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Abstract: In this study, we investigated flotation muds (FM) deriving from the recovery processes of
precious metals contained in e-waste (wastes from electronics) and exhausted catalysts. FM consist
of an amorphous phase, corresponding to a Ca- and Al-rich silicatic glass, potentially usable as a
secondary raw material (SRM) to obtain a final ceramic product (CFM). A high FM amount was used
in our ceramic tests, and suitably mixed with variable percentages of other phases. Chemical analysis,
phase composition, microstructure, pore pattern and technological properties of the new ceramic
products were determined using different analytical techniques, including bulk XRF, XRD, SEM-EDS
and pCT. The CFM product predominantly consists of nepheline, pyroxene and wollastonite as the
main crystalline phases, with a minor amorphous phase occurring as a compact interstitial matrix.
The ceramic product has a porous interconnected microstructure. Nevertheless, this microstructure
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updates does not negatively affect the mechanical properties of the ceramic product, as testified by the
Citation: Perotti, M.; lacoviello, F; geo-mechanical tests, revealing good properties in terms of bending and uniaxial strength. These
Marian, N.M.; Indelicato, C.; preliminary results point out that FM recycling is feasible, at least at the laboratory scale.
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1. Introduction

Recovery and recycling of valuable materials from industrial waste is one of the main

Academic Editor: Denis Rodrigue goals in present society. Most natural resources are not renewable (at least at the human

Received: 27 January 2023 time scale), and their availability is running out. Further issues of concern derive from the
Revised: 15 February 2023 global impact of exploitation and mining operations, in terms of economic costs, political
Accepted: 6 March 2023 and social implications, and environmental and landscape protection. In this context, the
Published: 10 March 2023 circular economy (the reuse and recycling of pre-existing materials and wastes) has become
an unavoidable solution. The reuse of industrial wastes, often consisting of more or less
hazardous phases, has the further benefit of limiting landfill disposal [1].
:)4

Only in 2019, the Italian metallurgic industry (code 24 and 25 according to the Italian
economic classification, ATECO) produced more than 10 million tons of special wastes,
accounting for 37.5% of the overall national production of special wastes, placing the sector
in third place after construction/demolition and treatment/remediation wastes [2].

The recovery of wastes containing precious metals (hereafter PM) is of primary in-
Attribution (CC BY) license (https//  erest not only in the ]ewglry industry, but .also in the electronics an(?l catalysts 1r.1d.ustr1al
creativecommons.ore/k sectors [3]. Because of their excellent corrosion resistance, good electrical conductivity and
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10/). high catalytic activity, PM are widely applied in many fields. For instance, gold and silver
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make up parts of switches, bonding wires and contacts in the electronics industry, while
palladium is mainly used in hard disk production [3,4]. Other widespread applications of
these materials are as activation components in various types of catalysts, from automotive
to chemical engineering to oil-refining processes [3]. The need for recovery is primarily due
to the extremely low natural amount of PM and REE in the Earth’s crust (globally below
0.01 ppm), which can be exploited only in the few sites/countries where they are geochem-
ically concentrated [5]. The increasing demand for these rare and limited natural resources
makes their recovery from end-of-life products necessary, which is also in agreement with
2030 Sustainable Development Goals. PM recovery is cheaper than exploitation and has
several environmental advantages, since emitted CO, and energy consumption are lower
than those deriving from traditional mining exploitation [6,7].

The recovery of PM from existing end-of-life products (wastes from electronics, namely
e-wastes, and spent catalysts) is typically carried out through pyrometallurgical (i.e., smelt-
ing in furnaces and successive refinements) and hydrometallurgical techniques (i.e., leach-
ing with cyanide, aqua regia, thiourea, thiosulfate, halide reagents; [3,8,9]). Waste treatment
allows PM to be separated from the “inert” material and concentrated at a rate high enough
to allow PM recovery. A considerable amount of both gold and silversmith wastes and
e-wastes are also recovered through physical and physico-chemical procedures such as
froth flotation [10-13]. Froth flotation is a separation technique widely applied in mineral
processing to concentrate minerals (e.g., copper sulfides, lead, zinc, platinum, tin minerals),
which takes advantage of the different physico-chemical properties of PM after the addition
of various flotation chemical reagents [12,13]. Flotation wastes are typically represented
by PM-free “inert” muds, that can be reused as well (e.g., as secondary raw materials for
asphalt production, [11]). According to the Environmental Protection Agency (EPA) and the
European Waste Catalogue (EWC), flotation muds of secondary production from the PM
recovery industry are classified as non-dangerous wastes, but they still must face storage
problems. All these concepts and the entire life cycle of natural resources, from extraction
to their application, their subsequent depletion and disposal, to their possible recovery and
reuse, as secondary raw materials, are graphically summarized in Figure 1.
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Figure 1. PM waste’s life cycle scheme.

