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ABSTRACT: A sepiolite mining by-product (SEP) has been studied as major component for lightweight aggregate (LWA)
manufacture. Pellet bursting during firing was avoided by the addition of 2.5 wt% of thermoplastic waste (P) and 2.5 wt% P +
2.5 wt% carbon fiber residue (FC) in powder form. The mixtures were pelletized and then sintered at 1225°C for 4 minutes in a
rotary kiln. Highly porous white LWAs with good mechanical strength were produced. A mineralogical study revealed the
formation of amorphous phase (>50%) and minor proportions of enstatite, protoenstatite and diopside. Quartz was the only
inherited mineral, appearing in the form of isolated phenocrysts within a general porphyritic texture. The result of this study
suggests the promising use of sepiolite (whether or not in residue form) for the manufacture of high quality LWAs.
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RESUMEN: Sinterizacion de subproductos ricos en sepiolita para la fabricacion de aridos ligeros: propiedades tecnologicas,
comportamiento térmico y cambios mineralogicos. Se ha investigado la fabricacion de aridos ligeros (LWAs) a partir de
subproductos de la extraccion de sepiolita (SEP). Durante la coccidn, el estallido de los pellets se evité mediante la adicion de
2.5 wt% de residuo de pléstico (P) y 2.5 wt% de P + 2.5 wt% de residuos de fibra de carbono (FC), ambos en forma de polvo. Las
mezclas fueron peletizadas y sinterizadas en horno rotatorio a 1225°C durante 4 minutos. Se obtuvieron LWAs blancos, altamente
porosos y con buena resistencia mecanica. Un estudio mineraldgico reveld la formacion de fase amorfa (>50%) y proporciones
menores de enstatita, protoenstatita y diopsido. El unico mineral heredado fue el cuarzo, apareciendo en forma de fenocristales
aislados dentro de una textura porfidica. Los resultados obtenidos sugieren que la sepiolita (ya sea en forma de residuo o no)
puede tener un uso prometedor en la fabricacion de LWAs de alta calidad.

PALABRAS CLAVE: Aridos; Ceramica; Tratamiento de residuos; Difraccion de rayos-x (DRX); Sepiolita.
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1. INTRODUCTION

Sepiolite is a fiber micro-channel structured
hydrated magnesium silicate, which due to its high
adsorption and physicochemical potential is very
valuable in many industrial sectors (1). Despite its
broad applicability, sepiolite has been, in general
terms, poorly studied in the ceramic industry, per-
haps because when heated to common sintering tem-
peratures (generally >1100°C), its particular proper-
ties tend to be significantly lost (2). However, diffe-
rent examples of sepiolite sintering into worthwhile
ceramics can be found in the bibliography.

Some of the earliest evidence of the effective use
of sepiolite as a substitute for kaolin in porcelain
mixtures dates from the late 17th and early 18th
centuries (3). Ran et al. (4) demonstrated that the
addition of 2 wt% sepiolite improves the mechani-
cal response in bone china bodies sintered from
1150 to 1250°C. A similar outcome was previously
obtained by Li et al. (5) when sepiolite was added
to the dough intended to be fired into sanitary bo-
dies. Likewise, it has been possible to sinter cordie-
rite-based ceramics, whose industrial application is
widespread in several sectors, from sepiolite at tem-
peratures in the range 1200-1300°C (6, 7). Another
example of application of sepiolite in ceramics is
found in the study by Suarez et al. (8), who were
able to prepare TiO,-sepiolite ceramic hybrid plates
to evaluate their performance in the photocatalytic
degradation of trichloroethylene.

However, there has been no prior evidence of the
use of sepiolite as a key component in the manu-
facture of lightweight aggregates (LWASs) until the
publications of Moreno-Maroto et al. (9-11). LWAs
are granular materials of high porosity, low density
and good mechanical strength that are generally sin-
tered by thermal shock, unlike the gradual heating
conducted on traditional ceramics. Because of their
properties, LWAs are very interesting to be applied
in concrete production, in the agricultural sector
and/or in civil and environmental engineering.

In the first two studies by Moreno-Maroto et al.
(9, 10) cited above, the authors added a proportion
of 10 wt% of a plant-rejected sepiolite (the same
variety of the present research) for the sole purpose
of conferring workability to a low plasticity granitic
marble sludge. Small amounts of thermoplastic resi-
dues (9) and carbon fiber powder (10) were also ap-
plied to examine their ability to promote expansion
(better results were obtained with carbon fiber). In a
more recent study, a similar criterion has been follo-
wed in the manufacture of LWAs from wastes conta-
minated with heavy metals, again demonstrating the
suitability of sepiolite rejects as a binder even in low
proportions (11).

