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Fine recycled aggregates represent a substantial amount of total recycled aggregates generated in the con-
struction and demolition waste recycling process, nevertheless its use is limited, and characterization procedures
are not well established. The liberation of cement paste and the understanding of the mineral phase’s compo-
sition and association is essential to improve fine recycled aggregates quality and to drive recycling process. This
study carried out extensively X-ray SEM-based image analysis to quantify cement paste and other phases to

evaluate associations and liberation of each phase. The results show that >80% in mass are composed mostly by
natural aggregates. Considering just higher densities (d >2.60 g/cmg), almost all particles are free from cement
paste (96% in mass). The correlations achieved between the chemical analysis and mineral composition
demonstrated the reliability of automated image analysis as characterization tool for fine recycled aggregates.

1. Introduction

The quantification of cement paste in recycled aggregates (RA) is
pursued by the academic community. The cement paste quantification is
essential to evaluate the effectivity of recycling process in cement based
recycled aggregates. Achieving the cement paste and mineral phases
associations and contents, it is possible to develop a hierarchically
process design according with the properties of the construction and
demolition wastes (CDW). Process control is the key to improve the
recycled aggregate quality. Therefore, the enhancement of recycled
aggregates applications will be inherent to the process, contributing to
favour circular economy. [1,2] The correct selection of crusher clearly
influences the final product. The devices commonly used in mineral
processing industry, as jaw and impact crushers, vertical shaft impac-
tors, ball mill, have proved to be efficient in remove partially cement
paste [4-7].

The CDW processing also contributes to improve the recycled ag-
gregates quality. Seeking new technologies to discretize phases is equal
in importance of pursuit the critical driven force to concentrate mineral
phases. The increase in the processing cost is a considerable barrier to
practical application. In contrast, the decreases in natural resources
extraction and the high amount of construction waste currently gener-
ated in volume positively boost new technologies.

The cement paste (CP) porosity is the major cause for lessening the

mechanical properties of recycled concrete aggregates, such as
compression resistance, Los Angeles abrasion, low density and high-
water absorption [3]. The quantification of cement paste is obtained
by simple methods with considerable drawbacks. Acid leaching method
overestimates the cement paste content when recycled aggregates
contain some limestone [8]; X-ray fluorescence could be employed by
the sum of calcium oxide content (CaO) and loss of ignition (LOI) to
estimate the percentage of cement paste plus carbonate contents [9].
New simple methods have been developed in the literature, but these
innovative methods [10,11] were not tested enough to ensure reliability
considering recycled aggregates heterogeneity. At best of our knowl-
edge, no reported method quantifies cement paste and all mineral
phases present considering fine recycled aggregate.

In mineral processing, it is important to identity and quantify the
presence of each phase and its association, once a selected driven force is
employed for phase’s separation (e.g. density and magnetic suscepti-
bility) to split the desire or undesired phases. Therefore, measuring
modal mineralogy [12,13] and CP content and its associations is
fundamental to elucidate which would be the best set of recycling
mineral processing parameters [4-7,15] in each processing step:
comminution, classification and separation, for improve final product
quality (reduced CP and therefore, porosity).

Mineral associations are traditionally carried out by mineral sepa-
rations in laboratory scale, taking into account the differences in the
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Fig. 1. Schematic representation of the liberation degree for a crushing lattice [7]. “Reprinted figure from “Concrete aggregates properties crushed by jaw and
impact secondary crushing”, Volume 8, Issue 1, January-March 2019, with permission from Elsevier.” License number 5210280802844.

physical properties of phases, such as density and magnetic suscepti-
bility [14-18]. In the 90s, phases association starts to be evaluated by
image analysis, such as optical microscopy or scanning electron micro-
scopy (SEM) [17,19]. The origin of phase identification and quantifi-
cation by SEM, starts with identifications of grey level of backscattered-
electron images for each mineral stablishing individual thresholds. The
technological evolution improved the linear and areal statistical analysis
for high resolution and high contrast images. At 2003, Gu [20] presented
the mineral liberation analysis (MLA) as SEM-automated tool, repre-
senting a method that combines de bbackscattered-electron (BSE) im-
ages analysis and energy dispersive X-ray spectroscopy (EDS). This
combination permits unequivocally associate the grey level with the
chemical signature of each phase improving the histogram thresholds
and quantifications of the phases automatically

The phase’s quantification by image analysis is poorly described in
the literature for RA characterization; its objectives essentially the
cement paste quantification. Abbas, et al (2009) [21] described the
procedure of image analysis for polished concrete species (400x100x100
mm) produced by coarse recycled concrete aggregates (4.75 to 19.0
mm) and image acquisition by a photographic camera; phases identifi-
cation was based on the colour of phases correlated to limestone natural
aggregates [21]. The authors evaluated aggregates particles in coarse
faction, therefore, a large number of particles are needed to ensure good
representativeness of the sample; even with automated image analysis, it
is not a simple task to ensure the accuracy of the results, since polished
sections will fit not more than a dozen particles.

The applications of image analysis techniques in multi-scale char-
acterization are described by the study of Pradhan, Kumar and Barai
(2020) aiming to evaluate unhydrated cement phases and void contents,
correlating it with concrete hardness and compressive strength [22].
The interface transitional zone (ITZ) is also explored for recycled ag-
gregates by image analysis; Zhao et al; 2015 [23] studied the association
of old mortar and new mortar in fine recycled aggregates by BSE images
associated with EDS analysis to reveal its impacts in compressive
strength. Kim, Y. et. al. (2019) [24] reported by the first time in litera-
ture, pore segmentation by BSE image analysis for porosity assessment
and cement paste content for recycled concrete aggregates (RCA).