Different types of wastes have been extensively recycled in the production of ceramic
and glass-ceramic, since these materials are versatile enough to accommodate various kinds
of waste, such as coal fly ash [14,15], slag from the steel industry [16], ash and slag from
waste incinerators [17,18], mud from zinc hydrometallurgy [19], red mud from alumina
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production [20] and other types of waste (see [21-24] for comprehensive reviews). As far as
we know, flotation muds from PM recovery processes have not been yet tested as secondary
raw materials in ceramic production, but some applications of mine wastes from flotation
processes exist in the literature. For example, Drif et al. [25] investigated the use of treated
silver mine tailings in substitution for natural clays in different proportions and under
different sintering temperatures: they show that as the percentage of used waste increases,
the mechanical properties of the ceramics decrease, but still remain within the limits
acceptable by law. Other authors [26] presented a study concerning the recycling of iron ore
tailings in ceramic production: a percentage from 0 to 5% of iron ore tailings has been mixed
with clay to produce ceramic specimens at 950 °C, with good results and high feasibility
both from the technical and environmental point of view. Treated coal mine tailings after
flotation processes have been used by Taha et al. [27] to test their possible recycling in brick
manufacturing: their results point out that the properties of bricks obtained with this kind
of waste are perfectly in line with the technical requirements determined by international
regulations. In addition, ceramic products have been manufactured, among other methods,
by using phosphate rock wastes [28], lithium tailings [29] and red mud waste from alumina
processing [30]. This paper deals with flotation muds derived from PM recovery processes
and conducts a preliminary investigation, at a laboratory scale, of their use as a secondary
raw material (SRM) in the production of a thermoformed ceramic product, following
the procedures described in patent n. 0001369219 “Procedimento per realizzare manufatti
termoformati, specialmente utilizzando materiali riciclati o di recupero”, released by the Italian
Patent and Trademark Office in 11/01/2010 (owner GRINN Solutions S.r.l.). The results of
this preliminary investigation confirm that this kind of waste can be successfully re-used in
the ceramic industry, resulting in products with suitable technological performances and
which are competitive with respect to traditional ceramics.

2. Materials and Methods

A representative flotation mud waste sample (FM) derived from PM recovery pro-
cesses was used as secondary raw material to produce ceramic specimens (CFM). The
production of this type of waste was monitored through time and the average composition
of the mud waste turned out to be relatively homogeneous. The overall details of manufac-
turing and firing process are described in patent n. 0001369219, owned by Grinn Solutions
S.rl, a startup company dealing with waste material recycling. According to the above
patent, ceramic specimens are usually produced using up to 80-85% of FM waste mixed
with three additives: (i) aluminum-silicates of Ca, Mg, Fe (=1-8%); (ii) amorphous silica
and Na-silicate (25-15%); and (iii) Ca-sulfate, Fe-sulfate, boron oxide (B,0O3), Na,O, SnO,
and ZnO (~1-8%). Powdered dried sample was disaggregated using ultrasonic treatment,
pressed and formed under wet conditions (with 15% H;O), and dried in a pre-furnace
environment (humidity reduction of 5%). Sintering occurred in an oxidizing atmosphere at
1000 °C for about 30 min (heating rate 80 °C/h), followed by cooling at a 100 °C/h rate.

The chemical, mineralogical and microstructural characteristics of both secondary raw
material (FM) and new products (the ceramic specimens, CFM) were determined using the
following techniques.

Bulk chemical analyses were obtained using energy-dispersive X-ray fluorescence
(ED-XRF) spectrometry with a PANalytical Epsilon 3XL instrument (Malvern, UK). The
Omnian standardless method was used for quantitative analyses. Volatile components
(H,0 plus CO,) were determined through the weight loss on ignition (LOI). The Fe3* /Fe?*
ratio was determined through KMnOj, redox titration.

X-ray powder diffraction (XRPD) analyses were carried out with a Bragg-Brentano
Philips X"Pert PRO PW3050/60 (Malvern Panalytical, Malvern, UK) diffractometer equipped
with a PW3071 X’Celerator detector, using CuKa radiation in the 0-60 20 range, with an
operation condition of 40 kV and 30 mA. XRPD allowed the determination of the bulk
mineralogical composition of both starting raw material (FM) and the final ceramic prod-
uct (CFM).
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Scanning electron microscope (SEM) analyses were carried out with a TESCAN VEGA
3 (Brno, Czech Republic), working at a 20 kV accelerating voltage, 15 pA emission current,
0.1 nA beam current, and equipped with an energy dispersive X-ray spectrometer (EDS)
Bruker Quantax 200EDX for chemical microanalysis. Natural minerals were used as stan-
dards for EDS calibration and the P/B—ZAF correction method was used for quantitative
analysis. SEM analyses were carried out on an untreated FM sample and on a polished
thin section of the CFM product. Samples were carbon-coated before SEM observations.
Back-scattered electron (BSE) images of the CFM sample were analyzed for particle anal-
ysis to determine the average apparent porosity, aspect ratio, roundness and equivalent
diameter of pores, following the same procedure described in the works of Bernasconi et al.
and Marian et al. [31,32]. For this analysis, three images at a 400X magnification, represen-
tative of the sample, were collected and treated by smoothing, filtering and thresholding
processes, using a machine learning algorithm for pixel segmentation implemented in the
Trainable WEKA Segmentation plugin of the open-source FIJI/Image] software [33,34].
Images were segmented to discriminate between areas occupied by 2D pores and areas
occupied by the ceramic material, and then they were processed with the particle analysis
tool of FIJI/Image]. A minimum threshold of 1 um? was chosen to analyze particles. The
total porosity calculated in this way is the average value (%) of area occupied by pores of
the 3 processed images.

