
Magnetic alkali-activated foams from soda-lime glass and volcanic ash 
enabling efficient synergistic dye removal

Francesco Lanero # , Giulia Tameni #, Eleonora Russo , Paolo Sgarbossa , Enrico Bernardo *

Department of Industrial Engineering, University of Padova, Padova, Italy

A R T I C L E  I N F O

Keywords:
Adsorption
Alkali activation
Magnetic foams
Photocatalysis
Soda-lime glass
Volcanic ash

A B S T R A C T

As a solution to clean water scarcity, it is essential to develop new inexpensive and eco-friendly materials for 
wastewater treatment, since conventional methods are often energy-intensive, dependent on non-renewable and, 
in general, unsuitable for large-scale and sustainable applications. In this work, the preparation of magnetic 
foams via mild alkali activation (KOH, 3 M) process for water purification is reported. The process uses Mt. Etna 
volcanic ash and unemployed fraction of soda-lime glass obtained from purification of glass containers. Magnetic 
properties were imparted by the introduction of silica-coated magnetite nanoparticles at 5 % (m/m) and 10 % 
(m/m). The large surface area of the resulting foams makes them highly promising as adsorbent for dye removal. 
Additionally, the natural presence of TiO2 and Fe2O3 in the volcanic ash contributes to photocatalytic activity. 
Both adsorption and photocatalytic performance were evaluated using methylene blue aqueous solution (10 mg/ 
L) as model dye. An increased removal efficiency was observed following the incorporation of magnetite 
nanoparticles, reaching up to 96 %. These results highlight the potential of converting industrial and natural 
waste into functional materials for sustainable wastewater treatment applications.

1. Introduction

The scarcity of water remains a global challenge, substantially con
straining progress towards comprehensive sustainability. This issue is 
further intensified by the contamination of water resources with in
dustrial pollutants. Additionally, synthetic dyes - extensively utilized in 
the textile, cosmetic, and printing industries - are frequently released 
into the water through industrial wastewater [1]. The release of such 
waste contributes to environmental degradation, and also poses 
considerable public health risks.

To contrast pollution, industries are increasingly implementing 
various wastewater treatment strategies aimed at effectively removing 
pollutants and ensuring compliance with environmental standards [2,
3]. Although numerous techniques have been developed for the treat
ment of water containing dyes and heavy metals [4,5], the current ap
proaches often face limitations related to high operational costs, 
complexity, and reduced efficiency at variable contaminants concen
tration. Chemical methods, in particular, produce undesirable 
by-products and residues that can persist in the environment and need to 
be treated to prevent contamination. At the same time, biological 

techniques face certain limitations, especially regarding the complete 
removal of colour dyes [6].

In such context, adsorption technologies are recognized as very 
promising, due to their simplicity, low operational costs, potential for 
high effectiveness, and applicability to a wide range of pollutants 
[7–10]. In this context, the present investigation is dedicated to the 
synthesis of a new adsorbent material for dye removal, combining 
magnetism and photocatalytic properties. The same is intended as an 
alternative to current adsorbent materials including polymer, 
carbon-based materials, clay-based materials, metal-organic framework 
(MOFs) materials, and biosorbents [11].

Besides these classes of materials, porous alkali activated materials 
(AAMs) emerge as viable solutions for water and wastewater manage
ment and dye removal [12]. Alkali-activated materials are typically 
produced by the reaction of alumino-silicate precursor powders sus
pended in concentrated alkaline solutions [13]; in the subclass of geo
polymers, ‘oligomers’ released after the dissolution of alumino-silicate 
are found to recombine into three-dimensional network structures, 
corresponding to hydrated alkali alumino-silicate ‘zeolite-like’ gels [14].

