriched in SiO (45 to 70 wt.%), quartz and/or cristobalite, with
significant amount of A1>O3 (12 to 20 wt%). S and Cl contents are similar among concrete, bricks and
perforated bricks. Some CDW sample is susceptible to release relative high Cr content.

The petrography of these CDW concretes are similar among geographical areas with abundance
of limestones used like aggregates. In limestone-poor areas CDW are SiO;- and Al>Os-rich, reflecting
the prevalence using of masonry and/or silicate-rich construction materials. Each geographical area
can be characterised by peculiar CDW. In turn, the knowledge of mesoscopic, physical and petro-
graphic aspects have to be known for planning adequate sorting methods, promoting upcycling reus-

ing applications.

1. Introduction.
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Construction and demolition waste (CDW) are all solid materials deriving from civil engineer-
ing works (buildings, roads, bridges, etc.), as well as from their demolition, restoration and/or collapse
due to natural or man-induced causes (e.g. earthquakes, landslides). CDW are extremely abundant in
both the EU and Italy, as summarised in Figs. Sla, b. They are mainly composed of inert materials,
i.e. “ceramic-like” solids (concrete, mortars, cement, tiles, roof-tiles, bricks, natural stone, etc.), plus
asphalt, metals, plastics, textiles, wood, glass, RAEE (waste of electric and electronic equipment),
soils and/or dredging materials (Figs. Slc, d) (e.g. Blengini & Garbarino, 2010; Vitale et al., 2017).
Commonly, inert ceramic-like CDW (hereafter only CDW) are collected separately from asphalt,
wood, plastics, metals, and textiles waste, and/or routinely separated from them (Martin-Morales et
al., 2011; D1 Maria et al., 2013; Ulsen et al., 2013; Bonifazi et al., 2017a; Neto et al., 2017; Ambros
et al., 2019) (Fig. S1d).

By contrast, the separation of heterogeneous CDW in relative homogeneous sub-populations is
complex and expensive. In turn, their physico-mechanical and petrographic (meaning as chemical,
mineralogical and textural attributes) features are frequently variable in time and space determining
poorly measurable and predictable behaviours (de Brito et al., 2005; Gongalves & de Brito, 2010;
Coelho & de Brito, 2013). This heterogeneity strongly limits their reusing; frequently, new construc-
tion materials prepared with them may be characterized by low quality mechanical properties (Coelho
& de Brito, 2013). As a result, most CDW are low price materials, downcycling reused mainly for
road foundations, foundation slab, and cavity fillings (Coelho & de Brito, 2013; Di Maria et al., 2013
and 2016; Galvez-Martos et al., 2018).

From a petrographic and materials science perspective, CDW are multi-phases solids made up
of silicate and/or carbonate minerals and glasses. The petrography of construction materials is still
poorly investigated and known: specifically, only a limited number of studies worldwide investigated
their mineralogical and/or chemical (i.e. petrographic) features (Bianchini et al., 2005 and 2020;
Limbachiya et al., 2007; Rodrigues et al., 2013; Alexandridou et al., 2014; Komnitsas et al., 2015;

Moreno-Perez et al., 2018; Panizza et al., 2018; Frias et al., 2020). The petrography of CDW can be
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variable as a function of available lithotypes (rocks), architectural and historical styles, as well as
national (past and present) regulations of a geographical area. Consequently, it is important to con-
strain the most salient petrographic features of construction materials and their derived waste for
several geographical areas worldwide.

In this paper, the most abundant and frequent ceramic-like CDW randomly sampled in the
Abruzzo region, Central Italy, were investigated. To the best of the authors’ knowledge, they were
never investigated, although this region can be representative of several Italian (Apennines, Dolo-
mites) and Mediterranean (Greece, southern France, Albania) geographical and geological areas,
mainly characterised by limestone, sandstone and claystone lithotypes, including their incoherent to
poorly lithified dismantled and re-sedimented deposits (Geological Map at 1:500 000 scale; Vola et
al., 2011). Moreover, the Abruzzo region and its surroundings areas were repeatedly hit by earth-
quakes in the last decades, causing the loss of many human lives and accumulation of huge amounts
of CDW rubbles in the most damaged cities (Galli et al., 2017).

The aim of this study is to characterise common and representative single CDW samples from
the Abruzzo region via their mesoscopic, physical features and mineralogy (crystalline and non-crys-
talline attributes) by X-Ray Powder Diffraction (hereafter XRPD) analysis. Then, a sub-set of them
was also characterised with X-Ray Fluorescence Wavelength Dispersive Spectroscopy (hereafter
XRF-WDS) to quantify the chemical features. In addition, the potential release of chemical species
from this CDW was also assessed. Finally, the petrographic features of the CDW from Abruzzo have

been compared with those from other geographical and geological regions.