Fine recycled aggregates (FRA; <5 mm, filler and sand fraction)
represent 40 to 60% of the total recycled aggregate, in mass. The FRA
fraction is almost disregarded in the recycling process. The literature
shows that almost all the cement paste content is concentrated in fine
fraction (<5 mm) after crushing process [25].

The efficiency of CDW recycling process is related mainly with the
cement paste content, meanwhile the liberation and association of
mineral phases (quartz, feldspar, carbonates and other) have equivalent

importance. The SEM-based automated image analysis (SEM-IA) repre-
sent an alternative to drive recycling process and evaluates the phase’s
content, association and liberation in a single analysis for FRA.

This paper aims to appraise the composition of fine recycled aggre-
gates by SEM-based image analysis (SEM-IA), phase’s association and
their liberation to drive recycling process, especially the comminution
mesh. Moreover, the partition (distribution) of elements of interest on
bearing particles was determined.

1.1. Definitions

Some definitions used in this work are important to be addressed for
a better understanding of the experimental data and results.

Image analysis and stereology — image analysis is widely used in
minerals characterization to identify and quantify phases occurrence
and associations; it concerns the measurement of geometrical features
that are exposed on two-dimensional images. The images acquisition is
commonly carried out from plane sections cut through mounted min-
erals particles [18]. Image acquisition can be done by different micro-
scope techniques, from optical to electron microscopes. Nevertheless, in
order to obtain representative image analysis considering three-
dimensional information, particles must be randomly distributed.

The correlation of measured data on degraded space dimensionality
is a field of science called “stereology” [26]. The principle of stereology
states that the volumetric proportion (3D information) of each phase is
equivalent to its area or line proportion (2D or 1D data) if sufficient
particles are analyzed (statistically representative) in a random section
(or sections) of the sample [18,26]. The first record of quantitative
mineralogical composition by image analyzing was in 1848 with the
studies of De Lesse; different image acquisition and processing systems
have been optimized over the years, but De Lesse principle remain
applicable [27].

Liberation — in mineral processing, degree of liberation of a certain
phase is represented by percentage of the phase occurring in free par-
ticles (single phase particle) in relation to the total of that phase in the
material (free + locked/composite particles) [28]. Liberation occurs
when dissimilar phases, such as hardened cement paste and natural
aggregates phases, are detached from each other. Liberation is mainly
achieved by size reduction; therefore, crushing is the first necessary step
release of usable materials from concrete waste, including gravel,
crushed aggregates and sand. In Fig. 1, it can be seen an image of a
concrete particle (Fig. 1a and the liberation achieve by crushing at 4 mm
(Fig. 1b and 2 mm (Fig. 1c demonstrating the finer the comminution, the
higher the degree of liberation, i.e., the finer the comminution, more
particles free from the cement paste are produced. In this example, the
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Fig. 2. Schematic representation of the classes of particles by percentage in area (phase of interest in black).
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Phase’s association (SEM-MLA)

Fig. 3. Flowchart of sample preparation for SEM-based automated image analysis.

reduction of the top size from 4 to 2 mm, led to an increasing of liber- frequency of the phase of interest that occurs for each particle class.
ation degree. An example to make clear the calculations of liberation
degree is shown in Fig. 11 in Appendix I. 2. Materials and methods

Liberation curves — liberation degree can be indicated by a number
when considering the whole sample as well as by fraction size or libera- 2.1. Samples
tion class. Each class indicate the percentage of a certain phase in the
particle. In Fig. 2 it is illustrated different classes of particles containing This study was performed on fine recycled aggregates obtained by
from 0% to 100% of a certain phase (in this case indicated in black color). tertiary crushing of approximately 4 tons of CDW by a vertical shaft
Therefore a “liberation curve” can be traced and indicates the cumulative impactor (VSI) to below 3 mm (classified as fine recycled aggregate or
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Fig. 4. Phase discrimination by BSE gray level and EDS spectra at GXMAP mode.
sand). on polished sections of selected samples sub-categorized by sieve frac-

The processing of CDW focused on the production of recycled fine
aggregates lead to a better quality of products [29,30]. When recycling
is targeted to the production of coarse recycled aggregates, sand fraction
is involuntarily generated as a by-product (in a few cases), but mostly as
tailing and its composition is mostly fragile particle edges that broke off
during handling or demolition as well as in the grinding processes [30].
Additionally, the use of vertical shaft impactors (VSI) proved to improve
the roundness and sphericity of the particles, contributing to a better
aggregate morphology, for manufactured sand [31,32] and recycled
aggregates [29,30] with some operational advantages as control of the
particle size distribution by rotor rotation [32], low labour costs, no
crushing of the fines, and lower energy consumption compared to cone
crushers (6% less energy) for the same feed rate [33].

The sampling procedure (60 days of sampling) and crushing (pri-
mary, secondary and tertiary crushing) was described previously in
literature [29]. Sampling of CDW was carried out in a private recycling
plant located in Sao Paulo metropolitan region (large metropolitan area
in Brazil) which composition is mostly low and medium-strength con-
crete (around 80%) and masonry. The recycled sand (VSI-75) obtained
was homogenized and sampled in order to guarantee representative
aliquots for this study. The characterization by automated image system
(SEM coupled with MLA - Mineral Liberation Analyser) was performed

tions and specific gravity (“d”) (Fig. 3).

