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A B S T R A C T

This study reports the chemical activation of volcanic ash (VA), a local material to promote the subsequent
deposition of FeOx nanoparticles through a gliding arc plasma-assisted route to obtain an efficient Fenton catalyst
for a better degradation of Rhodamine 6 G in aqueous solution. Plasma-oxidation of Fe(II) solution within the
pores of activated VA was performed, then followed the maturation of crystallites (deposited precipitated) thanks
to plasma post-discharge species. The obtained materials were characterized by Fourier- Transform Infrared
transmission spectroscopy (FTIR), X-ray diffraction (XRD), Nitrogen Physisorption, Thermogravimetric analyses,
Scanning electron microscopy (SEM) and Energy Dispersive X-ray spectroscopy (EDX). The acid activation of
volcanic ash for 2 h (AM-2) using H2SO4 solution, followed by gliding arc plasma-assisted hydrolytic precipi-
tation of Iron oxide during 30 min (AM-FeOx-30/0) significantly decreased the size of agglomerates particles of
VA, leading to the increase by two orders the magnitude the total pore volume as well as the specific surface area.
SEM and EDX analyses attested to the incorporation of Fe within the activated volcanic ash framework. The
studies also show that plasma-deposited iron oxide nanoparticles are located within different phases of VA. For
the obtained AM-FeOx-30/0 material after 30 min of gliding arc plasma deposition on activated VA, Iron oxides
are located within the Augite and Goethite phases. While, for the material obtained after plasma-deposition
(30 min) followed by ageing at 100◦C through a water boiling bath for 4 h (AM-FeOx-30/4), Iron oxides are
located within sodium Diopside and Goethite phases. Fenton catalytic activity of the different materials was
evaluated for degradation of Rhodamine 6 G and revealed degradation degrees of 31, 95, 79, and 80 %
respectively for VA, AM-2, AM-FeOx-0/2 and AM-FeOx-30/4 in the optimum condition (t=20 min, pH=7,
[catalyst]=3 g/L, [Rh6G] = 25 mg/L, 1 mL of H2O2 at 30 %. Recyclability tests confirmed the stable catalytic
activity of plasma-supported material after 4 runs. These results highlight the valorisation of volcanic ash for the
improvement of Fenton catalytic degradation of organic pollutants in solution.

1. Introduction

In recent years, Fenton’s heterogeneous catalysis has been one of the
most popular advanced oxidation processes for the degradation of in-
dustrial organic pollutants [1–4]. This process is based on the produc-
tion of hydroxyl radicals (HO_) as powerful oxidizing species through the
catalysed decomposition of hydrogen peroxide by a solid catalyst rich in

iron, which species thus leads to the degradation (mineralization) of the
organic pollutant Eqs. (1–3) [5,6].

≡ Fe3+ +H2O2→≡ Fe2+ +HOO_+H+ (1)

≡ Fe2+ +H+ +H2O2→≡ Fe3+ +HO. +H2O (2)

Pollutant +HO.→CO2 +H2O+Other mineralization products (3)
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(Where ≡ represents the surface of the solid catalyst where iron is
located)

This widely used method is interesting because of its simplicity, low
cost of implementation, and the possibility of the catalyst recycling.
However, the heterogeneous Fenton catalysis was set up to overcome
the problem of sludge formation that requires a second treatment, and
the large quantities of iron that leach at low pH during homogeneous
Fenton catalysis [7]. Why researchers are focusing their attention on the
synthesis of solid iron-based catalysts for an efficient Fenton catalytic
process. It has been reported that the deposition of iron particles on
micro-sized materials such as zeolites, clays, sand, laterite or activated
carbons leads to the obtaining of a good heterogeneous Fenton catalyst
easily recyclable [8]. Additionally, it was also proven that natural ma-
terials rich in aluminosilicate are good catalytic carriers, thus allowing a
good dispersion of iron oxides on their surfaces and preventing the
leaching of iron during catalytic process in solution. Therefore, some
authors have developed various techniques for the preparation of Fenton
catalysts using clay materials very rich in alumina and silica. Tarkwa
et al., calcined laterite at 400◦C to get goethite and hematite for pho-
tocatalytic degradation of Orange II [9]. Hassan and Hamed performed
the preparation by impregnation of the Iron-Ball for the heterogeneous
Fenton degradation of the blue reagent 4 [10]. Fida et al., also prepared
via simple precipitation method the Montmorillonite La-Fer for the
degradation of Rhodamine B and Methylene Blue [11]. Lim et al., ob-
tained active heterogeneous Fenton catalysts through the impregnation
of iron oxide nanoparticles on alumina-coated mesoporous SBA-15 silica
[12]. Qian et al., dispersed amorphous FeOOH on g-C3N4 as photo
Fenton catalyst for degradation of recalcitrant organic pollutants [13].
Unfortunately, most of these classical synthesis methods show some
drawbacks including the long preparation times, use of strong bases for
precipitation and organics surfactants in some cases, thus high costs of
implementing impregnation and pillarization processes [6]. Why the
development of new efficient and environmentally friendly technique,
has become urgent. Gliding arc plasma (plasma glidarc) route appears as
an effective deposition method, considering its interesting redox prop-
erties, operating at ambient conditions, and very simple to be imple-
mented. Recently, Miloh et al., reported the enhancement of the Fenton
reactions via plasma glidarc supported magnetite (Fe3O4) nanoparticles
on water hyacinth biomass fibber [5]. Here, we intend to use volcanic
ash (VA) as a cost-free local material rich in aluminosilicates [14–16].
This ash is very abundant worldwide and is made up of aluminium
oxide, iron oxide, silicon oxide, titanium oxide, and others, which makes
it very attractive for several applications such as catalysis [17,18]. In our
previous work, we showed that the use of 5 g/L of volcanic ash with 400

μm as granulometry, containing 13 % Iron oxide could degrade up to
80 % of Rhodamine 6 G (25 mg/L) dye after 120 minutes of Fenton
catalytic treatment [7]. This dye is known for its recalcitrant and
carcinogenic character and has been declared environmentally toxic
[19]. To reach a high degradation of this pollutant in short exposure
times and low catalyst concentration, volcanic ash material requires
additional treatment to improve its physicochemical properties.