2. Materials and methods
2.1 Mesoscopic and physical features. The 18 single CDW samples considered here were col-
lected in various cities and towns of the Abruzzo region, according to their mesoscopic appearance
in the field. The most frequent and common construction of these waste materials were selected for

successive characterisations. . The CDW samples were classified in several groups according to their
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mesoscopic appearance and commercial using: concrete (4), natural stone (Apennines carbonate) (2),
bricks (3), tiles (3), roof tiles (3) and perforated bricks (3) (Table S1 and Fig. S2). In Fig. S2, the

diameter of the mortar is about 5 cm.

The mesoscopic colours of the samples are qualitatively evaluated by eye on either bulk and as-
received samples and their corresponding powders, obtained after grinding a portion of it for further
analyses (see below). The texture refers to the classical petrographic observations and discrimination
of grains in rocks used in Earth Sciences (Merico et al., 2020; Giuliani et al., 2020), such as: 1) apha-
nitic and phaneritic for grains invisible (< some tens of pm) and visible (> some tens of um) by the
naked-eye or an optical lens (10 X), respectively. The porphyric texture refers to phaneritic grains
immersed in an aphanitic matrix. The density was measured by weighing a relatively large piece
(some cm?) of each sample and measuring the volume with a water bath (graduated Becker).

2.2 XRPD (X-ray powder diffraction). The crystalline and non-crystalline phases were analysed
via XRPD. For each bulk sample, about 10/20 g were grinded under alcohol using an electrical
grinder: the produced powders had crystallite sizes of few hundreds of pm. About 2/3 g of each of
these powders were dried and further grinded for 10 minutes again under alcohol, using an agate
pestle and mortar. The final powdered samples were homogeneous and with crystallites sizes below
10 um. Each fine powder was mounted into a cylindrical nominally zero-background Si sample
holder, with a random distribution of crystallites. Using a zero-background Si sample holder allows
qualitatively detecting the presence of non-crystalline phases.

Each powdered sample was analysed with a SIEMENS D-5000, with a Bragg-Brentano 6-20
configuration, equipped with CuKa radiation and a Ni filter. Each XRPD pattern was collected from
4 to 80° of 20, with a step scan of 0.02° and counting time of 4 s per step. Each XRPD pattern was
thus recorded in approximately 8 hours. The obtained XRPD patterns were first checked for the pres-
ence of non-crystalline content by observing some background shoulder (Walter et al., 2013; Boncio
et al., 2020). Then, the Bragg reflections were assigned by search-match comparisons to crystalline

standards contained in the inorganic crystal structure database (ICSD) (Boncio et al., 2020). The
5
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search-match identification of measured Bragg reflections started from the most intense peaks; the
XRPD standards that better reproduce either the 26 positions or the relative intensities of measured
Bragg reflections were used to identify the minerals in each sample (Fig. 1).

The abundance of crystalline phases (wt%), was semi-quantitatively evaluated using the RIR
(reference intensity ratio) method (Hubbard and Snyder, 1998; Johnson and Zhou, 2000; Chipera and
Bish, 2013; Boncio et al., 2020). The RIR method used here is implemented in the software package
“Match! version 3.9.0” (Crystal Impact, 2019). The RIR compares the intensity scaling factor of each
mineralogical phase (I) with a “virtual” corundum crystalline phase (Icor.), which is not necessarily
present in the XRPD patterns. The ratio “I/Icor.” is then used for assessing semi-quantitatively the
content (wt%) of each crystalline phase (Table S2).

2.3 XRF-WDS. Based on the XRPD outcomes, the chemical compositions of 11 samples (MPA-
10, MPA-18, MPA-04, MPA-14, MPA-07, MPA-11, MPA-09, MPA-16, MPA-01, MPA-05 and
MPA-15) were obtained using a XRF-WDS analysis (Table S3 and S4). The major, minor and trace
elemental features were obtained both using a Philips PW 1480 spectrometer, calibrated using exter-
nal standards by Chunshu et al. (1996) following the procedure defined by Gazzulla Barreda et al.
(2016), and an ARL Advant-XP spectrometer, following the full matrix correction method proposed
by Lachance and Traill (1966). The accuracy is < 5% for major oxides, and < 10% for trace element.
Volatiles were determined by loss on ignition (LOI) at 1000 °C.

