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In this work, and for the first time, the production of waste-based magnetic geopolymer spheres by a simple heat
treatment under a reductive atmosphere is reported. Upon heat treatment, the iron oxide present in bauxite
wastes (red mud), used as a solid precursor, is reduced to magnetite, thus producing magnetic spheres without
the need for the addition of any secondary magnetic materials. The magnetisation of these mm-size materials
reached 5.34 A m? kg1, suggesting they contain up to 6 wt% magnetite. This was demonstrated to be sufficient
for their magnetic separation/removal, without the need for the addition of any extra magnetic iron oxides to the
waste material. The magnetic spheres were then evaluated as sorbent materials for the removal of lead from
water, selected as a model pollutant compound. These porous bulk-type sorbents showed high metal removal
efficiency reaching an uptake value of 19 mg/g at pH 5 after 24 h of contact time. These promising results, and
the easy post-treatment recovery of the waste-based magnetic spheres by the use of inexpensive permanent

Waste valorisation

magnets, demonstrate the potential of the proposed strategy to address environmental concerns.

1. Introduction

Heavy metals, including lead, mercury, cadmium and arsenic, are
naturally occurring elements that can become concentrated in the
environment through industrial activities, mining, agriculture and
improper waste disposal (Tan et al., 2020). These persistent and toxic
metals pose serious risks to human health and the environment (Novais
et al., 2020), degrading soil quality and impairing water quality, even at
low concentrations (Tan et al., 2020). Lead has been widely used in
various industries, resulting in widespread contamination of soil, water
and air, with its presence being linked to immune system damage, liver
issues and even cancer (Su et al., 2021).

Given the urgent need to reduce pollution, simple strategies for
pollutant removal are preferred. Adsorption is a critical process in
environmental remediation and water treatment, widely applied to
remove heavy metals (Su et al., 2021), as well as dyes, pesticides,
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phosphorus and other pollution sources from water (Gameiro et al.,
2023), due to its effectiveness, lower cost and simplicity (Tan et al.,
2020). Several materials including activated carbon, zeolites and clay
minerals such as bentonite and kaolinite have been considered sorbents,
due to their high surface area and specific functional groups that facil-
itate the adsorption process (Gameiro et al., 2023). Geopolymers syn-
thesised from aluminosilicate precursors using an alkaline activation
process (Gameiro et al., 2021) have emerged as promising adsorbents for
heavy metal removal from wastewater, due to their unique properties
and environmental benefits (Novais et al., 2020; Novais and Labrincha,
2022). Geopolymer-based adsorbents can be produced from industrial
by-products and wastes such as fly ash from biomass combustion,
furnace slag or red mud (Alves et al., 2024), providing a sustainable
solution for both waste valorisation and environmental remediation.
Moreover, these types of sustainable materials can be tailored according
to the wastewater characteristics and type of pollutant to be removed
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(Salah et al., 2024), making them versatile and efficient for contaminant
removal, particularly heavy metals.

Magnetic materials are advantageous due to their easy liquid/solid
separation (El-Naggar et al., 2024) using magnetic fields, such as a
permanent magnet (Rossatto et al., 2020), and subsequently the possi-
bility of them being reused and recycled. The incorporation of magnetic
properties into conventional geopolymers enables the recovery of the
exhausted catalyst after an adsorption process (Tan et al., 2020). Also,
the presence of iron improves the adsorption process since the number of
active adsorption sites increases (Salah et al., 2024).

The incorporation of magnetic materials such as ferric oxide is a
common methodology to improve the adsorption process and facilitate
further adsorbent recovery steps. Magnetite (Maleki et al., 2019; Ros-
satto et al., 2020) and hematite (El-Naggar et al., 2024) are commonly
added to the geopolymer composite to incur magnetic properties.
However, this approach increases the cost of the process, such as for the
chemical synthesis of magnetic zeolites (Su et al., 2023). Thermal
treatment is an alternative procedure to obtain magnetic geopolymeric
materials from iron-containing geopolymers. Geopolymers produced by
using iron-containing precursors, such as red mud, already contain a
considerable amount of hematite (Fe;O3) (Goncalves et al., 2023). The
thermal reduction of hematite can be triggered at high temperatures and
under reducing conditions (hydrogen, nitrogen, carbon monoxide) to
prevent oxidation reactions. This reduction follows three steps:
FeyO3 (hematite) — Fe3O4 (magnetite) — FeO (wiistite) — Fe (metallic
iron) (Chen et al., 2020), resulting in metallic Fe if taken to completion.
Magnetite is ferrimagnetic, and metallic iron is ferromagnetic. The
occurrence of magnetite, wiistite or metallic iron is directly related to
the reaction temperature (Pineau et al., 2006), and this can be used to
tailor the magnetic properties of geopolymers. In a hydrogen atmo-
sphere, the reduction of hematite starts at 160 °C and magnetite starts to
appear. With an increase in temperature, magnetite starts to reduce, and
metallic iron appears in the system. Wiistite should be formed at the
same time as magnetite reduces, but the presence of this iron oxide
mineral phase is normally detected above 580 °C (Stoicescu et al., 2022).
For pure iron oxides, at temperatures higher than ~600 °C, the reduc-
tion of magnetite is completed and metallic iron is the main
iron-containing mineral phase (Pineau et al., 2006).