The sample preparation study comprised wet sieving in fractions for
a better sample preparation and characterization (down to 0.15 mm)
(Haver&Bocker EML45 equipment) and specific gravity separations in
heavy liquid (bromoform admixtures with ethylic alcohol) at specific
densities (“d”) of 2.20, 2.50, 2.60 and 2.64 g/cm3 for minerals separa-
tion. After that each product was sampled in a rotary sampler to assure
sample representativeness. Each product was pulverized for chemical
analysis. Images from stereomicroscope from a selected size fraction of
the attained products from density separation are shown in Fig. 15, in
Appendix III.

2.2. Chemical Analysis: X-ray fluorescence and acid leaching

The chemical quantitative analysis of all products was performed by
X-ray fluorescence spectrometry (XRF) in Axios Advance equipment
(Malvern Panalytical) using fused beads with anhydrous lithium tetra-
borate according to the analytical laboratory quality control procedures,
considering the calibration curves established from certified reference
materials. The loss on ignition (LOI) was obtained by thermal treatment
in muffle at 1050 °C for one hour.

The estimation of the content of cement paste plus carbonates was
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Fig. 5. Phase classification of particles in by EDS mapping. Each red cross

represents an EDS data acquired.

Table 1

Strategies of segmentation for the main phases.

Phase

Composition

discrimination
criteria

discrimination
difficulty

Cement paste

Ceramic

Feldspar

Carbonate

Phyllosilicates

Pyroxene/
amphibole

Quartz

Anatase

Highly
variable

Highly
variable

Variable

Variable

Variable

little
variable
Fixed
Fixed

BSE + EDS map +
further manual
image processing
(touch up)

BSE + EDS map +
further image
processing (touch
up)

BSE + EDS map

BSE + EDS map

BSE + EDS map

BSE + EDS point

BSE + EDS point
BSE + EDS point

Similar BSE gray level
of ceramic, feldspar and
carbonates.

Minor components of
quartz from cement
paste matrix can be
classified as quartz
instead of cement paste;
solved by touch up
Similar BSE gray level
of cement paste,
feldspar and
carbonates.

Minor components of
feldspar into ceramic
matrix can be classified
as feldspar instead of
ceramic; solved by
touch up

Similar BSE gray level
of cement paste,
ceramic and
carbonates; solved by
BSE + EDS

Similar BSE gray level
of cement paste,
ceramic and feldspar;
solved by BSE + EDS
Normal composition
variations between
those in the family, such
as higher/lower
presence of K or Mg
depends on
phyllosilicates types but
easy to solve with EDS

carried out by acid leaching with a 33% HCI solution on pulverized

samples [34].

2.3. SEM-based automated image analysis (SEM-IA)

The assessment of the composition of the phase associations in the

products was carried out by automated image analysis system (MLA —

Construction and Building Materials 320 (2022) 126206

Mineral Liberation Analyser) coupled to a SEM (Quanta 600 FEG — FEI/
THERMO) assisted by energy-dispersive X-ray spectroscopy (EDS)
(Quantax 4030, Bruker). A brief description about how the SEM-IA
works is shown in Appendix II. Minerals identification was supported
by X-ray diffraction analysis in pulverized samples and backload
pressing.

The preparation of monolayer polished sections for image analysis
was carried out by size fraction and density products and considered
multiples sections to assure reproducibility and to achieve the statistical
representativeness, where: 0.30-0.15 mm: 5 sections, 0.60-0.30 mm
and 1.2-0.60 mm - 10 section each fraction, 2.0-1.2 mm and >2.0 mm —
14 sections each fraction. At the total, >56,000 particles were analysed.
Increasing the number of particles analysed, there is a decrease the
deviation as postulated by Van der Plas in 1965; according to the chart
they developed, counting 3,000 points/grains would lead to <2% on
absolute standard deviation [35]. Additionally, using the calculations
they presented, a relative deviation of 10% would require counting 4000
points/grains for phases content of 10%, 600 points/grains for phases
content of 40% and 200 points/grains for phases occurrence of 70%. In
summary, the authors postulate that reliability is expressed by standard
deviation that is related to the number of points counted of each phase.

Sampling of all products was carried out in a rotatory sample divider
MSR25 Microscal considering from 60 to 80 incremental aliquots to
assure representative aliquots for further microscope analysis. The
monolayer polished sections were prepared spreading the particles ho-
mogeneously in a cylindrical mold and filled with epoxy resin; the
blocks were demolded after hardening and followed by grinding and
polishing steps.

The monolayer polished sections, previously covered with carbon
film, were submitted to the SEM-based image analysis routine in GXMAP
mode at MLA system [17] (Fig. 4) from which classification of the phases
was obtained in a first step by backscattered electron imaging (BSE) and
gray levels segmentation (atomic number contrast) and further by
chemical differentiation through a net of EDS point analysis (charac-
teristic X-ray spectra). In this procedure, specific gray level ranges with
two or more phases having a similar atomic number (BSE contrast) can
be chemically discriminated throughout a more detailed EDS analysis in
a regular net with a desirable pixel size, for example, ceramics and
carbonates. In Fig. 12 (Appendix II) it is also show the phase’s
discrimination of very complex texture particles.

2.4. Phase discrimination strategy

The cement paste, ceramic, feldspar and carbonates sometimes have
similar grey level. It happens because BSE levels reflects the average
atomic weight; the composition of those phases varies a lot and it can
produce similar grey levels. Therefore, phase’s discrimination was
solved by applying a segmentation based on the X-ray EDS profile — so
called GXMAP mode. The distances of each X-ray mapping as illustrated
in Fig. 5. By using this approach, small grains of quartz in the matrix of
cement paste could be classified as a quartz, nevertheless, the texture
was considered essential to differentiate these particles and the “touch
up” tool was applied to correct occasional misunderstanding classifica-
tion. The same happen with ceramic phase, in this case the phase was
misunderstood as feldspar. Table 1 summarizes the segmentation
strategy applied for the main phases.