Therefore, as sepiolite use in low percentages has
already been proven in the works cited above (9-11),
the objective of the present research is to determine

the applicability of a rejected sepiolite (theoretically
not marketable) when used as a main component
in the manufacture of LWAs. It is important to no-
te that Spain is the largest producer of sepiolite,
representing around 95% of the world's annual pro-
duction (12). The production of sepiolite in Spain
has remained within fairly steady limits in the last
years, ranging between 500-600 thousand tonnes per
year (13), a volume that is far above the estimated
10 thousand tonnes for Turkey, the other producer
(14). The processing of this clay generates large
volumes of rejected material which, although inert
(code 01 04 09: waste sand and clays), according
to the list of wastes of the Commission Decision
2014/955/EU (15), may entail a negative landscape
impact.

Through the production of lightweight aggregates,
this research aims to find a solution for the large
amounts of material rejected in the extraction plant
for this type of clay. The role of thermoplastic and
carbon fiber residues as additives will also be asses-
sed.

2. MATERIALS AND METHODS
2.1. Raw material sampling and preparation

The sepiolite waste (SEP) was provided by the
clay mining company Tolsa, S.A. (Vallecas plant,
Spain), which usually trades this kind of clay as a
pet litter absorbent. SEP was rejected at the plant as
its aggregate size (about <Imm) was not suitable for
the market. According to the information given by
the manufacturer, this type of sepiolite by-product is
the one generated in greater quantities in the plant
and therefore tends to be very homogeneous over
time. Despite not being dangerous, from an environ-
mental point of view, the valorization of this waste
could suppose not only a reduction of the negative
impact on the landscape generated by the large piles
of rejected material, but also the use of a material
with excellent physical-chemical properties, as an
alternative to the exploitation of natural raw mate-
rials. After oven-drying at 60°C for 72 h to ensure
that the material was perfectly dry (constant weight),
SEP was milled to <200 pm (16) with a Restch® SK
100/C Spezialstahl arm mill.

The thermoplastic material (P) was a linear pol-
yethylene-hexene copolymer, which was ground be-
low 0.5 mm under controlled temperature condi-
tions, in accordance with Moreno-Maroto et al. (9).
The carbon fiber residue (FC) was generated and
supplied by the company ICSA-Aernnova (Toledo,
Spain), specialized in the manufacture of aeronauti-
cal components based on carbon fiber composites.
To facilitate the addition of the material in the mix-
tures, also FC was ground below 0.5 mm, again in
line with the methodology indicated in a previous
work of the authors (10). As explained above for
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SEP, in the cases of FC and P, the wastes genera-
ted are very homogeneous in terms of composition,
structure and properties, being almost invariable
over time.

2.2. Raw material characterization

Below are listed the parameters measured in the
characterization of the raw materials, as well as the
method and/or instrument of measurement together
with the corresponding references:

» Relative density (py): AccuPyc™ 1330 He
pycnometer (17)
* Particle size distribution: Coulter® LSTM 230

laser diffraction analyzer (18-20) and ordinary
sieving.

Specific surface area (SSA): Methylene blue
spot test (21, 22).

Chemical composition: Inductively coupled
plasma-atomic emission spectroscopy (ICP-
AES, Thermo Electron 6500 ICAP). Previous
fusion with lithium metaborate and dissolving in
acidic medium (23).

Loss on ignition (LOI): muffle-firing (1100°C
for 24 h).

Chemical suitability for bloating: Crite-
rion 1. Recalculation of percentages of
ALO,, SiO, and flux oxides (QFlux =
K,0+Na,0+CaO+MgO+FeO+Fe,0,) and plot-
ting in the Riley (24) diagram. Criterion 2. Cal-
culation of the SiO,/Y Flux ratio (25).

Carbon content (total (TC), organic (OC) and
inorganic (IC) carbon): Shimadzu® TOC-V g,
analyzer.

Atterberg limits, classification and maximum
toughness: Liquid limit (LL) by Casagrande cup
method (26). Plastic limit (PL) by bending test
(27-29). Plasticity index (PI) calculated as: PI
= LL-PL (30). Classification according to Mo-
reno-Maroto and Alonso-Azcarate (31) and Gip-
pini (32) charts on plasticity and texture. Maxi-
mum toughness (7., kJ/m’):

max?

T,..= [(PI/LL)-0.3397] / 0.0077 (31).

