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This study aims at investigating for the first time if ceramic waste coming from the rectifying process of porcelain
stoneware tiles are suitable to prepare alkali activated lightweight composites. After successfully designing alkali
activated materials based on ceramic waste, different foaming agents were added alone or in combination with

Foam sodium dodecyl sulfate acting as pore stabilizing agent. Addition of expanded perlite as lightweight constituent
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was also tested. Different properties, such as geometric density, water absorption, porosity and pore size dis-
tribution by mercury intrusion porosimetry and SEM observations, and thermal conductivity, were measured in
view of their potential future applications. The results highlight that combining ceramic tile waste as raw ma-

terials, hydrogen peroxide as foaming agent, sodium dodecyl sulfate as pore stabilizing agent and expanded
perlite allow the preparation of optimized lightweight composites with a density of 0.75 g/cms, a water ab-
sorption greater than 70 % and a thermal conductivity of 0.26 W/mK.

1. Introduction

One of the major potentialities of alkali activated materials is the
possibility of using a wide range of precursors derived from industrial
by-products. Many varieties of metallurgical, building sector and agri-
culture wastes can be applied as promising raw materials for alkali
activation or at least as SiO, source [1,2]. In addition, to valorize the
environmental sustainability of these materials, one route is to use
locally available waste [3]. This choice would minimize the transport of
bulk materials that is a component that often dominates the emission
impacts in LCA environmental analysis [3,4]. Among the others,
ceramic-type wastes represent promising precursors for alkali activa-
tion. This waste category has been widely used to produce more sus-
tainable construction materials, such as foam ceramics, concrete and
ceramic tiles [5,6]. Ceramic-type wastes can be sourced from con-
struction and demolition (C&D) waste (including concrete, bricks, roof
tiles and ceramic materials in general) or from ceramic industry pro-
cesses (waste from production of bricks, tiles and refractories) [1,7].
Ceramic waste from C&D operations shows some important challenges
due to the complexity to use selective separation procedures. Current
separation usually leads to ceramic waste with heterogenous composi-
tions and a large presence of contaminants, such as glass, wood, gypsum
[8], that do not allow an efficient recycling as raw materials for alkali
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activation. On the contrary, ceramic waste directly generated by in-
dustry is potentially more easily recyclable in alkali activation thanks to
a major control of origin and composition. Indeed, previous studies have
demonstrated the suitability of clay brick powders-based waste [9-12]
and mixed ceramic waste [7,13-15] as precursors for alkali activation.
Other studies have also demonstrated the applicability of refractory
waste as fillers for enhancing high temperature properties of alkali
activated materials [16,17]. Other studies have explored the mechanical
improvement of alkali activated mortars thanks to the replacement of
fine aggregates with ceramic waste [18,19]. Even if some ceramic tiles
waste is already successfully involved in a close-loop recycling [20,21],
it shall be reminded that world ceramic tile production is huge (about
16,800 million m? in 2022 [22]), thus ceramic tiles waste remains an
interesting potential source. Spain and Italy are the largest European
producers of ceramic tiles: they were at the 5" and 7t places of the
global ceramic tile manufacturers with a total production of 500 and 431
million of m? in 2022, respectively, corresponding to the 3.0 and 2.6 %
of the world production [22]. Thus, ceramic tile waste can be largely
available in Europe, especially in Valencia and Emilia-Romagna regions,
where the two most important European ceramic clusters are located
(Castellon in Spain and Sassuolo/Fiorano Modenese in Italy).

A successful application for alkali activated materials is the synthesis
of highly porous materials by foam preparation. In general, these
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materials exhibit high porosity values, moderate mechanical properties
and low thermal conductivity values that are dependent to their porosity
development [23-25]. The synthesis of low-density alkali activated
materials represents a challenge and an optimized procedure shall be
investigated for each different foaming technique: small pore size and
uniform pore distribution needs to be achieved and pore collapse should
be avoided. Different approaches can be pursued such as chemical
foaming technique, direct addition of gas bubbles, extraction of sacri-
ficial fillers, replica methods, or additive manufacturing [24-27]. The
most common synthesis process is the addition of a foaming agent that
reacts in-situ and produces gas bubbles that remain entrapped in the
matrix [24,26]. The effect of the addition of several foaming agents have
already been investigated in alkali activated materials mainly prepared
with the commonly used precursors, such as metakaolin, slags and fly
ash [27]. Hydrogen peroxide, metallic powders (e.g. Al and Si powders),
agents containing Si (e.g. silica fume, Si and FeSi-based alloy) and so-
dium perborate are the main investigated agents [28-33]. Addition of Al
powder to fly ash-based geopolymers leads to density of 0.4-0.8 g/cm?,
however mainly closed pores are formed [31]. Moreover, it was found
that increasing aluminum concentration, coarse and non-homogenously
distributed porosity is obtained [30,32,34]. While using 0.1 wt%
hydrogen peroxide leads to a homogeneously distributed porosity of
macro-pores, increasing HoO2 concentrations leads to pore coalescence
in fly ash-based geopolymers [30]. In order to optimize the performance
of the mentioned foaming agents, a promising approach is to add in
combination pore stabilizing agents (surfactants) such as commercial
products (Tween80, TritonX-100, Sika Lightcrete02) or sodium dodecyl
sulfate (SDS) [30,35-37]. Indeed, high porosity and homogenous pore
distribution are reached, especially when surfactant and foaming agent
are added in equal concentrations [36]. Moreover, to enhance the
porosity of alkali activated foams, addition of lightweight constituents
can also be pursued. In literature, different lightweight materials
derived from natural resources (perlite, pumice, shale, ceramsite and
slate sand all in the expanded forms) or from industrial wastes (recycled
lightweight blocks, expanded glass and recycled thermosetting and
thermoplastic materials) were successfully added to alkali activated
matrices [24,38,39].

