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The construction sector provides 14.8 million jobs in the European Union. However, it also accounts for 36% of
greenhouse gas emissions and 35% of total waste. High-temperature ceramic manufacturing consumes sub-
stantial energy, yielding basic structural products. The alternatives presented, such as geopolymers, still do not

ézl;h:)el mer replace traditional materials and are not as sustainable as believed. This innovative study combines hydro-
Cer:)mi}cls thermal zeolitization with kaolin-based ceramics fired at both conventional (900°C) and much lower tempera-

tures (600°C), exploring varied conditions, including the use of microplastic wastes as pore-forming agents.
Significant zeolite crystallization (15-74%) and mechanical strength increase (2-37-fold compared to untreated
materials) is demonstrated in granular specimens, especially when adding microplastics. Geopolymerization
appears as a secondary process during treatment. This innovative method offers energy-efficient lower tem-
peratures, transforming fired specimens into zeolite-enriched, robust materials, adaptable to current technology.
This study paves the way for further research, opening up a new field of study on hydrothermally manufactured
Zeolitic Construction Materials.

Sustainable materials

1. Introduction

Advanced materials are designed to provide technological responses
superior to those of their conventional counterparts [1]. Sustainable
advanced materials (SAMs) are those whose design, manufacture and
performance also represent significant improvements from an environ-
mental, economic and social perspective [2,3]. In a global framework,
the European Union (EU) is a world leader in advanced materials, rep-
resenting 20% of its industrial base. As underlined in the Materials 2030
Manifesto [4], the EU must invest in the development of new SAMs to
remain competitive and meet the needs of its citizens. This will require
the so-called green and digital transition, harmonized by the European
Green Deal [5] and the European Digital Strategy [6], respectively.

Among the nine Materials Innovation Markets included in the Ma-
terials 2030 Roadmap is the Materials for Sustainable Construction
Market, given the importance of the construction sector at a socio-
economic and environmental level [7]. The construction sector is one
of the largest employers, with 14.8 million jobs and a turnover of 101.1
billion € in the EU (9% of Gross Domestic Product). This sector is home
to 3.3 million companies, of which 2.7 million are small and
medium-sized enterprises [7,8]. However, the construction sector is also

* Corresponding author.

responsible for approximately 50% of extracted raw materials, 30% of
water consumption, 35% of waste generated in the EU, 40% of energy
consumption and 36% of greenhouse gas emissions, making it essential
to research new SAMs to help alleviate these impacts [7,9].

Although it has traditionally been assumed that the highest energy
consumption and negative impacts in the construction sector are linked
to the cement and steel industries, the ceramic sector, and specifically
brick production, could be placed in comparable figures [10]. This
suggests the need to look for alternatives in ceramic production in order
to improve manufacturing processes. In addition, the products obtained
should exhibit improved properties, thus conforming to the objectives of
the Advanced Materials Initiative 2030 [4,7].

Alternative methods of manufacturing construction materials at low
temperature have been proposed, highlighting alkaline activation, and
more specifically, geopolymerization from raw materials rich in alumi-
nosilicates [11,12]. However, these materials have not yet found a niche
that can replace traditional cements and ceramics. In addition, their
sustainability can be questioned in many cases, since the activators
required for their manufacture are subject to a considerable energy cost
(e.g., sodium silicate is produced at 1200-1400°C [13,14]). Also, the
control of the rheology in the starting geomaterial dough is a challenge

E-mail addresses: josemanuel.moreno@uam.es (J.M. Moreno-Maroto), jacinto.alonso@uclm.es (J. Alonso-Azcarate).

https://doi.org/10.1016/j.conbuildmat.2024.136269

Received 11 February 2024; Received in revised form 25 March 2024; Accepted 12 April 2024

Available online 16 April 2024

0950-0618/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:josemanuel.moreno@uam.es
mailto:jacinto.alonso@uclm.es
www.sciencedirect.com/science/journal/09500618
https://www.elsevier.com/locate/conbuildmat
https://doi.org/10.1016/j.conbuildmat.2024.136269
https://doi.org/10.1016/j.conbuildmat.2024.136269
https://doi.org/10.1016/j.conbuildmat.2024.136269
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

J.M. Moreno-Maroto and J. Alonso-Azcarate

to be considered, generally requiring the use of molds in the manufac-
ture. This is not very feasible when the shape is intended to be given by,
for example, extrusion, something very common in the ceramic sector.
In this study, a novel method for manufacturing construction mate-
rials based on the alkaline hydrothermal treatment of macroscopic
specimens is proposed. Kaolin and polyethylene (PE) and rubber (RB)
microplastics have been used as raw materials. The four main objectives
have been: (i) to perform the manufacturing process at significantly
lower temperatures than traditional ceramic sector standards; (ii) to
easily control the rheology, allowing adaptation to processes like
ceramic extrusion; (iii) equal or even exceed the mechanical perfor-
mance compared to only sintered materials; and (iv) to achieve zeolite
enrichment through hydrothermal treatment. The latter would lead to
the development of a new advanced material with added value
compared to traditional construction materials. Previous investigations
have demonstrated the adsorbent and decontaminating capacities in
geopolymer-zeolite composites [15] and zeolitized brick powder [16,
17]. However, it is worth noting that zeolitization has not been carried
out in fired macroscopic specimens in any of the mentioned cases.
Therefore, the findings of this research could represent a more adaptable
and sustainable methodology for the constructive ceramics industry.