Recent findings on AAMs based exclusively on fine glass powders, 
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however, have suggested a new ‘cold-consolidation’ mechanism, with 
advantages in overall sustainability. In fact, glass powders undergo 
attack from a relatively diluted alkali hydroxide solution (< 3 M) [15,
16], and convert into stable blocks just after drying. The mutual adhe
sion of glass particles is realized by condensation reactions at the contact 
points, involving Si-OH, Al-OH and B-OH surface groups (resulting from 
the same alkaline attack). Condensation reactions recreate strong bonds 
(Si-O-Si, Al-O-Si, B-O-Si), supporting ‘skeletons’ of glass particles, filled 
by the secondary phases, consisting of gels exhibiting varying degree of 
solubility [17], from reactions involving glass components released in 
solution, and crystalline phases (i.e., alkali carbonates). Foams may be 
easily formed by gas release at the early stages of consolidation, oper
ated by perborates and helped by slight additions of surfactants [18,19].

To minimize the use of virgin materials, and implement the up- 
cycling strategies, soda-lime glass waste fraction (deriving from the 
purification of cullet of container glass) [20] and volcanic ash from 
natural eruptions [21] may be coupled for more complex AAMs from 
mild activation and foaming [22]. The hardening mechanism, in this 
specific case, suggests that the chemical species (silicates, aluminates, 
etc.) released into the solution, do not solely contribute to the gel phase, 
but also promotes the growing of natural zeolites, which enhance the 
adsorption capability of cold-consolidated foams. The porous nature 
enhances dyes removal efficiency by offering active adsorption sites, and 
the interconnected pore system enables efficient diffusion of dyes mol
ecules into the alkali activated foams [23,24]. Moreover, considering 
the presence of Fe2O3 and TiO2 in volcanic ash utilized within 
alkali-activated foams, these oxides may function as effective photo
catalytic supports, leading to a double adsorption/photocatalytic effect 
in the dye removal [25–27].

Considering the application in a real wastewater purification system, 
sorbents should be refined also in the operational aspects. In this 
context, the use of magnetic materials is gaining increasing attention 
due, above all, to the possibility of being easily recovered from treated 
water using magnets, thus avoiding the need for filtration or centrifu
gation, which are more complex and costly operations. One of the most 
common and easiest approaches to create magnetic three dimensional 
manufacts is the introduction of magnetite nanoparticles [28–30].

The present work offers a new prospective for glass/volcanic ash 
alkali activated foams. In fact, despite the use of such materials in 
construction and building application as thermal and sound insulator 
[31], dye removal via synergistic adsorption–photocatalytic effect is a 
not yet investigated application. Herein we reported our efforts to 
combine the advantages related to the combination of AAMs, volcanic 
ash and magnetic nanoparticles, such as the use of recycled glass ma
terials, low cost of the volcanic ash, large surface area of the foam, to 
obtain magnetic adsorbent foamed samples with enhanced photo
catalytic behaviour which can serve as low-temperature-prepared al
ternatives to the more common adsorbent materials like carbon-based 
adsorbents, typically synthesized at very high temperatures [32]. 
Magnetite nanoparticles were synthesized by coprecipitation and sub
sequently functionalized with a silica layer in order to improve the 
adhesion with the raw materials during the alkali activation mechanism 
by siloxane bonds and introduced during the foamed samples prepara
tion [33,34]. The morphology and the structure of the nanoparticles and 
then of the foams were characterized and their adsorption and photo
catalytic behaviour under visible light investigated using methylene 
blue as dye model due to its low cost, availability and easy 
determination.

2. Materials and methods

2.1. Raw materials

The preparation of alkali activated foams employed the soda-lime 
glass (SLG) waste together with volcanic ash (VA). Soda-lime glass 
was kindly provided by SASIL S.r.l (Brusnengo, Biella, Italy) in the form 

of fine powders with a particle size of less than 32 μm [15]. The volcanic 
ash (VA) consisted of municipal waste collected from public spaces 
following the explosive eruptions of Mount Etna in 2021. Volcanic ash 
powder was obtained by dry milling (Pulverisette 6, Fritsch GmbH, 
Idar-Oberstein, Germany) and sieved below 75 μm, instead soda-lime 
glass powder was used as-received.

Table 1 provided the chemical composition of the two fundamental 
raw materials, as determined through X-ray fluorescence analysis 
(Bruker S8 TIGER, Bruker AXS, Germany) [22].