Optimal moisture content (W,,) for pelletizing:
PL x 1.234 (29).

Thermal behavior: DSC-TGA; SDT Q600
TA INSTRUMENTS (platinum crucible, air

atmosphere, 20°C/min, maximum temperature:
1200°C).

2.3. Formulation of mixtures

The final mixtures were formulated on the basis
of the characteristics of the raw materials, in con-

junction with previous testing conducted in a Nan-
netti® TOR-R 120-14 tubular rotary kiln (used to
sinter the LWAS).

In Table 1, it is observed that SEP presented
a meaningful SSA due to its small grain size
(Figure 1), especially after milling (343.3 m?¥g),
which resulted in a very high plasticity (Table 1
and Figure 2). Once oven-dried, it was observed that
SEP was able to adsorb about 10 wt% of water from
the ambient humidity. Previous trials in the rotary
kiln showed that SEP was not adequate (without
any additive) for LWA manufacture by itself, since
the pellets burst in the kiln preheating zone very
quickly. The reason is thought to be that the porosity
of the SEP pellet is too low to allow a rapid release
of water vapor outwards, leading to relatively high
internal pressures. The addition of 2.5 wt% of P and
2.5 wt% P + 2.5 wt% FC (SEP-P and SEP-PFC
in Table 1, respectively) prevented the pellet from
bursting, so these two mixtures were finally selected
for LWA manufacturing. The main properties of the
mixtures associated with particle size distribution,
Py, chemical composition, SSA, carbon content and
plasticity were also measured by applying the same
protocols previously indicated for the raw materials.
Additional 24-hour LOI tests were performed at the
selected firing temperature (1225°C).

100
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FiGure 1. Particle size distribution
of the raw materials under study.

2.4. Manufacture of the lightweight aggregates

The manufacturing process of the LWAs was ca-
rried out according to the following steps:
i.  Preparation of the mixtures shown in Table 1.

ii. Addition of the water corresponding to W,
(Table 1) and kneading.

iii. Maceration for 72 h in a hermetically sealed
bag.

iv. Extrusion using a Nannetti® laboratory-scale
pneumatic extruder.
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v. Pelletizing by hand into spherical granules of
approximately 10.3 mm.

vi. Drying: 48 h at room temperature + 48 h at
105°C. The diameter of the dry pellets was
~7.9 mm, which represents a shrinkage by oven-
drying of about 23.2 %.

vii. Firing: Several batches of 25 pellets were sinte-
red. The equipment used was a Nannetti® TOR-
R 120-14 tubular rotary kiln. The specific firing
conditions for the SEP mixtures were establis-
hed by “trial and error” pre-tests in line with
previous studies (9-11):

» Tube rotation speed: 2.5 rpm.

* Preheating: 400-600°C; 20 seconds; entry
zone of the kiln tube.

* Sintering: 1225°C; 4 min; middle section of
the kiln tube.

* Cooling: Fast quenching at room temperatu-
re (around 25°C).

2.5. Characterization of the lightweight
aggregates

2.5.1. Physical and mechanical characteristics

The measured parameters relating to the physical
and mechanical properties in LWAs, together with
the methods used and their references, are as fo-
llows:

* LOI during kiln firing and preheating: Weight
difference between the fired and the unfired spe-
cimens in a batch (25 granules).

Bloating index (BI): Average percentage change
in diameter experienced by the specimens in a
batch because of firing (25).

Loose bulk density (py): In accordance with
EN-1097-3 (33).

Particle density (p,), skeleton density (ps)
and water absorption after 24 h of immer-
sion (WA,,): According to Annex C of the
EN-1097-6 (34) standard and De Santiago Buey
and Raya Garcia (17).

Relative density of the aggregate solid phase
(pyi): three specimens milled below 53 pm
(Retsch® RM 100 rotary agate mill) and p_,,
measurement using an AccuPyc™ 1330 helium
pycnometer.

Total porosity (P, ), open porosity (P, ) and clo-
sed porosity (P, ): Based on De Santiago Buey
and Raya Garcia (17) and Bernhardt et al. (35)
approaches, using the results from p,, p, and

psolid'

* Void percentage (H): estimation using p, and
psolid (9)'

* Single aggregate crushing strength (S): Device
employed: Nannetti®*FM 96 press. Calculation
of S as stated by Yashima et al. (36) and Li et
al. (37), in this case inferred from the testing of
25 specimens of the same batch.

