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Abstract

In the eruptive event of Tajogaite (2021) in La Palma, Canary Islands, large quantities of volcanic ash were accumulated,
affecting the local environment and urban areas. In this study, volcanic ash sampled from urban areas (catalogued as munici-
pal waste (20 03 03) by the European Wastes Catalogue) were converted into zeolites by hydrothermal synthesis at 100 °C
with previous alkaline fusion at 550 °C with distilled water. During this process, new phases of zeolite principally type X
and sodalite have been identified by XRD at 2 h of incubation. These zeolites, with the course of incubation time, present
competitive processes where the transformation into sodalite develops after 24 h as the predominant phase. The synthesized
zeolitic material presents a high concentration as impurities in Fe,05 (13.70 wt%), Na,O (12.70 wt%), CaO (11.65 wt%), and
TiO, (3.89 wt%) coming from the volcanic ash and NaOH introduced in the synthesis methodology. These impurities impart
different physicochemical capabilities to the zeolitic material. The application of zeolites obtained in a preliminary fluoride
adsorption experiment with volcanic leachate water rich in fluoride has been tested in a novel way. Removal efficiencies
of 41.4% at acidic pH (5.77) have been obtained with 2 g L™ adsorbent zeolitic material doses. A value-added material is
obtained and applied in a preliminary way to solve a problem generated by the volcanic ash itself, allowing the End of Waste
status and meeting different objectives of the sustainable development goals of the UN Agenda 2030.
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Introduction

La Palma is the most active volcanic island of the Canary
Islands, located west of the Western Sahara and Morocco
coasts. The last 7 of the 14 historical eruptive events of the
archipelago have originated on this island, the last one being
in 2021 (Longpré and Felpeto 2021; Carracedo et al. 2022).
This event is characterized by multiple eruptive styles with
strombolian explosions, phreatomagmatic pulses, and effu-
sive activity with a duration of 85 days (from September 19
to December 13, 2021), with the extrusion of lava fountains
and with an emission of 45 x 10% m? of particulate mate-
rial into the atmosphere (Bonadonna et al. 2022; Carracedo
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et al. 2022). During the extrusion of this material, there were
interactions in the volcanic plume with different volcanic
gases such as H,O, CO,, SO,, H, H,S, CO, HCI, and HF,
generating volcanic ashes with a composition characterized
by the presence of crystallized minerals, glass and rocks,
in addition to sulfate, chloride, and fluorine salts precipi-
tated on the surfaces of the volcanic ashes (Le Maitre 2002;
Delmelle et al. 2007; Ruggieri et al. 2010, 2012; Barone
et al. 2016). Finer volcanic ash can be transported hundreds
or thousands of kilometers from emission points. This trans-
port occurs as aerosol particles and finer volcanic glass. In
the Tajogaite eruption, these materials were detected in East-
ern Europe and Central America, a phenomenon favored by
action of winds and atmospheric currents (Carracedo et al.
2022).

Volcanic ash can generate multiple impacts and affec-
tions. For example, in the atmosphere, it can disrupt aviation
(Jenkins et al. 2015; Lechner et al. 2018) and in the environ-
mental compartments, introducing nutrients such as Fe, Mn,
Ca, and P but also incorporating potentially toxic elements
(PTEs) such as As, Cu, F, Mo, Ni, Pb, and Zn by inserting
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and dispersing through environmental compartments (Jones
and Gislason 2008; Fernandez-Turiel et al. 2012; Ermolin
et al. 2018). When this volcanic material accumulates in
urban areas, it can cause structural damage to civil works
and develop building collapses (Jenkins et al. 2015). Ash
falls and washing activities can be resuspended, causing
human health affection by entering the respiratory tract and
causing asthma, bronchitis, eyes and skin irritation, among
others (Horwell and Baxter 2006; Barsotti et al. 2010; Jen-
kins et al. 2015), specifically in the 2 km close to the active
eruptive focus (Ruggieri et al. 2023). A short-, medium- and
long-term epidemiological study related to this condition has
been conducted by Ruano-Ravina et al. (2023).

‘When volcanic ash accumulated in urban areas, it is clas-
sified by European Wastes Catalogue as municipal waste
(code 20 03 03) (Environmental Protection Agency 2010).
The volume of this material on the La Palma Island gener-
ates an added problem in the management of this waste since
they must be transported and deposited in large landfills.
To solve this problem, this waste can be recycled as raw
material and revert the status to “End of Waste” by Direc-
tive 2008/98/EC of European Parliament (European Council
2008). These wastes can be used in different ways, present-
ing multiple applications due to the chemical composition
and their structural properties that can be used for example
in construction materials (Kupwade-Patil et al. 2018), in the
production of geopolymers (Mufioz Pérez Socrates et al.
2022), recyclable catalytic materials (Mufioz et al. 2019),
alkali-activated binders (Maiiosa et al. 2023), etc. Another
interesting application of volcanic ashes is the production
of value-added materials by synthesis processes to form
zeolites (Arroyo et al. 2021; Belviso et al. 2021; Monzén
et al. 2021).

Zeolites are microporous aluminosilicate minerals com-
posed by (Si,Al)O, tetrahedra forming ring structures (Cejka
et al. 2011). In zeolite structures, Si** is replaced by Al**,
resulting in a positive charge deficiency that is balanced by
the presence of Na™, K*, Ca’*, and Mg?" generating the
electroneutrality of the structures (Cejka et al. 2011; Jha and
Singh 2011). In zeolite, isomorphism might be possible by
substituting the framework element (Si and Al) to include
transition metals (Ti, Fe, Cu, Mn, W, etc.) (Zhang et al.
2022). The general formula is M,,,0-Al,05-xSi0,-yH,0,
where M is any alkali metal (Na, Ca, K, Ba or Sr); n is the
valence of the cation; x is a variable number between 2 and
10, and y is a number between 2 and 7 (Cejka et al. 2011).
The types of zeolites formed depend on temperature, pres-
sure, pH, synthesis activation, and SiO,/Al,O5 content of
the starting feedstock (Jha and Singh 2011). Synthetic zeo-
lites can be obtained by chemical processes following mul-
tiple methodologies (conventional hydrothermal synthesis,
microwave-assisted hydrothermal method, fusion and hydro-
thermal method, and molten salt synthesis (Jha and Singh