Soda-lime glass-to-volcanic ash ratio was fixed as 1 for all the for
mulations. The alkali activated solution was potassium hydroxide so
lution (KOH, 3 M) prepared by dissolving KOH pellets (reagent grade, 
Sigma-Aldrich, Gillingham, UK) into distilled water.

Iron(II) chloride FeCl₂⋅4H₂O (≥ 99 %), Iron (III) FeCl₃⋅6H₂O (≥ 99 
%), Tetraethyl orthosilicate (TEOS) (98 %) and Ammonium hydroxide 
NH₄OH (25 % m/V) were purchased from Sigma-Aldrich and used as 
received.

2.2. Methods

2.2.1. Magnetic nanoparticles MNP-Fe3O4
Magnetic nanoparticles, referred as MNP-Fe3O4, were prepared via a 

simple coprecipitation method [33]. Briefly, FeCl₂⋅4H₂O (1.03 g, 8.13 
mmol) and FeCl₃⋅6H₂O (2.78 g, 10.28 mmol) were magnetically stirred 
in 100 mL of deionized water under a N₂ atmosphere until complete 
dissolution. Then, NH₄OH 25 % w/v (12 mL, 85.59 mmol) was added 
under vigorous stirring to rapidly increase the pH to 11, leading to the 
precipitation of MNPs-Fe₃O₄. The mixture was stirred at room temper
ature for 1 h. Subsequently, the system was allowed to decant, and the 
product was washed three times with deionized water and twice with 
ethanol. Finally, the product was dried under vacuum (10− 2 mbar) for 
24 h.

In order to cover the nanoparticles surface, the as-prepared MNPs- 
Fe₃O₄ (900 mg, 3.89 mmol) were dispersed under vigorous stirring in a 
mixture of deionized water and EtOH (1:4, 450 mL) along with NH₄OH 
25 % w/v (2.1 mL, 14.98 mmol). Tetraethyl orthosilicate (TEOS) (2.5 
mL, 11.20 mmol) was then added dropwise, and the system was stirred 
at room temperature overnight. Afterward, the resulting Fe₃O₄@SiO₂ 
was separated by centrifugation, washed twice with water, once with 
ethanol, and finally dried under vacuum (10− 2 mbar) for 24 h [34].

2.2.2. Sample preparation
Alkali activated foams were prepared by initially mixing glass 

powder (5.0 g) and volcanic ash (5.0 g) in the alkaline solution, with a 
liquid-to-solid ratio of 0.5. The slurries were stirred for two hours at 
rotation speed of 500 rpm and at the end of two hours, sodium perborate 
monohydrated (SPM, NaBO3

. H2O, ≥ 99 %, Sigma-Aldrich, Gillingham, 
UK and sodium dodecyl sulfated (SDS, CH3(CH2)11OSO3Na, ≥ 99 %, 
Sigma-Aldrich, Gillingham, UK) were added at a concentration of 1 wt 
percent (wt %) related to the mass of the powder, as foaming and sta
bilizing agent, respectively [18,19]. Simultaneously, Fe₃O₄@SiO₂ were 
incorporated at concentration of 0, 5 and 10 wt % referred to the liquid 
fraction. Finally, all the additives were homogenized by mixing for 5 
min at 2000 rpm. The resulting slurries were casted in plastic moulds (10 
mm x 10 mm x 10 mm, open moulds) and left to rest in an oven at 75 ◦C 
and demolded after three days. The obtained foams are cubic, with sides 
of 0.9 mm. In line with the progressive increase in the percentage of 
embedded nanoparticles, the samples were designed as A, B and C to 
facilitate clarity and precise identification, as shown in Table 2.

2.2.3. Characterization
The infrared spectra were acquired by attenuated total reflectance 

Fourier Infrared Spectroscopy (ATR-FTIR) analyses. The spectra were 
recorded with a Perkin-Elmer Spectrum 100 instrument in the range of 
4000 - 750 cm− 1.

The morphology and microstructure of the nanoparticles were 
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characterized by transmission electron microscopy (TEM) and high- 
angle annular dark-field (HAADF) scanning transmission electron mi
croscopy (HAADF-STEM) using TEM JEOL F200 operated at 200 kV. 
Elemental analysis and mapping were performed using a JEOL 100 mm2 

silicon drift energy dispersive X-ray spectrometer (EDX). A carbon 
supported copper grids, 400 mesh size, were used for preparation of the 
sample.