2.5.2. Mineralogy and glass formation

The study of the mineralogy and the glass forma-
tion was performed by XRD with a PANalytical®
X'Pert Pro model diffractometer in accordance with
Moreno-Maroto et al. (38) for quantitative analysis
on LWAs. A few aggregates were ground to obtain
a powder of <53 um using a rotary agate mill. An
amount of 25 wt% of the alumina standard reference
material SRM 676a (39) was added to each sample.
Then the powder was mixed until complete homo-
genization by shaking at 30 cycles/s for 5 min in
a Restsch® MM 200 agate-container ball mill. The
mineralogy was determined by XRD under the fo-
llowing conditions: 45 kV, 40 mA, CuKoa radiation
and a system of slits (soller - mask- divergence -
antiscatter) of 0.04 rad - 10 mm - 1/8° - 1/4° with a
X’celerator detector. In order to obtain quantitative
results of the crystalline and amorphous phases, the
resulting diffractograms were refined by Rietveld
method (40-42). Based on the quantity of SRM 676a
added, the amorphous content was calculated simply
by difference. The same route was carried out for the
raw materials, but in this case no alumina was used.

2.5.3. Texture and microstructure

The texture of the sintered LWAs was obser-
ved by thin-section polarized light microscopy
(TSPLM): 30 pm thick slices (43) were embedded
in an epoxy resin and studied with a Kyowa® pe-
trographic transmitted-light microscope. Both plane-
polarized light (PP) and crossed-polarizers (CP) we-
re applied for the observations. In addition, after
gold coating, the internal microstructure was studied
by scanning electron microscopy (SEM) using a
JEOL JSM-6400 microscope (20 kV) together with
an energy-dispersive X-ray analyzer (EDX) for se-
mi-quantitative chemical analysis.

3. RESULTS AND DISCUSSION

3.1. Raw materials characteristics and suitability
for LWA production

According to the results of Table 1 and Figure 2a,
the sepiolite studied is highly plastic, with LL of
171.1 and PI/LL ratio of 0.56, yielding a T, of

max

28.9 kJ/m*’. When mixed with FC and P (which
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Ficure 2. Location of SEP, SEP-PFC and SEP-P in the plasticity
charts of (a) Moreno-Maroto and Alonso-Azcarate (31) and (b) Gippini (32)

are nonplastic), the plasticity diminishes slightly due
mainly to a small increase in PL. Consequently, 7,
values are 20 and 23.7 kJ/m* for SEP-P and SEP-
PFC, respectively, figures that are in the same order
as other ceramic clays studied (44). Thus, both the
original sepiolite and the resulting mixtures are clas-
sified as clay-textured CH materials (31), because in
addition to their significant plasticity, their sand con-
tent is low (13-16 %). Although their location is far
from the Gippini (32) areas (Figure 2b), the tough-
ness results point out that the materials could be sui-
table for LWA production.

Expanded LWA is formed by the development
of a mineral matrix with a viscosity suitable for
retaining the gases released from negligible amounts
of certain gas-generating components (45). To achie-
ve such conditions, not only is an adequate heating
ramp required (usually sudden heating), but the ma-
terial must also have appropriate chemical, minera-
logical and particle size properties for the process of
pore formation and bloating.

According to its chemical characteristics, SEP
would not be suitable for retaining gases because its
oxide composition is located outside the Riley (24)
area (Figure 3) and the SiO,/Y Flux ratio is less than
2 (Table 2) (25). Likewise, if the limits of Cougny
(46) on particle size distribution are considered (Fi-
gure 1), again none of the raw materials under study
would be theoretically adequate for LWA manufac-
turing.

Based on the LOI data in Table 2 (LOI ~10 %),
SEP can produce an important volume of gas when
heated. However, the percentages of OC and IC are
relatively low (0.44 % and 0.41 %, respectively;
Table 2). Consequently, their contribution to gas re-
lease is not expected to be significant. According
to the XRD data (Table 3 and Figure 4), the carbo-
nates are calcite and dolomite (2.6 % and 2.4 %,
respectively), while other mineral species capable of
generating gases in this sample are phyllosilicates,
mainly smectite and sepiolite (37.8 % and 30 %,
respectively).

Si0,
100

Riley bloating
area Location of SEP

50 % Al,03 50 % Flux

Ficure 3. Location of SEP sample in the Riley
diagram (24) on the theoretical suitability for
bloating according to the chemical composition. SEP-
P and SEP-PFC have the same location as SEP.