3. Results and discussions
3.1. Products phase composition

Products composition by size and density is shown in Table 2, as well
as phase’s distribution. The summary of composition by size fraction and
density is shown in Appendix III (Fig. 13 and Fig. 14), as well as images
from stereomicroscope from a selected size fraction (Fig. 15). Images
from classified particles from SEM-IA by size and density is shown in
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Table 2
Content and distribution of mineral phases by size fraction and density.
Fraction (mm)/ % weight Content by SEM-IA (%) Distribution by SEM-IA (%)
Products (g/cm® assay [ qz fd cp carb cer mic ma oth| qz fd cp carb cer mic ma Oth
d<2.2 6.2 57 57 30 27 39 12 0.0 0.3(101 1.0 235 29 51 12 00 18
£ 22<d<25 24.0 52 21 16 4.8 43 0.8 0.0 0.4(35.7 14.3 49.9 20.6 22.0 3.3 0.0 8.1
E 2.5<d<2.6 170 (27 43 81 43 14 20 0.3 0.4(13.1 206 17.6 13.1 52.0 58 1.2 6.4
g 2.60<d<2.64 120 |43 42 19 31 1.0 6.1 1.7 09(148 141 29 6.7 25 121 54 101
o« d>2.64 40.8 |23 44 12 78 21 11 88 20(26.3 50.1 6.1 56.7 18.3 77.7 934 73.6
Total 100 35 36 7.8 56 47 6.0 3.9 1.1(100 100 100 100 100 100 100 100
d<2.2 6.7 46 6.1 39 33 36 1.1 00 04|6.7 14 302 51 58 1.7 0.0 24
£ 2.2<d<25 25.0 57 17 18 29 41 1.0 0.0 0.3(30.8 14.6 50.5 16.9 24.5 53 0.1 7.7
f‘ 2.5<d<2.6 18.7 39 43 45 1.0 97 11 1.1 04155 282 97 44 441 45 104 7.0
g 2.60<d<2.64 20.5 62 31 16 02 23 23 1.1 0.3(27.0 21.8 38 09 11.6 105 11.2 6.3
N  d>2.64 29.2 32 34 1.7 10.7 2.0 122 5.2 2.7(20.0 34.0 57 727 14.1 781 78.3 76.6
Total 100 47 29 87 43 41 45 19 1.0/100 100 100 100 100 100 100 100
d<2.2 4.8 36 55 51 25 36 08 00 05|31 12 271 39 50 13 00 26
E 2.2<d<25 222 |47 19 22 25 67 12 0.0 1.0(18.7 18.7 549 18.1 43.8 9.0 0.0 235
,;E, 2.5<d<2.6 19.9 54 35 47 08 4.1 0.6 0.0 0.2(19.2 31.1 104 53 242 42 00 45
3 2.60<d<2.64 28.3 79 17 12 03 08 0.7 0.6 0.1(399 214 38 3.0 6.8 6.3 87 34
S 264 248 |43 25 14 87 28 96 6.6 25(19.1 27.6 3.8 69.7 20.2 79.1 91.3 66.0
Total 100 56 22 91 31 34 3.0 1.8 0.9(100 100 100 100 100 100 100 100
d<2.2 4.8 16 56 71 18 33 08 04 05|12 1.7 340 36 64 1.7 1.0 27
E 2.2<d<2.5 15.6 (48 17 27 23 34 16 0.8 0.6(11.7 16.6 41.3 149 21.6 11.0 58 9.6
Q 25<d<26 176 |49 37 77 10 38 0.6 0.7 0.2|134 415 135 71 276 49 58 37
g 2.60<d<2.64 45.1 88 76 1.8 02 13 03 05 0.1]|61.8 219 82 44 248 65 111 45
g d>2.64 169 (45 17 1.8 97 28 102 9.2 43|11.8 182 3.0 69.9 19.6 759 76.4 79.6
Total 100 64 16 10 24 24 23 2.0 09(100 100 100 100 100 100 100 100
d<2.2 6.7 94 39 81 23 27 07 0.0 03|11 18 353 62 65 22 00 14
E 2.2<d<2.5 122 (25 14 49 36 57 1.7 0.0 05(52 119 39.2 17.3 252 9.2 0.0 47
1 25<d<2.6 29.2 59 26 10 1.1 3.2 0.7 0.0 0.1(28.8 53.3 18.3 13.1 345 9.3 0.7 3.0
g 2.60<d<2.64 34.3 87 80 22 05 1.0 04 0.9 0.1(49.8 191 48 6.1 124 58 19.0 28
g d>2.64 17.7 51 11 21 81 33 94 7.7 6.8(152 13.9 24 57.3 21.4 73.5 80.3 88.2
Total 100 60 14 15 25 27 23 1.7 14|100 100 100 100 100 100 100 100
Products %wt [gz fd cp carb cer mic ma oth| gz fd c¢cp carb cer mic ma oth
d<2.2 5.8 32 53 55 25 33 09 01 0435 13 311 43 57 15 02 21
2.2<d<2.5 19.6 |48 18 24 32 50 12 01 0.6|17.6 155 46.0 179 285 6.8 1.1 10.8
E 2.5<d<2.6 20.7 |49 35 71 14 6.1 0.9 0.3 0.2(189 32.0 143 86 37.0 55 3.1 47
.E 2.60<d<2.64 28.7 79 15 1.7 05 1.2 1.1 0.8 0.2(42.6 193 48 42 103 89 103 5.1
; d>2.64 25.2 37 29 15 89 25 107 74 33(174 319 3.8 650 18.6 77.3 854 77.3
3 Total 100 53 23 10 3.5 34 35 22 1.1(100 100 100 100 100 100 100 100
% d>2.2 94.2 55 24 75 35 34 36 23 1.1(96.5 98.7 68.9 957 94.3 98,5 99.8 97.9
= d>2.5 746 |56 25 3.2 36 3.0 43 29 12(789 83.2 229 77.8 65.8 91.7 98.8 87.1
d>2.6 53.9 59 22 16 44 18 56 3.9 1.6(60.0 51.2 8.6 69.2 28.8 86.2 95.6 82.4
d>2.64 25.2 37 29 15 89 25 107 7.4 3.3(174 319 3.8 650 18.6 77.3 854 77.3