The morphology and semi-quantitative elemental composition of the 
samples were analysed by means of scanning electron microscopy (SEM, 
FEI, Quanta 200 ESEM, Eindhoven, The Netherlands), coupled with 
energy dispersive spectroscopy (EDS/EDAX Genesis, Mahwah, NJ, 
USA).

X-ray diffraction measurements were performed on raw materials 
and alkali activated foams. To analyze the mineralogical composition of 
the obtained foams a Bruker D8 Advance (Karlsruhe, Germany) was 
used. The analysis utilizes CuKα radiation with a wavelength of 0.15418 
nm, operated at a voltage of 40 kV and a current of 40 mA. The scanning 
range was set in a range of 2θ =10 to 70◦, with a step size of 0.05◦ and 
counting duration of 2 s. Phase identification is performed using Match® 
software package (Crystal Impact GbR, Bonn, Germany) in conjunction 
with data obtained from the Powder Diffraction File (PDF)-2 database.

The volumetric mass density (ρgeom) of the samples corresponding to 
each mixture was determined using the formula ρgeom = m/V, where m 
and V represent the mass and the volume of the samples, respectively. 
The bulk density was based on measurements taken from five cubic 
specimens. Furthermore, both apparent (ρapp) and true (ρtrue) density 
were measured by means of a helium pycnometer (Ultrapyc 3000, Anton 
Paar GmbH, Graz, Austria) on bulk and crushed samples. The open (OP) 
and closed porosities (CP) of the newly developed porous materials were 
calculated from the obtained density data.

2.2.4. Photocatalysis test
The adsorption and photocatalytic properties of the foamed samples 

were evaluated using a methylene blue (C₁₆H₁₈ClN₃S) aqueous solution 
(10 mg/L) as a model organic pollutant. Adsorption tests were con
ducted in a beaker under magnetic stirring at 25 ◦C. A foamed sample 
(0.8–1.0 g) was immersed in 100 mL of the methylene blue solution, 
ensuring that it did not encounter the magnetic stir bar to preserve the 
structural integrity of the material. At predetermined time intervals, 3 
mL aliquots were withdrawn and filtered for spectrophotometric 
analysis.

Two distinct experimental conditions were employed to the 
comprehensively assess the performance of the material. The first con
dition involve adsorption experiments conducted in the absence of light, 
aimed at evaluating the physical adsorption capacity of the material. 
The second condition entailed photocatalytic degradation test under 
visible light conditions, using a VWR VisiLight® LED3 lamp (36 W, 5700 

K, 730 lm) as the light source. All experiments were performed in 
duplicate.

The concentration of methylene blue in the aliquots was determined 
using the Lambert–Beer law. UV–Vis spectra were recorded in the 
200–700 nm range using a PerkinElmer LAMBDA 365+ UV–Vis spec
trophotometer, with the absorbance measured at 663 nm. The schematic 
representation is reported in Fig. 1.

3. Results and discussion

3.1. Synthesis and characterization of Fe₃O₄@SiO₂

Magnetic nanoparticles MNP-Fe3O4 were prepared via a simple 
coprecipitation method [33]. To enhance their interaction with the 
volcanic ash powder, mainly composed of silica, a functionalization of 
the outer layer of magnetite nanoparticles was performed using the 
Stöber method [34].

The silica coating on Fe3O4 particles was initially verified by ATR- 
FTIR. In Figure S1, the FTIR spectrum is reported. The main silica vi
brations were observed in the 1000–1250 cm⁻¹ range (very strong 
antisymmetric stretching of the Si-O-Si bond), at 960 cm⁻¹ (stretching of 
Si-OH and symmetric stretching of Si-O-Si), and at 795 cm⁻¹ (symmetric 
stretching vibration of Si-O-Si). The broad band between 3600 and 2900 
cm⁻¹ was attributed to the O-H stretching of water adsorbed on the 
silanol groups of silica [35,36].