2011)), taking as raw material wastes with high aluminum
content. Fly ash from industrial waste is commonly used to
synthesize zeolites (Belviso et al. 2010, 2012, 2019; He et al.
2016; Sanchez-Hernandez et al. 2016, 2017, 2018a; Lopez
Delgado et al. 2017; Han et al. 2019; Lopez-Delgado et al.
2020; Zhou et al. 2023). In more exceptional and innovate
cases, volcanic natural materials have been used for these
purposes with tuff with scoriaceous clasts and bombs from
Vico volcano (Italy) (Novembre et al. 2004), volcanic tephra
particles from Changbai Mountains (China) (Wang et al.
2015), scoria from Jeju Island (Korea) (Lee et al. 2018),
volcanic ash extracted from volcanic tuffs from Mt. Eburu
volcano (Kenya) (Otieno et al. 2023), and, more exception-
ally, volcanic ash has recently been used to synthesize zeo-
lite from Chaitén volcano (Chile) (Sanhueza-Nuifiez and
Bennun-Torres 2015), Colima volcano (Mexico) (Luévano-
Hipdlito et al. 2021), Mt. Etna (Italy) (Belviso et al. 2021;
Gagliano et al. 2022), Ubinas volcano (Peru) (Almiré6n et al.
2022), and Puyehue-Cordén Caulle (Argentina) (Monzén
et al. 2021; Muiioz et al. 2023).

Physical properties, such as pore interconnection and
chemistry properties, such as ion exchange capacity, cataly-
sis, molecular filter, and adsorption capacity give zeolites
multiple applications in different sectors (Jha and Singh
2011). The use of zeolites to combat some environmental
challenges promotes the Sustainable Development Objec-
tives of the United Nations 2030 Agenda (Naciones Unidas/
CEPAL 2019). Decontamination of water with zeolites can
reduce diseases caused by water and soil pollutants (SDG
3 “Good Health and Well-Being” target 3.9). This treat-
ment can improve the quality of water resources (SDG 6
“Clean Water and Sanitation” target 6.3) achieving envi-
ronmentally sound waste management and efficient use of
natural resources (SDG 12 “Responsible Consumption and
Production” target 12.2 and 12.4). In the environmental sec-
tor, zeolites can remove radioisotopes such as 137Cs and *°Sr
from radioactive wastewater to remove cationic PTEs such
as As>, Pb?*, Cd**, Cu®**, Zn**, Hg, and NH** from waste-
water, as well as reduce the salinity, sodicity of different
waters, and capture of CO, (He et al. 2016; Sanchez-Hernan-
dez et al. 2018b; Han et al. 2019; Ge et al. 2020; Belviso
et al. 2021; Wen et al. 2021; Gagliano et al. 2022; Hamoud
et al. 2023; Zhou et al. 2023). Another application in the
environmental area is the adsorption of fluoride in contami-
nated water, as occurs locally on the island of La Palma after
the eruption by the secondary minerals condensed on the
surface of the particles when they dissolve in contact with
water (Amonte et al. 2022; Rodriguez et al. 2022; Ruggieri
et al. 2023; Sanchez-Espafia et al. 2023). This could increase
the concentration of fluoride above the quality standards set
at 1.5 mg/L (World Health Organization 2022), which could
generate multiple pathologies, especially in children and
pregnant women (Ayoob and Gupta 2006; Zuo et al. 2018).
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In the last decade, the use of zeolite for defluoridation of
waters with high fluoride concentration from zeolite synthe-
tized by fly ash has received much attention due to the few
existing technologies for their removal (Habuda-Stani¢ et al.
2014; Kumar et al. 2019). Zeolites are good at adsorbing
cations; however, they are not as good at adsorbing anions,
but modification with different elements such as Fe3*, AP+,
Ca®*, and Na* can change their physicochemical properties
by developing increased capacity to adsorb anions such as
fluoride as seen in zeolites modified from fly ash and natural
zeolites primary material and different additives (Onyango
et al. 2004; Rahmani et al. 2010; Sun et al. 2011; Zhang
et al. 2011; Gémez-Hortigiiela et al. 2013; Teutli-Sequeira
et al. 2014; Ranasinghe et al. 2022). The use of zeolites
synthetized from volcanic ash for fluoride adsorption has
not been found in recent literature. This type of defluorida-
tion with materials transformed from VA can solve a double
problem at the local level, such as the disposal of the residue
and the decontamination of the fluoride generated by the
VA itself.

The aim of this study is the synthesis of zeolites to reverse
the waste condition of volcanic ashes deposited in urban
areas and the evaluation of its use in the remediation of
waters contaminated by fluorides. To accomplish this main
objective, a complete characterization of the waste (volcanic
ash) will be carried out, followed by a hydrothermal synthe-
sis of zeolites with a high temperature prefusion method.
The mineralogical evolution will be investigated for different
incubation times (up to 120 h) and the crystallization mecha-
nism at those times will be studied. Given the fluoride con-
tamination generated by the eruption, the use of the zeolitic
material as a by-product in the defluorination of leached
water with volcanic ash will be evaluated during preliminary
adsorption experiments at different pH and dosages.

Materials and methods
Volcanic ash sampling

Volcanic ash (VA) from Tajogaite (2021) eruption was used
as raw material. The VA was sampled at 4175 m north of the
emission centers, specifically in El Paso, (Canary Islands,
Spain) (X 219.170 and Y 3.172.541, WGS84) on 27/11/21.
The sample was collected with a plastic shovel from an ash
accumulation located in the interior courtyard. The interior
courtyard was cleaned daily by the cleaning services, con-
sequently the sample has not been altered by weathering or
anthropogenic contamination. The material was placed in
polypropylene bags for transport to the laboratory, where it
was homogenized and quartered into 8 fractions of 586 g.
One of these fractions was used for the present study. This
volcanic ash material was destined for landfill disposal, as it
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is classified as municipal waste from various miscellaneous
cleaning under the mixed waste section (20 03 03) according
to the European Waste Catalogue (Environmental Protection
Agency 2010). The use of this material, as with all waste,
requires a complete prior characterization.