Notes:qz-quartz. fd — feldspar. cp — cement paste. carb— carbonates. cer - ceramics. mic— micas. ma— maficminerals (pyroxene+
amphibole). oth — other minor phases

Distribution means the percentage of each phase that is associated to each product, i.e., from the total quartz (or any
phase), the proportion that is recovery in eachproduct. These calculations are relevant when thinking on rec ycling process
and products/phases recovery.

L ) % mass x content (for each product) 6.2 x 57
Distribution = - Exanple:
total grade at fraction

=10.1 (highlighted in the table in brown colour)

Notes: qz-quartz. fd — feldspar. cp — cement paste. carb — carbonates. cer — ceramics. mic — micas. ma — mafic minerals (pyroxene + amphibole). oth — other minor
phases.

Distribution means the percentage of each phase that is associated to each product, i.e., from the total quartz (or any phase), the proportion that is recovery in each
product. These calculations are relevant when thinking on recycling process and products/phases recovery.

Y%massxcontent(foreachproduct)

6.2x57
— . Example:
totalgradeatfraction

Distribution =

= 10.1 (highlighted in the table in brown colour).
6
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Fig. 6.

The separability of mineral phases by heavy liquid separation effi-
ciency was previously demonstrated in the literature [6] and it is indi-
cated by the products mass distribution in the heavy products.
Regarding the density separation for the product (—3.0 + 0.15 mm —
Table 2, highlighted in red colour), about 94.2% of sample mass is
concentrated in density above 2.20 g/cm® containing 7.5% of cement
paste; 74.6% in density above 2.50 g/cm® with 3.2% of cement paste;
53.9% in density above 2.60 g/cm® and just 1.6% of cement paste. These
results demonstrate that the density is a driving force that allows the
separation of particles enriched in cement paste, as previously
described. In terms of recycling process, the removal of a minor amount
of mass on light products increases the final product quality (lower
cement paste content).

As concerns the sieve sized products, it is notable that the density is

22<d<25

25<d<2.6

Construction and Building Materials 320 (2022) 126206

more efficient driven force when compared with particle size regarding
to phases distribution (Table 2, Fig. 6). However, some important
changes are observed in finer fractions, as expected, the content of
cement paste increase (from 7.8 to 15%) as well as the quartz content
(from 35 to 60%). Some minerals otherwise decrease the content such as
feldspar (from 36 to 14%), carbonates (5.6 to 2.5%) and mafic minerals
(from 3.9 to 1.7%).

The mass distribution by size and density, evidence the concentra-
tion of heavier products (d >2.64 g/cm®) in coarse fractions, varying
from 40.8 to 17.7% (Table 2, highlighted in blue colour) due to the
presence of phases resistant to crushing, especially feldspar and mafic
minerals (pyroxene + amphibole). Concerning the distribution of each
phase it is outstanding that quartz, feldspar, carbonates and mafic
minerals concentrates on heavy products, while ceramics in intermedi-
ate products and cement paste in light products.

26<d<2.64

. pyrox_amphib

D other

. feldspar
carbonates

. cement paste
|:] phyllosilicates

. anatase

Fig. 6. Phase classification of particles in SEM-IA by size fraction and density products (HFW = horizontal field of view).
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Fig. 7. Cumulative phase’s content by density separation products (total 3.0-0.15 mm).

Table 3
Partition of Ca on bearing phases.

Fraction Phases Ca distribution (%) Total

(mm) <2.20 2.20-2.50 2.50-2.60 2.60-2.64 >2.64 | by fraction

3.0-2.0 cp 94 86 75 36 12 60
carb 57 14 25 46 51 27
ma - - - 12 31 11

2.0-1.2 cp 96 91 82 65 16 7
carb 3.6 9.0 12 8.3 61 22
ma - - 4.8 23 18 5.8

1.2-0.60 cp 97 92 90 73 1" 75
carb 3.1 6.9 10 13 59 17
ma - - - 12 24 5.6

0.60-0.30 cp 95 93 86 98 14 81
carb 5.1 7.3 6.9 1.7 53 12
ma - - 7.5 - 27 5.6

0.30-0.15 cp 95 93 76 98 19 93
carb 4.5 7.4 12 1.9 49 5.2
ma - - 12 - 25 1.7

Total cp 96 91 82 83 14 77

3.0-0.15 carb 43 8.9 13 8.4 55 16
ma - - 5.7 6.8 25 5.6

Notes: cement paste (cp), carbonates (carb), mafic minerals (ma) — pyroxene + amphibole.

Table 4
Association of mineral phases by density and size fraction.

Sieve fraction Mineral association

Products from heavy liquid separation (% mass)

(mm) <2.20 2.20-2.50 2.50-2.60 2.60-2.64 >2.64
3.0-2.0 free 12 34 74 94 9
locked with CP 88 66 26 5,9 4,2
2.0-1.2 free 5,5 30 75 96 95
locked with CP 95 70 25 4,0 53
1.2-0.60 free 8,7 23 72 95 95
locked with CP 91 77 28 52 5,4
0.60-0.30 free 4,0 25 57 90 93
locked with CP 96 75 43 10 7,4
0.30-0.15 free 6,6 11 50 89 920
locked with CP 93 89 50 11 10

cp — cement paste.