The coated nanoparticles were then characterized by ESEM-EDX, to 
determine the actual amount of bonded silica. In Fig. 2 the mapping 
analysis is shown, and the homogeneous distribution of Fe, O and Si is 
clearly demonstrated, proving the homogeneously success of the sila
nization reaction. From the elemental analysis carried out by means of 

Table 1 
Chemical composition of starting raw materials.
* LOI (Loss on Ignition): Mass loss after calcination at 900 ◦C.

SiO2 [ % m/ 
m]

TiO2 [ % m/ 
m]

Al2O3 

[ % m/ 
m]

Fe2O3 [ % m/ 
m]

MgO [ % m/ 
m]

CaO [ % m/ 
m]

Na2O [ % m/ 
m]

K2O [ % m/ 
m]

SO3 [ % m/ 
m]

LOI [ 
%]

SLG 71.7 0.1 0.7 0.1 3.3 10.1 13.2 0.1 0.2 0.5
VA 46.8 1.9 16.0 11.9 6.3 9.8 2.8 1.8 0.3 2.4

Table 2 
Designed mixture of the amount of Fe₃O₄@SiO₂ in the al
kali activated foams.

Sample Fe₃₃O₄₄@SiO₂₂ [% m/m]

A 0
B 5
C 10

Fig. 1. Schematic representation of the photocatalytic test setup.
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Fig. 2. ESEM micrographs (a) and energy dispersive X-ray (EDX) mapping analysis (b, c and d) of Fe3O4@SiO2.

Fig. 3. TEM micrographs of Fe₃O₄@SiO₂ (a and b) with their correspondent elemental mapping by EDX analysis (respectively c and d). Si in red and Fe in green.
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EDX, the amount of silica was calculated as the average of three mea
surements: 17.01 % m/m of SiO2 and 82.99 % m/m of Fe3O4, showing a 
degree of silanization consistent with the ones reported by Teixeira de 
Mendonça et al. [35].

Finally, the morphology and microstructure of the nanoparticles was 
studied by transmission electron microscopy (TEM) and elemental 
mapping analysis performed by energy dispersive X-ray (EDX).

The Fe₃O₄@SiO₂ (Figs. 3 and S2) is present as aggregates with 
irregular shapes and sizes ranging from 50–350 nm. Their agglomera
tion derived by the assembly of smaller magnetite nanoparticles of 5–12 
nm during the reaction with tetraethyl orthosilicate (TEOS).

As reported in literature, the aggregation is expected despite the 
hydrophilicity of magnetite nanoparticles, since no surfactant was used 
in the synthesis. In this condition the nanoparticles are easy to aggregate 
to reduce surface energy in the reaction media obtaining silica-coated 
magnetite particles with irregular morphologies [35,37].

As reported by Yang et al. [37], the use of a surfactant like trisodium 
citrate allows the magnetite nanoparticles to be charged on the surface, 
leading to stronger electrostatic repulsion which prevents their aggre
gation to obtain colloidal magnetic silica Fe3O4@SiO2 particles with 
well-defined core-shell structure. In our case, the aim of the core shell 
functionalization is not the synthesis of perfectly covered nanoparticles, 
but a combination of covered regions to improve the adhesion during 
the foam synthesis and uncovered portions to make possible the inter
action with the methylene blue during the adsorption and photocatalytic 
tests.

From the micrographs is possible to distinguish crystalline regions of 
the magnetite nanoparticles and amorphous regions of the silica coating. 
The distinction is clearly visible by EDX mapping of the particles 
(Fig. 3c-d), where the Si is represented by the red and the Fe by the green 
colour. The Si is not distributed homogeneously around the Fe core. In 
particular, some regions are completely covered (blue arrow in Fig. 3c), 
enhancing the adhesion during the foam synthesis, while others remain 
partially uncovered (pink arrow in Fig. 3c), allowing for a direct inter
action of the iron core with the pollutant during the dye removal tests.