Leaching test. Leaching tests were also performed (Table S5). The adopted leaching protocol
was modified from the UNI EN 12457-Part 2 (2004) and also reported in Bianchini et al. 2020.
Briefly, 1 g of CDW powder was soaked with 10 ml of deionised water for 24 h and the obtained
solution was centrifuged at 3000 rpm for 10 min and filtered at 45 pm (Minisart® NML syringe cel-
lulose acetate filters). The composition of leachates (expressed in mg/l) was obtained by inductively
coupled plasma mass spectrometry (ICP-MS) using a Thermo X-series spectrometer instrument on
samples previously diluted 1:5 by deionised Milli-Q water (resistivity of ca. 18.2 MQ x cm). Instru-

mental calibration was carried out using certified solutions and a known amount of Re and Rh was
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also introduced in each sample as an internal standard. Accuracy and precision were determined using
several international reference standards, being lower than 10% of the measured value, with detection

limits in the order of 0.001 mg/1.

3. Results

3.1 Mesoscopic texture. The mesoscopic appearance and texture, as well as density of the four
concrete, two natural stone, three brick, three tile, three roof tile and three perforated brick CDW sam-
ples are reported in Table S1 and displayed in Fig. S2. The colour of bulk as-received concrete is invar-
iably pale grey and that of natural stone is either grey or white. All the other materials, i.e. tiles, roof
tiles, bricks and perforated-bricks, except the sample MPA-07, are coloured (Table S1 and Fig. S2).

The MPA-03, MPA-10, MPA-13 and MPA-18 concrete samples are all characterized by a por-
phyric texture, with large and visible clasts (aggregate) immersed in an aphanitic matrix made of
cementitious binders. The natural stones are either aphanitic (MPA-08) or porphyric (MPA-19) (Ta-
ble 2). The bricks MPA-02 and MPA-04 are porphyric and the MPA-14 aphanitic, the MPA-07,
MPA-11 and MPA-17 tiles are invariably aphanitic, while the roof tiles MPA-09 and MPA-12 are
aphanitic and only the MPA-16 is porphyric (Table S1). Finally, the two perforated bricks MPA-01
and MPA-05 are aphanitic and the MPA-14 is instead porphyric.

3.2 Density. The density of concrete varies between 2.02 and 2.49 g/cm?, and that of natural
stone between 2.1 and 2.74 g/cm®. The density of the four bricks ranges from 1.7 to 2.25 g/cm?, that
of the three tiles from 1.83 to 2.3 g/cm?, that of roof tiles from 1.71 to 2.22 g/cm? and that of the three
perforated bricks is invariably < 2 g/cm?, i.e. between 1.73 and 1.94 g/cm? (Table S1).

3.3 Crystalline (and non-crystalline) phases. The XRPD spectra are stacked in Fig. 1, as a
function of groups (Table S2). A more detailed visualization of them per group is reported in Figs.
S3a, b, ¢, d, e, f, while a comparison of the crystalline phases’ content is provided in Fig. 2. All
concrete samples show significant amounts of calcite and quartz and the MPA-13 and MPA-18 spec-

tra also display illite and plagioclase. Overall, the mineralogical composition of these four concrete
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samples is similar, while the presence of non-crystalline phase is undetected or barely appreciable
(Figs. 1 and S3a). The four concrete samples are composed of calcite with a range comprised between
56 and 88 wt.%, plus a moderate to significant amount of quartz ranging from 8 to 27 wt.%; plagio-
clase feldspars and illite sheet-silicates are absent or with moderate to minor contents, i.e. up to 19
and 5 wt.%, respectively (Table S2 and Fig. 2). The two stone samples are made up exclusively of
calcite and free of non-crystalline materials (Figs. | and S3b).

The other four groups are notably different from concrete, since they are characterised by sili-
cate crystalline phases and free of calcite, except for the roof tiles MPA-12 and MPA-16 (Table S2
and Figs. S3a, b, c, d, e, f). Quartz and cristobalite, the two SiO2 polymorphs of SiO,, are the most
abundant crystalline phases (Table S2 and Figs. 1, S3a, b, ¢, d, e, f). Indeed, the non-crystalline phases
cannot be characterised by XRPD, but should be also SiO»-rich according to the broad shoulder po-
sition, the prevalent chemical system and its determination for a sub-set of samples (see below).

The bricks contain quartz, cristobalite, clinopyroxene, alkali-feldspar, plagioclase, melilite and
mullite. The MPA-04 and MPA-14 samples display a given amount of non-crystalline phases, the
MPA-02 and MPA-04 samples are relative similar, whereas MPA-14 is by far the most different
sample from the previous two (Table S2, Figs. 1, S3c and 2).