The high-temperature treatment for geopolymers can serve several
purposes, namely the promotion of the growth of new crystalline phases
within the geopolymer matrix, the induction of phase transformations
and chemical reactions involving the precursor compounds, and the
elimination of remaining water and organic compounds which lead to
the densification and strengthening of the geopolymeric materials
(Kuenzel et al., 2013; Padilla et al., 2022). The thermal conversion of
iron-containing waste materials, such as red mud, through a reductive
process, into new products with magnetic properties, without the need
for any additional iron-containing additives, has a positive impact on
environmental remediation and waste valorisation. This innovative
approach is in line with the Sustainable Development Goals of the
United Nations, which focus on the promotion of a circular economy
through the reduction of natural resources consumption and, at the same
time, the development of innovative solutions for complex wastes, such
as red mud and fly ash, thus avoiding landfill deposition (Kumar et al.,
2021). This valorisation strategy assumes vital importance since red
mud, the by-product of alumina production from bauxite by the Bayer
process, is considered a hazardous waste with high alkalinity and
salinity (Kumar et al., 2021), with a global annual estimated production
of 120 MT (Singh and Singh, 2019). The recycling and reusing of this
challenging waste remain a large-scale problem, and its use in geo-
polymers production has been studied in recent years as a possible
resolution. However, to date, the presence of iron oxide in wastes and
geopolymer matrices has not been explored to obtain magnetic
materials.

Most of the published works on magnetic geopolymers focus on the
production of composites with added secondary magnetic phases, and
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their application as powder-type adsorbents. Maleki et al. achieved over
80% removal efficiency for heavy metals using a bentonite nanoclay-
based geopolymer/Fe304 nanocomposite (Maleki et al., 2019), and
El-Naggar et al. enhanced fly ash-based geopolymers with magnetic
y-FeoO3 nanoparticles for effective removal of metals like Pb, Zn, and Cu
(El-Naggar et al., 2024). Similarly, Su et al. used fly ash to create mag-
netic zeolite microspheres for cadmium removal (Su et al., 2023).
Magnetic geopolymers have also shown excellent dye adsorption capa-
bilities, with studies reporting high removal efficiency for dyes such as
methylene blue (Al-husseiny and Ebrahim, 2022a), crystal violet (Salah
et al., 2024), and others. Beyond adsorption, they have been applied in
tetracycline removal (Al-husseiny and Ebrahim, 2022b) and even as
heterogeneous catalysts for biodiesel production (Brandao et al., 2024),
emphasising their versatility.

Magnetic geopolymeric adsorbents in powder form have been suc-
cessfully applied to obtain high pollutant uptake; however, it requires a
further separation step to recover the adsorbent material (Novais et al.,
2020). To overcome this issue, this work presents for the first time the
innovative production of bulk-type magnetic geopolymer spheres
(mm-sized) through heat treatment in an inert atmosphere (N2). The
methodology reported here produced magnetic geopolymer spheres
with inherent magnetic properties, without the need for any further
magnetic additives. These properties enable straightforward recovery
using a simple magnet, showing their potential for several applications.
As a proof of concept, their use as adsorbents for heavy metal removal
from wastewater, using lead as a pollutant model compound, was
demonstrated. This highlights their dual functionality in adsorption and
ease of recovery. This approach combines the benefits of geopolymer
production with the versatility of magnetic materials, offering a sus-
tainable solution for resource recovery and waste management
practices.

2. Materials and methods
2.1. Materials

Red mud (RM), fly ash (FA) and metakaolin (MK) were used as
aluminosilicate sources in the production of geopolymer spheres. RM is
an iron-rich waste supplied as a slurry by an aluminium production in-
dustry. The slurry was dried at 100 °C, crushed and sieved to deag-
glomerate it. FA from biomass combustion was sieved, and particle sizes
below 63 pm were used. Metakaolin (Argical™ M1200S, Univar) was
incorporated into the composition to enhance the spheres’ stability, also
being were sieved below 63 pm to deagglomerate it.

The alkaline activator solution was prepared by mixing 100 g of
sodium silicate solution (Chem-Lab) with 13.22 g of sodium hydroxide
(97 % purity, Ercros) for 24 h following previous investigations
(Gongalves et al., 2024a).

2.2. Preparation of the magnetic spheres

2.2.1. Synthesis of the spheres

Geopolymer spheres were prepared using equal amounts (w/w) of
RM, FA and MK (1:1:1), following the procedure described elsewhere
(Gongalves et al., 2024a). In detail, the alkaline activator solution was
added to the blend of solid raw materials and mixed in a planetary mixer
for 2 min. After that, 1.7 wt% sodium dodecyl sulphate (SDS, >99 %,
Sigma) was added to the slurry as a foaming agent and mixed for 5 min.
The foamed paste was used to prepare porous spheres by the
suspension-solidification method (Alves et al., 2024). The paste was
transferred to a syringe and injected dropwise in a polyethylene glycol
(PEG 600, Alfa Aesar) medium at 80 °C. The spheres were removed from
the consolidation medium (PEG) and washed with distilled water to
remove excessive PEG and free alkalis within the structure (Tan et al.,
2020). Initially, the spheres were cured at 40 °C for 24 h, followed by
ambient curing conditions until the 28th day.
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2.2.2. Production of the magnetic spheres

Geopolymer spheres obtained by the suspension-solidification
method were heated at a heating rate of 10 °C/min to 400, 600 or
800 °C. The temperature was maintained for 2 h and a reductive at-
mosphere was created by nitrogen gas at 0.8 mL/min. These conditions
(high temperature and reducing atmosphere) aimed to promote the
reduction of hematite to magnetite, to obtain magnetic geopolymer
spheres. Future studies will optimize the synthesis of magnetic spheres
by refining reaction temperature, synthesis time, and reducing agent
selection to enhance magnetic properties and reduce environmental
impact. Fig. 1 presents a photograph of the produced magnetic materials
heated to different temperatures.

2.3. Geopolymeric spheres characterisation

The physical-chemical properties of the spheres were evaluated after
curing for 28 days. The chemical composition was obtained by X-ray
fluorescence spectroscopy (Philips X’Pert PRO MPD spectrometer). The
mineralogical composition was evaluated by X-ray diffraction (XRD) in a
Panalytical X'Pert Pro3 diffractometer (Cu K, radiation, 10-80° 26, 0.02
20 step-scan, 10 s per step) and the phase identification was performed
with Panalytical X’Pert HighScore Plus software. The apparent density
of the bulk spheres was measured using a helium pycnometer (Anton
Paar, ultrapyc 500 micro). The specific surface area (SSA) was measured
using nitrogen adsorption via the multi-point Braunauer-Emmet-Teller
(BET) method, performed with a Micromeritics Gemini 2380 analyser.