In this study, the volcanic ash is modified by acid activation to in-
crease its specific surface area and porosity, and then used as a porous
framework for the hydrolytic precipitation of FeOx nanoparticles
through the plasma glidarc route as an innovative and green method, to
reinforce the heterogeneous Fenton catalytic performance of the mate-
rial. The specificity of plasma glidarc as non-thermal plasma lies in the
large production of visible-ultraviolet light and active chemical species
such as O., O3, HO., H2O2, NO., N., N2*, NO2

- and NO3
- without the use of

chemical reagents [20–22]. The effect of post-discharge plasma species
on the maturation of crystallites has been explored. The prepared ma-
terials will be applied for the degradation of Rhodamine 6 G as a
pollutant model to evaluate and compare their catalytic performance
and recyclability.

2. Material and method

2.1. Material

The volcanic ash (VA) used in this work was provided by the
MIPROMALO (Mission for the Promotion of Local Materials in
Cameroon) at Foumbot in the Western Region of Cameroon. Rhodamine
6 G (Fig. S1) was purchased from Sigma-Aldrich in Belgium and used
without purification. This synthetic azo dye 9-[2-(ethoxycarbonyl)
phenyl] − 3,6-bis(ethylamino)-2,7-dimethylxanthylium chloride of the
xanthene family has an intense peak at 513 nm, characteristic of the
chromophore components (aromatic rings connected by azo groups)
responsible of its coloration and its approximate dimensions are given in
Figure S1 [23]. Sodium hydroxide (NaOH, 100 %) and sulphuric acid
(H2SO4, 98 %) were purchased at Sigma-Aldrich company, while
hydrogen peroxide (H2O2, 50 %) and heptahydrated iron sulphate were
purchased at Merck company.

2.2. Preparation of catalyst

Volcanic Ash was washed several times with deionized water to
remove soluble impurities and then dried at room temperature for three
days. The cleaned material was crushed and sieved using a 100 μm sieve

Fig. 1. Experimental setup of glidarc plasma route.
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(instead of 400μm as in the previous work because the decreasing par-
ticle sizes increase the specific surface area and the reactivity of the
material Figure S2 [24,25]). Afterward, the chemical activation was
performed by mixing 100 mL of sulphuric acid (3 M) with 10 g of
washed and sieved volcanic ash into the boiling water bath (100◦C)
under mechanical stirring at 500 rpm. The treatment was carried out for
2 hours, and the resulting material was vacuum-filtered, washed with
hot distilled water to reach neutral pH, dried in an oven at 105◦C for
3 hours, and named AM-2.

The nanocomposite was synthesized through the gliding arc plasma-
assisted hydrolytic precipitation technique (Fig. 1). For this purpose,
0.2 g of Iron Sulphate Heptahydrate (FeSO4.7H2O) was dissolved in
400 mL of distilled water to obtain 0.5 g/l of Iron (II) solution and mixed
with 4 g of activated volcanic ash (AM-2). Then, after 30 min of
dispersion using a magnetic stirrer (Figure S3a), the suspension was
exposed to glidarc-type plasma discharge for 30 minutes. A yellow-
brown precipitate was obtained via plasma-oxidation of Fe (II) solu-
tion (Figure S3b), then a part of this suspension was collected, washed
with distilled water and dried in oven at 105◦C for 24 h and the resulting
compound was named AM-FeOx-30/0. While the other part of the sus-
pension was exposed to ageing within a boiling water bath (100◦C) for
4 hours under mechanical agitation to pursue the crystallization.
(Figure S3c). The aged material was collected, washed, dried in an oven
for 24 h at 105◦C and the resulting composite was named AM-FeOx-30/
4.This ageing is carried out at 100◦C instead of ambient temperature
(25◦C) to avoid the agglomeration and contaminating phase which in-
duces the inactivity of the prepared catalyst [22].

2.3. Characterization of obtained materials

Fourier Transform Infrared spectroscopy was performed to collect
information on the different functional group’s components of each
material. It was performed with Perkin Elmer Frontier ATR ALPHAB-
RUKER device. Each spectrum was obtained from 4000 to 600 cm− 1

after 32 scans with a resolution of 4 cm− 1. All samples were scanned five
times and the average of these spectra was scrutinized between 1800
and 600 cm− 1. XRD analyses were performed between 5 and 80◦ in 2θ
with a step of 0.02◦ every 2 s, using a Bruker AXS Advance D8 device,
and Cu source (λ=0.15418 nm) of which the K-alpha2 line was removed,
and a LynxEye XT detector. The operations were made with a search for
the elements Ca, Al, Si, O, Mg, Fe and Ti. For nitrogen physisorption, a
vacuum pre-treatment was done at 150 ◦C for 12 h before the analysis of
each sample. Analyses were performed using a Micromeritics analyzer
by adsorption of nitrogen (N2) at a temperature of 77 K, and a relative
pressure P/P◦ ranging from 0 to 0.98. Adsorption-desorption isotherms
were used to determine the specific surface area by applying the classical
Brunauer, Emmet, and Teller (BET) method. The Barrett-Joyner-
Halenda (BJH) method was used to determine the pore size distribu-
tion from the desorption branch. The microporous volume and non-
porous surface were obtained by the t-plot method of Boer et al. [26].
TGA analysis was carried out on a Mettler Toledo TGA/SDTA 851 TA
Instruments SDT 290 thermo-analyzer, in air (100 mL/min) in the
temperature range of 25–900◦C, at a heating rate of 10◦C. SEM and EDX
analyses have been performed, respectively to investigate the
morphology and get the elemental chemical composition of each ma-
terial, using a LEO 983 GEMINI electron microscope operated at an
acceleration voltage 2 kV. Before analysis, a small quantity of powder
from each material is placed on adhesive carbon film which is itself
deposited on an aluminium support. Then, 8 nm layer of chromium or
gold is sputtered under vacuum with a sputter Metal 208HR (Cre-
sington). The elementary composition of each material was calculated
by removing the carbon and chromium (or gold) contribution, and then
calculating the average of the analyses at three different points carried
out for each sample. All remaining percentages are then brought back to
100 %.

2.4. Catalytic activity of different materials

For each catalytic treatment, a fixed concentration (25 mg/L) of
Rhodamine 6 G solution was prepared and adjusted to a suitable pH
using sulphuric acid (0.1 M) or sodium hydroxide (0.1 M) solutions.
After stirring with a HEIDOLPH magnetic stirrer, the reaction was
triggered under mild conditions at 25 ± 3 ◦C by adding a defined
quantity of catalyst and 1 mL of 30 % H2O2 given to 100 mL beaker in
the presence of daylight. At defined times, volumes of 2 mL of solution
were withdrawn and filtered with 0.4 μm membrane filters. The
resulting filtrate was analyzed using a spectrophotometer at a wave-
length of 513 nm (which corresponds to the absorbance peak of Rh6G).
Each test was repeated three times for good accuracy and reproducibility
of data. A post-treatment of catalytic degradation of Rhodamine 6 G
under optimal conditions was carried out to better assess the elimination
process (adsorption and degradation) of pollutant in aqueous solution.
For this purpose, the Rhodamine-6G solutions treated under the exper-
imental conditions (t=20 min, m=3 g/L, [Rh-6G]= 25 mg/L, pH=7 and
1 mL of H2O2) with the different materials, namely VA, AM-2, AM-FeOx-
30/0 or AM-FeOx-30/4 were filtered, exposed to the post-catalytic
treatment for 24 and 48 hours and analysed by the spectrophotom-
eter. The degradation degree of Rh6G was determined by the Eq. 4.