The three perforated bricks are composed of quartz, clinopyroxene, plagioclase, biotite and meli-
lite, and free of calcite (Figs. 1 and S3f). Their mineralogical content is relatively similar for clinopy-
roxene and plagioclase, ranging respectively between 12 to 26 and 7 to 14 wt.%; melilite is instead
either absent or up to 24 wt.%, while quartz changes from 45 to 75 wt.% (Table S2 and Fig. 2).

The three tiles are mainly composed of quartz and cristobalite, plus minor plagioclase and var-
iable amount of non-crystalline phases, showing very similar XRPD patterns, mirroring a very close
crystalline and non-crystalline content of phases (Figs. 1 and S3d). In line, they are made of 70 to 100
wt.% of quartz, an amount of cristobalite and plagioclase switching between 6 to 8 and 24 to 11wt.%,

plus non crystalline phase in sample MPA-07 (Table S2 and Fig. 2).
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The three roof tiles contain quartz and cristobalite, calcite, clinopyroxene, plagioclase, biotite
and melilite, whilst non-crystalline phases were undetected (Figs. 1 and S3e). Overall, MPA-12 and
16 show the wt.% of very similar crystalline phases. Differently, MPA-09 has no calcite and major
values of clinopyroxene and plagioclase, relative to MPA-12 and 16 (Table S2 and Fig. 2).

Concrete is rich to very rich in cc, ornamental stones are made of cc only, whereas bricks, tiles,
roof tiles and perforated bricks are cc-poor and -free, but rich in silicate crystalline phases. The other
data from previous studies are from the following geographical regions: 1* - southern Greece (Alex-
andridou et al., 2014), central Spain (Frias et al., 2020), Portugal (Rodrigues et al., 2013) and Veneto
region of Italy (Panizza et al., 2018). The acronyms are n.s.: natural stone, cc: calcite, do: dolomite,
qz: quartz, cri: cristobalite, pl: plagioclase, kf: k-feldspar, cpx: clinopyroxene, il: illite, bi: biotite, me:
melilite, mu: mullite, kao: kaolinite, gy: gypsum, port: portlandite, thau: thaumasite, ettr: ettringite,
hema: hematite and ncp: non-crystalline phase.

3.4 Bulk chemical composition. The major chemical species are expressed in oxide weight per
cent (wt. %), while the minor and trace elemental features are reported in mg/kg (Tables S3 and S4).
Since the two stone samples (Apennines limestone) are composed of calcite only (Fig. 1 and S3b),
their chemical compositions are very close to CaCO3 and were thus not analysed. The bulk major
oxide compositions of the 11 selected samples are compared in Figs. 6 and 7.

The first important difference is the significant distinction between concrete and all the other
groups. The former is very rich in CaO (> 40 wt.%) plus LOI (> 25 wt.%), with moderate amounts of
Si02 (<27 wt.%), poor in ALLO;3 (< 2.5 wt.%) and with very low contents of FexO3 (< 1.5 wt.%), MgO
(< 1 wt.%) and alkalis (< 0.6 wt.%) (Table S3 and Figs. 3, 4). The high content of LOI is related to the
CO; content derived from calcite, as measured by XRPD (Table S2 and Fig. 2). Conversely, brick, tile,
roof tile and perforated brick groups are invariably rich in SiO, (> 47 and < 71 wt.%) and ALLO3 (> 12
and < 20 wt.%), while relatively poor in CaO (< 24 wt. %): tiles are extremely poor in CaO (< 3 wt.%)
(Table S3 and Figs. 3, 4). The other oxides are relatively abundant: notably, Fe;Os is around 1.5 wt.%

for tiles but approximately 5 wt.% for bricks, roof tiles and perforated bricks (Table S3 and Figs. 3, 4).
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A similar situation is shown by MgO and alkalis (Figs. 3, 4). The tiles are richer in Al2O3 and poorer in
Fe>O3 and MgO compared to bricks, roof tiles and perforated bricks (Table S3 and Figs. 3, 4). Notably,
the amounts of CaO and respective LOI of these groups show an opposite correlation, testifying that
their LOI are poorly related to the content of calcite (Fig. 4).