The relationship between the mass change and heat treatment tem-
perature of the spheres was studied by thermal analyses on a Hitachi
STA300 instrument, working under an air atmosphere. The weight los-
ses were performed by heating ca. 8-10 mg of each sample by applying a
heating ramp from 30 to 800 °C (rate 10 °C/min). The microstructure of
the spheres, before and after heat treatment, was evaluated in samples
coated with carbon using scanning electron microscopy (SEM - Hitachi
SU-70) equipped with energy dispersion spectroscopy (EDS — Bruker
Quantax 400). Fourier-transform infrared spectroscopy (FTIR) mea-
surements were performed to evaluate the molecular bonds of the geo-
polymer spheres. FTIR spectra were collected using a Bruker Optics
Tensor 27 spectrometer coupled to a horizontal attenuated total
reflectance (ATR) Golden Gate cell (Specac), using 256 scans at a reso-
lution of 4 cm™!. The magnetic properties of the spheres were evaluated
using a superconducting quantum interference device (SQUID, Quantum
Design MPMS3) magnetometer at 300 K with applied magnetic fields up
tolT.

2.4. Removal of lead as a proof of concept

The adsorption capacity of a selected composition was evaluated
using a synthetic solution of lead as a model pollutant. Adsorption was
tested in batch mode, in a total volume of 50 mL of lead solution and a
solid-to-liquid ratio of 4. For these tests, spheres treated at 600 °C were

2
Without thermal
treatment

400 °C
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chosen due to their higher saturation magnetisation (see discussion in
section 3.2.5) and, thus, with potential to be further recovered by a
simple magnet. The samples were kept under magnetic stirring (without
a magnetic stirring bar) and the tests were performed in triplicate. The
effects of pH (3, 4 and 5), initial lead concentration (50, 100 and 200
ppm) and contact time (up to 24 h) were evaluated to estimate the
adsorption performance of the magnetic spheres. In the adsorption as-
says evaluating the influence of pH, the initial pH of the synthetic lead
solution was adjusted to 2, 3 or 4 and maintained constantly throughout
the experiment by manually adding HNO3 (0.05 M) as needed. This pH
control was used to prevent lead precipitation, which can occur at
higher pH values (Goncalves et al., 2024b).

The Pb quantification was performed by a Total reflection X-ray
fluorescence spectrometer (TXRF — S2 PICOFOX 50 keV), with a detec-
tion limit in the ppb range. The pH measurement was performed using a
Thermo Scientific Orion Star A211.

3. Results and discussion
3.1. Characterisation of raw materials

Before being used as raw materials in the spheres’ production, RM,
FA and MK were characterised. The chemical composition of the raw
materials (see Table 1) estimated by XRF revealed a noteworthy higher
content of iron oxide in RM (48 wt%) compared with FA (6 wt%) and MK
(2 wt%), as well as greater Na;O and TiO, content in RM. On the con-
trary, SiO content in FA (50 wt%) and MK (52 wt%) was much higher
than that seen in RM (6 wt%), and a similar trend was observed for
Al,Os.

The mineralogical composition of raw materials was determined by
XRD, and the results are presented in Fig. 2. The XRD pattern of RM
shows the presence of hematite (a-Fe3O3) and aluminium-bearing hy-
droxide phases including boehmite (y-AlO(OH)), chantalite (CaAly.
Si04(0OH)4) and gibbsite (a-Al(OH)3). The XRD patterns of FA and MK
show the presence of Si-based crystalline phases, such as quartz (SiO3)
and muscovite (KAl3Si3019(OH)q gFg.2), as well as anatase (TiO3).

3.2. Characterisation of geopolymer spheres

3.2.1. Morphological analysis (SEM) and chemical composition

Figs. 3 and 4 present SEM micrographs of the geopolymer spheres,
before and after the thermal treatment. Before the thermal treatment
(Figs. 3a and 4a), the exterior surface of the spheres shows the presence
of small pores combined with larger-sized pores, while the inner part
shows an abundant number of pores, mostly closed.

It can be observed that the temperature seems to influence the
porosity of the spheres, with a significant modification of the spheres’
external surface at higher temperatures. Spheres exposed to thermal
treatment at 800 °C (Fig. 3d) present a higher number of pores at the
external surface compared to those without treatment (Fig. 3a), or even

600 °C 800°C

Fig. 1. — Geopolymer spheres obtained without thermal treatment and after thermal treatment at different temperatures (400, 600 and 800 °C).
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Table 1
— Chemical composition of the raw materials (RM, FA and MK) and the geopolymer spheres estimated by XRF. Loss on ignition (LOI) was determined at 1100 °C.
Oxides (%) SiO, Al,O3 Fe,03 TiOy MgO Na,0 CaO MnO K20 SO3 P,0s LOI
RM 6.30 19.20 48.40 6.67 0.08 5.77 1.10 0.05 0.07 0.22 0.36 11.00
FA 42.72 13.66 5.78 0.81 2.79 1.27 18.74 0.35 6.41 2.53 1.44 2.68
MK 52.10 40.10 1.85 1.70 0.27 0.08 0.13 0.01 1.09 0.04 0.07 2.24
Geopolymer spheres 32.90 15.73 11.11 1.92 0.49 11.44 3.83 0.08 1.28 0.52 0.34 20.03
1-Sodium
aluminium
5
1, 34 . 5 carbonate silicate
8 2 5 .
6.7:2 2 5 g B35 s RM|| 2-Boehmite
™ 7 3-Gibbsite
o 4 - Chantalite
9’ 5-H tit
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>
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5 9 99 s 9017 77 w7 FA Q :
E 7 8 —Rutile
. 9 - Microcline
6
127 10 - Calcite
12. H
12 L“\Mlz._nj T . M| 11-time
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Fig. 2. — XRD patterns of the raw materials (RM, FA and MK).