Moreover, the porosity and the internal microstructure of the ceramic sample were
investigated by means of X-ray computed tomography (micro-CT) using two microscopes:
a Nikon XTH 225 (Nikon Metrology, Tring, UK) scanner and a micron-scale ZEISS Xradia
620 Versa (Carl Zeiss, Pleasanton, CA, USA). A sample of approximately 11 mm by 11 mm
by 14 mm was mounted on a rotating stage that allows a 360° rotation with the sample
in between the X-ray source and the detector. The Nikon scan was collected with a tube
voltage of 80 kV and 93 pA. A total of 3185 projections were acquired with an acquisition
time of 1 s per projection. After reconstruction with the proprietary Nikon reconstruction
software CT Pro 3D (Nikon, Tring, UK), the resulting images for all datasets had a voxel size
of 8.5 um. Instead, 1601 projections (2 s exposure time) were acquired with a ZEISS Xradia
620 Versa microscope. For an optimal transmission, a tube with 120 kV and 146 uA was
set. The raw projections were reconstructed with the proprietary ZEISS XM Reconstructor
software package, achieving a voxel size of 1 pm.

For the 3D analysis of porosity, Avizo 3D 2022.1 (ThermoFisher Scientific, Waltham,
MA, USA) was used to create volume renderings and to perform the image segmen-
tation. For each scan a subvolume was created (790 x 942 x 748 voxels, correspond-
ing to 6.7 mm by 8.0 mm by 6.4 mm, and 864 x 1138 x 928 voxels, corresponding
to 863 x 1137 x 927 microns for Nikon and Versa scans, respectively) to avoid artifacts
present in the external part of the scan. To reduce noise, an anisotropic diffusion filter was
used. This improved the quality of the data in order to facilitate segmentation. To avoid
user bias, an automatic segmentation was employed following the Otsu method present in
Avizo software.

Additional tests were conducted to determine the physical and mechanical properties
of the thermoformed ceramic material. In particular, 6 cubes (50 x 50 x 50 mm) and 6 joists
(300 x 50 x 50 mm), obtained from CFM sample tiles, were subjected to mechanical tests
(Figure S1 in Supplementary Material), to determine: (I) the uniaxial compressive strength
test (UNI EN 1926); (II) flexural strength under a concentrated load (UNI EN 12372), with a
load rate increase equal to 0.25 MPa/s (83.3 N/s) and the distance between supports equal
to 250 mm (before both of these tests, specimens were dried at a temperature of 70 °C, then
they were conditioned at a temperature of 20 °C.); and (III) wear resistance on about 2 kg
weight of CFM reduced to the size required for the “Micro-Deval” test (UNI EN 1097-1).

3. Flotation mud Wastes: Chemical Composition and Microstructure

Table 1 shows the bulk chemical composition of the starting raw material (the dried
flotation mud waste) and derived ceramic product. The former has a substantially Si-, Al-
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and Ca-rich composition, with a lower amount of Fe (here expressed as Fe;O3 wt%), Mg
and Na. Other elements are present in minor amounts (P, S, Cl, Zn, Cu, Ni, Cr, Sn and Ba),
below 1 wt% of their relative oxide, except for Ce and Zr oxides that are present above
1 wt%. Loss on ignition is below 1 wt%, indicating that the sample has minimal amounts of
volatile components.

Table 1. XRF bulk data (expressed as oxides wt%) for the investigated flotation mud (FM) and related
ceramic product (CFM); n.d. = not determined.

Na;O MgO Al,O3 SiO; P05 SO3 Cl K,O CaO TiO, Cr;O3 MnO Fe;O3 NiO

FM 1.99 2.88 2595 30.31 0.39 0.42 0.79 0.27 23.65 0.96 0.41 0.16 491 0.30

CFM 3.33 4.00 21.12 3543 0.65 0.63 0.01 0.67 21.18 0.89 0.39 0.11 6.11 0.36
CuO ZnO SrO ZrO; SnO; Sb,O3 BaO CeO, PO WO3 SeO; Y03 LOI Total
FM 0.30 0.19 0.12 2.57 0.27 n.d. 0.55 1.25 0.10 0.29 0.07 0.05 0.87  100.00
CFM 0.22 0.25 0.10 1.87 0.32 n.d. 0.43 1.20 0.07 0.27 n.d. 0.04 0.38  100.00

XRPD analysis carried out on the FM sample revealed a completely amorphous
phase, even if the sample showed weak peaks possibly attributed to hercynite (FeAl,O4)
(Figure 2A).

A
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:E, Red arrows show peaks attributed to hercynite
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Figure 2. Diffractometric patterns of the investigated flotation mud FM (A) and related ceramic
product CEM (B). Red arrows show peaks attributed to hercynite.