This paper presents two main goals. The first one is to assess if
ceramic tile waste coming from the rectification process of porcelain
stoneware tiles is a suitable precursor to be alkali activated. The interest
for this type of waste, never tested so far by alkali activation, is based on
the fact that porcelain stoneware tiles are currently considered the top-
quality ceramic tile in Europe and the rectification process is practically
a mandatory step. A production of about 2 million of tons of this waste
can be expected only in Europe. The second goal is to obtain lightweight
composites with an open porosity greater than 50 % and a thermal
conductivity lower than 0.30 W/mK by means of foaming process
optimization and addition of expanded perlite. Lightweight composites
with these target characteristics can be employed in the building engi-
neering sector as thermal insulation (e.g. production of foamed blocks
with enhanced thermal insulation properties) and/or fireproofing ma-
terials [30,31].

Both the above-mentioned goals are challenging and unexplored at
the best of our knowledge. The most recent studies involving ceramic
wastes regards ceramic waste pottery [15] as partial replacement of fly
ash, and ceramic waste as fine aggregates to produce alkali activated
mortars [19]. In addition, research results on different types of ceramic
waste used for geopolymers synthesis [20] and on anti-bacterial alkali
activated cement based on white ceramic waste [40] were also pub-
lished. Ceramic waste (i.e., coming from ceramic tiles, bricks and sani-
tary) was also applied to produce sustainable cements and concrete
[41], bedding mortars for Cultural Heritage conservation [42], and
materials for high temperature applications [43]. Moreover, Liang et al.
developed lightweight aggregates for concrete by expanding, pelletizing
and granulating ceramic tile waste [44].

To reach the two main objectives of this research, investigations have
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been developed by (i) designing alkali activated mixes based on different
content of ceramic waste; (ii) optimizing different direct foaming
methods tested alone and in combination with a pore stabilizing agent;
(iii) evaluating the effect of different amount of expanded perlite addi-
tion in the most porous samples, in order to produce lightweight com-
posites. As early-curing temperature is a critical parameter in porosity
development of alkali activated composites [45,46], its influence has
been also investigated maintaining it always lower than 100 °C.

2. Methods
2.1. Materials

Ceramic waste (CW) (kindly supplied by Italcer group — Ceramica
Rondine (Rubiera, RE, Italy) coming from industrial rectifying proced-
ure of porcelain stoneware tiles, was selected as precursor for alkali
activation. This waste was used as supplied without any pre-treatment
because it was already a fine powder. CW exhibits a d(50) of 20.3 pm,
as determined by laser granulometry, a density of 2.43 + 0.01 g/cm?, as
measured by water pycnometer, and a specific surface of 3610 cm?/g as
determined by Ny adsorption technique at 77 K (and application of BET
equation). SEM observation, reported in Fig. 1, shows angular shape for
CW particles.

CW chemical composition, determined by ICP-OES (PerkinElmer,
Avio 550 MAX), is reported in Table 1 and exhibits SiO, and Al,O3 as
main oxides with a content of 73.2 and 17.5 wt%, respectively. Quan-
titative mineralogical analysis, carried out by a Philips PW 1280
diffractometer (equipped with a Cu-Ka (1.5406 A) radiation source and
excited with 30 mA and 40 kV) and obtained by Rietveld refinement to
obtain quantitative data, shows that CW contains 69.4 + 1.4 wt% of
amorphous phase, 22.1 + 0.1 wt% of quartz, 4.0 &+ 0.4 wt% of mullite,
3.5 £ 0.4 wt% of plagioclase and minor phases (<1.0 wt%) such as
silicon carbide, cristobalite and zircon. Such impurities are mainly due
to abrasive wheels used for tile rectification process.

To optimize the mix design of alkali activated materials based on
CW, fly ash (FA) was used as co-precursor, being one of the most reactive
raw materials, besides metakaolin [29,39,47]. Low-calcium fly ash
(Class F according to ASTM C618 standard) sourced by BauMineral
(EFA-Fuller®) was selected and its chemical composition is reported in
previous studies [48,49]. Density of FA is equal to 2.4 g/crn3 [50], and a
specific surface of 2220 cm?/g was measured by Ny adsorption tech-
nique at 77 K (and application of BET equation).