3.2. Synthesis and characterization of volcanic-based magnetic 
composites

3.2.1. Mineralogical characterization
The mineralogical analysis of the raw materials and the prepared 

alkali activated foams was presented in Fig. 4. The soda-lime glass 
powder employed in the process revealed the presence of ceramic con
taminations mainly attributed to quartz (SiO2, PDF#79–1910). 
Furthermore, calcite (CaCO3, PDF#86–2334) and dolomite (CaMg 
(CO3)2, PDF#36–04) impurities cannot be excluded. These pollutants 
prevented the glass powder to be eligible for open-loop recycling route, 
i.e. remelting.

The volcanic ash diffraction pattern showed various crystalline phase 
typical of Mt. Etna basaltic rock [38–40]. The significant level of Si and 
Al, along with Ca, Na, Mg and Fe, contributed to the formation of 
calcium-rich plagioclase (Ca0.78Na0.22Al1.78Si2.22O8, PDF#89–1480) 
and other solid solutions, such as iron-containing olivine 
((Mg1.215Fe0.785)SiO4, PDF#76–0551) and hedenbergite (Ca0.79Al0.06

Fe0.08Mg0.47Fe0.6Si2O6, PDF#74–2425) [41]. Moreover, a huge hump in 
between 2θ ≈ 20◦ to 35◦ confirms the presence of amorphous compo
nents into volcanic ash powder [42,43].

The soda-lime glass and volcanic ash-based alkali activated foams 
exhibited different mineralogical phase compared to starting raw ma
terials. In the sample A, it was evident through the shift of amorphous 
halo [44] toward higher 2θ (from approximately 25◦ to 27◦) as a 
consequent formation of amorphous gel as part of secondary phase in 
mild alkali activation process [17]. Simultaneously, components 
released in solution were not just involved in the amorphous gel, but 
there was a rearrangement in crystalline phases. The main peak in alkali 
activated foams was slightly shifted at higher angles with respect to 

plagioclase peak in volcanic ash powder, and it matched satisfactorily 
with plagioclase (labradorite, Ca0.68Na0.30(Al1.66Si2.34O8), 
PDF#83–1372) [45]. Moreover, sodium-zeolite (Na8(Al8Si8O32) 
(H2O)15.17,PDF#89–6322) and calcium-zeolite (gismondine, CaAl2

Si2O8⋅4H2O, PDF#20–0452) are detected in the samples A.
The introduction of Fe₃O₄@SiO2 nanoparticles have decreased the 

height of the main peak (2θ ≈ 28◦). It was plausible that the formation of 
zeolite phases formations was inhibited. Indeed, the peaks at of 2θ ≈ 13◦

associate to Na-zeolite, as well as the peak at 2θ ≈ 57◦ associated to 
gismondine are not still detected in samples B and C. The absence of 
zeolites following the introduction of magnetic nanoparticles has been 
corroborated by SEM images (Fig. 5c-d).

The addition and the percentage of Fe3O4@SiO2 nanoparticles have 
influenced the microstructure of alkali activated foamed materials, as 
detected by scanning electron microscopy (SEM). In samples that did not 
contains nanoparticles (Fig. 5a), unreacted volcanic ash and glass 
powder surrounded by a gel phase could be easily detected. At higher 
magnification (Fig. 5b) it was highlighted that alkali activation pro
motes the growth of crystalline zeolites due to the presence of cubic 
shape typical of these species.

As expected by XRD, zeolites were not still evident after the 
embedding of Fe3O4@SiO2 nanoparticles into the slurries. In the sample 
B, the individual glass and volcanic particles linked together are layered 
by needle shape potassium carbonates (Figs 5c). Potassium carbonates 
were not readily evident in the sample contained the highest number of 
nanoparticles. However, glass and volcanic ash particles appear more 
glued together, and the highest level of compactness with limited 
porosity was confirmed by pycnometer measurements detailed in 
Table S1.

SEM images confirm that secondary-phase in alkali activation of 
glass is very variable and easily influenced by the starting conditions and 
initial raw materials. This lead to conclude that the introduction of 
Fe3O4@SiO2 prevents the formation of zeolites, and on the other hand 
promotes the other crystalline phases such as carbonates. Despite zeo
lites being reducing or missing, samples B and C are eligible for dye 
sorption as demonstrated in paragraph 3.2.2.