Zeolite synthesis experiments

In this studio, the zeolite synthesis process was performed
by various methodologies (Chang and Shih 1998; Belviso
et al. 2010, 2012, 2021), summarized in Fig. 1, essentially
by hydrothermal synthesis with pre-melting developed in
five steps: Step 1, a 1:1.2 weight ratio of volcanic ash and
solid NaOH was mixed, ground, and melted at 550 °C for
1 h with heating ramp of 25 °C every 15 min. Step 2, 8.8 g of
alkaline fusion product was mixed with 43 mL of ultrapure
water. Step 3, the dispersion mixture from step 2 was stirred
at laboratory room temperature continuously for 16 h. Step
4, the mixture was placed in eight pyrex beakers covered
with watch glasses. This mixture was heated at 100 °C for
0.5,1,2,4,8, 24,96, and 120 h. Step 5, the solution was
separated from the solid by filtration, measuring the volume
of remaining water. The solid was washed twice with 25 mL
of ultrapure water and dried at laboratory room temperature.

Characterization of VA and synthetic samples

A complete granulometric, chemical, mineralogical, and
morphological characterization of initial volcanic ash and
the different synthetic products has been carried out. The
granulometric characterization was determined by phi scale
and laser diffraction granulometry with the Honeywell
Microtrac X100 equipment. Mineralogical composition was
determined by X-ray diffraction (XRD) using the polycrys-
talline powder methodology by Bruker D8 Advance diffrac-
tometer equipped with Cu Ka radiation and graphite mono-
chromator. The XRD patterns were collected between 10 and
60° angular range of 26, step size of 0.02°, and scanning step
time of 1 s. Samples were milled and sieved at 53 um. The
crystalline phases were identified by EVA DIFFRACplus
13.0 with comparisons with the PDF2 (Powder Diffraction
File) database of the ICDD (International Center for Dif-
fraction Data) (Blanton et al. 1995). The Xpowder analyti-
cal software version 12 was used for the semi-quantitative
determination of the amorphous and crystalline phase (Mar-
tin 2004). The diffractograms obtained have been smoothed
with the program EVA DIFFRACplus 13.0. The chemical
composition of the volcanic ash (VA) was determined by
energy dispersive X-ray fluorescence (EDXRF) with the
Bruker S2 Ranger equipment for the analysis of the major
and minor elements using the EQUA Oxides calibration
method. A sub-sample of 9.2 and 0.8 g of wax was used to
prepare a pressed pill. The trace elements were determined
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Fig. 1 Flow chart of hydrother-
mal synthesis with prior melting
process (modified from Jha and
Singh 2011), leachate test and
batch adsorption experiments

Volcanic ash mixed .
with NaOH (1:1.2) Mixing |

Fusion at 550°C for 1 h with
heating rate of 25°C/15 min

Molten alkali mixing
with millipore water

Aging during 16 h —| Stirring at room temperatura

Incubation at 100°C from

0.5t0 120 h

Residue is washed 2 times Washing | N

with 25 ml millipore water

Drying at laboratory

temperature

by ICP-OES with the SPECTRO Arcos equipment. The
chemical composition of the zeolite samples was determined
by EDXRF with sub-samples of 4.6 and 0.4 g of wax. Mor-
phological analyses were performed by scanning electron
microscopy (SEM) with a JEOL JSM 820 equipment, and
the micro-chemical analyses were achieved by X-ray dis-
persion spectrometer (XDS) with Oxford Link with 20 kv
accelerating voltage. The sub-sample was deposited on gold
metalized graphite tape. The pH and electrical conductivity
(EC) of the solutions were measured with a pH-Meter Crison
Basic 20 and a Crison Micro CM 2200 conductometer. All
the analyses were performed at the Geological Techniques
Unit (Center for Research Assistance in Earth Sciences and
Archeometry) of the Complutense University of Madrid
(UCM).

Volcanic ash leaching test and preliminary fluoride
adsorption experiments

The volcanic ash leaching tests have been carried out follow-
ing the IVHHN procedure described by Stewart et al. (2020).
The leaching experiments have been carried out following
the protocol of IVHHN and Stewart et al. (2020) with the
ratio of 1:100 solid/liquid. The protocol recommends car-
rying out two types of tests, 1:20 and 1:100. However, our
objective was to obtain a leachate with a high concentration

VOLCANIC ASH

Hydrothermal synthesis with
pre-melting

}

Leaching test

Volcanic ash mixed with

| M'I"g desionized water (1:100)
| Grinding | 1 | Stirring l— 1 h at room temperature

| !

Fusion | | Centrifugation |7 At 4000 rpm
| Griding | | Filtration l— 0.45 pm syringe filters
I |
Mixing | | Lixiviation water

'

}3

Batch adsorption

i ]

experiment
Zeolite material mixed
Mixing li with lixiviation water
- -1
l 5 l 05gLt;2gLt)
Drying | | Stirring |

' v

| Zeolitic material l— | Filtration

lf 0.45 pm syringe filters

of F in the aqueous medium, therefore analyzing the study
by Ruggieri et al. (2023), where the same protocol follows
indicates that the 1:20 ratio can become supersaturated. That
is why, the relationship has been chosen where those crystals
adsorbed to the surface of the CV can be leached in greater
quantities. Therefore, a 1:100 weight ratio of volcanic ash
and millipore water was mixed (6 g of volcanic ash was
mixed with 600 mL of ultrapure water). The mixture was
stirred for 1 h at room temperature on a magnetic stirrer at
200 rpm. After the stirring process, the pH and electrical
conductivity were measured. The leachates were then cen-
trifuged at 4000 rpm for 10 min with a P-Selecta Cenicon II
centrifuge and filtered with 0.45-pm Branchia CA-syringe
filters. Portion of this leachate (CL-1) was reserved for anal-
ysis of its initial total fluoride concentration. The rest of the
leachate was used to perform the batch adsorption experi-
ments. The defluoridation experiments were performed
using a fischerbrand blender at 80 rpm. The experiments
were performed at different pH levels (10.8 and 5.7), differ-
ent synthetic zeolitic materials (SZ-3, SZ-4, and SZ-6). The
alkaline pH mixture was prepared with SZ-3, SZ-4, and SZ-6
synthetic zeolitic materials, while the acidic was prepared
only with SZ-4 synthetic zeolitic material. The acidic pH
mixture was adjusted with HC1 0.1 M obtaining a final pH
of 5.74 and 5.77. These four experiments were mixed with
different adsorbent doses: 0.5 g and 2 g L™! of synthetized
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zeolitic material on 50 mL of leached water. A ContrAA700
high-resolution continuum source atomic absorption spec-
trometer Analytik Jena in ICTAN (Instituto de Ciencia y
Tecnologia de los Alimentos y Nutricion, Spain) was used
for total fluoride analysis of all samples. The removal effi-
ciency (E%) were calculated using Eq. (1):