For alkali activation, 8M sodium hydroxide (NaOH) and sodium
silicate solutions were used. 320 g NaOH pellets (ACS reagent, 97 %)
supplied by Sigma Aldrich were dissolved in 1L of deionized water to
obtain the 8M concentration. Sodium silicate solution, supplied by
Ingessil S.r.1 (Italy), has a SiO5/NayO ratio equal to 2.07 and shows a

Fig. 1. CW observation by SEM.
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Table 1

Chemical composition (wt%) of ceramic waste (CW) measured by ICP-OES (LOI = Loss of Ignition).
SiO4 Al,O3 TiOy Fe,03 CaO MgO K;0 NayO ZrO, SO3 LOI
73.2 17.5 0.8 1.1 1.5 1.9 2.9 0.4 0.1 0.4

composition of 29.9 % SiO,, 14.4 % Nay0 and 55.7 % H-O.

To prepare foams, a pore stabilizing agent (surfactant) and three
foaming agents were tested varying their content. For each agent,
different ranges of concentration have been selected. The maximum
concentration was set by preliminary screening tests in order to avoid
pore coalescence phenomena. In particular, the following agents were
used:

e sodium dodecyl sulfate (SDS, MP Biomedicals ultrapure, >99.9 %) as
anionic surfactant in the form of white powder. It was added in the
mix in amount ranging from the 0.5 to 2.5 wt%;

hydrogen peroxide (HP, Sigma Aldrich) as foaming agent: a 30 vol%
solution was added in the mix in amount ranging from 0.5 to 2.5 wt
%. It is well known that hydrogen peroxide acts as chemical blowing
agent forming oxygen gas, according to Eq. (1) [30]:

2H509 — 2H50 + Oy (@)

e sodium bicarbonate (SB, Crastan S.p.A) as a foaming agent in the
form of white powder. It was added in the mix in amount ranging
from 5 to 10 wt%. This blowing agent is currently used to prepare
low density polymeric materials [51,52], as sodium bicarbonate
decomposes for temperature equal or greater of 100 °C producing
carbon dioxide (CO2) gas in accordance with Eq. (2) [52]:

2NaHCO3 — NapCO3 + Hp0 + CO2 (2)

e metallic aluminum (Al) as a foaming agent: it was obtained by
manually chopping exhausted coffee capsules for automatic coffee
machines. After chopping, Al particles smaller than 5 mm (Fig. S1 in
the Supplementary Materials section) were rinsed with water to
eliminate coffee residues. Al scraps were added in the mix in amount
ranging from 0.2 to 1.0 wt%. The effect of metallic aluminum as
blowing agent is related to hydrogen gas formation due to the basic
environment obtain by alkaline solutions, following Eq. (3) [30]:

8Al + 20H™ + 2H,0 — 4Al,0™ + 3H, 3)

The use of recycled aluminum scraps as foaming agent has been
selected on purpose in view to develop waste-based material with a
circular economy approach.

Expanded perlite (supplied by Perlite Italiana) with a fixed grain size
distribution and dy,.x = 2 mm was also added in different content (5, 10
and 13 wt%) to prepare lightweight composites. It exhibits a density of
0.7-0.9 g/cm?®, according to technical data sheet. The maximum amount
of expanded perlite added, i.e., 13 wt%, was selected on the basis of the
results of a previous study that demonstrated this concentration is the
maximum to obtain acceptable workability without modifying the water
content [38].

2.2. Mix designs and sample preparation

Different formulations were prepared using different content of CW
and FW as precursor and co-precursor, respectively. Table 2 reports the
mix design (in wt%): the sample code represents the amount of CW used
as precursor (25, 50, 75 and 100 %). As reference sample, a mix design
with 100 % fly ash (OCW) was also prepared and tested. All the mix
designs are based on the same theoretical molar ratios for alkali acti-
vation: Si/Al = 2.5, Na/Al = 1.0, Na/Si = 0.4. A target workability of 80
+ 2 mm diameter of slurry by flow test, using a mini-cone slump tester
with the following dimensions: H = 57 mm, Drop = 19 mm and Dporrom

Table 2

Mix design (wt%) of the investigated samples.
Sample  FA CW 8M NaOH Sodium silicate Extra

solution solution H,0

ocw 71.3 - 22.5 6.2 -
25CW 53.2 17.7 21.3 6.4 1.4
50CW 34.6 34.6 20.1 5.9 4.8
75CW 16.9 50.6 18.9 5.4 8.3
1o00cw - 66.3 17.9 4.6 11.2

= 38 mm, has been adopted according to previous experience [31].
Workability target was set to minimize air entrapment especially when
lightweight aggregates have been used. Increasing the CW content, the
addition of extra water was required compared to sample based on 100
% FA (OCW).

Samples were prepared by dry mixing the precursors. Then, alkaline
solutions were added, and the mixing proceeded for 1 min and 30 s.
When necessary (in agreement with Table 2), deionized water was
added and an additional mixing for 1 min and 30 s was carried out. The
mix was then poured into cylindrical samples (35 mm diameter and 20
mm height). All the samples were cured in sealed conditions wrapped in
a close plastic bag at different curing temperature for 24 h: room tem-
perature (RT, 23 £ 2 °C), 50 and 80 °C. After one day of curing, samples
were demolded and stored in sealed condition for further 6 days at room
temperature. For each mix, 5 cylindrical samples were prepared for
testing.