As seen in the SEM images, the untreated dried flotation mud waste (FM, Figure 3A-D)
is composed of grains with variable shape and size (from a few micrometers to ~200 pum).
Figure 3B,C highlights the conchoidal fracture typical of glass, in agreement with XRPD
results. Judging from the BSE contrast, the glass fragments appear homogeneous and no
evident heavy minor phase can be detected, except for some rare tiny grains made up
of Fe-oxides and Ni-sulfate (brighter grains with a high BSE yield in Figure 3A-D). EDS
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data relating to some grains (Table 2) confirm the composition of a Ca- and Al-rich silicatic
material, with a certain amount of NayO and MgO, as revealed in the XRF bulk chemical
analyses, and with minor amounts of Ce, Zr, Sn and Cr.

Figure 3. SEM BSE images of the flotation mud waste. (A): General view of the untreated dried grains
forming the waste. (B-D): Enlarged details of single amorphous grains with conchoidal fracture. EDS
analysis spots whose values are included in Table 2 are also shown.

Table 2. SEM-EDS chemical data (expressed as normalized oxides wt%) for the investigated flotation
mud waste (FM). Analysis 14, 6 and 8 refer to homogeneous FM grains, whereas Analysis 5 and
7 refer to minor phases with higher BSE yield, which are, respectively, Ni sulphate and Fe oxide;
n.d. = not determined.

FM
Wit% Oxides An-1 An-2 An-3 An-4 An-5 An-6 An-7 An-8
Cl1 n.d. n.d. n.d. 1.68 n.d. n.d. n.d. 0.88
Cu n.d. n.d. n.d. n.d. 8.31 n.d. n.d. n.d.
Ag n.d. n.d. n.d. n.d. 2.15 n.d. n.d. n.d.
MgO 2.87 2.92 2.36 3.37 n.d. 2.53 0.59 3.21
Al,O3 20.66 16.78 14.69 28.48 1.97 20.36 4.68 27.57
SiO; 45.56 43.56 35.50 32.72 n.d. 44.00 6.65 33.74
FeO 8.54 6.58 26.28 1.83 n.d. 9.80 79.50 7.98
CaO 11.22 12.58 12.55 23.93 n.d. 12.18 3.70 19.73
TiO; n.d. 0.85 n.d. 0.73 n.d. n.d. n.d. 0.66
SO3 n.d. 0.59 n.d. n.d. 39.83 n.d. n.d. n.d.
Na,O 5.13 5.36 3.08 4.01 n.d. 3.80 0.62 2.62
MnO n.d. 0.05 n.d. n.d. n.d. n.d. 091 n.d.
Cr,03 n.d. 0.01 n.d. n.d. n.d. n.d. 3.36 0.29
710, 2.76 4.75 3.31 2.62 n.d. 291 n.d. 2.98
Cey03 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
KO 0.61 0.73 0.68 0.62 n.d. 0.63 n.d. 0.33
NiO 2.63 2.38 1.54 n.d. 44.71 3.78 n.d. n.d.
SnO, n.d. 2.87 n.d. n.d. 3.03 n.d. n.d. n.d.
V703 n.d. 0.00 n.d. n.d. n.d. n.d. n.d. n.d.
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4. Characteristics of Ceramic Products Obtained Using Flotation Muds as SRM
4.1. Chemical, Mineralogical and Microstructural Features

The investigated ceramic specimens are tiles of 3 X 2 X 1 c¢m in size, light brown
in color, with homogeneously distributed pores. As regards bulk characterization, XRF
chemical analyses of the ceramic product are reported in Table 1. The major components are
5i0;,, CaO and Al,O;3, followed by Fe, Na and Mg oxides and minor amounts of Ti, Cr, Mn,
Cu, Ni, Zn, Sn, Cr and Zr (Table 1). Figure 2B shows bulk XRPD data, revealing diopside
(CaMgSipOg), anorthite (CaAl,;SipOg) and the feldspathoid nepheline ((Na, K)AlSiOy) as
the main crystalline phases, formed during high temperature processing.

SEM/BSE observations allowed the microstructural characterization of the CFM speci-
men. Pores are small (2-115 pm in diameter) and display an elongated and irregular shape
(Figure 4D-F), often evolving in a complex, apparently interconnected pattern. The ceramic
material appears to be mostly crystalline, showing crystals and grains of different miner-
alogical phases, up to 300-400 um in size (e.g., Figure 4C,D). The overall microstructure
is characterized by an apparent “grain-supported” texture composed of single grains or
aggregates which are often in contact with each other, set up in a glassy and variably porous
matrix, alternating with areas composed almost exclusively of a fine-grained, compact
groundmass. Based on EDS data, the main mineralogical phases are Ca-bearing nepheline
(light grey colors in Figure 4C,D) and wollastonite (CaSiO3), which sometimes forms rims
around bigger grains or aggregates, and sometimes makes up needle-like, skeletal elon-
gated micro phenocrysts set in a glassy homogeneous groundmass (Figure 4F). The latter
has an irregular distribution, with some compact, not porous, glassy areas (Figure 4E,F),
and areas with a crystalline, more porous texture (Figure 4C,D). The microstructure is
also characterized by the presence of dispersed single and /or aggregate particles of silica
often included and resorbed in the glassy phase, and some minor iron oxides crystals (the
grains with highest contrast in Figure 4D). In some cases, the above crystalline phases
are associated with Ca-Al silicates with a composition close to melilite (ideal chemical
formula (Ca, Na)y(Al, Mg, Fe?*)[(Al, Si)SiO7]). The latter belongs to the solid solution
between dkermannite (Ca;MgSi;Oy7) and gehlenite (Cay Al;SiOy), i.e., common constituents
of ceramic materials [35-37].