Overall, all the minor and trace element contents are lower than 1 wt.% (Fig. 5). The differences
and similarities observed for major oxide bulk chemical compositions in and between CDW groups
are not mirrored by the content of minor and trace elements (Tables S3 and S4 and Figs. 5, 6). For
example, concrete shows a remarkable similarity with bricks and perforated bricks, especially for
MPA-10, MPA-18, MPA-14 and MPA-05; the brick MPA-04 and the two perforated bricks MPA-01
and MPA-05 samples are very close in minor and trace element contents (Figs. 5, 6). By contrast, the
two tiles MPA-07 and MPA-11 are similar to MPA-09 and to a lesser extent with the MPA-16 roof
tiles (Figs. 5, 6).

The content of critical S and Cl are relatively high for both concrete samples (MPA-10 and
MPA-18) and the brick MPA-14 and the perforated brick MPA-05 samples; the tiles and roof tiles
are instead poor in S and Cl (Table S4 and Figs. 5, 6). Remarkably, the amount of Pb is extremely
low for all samples except the MPA-11 tile that is exceptionally rich in Pb (Table S4 and Figs. 5, 6).
Finally, the amount of Sc, V, Cr, Co, Ni, Cu, Zn and As metals is several hundreds of mg/kg; concrete
contains the lowest contents (Table S4 and Figs. 5, 6).

3.5 Leachates. The possible release of dangerous chemical species by CDW is an important
issue in terms of toxicological and environmental issues (Bianchini et al., 2020). The most significant
and potentially harmful elements and their threshold values (according to the Italian norms) are re-
ported in Table S5 as a function of the CDW groups; the most valuable metallic elements are also
plotted in Fig. 7. The release of any element is invariably and by far lesser than 1 mg/l. According to
the Italian legislation, only As and Cr in some samples are higher than the corresponding limits. In

fact, both bricks, the MPA-07 tile and the MPA-15 perforated brick samples, have As contents higher
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than 0.01 mg/l; in parallel, the Cr content of the two concrete and the MPA-05 perforated bricks

samples have significant higher amounts than the admissible 0.05 mg/1 value (Table S5 and Fig. 7).

4. Discussion

The petrographic heterogeneity of CDW is the main limitation for their upcycling reuse. For
instance, RAC (recycled aggregate concrete) prepared with masonry materials (MRA: masonry recy-
cled aggregates) and/or the attached fraction of cement binders in RCA (recycled concrete aggregates)
tend to have poorer performance than conventional concrete (e.g. de Brito et al., 2005; Evangelista et
al., 2007; Gongalves & de Brito, 2010; Agrela et al., 2011; Coelho & de Brito, 2013; Bravo et al.,
2015; Bravo et al., 2020). In parallel, the quantification of the mesoscopic, physical and petrographic
differences is critical for the possible elimination of a heterogeneous CDW, like that occurring under
uncontrolled demolitions, illegal disposal and rubble from earthquakes (Martin-Morales et al., 2011;
Di Maria et al., 2013; Ulsen et al., 2013; Bonifazi et al., 2017a; Neto et al., 2017; Ambros et al.,
2019).

The determination of the mesoscopic, physical, mineralogical and chemical attributes of single
CDW samples from Abruzzo performed here unveils several aspects. The colour (appearance), tex-
ture, density, mineralogy and chemical composition show high to moderate similarities within each
group (concrete, ornamental stone, brick, tile, roof tile and perforated bricks) (Figs. 2, 3, 4, S2). By
contrast, the differences are clearer between different groups, especially between concrete and natural
stone and the other four groups (Figs. 2, 3, 4, S2).

Typical concrete, mortars and stone from Abruzzo are white to grey, whereas all the other ma-
sonry CDW are coloured, except the MPA-07 grey tile (Table S1 and Fig. S2). Similarly, concrete
and stone have moderate to high density (2 to 2.7 g/cm?), whereas the perforated bricks’ density is
always and markedly lower than 2 g/cm®. The other groups are instead more scattered, with a ten-
dency to be less than 2 g/cm? (Table S1); specifically, the MPA-04 (brick), MPA-17 (tile) and MPA-

12 (roof tile) samples overlap the average density of concrete (2.2 = 0.2 g/cm?®) (Table S1). All these
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mesoscopic features suggest that the separation of CDW from Abruzzo, as well as those from similar
geographical and geological regions, can only be poorly enforced using processing based on density
(e.g. Coelho & de Brito, 2013; Di Maria et al., 2013 and 2016; Ambros et al., 2017; Bonifazi et al.,
2017a; Hu et al., 2019) but more efficiently with procedures based on colour (Gokyuu et al., 2011).
Hence, an initial heterogeneous CDW from Abruzzo can be separated relatively well in two fractions
using density and, especially, colour attributes: the first, enriched in concrete and stone, the second
in masonry-rich CDW materials.