those at lower temperatures such as 400 °C (Fig. 3b). These variations
are also visible in the inner part, with a significant modification of the
porosity of the specimen after 2h at 800 °C (Fig. 4d), when compared to
spheres obtained at 600 °C (Fig. 4c) and at 400 °C (Fig. 4b). The for-
mation of small pores throughout the spheres’ surface treated at higher
temperatures is related to both water evaporation and the material’s
partial transformation, from amorphous geopolymer spheres to crys-
talline materials (Kljajevic et al., 2022). This transformation was also
observed by other authors (Kljajevic et al., 2017; Kuenzel et al., 2013;
Payakaniti et al., 2020), who reported the formation of porous geo-
polymer materials after thermal treatments at temperatures above
600-800 °C. The pore formation at high temperatures is also related to
the reduction reactions of iron oxides and carbonates, releasing oxygen
(0O3) or carbon dioxide (CO3), which become trapped within the geo-
polymer matrix and can lead to the formation of voids or pores (Kljajevic¢
et al., 2022).

With the increase of treatment temperature, a slight increase in the
apparent density of the spheres was observed, from 2.2 g/cm® (initial
geopolymer spheres) to 2.7 g/cm® (geopolymer spheres treated at
600 °C) and 2.8 g/cm3 (geopolymer spheres treated at 800 °C), as also
referred by other authors (Zawrah et al., 2022). These changes can be
related to the phase transformations observed in spheres with thermal
treatment.

A decrease in the specific surface area (SSA) of the geopolymer
spheres was observed following thermal treatment. The initial spheres
exhibited an SSA of 34 mz/g (Gongalves et al., 2024a), which reduced to
20 m?%/g after treatment at 600 °C and further decreased to 4 m?/g at
800 °C. Despite this reduction, the SSA of the magnetic spheres treated
at 600 °C remains slightly higher than the values reported for geo-
polymer adsorbents produced via additive manufacture using meta-
kaolin as the aluminosilicate source. For instance, Luukkonen et al.
reported an SSA of 6.0 mz/g (Luukkonen et al., 2020), while Franchin
et al. obtained an SSA of 12.2 mz/g (Franchin et al., 2020). The reduc-
tion of SSA reflects the progressive densification of the material as the
temperature increases. The pore volume of the geopolymeric material

followed a similar trend, decreasing from 0.075 cm®/g to 0.045 cm®/g
after the thermal treatment at 600 °C and further dropping significantly
to 0.010 cm®/g at 800 °C.

The EDS maps of the cross-section of the geopolymer spheres before
and after thermal treatment are presented in Fig. 5. The EDS analysis of
the external surface of the geopolymer spheres before thermal treatment
revealed the presence of the characteristic elements of the raw materials
and alkaline activator, namely Al, Si, Na, K, Ti and Fe, in line with our
previous studies (Alves et al., 2024; Gongcalves et al., 2024a). The
presence of iron was detected uniformly throughout the interior of the
geopolymer spheres, and it can be related to the increase in the mag-
netisation of the samples, observed using a magnet. Other elements such
as Al, Si, Na, Ca, K and Ti were also detected and are the basis of the
geopolymeric spheres’ composition, and quantities were similar to the
total chemical compositions of the solid raw materials used to produce
the spheres, namely RM, FA and MK.

The chemical composition of the geopolymer spheres was estimated
by XRF, and the results are included in Table 1. XRF analysis revealed
the presence of high contents of SiO, (33 wt%), AloO3 (16 wt%), NasO
(11 wt%) and Fe3O3 (11 wt%). These elements were previously detected
in the chemical composition of the precursors (RM, FA and MK) at high
levels, and are in line with the results obtained in the EDS analysis.
Considering the composition of the geopolymer spheres, namely a 1:1:1
ratio of the solid precursors and 45 wt% of alkaline activator added to
the paste mixture, the theoretically estimated amount of each oxide and
the values obtained by XRF were similar (estimated difference of ~5 %).
The high contents of SiO, and NayO are related to the nature of the
alkaline activator, a mixture of sodium silicate and sodium hydroxide.

3.2.2. XRD

The XRD patterns obtained for the geopolymer spheres before and
after the thermal treatment at different temperatures are presented in
Fig. 6. The non-treated spheres show the characteristic amorphous halo
in the range of 26° = 20-35°, which was attenuated in the heat-treated
samples due to the formation of new crystalline phases and reduction of
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Fig. 3. — SEM micrographs of the geopolymer spheres’ surface before (a) and after thermal treatment at 400 °C (b), 600 °C (c) and 800 °C (d).

the amorphous content (Payakaniti et al., 2020). For the samples treated
at 800 °C, the amorphous halo disappears, and new reflections are
visible. The crystalline mineral phases identified in the sample without
thermal treatment and with thermal treatment at 400 °C were similar,
which is indicative of the thermal stability of the geopolymer spheres up
to 400 °C (Moutaoukil et al., 2024). However, changes were observed in
the diffraction patterns with the increase of the temperature to 600 °C
and 800 °C. The intensity of the quartz reflections decreased in the
sample treated at 800 °C, and was related to the conversion of a-quartz
to B-quartz at temperatures above 573 °C (Kljajevic¢ et al., 2022). This
behaviour was also observed by other authors (Kljajevic et al., 2017;
Payakaniti et al., 2020).