2.3. Foam sample preparation

Foam samples were prepared in accordance with the mix designs
reported in Table 3: 100CW has been selected as un-foam sample
reference and it was used as base for the addition of different content of
surfactant or foaming agents. Foam samples have been named “F”, fol-
lowed by the content (wt%) and the acronym of the surfactant (SDS) or
the foaming agents (HP, SB and Al).

To investigate the potentiality of SDS as foam stabilizing agent,
combination of SDS and HP were also tested by maintaining constant the
concentration of HP at 1.0 wt% and ranging the concentration of SDS
between 0.5 and 2.0 wt%, as reported in Table 4. This set of samples
have been named “HP”, followed by the content and surfactant acronym
(SDS).

Foam samples were prepared following the procedure reported in
paragraph 2.2: after the 3 min mixing, surfactant or the foaming agents
or the combination of SDS and HP were added, and additional mixing
was performed for 30 s. Then the mix was poured in cylindrical samples
(35 mm diameter and 20 mm height) and cured in sealed condition
wrapped in a close plastic bag. Curing temperature was 50 °C for 24 h for
all the mixes excepts for mixes containing sodium bicarbonate that were
cured at 100 °C for 24 h to promote sodium carbonate decomposition.
Foam samples were then demolded and stored in sealed condition for
further 6 days at room temperature, before testing.

2.4. Lightweight composite preparation

Lightweight composites have been prepared after the selection of the
most promising foaming agents. For this reason, a combination of SDS
and HP added in the same concentration (1.0 wt%) was selected. By
increasing the expanded perlite content, extra water was added to
achieve a targeted workability in accordance with EN 1015-3 (160 mm
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Table 3
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Mix design (wt%) of the foam samples obtained by adding different concentrations of sodium dodecyl sulfate (SDS), hydrogen peroxide (HP), sodium bicarbonate (SB)
and metallic aluminum (Al) obtained by manually chopping of exhausted coffee capsules.

Sample CwW 8 M NaOH solution Sodium silicate solution H,0 Foaming agent
F-0.55DS 66.0 17.8 4.6 11.1 0.5
F-1.0SDS 65.6 17.7 4.6 11.1 1.0
F-1.58DS 65.3 17.6 4.6 11.0 1.5
F-2.08DS 65.0 17.5 4.6 10.9 2.0
F-2.55DS 64.6 17.4 4.5 10.9 2.5
F-0.5HP 65.9 17.8 4.6 11.1 0.5
F-1.0HP 65.6 17.7 4.5 11.1 1.0
F-1.5HP 65.3 17.6 4.5 11.0 1.5
F-2.0HP 65.0 17.5 4.5 10.9 2.0
F-2.5HP 64.6 17.4 4.5 10.9 2.5
F-5.0SB 63.0 17.0 4.4 10.6 5.0
F-7.5SB 61.3 16.6 4.29 10.4 7.5
F-10SB 59.6 16.1 4.18 10.1 10.0
F-0.2A1 66.2 17.9 4.63 11.2 0.2
F-0.4A1 66.0 17.8 4.62 11.1 0.4
F-0.6A1 65.9 17.8 4.61 11.1 0.6
F-0.8A1 65.8 17.7 4.60 11.1 0.8
F-1.0Al 65.6 17.7 4.59 111 1.0
Table 4

Mix design (wt%) of the foam samples (HP) prepared with a constant amount of 1.0 wt% of HP, varying SDS in the range of 0.5-2.0 wt% and of lightweight mortars (M)
obtained by the addition of expanded perlite (5, 10 and 13 wt%) and a combination of SDS and HP (both at 1.0 wt%).

Sample CwW Expanded perlite 8 M NaOH solution Sodium silicate solution H,0 SDS HP
HP-0.5SDS 65.3 - 17.6 4.6 11.0 0.5 1.0
HP-1.0SDS 65.0 - 17.5 4.6 10.9 1.0 1.0
HP-1.58DS 64.6 - 17.5 4.5 10.9 1.5 1.0
HP-2.0SDS 64.3 - 17.4 4.5 10.9 2.0 1.0
M-5EP 61.9 4.8 16.7 4.3 10.5 1.0 1.0
M-10EP 54.9 9.3 14.8 3.8 15.5 1.0 1.0
M-13EP 49.7 12.1 13.6 3.5 19.1 1.0 1.0

of minimum spread value) [53]. Table 4 reports the composite mix
design: samples were named “M”, followed by the content and the
acronym of expanded perlite (EP). Composite preparation was carried
out as follows: CW and expanded perlite were manually pre-mixed and
then poured in a Hobart mixer where the alkaline solutions were added.
After mixing for 90 s, water was gradually added and mixed for addi-
tional 180 s. After a pause of 60 s, a combination of SDS and HP solution,
was added and mixed for further 30 s. The mix was then poured in 5
cylindrical samples and in 2 slabs (90 x 90 x 30 mm), and cured at 50 °C
for 24 h wrapped in a close plastic bag. After one day of curing, samples
were demolded and stored in sealed condition for further 6 days at room
temperature, before testing.