(C, = Cy) X 100
C

o

E(%) = ey
where E represents fluoride removal efficiency (%); C, ini-
tial fluoride concentration (mg L™"); and Ceq equilibrium
concentration (mg L),

Results and discussion
Raw material — volcanic ash characterization

For the correct use of a waste, such as volcanic ash deposited
in the urban areas of La Palma, the first step is its complete
characterization.

Fig.2 Granulometric distribu- 100
tion of percentage passing of 90
particle size distribution of CS
sample
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The particle size distribution of volcanic ash can be clas-
sified according to Le Maitre (2002) as coarse ash (63 to
1000 pm) with 89%, followed by fine ash grain (< 63 um)
with 10% and lapilli (> 1000 pm) with 1% (Fig. 2). The XRD
profile (Fig. 3) of the initial volcanic ash sample is character-
ized by the presence of detectable amorphous phase with a
broad band from 17 to 36° 26 and a crystalline phase with
different mineral identifications: plagioclase (labradorite
PDF 83-1417), clinopyroxene (diopside PDF 72-1497), oli-
vine (PDF 72-2461), amphibole (kaersutite PDF 44—1450),
titanomagnetite (PDF 75-1376), hematites (PDF 72-0469),
and ilmenite (PDF 75-1203). Mineral composition follows
the line described for tephras by Carracedo et al. (2022) and
Sénchez-Espafia et al. (2023). The semi-quantification or
estimation of the amorphous phase and crystalline phases
is shown in Table 1.

The chemical data of the major, minor, and trace ele-
ments in the VA sample are shown in Table 2. The data
show a high concentration of Fe,O; (15.1 wt%), CaO
(12.03 wt%), and TiO, (4.3 wt%). The concentrations
of PTEs were low. The sample can be classified by TAS
diagram (Le Maitre 2002) as a tephrite-basanite material.
These mineralogical and chemical compositions agree

o
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Fig.3 X-ray diffraction patterns of CS sample
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Table 1 Proportions of

. Volcanic ash wt%

amorphous and crystalline

phases and main mineral phases Amorphous phase 24.30

of VA sample Crystalline phase 75.70
Plagioclase 36.60
Pyroxene 15.50
Olivine 8.00
Amphibol 6.10
Titanomagnetite 4.00
Hematite 3.50
Ilmenite 2.00

with data from the analysis of pyroclastic material from
the same eruption (Carracedo et al. 2022). The SiO,/Al,0;
ratio is 2.74.

The morphological observations and microanalyses
of VA by SEM allow us to determine the nanometric
and micrometric dimensions of the integrating particles
and the existence of phenocrysts and vitreous material.
The phenocrysts presented an angular morphology of
150-800 pm size, where their mineral lamination can be
observed (Fig. 4A). An example of microanalysis of these
phases is shown in Fig. 4. Regarding the amorphous mate-
rial, they presented elongated particles with fluid texture of
60-350 pm in size (Fig. 4B). Examples of volcanic amor-
phous microanalysis are shown in Fig. 4. Also, vesicular
texture of 80-300 pm size can be observed (Fig. 4A and
C). The chemical composition of phenocrysts and glassy/
amorphous volcanic material were the main source of Si,
Al, and O of the structural base of the future zeolites.
The remarkable presence of Ca observed in both EDXRF
and EDXs will condition the zeolite species synthesized.
In addition, Fe and Ti contents can be introduced in the

zeolitic structures as impurities together with different
trace elements.

An abundance of micrometric secondary crystals with
pseudolaminar and cubic habit in some cases were observed
on all particle surfaces (Fig. 4B, C, and D). Chemical com-
position of these crystals shows a content in Al, Si, Ca, Na,
O, and high content of F, from 43.98 to 51.41 wt%. These
crystalline aggregates are interpreted as high soluble salts,
CaF, and AlF;, according to Sénchez-Espaiia et al. (2023).
These fluorinated secondary minerals present a morphology
and chemical composition, without presence of dissolution
phenomena, possibly due to the rapidity of ash collection,
within a few hours of deposition. However, Sanchez-Espafia
et al. (2023) observed a greater morphological variety, and
Ruggieri et al. (2023) have not been able to observe these
soluble fluorine minerals in the SEM.

Zeolite synthesis processes

XRD patterns of the synthesis product obtained after the
hydrothermal incubation process at 100 °C during 0.5 to
120 h are shown in Fig. 5. The alkaline activation, developed
in step 1 (Fig. 1), generates the destruction by dissolution
of the main minerals of the initial volcanic ash to form new
phases (SZ-0). New crystalline phases are identified in the
product obtained from the alkaline fusion from volcanic ash
and NaOH: thermonatrite (PDF 08-0448, Na,CO;-H,0),
natrite (PDF 37-0461, Na,CO;), hydrated sodium aluminum
oxyhydroxide (PDF 48-0289, Na,(Al,05(OH),)-1.5H,0),
and amorphous aluminosilicate material. The mixture of
molten alkaline with ultrapure water caused an increase in
pH from 7.82 in the initial water to 13.23 in the new solution
in contact with alkaline fusion material, creating a favora-
ble environment for the dissolution of the sodium phases
formed. Aqueous medium was supersaturated, increasing the