Table 3 shows EDS data of the main mineralogical phases identified in the CFM sample.

Table 3. Representative EDS composition (wt%) of main mineralogical phases identified in sample
CEM. Wo: wollastonite; Di: diopside; Cpx: clinopyroxene; MIl: melilite; Fe-Ox: iron oxide.; Ne:
nepheline; FeO is expressed as total iron.

CFM
0,

OV):]itd/;s Mil11  Mll12  MI37 Wo2l Wo5  Wob Nel Ne5 Ne6 Di9 Cpx39 Glass4 Glass10 Fe-ox8 Fe-0x9 Fe-ox40
SiO; 40.95 37.81 35.60 4854 5391 5443 41.84 3996 40.02 5729 38.57 72.92 74.39 2.28 424 0.61
TiO, - - - - - - - - - - 1.13 - - - - -
AL O; 15.58 1578 1615  4.10 - 3428 3450 3554 125 2911 7.17 7.81 1.82 3.32 1.57
Cl’z 03 - - - - - - - - - - - - - - 0.63 -
FeO 8.02 8.99 7.29 - - 0.79 0.68 0.70 - 1.88 - - 94.05 86.13 96.17
MnO - - - - - - - - - - - - - - 0.57 -
MgO 4.45 5.03 6.44 0.41 - 0.73 - - - 18.06 2.24 2.18 1.92 - 1.70 0.86
CaO 20.39 23.04 25.02 4370 46.09 44.84 3.87 6.01 493 2260 2229 3.15 3.03 1.85 341 0.79
BaO 1.51 1.19 1.42 - - - - - - - - - - - - -
Na,O 4.55 2.16 2.14 1.05 - - 15.01 1451  14.37 0.81 3.09 7.76 6.22 - -
K,O 1.92 1.67 0.51 2.20 - - 421 4.34 4.44 - 0.29 6.82 6.63 - - -
NiO - - 1.43 - - - - - - - - - - - - -
SO3 - - - - - - - 0.72 - - - - -

ZrO, 2.64 4.33 4.00 -
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Figure 4. SEM images (BSE mode) of the CFM specimen, showing both microstructure and phase
assemblage. (A): Large view. (B): Magnification of the area in (A) with distribution of pseudomorphic
phases within an interconnected micro-porosity pattern. (C): Detail of aggregates unevenly composed
of melilite, clinopyroxenes and nepheline. (D): Detail of an aggregate mainly composed of Fe-
oxides and distribution of melilite, nepheline and also portions of silicate glass. (E): To the left,
the same microstructure shown in (A-C). To the right, an area with glass and elongated skeletal
wollastonite micro-crystals (enlarged view in (F)). Abbreviations: Cpx = clinopyroxene; Mll = melilite;
Nph = nepheline; Gl = glass; Fe-ox: Fe-oxides.

4.2. Physical and Mechanical Test

Results of the uniaxial compressive strength (UNI EN 1926) and flexural strength (UNI
EN 12372) tests are shown in Table 4. The compressive strength of the tested specimens
ranges from 53.2 to 73.9 MPa, while flexural strength under a concentrated load ranges
from 9.1 to 11.1 MPa.

Table 4. Results of tests of the uniaxial compressive strength (top), flexural strength (centercnter) and
micro-Deval wear resistance (bottom) carried out on specimens derived from CFM sample.

Sample Point Load (kN) Compressive Strength (MPa)
A 150.0 55.3
B 190.0 739
C 140.0 53.2
D 140.0 53.3
E 190.0 73.4
F 180.0 67.3

Avg Compressive strength (MPa) 62.73
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Table 4. Cont.