3.2.2. Adsorption and photocatalytic tests
The adsorption capacity of volcanic based materials is a well-known 

Fig. 4. X-ray diffraction analysis of raw materials and samples A, B and C after 
alkali activation.
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phenomenon. Several studies have been reported on this topic demon
strating good sorption efficiency for Cd(II), As(V), Cu(II), Cr(III) and 
phosphate ions in contaminated water [46–49]. For this reason, and for 
the low cost and their natural abundance the use of them as adsorbent is 
in intriguing research topic. In our work, the removal efficiency was 
evaluated using methylene blue as a model organic pollutant to assess 
both the adsorption and photocatalytic behaviour of the as-prepared 
foamed samples (Table 3). The relative removal kinetic curves are re
ported in Fig. S3, S4 and S5.

Initially, the adsorption capability was evaluated conducted the tests 
in the dark, to avoid any interferences from the light (Tests 1, 3 and 5). 
Sample A, prepared without any addition of Fe₃O₄@SiO₂, shows a dye 
removal efficiency of 58 % after 270 min (Test 1,Table 3).

The incorporation of nanoparticles here reported (5 % m/m for 
Sample B and 10 % m/m for Sample C) led to a modification of the 
microstructure, as described in the previous paragraph. These concen
trations were selected to impart magnetic properties to the final mate
rial; excessive amounts were not considered due to possible undesirable 
effects that will be discussed later. The introduction of the as-prepared 
nanoparticles was intended to achieve three effects: (i) impart mag
netic properties to the foamed samples and increase the removal effi
ciency of the dye by (ii) enhanced adsorption and (iii) photocatalytic 
behaviour under visible light. We can observe that: 

(i) The composite materials effectively exhibit magnetic properties, 
offering several advantages - most notably, the ability to be easily 
and rapidly separated from treated water using an external 
magnetic field, thereby eliminating the need for filtration or 
centrifugation in water purification systems.

(ii) Magnetite is a well-known adsorbent material [50–52]. The 
contribution of magnetite nanoparticles to dye adsorption under 
dark conditions is clearly demonstrated in Samples B and C. Test 
3 (Sample B, 5 % m/m Fe₃O₄@SiO₂) and Test 5 (Sample C, 10 % 
m/m Fe₃O₄@SiO₂) showed removal efficiencies of 92 % and 75 %, 
respectively, both significantly higher than the 58 % observed for 
Sample A in Test 1 (Fig. 6). Interestingly, increasing the amount 
of nanoparticles resulted in a decrease in removal efficiency. This 
behavior is attributed to a progressive reduction in porosity, 
caused by the occlusion of pores by magnetite nanoparticles - 
76.67 % V/V for Sample A, 71.30 % V/V for Sample B, and 68.12 
% V/V for Sample C (Table S1). Despite the reduction in porosity, 
the adsorption efficiencies of both Samples B and C remain higher 

than that of Sample A, indicating that the contribution of 
magnetite to dye adsorption outweighs the negative effect of 
reduced porosity at the selected concentrations.

(iii) Test 2, performed on Sample A under visible light, revealed a 
higher removal efficiency compared to the dark condition (Test 
1), with values of 78 % and 58 %, respectively (Fig. 6). This 
behaviour can be linked to the sample composition, since the 
starting materials contains two common photocatalysts, ferric 
oxide (Fe2O3) and titanium dioxide (TiO₂).

Ferric oxide, present in SLG at 0.1 and in VA at 11.9 % m/m, is 
currently considered a favourable semiconductor for photocatalytic re
actions due to its low band gap (2.3 eV) and good harvesting of visible 
light, excellent stability, recyclability and earth-abundance [27,53].

On the other hand, titanium dioxide, present in both SLG and VA (0.1 
% m/m and 1.9 % m/m, respectively; Table 1), is well-known as a 
photocatalytic material under UV light. However, one of its main limi
tations in environmental applications is its poor visible-light activity, 
due to its relatively high band gap (approximately 3.0–3.2 eV) [54]. For 
this reason, the enhanced photocatalytic activity in our work cannot be 
attributed to it, since the tests were performed under visible light.

