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Abstract
The present study verified the potential of volcanic rock powder residues originating from the extraction of semi-precious 
rocks in the state of Rio Grande do Sul, Brazil, as precursors or adsorbents for dyes and metallic ion removal from water. In 
this way, it is possible to add value and give an adequate destination to this waste. Volcanic rock powder residues from Ame-
tista do Sul (AME) and Nova Prata (NP) were the starting materials. These were used naturally or submitted to the alkaline 
activation process at 60 °C and alkaline fusion at 550 °C. The analysis of the starting samples by X-ray fluorescence (XRF) 
revealed that they are mainly composed of aluminum, calcium, iron, and silicon oxides, which corroborates the presence 
of numerous crystalline phases observed in the X-ray diffraction spectra (XRD). Moreover, by XRD analysis of the synthe-
sized samples, alkaline fusion proved to be more efficient in the dissolution of crystalline phases and consequently in the 
formation of the amorphous phase (more reactive). Furthermore, the adsorption tests with acid green and acid red dyes and 
 Ag+,  Co2+, and  Cu2+ ions indicated the viability of using residual volcanic rock powder as raw material for the production 
of adsorbents functionalized with sodium hydroxide, being that the samples synthesized by alkaline fusion showed better 
results of removal and adsorption capacity for all the contaminants used in the study.
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Introduction

The state of Rio Grande do Sul (RS), located in the southern 
region of Brazil, concentrates a large number of mines for 
the exploration of semi-precious volcanic rocks (amethyst, 
agate, etc.) for ornamental purposes (Hartmann et al. 2015; 
Petrakis et al. 2010). The mining region of Ametista do 
Sul, for example, stands out as one of the largest producers 
of amethyst geodes in the world, with average exploration 

between the years 2016 to 2017 in the order of 380 tons/
month; around 95% of the production was exported to Asia, 
the USA, and Europe, and the rest remained in the domestic 
market (Dalla Valle and Dorr 2020). Although an impor-
tant economic activity for the state of RS, it simultaneously 
generates rock powder waste as an environmental passive, 
normally stored in the open (Pinto and Hartmann 2011). 
According to the Cooperative of Energy and Rural Develop-
ment of Middle Uruguay (COOGAMAI), the accumulation 
of waste, only for the Ametista do Sul region, is 15,000 tons 
per month. Another city in RS, recognized for generating 
large amounts of volcanic rock waste, is Nova Prata, with 
about 10,000 tons/year according to the Quarry Extraction 
Industry Syndicate of Rio Grande do Sul.

The industrial residue of volcanic rock waste, most 
often stored in the open air on mine slopes, can reach and 
contaminate (due to the concentration of chemical spe-
cies such as nutrients and metals present) the water bod-
ies through their fragmentation and transport through the 
rainwater (Ontiveros-Cuadras et al. 2018; Vosoogh et al. 
2016). According to Remor et al. (2018) these materials are 
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subject to adsorption, complexation, and precipitation pro-
cesses when entering the aquatic environment. As a result, 
they tend to decant, becoming part of the sediments. Thus, 
sediment contamination by chemical elements, such as met-
als and nutrients, due to their bioavailability, bioaccumula-
tion, persistence, and possible toxicity constitutes a threat to 
aquatic ecosystems (Silva et al. 2016; Pejman et al. 2015). 
Furthermore, Ontiveros-Cuadras et al. (2018) and Vosoogh 
et al. (2016) reported that, in the mining regions, the concen-
trations of chemical species being in the sediments of water 
bodies are higher than that of chemical species background 
levels and may pose environmental risks. At the moment, 
the correct management of waste represents one of the most 
urgent and important issues addressed by science and tech-
nology. Thus, there is an increasing search for the efficient 
use of mined materials to eliminate or mitigate environmen-
tal impacts.