2. Materials and methods
2.1. Raw materials

Three raw materials were used: kaolin clay and two microplastics,
one powdered polyethylene (PE) and one powdered rubber (RB). The
kaolin was supplied by Caobar, S.A. (Taracena, Spain). Its particle size
parameters according to laser diffraction results (Coulter® LSTM 230
equipment) are: mean particle size = 8.3 ym; d10 = 0.3 pym; d50 =
4.6 pm; d90 = 18.2 pym. This kaolin is free of organic and inorganic
carbon according to TOC-analyzer (Shimadzu® TOC-VCSH). Its X-Ray
Fluorescence (Thermo ARL ADVANT’XP Sequential XRF) chemical
composition from major to minor oxides is: SiO3 = 50.9%; AlyO3 = 35%);
Fe, K and S oxides= 0.4% each; Ca, Mg, Ti and P oxides = 0.1% each.
The mineralogy of kaolin according to quantitative determination by X-
Ray Diffraction (XRD) with Rietveld refinement (see test conditions in
Section 2.3) is: kaolinite = 84.9%j; illite = 2.5%; quartz = 2.6%.

Regarding the microplastics investigated, these were artificially
prepared. In the case of PE, this is a medium-density PE-hexene linear
copolymer. The material was milled at low temperature with a Cum-
berland® 3050 mill. Its particle size distribution by sieving reveals the
following values: mean particle size = 0.334 mm; d10 = 0.056 mm; d50
= 0.338 mm; d90 = 0.482 mm. In the case of the RB powder, it was
provided by the company SIGNUS-Valoriza (Chiloeches, Spain) as a
product of tire recycling. Its particle size distribution parameters by
sieving are: mean particle size = 0.514 mm; d10 = 0.258 mm; d50 =
0.458 mm; d90 = 0.874 mm.

2.2. Manufacture of fired materials and subsequent zeolitization

Three dry starting formulations were prepared: 1) 100 wt% kaolin;

Clay (kaolin)
+ Waste (PE or RB or none)
+ Water (optimum content)
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2) a homogeneous mixture of 90 wt% kaolin + 10 wt% PE; and 3) a
homogeneous mixture of 90 wt% kaolin + 10 wt% RB. The Atterberg
limits were determined: liquid limit (LL) using the Casagrande method
and plastic limit (PL) using the thread rolling test, with the plasticity
index (PI) calculated by difference [18]. After confirming that the
addition of microplastics did not significantly affect plasticity (LL be-
tween 40.7 and 42; PL between 25 and 27.4; PI/LL between 0.35 and
0.39), the optimal moisture content (Wpp) for subsequent granulation
was calculated as Wop = PL x 1.234 [19].

A simplified diagram of the steps followed in the manufacturing
process is shown in Fig. 1. Between 250 and 350 g of each dry formu-
lation were blended with its optimal moisture content, namely 31-34%
distilled water. After thorough kneading, spheroidal granular specimens
with an average diameter of approx. 10.5 + 0.5 mm (major diagonal of
approx. 11 + 0.5 mm and minor diagonal of approx. 10 & 0.5 mm) were
manually shaped from the wet dough. After oven drying at 105°C for
24 h, the specimens were fired in a Nabertherm® LH 15/14 program-
mable muffle. As can be seen in Table 1, two firing temperatures were
studied: 600°C and 900°C, remaining at the programmed temperature
for 2 h, with a previous heating ramp of 300°C/h.

Considering a liquid/solid ratio of L/S = 8.3 ml/g, between 19 and
20 g of the fired specimens were introduced into a steel reactor with a
Teflon vessel and covered with 157-166 ml of 1, 3 or 5 M NaOH solu-
tion. The reagent used to prepare the alkaline solutions was NaOH in the
form of lentil-shaped pellets (PanReac® - AppliChem, pure, pharma
grade). Each reactor, duly closed, was placed in an oven at 80°C or
140°C for 24 or 72 h (Table 1). After that, the basic supernatant was
removed and the resulting material was repeatedly washed with distilled
water until neutral pH, again removing the supernatant. The specimens
were finally dried in an oven at 105°C.

2.3. Specimen characterization

The size of the specimens of each formulation was determined after
measuring with a caliper the major diagonal and minor diagonal of 15
specimens, calculating the mean and standard deviation of both values.

The crushing strength (S) of the specimens was determined by ver-
tical load to failure on individual specimens using a Nannetti® FM 96
press. Each specimen was diametrically measured with a caliper in its
equilibrium position and then placed on the lower plate of the press, so
that by vertical displacement the specimen was crushed against the
upper plate, recording the breaking load. To ensure soundness in the
results, the test was performed on 10 specimens of each formulation, the
final result being the average of those obtained according to Eq. (1)
[19-22]:

S=028 -F)/(@-d* @

where:

F, is the failure force, in N.

d is the dimension of the diagonal of the specimen across which the
load is applied vertically, in mm.

Based on the EN-1097-6 standard [23], the water absorption after
24h of immersion (WAz4) and the specimen density (p) were

NaOH1,30r5M
80o0r140°C

HYDROTHERMAL
TREATMENT

Fig. 1. Simplified flowchart of the steps followed in the manufacturing protocol in this investigation.
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Table 1
Formulations of specimens obtained, and firing and hydrothermal treatment
conditions applied.