Despite that, in literature various strategies have been explored to 
reduce the band gap and improve TiO₂ photocatalytic activity under 
visible light. These strategies include doping with non-metallic and 
transition-metal elements [55,56].

Moreover, literature suggests a doping effect by sulphur and iron that 
can potentially reduce the band gap and enable light absorption in the 
visible range. Considering these elements are naturally present in the 
raw materials, a further photocatalytic contribution could be derived 
from it [57]. Unfortunately, attempts to determine the band gap values 

Fig. 5. SEM images of samples A (a-b), B (c) and C (d).

Table 3 
Summary of dye removal tests conditions.

Test Sample Condition Removal efficiency ± σ [%]

1 A Dark 58 ± 4
2 A Visible light 78 ± 1
3 B Dark 94 ± 1
4 B Visible light 96 ± 4
5 C Dark 75 ± 4
6 C Visible light 95 ± 0

Fig. 6. Removal efficiency of the adsorption tests (blue) and of photocatalytic 
tests (red) in 270 min of the sample A without Fe3O4@SiO2 (blue background), 
sample B with 5 % m/m Fe3O4@SiO2 (green background) and sample C with 10 
% m/m Fe3O4@SiO2 (red background).
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were unsuccessful. Measurements were carried out on powdered sam
ples using the diffuse reflectance method, applying the Kubelka-Munk 
function and Tauc plots. However, both direct and indirect transition 
models failed to exhibit clear linear regions. This issue is likely due to the 
limitations of the method when the sample does not consist of a single 
crystalline phase or exhibits significant absorption at low energies [58,
59]. As confirmed by XRD analysis, the presence of secondary phases, 
even in small quantities, can distort the spectra, resulting in blurred 
absorption edges and ambiguous transitions.

Taking everything into account, we attribute the main photocatalytic 
effect observed in test 2 to Fe2O3-enabled photo-Fenton effect [60], 
while the verification of a possible contribution from doped TiO2 was 
not confirmed.

Moreover, the introduction of Fe₃O₄@SiO₂ nanoparticles enhances 
the photocatalytic activity, thanks to an additional contribution to the 
photo-Fenton effect promoted by iron [61]. This is clearly evidenced for 
Sample C, where Test 6 (performed under visible light) yielded a 
removal efficiency of 95 %, an improvement over both Test 2 (78 %) and 
Test 5 (75 %). In contrast, for Sample B, this enhancement is less evident, 
likely because the removal efficiency was already very high in the dark 
(94 %, Test 3).

Finally, excessive nanoparticle loading was avoided in order to 
prevent the excessive pore occlusion, within the saturation of active 
sites, and electron-hole recombination phenomenon [62,63].

4. Conclusions

With the aim to remove cationic dye, alkali activated foams were 
synthesised utilizing volcanic ash and soda-lime glass waste powder. 
This was supported simply by the addition of safe and affordable 
foaming and stabilizing agents, such as sodium perborate monohydrate 
(SPM) and sodium dodecyl sulphate (SDS). Magnetic Fe3O4 nano
particles layered by SiO2 are added to the alkali activated slurries to 
facilitate post-adsorption sample recovery. XRD analyses highlighted 
that the adsorption properties are not associated to the growing of ze
olites in AAFs. The zeolites are not still detected after the embedding of 5 
% m/m and 10 % m/m magnetite nanoparticles in samples.

Independent of test conditions (dark or visible light) the samples B, 
in which 5 % m/m of Fe3O4@SiO2 nanoparticles are incorporated, turn 
out to be optimal in terms of removal efficiency, as it maintains an 
appropriate balance between porosity and the amount of magnetic 
nanoparticles. Conversely, the addition of higher nanoparticles content 
leads to the formation of denser samples, less suitable for absorption and 
photocatalytic application. Nevertheless, future research focuses on 
evaluating the feasibility of regenerating the foams after the adsorption 
test. Additional investigation will explore the potential to extend the 
adsorption and photocatalytic capacity to other dye molecules (i.e. 
rhodamine).
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