Due to the chemical composition of the waste rock 
powder, studies have sought to verify their potential as 
an adsorbent, being this applied directly or functionalized 
with another element (Zhu et al. 2015; Asere et al. 2017; 
Tejeda et al. 2017; Bugarčić et al. 2018; Chao et al. 2019). 
Recently, alkaline activated materials, such as geopoly-
mers, have been gaining space in adsorption studies, and 
very promising results have been achieved in treating efflu-
ents containing dyes (Vieira et al. 2021). Chao et al. (2019) 
synthesized a volcanic rock-based ceramsite adsorbent for 
selective fluoride removal. The fluoride adsorption capacity 
was 10.16 mg  g−1 at 298 K. Bugarčić et al. (2018) sought to 
determine the potential of raw volcanic rock as an adsorbent 
of heavy metals in anionic form (chromates, Cr; arsenates, 
As; and selenates, Se). The equilibrium adsorption capaci-
ties for As, Cr, and Se were 12.6, 15.6, and 9.29 mg  g−1, 
respectively. Tejeda et al. (2017) evaluated and compared the 
adsorption capacity of carbamazepine by the raw volcanic 
rock (tezontle) and its modification by biofilm growth. The 
adsorption capacity of raw tezontle was 3.48 µg  g−1. On the 
other hand, for the tezontle with biofilm, the minimum value 
was 1.75 µg  g−1 (after the second week of adsorption), and 
the maximum was 3.3 µg  g−1 (after 6 months). Ultimately, 
Choi et  al. (2014) activated volcanic rock powder with 
NaOH and evaluated its adsorption potential for ammonium 
nitrogen and phosphate and the influence of the alkalinizing 
agent (NaOH) concentration used in the synthesis.

In front of that and allied to the abundance and regional-
ity of rock powder tailings, this article aims to evaluate the 
adsorbent potential of volcanic rock powder from the Amet-
ista do Sul and Nova Prata mines, either by direct application 
or functionalized by alkaline activation for the treatment of 
water contaminated with acid green 16 (AG16) and acid 
red 97 (AR 97) dyes and metal ions  (Ag+,  Co2+, and  Cu2+), 
which represent a serious environmental problem and the 
health of living beings when eliminated in wastewater, such 

as cancer, mutation, kidney damage, and toxicology (Mal-
hotra et al. 2020; Rossatto et al. 2020; Gómez et al. 2018; 
Jeon 2017; Leyssens et al. 2017; Bui et al. 2016). Thus, in 
addition to the appropriate destination to be given to rock 
powder tailings and adding value to them, it will be possi-
ble to prevent contaminants from polluting the environment 
when used in wastewater treatment.

Material and methods

Materials, chemicals products, and contaminants

Samples of volcanic rock powder residues come from min-
ing companies in Ametista do Sul and Nova Prata (Rio 
Grande do Sul, Brazil). Sigma-Aldrich supplied sodium 
hydroxide PA (NaOH) in microbeads. The dyes acid green 
16 (AG 16, molar weight = 560.62 g  mol−1, λmáx = 640 nm) 
and acid red 97 (AR 97, molar weight = 698.63 g  mol−1, 
λmáx = 498  nm), both with 99% purity, were acquired 
from Danny Color Corantes (Brazil) and Sigma-Aldrich, 
respectively, while the silver nitrate  (AgNO3, molar 
weight = 169.87  g   mol−1), cobalt (II) chloride  (CoCl2, 
molar weight = 129.84 g   mol−1), and copper (II) sulfate 
 (CuSO4·5H2O, molar weight = 249.69 g  mol−1), all with PA 
purity grade, were purchased from INLAB (Brazil). Deion-
ized water (electrical conductivity = 0.9 µS  cm−1 and electri-
cal resistivity = 1.1 MΩ cm) was used to prepare materials 
and all solutions.

Synthesis and sample characterization techniques

Initially, the NaOH was manually ground and then mixed 
with samples of volcanic rock powder from Ametista do Sul 
(AME) and Nova Prata (NP). Then a sufficient amount of 
deionized water to form a paste was added, generating in this 
way two samples with volcanic rock powder from Ametista 
do Sul and two others with that of Nova Prata. Afterward, 
the samples were submitted to heat treatment in an oven 
(alkaline activation) and muffle (alkaline fusion). Table 1 
shows the operating conditions for the preparation of mate-
rials. Then, the samples were washed with deionized water 

Table 1  Operating conditions in the synthesis of new adsorbent mate-
rials from volcanic rock powder

Volcanic rock (VR) Samples Mass ratio 
VR/NaOH

Tempera-
ture (°C)

Reac-
tion time 
(min)

Ametista do Sul AME.A 1 60 360
Ametista do Sul AME.F 1 550 90
Nova Prata NP.A 1 60 360
Nova Prata NP.F 1 550 90
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and vacuum filtered until neutral pH, and finally, they were 
dried in an oven at 100 °C for 8 h, thus obtaining the new 
materials. These preparation routes were developed after a 
series of experimental tests performed in our laboratory.