These mesoscopic (mainly colour) and physical differences between concrete and stone and
masonry materials reflect petrographic attributes. The former are rich (> 50 wt.%) to exclusively (100
wt.%) made up of calcite and obviously present high values (> 50 wt.%) of CaO and LOI (volatile
components), reflecting the high amount of CO; of the carbonate aggregates (Figs. 1, 2, 3). On the
other hand, bricks, perforated bricks, tiles and roof tiles are calcite-poor or -free and rich in crystalline
and non-crystalline silicate phases (Figs. 1, 2, 3). Thereby, the separation of concrete from masonry
CDW materials in Abruzzo can be further enhanced by a separation based on chemical compositions
(Serranti et al., 2015; Bonifazi et al., 2017b, 2018, 2019), since the former are CaO-rich and SiO»-
poor, while the latter show the inverse characteristics.

The amounts of the various crystalline phases in the CDW from Abruzzo are compared with those
provided in four previous studies performed on CDW from the Veneto region in north-east of Italy
(Panizza et al., 2018), central Spain (Frias et al., 2020), Portugal (Rodrigues et al., 2013) and southern
part of Greece (Alexandridou et al., 2014). These investigations deal with either mixed CDW or selected
groups like in here (Table S2). Overall, the typical crystalline phases solidified from the cement bindings
fraction of concrete, i.e. ettringite, thaumasite, portlandite, etc., are undetected or detected with very low
amounts (Table S2 and Fig. 2). The mineralogy of CDW concrete from Abruzzo is very similar to that
analysed in southern Greece (Alexandridou et al., 2014) and relatively close to that coming from Veneto
(Panizza et al., 2018). By contrast, the mixed CDW from Spain (Frias et al., 2020) and Portugal (Ro-

drigues et al., 2013) show a low to moderate amount of carbonates (calcite + dolomite) (Table S2 and
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Fig. 2), probably reflecting the mixing of concrete with masonry materials, as well as different litholog-
ical features. Indeed, the Abruzzo, Veneto and southern Greece regions are extremely rich in carbonate
rocks that were used to build most human structures.

Due to their crystalline and non-crystalline phases, concrete (and natural stone) and masonry CDW
from Abruzzo are significantly different (Figs. 3, 4). Again, the former is enriched in CaO and LOI (COz)
and poor in SiO», A[,Os3 and alkalis (Table S3 and Fig. 4). A more robust reappraisal of the similarities
and differences between CDW from different regions worldwide can be obtained through their chemical
features. In Table S3, the most significant studies, for which quantitative chemical characterisation of
CDW was provided, were reported. These data are compared in triangular diagrams in Fig. 8.

The concrete groups from Abruzzo and southern Greece (Alexandridou et al., 2014) are both very
rich in CaO and poor in SiO; + Al,O3, in line with XRPD outcomes (Fig. 2); conversely, the three CDW
concrete samples (RCA1, RCA2 and RCA3 in Table S3) from London (UK) (Limbachiya et al., 2007)
are poor in CaO and rich in SiO,. The former two groups again reflect the extremely high abundance
of carbonate rocks in Central Italy and southern Greece, whereas those of Limbachiya et al. (2007)
mirror the paucity of carbonate rocks around London. At the same time, all the CDW from other re-
gions, made up of mixed CDW, have a content of CaO invariably lower than that of SiO; + Al>O3, S102
+MgO + FexO3 and Si02 + NaxO + K0 (Fig. 8). These features reflect both their mixed CDW signature
and the scarcity of carbonate rocks from these areas. It is finally relevant to highlight that CDW from
Abruzzo is strongly different from that sampled in Ferrara, Emilia-Romagna region. These two areas
are located at a distance of only few hundreds of km, have been inhabited for thousands years and their
architectural histories are close. Nevertheless, their construction materials are significantly different,
due to the abundance of carbonates rocks in Abruzzo and their scarcity in the Po River plain settlements
(Vola et al., 2011). These outcomes evidence the necessity to characterise the petrography of CDW
at a local level to identify their main chemical and mineralogical features. These aspects could be

useful to design sorting procedures based also on petrography.
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5. Conclusion