2.5. Characterization

Geometric density was obtained by dividing the dry mass to the
volume of the cylindric samples (35 mm diameter and 20 mm height).
Due to the expected high porosity and in some cases large pore size for
foams and lightweight composites, water absorption was determined
under vacuum conditions in order to have a more precise evaluation [30,
38]. Dry samples (m4) were placed under vacuum chamber for 30 min.
Then, addition of deionized water in the vacuum chamber was carried
out until complete sample saturation. After maintaining the vacuum
level for additional 30 min, samples were weighed in saturated
surface-dry condition (mgsq). Saturated surface-dry weight was repeated
for longer times to be sure that complete saturation of samples was
reached (mass variation <0.1 %) Water absorption values were calcu-
lated as percentage of the difference between mgq and mq divided by mg.
Both density and water absorption data are reported as average of at
least three measurements.

Weight stability was evaluated by measuring the mass loss by
immersing dried samples (mq) in deionized water for 24 h. After

immersion, samples were dried at 105 + 5 °C for 24 h and mass values
were recorded (m;). Weight stability was calculated as percentage of the
difference of my and m; divided by my. This parameter demonstrates the
hydraulicity of the binder due to geopolymer formation. When a low
value of mass loss is recorded (i.e. [54 NEW]), a satisfying quality of the
developed alkali activated material is generally achieved.

As water absorption gives an indication of the total open porosity,
mercury intrusion porosimetry (MIP) analysis allows to measure the
pore size distribution under 100 pm.

MIP measurements (Thermo Scientific Pascal 140 and 240 Mercury
Porosimeters instruments) were carried out onto 1 cm® samples avoiding
the external sample surfaces. Instrument parameter of Hg contact angle
(0) equal to 141.3°, Hg surface tension (y) of 0.48 N/m and applied
pressure from 0.1 kPa to 200 MPa were applied for all the measurements
and the results were managed by S.0.L.LD. software (SOLver of Intru-
sion Data, Thermo Scientific).

Samples microstructure was observed by Scanning Electron Micro-
scopy (SEM, Philips XL.20) applying 10 keV and the secondary electron
(SE) detector. To make the samples conductive, they were sputtered
with gold before SEM observation by a Quorum sputter coater (Q150R
ES). Geometric density, water absorption and weight stability and
porosimetry tests, as well as SEM observation were performed after 7
days of curing.

Mechanical tests and thermal conductivity measurements were car-
ried out on lightweight composites after 28 days of curing. Flexural (R¢)
and compressive strength (R.) were measured by an Amsler-Wolpert
machine on 40 x 40 x 160 mm prismatic samples and 40x40 x 40 mm,
respectively, applying a constant displacement rate of 5 mm/min, ac-
cording to EN 196-1 [55].

A TPS1500S from Hot Disk AB equipped with Kapton-insulated
sensors was used for the measurement of the effective thermal conduc-
tivity of the investigated materials. The system applies the transient
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plane source technique described in ISO 22007-2 [56] and is applicable
over a wide range of materials [57,58] including alkali activated ma-
terials [38]. The Hot Disk technique provides a direct measure of the
thermal conductivity (k) of the material. The procedure described in ISO
22007-2 [56] was followed in the experiments and data elaboration.
Sensors with 9.719 mm radius were used; the power provided to the
sensor in the test was between 30 and 50 mW, the measuring time was
160 s. Two rectangular slabs (90 mm x 90 mm x 30 mm), constituted
the tested samples. Each thermal conductivity result presented is the
mean of measurement in three different points of the sample, each one
consisting of three individual measurements with standard deviation no
greater than +0.01 W/mK.

3. Results and discussion
3.1. Mix design optimization

The optimization of the mix design of alkali activated materials with
CW as precursor has been developed adjusting ceramic tile waste con-
tent and curing temperature (RT, 50 and 80 °C). Decreasing CW con-
centration leads to a slight increase in geometric density and a decrease
in water absorption, as shown in Fig. 2. These trends are due to a minor
amount of added water in the mixes to reach the target workability and
to the presence of FA as co-precursor. When only CW is present
(100CW), a marked decrease in geometric density and an increase in
water absorption values have been observed as function of curing
temperatures.

The density and water absorption variation (—7, —11, —15 % and
+26, +33, +39 %, respectively), linearly changes with the curing tem-
perature, indicating that the best results for CW100 are obtained when
RT curing is selected. Fig. 2¢c reports the weight stability, expressed as
mass loss of the hardened samples after 24 h of water immersion. In
general, increasing CW content leads to an increase in mass loss, espe-
cially for samples cured at RT and 80 °C. Weight stability (Fig. 2c),
representing an index of alkali activation degree, clearly exhibits that
50 °C is the most performing curing temperature for the first 24 h for all
the formulations containing at least 50 % of CW as precursor.