Sample Point load (kN) Flexural strength (MPa)
A 3000.0 9.1
C 3840.0 11.1
Avg Flexural strength (MPa) 10.1
Sample Grain size class Micro-Deval Abrasive charge (g) Result
Aggregate 11.2/16.0 5400 £5 Mpg =24
Moreover, the micro-Deval abrasion test measures the wear resistance produced on
the aggregate from the friction between the particles and the abrasive charge given by
spheres inserted in a rotating drum. The lower the value of the coefficient, the better the
wear resistance. To determine the wear resistance of the coarse aggregate, the material was
prepared by reducing it to a test particle size class. Data in Table 4 shows the Mpg = Micro-
Deval coefficient as computed by the following equation:
Mpg = [(M — m)/M] x 100 1)
where:
M: mass, in g, of the specimen before the test;
m: mass, in g, of the material retained in the 1.6 mm sieve after the test.
4.3. Porosity
The distribution of pores in 2D SEM images was calculated with segmentation and the
successive classification of pore areas with the particle analysis tool of FIJI/Image] software
(see Methods for further details and Table S1 for segmentation data in Supplementary Ma-
terial). The overall porosity calculated in this way was 21.95%, with a pore size distribution
highlighted in Figure 5. The latter shows that most pores (~75% of the total) are below
10 microns in size.
12
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Figure 5. Pore size distribution of CFM sample, computed in 2D from SEM images (left) and in 3D
with local thickness algorithm of the sampled subvolume using micro-CT Versa scan (right).

The overall porosity calculated using the volume fraction module in Avizo returned a
value of 3.4% for the Nikon scan, while a value of 21.48% was obtained using the higher
resolution Versa scan. To characterize the pore diameter distribution, a local thickness
approach was used using free software FiJi [33] for the Versa scan data. By definition, the
local thickness algorithm defines “The diameter of the largest sphere that fits inside the
object”. A histogram of pore diameter distribution was then created (Figures 5 and 6 and
Table S2 in Supplementary Material).
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160
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80
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Figure 6. (A) Three-dimensional rendering of CFM sample obtained with Nikon micro-CT (voxel
size 8.5 pm); (B) three-dimensional rendering of a subvolume of the sample shown in A taken from
the edge, with a higher resolution (voxel size 1 um) obtained with VERSA micro-CT scanner. Colors
of pores represent local thickness computed areas with Fiji/Image] software (bar scale values are
in pm). (C) Representative 3D section of the subvolume shown in (B) along with 2D slice (raw data
in the center) and its segmented version (right).

In order to better investigate the connectivity of porosity, the tortuosity factor of
interconnected pores was calculated, following the same procedure described in Backeberg
et al. [38]. Tortuosity factor is a parameter that quantifies the geometric interconnections
between pore spaces, taking into account the variation in pore cross section areas through a
determined direction into a porous material. In particular, TauFactor [39] was used to model
the 3D interconnectivity pattern of the investigated subsample. This Matlab application
models the tortuosity factor (1) along the three dimensions of the investigated diffusive
(i.e., porous) phases. The minimum value of T is 1, which means that along the test axis,
the cross section of a pore area is constant and the pathway is perfectly straight. Otherwise,
if there are no interconnected pathways along the test direction, TauFactor returns a value
of infinity. Through this type of analysis, the three mutually perpendicular directions (x,
y, z) of the sampled subvolume were modeled and a value of T was calculated for each of
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them, to check the level of interconnectivity, which would facilitate the flow of water for
example, and the presence of anisotropy in the porosity pattern, if any.

5. Discussion

The mineralogical composition of the ceramic product reflects the chemical con-
stituents of used SRM, i.e., the flotation mud derived from precious metal recovery. The
abundance of Ca, Al, and Si oxides in the amorphous FM has allowed the crystallization
of some Ca-silicates during the sintering process, such as anorthite and diopside. The
presence in the original amorphous FM of metals such as Ti, Cr and Zr could have triggered
the crystallization process since these elements often work as nucleating agents [40,41].
Instead, the presence of nepheline, a Na-rich mineral, is likely due to the addition of sodium
silicate as a fluxing agent to the original SRM batch, as explained in patent n° 0001369219
owned by GRINN Solutions S.r.l. The occurrence of a feldspathoid indicates SiO, undersat-
uration conditions, at least at the local scale. The presence of nepheline is rather unusual in
traditional ceramic materials, even if it is relatively common in glass-ceramic production
for peculiar applications, due to its high mechanical properties [42-46]. However, given
the initial bulk chemical composition in the system SiO,-Al,O3-CaO, the development of
anorthite should be expected and preferred as the major phase crystallizing from glass at
the expense of nepheline. In any case, as shown in Table 3, mineral phases have not an
ideal composition, but all of them are solid solutions, as explained in Figure 7, which shows
the systems SiO,-Al,03-CaO and CaO-Al;O3- (FeOror + MgO). Given the predominantly
Ca-Al-Si composition of the initial amorphous raw materials and their relative abundance,
the mineralogical species of the newly formed crystalline phases inevitably reflect it: for
example, pyroxene often has a Tschermak’s substitution in its chemical formula [47], with
an enrichment in Al substituting Si (Table 3). The presence of melilite could be caused by
the availability in the system of CaO and SiO;: the reaction between these oxides could
have been enhanced by the presence of fluxing agents such as Na,O and K,O [27]. More-
over, it is probable that a large fraction of iron is present in the trivalent form, given the
oxidizing atmosphere during the sintering process. Trivalent iron indeed could be usually
incorporated in a gehlenite-dkermannite series, so it is likely that melilites (in particular
Fe-Gehlenite) could be composed of a fraction of Fe(Ill) which cannot be distinguished from
Fe(Il) EDS. In addition, as shown in Table 4, some of the heavy metals originally present in
the flotation mud (i.e., Zr and Cr), probably residues from the recovery process, have been
incorporated, mostly in the crystalline phases of melilites and iron oxides, while the glassy
phase remains apparently free of them. Additionally, sodium, derived both from the initial
composition of FM and from the fluxing agent, is enriched in melilites. All these elements
may represent a critical aspect in terms of material leachability, since solubilization and
environmental pollution must be avoided.