The dense product at 2.60 g/cm® (Table 2, highlighted in green
colour) present just 8.6% of the total cement paste in concentrate and
28.8% of the ceramics, while the yield of mineral phases would be
higher than 60% in average, and reaches 95% in the case of mafic
minerals. The results of phase’s distribution clearly demonstrate that for
each separation density, there is depletion on ceramics and cement paste
recovery compared to the mass distribution, thus, there is enrichment on

other mineral phases in the heavier concentrates.

Cement paste is dominant in the product density below 2.50 g/cm®
(Table 2, highlighted in pink colour), which represents 77% of its total
content in the sample for just 25.4% in mass. On the other hand, for the
same product, the content of carbonates is minimum (from 2.5 to 3.2%)
and mafic minerals are insignificant.

The composition of the product sink in 2.64 g/cm? is outstanding,
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Table 5
Mineral liberation degree by sieve fraction for different proportions of phases in
bearing particles.

Phases (% in
area from the

Liberation degree (%) by sieve fraction (mm)
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since there is a remarkable increase in the content of carbonates and
mafic minerals; 69% of the carbonates from the sample are concentrated
in this product and 95% of the mafic minerals.

The content of each phase in cumulative products is exposed in
Fig. 7; from this figure, it is possible to identify the content of cement

. 3.00-2.00 2.00-1.20  1.20-0.60  0.60-0.30  0.30-0.15 . -
Com?ll“mg paste (apart from the carbonates) for each separation density, as well as
particle) to any other phase. As an example, for a cement paste content lower than
=50 99 98 98 98 97 10%, the separation density must be around 2.60 g/cm®. The same
= 80 92 90 90 o3 o1 interpretation can be used to any other phase, such as quartz, feldspar
>90 82 80 82 85 82 - oo
> o5 74 75 75 76 70 and other identified phases.
Proportion of cement paste in particles (%)
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Fig. 8. Frequency of particles for different class of mineral particles by density separation products (total sample 3.00-0.15 mm).
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Fig. 9. Correlations between the content of cement paste and carbonates by SEM-IA, CaO + LOI and HCI leaching.
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Fig. 10. Correlations between the content of feldspar by SEM-IA and chemi-
cal results.

3.2. Partition of Ca on bearing phases

Regarding the chemical composition, the partition of calcium (Ca) in
the bearing phases is shown in Table 3 and indicates the proportion of
this element that is associated with each phase.

For the whole sample characterized (total sample 3.0-0.15 mm), in
products with density below 2.64 g/cm®, the partition of Ca on bearing
phases (Table 3) revealed that the calcium is essentially associated with
the cement paste (>90% on average, varying from 82 to 96% — (Table 3)
in blue colour). Nevertheless, on the products sink at 2.64 g/cm3, just
14% of the calcium is associated with this phase due to the large pres-
ence of other calcium-bearing phases (calcite/dolomite/pyroxene/
amphibole - (Table 3, in pink).

The Ca distribution in terms of particle size is more relevant on
coarsest fractions since the content of carbonates, pyroxene/amphiboles
are higher, and they account as Ca-bearing phases.

In conclusion, the higher the density of the product separation, the
lower the content of cement paste, however the amount of Ca increases
since it is associated with other phases. So, neither acid leaching nor the
sum of CaO and LOI quantify correctly the amount of cement paste when
limestone is present or other calcium-bearing phases.

3.3. Phases’ association and liberation

The results of image analysis allow a detailed characterization of the
associations of each phase, although for evaluating phase’s liberation
the results were coupled in just two major groups: a) cement paste, b)
mineral phases (all other phases identified except cement paste,
composed by quartz, feldspar, carbonates, ceramic and others). The
occurrence of mineral phases into free' or locked” particles with cement
paste is summarized in Table 4.

The mineral liberation curves by particle composition represented by
the frequency of particles with different proportion of cement paste (0%,

! Free particle indicates a particle composed by one single phase (>95% in
area), i.e. it is not associated with cement paste in this specific study
2 Locked particles are the ones composed by mineral phase plus cement paste

10
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5%, 10% ... 90%,100%) are shown in Fig. 8, for the total sample
(fraction 3.0-0.15 mm) by density products and the liberation degree by
size fraction in Table 5.

There is a progressive increasing on the proportion of free particles
(particles free of attached cement paste) on heavier products due to the
phase’s liberation (Table 4, Fig. 9).

For products float at 2.50 g/cm3 (Table 3), most particles are locked
with cement paste (from 88 to 96% for product <2.20 and 66 to 89% for
product 2.20-2.50 g/em®); for product sink at 2.50 and float at 2.60 g/
em?, the proportion of locked particles decrease to intermediate values
(25 to 28% for fractions >0.60 mm and 43 to 50% on finer fractions).
For products sink at 2.60, the proportion of locked particles decreases
markedly and the proportion of free particles goes up to 96%, indicating
that a density separation will lead to a heavy product with low content of
cement paste and also a high proportion of pure mineral particles with
no paste.

Taking into consideration the sieve fractions, it is noteworthy the
decreasing on phase’s liberation on fractions below 0.60 mm due to the
intimate associations of fine particles of sand and cement paste that
composes the mortar or concrete (Table 4, Fig. 9).