Table 2 Multielemental

o VA sample
composition of VA sample and

Synthetized material (SZ-3 with 2-h incubation)

synthetized material after 2 h of

Major and minor elements Trace elements

Major and minor elements Trace elements

incubation. Major elements and

trace elements were determined Oxides (Wt%) Oxides (Wt%) Oxides (Wt%) Oxides (wWt%)
by EDXRE (expressed in wi%) - ;). 41.19 S10 0.20 Si0, 37.26 MnO 0.07
Fe,0, 15.05 MnO 0.08 ALO, 15.58 710, 0.07
ALO, 1491 710, 0.08 Fe,0, 13.70 Cr,0, 0.03
Ca0 12.03 V,0; 0.07 Na,0 12.70 Zn0 0.03
MgO 4.40 Cu0 0.01 Ca0 1165
Tio, 426 $n0, 0.01 MgO 4.00
Na,0 3.50 Tio, 3.89
K,0 244 K,0 0.84
P,0; 0.99 St10 0.18
cl 0.38
50, 0.36
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Fig.4 Secondary electrons (SE)
SEM images of CS sample:

A image of ash particle with
blocky and vesicular texture at
100 % ; B image of fluidal ash
particle with multiple second-
ary crystals on the surface at
450x; C image from B surface
particle at 3000 X ; D image of
vesicular texture with secondary
crystals at 700X . Spot chemical
microanalysis (wt%)

Sample Si Al Fe

Mg Ca Na K Ti [8) F Cl

EDX-1  17.64 6.07 12.12 5.35 11.17 0.92 1.48 4.61 40.64 -
EDX-2  24.00 7.80 7.54 1.63 6.86 3.14 2.56 2.74 43.71 - -
EDX-3 1.47 10.12 - - 14.82 6.13 - - 18.72 48.09 0.66
EDX-4  22.29 8.50 6.28 1.90 5.33 332 1.57 1.78 40.79 7.59 0.67
EDX-5 7.32 8.74 - - 10.34 6.16 - - 22.38 44.48 0.59
EDX-6 3.94 8.81 - 1.18 12.89 5.16 20.05 47.38 0.58
EDX-7 0.82 8.89 - - 14.17 7.56 - - 17.14 51.41 -
EDX-8 1.90 10.98 16.28 6.26 - - 20.61 43.98 -

concentration of ions, mainly mixed Si**, AI**, Na*, and
Ca”* by the depolymerization in the presence of hydroxide
anions (Prodinger et al. 2018). This was verified by electri-
cal conductivity measurements taken after mixing in step
2, showing an increase from 2.63 pS cm™! in the Millipore
water to>200 mS cm™' in the aqueous medium. At this
point, the primary amorphous phase by reorganization of
the chemical elements through gelation and flocculation pro-
cesses, formation of three-dimensional colloidal system and
its agglomeration, when generating an increasingly viscous
liquid, leading to the precipitation of geopolymers creating
a dense amorphous hydrogel (Cejka et al. 2011; Prodinger
et al. 2018; Belviso et al. 2019). These three-dimensional
polymeric structures of inorganic geopolymers are gener-
ated by chemical bonds of aluminum, silicon, and oxygen
from aluminosilicate materials and alkaline solutions. Once
the gel has equilibrated and transformed into a sufficiently
ordered structure, secondary amorphous phase, it begins to
nucleate and then polymerization begins (Prodinger et al.
2018).

In the first hour of incubation (SZ-1 and SZ-2), this amor-
phous aluminosilicate gel together with carbonate phases

@ Springer

such as calcite (PDF 47-1743, CaCO;) and natrite (Na,CO5)
is identified in DRX. Amorphous material together with
other crystalline phases will give rise to a new nucleation
and growth of different mineral phases, where dissolution,
nucleation, and mineral recrystallizations coexist and in
which the phases could be competitive and non-thermody-
namically stable system (metastable) (Jha and Singh 2011).
There was insufficient time for formation of zeolitic crystal-
line phases; the reaction mechanisms have not reached the
zeolitic crystal growth period; it is in the induction period
(Prodinger et al. 2018). After 2 h of incubation (SZ-3), a sec-
ond phase of rapid growth begins, where the domains exceed
one size and the peaks of the appearance of A-type hydrated
zeolites (PDF 74-1185, Na,,Al;,Si,,0,4-27H,0) and X-type
zeolite (PDF 85-2064, NaAlSi, 5,304 4¢-3,07H,0), and in
smaller proportion sodalite (PDF 37-0476, Na,Al;Si;0,,Cl)
was observed for the first time. The continuous polymeriza-
tion generates the first zeolitic precursors to give nuclea-
tion and mineral growth of zeolites entering a third period
of consumption of nutrients found in the aqueous medium
(Prodinger et al. 2017, 2018). Precursors can be of differ-
ent nature following an unconventional crystallization, by
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Fig.5 X-ray patterns of syn-
thesis products. The volume

of aqueous solution existing at
the time of completion of the
synthesis process is indicated in
mL. Abbreviations: A, A type
zeolite (PDF 74-1183), X, X
type zeolite (PDF 85-2064), S,
sodalite (PDF 37-0476)
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means of oligopolymers, amorphous particles, and small
crystals (Oleksiak et al. 2016). During this incubation time,
the crystallization climax of type X zeolite developed, as
shown in Fig. 5. From this time onwards, the reduction of the
hydrated zeolites in favor of sodalite occurred; mainly with
a consequent increase in crystallinity to afford decomposi-
tion into a denser silica phase with a transformation (Cundy
and Cox 2005).