Fourier-transform infrared spectroscopy (FTIR) analysis 
was used to characterize the samples to evidence the pres-
ence of functional groups through the Shimadzu spectro-
photometer (IR Prestige 21 model), operating in the wave-
number range from 4,000 to 400  cm−1 and sample prepared 
together with KBr. The resolution and the number of scans 
of the FTIR spectrum are 2.0 and 45, respectively. In addi-
tion, an X-ray fluorescence spectrometer (Rigaku RIX 3000) 
was used to determine the amount of the main compounds in 
all samples. The mineralogical composition of the samples 
was evaluated by the X-ray diffraction (XRD) method using 
a Rigaku diffractometer, model Miniflex 300, operated with 
Cu-Kα radiation (λ = 1,5419 Å), 30 kV, 10 mA, scan range 
5.0 to 99.98 degrees, step size of 0.03°, and a counting time 
of 0.5 s per step. The surface properties of the samples, spe-
cific surface area, pore-volume, and pore size distribution 
were determined by the Brunauer–Emmett–Teller (BET) 
and Barret-Joyner-Halenda (BJH) method. The specific 
surface area was estimated by applying the BET method 
at a P/P0 value between 0.06 and 0.3, while the pore vol-
ume and pore size distributions were determined by the BJH 
method. The pore volume was quantified by the volume of 
nitrogen adsorbed at a P/P0 pressure ratio of 0.98 (Barrett 
et al. 1951).

Adsorption tests

Batch adsorption experiments were performed to verify 
contaminants’ adsorption capacity and removal percent-
ages from aqueous solutions using precursor materials and 
alkaline activated from these (AME, AME.A, AME.F, NP, 
NP.A, NP.F). The operating parameters were stirring speed 
of 150 rpm, solution volume of 25 mL, and adsorbent dosage 
of 1 g  L−1, initial contaminant concentration of 50 mg  L−1, 
and adsorption time of 2 h. The tests were conducted with 
digital temperature control (298 K) in a Dubnoff Orbital 
bath tank (Nova, Brazil). First, the aqueous solutions of 
the contaminants used for adsorption were prepared from 
stock solutions (1.00 g  L−1) of the dyes AG 16, and AR 97, 
of  Ag+ (silver nitrate,  AgNO3),  Co2+ (cobalt(II) chloride, 
 CoCl2), and  Cu2+ (copper(II) sulfate,  CuSO4), and later the 
experiments were carried out by diluting the stock solution 
in deionized water. According to preliminary tests, the pH 
of the aqueous dye solutions was 2.3, while the pH of the 
metals was that of the solution itself (silver = 6.61, cop-
per = 5.28, and cobalt = 6.59). The experiments were per-
formed in triplicates.

At the end of each adsorption experiment, samples were 
collected, centrifuged/filtered, and the residual concentration 

of the contaminant in the solution was determined. For dyes, 
a Kasuaki UV–VIS spectrophotometer, model IL-226-NM, 
was used and for metals an Agilent Technologies atomic 
absorption spectrophotometer, model 240 FS AA. Equa-
tion (1) was used to determine the adsorption capacity (q, 
mg  g−1), and Eq. (2) was used to determine the removal 
percentage (RE, %):

where C0 is the initial concentration of the contaminant in 
the solution (mg  L−1), Cr is the residual concentration of 
the contaminant in the solution (mg  L−1), m is the amount 
of adsorbent (g), and V is the volume of the solution (L).