In some portions of the sample, SEM images revealed regions (i.e., Figure 4E) of a
glassy matrix with dispersed micro crystals (ca 10-20 microns in size) of wollastonite
needles, that were not detected via XRPD probably because of their low concentration.
Wollastonite tiny skeletal crystals are the only crystalline phase detected in these prevalently
glassy regions of the sample (Figure 4E,F), at least at the observation scale of the electronic
microscope. This phase could be developed after crystallization from the glass in the
initial mixture at a temperature around 900-1000 °C [48], which was, in fact, the one
the FM sample was subjected to. The presence of widespread compact glassy regions
revealed from SEM observations, due to the addition of fluxing agents such as alkali, is
not in agreement with porosity value measurements obtained from micro-CT and SEM
image analysis. Indeed, 3D reconstruction of the ceramic product shows a prevalently
interconnected pore pattern and an overall porosity of about 21%, which is quite a high
value for a ceramic product. Moreover, pores are prevalently in the dimensional range
of 1-20 um (Figure 5), with 3D data obtained with the micro-CT scan basically being in
agreement with SEM observations, with the only difference being that pore size distribution
is centered on slightly smaller values in the case of 2D SEM analysis and towards higher



Recycling 2023, 8, 35

12 of 17

A)

values in the case of 3D Versa scan data. For the sake of completeness, a minor population of
sub-rounded, isolated, bigger pores (with a hundreds of microns to 1 mm average diameter,
highlighted by Nikon scans) is present in some regions of the scanned specimen (Figure 6).
Instead, the areas with low porosity can be explained with the formation of a viscous
liquid that eventually, once solidified, filled open pores of the ceramic body and originated
the interstitial amorphous phase [49]. The sparse, biggest, subrounded pores could be
ascribed to volatile degassing, even if both FM waste and additives are expected to be
volatile-free. The porosity parameter is, however, critical in the technological assessment of
this kind of product, since low close porosity is often associated with low water absorption
rates. The 3D image analysis approach carried out on the data obtained with the Versa
microscope also revealed a local axis connectivity (i.e., volume of pores sharing at least one
voxel along one direction) of 19.74% on average; this means that over 90% of the computed
3D porosity seems to be interconnected, even if the used calculation is very conservative,
since one shared voxel corresponds approximately to 1 um? in size. Analysis carried out
with TauFactor modeling gave T values of 25, 18.8 and 29, respectively, in directions x, y
and z of the investigated subsample (Figure 8). With the three directions being mutually
perpendicular, these results, although not differing much in in absolute value, could mean
that along one direction (i.e., that of compaction of the material during manufacturing),
diffusive pathways are lesser than those present in the two other directions. The compaction
of the raw materials during formation would therefore have favored the formation of
stretched pores along the directions perpendicular to the main compressive stress.

sio, x Melilite B) AlLO x Melilite
Guidirtx ©Wollastonite 2™3 Mullite & Wollastonite
1 Nepheline Nepheline Nepheline
u Pyroxene = Pyroxene
Anorthite
Wollastonite
Akermannite Fassaite
I
Fe-Akermannite Nepheline Gehlenite o o
Larnite
Fe-Gehlenite
Gehlenite
fu Ortopyroxene
Al,0, Ca0 A=y FeO+MgO
Wollastonite Akermannite Diopside

Hedembergite

Figure 7. (A) CaO-5i0,.Al, O3 ternary diagram of analyzed mineral phases of CFM sample. (B) ACF
ternary diagram of CFM sample. Additionally, shown in both diagrams are end-member compositions
(black circles) of some typical ceramic minerals.

Compressive strength is one of the main technological properties for building and
construction materials. In this case, the CFM sample shows compressive strength values
between 53.2 and 73.9 MPa, which are in agreement with data obtained on other glass-
ceramics and much higher than the compressive strength of bricks produced with waste
recycling (see Table 5 for comparisons between different kinds of ceramic materials).
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Figure 8. Three-dimensional tortuosity factor analysis with TauFactor. (a) Schematic vision of the
investigated 3D subvolume: the model calculates the connectivity of the cross section of each pore
(white areas in the image) from the top image to the bottom along the tested axis and in the three
mutually perpendicular directions. (b) Stacked 3D images of modelled interconnected pathways for
each tested direction. The intensity of the color is proportional to the concentration of pathways.

Table 5. Main characteristics of some ceramic materials obtained from recycling of different kinds of

waste (modified after [50]).