Formulation Firing Hydrothermal treatment
No. Name T Pore NaOH t T
() additive (mol/L) (hours) ({9}

1 K900 900 NA NA NA NA

2 K900-3 M(72)- 900 NA 3 72 80
80

3 KP900 900 10wt% PE  NA NA NA

4 KP900-3 M 900 10wt%PE 3 72 80
(72)-80

5 KP900-3 M 900 10wt%PE 3 24 140
(24)-140

6 KP900-5 M 900 10 wt% PE 5 24 140
(24)-140

7 KR900 900 10wt%RB  NA NA NA

8 KR900-3 M 900 10wt%RB 3 72 80
(72)-80
K600 600 NA NA NA NA

10  K600-1 M(24)- 600 NA 1 24 80
80

11 K600-3 M(24)- 600 NA 3 24 80
80

12 K600-5 M(24)- 600 NA 5 24 80
80

13 K600-3 M(72)- 600 NA 3 72 80
80

14 KP600 600 10wt% PE  NA NA NA

15  KP600-1 M 600 10wt% PE 1 24 80
(24)-80

16 KP600-3 M 600 10 wt% PE 3 24 80
(24)-80

17 KP600-5M 600 10wt% PE 5 24 80
(24)-80

18  KP600-3 M 600 10wt%PE 3 72 80
(72)-80

19 KR600 600 10 wt% RB NA NA NA

20 KR600-3 M 600 10wt%RB 3 72 80
(72)-80

NA = Not applicable

determined using a water pycnometer as follows:

WAy = M| — My) / My - 100 2)
p=pw Mg/ M- Mz~ M;)] ()]
where:

M, is the mass of the saturated specimens with dry surface, in g.

M, is the mass of the pycnometer containing the saturated specimens
after 24 h of immersion in water, in g.

M3 is the mass of the water filled pycnometer, in g.

My is the mass of the dry specimens, in g.

pw is the density of water at the test temperature (22 + 3°C), in g/
em?®,
Thus, total porosity (Pr), open porosity (Pp) and closed porosity (P¢)
can be calculated as follows:

Pr=[1-(p/2.80)] - 100 “@
Po = {1-[Mg~ Mz ~Mz))/ M - (M - M3))]} - 100 ®
Pc=Pr-Po 6)
where:

2.80 represents the average helium pycnometer density (2.80 +
0.03 g/cm? after testing 5 varieties in triplicate) that the solid phase of
the specimens presents after grinding them below 53 um in agate
mortar, determined with an AccuPyc™ 1330 equipment.

The mineralogy of the kaolin and the specimens has been quantita-
tively determined by X-ray diffraction with Rietveld refinement on
randomly oriented powder samples [24,25]. For this purpose, a
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representative fraction of the specimens was previously ground below
53 um in an agate mortar. The equipment and conditions used were:
PANalytical® diffractometer XPert Pro model; 45 kV, 40 mA, CuKa ra-
diation and a system of slits (soller — mask- divergence — antiscatter) of
0.04rad — 10 mm - 1/8° — 1/2°, with a Xcelerator detector and
Bragg-Brentano HD module. For the determination of the amorphous
phase content, the samples were mixed with ~ 25 wt% SRM 676a
reference alumina. The percentages of each phase were computed by the
PANalytical® X'Pert HighScore Plus software.

The changes in chemical bonds during the hydrothermal treatment
were studied by Fourier Transform Infrared Spectrometry (FTIR) in nine
representative samples ground <53 pm. The equipment used was a
Perkin Elmer Spectrum Two™ spectrometer, applying the attenuated
total reflectance (ATR) technique. The specific test conditions were:
spectral range of 4000-450 cm ™, resolution of 4 cm™!, 20 scans and an
aperture of 8.94 mm. The Brunauer-Emmett-Teller (BET) surface area
was also measured on <53 um ground specimens using a Micromeritics
Gemini V Surface Area/Pore Size Analyzer, based on Ny adsorp-
tion—desorption isotherms at 77 K. The microstructure of some selected
specimens was observed with a Scanning Electron Microscope (SEM),
using a Hitachi S-3000 N equipment.

3. Results and discussion

Table 2 and Table 3 show the results obtained on mineralogical
compositions and technological properties, respectively. These results
will be explained below, discerning between the different
manufacturing conditions. Likewise, the diffractograms of the samples
are included in Figure S1 (Supplementary material).

3.1. Initial study with samples fired at 900°C

Firing at 900°C resulted in the formation of 89% amorphous phase
from the total destruction of the original kaolinite (84.9%), while illite
remained at values around 3% (formulation No. 1 in Fig. 2a and
Table 2). Although a slight decrease in quartz content is observed (from
12.6% to 8%), such a difference could be considered within the margin
of error of the Rietveld quantification, considering that quartz, beyond
the a to f transition at 573°C, is not expected to undergo any alteration
when fired at 900°C. The resulting material, in the form of metakaolin
aggregates, would therefore be thermally activated to facilitate its
reactivity in an alkaline medium [26]. A first hydrothermal treatment
for 72 h at 80°C in a 3 M NaOH solution has favored the formation of
22.4% zeolite, mainly zeolite A (21.1%) (see formulation No. 2). This
zeolite would have been crystallized mainly from the amorphous phase
generated during the firing of the aggregates, so that the contribution of
quartz and, especially illite, would be marginal. The incorporation of
microplastics of polyethylene (PE) or rubber (RB) in the starting for-
mulations has not led to mineralogical changes after firing at 900°C
compared to the sample without them (see formulations No. 1, 3 and 7).
However, after applying the same hydrothermal treatment as described
above, there was a more pronounced increase in zeolite content, which
amounted to 48.7% in the mixture with PE (see No. 4 in Fig. 2a and
Table 2), and 32.7% in the one with RB (see No. 8), again especially in
the form of zeolite A. Such an increase in the formation of zeolites when
adding the microplastics would be linked to the open pores that they
leave when decomposing during firing, which allows a better entry and
hydrothermal reaction of the alkaline solution inside the specimen.

Regarding mechanical strength (Fig. 3a), the non-hydrothermally
treated specimens show crushing strengths of 1.3 + 0.1 MPa and 1.4
=+ 0.2 MPa in K900 and KR900 (see No. 1 and 7), respectively, and only
0.4 £+ 0.1 MPa in KP900 (No. 3), where the addition of PE would have
negatively affected this property. This decrease in mechanical strength
when adding PE is consistent with a previous study [19]. These values
are within the usual range for granular ceramics, such as lightweight
aggregates [22]. After the aforementioned hydrothermal treatment, the
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Table 2
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Mineralogical composition of the materials obtained. The unfired kaolin is included for comparison.