Moreover, samples cured at RT and 80 °C exhibit cracks, surface
powdering and material loss when at least 50 % of CW as precursor was
present. As already reported in the literature [46,59], elevated tem-
perature curing plays and important role in alkali activation, also as
function of the precursor nature and composition. In the Supplementary
Materials section, macros of all the investigated samples are reported
(Fig. $2).

These preliminary results indicate that in the investigated alkali
activated system based on CW, greater variations of density and water
absorption are observed compared to the ones observed for a 100 % FA
system. Such a behavior can be ascribed to a higher reactivity of FA [1]
compared to CW, which exhibits a different chemical composition and
the presence of various crystalline phases. Moreover, particle shape of
the precursor can also influence their reactivity [60]: compared to fly
ash that usually exhibits mostly spherical particles [45], CW particles
are characterized by angular shape, as depicted in Fig. 1. Finally, it is
important to mention that to have satisfying workability, a slightly
increasing content of extra water (up to 10 wt% for 100 CW) was added
increasing the CW replacement (as shown in Table 2). This could pro-
mote a slight increase in porosity formation, contributing in decreasing
geometric density and increasing water absorption.

3.2. Foaming optimization

Foam samples were developed on the basis of 100 wt% CW. Fig. 3
reports the physical properties (geometric density, water absorption
values and pore size distribution) of the foam samples obtained by
adding SDS (Fig. 3a and b), hydrogen peroxide (Fig. 3¢ and d), sodium
bicarbonate (Fig. 3e and f) and metallic aluminum from recycled coffee
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Fig. 2. (a) Geometric density, (b) water absorption values and (c) mass loss of
alkali activated materials prepared by increasing content of the selected
ceramic waste (CW).

capsules (Fig. 3g and h). Supplementary Materials section reports
macros of the whole and cross-sectioned foam samples (Fig. S3). Addi-
tion of SDS on concentrations ranging between 0.5 and 2.5 wt%, induces
only a slight effect in the foaming process. The highest SDS concentra-
tion allows a weak reduction in geometric density (about - 7 %) and a
slight increase (+10 %) of water absorption, thus indicating that SDS is
acting more as pore stabilizing agent than direct foaming agent, as
elsewhere reported [36]. Pore size distributions (Fig. 3b), showing
comparable curves corresponding to an average open porosity of 43 %,
and microscopy observations, in which no macroscopic variations in
porosity are evident (Fig. S3a), confirm the role of SDS.

Among the three selected foaming agents (hydrogen peroxide, so-
dium bicarbonate and recycled aluminum particles), HP is the one that
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Fig. 3. Geometric density and water absorption values (on the left) and pore size distribution measured by MIP (on the right) of: (a, b) SDS, (c, d) hydrogen peroxide

(HP), (e, f) sodium bicarbonate and (g, h) recycled aluminum powder.

better optimize the foaming process, especially when added in concen-
tration of 1.0 wt%. With this amount, a geometric density of 1.04 g/cm?,
water absorption of 48 % and a total open porosity by MIP of 53 % have
been measured (Fig. 3c and Fig. S3b). For HP content >1.0 wt%, an
opposite trend was observed, since density and water absorption results
tend to reach the value of the un-foam reference sample (100CW).
Moreover, pore size distributions (Fig. 3d) also show that samples pre-
pared with 0.5 and 1.0 wt% of HP have intruded higher Hg volume
compared to samples containing 2.0 and 2.5 wt% of HP. Such a behavior
is promoted when a content of HP greater than 1.0 wt% is used, thus the
tendency of pores to coalescence largely increases, as highlighted in
macros reported in Fig. S3b (Supplementary Materials section). This
behavior was also observed in previous studies [30,36]. Accordingly, HP

equal to 1.0 wt% has been selected as the maximum amount able to
maximize the porosity and to avoid pore coalescence.

SB foaming agent has been added in the range of 5-10 wt% and with
the highest amount a density of 1.08 g/cm® and water absorption of 51
% were determined for SB content equal to 10 wt%, as shown in Fig. 3e.
Pore size distribution of SB based samples increases with SB content as
reported in Fig. 3f. However, these samples exhibit a very friable
structure characterized by elongated macro-pores as reported in Fig. S3c
(Supplementary Materials section). In order to successfully optimize SB
based samples, additional investigations are ongoing considering curing
conditions at higher temperature as SB decomposes at temperatures
between 100 and 180 °C. In this way, it will be possible to reduce the SB
concentration, as demonstrated elsewhere [51].
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Finally, the effect of the addition of recycled metallic aluminum is
reported in Fig. 3g and h. The tested range did not allow an efficient
foam production due to the formation of few macro-pores in corre-
spondence of the presence of aluminum particles. This is clearly visible
in Fig. S3d reported in the Supplementary Materials section. The best
result was obtained by adding 1.0 wt% of Al particles that induced a
density of 1.09 g/cm® and a water absorption value of 37 %. These re-
sults are far away from the ones obtained in other studies [24,26,29,31],
in which the addition of lower concentrations (<0.1 wt%) of metallic
aluminum powder leads to geometric density values lower than 0.8
g/cm®. The main reason for these different results is related to the aspect
ratio of the added recycled aluminum particles. As the particles used in
this work have been manually chopped, they are too big to ensure an
effective dispersion of the pores in the alkali activated matrix as
hydrogen is mainly formed at the interphase between the aluminum
particles and the matrix. In order to improve the use of recycled metallic
aluminum sourced from exhausted coffee capsules as foaming agent,
different aspect ratios of the aluminum particles are currently under
investigations.