The liberation degree by sieve fraction is very similar and up to 95%
of mineral phases by area. Particles containing <10% of cement paste in
area (>90% of mineral phase) represent from 80 to 85% of the total
particles; whilst if the aim is to attain particles with <5% of cement paste
attached, the proportion of particles decrease to values between 70 and
76%. This is a remarkable data to drive recycling processing.

From Fig. 9, it is possible to establish the separation density in which
the desired content of cement paste can be attained, i.e., for a particle
containing at least 90% of mineral phases (maximum of 10% of cement
paste), there will be achieve a sample mass recovery around 80% for the
total sample fractions. If we analyse each density separation, it its
remarkable that density below 2.50 g/cm® is enriched in particles
associated to cement paste.

3.4. Phases quantification by SEM-IA and chemical analyses

The sum of the contents of cement paste and carbonates assessed by
SEM-IA shows a linear correlation with the sum of CaO by XRF and LOI at
1,050 °C (Fig. 9a), which, in turn, presents a good correlation with the
estimate of cement paste by acid leaching (Fig. 9b). It is important to
highlight that both methods are not selective to cement paste but are
correlated to the sum of carbonate and cement paste content. The
chemical composition of all products is detailed in Table 6 — Appendix I11.

It is noteworthy that this correlation considers the sum of carbonates
and cement paste. In higher density products, the content of carbonates
(calcite and dolomite) increases and the content of cement paste de-
creases to values under 2% (Table 2), so the estimation by chemical
analysis is no longer accurate.

Thus, the estimation of the cement paste content by HCl leaching or
by CaO + LOI in products with higher density becomes even more
inaccurate, underestimating the quality of the recycled aggregates
products (Fig. 9). The results are confirmed by analyzing the distribution
of calcium in the cement paste by SEM-IA.

Moreover, the content of feldspar (Fig. 10.) is directly related to the
sum of the NapO and K0 assessed by XRF, thus by chemical analysis
results it is possible to infer if the proportion of feldspar are increasing or
decreasing.

4. Conclusions

The cement paste content, carbonates and other phases was precisely
quantified by SEM-based automated image analysis in fine recycled
aggregates, as well as their associations. Therefore, it is possible to
evaluate the recycling processing efficiency and control the composition
of the final product, as well as indicate the appropriate comminution
size to attain better liberation degree (cement paste removal).
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The results of image analysis allow a detailed characterization of the
associations of each phase and demonstrated an increasing in the pro-
portion of particles without cement paste attached in denser products, as
expected. For products sink at 2.60 g/cm3, the proportion of free par-
ticles goes up to 96%. Regarding particle size, it was demonstrated that
particles >1.2 mm present an intrinsic association with porous phases
and lower liberation degree. For fractions finer than 1.2 mm, the
liberation degree increases dramatically, indicating that it is a better top
size for grinding.

At high density products (d >2.64 g/cm®), just 14% of the total
calcium is associated with cement paste (fraction 3.0-0.15 mm) and
80% associated to calcite, dolomite, pyroxenes and amphiboles, the
remaining 6% is associate at the fines (<0.5 mm). The cement paste
evaluation by simple methods such as loss on ignition plus CaO and acid
leaching tests cannot be applied correctly when limestone is present as
aggregate. Highers the content of carbonate less representative is the
tested simple methods for cement paste quantification.

The correlations between the sum of CaO and LOI and cement paste
+ carbonates, as well as comparison to the cement plus carbonate
content estimated by acid leaching, demonstrate the reliability SEM-

Appendix I

Schema for the calculation of the liberation degree

Liberation degree

Fig. 11. Examples for the calculation of the liberation degree for different phases from a sample; (a — “black™ phase; b — “blue” phase).
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based image analysis to quantify the cement paste in fine recycled
aggregates.
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Appendix II

Brief description of SEM-IA analysis

The SEM-based image analysis system used (MLA system) consists of a software that controls energy dispersive spectrometer (EDS) and scanning
electron microscope (SEM) detectors, automatically acquiring X-ray EDS images and spectra. Typically, around 40 to 100 images/frames (containing
4,000 to 20,000 particles) are acquired for each polished section/sample. Subsequently, an off-line processing of the images of the particles and
respective X-ray data generates digital maps of the minerals and the proportions in mass, mineral associations and degree of release, among other
parameters, are calculated.

MLA can combine electron backscattered (BSE) image and characteristic X-ray spectra. The use of BSE images for grain analysis has the advantage
of having a substantially higher resolution than that obtained by X-rays, around a few tens of nanometers (depending on the equipment and
magnification) versus a few micrometers, in addition to being much faster.

There are various ways of collecting the MLA data, which are used in different types of materials depending on the purpose of the study and the
characteristics of the samples. The most commonly used measurement modes are described below, with the GXMAP mode being applied in this study:

1. Standard BSE release analysis (BSE): is the most basic measurement mode of MLA release analysis, where a series of images are collected online and
then processed offline to produce release data. This measurement mode is based only on the different shades of gray in the BSE image.

2. Extended BSE liberation analysis (XBSE): In this measurement mode each BSE image is collected and segmented to delineate mineral grain contours
and then each mineral grain is analysed by only one X-ray spotted in the centroid of the grain.

3. Ford analysis or grain-based X-ray mapping (GXMAP): this is a selective mapping method. Employs X-ray mapping according to a grid of dots for
phases that cannot be segmented by different shades of gray in the BSE image. The operator selects the grains to be mapped by means of an interval
in the histogram of the BSE image or by a certain X-ray spectrum.

4. Sparse phase liberation analysis (SPL): this measurement mode searches for BSE images with particles containing the phase of interest, using for this
the grayscale range of the phase of interest; it then performs an XBSE analysis on the particle.