T% =
C0 − Cf
C0

∗ 100 (4)

C0: Initial concentration of the pollutant
Cf: Residual concentration after a defined treatment time
T%: Degradation degree of the pollutant

The catalytic stability of the prepared materials was evaluated dur-
ing four runs, by recovering via filtration the material after each cata-
lytic degradation run of the Rhodamine 6 G under the optimal
conditions. The recovered material was washed using distilled water and
dried in the oven for 3 hours at 105◦C, before next catalytic run. The
leaching test was carried out to evaluate the eventual dissolution of iron
(bi- and trivalent as well as colloidal iron (III) hydroxides) in solution,
and to better appreciate the stability of the catalyst. The test consisted in
using Fe-1 reagent Spectroquant (1.14761.0001). Precisely, 5 mL of the
solution was withdrawn and introduced in a tube, 3 drops Fe-1 reagent
were then added, then the mixture was stirred and left for 3 min. The
mixture was finally analysed by spectrophotometry at 565 nm. The
untreated Rhodamine 6 G solutions, which means the one that was not
exposed to catalytic treatment has been used as a reference solution.

Fig. 2. Infrared spectra of raw material (VA), activated material 2 H (AM-2),
supported material (AM-FeOx-30/0), and supported and aged material (AM-
FeOx-30/4).
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3. Results and discussion

3.1. Characterization of prepared catalysts

Fig. 2 shows the Fourier Transform Infrared spectra of prepared
materials. The raw material (volcanic ash) shows absorption bands at
3401 and 1645 cm− 1 which are respectively assigned to the stretching
and bending vibrations of the O-H bond of water [27]. A wide absorp-
tion band around 913 cm− 1 expresses the symmetrical stretching vi-
bration of the Si-O-T bonds (with T = Si, Al) [10,28]. The bands around
734 and 686 cm− 1 are assigned to the vibration of the Si-O-Si bond
within the SiO4 tetrahedron [29], while absorption band around
426 cm− 1 describes the vibrations of the Si-O-Fe bonds [30]. On the
activated material (AM-2) spectrum, new absorption bands appear
(Fig. 2), reflecting the acidic modification of the volcanic ash (VA)
network by protonation and leaching of the SiO4

- and (AlO4)5- groups.
We observe the intensification of the band around 3346 cm− 1, attributed
to the stretching O-H vibrations of silanol and aluminol groups and
within water molecules already existing in the raw material (VA). While
the one at 1634 cm− 1 is ascribed to the bending vibrations of water
molecules. Those around 1057 and 954 cm− 1 correspond to the vibra-
tion mode of Si-O-T bonds (T= Si, Al, Fe), and displacement of wave-
number from 913 cm− 1 to higher values is explained by
geo-polymerization induced by the partial replacement of the SiO4

-

tetrahedra by AlO4
- tetrahedra within the volcanic ash framework [31].

At 793 cm− 1, a vibration mode of α-Fe-O-OH bond of goethite is
observed [9,31]. According to the hypotheses put forward by Yannick
Cudennec et al. on the formation conditions of α-FeO(OH), it is reported
that sulphate ions would decrease the oxidation rate of iron, thus
directing the reactions towards the formation of goethite [32]. The band
around 540 cm− 1 corresponds to the vibration mode of Al-O bond with
Al in VI-fold coordination and the one appearing around 441 cm− 1

corresponds to the vibration of the Si-O-Fe bonds. Otherwise, this band
around 441 cm− 1 moves towards higher values and becomes intense,
reflecting the formation of ferrosilicates which results from the disso-
lution of iron oxide in an acidic medium contributing to the poly-
condensation of porous geopolymer matrix and the removal of
impurities within the material.

After the deposition of iron oxide nanoparticles by plasma-assisted
hydrolytic precipitation, the intensity of all the absorption bands of
the spectrum increases, which could be ascribed to an increase of the

oxygen element (in the form of hydroxyl group) after acid activation,
plasma-deposition and ageing processes. Otherwise, Kepdieu et al.,
attributed the intensity bands increase to the high presence of iron oxide
within the smectite clay [30]. Some authors have shown that UV radi-
ation emitted in a plasma medium activates the material in the aqueous
medium by photo-activation of semi-conductor oxides such as Fe2O3,
thus leading to high production of O-H [33,34] and hence the obtaining
of goethite by oxidation and precipitation according to the Eqs. (5–7).

a) Oxidation of ferrous ions by the hydroxyl radicals

AM ≡ Fe2+ +HO˙→AM ≡ Fe3+ +HO− (5)

b) Precipitation of the ferric ions into iron oxyhydroxide

AM ≡ Fe3+ +2HO− +H2O→AM ≡ FeOOH+H3O+ (6)

c) Precipitation of non-oxidized ferrous ions into iron
oxyhydroxide

2
(
AM ≡ Fe2+

)
+ 4HO− →2(AM ≡ FeOOH) +H2 (7)

We could observe a shift of the vibration bands of (T=Si, Al, Fe) T-O-
Fe bonds at 441 cm− 1 towards low values, reflecting the Fe-O stretching
and bending vibrations within the volcanic ash material after acid
activation. The bands observed around 540 and 420 cm− 1 also reflect
the internal bending vibrations of the Si-O-Si, O-Si-O of SiO4

+ and
(AlO4)5- bonds within the tetrahedral sites. Breck also explains that
bands around 433 cm− 1, can be thought of as the pore opening of ma-
terials [35]. A slight decrease in the intensity of absorption bands
around 433 cm− 1 is recorded after ageing using a boiling water bath,
which can be explained in the same way as Breck by a decrease in vol-
ume and porous surface. In addition, ageing of the volcanic ash in a
boiling water bath does not change the intensity or positions of the
absorption bands. Therefore, FTIR analysis shows the formation of three
new bands respectively after acid activation, plasma deposition of FeOx
and ageing by boiling water bath: one around 1048 cm− 1, the other
around 949 cm− 1, and the last around 793 cm− 1 respectively assigned to
the Si-O-T (T= Si, Al, Fe) and Fe-O-OH absorption bands.