Magnetite appeared after the thermal treatment at 400 °C, suggest-
ing the reduction of iron-containing phases such as hematite, initially
present in the non-modified geopolymer spheres. Raising the tempera-
ture increased the intensity of the peaks assigned to magnetite (main
peaks at 35.58, 62.82 and 43.25 26°) and this variation was clear when
the heat treatment temperature increased from 400 to 600 °C, demon-
strating that high temperatures favour the formation of magnetite
through the reduction of iron(III) oxides. Hematite (a-FexO3) containing
only Fe®" is known to be able to convert to ferrimagnetic magnetite

(Fe304) under suitable conditions, containing both Fe3* and Fe®". For
the reductive atmosphere here studied (N5), the reduction profile of iron
oxides present in the geopolymer spheres was similar to that described
by Stoicescu et al. for magnetite particles (Stoicescu et al., 2022) and by
Pineau et al. for synthetic hematite (Pineau et al., 2006), studies that
used hydrogen and nitrogen atmospheres, respectively.

Hydroxide-containing phases such as chantalite, gibbsite and
boehmite were not identified with an increase in the thermal treatment
temperature. When gibbsite is heated to 250 °C water is released and,
simultaneously, boehmite is formed as an intermediate product in
temperature ranges of 350-450 °C (Riyanto et al., 2021). The dehy-
dration and decomposition of boehmite occurs at even higher temper-
atures, and it explains the presence of boehmite in the samples treated at
400 °C and its absence in the samples treated at 600 °C and 800 °C.
Calcite (CaCOs3) thermally decomposes above 750 °C (Karunadasa et al.,
2019), and it explains the absence of this calcium-containing phase in
the sample treated at 800 °C.

The XRD pattern of the sample treated at 800 °C is significantly
different from the other samples, indicating considerable trans-
formations in the arrangement of atoms. The reducing environment
applied during the thermal treatment boosted the further removal of
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Fig. 4. — SEM micrographs of the geopolymer spheres’ interior before (a) and after thermal treatment at 400 °C (b), 600 °C (c) and 800 °C (d).

oxygen atoms from magnetite, resulting in an at least partial reduction
to metallic a-iron, whose main peaks (44.67 and 65.02 20°) appeared in
the XRD patterns at 800 °C. Other authors also reported the full reduc-
tion of magnetite to metallic iron at temperatures above 600 °C in a
reductive atmosphere, starting from commercial hematite (Pineau et al.,
2006). The appearance of nepheline (NagKAl4Si4O1¢) as the main crys-
talline phase was also induced by high temperature (800 °C), and this
occurrence was reported previously (Kljajevi¢ et al., 2017) for
heated-treated geopolymers. The formation of nepheline, a type of
feldspathoid mineral, is a complex process that involves chemical,
structural and mineralogical changes, probably caused by the migration
and/or the ejection of atoms from the crystal lattice of the geopolymer
spheres, which led to variations of chemical stoichiometry and expan-
sion or contraction of the material (Padilla et al., 2022). The high
temperatures promote the crystallisation of nepheline within the geo-
polymer matrix, where the sodium ions from the alkaline activator react
with aluminosilicate structures to form nepheline (Kljajevi¢ et al.,
2017). lmenite (FeTiO3) and Hedenbergite (CaFeSi»Og) were also found
in the XRD patterns of the geopolymer spheres treated at 800 °C. The
formation of these calcium, iron and titanium-bearing crystalline phases
was favoured at high temperatures.

3.2.3. FTIR

The infrared spectra of the geopolymer spheres obtained by ATR-
FTIR spectroscopy are presented in Fig. 7a. In the spheres without
thermal treatment, the characteristic bands of the raw materials (data
not shown here for the sake of brevity, details can be found in
(Goncalves et al., 2024a)) are also present, namely the asymmetric band
located between 1150 and 950 cm™! due to the presence of Si and Al
ions from the aluminosilicate precursors (RM, FA and MK). Also, another
wide asymmetric band with a maximum at 3360 cm ™ is present in the
spheres without thermal treatment and in the precursors (mainly RM),
due to the presence of physically adsorbed molecular H>O on the surface
(Gameiro et al., 2023), which also results in a small band around 1650
em ™! rising from the H-O-H bending vibrations (Mullaimalar et al.,
2024). A blue shift in the Si-O-Al/Si-O-Si band with a peak at 970 cm™?
was observed in the geopolymer spheres relative to the precursors, and it
is usually associated with the geopolymerisation reaction (Luukkonen,
2022; Phokha et al., 2023). The band with a peak at 1450 em~is related
to the asymmetric stretching of carbonate ions (Payakaniti et al., 2020),
mainly due to the presence of calcite (Goncalves et al., 2023), as
confirmed by the XRD patterns. In all samples, the noise observed in the
region between 2380 and 1930 cm™! is due to atmospheric COy
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Fig. 5. — EDS maps of the geopolymeric spheres’ interior before (a) and after thermal treatment at 400 °C (b), 600 °C (c) and 800 °C (d).

(Gongalves et al., 2023).

With the thermal treatment of geopolymer spheres, the peaks present
lower intensities due to the breakage of bonds and the formation of new
phases (Payakaniti et al., 2020), consistent with the XRD results. A
decrease in the intensity of bands with maxima of ~3400 and 1600 cm ™!
was observed, as a function of the temperature, indicating full dehy-
dration of the geopolymers (Salah et al., 2024). The small band with a
peak at 1450 cm™! presents a similar trend, due to a decrease in the
carbonatate content for the samples with thermal treatment at greater
temperatures. At high temperatures, the carbonate compounds decom-
pose and start to react with the silica and alumina released from gels to
form other mineral compounds, such as nepheline (Ahmad et al., 2021),
as observed in the XRD patterns. Additionally, exposing geopolymers to
higher temperatures also promotes a decrease in the intensity of the
band with a maximum at 970 cm ™, corresponding to the asymmetric
stretching of Al-O-Al/Si-O-Si (Luukkonen, 2022), and this can be
explained by the polymeric structural reorganisation and the changes in
the crystalline phases’ composition.