Formulation Mineralogical composition (%)
No. Name Kao 1 Q Zeo A Sod Zeo X Can Hysod Zeo P1 Am ¥ Kao+I11+Q ¥ Zeolite
0 Kaolin (unfired) 84.9 2.5 12.6 100 0
1 K900 3 8 89 11 0
2 K900-3 M(72)-80 2.3 6.5 21.1 0.5 0.8 68.7 8.8 22.4
3 KP900 3.2 8.3 88.5 11.5 0
4 KP900-3 M(72)-80 4.3 6.2 46.3 0.9 1.5 40.7 10.5 48.7
5 KP900-3 M(24)-140 2.7 3.5 45.5 2.8 7.7 3.1 34.7 6.2 59.1
6 KP900-5 M(24)-140 0.5 2.1 45 27 25.4 0.5 74.1
7 KR900 3 8.1 88.9 11.1 0
8 KR900-3 M(72)-80 6.2 31.7 0.6 0.4 61 6.2 32.7
9 K600 1.7 2.8 6.3 89.2 10.8 0
10 K600-1 M(24)-80 2 1.4 5.4 91.1 8.8 0
11 K600-3 M(24)-80 2.1 6.6 19.9 0.3 0.7 70.4 8.7 20.9
12 K600-5 M(24)-80 2 7.1 13.5 1 0.5 75.8 9.1 15
13 K600-3 M(72)-80 2.6 6.5 22.4 0.4 0.2 67.9 9.1 23
14 KP600 1.9 2.1 6.6 89.5 10.6 0
15 KP600-1 M(24)-80 0.5 6.1 93.4 6.6 0
16 KP600-3 M(24)-80 2.1 6 31 0.4 0.9 59.6 8.1 32.3
17 KP600-5 M(24)-80 1.7 5.5 31.5 2.9 0.9 57.4 7.2 35.3
18 KP600-3 M(72)-80 2.3 5.6 35.5 0.2 1 55.4 7.9 36.7
19 KR600 2.1 6.7 91.1 8.8 0
20 KR600-3 M(72)-80 2.4 5.4 34.7 0.5 1 56 7.8 36.2

Kao = Kaolinite; Il = Illite; Q= Quartz; Zeo A = Zeolite A; Sod = Sodalite; Zeo X = Zeolite X; Can= Cancrinite; Hysod = Hydrosodalite; Zeo P1 =Zeolite P1; Am =

Amorphous; T Zeolite = Zeo A + Sod + Zeo X + Can + Hysod + Zeo P1

Table 3
Technological properties of the materials obtained.

Formulation Size (mm) S (MPa) Density (g/cms) WA24 (%) Porosity, P (%) BET surface area (mz/g)
No. Name Mean St. Dv. Mean St. Dv. Ratio P % var. p Py Py Pc % var. Py
1 K900 10.25 0.6 1.30 0.15 1.0 1.48 0.0 26.6 47.2 395 7.7 0.0 11.0292
2 K900-3 M(72)-80 10.13 0.6 4.55 0.94 3.5 1.78 204 11.8 365 21.3 152 -22.8 9.2076
3 KP900 10.47 0.4 0.38 0.07 1.0 1.20 0.0 34.6 57.0 41.7 153 0.0 11.0426
4 KP900-3 M(72)-80 10.7 0.4 4.42 1.37 11.7 1.66 38.1 7.9 40.6 132 274 -287 5.9026
5 KP900-3 M(24)- 10.26 0.5 5.97 0.74 15.8 1.64 36.3 9.9 414 163 251 -27.4 5.3394
140
6 KP900-5 M(24)- 10.17 0.5 7.09 1.44 18.8 1.67 38.9 10.2 40.3 172 231 -29.3 5.0823
140
7 KR900 1041 0.3 1.35 0.20 1.0 1.29 0.0 30.2 539 392 147 0.0 11.3643
8 KR900-3 M(72)-80 10.38 0.4 3.18 1.08 2.3 1.67 29.6 10.3 40.2 173 229 -254 8.8468
9 K600 10.52 0.6 0.55 0.11 1.0 1.48 0.0 24.7 47.0 36.7 10.3 0.0 11.6214
10  K600-1 M(24)-80 10.63 0.5 2.74 0.40 5.0 1.56 5.4 21.7 442 341 10.1 -6.1 12.0175
11  K600-3 M(24)-80 10.41 0.5 6.34 1.04 11.5 1.74 176 12.5 37.7 219 158 -19.9 11.9627
12 K600-5 M(24)-80 10.4 0.5 4.35 1.43 7.9 1.77 191 12.2 369 21.7 152 -21.5 11.9383
13 K600-3 M(72)-80 10.74 0.4 6.02 1.36 11.0 1.76 185 12.3 373 216 156 -20.8 10.3198
14  KP600 10.32 0.4 0.14 0.03 1.0 1.19 0.0 35.6 57.6 425 15.1 0.0 9.7923
15  KP600-1 M(24)-80 1045 0.6 0.72 0.18 5.3 1.25 4.9 28.5 555 356 19.9 -3.6 12.0656
16  KP600-3 M(24)-80 10.66 0.7 3.18 0.58 23.5 1.52 281 12.9 456 196 26.0 -20.7 7.5728
17  KP600-5 M(24)-80 10.23 0.4 2.52 0.72 18.6 1.60 344 10.9 43.0 175 255 -25.3 7.0875
18  KP600-3 M(72)-80 10.54 0.4 4.99 0.98 36.8 1.61 35.3 11.2 42,6 18.1 245  -26.0 7.3575
19  KR600 10.42 0.5 0.28 0.07 1.0 1.26 0.0 30.5 55.1 385 16.6 0.0 12.2634
20  KR600-3 M(72)-80 10.55 0.5 4.54 1.07 16.5 1.66 321 11.1 40.6 185 221 -26.2 5.9782