5. X-ray modal analysis (XMOD): This measurement mode only produces modal mineralogy data. In this method, a grid of points is defined by the
operator and for each grid point (on the particles) a ray spectrum is collected. The XMOD method can also be implemented for the linescan mode,
which produces data from the traditional linear intercept measurement mode (point spacing in the “x” direction is 1 pixel). In this method, the BSE
image is used only to differentiate the background particles (resin). Fig. 12.

Mineral

Muscovite
Biotite
Apatite

Ceramic
Cadl_Fe

BSE grey scale Phase's discrimination

Fig. 12. Phases’ discrimination of complex texture particles by the adopted procedure.
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Appendix III

Products composition by size and density
Figs. 13-15 and Table 6.
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Fig. 13. Products composition by sieve fraction.
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Fig. 14. Products composition by density (total 3.0-0.15 mm).
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d>2.64 g/cm®

Fig. 15. Images of products from heavy liquid separation products illustrating the composition attained by SEM-IA.

Table 6

Chemical composition of each product (by density and size fraction).
Products (size/density) Content (% mass)

SiO, Al;O3 Fe,03 CaO LOI NayO0 K20 MgO Binder-HCl

—3.0 +2.0mmd < 2.2 52.1 6.67 3.20 18.9 12.9 0.49 1.33 1.94 44.7
-3.0+20mm22<d<25 62.3 6.71 3.00 12.9 8.83 0.65 2.04 1.48 29.3
—-3.0+20mm25<d<26 64.2 13.2 3.07 5.07 3.65 2.31 5.40 0.88 11.8
—3.0 + 2.0 mm 2.60 < d < 2.64 71.1 11.8 3.91 2.90 1.17 3.03 3.64 0.55 7.90
—3.0 + 2.0 mm d > 2.64 55.6 13.4 5.72 9.12 5.27 3.26 3.03 2.38 26.6
—2.0+1.19mmd < 2.2 52.3 6.73 2.58 18.3 12.4 0.52 1.33 1.90 51.0
-2.0+119mm22<d<25 62.4 6.78 2.59 12.7 8.96 0.59 2.23 1.49 30.5
-2.0+119mm25<d <26 67.6 12.0 2.46 4.19 3.41 1.81 5.05 0.76 9.40
—2.0 + 1.19mm 2.60 < d < 2.64 76.4 9.20 2.39 2.06 2.27 2.35 2.61 0.38 7.29
-2.0 +1.19mmd > 2.64 54.9 12,9 5.47 9.30 6.59 3.06 2.79 2.35 25.7
-1.19 + 0.60 mm d < 2.2 46.4 7.22 2.47 21.6 15.1 0.42 1.34 2.03 53.4
-1.19+4+0.60mm 2.2 <d < 2.5 60.9 7.01 2.31 13.3 9.80 0.58 2.41 1.46 29.2
-1.19+ 0.60 mm 2.5 <d < 2.6 71.4 9.31 3.30 4.00 3.00 1.26 4.09 0.57 10.7

(continued on next page)
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Table 6 (continued)
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Products (size/density)

Content (% mass)

SiO, Al,O3 Fe,03 CaO LOI NayO K,0 MgO Binder-HCl
—1.19 4+ 0.60 mm 2.60 < d < 2.64 84.7 5.60 2.68 1.65 0.57 1.39 1.49 0.21 4.97
—-1.19 + 0.60 mm d > 2.64 63.2 9.87 6.06 7.13 4.82 2.09 2.06 1.88 19.1
—0.60 + 0.30 mm d < 2.2 40.6 7.70 2.97 25.3 19.3 0.36 1.23 2.38 62.7
—0.60 + 0.30 mm 2.2 < d < 2.5 55.9 7.26 2.47 15.1 11.7 0.53 2.42 1.68 36.3
—0.60 + 0.30 mm 2.5 <d < 2.6 70.2 9.73 2.03 4.82 4.31 1.04 5.03 0.58 14.2
—0.60 + 0.30 mm 2.60 < d < 2.64 88.1 3.51 2.02 1.74 2.00 0.84 0.69 0.19 4.67
—0.60 + 0.30 mm d > 2.64 65.2 9.09 6.61 6.66 4.95 1.50 1.94 2.04 22.5
—0.30 + 0.15mmd < 2.2 32.2 8.27 3.24 30.6 20.9 0.32 0.95 3.15 76.4
—0.30 + 0.15mm 2.2 <d < 2.5 49.3 8.11 2.77 18.8 15.2 0.50 2.17 2.26 45.4
—0.30 + 0.15mm 2.5 <d < 2.6 74.1 7.83 1.82 4.68 4.28 0.88 3.67 0.51 10.1
—0.30 + 0.15mm 2.60 < d < 2.64 90.4 2.99 1.47 1.66 1.13 0.75 0.47 0.15 4.67
—0.30 + 0.15mm d > 2.64 67.1 7.76 6.45 5.95 4.50 1.03 1.73 1.96 17.9

Total —3.0 + 0.15mm d < 2.2 44.2 7.36 2.89 23.3 16.2 0.42 1.22 2.32 58.5

Total —3.0 + 0.15mm 2.2 < d < 2.5 59.2 7.08 2.59 14.1 10.4 0.58 2.26 1.61 32.7

Total —3.0 + 0.15mm 2.5 <d < 2.6 70.4 9.90 2.49 4.51 3.75 1.34 4.45 0.63 11.0

Total —3.0 + 0.15 mm 2.60 < d < 2.64 85.1 5.19 2.22 1.82 1.40 1.30 1.28 0.23 5.30

Total —3.0 + 0.15mm d > 2.64 60.3 11.0 5.97 7.87 5.27 2.37 2.41 2.14 22.7
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