According to the DSC-TGA graphs in Figure Sa,
the most important loss of mass takes place at tem-
peratures below 700°C. Previous studies (1, 2, 47)
show that this phenomenon is closely related to the
release of hygroscopic, zeolitic and coordinated wa-
ter. On the other hand, and based on the same refe-
rences cited above, the dehydroxylation of sepiolite
and montmorillonite explain the LOI at the tempera-
tures ranging 700-850°C. These reactions are usually
accompanied by the release of gaseous water mo-
lecules, although according to Heller-Kallai et al.
(48), H, could also be formed. As the percentages of
calcite and dolomite are low (<3 %, Table 3), it is
highly likely that their peaks cannot be detected in
Figure S5a, because they have probably been overs-
hadowed by those of the phyllosilicates.

On the other hand, and in accordance with Mo-
reno-Maroto et al. (9-11), P and FC practically de-
compose at 100%, giving rise to gases that could
favor the development of a porous structure (Table 2
and Figure 5b, c). Similarly, the exothermic decom-
position suffered by their components is remarkable
(Figure 5b, ¢), which is in agreement with the biblio-
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TaBLE 2. Carbon content and chemical composition results. TC = Total carbon; IC = Inorganic carbon; OC = Organic carbon;
LOI,,,, = Loss on ignition at 1100°C (same values to those LOI, , results represented in Table 1); Y Flux = Sum of fluxing
oxides. All the numerical results are expressed in percentage, %, but SiO,/Y Flux ratio (dimensionless). NA = Not applicable.

Carbon content

Fluxing oxides

Sample TC IC OC Si0, ALO, izz(g: Na,0 KO Ca0 MgO PO TiO, LOI,, ZS;?“/X
SEP 085 041 044 548 72 2.0 0.5 1.6 20 219 01 03 979 196
FC 8211 000 8.11° NA NA NA NA NA NA NA NA NA 9979 NA
P 9037 000 9037 NA NA NA NA NA NA NA NA NA 100 NA

* Apart from the organic compounds from the epoxy resin, this result is mainly represented by inorganic pure carbon fibers which are also

oxidable at high temperatures in air atmosphere

* Sum of all oxides of phosphorous

graphy (49-55). This aspect may also be a key point
in the development of a viscous matrix.

Traditionally it has been thought that in order for
LWA to expand, it is important to avoid massive loss
of gases during the heating of the material (56). Ho-
wever, recent research by Moreno-Maroto et al. (45)
refutes this idea, showing that bloating occurs at a
stage when more than 99% of the gas has been lost
to the atmosphere, so that the pores of the aggregate
develop from negligible amounts of gas. Therefore,
the application of a thermal shock is not so much in-
tended to prevent the incipient loss of gas, but rather
to favor reducing conditions inside the aggregate,
leading to the development of a viscosity in which
pores can be formed from the available gas.

Similarly, despite the faint results related to parti-
cle size distribution and chemical composition, the
suitability of the studied materials for LWA produc-
tion will be examined in the following sections ac-
cording to experimental findings, which show the
actual behavior of the materials beyond their theore-
tical feasibility.

3.2. Technological characteristics of the LWAs
developed in this study

Figure 6 shows an overview of the outer face
and the core of the LWAs, whose main technologi-
cal properties are presented in Table 4. Although
SEP did not seem suitable for producing LWAs ac-
cording to their particle size and composition (see
Section 3.1), both SEP-P-1225 and SEP-PFC-1225
meet the requirements of the LWA standards.
Thus, they comply with p, <1.20 g/cm’® (0.84 and
0.82 g/cm’, respectively) and p,<2.00 g/cm’® (1.33
and 1.37 g/cm?), as established in EN-13055-1 (57)
(Table 4). The average diameter of the aggregates
obtained is 7.96 mm (standard deviation, sd = 0.24)
and 7.93 mm (sd = 0.31) in SEP-P-1225 and SEP-
PFC-1225, respectively, which indicates that both
types have even experienced slight bloating (BI of
1.02 and 0.58 %). This implies that real sintering
tests are necessary before discarding any raw mate-
rial for not possessing the best characteristics “on

paper”.

Counts

40000

30000

20000
Unfired
material

10000
Sintered
aggregates

0 T T T

10 20 30

40
Position [°20] (Copper (Cu))

FiGure 4. X-ray diffractograms of the unfired material and the sintered aggregates, where SEP-P-1225 and SEP-PFC-1225 diffrac-
tograms appear overlapped for being similar. Q = Quartz; Pg = Plagioclase; Fp = Alkali feldspar; Mc = Mica; Sm = Smectite;
Sp = Sepiolite; Cal = Calcite; Dol = Dolomite; Pet = Protoenstatite; Et = Enstatite; Dp = Diopside; G = Glass; Al = Alumina.
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FiGure 5. Results obtained from the DSC-TGA tests: (a) SEP; (b) P; (c) FC. DSC: solid line; TGA: dashed line.