As HP was identified as the most promising foaming agent among the
tested agents, it was combined with SDS to evaluate their synergic effect
in preparing foams based on the alkali activation of CW. The HP con-
centration was fixed at 1.0 wt% as this concentration leads to the lowest
density values among the tested samples, while SDS was added in the
range of 0.5-2.0 wt%. It was found that increasing the SDS concentra-
tion up to 2.0 wt%, a decrease in geometric density and a consequent
increase in water absorption have been observed (Fig. 4a). In addition,
the combination of the two agents promoted an increase in macro-pores
(>10 pm), as observed in MIP measurements (Fig. 4b). However, sam-
ples prepared with SDS concentration greater to 1.0 wt% leads to friable
samples difficult to handle (as depicted in Fig. S4 in the Supplementary
Materials section). The obtained results about the combination of HP
and SDS are coherent with a study by Korat and Ducman where they
stated the importance of tailoring the SDS concentration on the basis of
HP [36]. With the aim to better highlight the improvement due by the
different agents, Fig. 5 reports the physical properties of the foams ob-
tained by the combination of SDS and HP compared with the samples
with SDS or HP alone. It is clearly observable that HP-1.0SDS shows the
lowest geometric density values and the greatest porosity both in terms
of water absorption and MIP results. These results are in accordance
with previous studies where HyO, was used in combination with an
additive (e.g. pore stabilizer or surfactant) to foam fly ash-based alkali
activated materials [24,30,36].

SEM observations are reported in Fig. 6. Fig. 6a shows the micro-
structure of the unfoam sample, characterized by the formation of a
continuous gel matrix embedding some unreacted CW particles
(Fig. 6b). The formation of more porous microstructure compared to FA-
based one [47,49] was somehow expected due to the lower amount of
amorphous phase (around 70 %) in CW. In addition, it is shown that
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F-1.0SDS (Fig. 6¢ has a microstructure like the refence sample (100CW,
Fig. 6a) except for some macro-pores due to SDS addition. Porosity in-
creases with the addition of 1.0 wt% hydrogen peroxide (F-1.0HP,
Fig. 6d) and the combination of hydrogen peroxide and SDS (HP-1.0SDS,
Fig. 6e). SEM observations agreed with MIP and water absorption data,
thus confirming the efficiency of the synergic action of HP and SDS
system.

3.3. Lightweight composites

The effect of expanded perlite addition (up to 13 wt%) on HP-1.0SDS
mix made with 100 % CW as precursor is reported in Table 5, where
geometric density and water absorption values of the investigated
composites are reported as function of the EP content.

Results show that increasing the expanded perlite content, a decrease
in geometric density and an increase in water absorption are detected. In
particular, adding 5 wt% of EP induces a slight decrease in geometric
density (about 5 %) and a slight increase in water absorption. Fig. 6f
reports the characteristic microstructure of the lightweight composite
(M-5EP). The addition of 10 and 13 wt% of EP leads to a decrease of 25
and 32 % for geometric density and a noteworthy increase of 37 and 61
% for water absorption, respectively. These results are in accordance
with the ones obtained for fly ash-based composites containing similar
expanded perlite content [38,39,61].

Table 5 also reports the mechanical performances of lightweight
composites, as well as their thermal conductivity. In particular, the
addition of 5 and 10 % of expanded perlite induces a strong decrease in
the mechanical tests. In fact, a decrease of about 21 and 56 % in R. was
respectively found. The same trend was observed for R¢ that decreased of
about 18 and 45 %, respectively. Comparable mechanical performances
were observed for composites with 10 and 13 wt% of EP, as reported
elsewhere for fly ash-based lightweight composites [36].

Concerning thermal conductivity, HP-1.0SD shows k value around
0.48 W/(m K), while adding EP to a lowering in thermal conductivity
values up to 0.25 W/(m K) is observed. As for mechanical performances,
no relevant differences in k values have been determined for composites
containing 10 and 13 % of EP. Such results indicate that the addition of
EP in this range allows a decrease in geometric density without affecting
mechanical and thermal properties.