Fig. 3. XRD patterns of (a) Raw (VA), (b) Activated (AM-2), (c) Supported (AM-FeOx-30/0), (d) Ageing (AM-FeOx-30/4) materials.
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Fig. 3 and Table S2 show the different crystalline phases present in
each material revealed by XRD analysis. Among these phases, we found:
Anorthite, a sodium disordered (Ca, Na) (Si,Al)4O8 (PDF:
00–041–1481), Augite Ca(Mg0.7 Al0.30)(Si1.7 -Al0.30)O6 (PDF:
01–078–1392), Maghemite Y-Fe2O3 (PDF: 00–039–1346), Hematite-
Fe2O3 (PDF: 00–033–0664), Wuestite FeO (PDF: 01–089–2468), Silicon
Oxide-SiO2 (PDF: 00–050–1708) and Ferroan Forsterite Mg1.824 Fe0.176
(SiO4) (PDF: 01–083–1541). These data reveal the existence of allotropy
of iron in different oxidation states (II and III) within the volcanic ash
framework. After chemical (acid) activation, iron-containing minerals,
in particular Ferroan forsterite, Hematite, Maghemite and Wuestite,
disappeared, but Magnetite was formed Fe3O4 (PDF: 01–089–0951). On
the one hand, we recorded the disappearance of peaks at 17.4◦, 23◦,
26,6◦, 32,3◦, 40◦, 39.6◦, 38,4◦, 52.5◦, 61.7◦, 57.4◦ (Ferroan forsterite),
30.5◦, 35.7◦, 43.1◦ (Maghemite) 23.7◦, 40.61◦, 49.9◦, 62.4◦, 72.1◦(He-
matite), 60.6◦, 35.8◦, 60.30◦ and 72.5◦ (Wuestite), which can be
explained by the non-selective leaching of iron in an acidic environment
(Fig. 3b and Table S2) [36,37]. On the other hand, the formation of
Magnetite (Fe3O4) is ascribed to the reaction between the formed
goethite and white Rust (Fe(OH)2 with Rhombohedral structure) ac-
cording to Eq. 8 [32].

2 AM ≡ FeO(OH)+AM ≡ Fe(OH)2⟶AM ≡ Fe3O4 +2H2O (8)

Activated material (AM-2) served as a framework for the deposition
of iron particles via gliding arc plasma for 30 min, followed by the
ageing for 4 h in a boiling water bath. X-ray pattern (Fig. 3c) shows the
formation of new phases after 30 minutes of plasma deposition, namely
Labradorite Ca0.68Na0.30(Al1.66Si2.34O8) with characteristic peaks at
13.8◦, 19.1◦, 22.11◦, 22.9◦, 23,7◦, 31,6◦, 33,89◦, 35.8◦, 39.2◦, 41.1◦,
46.1◦, 49,8◦, 67,4◦, 76.4◦(2Ɵ values) (PDF: 01–083–1372), and Sodium
Aluminium Silicate NaAlSiO4 at 20,1◦, 21.1◦, 26,7◦, 30.9◦ and 35.2◦ (2Ɵ
values) (PDF: 00–033–1203)) (Fig. 3c and Table S2), knowing that
Labradorite is a member of Anorthite polymorphism and a mineral of the
plagioclase felspar family and tectosilicate subgroup characterized by its
albite/anorthite ratio of 30/70 and 50/50. It was found that the X-ray
pattern of the material after exposure to plasma and ageing process
(Fig. 3d) shows the formation of a dome between 15 and 25◦ (2θ values)
reflecting the existence of an amorphous phase [38,39]. This translates
on the one hand, to the generation of an amorphous goethite
(AM≡FeOOH) [13]. These results are closely in line with those reported
by Tiya and al. [4], where goethite synthesized by plasma-assisted hy-
drolytic precipitation is revealed on the XRD spectrum through a dome
around 20◦ [4] and confirmed by thermogravimetry and H2-TPR

Fig. 4. N2 adsorption-desorption isotherms of the (a) Raw (VA), (b) Activated (AM-2), (c) Supported (AM-FeOx-30/0), (d) Ageing (AM-FeOx-30/4) materials.
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analyses [4,31,32]. On the other hand, the presence of amorphous
aluminosilicate and Iron hydroxide could lead to the obtaining of zeo-
lites through hydrothermal synthesis at low temperatures [38–40]. The
ageing of the material increases the intensity of the dome corresponding
to the amorphous phase rich in goethite attesting to the deposition of
Iron oxide with the sodium Diopside (Ca0.91Na.05Fe0.04)(Mg0.90 Fe0.07
Al0.03)(Si1.97 Al0.03)O6 obtained through the substitution Si4+ by Al3+

and cationic exchange between Ca2+and Na+, Mg2+ and Fe2+ [41]. The
reactions describing the synthesis of goethite via plasma glidarc route
are illustrated through Eqs. (9–11), which present the formation of hy-
droxyl radicals inducing the oxidation of AM ≡ Fe2+ to iron (III) oxy-
hydroxide (Eq.5) on the aluminosilicate framework of the volcanic ash.
After ageing of the plasma-activated material, crystallized silica is
observed in the form of SiO2 quartz at 21◦, 26.7, 49.7◦, 57.8◦ and 68.3◦

(2θ values) (PDF: 01–089–1961) (Fig. 3d) and gives a material with a
very high thermal stability.

H2O+ e− →H. +HO. + e− (9)

H2O+ e− →H+ +HO. +2e− (10)

AM ≡ Fe3+ +2HO. +H2O+2e− →AM ≡ FeOOH+H3O+ (11)

(AM–––) represents the framework of the activated volcanic ash con-
taining iron.