It is noteworthy that SEP-P-1225 and SEP-
PFC-1225 exhibit quite similar properties in all as-
pects. As can be seen in Figure 6, both aggregates
are generally white. The addition of FC has fostered
the formation of a black core (Figure 6b) with pores
that contain unfired carbon fibers inside (Figure 7¢
and Figure 8b). Beyond this, the addition of carbon
fiber has not entailed any supplementary benefit,
as the similarity between the results of SEP-P-1225
and SEP-PFC-1225 reflects (Table 4). In any case,
the fact that FC has not worked with the materials
used in this investigation is not an indication that
it is an unsuitable additive. Thus, for example, the
work previously published by the authors mixing FC
with ornamental rock sludge and lower amounts of
sepiolite-rich by-products (10), showed excellent re-
sults when adding the carbon fiber. This shows that
the suitability of such a material in the manufacture
of LWAs will depend on the raw materials and the
manufacturing conditions, so its effects should be
studied on a case-by-case basis.

Apart from the density and bloating results explai-
ned above, these two LWAs have similar porosity:
P, , P, and P_ are close to 50 %, 15 % and 35
%, respectively. These results are in the same or-
der as some others reported in LWAs also sintered
from mineral and carbon fiber wastes (10). A parti-
cularity of the SEP-LWAs is that their porosity is
uniformly distributed throughout the aggregate inner
section, so that, from a structural point of view, there
is no clear differentiation between core and shell

(Figure 7b and Figure 8a, b). This structure was
formed because an adequate viscosity was generated
very quickly, so that even part of the gases released
in areas close to the surface were trapped, thus avoi-
ding the formation of a non-porous thick shell.
Moderate WA,, results have been recorded
(11.84 % and 9.64 % in Table 4), which are signi-
ficantly lower than others reported in commercial
LWAs, for instance, in Arlita G3, whose WA,, is
30.9 % (9). This occurs because the pore intercon-
nection and the shell permeability are not very
high (P, is not either), as rapid firing at high tem-
peratures has favored the formation of closed po-
rosity and a shell which, although thin, is highly
vitrified. Some of the water entry routes could be
the deep cracks formed along the aggregate surface
(Figure 6), which can even extend to the outermost
core areas (Figure 7b). The development of these
fractures may be related to the high plasticity of the
sepiolite raw material and its mixtures (Figure 2),
which are located very far from the “acceptable” and
“optimal” extrusion zones for ceramics (Figure 2b).
In fact, this resulted in the need to use a very high
volume of water to shape the pellets (Table 1: W,
around 100 %), which in turn would explain the lar-
ge shrinkage that the green pellets experienced when
oven-dried (23.2% shrinkage, as indicated in Section
2.4). Equally noteworthy is the high capacity of the
dry granules to adsorb hygroscopic moisture from
the environment (~10 %), as explained in Section
2.3. Regarding this aspect, a sudden release of this

TasLE 3. Percentages of mineral and glassy phases detected by Rietveld refined-XRD method (40-42) in the unfired material and the
sintered aggregates. % P = Percentage of P in the mixture; % FC = Percentage of FC in the mixture; t = Dwell time in the rotary kiln; T =
Firing temperature. Q = Quartz; Pg = Plagioclase; Fp = Alkali feldspar; Mc = Mica; Sm = Smectite; Sp = Sepiolite; Cal = Calcite; Dol =

Dolomite; Pet = Protoenstatite; Et = Enstatite; Dp = Diopside; G = Glass.

Mineralogy (%)

Aggregatename %P %FC t(min) T(CC) Q Pg

Fp Mc Sm Sp Cal Dol Pet Et Dp G

SEP (unfired)* 0 0 - - 111 43
SEP-P-1225 25 0 4 1225 21 -
SEP-PFC-1225 25 25 4 1225 26 -

79 39 378 30 26 24 - - - -

142 291 3.6 511

109 314 43 508

* Although the mineralogy of SEP (unfired) has been measured in the mixture not containing FC or P, the same results are applicable to

the mineral fraction of the mixtures containing these two additives.
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Ficure 6. External (left) and internal (right) appearance of sintered LWAs: (a) SEP-P-1225 and (b) SEP-PFC-1225.

water when turned into gas could have encouraged
the cracking.