. aee . . - . Compressive Flexural Strength
Waste Raw Materials Additives Sintering Conditions Crystalline Phases Strength (MPa) (MPa) Ref
Aluminum silicates
of Ca, Mg and Fe, Diopside, Anorthite, Thi
Flotation muds amorphous silica, 1000 °C for 30 min Nepheline + minor 53.2-73.4 10.1 work
Na-silicates, B,O3, Wollastonite, Melilite
NayO, SnO,, ZnO
Clay, barium
. . i1 ’ 900 °C, 950 °C, 1000 °C,
Silver mine tailings carbonate BaCO3, 1050 °C for 3 h - - 4.9-18.6 [25]
water
Municipal solid waste
incineration bottom and Free of additives 850-950 °C for 3 h Anorthite, Diopside 122.76-299.09 2.48-2.61 [50]
coal fly ashes
Akermannite, TiO;,
. Crystallized at 780 °C for Diopside, Perovskite,
Bl“;.tbf:r“x;f:rlafa's‘fass T‘Ozfczarl?Z and 90 min, nucleated at 920 °C Melilite, AlMg,, 12-68 - [51]
4 8 2 for 90 min Al Ti, Anorthite,
Labradorite, Augite
Chemical reagents, Ak ite. Augit
Blast furnace slag such as CaO, 960 °C, 975 °C, 990 °C cermannite, Augite, - 26-89 [52]
Diopside, Gehlenite
Sb,03, etc
(1) Calamine mine (1) and (2) Anhydrite,
processing tailings . o o Magnetite, Augite,
(CMPT) and (2) treated ~ Lree ofadditives,  (1)and (2)950°C, 1000°C, it Hematite, - 1)4,6-2332)3,1 [49]
. . just water 1050 °C for 3h o
calamine mine process Quartz (in different
tailings (TCMPT) proportions)
Municipal solid waste Pure kaolin clay, Wollastonite,
sunicipa soda-lime glass, 800-1100 °C for 30 min Anorthite, Albite, - 382+5 [53]
incineration fly ash ; .
water Cristobalite
900 °C, 1000 °C, 1050 °C, Anorthite. Gehlenit
Lime mud and fly ash Free of additives 1100 °C, 1150 °C, 1200 °C, northite, et entte, 0.43-14.83 - [54]
o Wollastonite
1250 °C for 2 h
. tz, Hematite,
Brick clay, Waste Quar o .
Waste marble powder marble powder 950 °C, 1050 °C for 2 h Anorthite, Gehlenite, 6.2-34.2 - [55]

(CaCOs)

Wollastonite, Calcium
Silicate
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Regarding the flexural strength test, obtained values have higher variability; in partic-
ular, specimen B presents a very low value of flexural strength (0.8 MPa). This is likely due
to an already present internal macro-crack pattern that influences the mechanical resistance
of the specimen, which is absent in the other samples. For this reason, it is excluded from
the comparison with the other two specimens shown in Table 4.

Accordingly, the average flexural strength value of the two intact specimens (Table 4)
is 10.1 MPa, a value comparable to those of ceramics produced at 1000 °C using silver mine
tailings [25] and iron ore tailings [26] as SRM. The presence of feldspar, feldspathoid and
wollastonite needles in the bulk glassy matrix probably contributes to a rise in the flexural
strength resistance, as already demonstrated by, among the others, Romero et al. [48] in
ceramics produced from the recycling of Al-slag. In addition, the good mechanical resis-
tance is also testified by the results of the wear resistance test, which yielded a micro-Deval
parameter close to the limit values usually employed for aggregates in the construction
field, in particular for granular underlay applications.

6. Conclusions

The recycling of flotation muds derived from precious metal recovery processes
involving spent catalysts and electronic wastes is a valuable way to reduce disposal issues
and environmental impact. In this research, the feasibility study concerning the possible
reuse of this kind of waste as a secondary raw material in ceramic production has led to
satisfactory results in terms of technological and compositional properties. The preliminary
evaluation of the recycling of flotation sludge waste in ceramic manufacture has been
carried out only at the laboratory scale, with the use of a representative sludge sample
and a complete characterization of raw material and the related ceramic product. The
latter show a prevalently crystalline, porous microstructure with a certain amount of
glassy phase. The presence of crystalline phases such as anorthite, nepheline, pyroxene
and wollastonite, alternating with a compact glassy matrix, is responsible for the good
geomechanical properties such as bending and uniaxial strength, despite the measured
interconnected porosity. Data derived from this preliminary study can serve as a basis
for subsequent feasibility steps. In particular, future work would be devoted to test
the recycling of these wastes under different heating conditions, to determine leaching
properties of the ceramic products (with a particular focus on FM heavy metals that seemed
to be prevalently incorporated into melilites and iron oxides) and to check the economic
feasibility of this kind of reuse.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/recycling8020035/s1, Figure S1: Joist, cubic samples and aggregates to be
tested for the determination of their physical and mechanical characteristics. Table S1: Parameters
obtained with particle analysis tool of FIJI/Image] applied to segmented images. Equivalent diameter
(column “Feret”) has been used to estimate 2D pore size distribution. Table S2: 3D pore diameter
distribution obtained with “Local Thickness” algorithm applied on segmented subvolume of the
Versa scan.
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