The nitrogen (N2) adsorption-desorption isotherms of the prepared
materials are shown in Fig. 4. The three isotherms (Figs. 4b, 4c and 4d)
exhibit a hysteresis loop within a relative pressure range (P/P0) of
0.45–0.95 which is typical of isotherm type IV, illustrating the presence
of a mesoporosity after chemical activation, FeOx plasma-deposition and
ageing processes. The shape of the hysteresis loop suggests the presence
of closed ink-bottle-shaped pores [42,43]. However, the raw material
(VA) shows a weakly marked hysteresis loop at higher relative pressure
(Fig. 4a), revealing the presence of a large mesoporosity between par-
ticles of a non-porous material [44,45]. We recorded a decrease of the
pore diameter at the volcanic ash surface after acid activation, followed
by the plasma-deposition of Iron oxide within its framework (Table 1),
reflecting an evolution from non-porous material with only inter-
particular large mesopores (VA) to material with intraparticular meso-
porosity. The acid activation of volcanic ash thus significantly creates
mesopores and increases the specific surface area (Table 1). Thereby, the
appearance of intraparticular mesopores could firstly be explained by
the cation exchanges between Si4+ ⟶Al3+, Fe2+ ⟶ Mg 2+, Al3+ ⟶
Fe2+and Al3+ ⟶Fe3+ which generates more spaces within the tetra-
hedra, and charge compensation is assured by largest cationic species
(Ca2+, Na+, K+, H +…) or medium cationic species (Fe3+, Al3+, Ti4+ …)
as described through Eq. 12. During the chemical activation, some large
cationic species are substituted by smaller ones generating spaces, thus a
mesoporosity within the framework. This could also be explained by the
acid leaching of basic oxides and other impurities within the raw ma-
terial (VA).

According to Duxson et al., the Davidovits equations developed
during the synthesis of alkaline geopolymers in 1991 justify the micro-
structure, pore distribution and major physical properties of the geo-
polymer [46]. The current work highlights the fact that volcanic ash as a
geopolymer material in a strongly acidic medium undergoes the same
phenomena i.e. the microstructure and pore distribution of the volcanic
ash. The deposition of iron oxide nanoparticles on AM-2 material
(acid-activated volcanic ash) by gliding arc plasma hydrolytic precipi-
tation (Eq.7) considerably increases the specific surface area (SBET) of
the material (AM-FeOx-30/0) (Table 1). A plausible explanation of this
increase of the specific surface area could be ascribed to the reduction of
particle agglomerations by bombardment of the material surface thanks
to the active species (HO˙, NO˙, H2O2, HOONO….), electrons and/or
electric waves generated within the plasma plume, thus leading to the
structural reorganization and substitution of Al atom by Fe atom within
the tetrahedron of the activated material [17,33,47,48]. In addition,
through the presence of hydroxyl radicals and the hydroxyl anion pro-
duced by the plasma, oligomers are formed that condense in a
three-dimensional (3D) lattice by polycondensation of poly
(sialate-siloxo) and poly(sialate-disiloxo) [49] when the Si/Al ratio is
above 1. This creation of the network thus increases the specific surface

Table 1
Textural data of volcanic ash before and after different treatments.

Samples SBET
(m2/g)

Microporous
volume (cm3/g)

Pore volume
(cm3/g)

Pore diameter
DBHJ(Å)

VA 3 0.00 0.01 81
AM¡2 188 0.05 0.21 45
AM-
FeOx¡30/0

308 0.10 0.28 36

AM-
FeOx¡30/4

276 0.08 0.27 36

(12)

Fig. 5. Distribution of pore sizes of the raw material (VA), activated material
(AM-2), supported material (AM-FeOx-30/0) and aged material (AM-FeOx-
30/4).
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area, mesoporosity and microporosity. The deposition of FeOx particles
via plasma hydrolytic precipitation (described in Figure S4) improves
the total pore volume of raw material and confirms Breck’s statement
mentioned above that the appearance of the IR band at around 433 cm− 1

corresponds to the opening of the pores within the volcanic ash (VA).
After ageing within the boiling water bath, a decrease in the specific
surface area (SBET) is recorded, and could be explained, firstly, by the
creation of disorder within the network of volcanic ash related to the
increase of the amorphous phase (intermediate Augite). Secondly, by the
precipitation of ferric and ferrous ions inside the pores of the volcanic
ash [6] and the particle’s agglomerations due to the shrinkage of the
pores after ageing at high temperatures [48]. Therefore, we could say
that the specific surface area of acid-activated material highly depends
on the applied treatment, composition, and arrangement of the minerals
within their crystalline structures. Fig. 5 shows the pores size distribu-
tion of the different materials and reveals a monomodal pores

Fig. 6. Thermogravimetric Analyses of different materials (a) Raw (VA), (b) Activated (AM-2), (c) Supported (AM-FeOx-30/0), (d) Ageing (AM-FeOx-30/
4) materials.

Table 2
Average mass percentage of the chemical elements contained in the different
materials obtained by EDX.

Elements Samples

VA MA-2 AM-FeOx-30/0 AM-FeOx-30/4
Mass (%) Mass (%) Mass (%) Mass (%)

O 48.3 59 58.1 64.5
Na 1.7 0.2 0.2 0.3
Mg 5.6 0.7 0.3 1.2
Al 6.0 1.4 1.3 1.6
Si 14.8 28.2 28.9 22.8
K 1.1 0.4 0.7 0.5
Ca 6.5 2.9 1.7 3.7
Ti 1.9 1 0.4 0.7
Fe 14.1 1.5 8.7 4.7
S - 0.3 - 0.2
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distribution for AM-2, AM-FeOx-30/0 and AM-FeOx-30/4 materials, as
marked by the single peak around 38 Å. This peak is within the range of
mesoporous materials (but not far to the microporosity range) and
corroborates what was previously revealed from the direct analysis of
adsorption-desorption isotherms (Fig. 4). On the other hand, the vol-
canic ash (VA) does not show any peak, thus characterizing its
non-porous character, which is confirmed by its isotherm. Figure S5
shows the evolution of the N2 adsorbed quantities as a function of the
treatment applied and illustrates the textural evolution of the raw ma-
terial (VA). The following evolution of the pore volume (Table 1)
AM-FeOx-30/0 > AM-FeOx-30/4 > AM-2> VA reflects the evolution of
the specific surface area, namely that the chemical activation of VA and
deposition of FeOx by glidarc plasma route, positively modifies its
textural properties (specific surface area and porosity).