St. Dv. = standard deviation; Ratio = Hydrothermally treated sample / Non-hydrothermally treated sample (same firing conditions). % var. p and % var. PT =
percentage of variation in the density and total porosity, respectively, of the hydrothermally treated sample compared to the same without hydrothermal treatment.

results were 4.5 + 0.9 MPa, 3.2 + 1.1 MPa and 4.4 + 1.4 MPa, indi-
cating a respective increase in crushing strength by 2.5-fold, 2.3-fold,
and 11.7-fold, respectively (see No. 2, 8 and 4 in Fig. 3a). These results
suggest that the addition of microplastics would favor the formation of
open pores after firing, through which the alkaline solution can easily
penetrate. As a result, more zeolite is formed in the structure, increasing
the mechanical strength. These improvements are more noticeable when
using PE instead of powdered RB, which could be largely due to the fact
that the particle size distribution of the former is finer than that of the
latter (mean particle size of 0.334 vs. 0.514 mm and d50 of 0.338 vs.
0.458 mm).

Based on these results, two additional hydrothermal treatments have
been carried out with the specimens fired at 900°C containing PE, in this

case at 140°C for 24 h in 3 M and 5 M NaOH solutions. The treatment
with 3 M NaOH has led to the formation of 59.1% zeolite, specifically
zeolite A (45.5%), hydrosodalite (7.7%), zeolite P1 (3.1%) and can-
crinite (2.8%) (No. 5 in Fig. 2a and Table 2). When using the 5 M so-
lution (formulation No. 6), the developed zeolite percentage exceeded
74%, primarily originating from the amorphous phase, while also
leading to the disappearance of illite remnants and nearly all quartz. In
this instance, the highly alkaline hydrothermal conditions favored the
crystallization of other zeolite species to a greater extent, such as can-
crinite (45%) and hydrosodalite (27%), with zeolite A playing a minor
role (2.1%). These mineralogical transformations are supported by FTIR
results (Fig. 2b), highlighting the following changes in the absorption
bands: the highest intensity band, which is found at 1072 cm™! in the
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Fig. 2. (a) Mineralogical composition of the materials obtained. The formulation number appears in red next to its name. The unfired kaolin is included for
comparison. Kao = Kaolinite; Ill = Illite; Q= Quartz; Zeo A = Zeolite A; Sod = Sodalite; Zeo X = Zeolite X; Can= Cancrinite; Hysod = Hydrosodalite; Zeo P1 =Zeolite
P1; Am = Amorphous phase. (b) FTIR absorbance spectrum bands from nine representative samples.

sintered-only material, has shifted to 974 cm™! and 961 cm™! after
hydrothermal treatment with 3 M and 5 M NaOH, respectively. These
bands are linked to asymmetric bending and stretching vibrations in T-
O-(T) bonds, where T is Si or Al. The shift towards shorter wavelengths
would be linked to a higher participation of Al in the formation of Si-O-
Al bonds in the crystallized zeolites [27]. Between 460 and 470 cm ™ the
peak corresponding to the bending vibrations of the Si-O-Si and Al-O-Al
bonds is common in the three samples compared. However, for longer
wavelengths, up to approximately 850 cm™?, there is a succession of
absorption bands corresponding to symmetric stretching vibrations in
T-O-(T) bonds, which in the hydrothermally treated samples differ with
respect to the non-hydrothermally treated one. Also, bands have been
detected in the zeolitized samples around 3400 cm ™, corresponding to
vibrations and stretching of H-O-H bonds and bending of free,
pore-adsorbed and surface-adsorbed water molecules in zeolite [28-30].
Concerning the crushing strength, the hydrothermal treatment at 140°C
has resulted in 6.0 + 0.7 MPa when using 3 M NaOH and 7.1 + 1.4 for
the 5 M concentration (Fig. 3a, No. 5 and 6). The increase ratio with
respect to the 0.4 + 0.1 MPa of the untreated sample is 15.8 and 18.8,
respectively.

3.2. Hydrothermal treatment of fired samples at 600°C

The tests conducted on specimens fired at 600°C will provide insights
into the feasibility of the hydrothermal process in producing hardened
materials with significantly lower energy consumption than usual.
Those samples not subjected to hydrothermal treatment, simply fired at
600°C from pure kaolin (sample No. 9: K600) and from kaolin mixed
with 10 wt% of PE (No. 14: KP600) or RB (No. 19: KR600), exhibit lower
mechanical strengths compared to their counterparts prepared at 900°C:
0.5+ 0.1 MPa vs. 1.3 £ 0.1 MPa, 0.1 + 0.0 MPa vs. 0.4 + 0.1 MPa, and
0.3 £ 0.1 MPavs. 1.4 + 0.2 MPa, respectively (Fig. 3a). This falls within
the expected range, considering that the particle bonding through sin-
tering would be less pronounced. After a 72-hour hydrothermal treat-
ment with 3 M NaOH at 80°C, equivalent to the one initially applied to

the specimens fired at 900°C, the crushing strength has increased
significantly, surpassing even that of the samples treated at 900°C,
reaching 6.0 + 1.4 MPa in the specimens containing only kaolin (No. 13,
Fig. 3a), 5.0 &+ 1.0 MPa when adding PE (see No. 18) and 4.5 + 1.1 MPa
with RB (see No. 20). These mechanical strength results far exceed those
typical of lightweight aggregates, more closely resembling those of
construction ceramics [22]. When compared to the untreated speci-
mens, the mechanical strength has increased by 11 times, 36.8 times,
and 16.5 times, respectively, indicating very significant enhancements,
especially when PE is added in the form of microplastics. From a
mineralogical perspective, the hydrothermal treatment on specimens
fired at 600°C has promoted the development of zeolite content ranging
from 23% (from pure kaolin samples) to 36-37% (kaolin with PE or RB)
(No. 13, 18 and 20 in Fig. 2a and Table 2). These values are similar to
those recorded in specimens fired at 900°C, with zeolite A once again
standing out as the predominant mineral species. Only in the case of the
sample with PE, zeolitization has been lower compared to its counter-
part fired at 900°C (36.7% vs 48.7%).