Finally, Fig. 7 shows the effect of different temperatures (50, 70 and
85 °C) for the first 24h curing on the physical properties of M-5EP and
M-10EP lightweight composites. These two mixes have been considered
the most representative of this study being the ones where the effect of
EP addition induces evident changes in mechanical performances and
thermal conductivity. Increasing the first 24 h curing temperature up to
85 °C results in a decrease in geometric density, thus leading to an
optimization in the light-weighing for both M-5EP and M-10EP. At the
same time, water absorption increases thus indicating an increase in
open porosity, as depicted in pore size distribution measured by MIP
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Fig. 4. (a) Geometric density, water absorption and (b) pore size distribution of the foam samples prepared with the combination of the pore stabilizing agent (SDS)

in the concentration range of 0.5-2.0 and 1.0 wt% of hydrogen peroxide (HP).
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Fig. 5. Comparison of the physical properties ((a) geometric density and water absorption and (b) pore size distribution) among the reference unfoam sample
(100CW) and the foams obtained by the addition of 1.0 wt% SDS (F-1.0SDS), 1.0 wt% hydrogen peroxide (F-1.0HP) and the combination of the previously mentioned

agents (HP-1.0SDS).

Fig. 6. SEM observation by secondary electrons of (a,b) the reference unfoam sample (100CW) at two different magnification and the foams obtained by the addition
of (¢) 1.0 wt% SDS (F-1.0SDS), (d) 1.0 wt% hydrogen peroxide (F-1.0HP), (e) the combination of the previously mentioned agents (HP-1.0SDS) and (f) the light-

weight composite (M-5EP).
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Table 5

Physical (geometric density and water absorption), mechanical (flexural and compressive strength) and thermal properties of lightweight composites with increasing
expanded perlite content. Thermal conductivity of HP-1.0SDS foam is also reported as reference.

Sample name Geometric Density (p, g/ Water absorption (WA, %) Flexural strength (Ry, Compressive strength (R, Thermal conductivity (k, W/(m K))
cm3) MPa) MPa)
HP-1.0SD 1.00 + 0.02 52.1 + 0.7 1.1+0.3 3.9+0.3 0.484 + 0.027
M-5EP 0.95 + 0.02 51.8 + 2.6 0.9 +0.2 3.1+04 0.302 + 0.022
M-10EP 0.75 + 0.01 71.6 + 0.7 0.6 +0.1 1.7 +0.1 0.258 + 0.017
M-13EP 0.68 + 0.02 83.8 +2.2 0.7 £0.1 1.7 £0.2 0.252 + 0.043
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Fig. 7. Effect of curing temperature (50, 70 and 85 °C for the first 24h) on the physical properties of lightweight composites M-5EP (a, b) and M-10EP (c, d).

(Fig. 7c and d). These achievements in terms of geometric density and
water absorption are related to the fact that increasing the temperature
in the first 24h of curing, a higher yield in hydrogen peroxide decom-
position and pores stabilization are promoted together with a faster
geopolymerization [30]. Thus, besides the possibility to tune the
expanded perlite content, these results demonstrate the possibility to
improve the lightweight properties by optimizing the first 24 h curing
temperatures, always considering conditions with T < 100 °C.

4. Conclusions

This study demonstrates that ceramic waste (CW), sourced from the
rectifying process of porcelain stoneware tiles, can properly work as
precursor in alkali activation systems and, with the addition of foaming
agents and porous aggregates, there is the possibility to design light-
weight composites. The main conclusions can be drawn as follows:

e it was demonstrated that CW is suitable for alkali activation also
when used stand-alone (100 % CW). Theoretical molar ratios of Si/
Al = 2.5, Na/Al = 1.0, Na/Si = 0.4 have been used to synthetize a
stable alkali activated material with a density of 1.3 g/cm® and a
water absorption of 25 %;

using 100 % CW, different direct foaming strategies have been tested
by ranging the concentrations of pore stabilizing and foaming agents
alone and/or in combination. Among the tested agents, hydrogen
peroxide either alone either in combination with sodium dodecyl

sulfate induces the best performances. By adding both these agents in
equal concentration (1.0 wt%), samples with a geometric density of
1.0g/ cm® and a water absorption of 52 % have been obtained, with a
homogenous pore distribution characterized by macro-pores;
lightweight composites have been prepared by the addition of
different content of expanded perlite and varying curing tempera-
tures, as both these parameters have been found fundamental to tune
the desired properties. It was found that the addition of 10 wt% of
expanded perlite leads to samples with a geometric density of 0.75 g/
cmg, a water absorption of 71.6 %, a compressive strength of 1.7
MPa, and a thermal conductivity of 0.26 W/mK. When the first 24 h
of curing occurs at 85 °C, geometric density and water absorption are
0.65 g/cm® and 88.8 %, respectively.

The possibility to synthetize lightweight composites by alkali acti-
vation of ceramic tiles waste has been demonstrated to be a feasible
route and it can be considered a step forward towards the use of more
sustainable materials in the industrial and building sector. The perfor-
mances of the developed lightweight composites agree with data re-
ported in the literature when conventional precursors for alkali
activation are applied [26] and with cementitious foams based on
magnesium silicates (e.g. Air Krete®), exhibiting thermal conductivity
around 0.25 W/mK. A further step in research will be necessary, if
lightweight composites performances wish to reach the thermal insu-
lation values characteristics of materials such as fiberglass, mineral
wool, polystyrene, which are lower of at least one order of magnitude.
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