Results and discussion

Characteristics of volcanic rock powder residues 
and their derived adsorbents

The main compounds present in the volcanic rock powder 
samples, AME and NP, obtained by XRF, are described 
in Table 2. From the analysis of Table 2, it is verified 
that the precursor samples of rock powder AME and NP 
have a very similar chemical composition, with variations 
only in the amount of each compound, which are similar 
to those reported by Korchagin et al. (2019) and Dalmora 
et al. (2020), respectively. The silicon and aluminum oxides 
present in the samples are essential components for syn-
thesizing materials by alkaline activation, such as geopoly-
mers (Zhuang et al. 2016). The presence of alkali oxides 
 (Na2O and  K2O) in the samples may indicate alkali feldspars 

(1)q =
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Table 2  Main oxides present 
in AME and NP volcanic rock 
powder samples

Oxides Volcanic rock 
powder (mass %)

AME NP

SiO2 47.32 62.10
Al2O3 15.60 13.35
Fe2O3 14.15 7.96
CaO 8.27 4.26
MgO 4.96 2.88
Na2O 3.56 3.07
TiO2 3.27 1.05
K2O 1.65 3.14
P2O5 0.86 0.27
Total 99.64 98.08
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(Ndjock et al. 2017). The chemical composition results by 
XRF confirm that the precursor samples under study come 
from typical minerals of volcanic rocks (Bugarčić et al. 
2018; Korchagin et al. 2019).

The XRD patterns of volcanic rock powders and their 
synthesized materials (Fig. 1) show a mixture of amorphous 
and crystalline phases composed of the primary minerals 
feldspar [albite (PDF: 3323), andesine (AMCSD: 1052), 
anorthite (PDF: 1257), labradorite (AMCSD: 757), micro-
cline (PDF: 3850), and nephenile (PDF: 3059)], pyroxenes 
[augite (PDF: 7242), diopside (PDF: 3008), enstatite (PDF: 
3407), and pigeonite (AMCSD: 209)], olivines [forsterite 
(PDF: 0016) and fayalite (PDF: 8155)], opaque minerals 
[hematite (PDF: 1062), magnetite (PDF: 5151), and magh-
emite (AMCSD: 7898)], mica [muscovite (PDF: 3548)], and 

cristobalite (PDF: 7924). In the AME.F and NP.F spectra, 
the transformation of the phases of the starting materials 
after the alkaline fusion process is clear, observing the pres-
ence of an amorphous halo between 18 and 40° (2θ) and 
practically the absence of crystalline peaks, being evidence 
of crystalline phase dissolution (Duxson et al. 2007). On the 
other hand, the existence of starting minerals in the AME.A 
and NP.A sample indicates the opposite: the absence or 
incomplete dissolution of the crystalline phases observed 
in the pure volcanic rock samples (Lemougna et al. 2014). 
According to Duxson et al. (2007), the precipitation and 
dissolution of an aluminosilicate depend on several factors, 
such as temperature, Si/Al ratio, and pH, so it can be sug-
gested that the difference found between the diffractograms 
of the synthesized materials “.A” and “.F” is the synthesis 
temperature. The appearance of the microcline (Mc) crystal-
line phase in the AME.A and NP.A spectra, and labradorite 
in AME.A, is also due to the alkaline activation in the start-
ing volcanic rocks (Çetintaş and Soyer-Uzun 2018).

Figure 2 shows the FTIR spectra of volcanic rock powder 
samples and materials synthesized by alkaline activation. 
The wide bands 3434 to 3445  cm−1 present in all materials 
are behaviors attributed to bending and O–H elongation of 
the silanols and the remaining adsorbed water (Giannopou-
lou and Panias 2010; Yankwa Djobo et al. 2016a, b). The 
absorption bands in the region of 1635 to 1647  cm−1 repre-
sent the H–O–H bending vibrations of the bound water mol-
ecules, which can be absorbed by the surface or trapped in 
the material structure after adsorption of atmospheric water 
due to the cooling of volcanic magma (Tchakoute Kouamo 
et al. 2012). In the NP.F sample, the weak band at 1472  cm−1 
is due to O–C–O elongation vibrations related to the vibra-
tional modes of carbonates, which suggests the occurrence 
of atmospheric carbonation after alkaline fusion (Sarkar 
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et al. 2018; Giannopoulou and Panias 2010). In the IR spec-
tra of the precursor samples (AME and NP), the 1024 and 
1031  cm−1 vibration bands are designated by the Si–O–T 
asymmetric elongation (T: Al or Si) (Yankwa Djobo et al. 
2016b). According to Tchadjié et al. (2016), these bands 
are typical of the presence of the mineral albite, which cor-
roborates the results obtained in XRD. After the alkaline 
activation process, they changed to 1010 and 1018  cm−1, 
indicating the amorphous aluminosilicate gel phase (Tcha-
koute et al. 2013). According to Yunsheng et al. (2010), this 
change to smaller wavenumbers can be referred to as the par-
tial replacement of the tetrahedron of  SiO4 by the  AlO4 due 
to the change in the local chemical environment of the bond 
Si–O. The bands in the range 778 to 707  cm−1 are related to 
bending vibrations –Si–O–Si– in molecules  (SiO2)n. There 
are differences between the different silica compounds in 
this range, such as quartz and cristobalite (Sitarz et al. 2000). 
The appearance of these bands in the AME.F (710  cm−1) 
and NP.F (707  cm−1) samples, in lower wavenumbers com-
pared to their precursors (759  cm−1), can be attributed to the 