As compared to the raw material VA (Fig. 6a), Derivative Thermal
Analysis (DTA) of AM-2 (Fig. 6b), AM-FeOx-30/0 (Fig. 6c) and AM-FeOx-
30/4 (Fig. 6d) materials show a single endothermic peak at 75◦C cor-
responding to the removal of bounded or free water [50,51]. Ther-
mogravimetric curves reveal two weight loss stages of 4.9 and 2.5 %
respectively within the temperature range of 25–350◦C and 350–898◦C
for acid-activated material (AM-2). After the hydrolytic gliding arc
plasma deposition of Iron oxides nanoparticles on activated material
framework, an increase of mass loss was observed in one stage between
25 and 898◦C. Ageing of the deposited material in a boiling water bath
led to further mass loss of 11.8 % compared to 10.2 % for the non-aged
material (AM-FeOx-30/0), but without any change of the temperature
range. This slight increase of mass loss can be explained by a gradual
opening of the pores in the material after hydrolytic deposition and
ageing processes as previously revealed by nitrogen physisorption along
an increase of pore volume (Table 1) [36]. The peak of goethite dehy-
dration expected between 250 and 350◦C was not observed, but a mass
loss of 11.8 and 10.8 % remains not far from the theoretical value
(9.9 %) of the dehydration of goethite to hematite according to the Eq.
13. Thus, a predominance of amorphous aluminosilicate phase
compared to goethite.

2α − FeO(OH)⟶αFe2O3+H2O (13)

Energy Dispersive X-ray spectroscopy (EDX) analysis of the volcanic
ash (Figure S6a, and Table 2) proves that it mainly contains Oxygen,
Silicon, Iron, and Aluminium with an atomic average percentage of
14.1 % for Iron. This quantity is sufficient for heterogeneous Fenton

catalysis because previous studies reported that with 2.5–6.8 % by mass
of Iron an efficient degradation catalysis was obtained in the Fenton-
Like process [4,52]. We also recorded a significant content of Tita-
nium, thus presenting the capital interest of this material in heteroge-
neous Fenton photocatalysis. However, the existence of an average
percentage of 14.8 % for Na, K, Ca, Mg elements within the material
could have a strong effect on the accessibility to active sites, and thus the
reactivity of volcanic ash. After sulphuric acid-activation of volcanic
ash, a decrease of the amounts of these elements was recorded (Table 2)
as well as the amounts of Fe and Al. This decrease of mass confirms the
above-mentioned statements related to non-selective leaching of Fe and
Al, an increase of the specific surface area of the activated material
(AM-2) related to the release of active sites. In addition, we record an
increase in the quantity of oxygen at the surface of this material
(Figure S6b) which confirms the formation of -OH groups and Magnetite
through Eq. 8. An increase of the Si/Al ratio from 2.5 to 20.1 is also
observed, confirming the formation of the aluminosilicate amorphous
within the material during chemical activation. The results of the ma-
terial supported by the hydrolytic plasma glidarc precipitation confirm
the addition of FeOx compound on the activated material surface. This is

Fig. 7. SEM images at x5000 magnification of (a) Raw (VA), (b) Activated (AM-2), (c) Supported (AM-FeOx-30/0), (d) Ageing (AM-FeOx-30/4) materials.

Fig. 8. Influence of the nature of the catalyst as a function of the contact time
(pH=3, [Rh6G] = 25 mg/L, [catalyst]=1 g/L, 1 mL of H2O2 (30 %)).
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justified by a variation of the average mass ranging from 1.5 % after
activation to 8.7 % after deposition of Iron nanoparticles via hydrolytic
precipitation plasma-assisted (Table 2). The increase of the Si/Al ratio
from 20.1 to 22.2 after hydrolytic plasma glidarc precipitation confirms
the development of the abovementioned 3D network justifying the in-
crease of the meso-microporosity and the specific surface area of the
supported material. This report also confirms the thermal stability of the
material observed during thermal analyses. On the other hand, there is a
decrease of Fe/Al ratio (which ranges from 6.7 for
AM-FeOx-30/0–2.9 for AM-FeOx-30/4 material). The amount of Iron on
the surface of the material obtained after ageing (AM-FeOx-30/4) de-
creases (Figure S6d, Table 2), thus confirming the above-mentioned
statements, namely that the FeOx obtained after ageing would have
incorporated into the amorphous aluminosilicate phase [13], through
substitution of Al by Fe atoms within the mineral’s phases (Augite and
Sodium Diopsid) and precipitation inside the pores. Hanon and
Gaigneaux showed that ageing in the post-discharge process at 100◦C
increased the number of active species within the nanocomposite’s
plasma-prepared [53]. Moreover, there is a decrease of the Si/Al ratio
after ageing of plasma-supported material (22.2 for
AM-FeOx-30/0–14.3 for AM-FeOx-30/4), which could be explained by
the partial destruction of the network (3D). This corroborates the results
of nitrogen physisorption analysis, which described a reduction of the
specific surface area and pore volume during the ageing process. The
slight presence of sulfur element (S) after sulfuric acid activation of VA
could be attributed to the formation of CaSO4 induced by the acid-base
reaction between CaO (component the VA) and H2SO4. Fig. 7 shows SEM
images of prepared materials, where we can see that the morphology of
raw material VA is significantly different to the ones of AM-2,
AM-FeOx-30/0 and AM-FeOx-30/4 materials. VA material reveals large
agglomerates particles (Fig. 7a), which move small agglomerates par-
ticles after chemical activation (Fig. 7b). The decrease of particles size
after acid activation deeply explains the increase of the specific surface
area after activation abovementioned (Table 1). Fig. 7c attests the
gliding arc plasma-deposition of FeOx on the surface of activated ma-
terial (AM-2), which seems more homogeneous after ageing at temporal
post-discharge at 100◦C (Fig. 7d).

3.2. Catalytic activity of different materials

Fig. 8 depicts the evolution of the Fenton catalytic degradation of
Rhodamine 6 G (Rh6G) as model pollutant using different prepared
materials as catalysts. We could observe an important removal degree of
Rh6G after 3 minutes with all prepared materials, which is attributed to
the adsorption phenomenon (first stage of the Fenton catalytic route)
thanks to the very high availability of adsorption sites. This adsorption is
governed on the one hand by interactions between the positively
charged (-N+) groups of the Rh6G and negatively charged walls of each
material due to the presence of (AlO4)5- and SiO3

- groups formed through
the substitution of Si4+ by Al3+ in the three-dimensional network and
the insertion of Fe2+ within the tetradentate interstices of the alumi-
nosilicates. On the other hand, this can be also explained by a strong
attraction between the hydrogen bonds of goethite and the -NH-CH3
functions of Rh6G. However, the aged material (AM-FeOx-30/4) reveals
a better degradation degree than the plasma-supported (AM-FeOx-30/
0), chemical activated (AM-2), and raw (VA) materials. These results
agree with the studies carried out by Boyom et al. in 2020 and Hanon et

Fig. 9. Evolution of the decolorization degree of Rhodamine 6 G as a function of pH (a) and Point of Zero Charge of different materials (b); [catalyst]=1 g/L; 1 mL
H2O2 (30 %); [Rh6G] =25 mg, t=20 min).