After 8 h of incubation (SZ-5), a decrease in the inten-
sity peaks of X-type zeolite and an increase in the inten-
sity peaks of sodalite reflections were observed, where the
complex transformation continues with the deterioration
of the X-type zeolite. The volume of the aqueous medium
decreased with incubation time, going from 43 mL at the
initial time to 0 mL at 24 h, when the hydrothermal syn-
thesis in the presence of a liquid phase terminates and
begins the hydrothermal synthesis in the apparent absence
of a liquid phase. Up to 24-h-incubation time, there is an
apparent lack of a liquid phase; nevertheless, it does not
mean that there is no aqueous medium; these materials
contain sorbed and surface bonded water (Cundy and Cox
2005; Ivanova et al. 2017; Prodinger et al. 2017, 2018). At
this time in the DRX diffractogram (Fig. 5), sodalite (ther-
modynamically more stable zeolite) was the predominant
zeolite at longer incubation time (SZ-6, SZ-7, and SZ-8),
where the specific conditions for the stabilization of soda-
lite have been increasing until the complete transformation

~
LT o L P | [ LS T ] LS TR LA LS ] [ S B U T LU o S R R SR ] P I TR it o |

30 40 50 60 20(9)

of this phase. This transformation extensively studied
mainly in coal fly ash (Belviso et al. 2010, 2019; Belviso
2018) has recently also seen in the synthesis of zeolites
from volcanic ash with different temperatures and water
natures (Belviso et al. 2021; Gagliano et al. 2022). Soda-
lite, an anhydrous and thermodynamically more stable
zeolite, was the predominant zeolite at longer incubation
times (between 24 and 120 h).

In the case of sodalite, it is a crystalline metastable tec-
tosilicate and competitive crystalline phase with type A and
X zeolites, which have most complex inorganic transforma-
tion (Prodinger et al. 2018). When the intensity peaks of
the sodalite increased, the other two zeolite intensity peaks
decreased until the diffraction maxima of these two zeolites
were not observed after 24 h of incubation. Sodalite was an
anhydrous phase, thermodynamically more stable, and the
one present at longer incubation time in this study (Walton
et al. 2001; Belviso et al. 2019). At 120 h of incubation (SZ-
8), no remarkable changes were observed in sodalite; how-
ever, thermonatrite and calcite increased. In this apparent
absence of a liquid phase, there are no remarkable zeolitic
processes in this experiment, although the synthesis of zeo-
lite can realize in different humidity conditions (Naik et al.
2003). Therefore, the existence of the aqueous medium and
time were the two principal factors that control the synthesis
process of zeolites obtained from volcanic ashes following
this procedure.
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Synthetic products characterization

In this study, a complete analysis of sample with 2 h of
incubation has been chosen for its complete characteriza-
tion because it presented the first zeolites in the shortest
incubation time of the process with the highest crystallinity
of the X-type zeolite. The chemical analyses of major, minor,
and trace elements of the synthesis product are shown in
Table 2. It is worth noting the increase of Na,O with respect
to the raw material (volcanic ash, VA) from 3.5 to 12.7 wt%
provided by the NaOH added in the step 1.

Morphological and textural characteristics of synthetized
material analyses by SEM are shown in Fig. 6. The syn-
thetized material was composed of heterogeneous granular
aggregates in which nanometer size crystalline phases and
amorphous material are found, all of them with a size of less
than 10 pm. The crystalline phases of this material had 0.1
to 2 pm in size and a pseudocubic habit with smooth sur-
faces. Their chemical composition shown in Fig. 6 (EDX-7,

Fig.6 SEM images of the
material synthetized from SZ-3
sample with 2 h of incubation:
A Secondary electrons (SE)
general image of the material at
3000x; B, C, and D Backscat-
tered electrons (BSE) imagen of
zeolites with aggregated mate-
rial and nanocrystals on the sur-
face at 10,000 X . Spot chemical
microanalysis of crystalline
zeolite (EDX-9, EDX-10, and
EDX-13) and amorphous and
low crystalline phases (EDX-11,
EDX-10, and EDX-14) (wt%)

EDX-3, and EDX-4) presents the fundamental elements of
the zeolite minerals. Therefore, this material can be inter-
preted as zeolites. XRD patterns (Fig. 5) has identified 2
types of zeolites: A and X type zeolite of Faujasite (FAU)
group, and sodalite of the sodalite group, which are consid-
ered to be zeolites with low to intermediate silica/aluminium
content (Jha and Singh 2011). The SiO,/Al,0; ratio of the
raw material (volcanic ash in this study) was 2.74, below
the limit of such ratio. It should be noted that the formula
of the different zeolites identified in the PDF2 database are
mainly sodic; however, the EDX analysis also presents a
proportion in the calcic composition coming from the initial
ash, specifically from labradorite, diopside, kaersutite, and
the glassy/amorphous volcanic material.

The main crystalline phases observed in 2 h of incubation
of materials by SEM can be interpreted as type X zeolite
based on the XRD pattern of this sample (Fig. 5), being the
most crystalline phase, since it presents the most intense
peaks. In the SEM data, the presence of nanocrystal in the

Sample Si Al Fe Mg Ca Na Ti o

EDX-9 22.63 7.50 3.46 1.56 6.50 9.40 3.80 44.05
EDX-10 22.24 12.03 2.37 0.29 6.25 11.16 1.42 44.24
EDX-11 17.84 6.65 12.42 3.47 5.61 10.37 342 40.22
EDX-12 20.33 10.37 4.89 1.86 8.31 10.56 1.00 42.67
EDX-13 18.96 11.07 3.17 1.58 7.74 13.02 2.07 42.39
EDX-14 21.37 9.97 4.80 4.58 2.98 12.81 0.14 43.35
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crystalline phases of the surface shows the crystalline growth
process. The chemical characteristics of these nanocrystals
cannot be determined due to their small size, and it was
impossible to determine whether they are new X-type recrys-
tallized zeolite or early sodalite crystals. These nanocrys-
tals through attachment processes during mineral growth
in highly saturated, gel-rich systems such as this synthesis
can act as nucleation centers, facilitating zeolite growth (Ye
et al. 2022). Moreover, these phases did not show crystalline
alteration and reinforce the idea of climax crystallization of
the X-type zeolite. It is necessary to consider that the new
sodalite crystals will capture the structural element of the re-
dissolved stock crystal and amorphous aluminosilicates. For
this reason, this incubation time point is the one from which
new alteration, dissolution, and recrystallization edges will
be visible.