formation of amorphous to semi-crystalline aluminosilicate 
(Panias et al. 2007) and which is in agreement with what is 
shown in the XRD data. The 463  cm−1 band is characteristic 
of the silicate mesh’s Si–O elongation vibrations (Yankwa 
Djobo et al. 2016a).

The physical characteristics of the materials studied in 
this article are shown in Table 3. It is verified that all the 
synthesized materials have a specific surface area and total 
pore volume greater than their precursor. The higher their 
values, the better the adsorption capacity of the material 
can be (Hosseinzadeh et al. 2015). Besides, the materials 
produced by alkaline fusion (AME.F and NP.F) presented 
expressive increases in the specific surface area and total 
pore volume than the materials obtained by activation 
(AME.A and NP.A). These results can be explained based on 
the synthesis procedures and follow FTIR and XRD. AME.F 
and NP.F were produced at 550 °C, leading to its precursors’ 
efficient crystalline phase dissolution. Otherwise, AME.A 
and NP.A were produced at 60 °C, leading to a partial dis-
solution of the crystalline phase.

The adsorption and desorption isotherms of  N2 and the 
pore size distributions of the precursor and synthesized 
materials are shown in Fig. 3a and b, respectively. The iso-
therms (Fig. 3a) reveal that they are classified, according to 
the IUPAC, as type IV and hysteresis loop H3 format, indi-
cating mesopores’ existence (Thommes 2010). Moreover, 
the presence in all samples of the vertical asymptotic profile 
for high values of P/P0 suggests that the structures are meso- 
and macroporous with non-uniform size and slit-shaped 
pores. The analysis of Fig. 3b shows the predominance of 
mesopores (2 nm ≤ pore diameter ≤ 50 nm) in all samples, 
corroborating with the predicted by the  N2 adsorption–des-
orption isotherms and a small incidence of macropores.

Table 3  Physical characteristics of the studied samples

Sample Specific surface 
area  (m2  g−1)

Average pore 
diameter (nm)

Total pore 
volume  (cm3 
 g−1)

AME 8.17 11.34 0.023
AME.A 14.66 7.24 0.026
AME.F 129.82 6.66 0.216
NP 14.99 15.18 0.032
NP.A 16.62 10.86 0.045
NP.F 39.99 11.76 0.118
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The adsorptive potential of volcanic rock powder 
residues and their derived adsorbents

The adsorption tests of dyes and metals, performed with the 
starting and synthesized samples (AME, AME.A, AME.F, 
NP, NP.A, NP.F), are shown in Fig. 4. It was verified that 
the samples produced by alkaline fusion AME.F and NP.F 
obtained better results than their precursors (AME and 
NP) for all contaminants. For example, the adsorption and 

removal capacity of the acid green 16 dye was 49 mg  g−1 
and 97.6% for NP.F, respectively, while its precursor (NP) 
was 32 mg  g−1 and 67%, respectively. Besides, AME.F and 
NP.F presented better adsorption performance than the 
samples synthesized by alkaline activation (AME.A and 
NP.A) for all used contaminants. However, between these 
two, the NP.F sample proved to be more efficient, reaching 
removal capabilities (RE) and adsorption (q) greater than 
90% and 40 mg  g−1, respectively, except for cobalt where 
RE = 63.15% and q = 34.95  mg   g−1. This trend can be 
explained based on the characteristics of the material. Based 
on Fig. 1, greater amorphization of the starting samples was 
found in the alkaline fusion process. This behavior makes 
the material more reactive than its precursor. Furthermore, 
as shown in Table 3, AME.F presented a surface area 16 
times higher than AME and 9 times higher than AME.A. 
A similar profile was verified for the pore-volume values. 
In parallel, NP.F presented a surface area around 2.5 times 
higher than NP and NP.A (Table 3).