Fig. 10. Degradation of Rhodamine 6 G as a function of catalyst mass ([cata-
lyst]=1; 3; 5; 7 g/L; pH=3; t=20 min, V=50 mL, [Rh 6 G] =25 mg/L).
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al. in 2024 which prove that the ageing of the material plasma-prepared,
impacts its reactivity [48,53]. However, after three minutes of catalytic
treatment, we recorded a decrease of degradation degree of Rh6G which
is more important with aged material AM-FeOx-30/4 and stays
quasi-constant after five minutes. This evolution may be related to the
nature of the pollutant [54]. The tendency curve was obtained by
Gondal et al. in 2010 during the sorption and photocatalytic decolor-
ization under monochromatic pulsed laser irradiation of Rhodamine 6 G
in aqueous solution with BiOCl and TiO2 semiconductors as catalysts.
Otherwise, we wonder on the real degradation process (or adsorption
process only) of Rh6G after 5 minutes of Fenton catalytic treatment,
knowing that the pollutant after adsorption could be degraded accord-
ing to the mechanism illustrated by Eqs. 14–16, due to the presence of
iron in the minerals (sodium diopside) and Iron (+III) fixed on the or-
dered Augite is reduced to Iron (II) according to Eq. 15. However, the
raw material (VA) despite its smaller specific surface area reveals
non-negligible degradation degree compared to those obtained by the
three other materials. This could be attributed to the largest diameter
pores (81 Å) of VA (Table 1), allowing a good adsorption of the Rh6G
molecule (11Åx16Å) (Figure S1), thus inducing a significant reactivity.

AM ≡ Fe2+ +H2O2→AM ≡ Fe3+ +HO. +H0− (14)

AM ≡ Fe3+ +H2O2→AM ≡ Fe2+ +HOO. +H+(Slow step) (15)

Rh6G+HO.→CO2 +H2O+Other Mineralization Production1 (16)

(AM––– Solid surface of the catalyst where the Iron is attached).

3.3. Optimization of operational parameters

The influence of pH solution on the degradation process of Rh6G was
studied and the results are shown in Fig. 9. Overall, the catalytic
degradation of Rh6G is better for high pH. We can see that the degra-
dation of Rh6G is greater at pH equal to 7 for all the materials. This is
justified by the fact that, pH equal to 7 is the optimal pH solution
compared to very low pH of solution (pH=3), where the amount of Rh6G
removed remains below 27 %. The point of zero charge (PZC) of AM-
FeOx-30/4 material shows that at pH solution below 4.8, its surface is
positively charged, thus resulting of the electrostatic repulsion between
the surface of AM-FeOx-30/4 material and the cationic charges of the

Fig. 11. Effect of volcanic ash activated, supported, and aged decolorization efficiency (pH=7, [catalyst]=3 g/L, t=20 min, [Rh 6 G] =25 mg/L) before (a) and post-
treatment (b).

Fig. 12. Mechanism scheme of Fenton catalytic degradation of Rh6G under
solar light.

Fig. 13. Study of the catalytic stability of raw, activated, supported and aged
volcanic ash during 4 cycles of use of 20 minutes. (pH=7, [Catalyst]=3 g/L,
t=20 min, [Rh 6 G] =25 mg/L).
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Rh6G pollutant, thus inhibiting the catalytic degradation process of
Rh6G. On the other hand, for the supported material AM-FeOx-30/0, the
point of zero charge is 3.0 and induces the fact that, when the pH is equal
to 3, the surface material is neutral leading to the inhibition of catalytic
process. For pH values above 3.0, the surface of the material is nega-
tively charged, resulting in strong degradation efficiency. Activated
(AM-2) and raw (VA) materials have respectively PZC values of 7.0 and
8.0, and reflects the fact that, at pH values below 7.0 and 8.0, their
respective surfaces of AM-2 and VA are positively charged, thus leading
to an electrostatic repulsion between them and the pollutant, resulting
in a low adsorption degree and degradation efficiency. On contrary, at
pH solution above the PZC values of the activated (AM-2) and raw (VA)
materials, their respective surfaces are negatively charged, resulting in
an electrostatic attraction between their surfaces and the pollutant
molecule positively charged, thus an increase of the degradation effi-
ciency. However, the degradation of Rh6G with activated material (AM-
2) at pH below the PZC value of 7.2, in addition to its larger specific
surface area value, could be attributed to the Iron leaching in solution
reinforcing the Fenton catalytic process. These results deeply highlight
the fact that the optimal pH of Fenton catalytic degradation of Rh6G is 7
and the most active material at this pH is the one aged (AM-FeOx-30/4,
PZC=4.2). The influence of catalyst concentration on the degradation
efficiency of Rh6G was studied. The results depicted in Fig. 10 show that
an increase of the catalyst quantity induces an augmentation of the
degradation efficiency, which remains almost constant after a catalyst
concentration of 3 g/L. This augmentation is linked to the increase of the
adsorption sites number, which leads to a large decomposition of
hydrogen peroxide and large production of hydroxyl radicals [7].
Therefore, despite the decrease of the specific surface area of
plasma-supported material after ageing, the number of active species
increases within the AM-FeOx-30/4 material and degradation of
Rhodamine 6 G occurred following the equation reaction (Eq.16). Based
on that, we could say that 3 g/L is the optimum catalyst concentration
and revealing Rh6G (25 mg/L, pH=7) degradation degrees of 79, and
80 % respectively for AM-FeOx-0/2 and AM-FeOx-30/4 after 20 min.
Dukkanci et al. in 2010 prepared via hydrolytic precipitation of zeolite
composites CuFeZSM-5 as catalysts for Fenton heterogeneous catalytic
degradation of Rh6G (100 mg/l, pH=6.5) and reported 100 % of
degradation degree after 120 min, with 0.7 mg. L− 1 of Iron leached in
aqueous solution [52]. Tiya et al. in 2018 used volcanic as heterogenous
Fenton catalysts for catalytic degradation of Rh6G (25 mg/l, pH=3) and
reported 80 % of degradation degree after 120 min, with 0.005 mmol.
L− 1 of Iron leached in aqueous solution [7]. To get a deep understanding
of a plausible catalytic degradation of Rh6G after adsorption (previously
hypothesized), we envisaged to follow the Fenton catalytic
post-treatment of Rh6G during 24 and 48 hours, ie the evolution of the
pollutant concentration after the catalyst removal from reaction me-
dium. From the results summarized in Fig. 11, it appears an increase in
the degradation degree of Rh6G after 24 hours of post-Fenton catalytic
treatment, which is more significant after for 48 hours (Fig. 11b)
compared to that obtained during the Fenton catalytic treatment prop-
erly (Fig. 11a). Knowing that Rh6G is resistant to biodegradation and
photo-degradation [55], this evolution of the pollutant removal during
the post-treatment deeply attests the evolution of the degradation pro-
cess thanks to oxidizing species generated during the Fenton catalytic
process. Degradation mechanism of Rh6G illustrated by Fig. 12, shows

that in addition to the Fenton catalytic degradation process properly
generating powerful oxidizing species such as HO., the photocatalytic
degradation of Rh6G occurred knowing that the treatment is carried out
in the presence of solar light. Therefore, e- (conduction band) and h+

(valence band) photogenerated will respectively react with dissolved O2
and H2O via oxidation and reduction to produce other powerful
oxidizing species able to mineralize the Rh6G molecules.