The increase in the definition of the band with a peak at ~ 680 cm ™,
corresponding to the Si-O-Al functional group (Goncalves et al., 2023),
was observed with the increase in the treatment temperature. A similar
transformation with the increase in temperature was also observed by
other authors (Payakaniti et al., 2020). The peaks located at 440 em™!
can be attributed to the stretching of the Fe-O bond of the hematite
phase (Goncalves et al., 2023). The increase in the definition of the peak

with the increase in temperature can be explained by the changes in the
iron-containing phases (Su et al., 2023), with the conversion of hematite
into magnetite, as discussed in the previous section.

3.2.4. Thermogravimetric analysis (TGA)

Changes in the mass of the geopolymer spheres as a function of
temperature under a controlled atmosphere were determined using
TGA. The TGA curves obtained are presented in Fig. 7b. The mass of
geopolymer spheres without thermal treatment rapidly decreased be-
tween room temperature and 180 °C (~13.9 %), due to water loss. This
process is associated with the loss of adsorbed free water and with the
bound water from some hydrated phases (Moutaoukil et al., 2024).
These geopolymer spheres also presented a mass loss between 200 °C
and 500 °C (=15.9 %), due to the dehydroxylation of chemically bound
water from the matrix (Moutaoukil et al., 2024) and the breakdown of
hydroxyl groups from the aluminosilicate gel network (Tchakouté et al.,
2017). In this temperature range, gibbsite and boehmite also decom-
pose, and these changes in the geopolymer crystalline composition
contributed to the mass loss (Riyanto et al., 2021). Also, the remaining
PEG within the spheres is decomposed in a single step, and this
decomposition reaction further contributed to the mass decrease within
the range of 300-400 °C (Alves et al., 2024). A third significant thermal
degradation occurred above 500 °C (~2.5 %), and this weight loss was
attributed to the decomposition of carbonates (Maleki et al., 2019;
Pulidori et al., 2024) and further loss of oxygen upon the reduction of
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iron oxides, namely hematite to magnetite (Kljajevic et al., 2022).

As expected, the TGA curves of the heat-treated samples were
significantly different from the curves obtained for the non-modified
geopolymer spheres. The overall mass loss decreased drastically with
the increase of the treatment temperature: 10.5, 7.7 and 0.5 % mass loss
for the geopolymer spheres treated at 400, 600 and 800 °C, respectively.
The almost null weight loss observed for samples treated at 800 °C re-
veals the complete decomposition of volatile components (water and
carbonates) and the formation of stable crystalline phases at this
temperature.

3.2.5. Magnetic properties

The geopolymer spheres produced throughout the thermal treatment
at different temperatures presented an observable magnetism, as all
fired samples were attracted to a magnet, as can be seen in Fig. 8.

Fig. 9a presents the measured specific mass magnetisation M versus
the applied magnetic field of all the samples, measured at 300 K. Not
surprisingly, the as-produced spheres did not have any significant

magnetic properties, as they do not contain any strongly ferromagnetic/
ferrimagnetic phases, contrasting with those submitted to the heating
protocol. After heating, the samples all exhibited magnetic hysteresis
loops, the magnetisation of the spheres increasing with the increase of
the applied magnetic field (Su et al., 2023), although none were fully
saturated up to a field of 1 T. At the maximum magnetic field of 1 T the
mass magnetisation value of the samples (M) was evaluated, and the
results are presented in Fig. 9b. The values of magnetisation M at 1 T,
remanent magnetisation M; and coercivity H. are shown in Table 2 for
all samples.

The untreated spheres only contain hematite as an iron oxide phase,
and this is only very weakly ferromagnetic (or a canted antiferromagnet)
at 300 K (Cornell and Schwertmann, 2006). As a result, they had an
extremely low magnetisation of 0.15 A m? kg2, as well as a low coer-
civity Hc and remanent magnetisation M, (Table 2). Thermally treated
samples showed well-defined hysteresis loops characteristic of ferri-
magnetic behaviour due to the presence of magnetite (Payakaniti et al.,
2020). A major increase in M was observed when the heating
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Table 2
- M at 1T, M; and H, of the samples without and with thermal treatment,
determined at room temperature.

M (A m® M, (A m?> H, (A
kg™") kg™ m™)
Spheres without thermal 0.15 0.02 100
treatment
Spheres with thermal treatment 1.12 0.26 197
at 400 °C
Spheres with thermal treatment 5.34 1.34 240
at 600 °C
Spheres with thermal treatment 3.02 0.73 350
at 800 °C

temperature increased from 400 °C (1.12 A m? kg’l) to 600 °C (5.34 A
m? kg™1). This suggests that significantly more magnetite was present
after heating to 600 °C. Indeed, this can be directly correlated with the
amount of magnetite identified by XRD analysis (see section 3.1.3).
However, the actual maximum M measured here of 5.34 A m? kg’l,
compared to usual values for pure magnetite of around 90 A m? kg™?
(Ben-Arfa et al., 2019; Cornell and Schwertmann, 2006), suggests that
the spheres still only consist of around 6 wt% magnetite. This is
consistent with the fact that hematite is also still detectable in the XRD
patterns after treatment at 600 °C, and XRF showed that the maximum
Fey03 content was around 11 wt%, so not all hematite was reduced to
magnetite. Nevertheless, this is still a significant magnetisation and was
demonstrated to be enough to allow for the magnetic separa-
tion/removal of the spheres, without adding any extra iron oxides to the
existing waste material. All of the magnetic loops portrayed quite
magnetically soft materials, with narrow hysteresis loops and low H; and
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M, values, as expected for magnetite. H. was only around 200-240 A
m~! for the spheres heated at 400-600 °C, with M, values around 25% of
M measured at 1 T.