In order to understand the effect of NaOH concentration on the
samples fired at 600°C and to further delve into investigating other
variables (firing temperature, time, and pore-forming additive), hydro-
thermal treatments were conducted for 24 h at 80°C using three
different NaOH concentrations: 1 M, 3 M, and 5 M. This study has been
conducted on kaolin-only specimens (formulations No. 10, 11 and 12 in
Table 1) and kaolin specimens fired with PE microplastics (No. 15, 16
and 17, Table 1). Although the addition of PE has involved lower
crushing strength results, a similar trend is observed (Fig. 3a). While this
property increases in all cases compared to the untreated sample, the
lowest values are obtained with the 1 M treatment (2.7 + 0.4 MPa and
0.7 + 0.2 MPa), followed by 5M (4.3 &+ 1.4 MPa and 2.5 + 0.7 MPa),
while the intermediate NaOH concentration of 3 M yields the highest
strengths (6.3 + 1.0 MPa and 3.2 + 0.6 MPa), resulting in maximum
enhancements of 11.5-fold and 23.5-fold compared to the untreated
samples. This differs, for instance, from the 140°C hydrothermal treat-
ment on specimens fired at 900°C, where higher mechanical strength



J.M. Moreno-Maroto and J. Alonso-Azcarate

a 9 40
B Crushing 7.09
8 strength o l 35
Olncrease 6.34  6.02
© 7 A ratio 597 L 30
< 4.99
= 6 a5 442 435 454 55 o
= o S
c 5 1 =
g 3.18 L 20 z
2 4 3180 3
14 S
< 2.74] 2.52 L 15 &
= =
% 3 -
4
o ) r 10
.30 135 072
o F5
! 0.38 0-55 014 0.28
0 0
O O O 0O O 0O 0O O O O O O O 0O O O O O O O
O 00 O W < < O 00 O 00 00 00 00 O 00 00 0 0 O o0
9 Lo L+ -4 0 L0 L L L v L L L L O L
¥ N QO N AL LN XY Y YN TN
1 DXy F¥ogodadn ¥aggrn ¥
S352S$75 75555145555 193
w w=="@ S e n s Sahe &
=) o @ W0 =3 S o o o o o o o =)
o o O O o o O O O o O O O o
(9] o O O (2] o O OV O O O O WO O
= €22 g XX £ e <
2 4% s WML 4561718 20
b
1.90
1.80 A
o ®eo .
170 4 o . P Y °
o 1 g et °
£ e o,
®L0{ ¢ o ® y = 0.1528In(x) + 1.4282
z R?=0.8161
£ 1.40 A
S -
01304 °
LA
1.20 {g'®
1.10 A
1.00 T T T T T T T
0 1 2 3 4 5 6 7 8

Crushing strength, MPa

Fig. 3. (a) Crushing strength and increase ratio results obtained for the ma-
terials synthetized. The non-hydrothermally treated samples (gray columns
with orange circles) are taken as a reference for comparison. The formulation
number appears in red under its name. (b) Relationship between the density of
the samples and their crushing strength.

has been recorded with 5 M NaOH than with 3 M NaOH (see No. 5 and
No. 6 in Fig. 3a).

XRD results reveal that the 1 M NaOH solution did not promote
zeolite formation, showing minimal differences in the mineralogy of
samples with and without PE (see No. 10 and 15 in Fig. 2a and Table 2).
Conversely, the 3 M and 5 M concentrations did facilitate zeolite for-
mation (mainly zeolite A), with no significant differences between them.
The most distinguishing factor again was the inclusion of microplastics,
where zeolite crystallization was much more pronounced: 20.9% vs.
32.3% in the 3 M NaOH solution (No. 11 vs No. 16) and 15% vs. 35.3%
in the 5M solution (No. 12 vs No. 17). Analyzing the FTIR bands
(Fig. 2b), the results of the samples fired at 600°C without subsequent
hydrothermal treatment are analogous to those explained earlier for the
900°C fired samples rich in zeolite. The same applies to samples treated
with 3 M and 5 M solutions when comparing their bands to those of the
900°C fired sample rich in zeolite treated at 140°C with a 3 M solution,
thus supporting the XRD findings. However, while no noticeable
changes in the band positions are apparent in the samples treated with
1 M NaOH compared to the untreated ones, there is a slight shift of the
main band from 1048 to 1033 cm ™! and from 1047 to 1035 cm ™! in
specimens with and without added PE, respectively. The fact that these
samples do not contain zeolite suggests the occurrence of a geo-
polymerization process [28-30], which could also explain the increased
mechanical strength in these samples. Therefore, the development of
geopolymeric gel could be concurrent with zeolitization in all samples,
although the latter would be predominant based on the XRD results
obtained.

Regarding the duration of hydrothermal treatment, the results with
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the 3 M solution for 24 h can be compared to those with the same so-
lution for 72 h, as explained at the beginning of this section. In samples
without PE (No. 11 vs No. 13 in Fig. 3a), the crushing strength is similar
(6.3 vs 6.0 MPa), while when adding plastic (No. 16 vs No. 18), the 24-
hour treatment has been less effective in this regard compared to the 72-
hour treatment (3.2 vs 5 MPa). In both cases, the total zeolite formed has
only increased slightly with longer treatment time (by 2—4 points; Fig. 2a
and Table 2), suggesting that the differences in results may not be solely
linked to zeolite formation, once again supporting geopolymerization as
another potential involved process.