3.4. Catalytic recyclability and leaching test

The catalytic stability of prepared materials has been studied along 4
recycling runs. The results depict in Fig. 13 exhibit a high catalytic
stability of the supported AM-FeOx-30/0 and aged AM-FeOx-30/4 ma-
terials, but a slight decrease the efficiency for activated material (AM-2).
This is in accordance with the leaching test (Table 3), which shows 0 %
of Iron leached after four catalytic runs in solution with the supported
and aged materials. A gradual increase of the degradation degree is
observed with the aged material, which can be explained by the pro-
gressive access of Rh6G by diffusion to the active sites located within the
micropores of the amorphous aluminosilicate 3D phase. These results
are in accordance with the ones revealed by the EDX analysis (Table 2),
which reveals a decrease of active species on the surface of aged AM-
FeOx-30/4 material and is justified by the insertion of these species into
the pores and amorphous aluminosilicate. Therefore, we can say that
activated volcanic ash is a good porous support for the deposition of Iron
nanoparticles through gliding arc plasma route. However, the decrease
of the catalytic degradation efficiency of activated material (AM-2)
seems to stabilise after the third run and could be ascribed to the evo-
lution of the quantity of Iron leached during the four runs explains this
decrease of the degradation efficiency during the use of the activated
material (0.004 and 0.003 mmol.L− 1 leached respectively for the 1st and
2nd runs) (Table 3), reducing its reactivity, which is not the case for the
supported and aged materials revealing none Iron leached compared to
the leaching reported by Dukkanci et al. in 2010 [52] and Tiya et al. in
2018 [7]. These ferrous and ferric ions in solution in the presence of
hydrogen peroxide and the solar light (Eqs.17–21), lead to the produc-
tion of hydroxyl radicals, followed by the regeneration of the ferrous/-
ferric ions and the cycle starts and induces an increase of the catalytic
degradation efficiency of Rh6G in aqueous solution [56,57]. This con-
firms the above-mentioned statements to explain the significant degra-
dation of Rh6G using AM-2 as a heterogeneous photo-Fenton catalyst"
(Fig. 9b). On the other hand, the iron (II or III) passing into solution
reduces the number of active species on the aluminosilicate support,
then leading to the decrease of the performance of the activated material
(AM-2). However, the good reactivity and stability of supported and
aged materials are ascribed, to better textural properties (specific sur-
face area and pores volume), the presence of mesopores and volcanic ash
framework preventing the leaching of Iron oxide in solution.

Fe3+ +H2O→Fe(OH)2+ +H+ (17)

Fe3+ + e− +hv→Fe2+ (18)

Fe(OH)2+ +hv→Fe2+ +HO˙ (19)

Fe2+ +H2O→Fe(HO)2+ +HO˙ (20)

H2O2 +hv→2HO˙ (21)

4. Conclusion

Acid activation of volcanic ash followed by the deposition of Iron
oxide within the framework of activated material through plasma-
assisted hydrolytic oxidation of Fe2+ solution, significantly decreases
the size of the agglomerate’s particles, increases its specific surface area
and total pore volume. However, amorphous phases rich in

Table 3
Data from iron leaching at different recycling runs for different materials.

Iron Leached (mmol.L− 1)

Run 1 2 3 4
VA 0.003 0.002 0.0005 0
AM− 2 0.004 0.003 0 0
AM-FeOx− 30/0 0 0 0 0
AM-FeOx− 30/4 0 0 0 0
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aluminosilicate and goethite are also formed after plasma-deposition.
Ageing of the support material using the water boiling bath leads, on
the one hand, to the maturation of the iron particles, thanks to the
secondary species such as H2O2 (formed by recombination of the pri-
mary species), and thus to the substitution of Al atoms by Fe atoms in
their tetrahedral sites. On the other hand, to the burial of the amorphous
phase and migration (substitution) of the Iron particles towards the
network of crystallised minerals, thus a decrease of the specific surface
area. Catalytic degradation of Rhodamine 6 G proved that, in addition to
be a surface phenomenon, it also depends on the accessibility and
reactivity of active iron-rich sites. Post-catalytic treatment of the Rh6G
more attests degradation process of the pollutant through the evolution
of the pollutant removal. Otherwise, this study has enabled firstly to
understand that volcanic ash rich in amorphous goethite is more reac-
tive than the crystallised iron-rich minerals contained in the raw ma-
terial. Secondly, the valorisation of volcanic ash as local material for a
better Fenton catalytic degradation of the organic pollutant.
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Mbowou: Writing – review & editing, Writing – original draft, Meth-
odology, Investigation, Data curation, Conceptualization. Renaud
Cousin: Writing – review & editing, Resources. Sebastián Gámez-
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volcanic ash for geopolymer synthesis: effect on reaction kinetics, gel
characteristics, physical and mechanical properties, RSC Adv. 6 (2016)
39106–39117, https://doi.org/10.1039/c6ra03667h.

[19] National Toxicology Program,qqww NTP Toxicology and Carcinogenesis Studies of
Rhodamine 6G (CI Basic Red 1, CAS No. 989-38-8) in F344/N rats and B6C3F1
mice (feed studies), Natl. Toxicol. 364 (1989) 1–192.

[20] G. Dionmbete, N. Miloh, J.-B. Tarkwa, E. Acayanka, A.B.P. Mbouopda, F.
W. Boyom-Tatchemo, G.Y. Kamgang, Hybrid composite with lignocellulosic
biomass supported titania obtained under plasma conditions for photocatalytic
application, Biomass-.-. Conv. Bioref. 14 (2024) 22049–22063, https://doi.org/
10.1007/s13399-023-04246-1.
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