Higher treatment temperatures (>600 °C) led to a decline in the
samples’ magnetisation to 3.02 A m? kg ™!, as XRD showed the apparent
loss of the magnetite phase, to be replaced by a much smaller quantity of
metallic iron, as well as the non-magnetic mineral phase Hedenbergite
(CaFeSioOg). When heated to 800 °C, M, as a % of M remained similar,
but there was a small increase in the magnitude of the coercivity to He. =
350 A m'!, probably due to the formation of metallic a-Fe. Therefore,
magnetite has been further reduced to partially form metallic iron, with
the rest of the Fe incorporated into Hedenbergite. Although a-Fe has a
greater magnetisation that magnetite, there was much less of it present,
so the magnetisation of the spheres was reduced after heating to 800 °C.
These results demonstrate that the proposed approach leads to the
production of geopolymer spheres with suitable magnetic properties
endowing their easy magnetic recovery after wastewater treatment.

The values obtained for M of the geopolymer spheres with thermal
treatment were in the same range reported by several authors, who
describe the production of magnetic geopolymers. The addition of
magnetite (Rossatto et al., 2020) or hematite (El-Naggar et al., 2024)
sources is the most common approach to obtaining magnetic geo-
polymers, and results for Mg, obtained by several authors are sum-
marised in Table 3. For comparison, the M value of pure magnetite (90 A
m? kg’l) (Ben-Arfa et al., 2019; Cornell and Schwertmann, 2006) was
also included in the table.

The incorporation of magnetic sources in the geopolymer composites
generally resulted in M values between 2.50 and 4.95 A m? kg ™!, below
the values obtained in this study for the geopolymer spheres treated at
600 °C (5.34 A m? kg~ g). Considering the nature of the waste-based
geopolymer spheres, with the incorporation of fly ash and red mud in
the composition, the M values obtained are promising, and the use and
recovery of these materials are enhanced due to the tailored magnetic
properties.

3.3. Application of magnetic geopolymer spheres as metal sorbents

3.3.1. Adsorption tests: effect of pH

The adsorption potential of red mud-based geopolymeric materials
has been demonstrated in several published works. Carvalheiras et al.
tested highly porous monoliths for led removal, evaluating the influence
of contact time, pollutant concentration, pH of the synthetic solution

Table 3
- Comparison of magnetisation (M) values for different magnetic geopolymers.
Material M(Am?  Reference
kg™
Pure magnetite 90 (Ben-Arfa et al., 2019; Cornell
and Schwertmann, 2006)

Copper slag geopolymer (powder) 5.60 Mullaimalar et al. (2024)

Geopolymer spheres after thermal 5.34 This study
treatment at 600 °C (bulk)

Fly-ash based geopolymer/y-Fe;O3 4.95 El-Naggar et al. (2024)
(powder)

Geopolymer/Fe304 4.71 Khan et al. (2023)
nanocomposite (powder)

Magnetite/geopolymer composite 3.70 (Al-husseiny and Ebrahim,
(powder) 2022a, 2022b)

Geopolymer/BaFe;5,019 2.82 Phokha et al. (2023)
nanocomposite (powder)

Geopolymer/Fe;04 composite 2.50 Rossatto et al. (2020)
(powder)

Calcined fly-ash based geopolymer 2.25 Payakaniti et al. (2020)
(400 °C)

Floral magnetic sodalite 0.52 Su et al. (2023)
microspheres (bulk)

Geopolymer spheres without 0.15 This study

thermal treatment (bulk)
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and solid-to-liquid ratio (Carvalheiras et al., 2023). The adsorption po-
tential of red mud-based geopolymer spheres was tested by Goncalves
et al. to treat acid mine drainage waters, highlighting the interesting
removal efficiency of these innovative geopolymeric materials and
ability to treat complex wastewater streams (Gongcalves et al., 2024a).

Considering that the highest magnetisation was seen for the spheres
fired at 600 °C, the potential of the materials obtained in the present
work to act as metal sorbents from polluted waters was evaluated, using
lead as a pollutant probe. The adsorption tests presented act as a proof-
of-concept to demonstrate the applicability of these magnetic materials
in addressing a highly relevant environmental challenge.

As detailed in section 2.4, batch adsorption experiments were per-
formed by keeping the porous magnetic spheres under continuous stir-
ring without the need for a magnetic stirring bar. The impact of the
solution pH on the removal efficiency is presented in Fig. 10a. For all
investigated pH conditions, a fast removal was observed within the
initial 8 h of contact time, followed by a minor gain up to 24 h. The fast
removal efficiency in the initial stage is explained by the high amount of
available adsorption sites in the adsorbent (geopolymer spheres), which
gradually become occupied over time (Gameiro et al., 2023). In the first
2 h of contact time, 20 % removal was observed at lower pH, while
similar removal efficiency percentages (=37 %) were seen for pH 4 and
5. Nonetheless, longer contact time resulted in superior pollutant
removal at pH 5. Indeed, the pH of the medium strongly impacted the
removal efficiency for the pollutant by the porous geopolymer spheres,
with it jumping from 52 % at pH 3-77 % at pH 5, after 24 h. However,
the additional contact time between 8 and 24 h had promoted an
increment of only 12 % and 8 % for the tests at pH 4 and pH 5,
respectively. In this case, the increase in contact time may represent an
additional operational cost when considering a full-scale application,
without a significant improvement in the process performance.

An increment in the pH of the medium favoured not only the removal
efficiency, but also the uptake, which increased by 64 % at pH 5
compared with pH 3, as shown in Fig. 10b. Uptake values reached a
maximum at pH 5, achieving 10.2 mg/g. This performance is superior to
the work of Novais et al. with porous biomass fly ash-containing geo-
polymer monoliths, which achieved a maximum uptake value of 6.34
mg/g at pH 5 (Novais et al., 2016a).