Regarding the amorphous material, it had a nanometric
size with rough morphologies (Fig. 6). The chemical com-
position is show in Fig. 6 (EDX-11, EDX-12, and EDX-14),
being that Fe and Ti are recognized in this material, like
in zeolite crystals (EDX-9, EDX-10, and EDX-13). These
elements come from paramagnetic crystals (hematite,
titanomagnetite, and olivine) and the abundant amorphous
material of the VA. Another trace elements such as Sn, Mn,
Zr, V, Cu, and Sn (Table 2) also come from VA-dissolved
material incorporated in the framework structure of the syn-
thesis material generating an increase of impurities in the
zeolites (Molina and Poole 2004; Jha and Singh 2011; Zhang
et al. 2022). The Fe and Ti incorporation comes from the
replacement of the framework elements (Al and Si) of zeo-
lite structures by ionic exchange or isomorphic substitution
(replacement of ions without changing the overall structure
of the crystal) during hydrothermal synthesis (Seddon and
Zaworotko 1999; Jha and Singh 2011; Liu et al. 2019; Zhang
et al. 2022; Murrieta-Rico et al. 2023). Iron can also precipi-
tate as Fe,O; on zeolite surfaces generating these amorphous
materials (Belviso et al. 2021). The introduction of Fe and Ti
in zeolite framework changes the physicochemical properties
like the pore and redox properties, hydrophobicity, catalytic
performance, and acidity, generating new applications in
the chemical industry and in remediation of environmental
problems of the atmospheric and water compartments (Liu
et al. 2019; Zhang et al. 2022).

Preliminary study of fluoride adsorption
on synthesis zeolitic materials from volcanic ash

The sources of fluorine in volcanic ash of the present study
were the secondary fluorine minerals observed on the sur-
face of the VA, originated from the interaction of gases and
aerosols in the eruptive column and generating nano- and
micrometric crystals on the surface of the particles during
transport in the volcanic plume (Oskarsson 1980; Delmelle

et al. 2007; Ruggieri et al. 2010; Bagnato et al. 2011). An
explanation for these nanos and microcrystals was proposed
by Oskarsson (1980) with a three temperature-zone model
in which gases can interact with particles until condensation
of halogenated acids at a lower temperature of 338 °C. The
abundance and size of these crystals depend on the initial
composition of vapors and ash particles, the duration of
transport, and the surface area of the ash (the smaller the
grain size, the greater the specific area, and the amount of
fluorine minerals that can condense on the ash) (()skarsson
1980; Sanchez-Espana et al. 2023). These minerals have a
high solubility, so the deposit of ashes in the natural envi-
ronment and the interaction that originates with rainwater
increases fluoride concentration levels as it has been pos-
sible to analyze. This causes the mobility and dispersion of
fluoride in environmental compartments (hydrosphere and
biota).

Volcanoes are the main source of non-anthropic F~ emis-
sions in the biosphere, causing ecological imbalance and
posing a serious health risk to plants, animals, and humans
in their growth and evolution (Zuo et al. 2018). Some coun-
tries with endemic fluorosis problems associated with vol-
canic areas are China, India, Mexico, and Ethiopia (Ayoob
and Gupta 2006; Gémez-Hortigiiela et al. 2013). The inges-
tion of fluorine-contaminated drinking water and food (vege-
tables and animals) leads to a loss of year of healthy life with
the development of different diseases: dental and skeletal
fluorosis, neurotoxic problems, renal damage, cardiovascular
alterations, and endocrine dysfunction, where children and
pregnant women present the highest susceptibility to develop
these effects (Ayoob and Gupta 2006; Zuo et al. 2018).

The results of the VA leaching experiment show a pH
of 6.37, an EC of 32.1 pS cm™!, and a total F concentra-
tion of 12.8 mg L', This value exceeds the limits 8.5 times
the safe drinking water limit values of fluoride in drink-
ing waters 1.5 mg L™! concentration considered dangerous
to human health (World Health Organization 2022). These
values with high concentrations of fluoride are observed in
different studies of the hydrochemistry of the waters of La
Palma from different parts of the island (Amonte et al. 2022;
Rodriguez et al. 2022; Ruggieri et al. 2023; Sanchez-Espafia
et al. 2023).

One way to remediate fluoride-contaminated water is
through adsorbent materials such as zeolites, as seen in dif-
ferent review articles (Habuda-Stani¢ et al. 2014; Kumar
et al. 2019). It should be noted that zeolites have negatively
charged surfaces at all pH levels, resulting in high adsorption
of cations and low adsorption of anions due to their electro-
static repulsion when these anions approach the negatively
charged surfaces (Habuda-Stani¢ et al. 2014). One way to
adsorb fluoride is by modifying the surface of zeolite with
transition cations (Sun et al. 2011). To increase the anion
adsorption capacity with zeolites, there are different authors
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who have used natural zeolites rich in sodium and calcium
(Goémez-Hortigiiela et al. 2013), surface modifications of
modified natural stibite zeolites with Fe** (Sun et al. 2011;
Ranasinghe et al. 2022), with AI** (Teutli-Sequeira et al.
2014), calcium chloride (CaCl,)-modified natural zeolite
(Zhang et al. 2011), modified with AI** and Fe** (Rahm-
ani et al. 2010), F-9 zeolite modified with AI** and La**
(Onyango et al. 2004).