Despite this, the presence of “flaws” in LWAs
is not as important as in other ceramic materials
where the aesthetics of the pieces is paramount. In-
deed, fractures or surface pores could have positive
effects in LWAsS, for example, by improving bonding
with the cement paste when used in lightweight
aggregate concrete (58). With respect to the latter,
the single aggregate crushing strength (S) is about
6 MPa and the S/p, of 4.3-4.9 N/m-g, which are
values that exceed those obtained in Argex AR 4/10
- 550 (§ = 1.27 MPa and an S/p, = 1.5 N/m-g)
(11). These results are undoubtedly encouraging if
these LWAs are intended for the production of, for
example, structural lightweight concrete. However,
this can only be reliably demonstrated by an additio-
nal study in concrete samples, something that is be-
yond the scope of this work. The latter is also parti-
cularly important because the single aggregate crus-
hing strength test is usually associated with a high
dispersion (in this case, sd data are 2.65 and 2.26

for SEP-P-1225 and SEP-PFC-1225, respectively).
This confirms that the final evaluation in terms of
mechanical strength should be carried out with real
concrete specimens, even though, as in this case, the
data are promising.

3.3. Mineralogy, texture and glass formation in
the LWAs

Mineralogical composition is a key factor in as-
pects such as the appearance of a negative alkali-
silica reactivity or the development of a good ad-
hesion between the cement and the aggregate (59,
60). Similarly, high proportions of amorphous phase
could favor better pozzolanic activity, as well as
a reduction in thermal conductivity, which is very
interesting from an energy point of view (61, 62).
The mineralogical composition of the raw material
and the sintered LWAs is detailed in Table 3, based
on the diffractograms of Figure 4.

TasLE 4. Characteristics of sintered aggregates and unfired pellets. % P = Percentage of P in the mixture; % FC = Percentage of FC in the

mixture; t = Dwell time; T = Firing temperature; diam.= Aggregate diameter; BI = Bloating index; LOI

g — LOSS 0N ignition when firing;

ps = Loose bulk density; p, = Particle density; p; = Skeleton density; p,,, = Relative density of aggregate solid phase; WA,, = Water
absorption after 24 h immersion; P, = Total porosity; P, = Open porosity; P.= Closed porosity; H = Void percentage; S = Single particle
crushing strength; NA = Not applicable.

Density, p (g/cm®)

Porosity, P (%)

% % t T diam. BI LOL,, . . WA, H S  Sh
Name ., . o [ Ps" Puia P, P, P, o

P FC (min) ('C) (mm) (%) (%) (%) (%) (MPa) (N/m-g)
SEP-P-1225 2.5 0 4 1225 796 1.02 1458 0.84 133 158 261 11.84 49.15 1575 33.40 67.74 648 4.88

SEP-PFC-1225 2.5 2.5 4 1225 793 058 17.11 0.82

SEP-P* 2.5 0 48h*  105*  7.88 0 0 0.97

SEP-PFC* 2.5 2.5  48h*  105* 7.88 0 0 0.99

137 158 263 9.64 47.80 1327 3453 6899 593 432

NA NA NA NA NA NA NA NA 4.67 NA

NA NA NA NA NA NA NA NA 3.34 NA

* Unfired pellet, so that t and T refers to oven-dry conditions (48 hours at 105 °C) prior to start the actual firing stage in the rotary kiln.
® p, is equivalent to the parameter called “oven dry density” (p,,,) in the Annex C of the standard EN-1097-6 (34).
° ps is equivalent to the parameter called “apparent density” (p,,) in the Annex C of the standard EN-1097-6 (34).

4 pia 18 equivalent to the parameter called p,,. in other previous publications (9,10,35). The reason of this change is to avoid any

confusion with the term “matrix” related to textural characteristics.
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Ficure 7. Pictures taken through Thin-Section Polarized Light Microscopy using PP or CP at 50x: (a) core-area in SEP-P-1225 with CP;
(b) PP detail view of a macrofracture located in the shell-core border of SEP-P-1225; (c) PP detail view of a bunch of carbon fibers inside
a large pore in the core of SEP-PFC-1225.