As a general conclusion, areas rich in carbonate rocks, i.e. limestone, can be expected to share
similar features of their CDW concrete such as: a relative high density, a whitish to pale grey colours,
high amounts of calcite/dolomite crystalline phases, as well as being CaO- and CO»-rich (Figs. 3, 8,
S2). These aspects make CDW from Abruzzo and similar regions able to be sorted and separated in
two main and relatively homogeneous concrete and masonry groups, via macroscopic colour inves-
tigation and whole chemical sorting procedures. Finally, the leaching test shows that some samples
exceed the Italian Threshold Values of Heavy Metals (TVHM) limit (Italian Legislative Decree 152,
03/04/2006) for Cr and As (Table S5 and Fig. 7). These aspects are already reported for other CDW
(Frias et al., 2002; Estokova et al., 2012) and further highlight the necessity to characterise routinely

the petrography and geochemistry, as well as the leachates, of CDW worldwide.
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Fig. 1. Stacked XRPD patterns with indentified Bragg reflections to their corresponding
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506



507

508
509
510
511
512
513
5 14 This study 1* Frias et al, 2020| Rodrigues et al, 2013 Panizza et al, 2018
concrete : ns.i brick i ftile | r(:.‘f:’ Epem:i“d : 63um concrete brick
100 A - ; g N - - - .
TFOOR | |
515 III I Ill. Il cc+do
80 ‘ Bl [ qz+cri
g [ | [ | I | plekf
516 i i i g A I cpx
60 4 3 4 B I il+bi
= i : B i me
M mu
517% : . keo
il ] i g -y
Bl port+thau+ettr+hema
518 | M ncp
519
520
521 Fig. 2. Semi-quantitative content of crystalline phases (wt. %) by XRPD in the Abruzzo samples

522  (this study, Table S2).
523
524
525
526
527
528
529
530
531

532

22



533

534

535

536

537

concrete brick tile rt(i)'c;f pelr)f:(r:zln(ted

538 :

539 R SO,
3 Tio,

540 . ALO,
[ Fe,04

541 I MgO
I Cao

* 1 Na,0+K,0

542 g R LO|

543

544

545

546

547

548 Fig. 3. Quantitative abundance of major oxides (wt.%) of the selected samples representative

549  of distinct groups of CDW materials. Concrete are is in CaO and LOI (volatiles) and relatively poor

550 in Si0,, whereas bricks, tiles, roof tiles and perforated bricks are rich in SiO»

551
552
553
554
555
556
557

558
23



559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

concrete: brick

tile

: roof
t tile
Ll

perforated
brick
PR

concrete: brick : ftile

roof :
iotile
PlE g ey

brick
L

perforated

70 3
60 3

40 -
30 3

501 0w

i Tio

o5
Y
04
o2

0.0

i

20
15 ]

10

wt.%

L 40
L 30
L 20

- 10

LOI

- 30

- 25
Te
L6

F 2

Fig. 4. Scatter plot of the results obtained from XRF analyses. Contents of major oxides among

samples and groups. Some elements are plotted together as a function of their chemical characteristics.

24



584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

concrete : brick : tile ! rooftile : perforated brick
5000 : $ + :
I S
I Cl
I Fb
4000 + I Sc+V+Cr+Co+Ni+Cu+Zn+As
3000 4
(=2}
X
3
o
£
2000 A
1000 -

¥ &
¥ ¢ EEE R

Q W > g A N KD

&W

S & ®
¥ ¥
§ & W

Fig. 5. Comparison of the abundance of minor and trace elements of samples and groups to

highlight the most significant differences. Some minor and trace elements are plotted together as a

function of their chemical characteristics.

25



607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

mg/kg

concrete

| brick

tile

roof .

tile : brick

perforated

concrete

brick

file e

roof .

perforated
brick

3500

3000

2500

2000

1000

500 4

’
.
I

1

I
i

/

S

T

e

Cl

!
:f
i
A&

v

2100 A

1950

1800

1650

1500~
50

40

304

204

10 4

g

i

A

{Sc+V+Cr+Co+
;Ni+Cu+Zn+As

600

400

800

400

200

0

B e e @
FEEFTES

4

P e S e
\al
RN

o

AN e
FFFFEEES

N O o
S A ;quv‘
F§

&

~ K

Fig. 6. Contents of minor and trace elements among samples and groups. Some elements are

plotted together as a function of their chemical characteristics.