3.3. Interrelationship of technological properties

As demonstrated earlier, the ratio of increase in mechanical strength
with hydrothermal treatment has ranged from 2.3 to 36.8, yielding
crushing strengths between 2.5 and 7.1 MPa (average of 4.3 + 1.7 MPa),
while the material solely fired yielded values between 0.1 and 1.4 MPa
(average of 0.7 + 0.5 MPa) (Fig. 3a and Table 3). Just as observed in
mechanical strength, the density of the specimens has been significantly
influenced by the hydrothermal treatment. The firing temperature does
not appear to have had a substantial impact on the initial specimens’
density, with the incorporation of microplastics playing a more pivotal
role. As such, specimens lacking additives exhibit a density of 1.48 g/
cm? (see No. 1 and 9 in Table 3), while samples containing PE and RB
range between 1.19 g/cm?® and 1.29 g/cm® (No. 3, 7, 14 and 19). After
application of the hydrothermal treatment, the density has increased,
although it is still evident that samples containing microplastics have
generally lower densities. For instance, with the 1 M NaOH treatment,
the density is 1.56 g/cm® (No. 10) vs. 1.25 g/cm® for the sample pre-
pared with PE (No. 15). Despite these differences, the increase has been
similar in comparison to the untreated specimens, approximately
around 5%. For the 3 M and 5 M solutions, in the absence of micro-
plastics, the density varies from 1.74 to 1.78 g/cm? (approximately 20%
increase over untreated samples), while with PE and RB, the values
mainly range from 1.60 to 1.67 g/cm® (roughly 30-40% increase),
except for the formulation No. 16 (1.52 g/cm3).

As observed in Fig. 3b, the density increase appears to be a crucial
factor in the structural strengthening of the specimens, thus contributing
to their improved mechanical strength. This densification process is
linked to changes in the porosity of the samples (Table 3). Thus, the 3 M
and 5M NaOH hydrothermal treatments would favor an overall
decrease in total porosity of 18-20% in the samples without micro-
plastics and 28-39% in those containing them. This suggests that the
zeolitization process is more effective when using the pore-forming
additive, since the pores left after firing allow, on the one hand, a bet-
ter penetration of the alkaline solution along the structure of the fired
specimen, and on the other hand, more space available for the zeolite to
nucleate and subsequently crystallize. This was not the case when the
1 M NaOH solution was applied, with both resulting samples (No. 10
and 15) showing porosity reductions of approximately 5%, suggesting
that the hydrothermal conditions have not been intense enough to
produce substantial mineralogical and physical changes even when
using PE. However, as indicated in the previous section, the 1 M treat-
ment has shown that geopolymerization could also be involved in me-
chanical improvements, also linked to a higher densification of the
structure.

The type of porosity most affected is the open type, as it is involved in
the circulation of the alkaline fluid during the hydrothermal treatment.
This aspect is also reflected in a noticeable decrease in the water ab-
sorption capacity of the samples, transitioning from values around 30%
to close to 10% in a significant portion of the samples (Table 3). SEM
microscopy images (Fig. 4) show that the crystallization of zeolites,
especially on the surface of these pores, would be responsible for the
partial or complete closure of such porosity. Depending on the treatment
performed and the developed zeolites, the zeolite crystals exhibit
different morphologies, highlighting cubic and ‘desert rose’ habits in
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Fig. 4. Details of zeolite crystals taken by SEM microscopy, indicating the sample in each photo: (a) and (b) cubic habit crystals; (¢) and (d) crystals with desert rose
habit between cubic crystals; (e) acicular crystals of hexagonal section; (f) zone with cubic crystals and crystals with pineapple habit (one of them bordered with

yellow line).

samples with a high content of zeolite A (Fig. 4a-d), and acicular habits
in the sample rich in cancrinite and hydrosodalite (Fig. 4e). Other crystal
habits have also been found, e.g., pineapple (Fig. 4f). The BET surface
area results corroborate the reduction of porosity as a consequence of
zeolite growth in the pores (Table 2). BET surface area has transitioned
from values around 10-12 m?/g in the non-zeolitized samples to values
around 5m?/g in those samples with higher zeolite crystallization
(Fig. 5).

4. Main findings and future prospects

The results shown in the previous sections show that zeolitization,
and geopolymerization to a lesser extent, from fired macroscopic
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Fig. 5. Relationship between the BET surface area and the crystallized zeolite
content in the samples.

specimens is feasible. Of particular interest is the application of pore-
forming agents, such as the microplastics studied, which favor better
penetration of the alkaline solution. This leads a more effective zeoliti-
zation, densification of the structure and its mechanical strengthening.
In the latter case, there is a notable increase ranging from 2-fold to 37-
fold compared to the initial crushing strength value.

Porosity control of the fired specimen, especially open porosity, is a
key factor in the subsequent hydrothermal treatment. This is dependent
on the type, proportion and size of the pore-forming additive, as well as
the firing temperature, since a lower firing temperature leads to a less
compact structure. This could be crucial when aiming to develop larger-
sized pieces using this method (such as bricks or tiles), as it is necessary
to ensure uniform treatment throughout the entire cross-section of the
piece. This aspect is especially important, since the specimens used in
this research present a spheroidal shape, with an average size of 10.4 +
0.5 mm, and therefore research with other shapes and sizes could lead to
other types of adjustments in the fabrication protocol and mixtures.
Despite this, the materials obtained in this work could already have a
place in the market as artificial lightweight aggregates, meeting the
required minimum density criterion (<2 g/cmB, [31]). Therefore, the
incorporation of pore-forming additives, whether microplastics or
others, and less intense firing conditions could be key in this regard.
Moreover, it is worth nothing that this study also provides a solution to
microplastics, which has a highly negative impact on the environment,
not only in aquatic organisms, but also in soil fauna [32]. The other
variables studied, including the time and especially the hydrothermal
treatment temperature and alkaline concentration, also significantly
affect the results.