3.3.1. Mineralogy and texture of the aggregates
produced in this study

The mineralogy of SEP-P-1225 and SEP-
PFC-1225 is similar (Figure 4; Table 3), so the
addition of FC has not meant any significant ef-
fect in this facet either. Considering the original
mineralogy, only small proportions of quartz have
withstood the firing process (2.1 and 2.6 % in the
aggregates against 11.1 % in the unfired material),
as shown in Table 3. Quartz has appeared in the
form of isolated phenocrysts embedded in a porous
aphanitic matrix to give rise to a porphyritic texture
(Figure 7a). Other relatively large bodies are iron
oxides whose structure is crystalline and paracrysta-
lline according to TSPLM observations through CP
(Figure 7a). According to Table 3, the groundmass
surrounding these crystals would be mainly compo-
sed of glass (~51 %) as well as tiny neo-formed
crystals of enstatite (~30 %), protoenstatite (10.9 -
14.2 %) and diopside (~4%). Enstatite crystallized
at 850°C approximately (sharp exothermic peak in
Figure 5a), just after the total escape of OH groups
and lattice destruction of the sepiolite clay minerals
were produced (sharp endothermic peak at ~835°C
in Figure 5a) (1, 2, 47). Although the DSC crystalli-
zation peak of protoenstatite has not been detected

carbo

bers

=5

(b)

in Figure 5a, this mineral was probably generated at
about 970°C from the enstatite transformation (2).
The detection of diopside is also reported in other
studies related to LWA manufacturing from wastes
(63, 64). Although there is not a clear endothermic-
exothermic peak system in Figure 5a that relates
glass-transition and crystallization temperatures to
diopside (probably due to its low concentration), this
mineral could have crystallized at approximately
850-950°C based on bibliographic data (65).

3.3.2. Microtexture and microstructures

Since the neo-formed pyroxenes require lower
crystallization temperatures than those used inside
the kiln, it is likely that they crystallized during
the final cooling phase and especially during the
initial heating (which may be slower than the final
cooling).

This process would be somewhat similar to what
happens when lava cools suddenly, generating what
is known as a strong undercooling, which leads to
the development of a large number of nuclei contai-
ning very small crystals (66). This is consistent with
Figure 8c, where a highly porous and amorphous
microstructure can be seen, in which the crystals are
so small that they are difficult to be detected.

microspheres

FiGure 8. Scanning Electron Microscopy pictures of: (a) entire cross-section of SEP-P-1225, x11; (b)
shell-core area in SEP-PFC-1225, x65; (c) core pores containing microspheres in SEP-PFC-1225, x2000.
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The use of FC as an additive has led to the for-
mation of microspheres (Figure 8c). This type of
structure has been previously identified in other stu-
dies related to the addition of carbon fiber in LWAs
manufactured with mineral residues as main com-
ponents and sepiolite as an additive (11, 38). This
suggests that the addition of carbon fiber promotes
the formation of microspheres in those areas where
carbon fibers are embedded or have been burnt.

4. CONCLUSIONS

The production of lightweight aggregates using
sepiolite plant rejects (SEP) as the main component
has been assessed. The effect of plastic (P) and
carbon fiber (FC) wastes when added in low propor-
tions to SEP has also been studied.

The main conclusions that can be drawn are sum-
marized below:

* Although its composition and particle size is
theoretically inadequate according to the Riley
(24) and Cougny (46) diagrams, the sepiolite-
rich by-product under study has been demons-
trated to have a great potential to be artificially
sintered into LWAs in practice. Its harnessing as
the main component in the mixture has resulted
in the development of LWAs with technological
characteristics that not only meet the internatio-
nal requirements in terms of density, but also
exhibit porosity, surface characteristics and me-
chanical strength which are expected to be very
positive if applied, for example, to lightweight
concrete production.

Despite the above, the high plasticity of sepio-
lite requires the addition of some gas-pressure
mitigating additive (P and FC in the present
investigation) to avoid the bursting of the pellets
when placed in the kiln. However, other more
conventional degreaser components should be
tested in future investigations.

Apart from the decomposition of P and FC, the
processes of clay mineral dehydroxilation and
water release could be important in the forma-
tion of pores.

In terms of the changes that have occurred in
mineralogy and texture, it is worth highlighting
the important development of amorphous phase
in the aggregates (>50 %) together with the neo-
formation of pyroxenes (enstatite, protoenstatite
and diopside). Quartz was the only inherited
specie, appearing in the form of isolated phe-
nocrysts within a generally porphyritic porous
texture.

In conclusion, the use of sepiolite as the major
component in LWA manufacturing can be an exce-
llent alternative for harnessing this material in a dif-
ferent way, especially from those plant processed

fractions that are “unmarketable”. Thanks to this
new perspective these materials can be valorized,
meaning an additional economic and environmental
asset.
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