26



627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

roof : perforated

P } roof ; perforated . .
concrete: brick ; tile : tjle brick concrete: brick i tile i tjle brick
0.024 0.05
0022 As Sc
0.020 r 0
/
0018 /
I 003
aote /
014 A 0.02
0012
0010 4 — = e — ____f\____*___ _______ A‘\ 0.0t
\ \
A *
oxe| @@ \\ ! e Y 0-\. g s
0.008 \
* %
0.004 T T
04 o7
A v Cr
! 06
03 /
/) L os
/
! Fooa
02 /
‘ *‘\ 03
*
o1 ./' | oz
./. > Food
00 — . e e e s ]
P Py p— i
0,005 0012
Co A Ni
0004 ,f 0010
' /
| | 0.008
__ oo "‘ i
El ! ;’ 0.008
E [ i
0002 ! I
i /. i 0.004
! e
0001 ./. A Y A PN * 0.002
~ e
L g e
0.000 0.000
0035 C Z 0010
u n
0030 T ;f‘ 0.008
0025 + / !
" J,f /] 0.006
I
0020 ! |
i i i .', isd
0015 ° “l ‘( ‘j /
/ i I & / 0.002
0010 "l‘ | I .\\ ‘
!
2008 ) A i o *— 0.000
® *—o H
0.000
NS ;’,\ e LS e
0025 . . . ) ’ s
Mo Y“?Y‘?‘?‘Q‘TQ\’Q?Q?‘QYQY‘
i FESFFEFFELES
0020 I‘I
I
I
0015 ]
P
/ |
0010 ! I
! !
/ ! *
0,005 f ! N
/ A * *
L) i e
0.000 : T T T T
S o & A & O > o b
e T PPy
FFFLLLFTLLFLTLL
TIITISTIFSTITISTSE S

Fig. 7. Contents of As, Sc, V, Cr, Co, Ni, Cu, Zn and Mo in leachates. The black dotted line

indicates the Italian Threshold Values of Heavy Metals (TVHM) (see Table S5).

27



648

649

650

651

652

653

This work
Alexandridou et al, 2014
Limbachiya et al, 2007
Moreno-Perez et al, 2018
Frias et al, 2020
Komnitsas et al, 2015

654

L N &K

655

656

657

658

659

660

this werk -

this work - til

this work -

66 1 this work - perfored brick
Komnitsas et al, 2015
Moreno-Perez etal, 2018

Sabai et al, 2016
Favareto et al, 2017

662

663

664

665

666

667

668

669
670 Fig. 8. Major chemical oxides of CDW from different provenance worldwide. a) CDW made
671 of concrete; b-c) CDW made of masonry and ceramics. These data are reported in Table S3.
672

673

28



674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

29



700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733

Supplementary figures

Europe 2016 @ @ Italy 2016

== households
=== constructions
— energy

= manufacturing

= minings and quarrying
= other

CDW composition @ @ inert COW

=== concretes / mortars
C— masonry

mmmm asphalts

= other (minerals)

mmmm concretes
== masonry
C— other (minerals)

™ woods

= metals

B plastics

mmm Miscellaneous

Fig. S1. Shows the amount (wt. %) of wastes in Europe and Italy (a and b) as a function of

activity (http://ec.europa.eu/eurostat/statistics-explained/index.php/Waste_statistics); types of mate-

rial in a general CDW (c) and types of material in the ceramic-like and inert CDW fraction (d) in the
EU (or similarly in Italy). “Masonry” includes bricks and perforated bricks, “other mineral” refers to
tiles, roof tiles and stone, while “miscellaneous” considers textiles, RAEE, glass, dredging materials

and others.
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Fig. S2. Mesoscopic (bulk and as-received) samples of CDW collected in the Abruzzo region

(Central Italy), and resulting powder samples
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Fig. S3a. Stacked XRPD patterns of concrete (Table 1S); the vertical lines correspond to Bragg

reflections of crystalline standards of the ICSD database; cps indicates count per second; calcite (cc),

quartz (qz), illite (il), plagioclase (pl).
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Fig. S3c. Stacked XRPD patterns of bricks (Table 1S); the vertical lines correspond to Bragg re-
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flections of crystalline standards of the ICSD database; cps indicates count per second; calcite (cc), quartz
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Fig. S3d. Stacked XRPD patterns of tiles (Table 1S); the vertical lines correspond to Bragg
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reflections of crystalline standards of the ICSD database; cps indicates count per second; quartz (qz),
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plagioclase (pl), cristobalite (cri).
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Fig. S3e. Stacked XRPD patterns of roof tiles (Table 1S); the vertical lines correspond to Bragg
reflections of crystalline standards of the ICSD database; cps indicates count per second; calcite (cc),

quartz (qz), plagioclase (pl), cristobalite (cr1), clinopyroxene (cpx), melilite (me), biotite (bi).
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Fig. S3f. Stacked XRPD patterns of performed bricks (Table 1S); the vertical lines correspond
to Bragg reflections of crystalline standards of the ICSD database; cps indicates count per second;

calcite (cc), quartz (qz), plagioclase (pl), clinopyroxene (cpx), melilite (me), biotite (bi).
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