3.3.2. Adsorption tests: effect of initial pollutant load

Fig. 11a and b presents the influence of the lead initial concentration
on removal efficiency and uptake, respectively. For these tests, per-
formed at pH 5, a similar trend was observed: a fast removal within the
initial 8 h followed by a minor increase until the end of the experiment.
This behaviour was observed for all investigated Pb concentrations.
Moreover, the initial lead concentration influenced the efficiency
removal, as it decreased with the increase of initial concentration from
50 to 200 ppm. The 77 % removal efficiency observed for assays at the
initial concentration of 50 ppm declined to 38 % at 200 ppm of Pb, after
24 h of contact time. This behaviour suggests the saturation of the
available sorbent active sites for higher investigated concentrations
(Gameiro et al., 2023). This is in line with the reported studies using
geopolymer monoliths (Carvalheiras et al., 2023), fly-ash based geo-
polymer foams (Caetano et al., 2022) and 3D-printed geopolymers
(Goncalves et al., 2023) for water borne pollutants removal.

Contrary to the observed behaviour of removal efficiency, raising the
initial metal concentration led to an increase in the uptake values. The
increase in the initial metal concentration provides the necessary driving
force and concentration gradient to enhance the adsorption capacity,
thus increasing the uptake. Increasing the initial metal concentration
from 50 to 100 and 200 ppm resulted in an uptake increase from 10 mg/
g to 14 mg/g and 19 mg/g, respectively. Although the values achieved
for 200 ppm were slightly lower than those reported in the literature,
similar uptake values were achieved by several authors testing 100 ppm
of synthetic lead solutions. For example, Carvalheiras et al. achieved an
uptake of 14 mg/g testing metakaolin/red mud-derived geopolymer
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monoliths (Carvalheiras et al., 2023), Caetano et al. achieved 16 mg/g
testing cubic fly-ash based geopolymer foams (Caetano et al., 2022) and
Novais et al. achieved 16 mg/g testing inorganic polymer foams (Novais
et al., 2020). Nevertheless, the approach explored here offers the
advantage of easy and inexpensive sorbent recovery after the treatment
by the use of inexpensive permanent magnets.

Metal cations, such as lead, are adsorbed onto the negatively charged
aluminosilicate network of geopolymers through two primary mecha-
nisms: physisorption and chemisorption (Saleh, 2022). Physisorption
involves weak van der Waals interactions between the metal ions and
the geopolymer surface, while chemisorption involves the formation of
stronger chemical bonds, which can occur via ion exchange, hydrolysis,
or complexation (Hijazi et al., 2024). Understanding these mechanisms
is essential for optimising geopolymer-based adsorbents for wastewater
treatment. Recent review papers suggest that the main sorption mech-
anism when using geopolymeric materials is by ion exchange
(Luukkonen et al., 2019; Novais and Labrincha, 2022). Ion exchange
occurs when metal ions in solution replace Na/K ions within the anionic
framework of the adsorbent (-Si-O-Al-O-Si-O-). This is further corrobo-
rated by the feasibility of desorbing the Pb?' ions by using acidic
desorption agents (e.g., HNO3) allowing to use the sorbents in multiple
sorption cycles (Carvalheiras et al., 2023; Novais et al., 2020). The lead
extraction mechanics by the magnetic geopolymer spheres is expected to
be governed by ion exchange similar to what we have observed when
using non-magnetic geopolymer spheres (Gongalves et al., 2024a). This
topic will be considered in future work.

3.3.3. Feasibility of magnetic geopolymer spheres as adsorbent materials
The use of waste as raw materials in the production of new adsor-
bents is an environmentally friendly and sustainable approach that
contributes to the valorisation of industrial streams with no market
value. Fly ash from biomass combustion can be used as an aluminosili-
cate source to produce geopolymers, and this has the potential to reduce
the need for landfill disposal, thus reducing the impact on the
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surrounding habitats and ecosystems (Gameiro et al., 2021). Red mud, a
by-product of alkaline treatment for aluminium production from bauxite
ore, is difficult to discard due to its high alkalinity and the presence of
some hazardous elements (Yang et al., 2024). This waste can also be
used as an aluminosilicate source in geopolymer production, thus
reducing the use of virgin raw materials, such as metakaolin, in the
manufacture of these alkali-activated materials.

In recent years, geopolymers have been studied as adsorbents in the
treatment of contaminated wastewaters due to their properties (chem-
ical composition, porosity, density and specific surface area) (Caetano
et al., 2022; Novais et al., 2016b, 2020). The production and use of
magnetic geopolymers is a recent field of study (El-Naggar et al., 2024),
and has the potential to be cost-effective compared to the chemical
synthesis of magnetic nanomaterials, a widely studied and used tech-
nology to remove pollutants (Shen et al., 2023). The adsorption per-
formance and the enhanced characteristics (magnetic properties, control
of particle size and shape, crystal structure) of magnetic iron-based
nanomaterials such as nano zerovalent iron (nZVI), maghemite
(y-Fep03), and magnetite (Fe3O4), are advantageous for several envi-
ronmental and high-performance applications, such as medical imaging
or high-density data storage (Qu et al., 2013). However, magnetic
geopolymers are advantageous from a sustainability point-of-view,
using mainly wastes in their production and exhibiting good perfor-
mance for the removal of pollutants.

4. Conclusions

Red mud/fly ash-based magnetic geopolymer spheres were success-
fully produced through the suspension-solidification method and sub-
sequent modification at high temperatures under Ny by reducing the
hematite contained in the red mud residue into magnetite. The geo-
polymer spheres, treated at 600 °C for 2 h in a reductive Ny atmosphere,
present promising magnetic properties, reaching a saturation magnet-
isation of 5.34 A m? kg~!, which is a slightly higher value than those
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reported by other authors for magnetic geopolymers, and in this case
without the addition of any extra iron compounds to the original waste
material. The feasibility of these sustainable magnetic materials as metal
sorbents for polluted waters was assessed for the removal of lead, a
common water contaminant. The observed uptake value of 19 mg/g
demonstrates the potential of these materials for environmental appli-
cations. The production of waste-based geopolymer spheres has an
economic advantage due to the use of fewer virgin raw materials during
manufacturing, with magnetic properties allowing magnetic separation
using inexpensive permanent magnets for the recovery of the adsorbent
material after the adsorption process.
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