The results obtained from the batch adsorption test with
alkaline pH has evidence that the best adsorption result of
the 0.5 g L™! dose was found in the SZ-6 (24-h-synthesis
incubation) sample with 28.9% of efficiency adsorption and
3.7 mg L™! F total removal followed by the SZ-4 (4 h synthe-
sis incubation) with 25.8 E% and SZ-3 (2 h synthesis incuba-
tion) sample with 20.3% efficiency removal and 2.6 mg L™
F total removal. At the dose of 2 g L™!, higher efficiency
adsorption was found in sample SZ-4 (4 h synthesis incuba-
tion) sample with 22.7% efficiency removal and 2.9 mg L ™!
F total reduction, followed by SZ-6 (24 synthesis incuba-
tion) sample with 19.5% efficiency removal and 2.5 mg L™!
F total reduction and then, SZ-3 (2 h synthesis incubation)
sample with 17.9% efficiency removal and 2.3 mg L' F
total reduction. We have performed another experiment to
see what changes occur at acidic pH in 2 h of contact time
of adsorbent material with volcanic leachate medium. In this
experiment with acidic pH (5.74 to 5.77), the best result
obtained from SZ-4 sample (4-h-synthesis incubation) was
from 2 g L™! doses with 41.4% adsorption efficiency with
5.3 mg L™! F total reduction, followed by 0.5 g L™! doses
with 22.7% removal efficiency and 2.9 mg L' F total reduc-
tion. The decrease in time in the new experiment need not
have a significant effect, as there are multitude of articles
pointing to rapid activity in the adsorption of aqueous fluo-
ride on zeolites, as noted by Xu et al. (2011) and Wagh-
mare et al. (2015), the adsorption rate of the product was
1 h. Panda and Kar (2018) point out that, in 30 min, they
obtain equilibrium, and Lii et al. 2010 comment that it is a
fast process, and they observe how in 20 min the adsorption
stabilize with an elimination rate of 92.97%. Therefore, this
increase in efficiency comes from the effect of acidic pH;
authors such as Chen et al. (2022) point out that the optimum
pH is at 5.5-6.5 for zeolite loaded with aluminum hydroxide;
Panda and Kar (2018) point out that the optimum adsorption
efficiency is around pH 6 for NAP1 type zeolite. Ranasin-
ghe et al. (2022) state that the maximum fluoride removal
of 92% is below pH 3 in Fe**-modified zeolite. Apart from
these parameters, the initial concentration of fluoride in the
water and the dosage of adsorbent material and fluoride aqua
should be checked, since the % removal of the 0.5 g L' dos-
age at acid pH shows a lower removal efficiency than in the
same sample with alkaline pH aqueous medium.

Therefore, in the present work, data on remediation of
water contaminated by F of volcanic origin are presented
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for the first-time using zeolites synthesized from a residue
of the same volcanic activity that causes the problem. The
efficiency data can be considered preliminary, but very
promising, with rates that reach values of 41.4% of the
fluorine present in the leachates. This preliminary adsorp-
tion data allows the End Waste principle with the recycling
of waste and obtaining a beneficial material for the envi-
ronment and human health, according to the principles of
Circular Economy and promoting United Nations Sustain-
able Development Goals of 2030 Agenda (SDG 3—“Good
Health and Well-Being”, 6—“Clean Water and Sanitation”
and 12—*“Responsible Consumption and Production’)
(Naciones Unidas/CEPAL 2019) with defluoridation of La
Palma’s contaminated water. A material to adsorb fluoride is
obtained cheaply and with a locally accessible raw material
(volcanic ash).

Conclusions

In this study, different types of zeolites were synthesized
from volcanic ashes from the Tajogaite 2021 event in La
Palma with a hydrothermal treatment at 100 °C with previ-
ous melting at 550 °C.

The characterization of the VA has shown crystalline
phases (kaersutite, plagioclase, olivine, pyroxene, titano-
magnetite, ilmenite, and hematite) with a high content of
amorphous material observed in XRD and SEM. The chemi-
cal composition of this material was mainly aluminosilicate,
with high amounts of Fe,05 (15.05 wt%), CaO (12.03%),
and TiO, (4.26 wt%) as oxides. Secondary minerals with
high fluorine content (from 43.98 to 51.41 wt%), interpreted
as soluble AlF; and CaF, minerals, are observed on the sur-
face of all particles.

Following the pre-melting hydrothermal synthesis meth-
odology used in this study, the three zeolites, type A, type X,
and sodalite, are identified at 2 h of incubation. At this time,
the crystallographic climax of type X zeolite is observed,
with no dissolution features in SEM. In the following 6 h,
processes of metastability and competitiveness between
type X zeolites and sodalite are observed, where the former
decreases with respect to the latter, through a continuous
transformation to a thermodynamically more stable zeolite.
After 24 h, when the aqueous medium evaporates, sodalite
begins to predominate.

The synthesized materials presented zeolites with high
crystallinity coated by amorphous and less crystalline
phases. Regarding the chemical characteristics of these
materials, it is worth mentioning the presence of Ti and
Fe both in the zeolites, incorporated as impurities dur-
ing the synthesis process, and in the amorphous material,
coming from the raw minerals, titanomagnetite, ilmenite,
and hematite, mainly. As for the increase of sodium in
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the synthesized material, it comes from the NaOH intro-
duced in the first stage of the synthesis methodology, gen-
erating a zeolite with high concentration of Na,O (12.70
wt%) and CaO (11.65 wt%) and as exchange cations and
Fe,05 (13.70%) and TiO, (3.89 wt%) as impurities intro-
duced by isomorphic substitution, which can modify the
physicochemical properties generating a material that can
solve a local problem such as fluoride contamination in
the environment.

The F absorption tests on the produced zeolites have
shown high adsorption efficiencies of up to 41.4% at acidic
pH, and lower efficiencies (18.0-28.9%) at alkaline pH in
the preliminary experiments. The efficiencies at basic pH
have been similar in all types of zeolites, both type X cli-
max (SZ-3), type X + sodalite (SZ-4), and sodalite (SZ-6).
To our knowledge, for the first time, it has been possible
to propose a solution to an environmental problem gener-
ated by volcanic activity from a waste produced in the same
eruptive process. With the application of this method to
volcanic ashes, classified as municipal waste, it has been
possible to demonstrate the ability to form zeolites giving
an added value to the material, promoting the circular econ-
omy, allowing fully recovering of waste following the “End
of Waste” criteria proposed by Waste framework directive
2008/98/EC (European Council 2008) and resulting in meet-
ing different SDG goals of the UN Agenda 2030.

Future research on zeolite synthesis from volcanic ash
should focus on studying different times and temperatures
to match the research that has been done to date with fly ash.
Likewise, it is convenient to explore the different capaci-
ties provided by the impurities of Fe, Ca, Na, and Ti in the
zeolitic material and the adsorption of fluorides in the zeo-
lites at different pHs and doses until finding the optimal con-
ditions for maximum adsorption defluorination efficiency.
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