Table 4 compares the sorption capacity of various adsor-
bents used in adsorption of different acid red and acid green 
dyes and metallic ions silver, cobalt, and copper. This table 
shows that the NP.F synthesized sample presented greater 
or very close to the greater adsorption capacity of the evalu-
ated contaminants. Although not shown, the same can be 
observed for the AME.F sample for the adsorption of dyes 
and Ag ions. Therefore, it can be suggested that both sam-
ples have a great potential to be adsorbents of the studied 
contaminants. The NP.F sample is the most prospective 
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Fig. 4  Results of adsorption capacity (q) for dye acid green 16 (AG 
16) and acid red 97 (AR 97) and metal ion silver (Ag), cobalt (Co), 
and copper (Cu), performed with the starting and synthesized samples

Table 4  Comparison of 
the adsorption capacity of 
several adsorbents used in the 
adsorption of the contaminants 
studied in this article

Adsorbent Adsorbate pH T (K) q (mg  g−1) References

Low-moor peat and smectite AG dye 5.67 298 13.10 Kyziol-Komosinska et al. (2015)
Activated Prunus Dulcis 2 323 50.79 Jain and Gogate (2018)
Magnetic chitosan nanocomposite 5.4 298 26.2 Mohamad and Prasad (2014)
NP.F 2.3 298 49.07 This work
Citrus limonum peels AR dye 2 303 0.62 Latif et al. (2018)
Activated carbon from fibrous 2 298 21.68 Salman Naeem et al. (2018)
Activated carbon - 298 55.25 Gómez et al. (2007)
NP.F 2.3 298 45.71 This work
Colloidal carbon nanospheres Ag+ - 298 152.00 Song et al. (2011)
Verde-lodo bentonite 4–5 293 9.72 Freitas et al. (2017)
Waste coffee grounds 6 298 46.20 Jeon (2017)
NP.F 6.83 298 52.26 This work
Verde-lodo bentonite Cu2+ 4–5 333 6.99 Freitas et al. (2017)
Pretreated Maize Husk 5.5 298 35.71 Duru et al. (2019)
NP.F 5.78 298 39.69 This work
Organosilicas Co2+ 8 298 37.31 Lee et al. (2016)
Alginate nanoparticles 6.5 298 33.56 El-Shamy et al. (2019)
Mesoporous carbon 6 298 4.10 Gómez et al. (2018)
NP.F 6.60 298 34.96 This work
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choice among all tested materials since it possesses the high-
est adsorption capacity toward various pollutants.

Conclusion

Samples of volcanic rock powder from the cities of Ametista 
do Sul (AME) and Nova Prata (NP), both residues abundant 
in the Rio Grande do Sul, Brazil, showed a low adsorption 
capacity and removal efficiency of the dyes acid red 97 and 
acid green 16, as well as for the metallic ions of  Ag+,  Co2+, 
and  Cu2+. However, this ability was improved from the func-
tionalization of precursor samples through alkaline activation/
fusion with sodium hydroxide (NaOH). The samples synthe-
sized by alkaline fusion, AME.F, and NP.F were the ones that 
achieved the best results, since, according to the XRD results, 
it was the process capable of dissolving with greater efficiency 
the crystalline phases of the starting samples, thus making the 
materials amorphous and more reactive. These results suggest 
the potential of volcanic rock powder residues, studied here, 
as raw material in the synthesis of adsorbents for acid green 
16 and acid red 97 dyes and metallic ions and maybe even 
for other contaminants present in effluents and water, being 
a suitable alternative for the disposal of tons of volcanic rock 
powder residues which accumulate in the semi-precious stone 
geode extraction mines in the Rio Grande do Sul.
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