With regard to geopolymerization, as observed in those hydrother-
mally treated samples without zeolite formation, it may also be key in
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the development of a more compact and stronger structure. Despite this,
assuming that the geopolymer gel is amorphous and that the amorphous
phase tends to reduce with hydrothermal treatment to form zeolites
(Fig. 2a), it can be deduced that geopolymerization would have a sec-
ondary role with respect to crystallized zeolites in defining the techno-
logical properties of the material obtained.

An important finding in this investigation is that specimens with
excellent technological properties (high mechanical strength, low den-
sity, and reduced water absorption) can be obtained from a firing stage
at a much lower temperature than usual in the ceramic sector, only
600°C compared to the usual over 900°C. This could potentially lead to
significant energy and economic savings in such industries, with a
concomitant reduction in emissions from combustion. Such reduction in
production costs could be reflected in more affordable products in the
market.

Furthermore, the improvements observed with the hydrothermal
treatment of the specimens were not only notable for low firing tem-
peratures (600°C), but also for temperatures of 900°C, more typical in
the ceramics sector. This raises a promising avenue to be studied even in
construction ceramics already on the market (commercial bricks, tiles,
artificial aggregates, etc.), which could be subjected to hydrothermal
treatment and thus examine how their properties are affected. Likewise,
these results, together with others reported in hydrothermally treated
geopolymers [15] invite to investigate this technique also in other pre-
cast elements, such as cements, mortars and concrete.

In addition to this, the process proposed here has other important
advantages over currently available technologies. The fact that the
material obtained has a high zeolite content could give decontaminating
capability to the construction materials developed, since the properties
of zeolites in this sense are well known [15,33]. Thus, not only would
the emissions in their production be lower, but they could help reduce
the concentrations of pollutants in the surrounding environment.

Furthermore, other potential research avenues involve exploring the
utilization of diverse raw materials apart from the investigated kaolin,
including macroscopic pieces from different clay types. This line appears
promising, as the successful zeolitization and geopolymerization from
various powdered clays are well-documented [15,33]. If favorable out-
comes are achieved using raw materials already exploited in the ceramic
industry, production could notably benefit from reduced energy con-
sumption, the valorization of strategic wastes (such as microplastics)
and the creation of zeolite-rich materials with potential environmental
remediation properties. The developed construction materials would
thus offer added value compared to the current ones.

From an operational point of view, the manufacturing system pro-
posed here is easily adaptable to the existing industry. By taking
advantage of the plasticity and rheology of the clay, prior to firing and
subsequent hydrothermal treatment, the pieces can be shaped using any
of the techniques already established in the ceramic sector, such as
extrusion, pressing, slip casting, hand shaping, 3D printing, etc. This
differs from other alternative materials, such as geopolymers, which
generally require the use of molds, making their incorporation into
processes that require extrusion generally not viable. Additionally,
while geopolymers are considered sustainable, their alkaline treatment
typically involves the use of activators like sodium silicate, produced at
temperatures of 1200-1400°C [13,14]. Despite the extensive academic
research on geopolymers, these materials still have minimal presence in
the actual market, raising questions about their viability as a real
alternative. In contrast, the proposed hydrothermal treatment operates
at significantly lower temperatures (e.g., 600°C) and could be easily
integrated into existing production lines on the market.

Based on the above, this work opens up a new field of study on
Zeolitic Construction Materials (e.g. zeolitic bricks, zeolitic aggregates,
zeolitic tiles, etc.), potentially more sustainable and advanced than their
conventional analogues. The fact that it integrates ceramic, zeolitization
and, to a lesser extent, geopolymerization processes opens the possibility
of investigating a multitude of variables, such as: different types and
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proportions of raw materials (giving priority to waste) and reagents,
preparation technique of the starting specimens, shape and size of
specimens, temperatures and times for firing and hydrothermal treat-
ment, concentration of alkaline solution, liquid-solid ratio, possibility of
seeding with previously synthesized zeolites, aging, etc.

5. Conclusions

Based on the above, the main conclusions of this study can be sum-
marized as follows:

e The new hydrothermal treatment proposed, when applied to previ-
ously fired kaolin-based ceramic specimens, leads to a significant
crystallization of zeolite, which improves the technological proper-
ties of the resulting material.

The zeolite formed facilitates a significant increase in the mechanical
strength of the resulting material (2-37-fold), which still has a suf-
ficiently low density to be considered as 'lightweight’.

The zeolite formed could also provide technological properties su-
perior to those of traditional construction ceramics, such as adsor-
bent and decontaminating capacity.

The use of thermally decomposable agents, such as microplastic
waste, is promising to promote the formation of pores during firing,
which subsequently facilitate better penetration of the alkaline so-
lution, and thus a more effective hydrothermal zeolitization.
Geopolymerization could act as a secondary process during treat-
ment and could further enhance the mechanical performance to that
already provided by zeolite crystal growth.

e The new protocol presented in this study is fully adaptable to existing
practices in the ceramic industry, while also enabling operation at
significantly lower temperatures than conventional ones in the
sector. This results in greater energy efficiency and, consequently, a
potential reduction in environmental impact and production costs.
This study paves the way for further research, for instance by
exploring diverse manufacture conditions and raw materials, thus
opening up a new field of study on hydrothermally manufactured
Zeolitic Construction Materials.
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