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Abstract

This study searched for the best synthesis route for producing an adsorbent from the alkaline fusion of volcanic rock powder
waste. The samples synthesized under different conditions of temperature and alkalizing ratio/precursor material, nine in
total (NP.F, NP.F1, NP.F2, ...NP.F8 ), were used in the adsorption of acid green 16 (AG 16) and acid red 97 (AR 97) dyes and
Ag*, Co®*, and Cu®* ions. Subsequently, the 22 central composite rotational design (CCRD) was applied, and the effects of
the alkalizing ratio (NaOH)/volcanic rock (VR) and temperature (T) on the synthesis process were analyzed in terms of their
influence on the physical properties of the materials and in the process of adsorption of contaminants. From the experimental
design, it can be seen that the independent variables alkalizing ratio/volcanic rock and temperature greatly influence the
characteristic and synthesis of adsorbent materials by alkaline fusion, which in turn reflects on the results achieved in the
adsorption of contaminants. Therefore, the temperature of 550 °C and NaOH/VR ratio equal to 1 was the most satisfactory
synthesis route to obtain high values of adsorption capacity (g, mg g~') and removal (R, %) for all studied contaminants, as
well as the optimization of the physical characteristics of the material. For example, the adsorption capacity of dye AG 16
was 49.1 mg g7!, and for Ag* was 66.2 mg g~!, while the removal percentages were 97.6% and 93.4%, respectively. This
approach made it possible to transform volcanic rock powder wastes into an efficient adsorbent to treat contaminated waters
with dyes and metals.
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Introduction

The mineral extraction process from precious stones, basal-
tic rock, or other minerals generates considerable volcanic
rock powder waste. This approach implies costs for the gen-
erating company, which must treat and dispose of this waste
Responsible Editor: Philippe Garrigues properly and thus mitigate environmental damage as much
as possible. The state of Rio Grande do Sul is an important
Brazilian producer of semi-precious stones (agate, amethyst)
and rocks for the most diverse areas of civil construction
Research Group on Adsorptive and Catalytic Process (Hartmann et al. 2015). Nova Prata, the basalt capital of
Engincering (ENGEPAC), Federal University of Santa Brazil, generates around 10,000 tons per year of volcanic
Maria, Av. Roraima, 1000-7, 97105-900, Santa Maria, RS, R 3

rock dust waste from the extraction of basaltic rock (Rossatto
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> Normandie Université, UNIROUEN, INSA Rouen, CNRS, et al. 2022), which is usually stored in the open (Pinto and
COBRA (UMR 6014), 27000 Evreux, France Hartmann 2011).

5 . . L Most of the time, the waste of volcanic rock is stored
Department of Civil and Environmental, Universidad de .
La Costa, CUC, Calle 58 # 55-66, Atlantico, Barranquilla, on the slopes of open mines. These can reach water bod-
Colombia ies through their fragmentation and transport through
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rainwater and thus contaminate them (Ontiveros-Cuadras
et al. 2018). When these materials enter the aquatic envi-
ronment, they are susceptible to complexation, precipi-
tation, and adsorption. As a result, they tend to decant,
becoming part of the sediments (Remor et al. 2018).
According to Pejman et al. (2015) and Silva et al. (2016),
sediment contamination by chemical species, such as
nutrients and metals, due to their bioaccumulation, bio-
availability, persistence, and possible toxicity threatens
aquatic ecosystems. Furthermore, in mining regions, the
concentrations of elements or chemical compounds in the
sediments of water bodies are higher than the background
levels of chemical species and, therefore, may pose risks
to ecosystems (Vosoogh et al. 2016). Therefore, there is
an increasing search for the efficient application of mined
materials to eliminate or reduce the impacts caused to the
environment.

Nowadays, alkaline-activated materials, such as
mesoporous geopolymers, have been attracting space in
research focused on adsorption, and favorable results have
been achieved in treating effluent-containing dyes (Vieira
et al. 2021). Due to the composition of volcanic rock pow-
der, research has sought to investigate its capacity as an
adsorbent, either functionalized/activated with another
element or applied directly. Chao et al. (2019) prepared a
volcanic rock-based ceramsite adsorbent material for fluo-
rine removal. At 298 K, the adsorption capacity of fluorine
was 10.16 mg g~!. Bugar¢i¢ et al. (2018) already sought to
define the adsorbent potential of raw volcanic rock powder
for heavy metals in anionic form. The adsorption capaci-
ties for As, Cr, and Se were 12.6, 15.6, and 9.29 mg g_l,
respectively. In this sense, alkaline fusion is a thermal treat-
ment that occurs in the presence of alkaline compounds at
temperatures higher than their fusion points (Demir et al.
2019). This transformation route allows the amorphization
of the material, thus causing an increase in surface area and
generating interesting physicochemical properties of the
final material (Wei, Ning et al. 2014). This technique has
already been synthesized in different materials and success-
fully used in the adsorption of a variety of pollutants (Demir
et al. 2019; Wajima et al. 2011; Monz6n et al. 2019; Hwang
et al. 2019; Tchakoute et al. 2013; Tchadjié et al. 2016).

Rossatto et al. (2022) demonstrated the adsorbent poten-
tial of raw volcanic rock powder and alkaline activated with
NaOH for dyes acid green 16 (AG 16) and acid red 97 (AR
97), and metallic ions silver (Ag™), cobalt (Co>"), and cop-
per (Cu”"). Given this, this article seeks to obtain the best
synthesis route, through experimental planning, for the
alkaline fusion of volcanic rock tailings from Nova Prata,
evaluating the effects of the alkalizing ratio (NaOH) and vol-
canic rock and temperature on the synthesis process. So, it is
possible to transform this waste into an alternative adsorbent
with better features.
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Material and methods
Materials, contaminants, and chemicals
Supplementary file.

Synthesis, experimental design, and physical
characteristics of the samples

Preliminarily, the NaOH was ground manually, and subse-
quently, the volcanic rock powder samples were mixed, and
a sufficient amount of deionized water to form a paste was
added. Then, the samples were subjected to heat treatment
in a muffle (alkaline fusion) for 90 min. Soon after, the sam-
ples were washed with deionized water and filtered under
vacuum until neutral pH, and finally, they were dried in an
oven at 90 °C for 8 h, thus obtaining the new materials. The
adsorbent synthesis procedure is shown in Fig. 1.

The effects of temperature (T) and mass ratio between the
alkalizing agent NaOH and the volcanic rock (RV) were stud-
ied using a central composite rotational design 2 (CCRD)
containing three central and four axial points. As responses
to this planning, the dependent variables were the adsorption
capacity, ¢ (mg g~!), the removal capacity, R (%), and the
physical characteristics of the materials (specific surface area,
SSA in m? g7!, average pore diameter, APD in nm and total
pore volume, TPV in cm? g~!). The Fischer test determined
the models’ prediction, while the coefficient of determination
(R? explained the variance. Statistica 8.0 software (StatSoft,
USA) was used to analyze the results. Table 1S (Supplemen-
tary information) shows the operational conditions of the
materials synthesis through the coded matrix, the real values,
and the independent variables of the experimental design.

NaOH Powder  Volcanic rock powder

‘d_l‘ /) Mix and add sufficient amount
\ of deionized water to form a

v‘paste.

|

Muffle (409 — 650 °C)

for 90 minutes.

Neutral 90 °C/8 h
p

Fig. 1 The adsorbent synthesis procedure
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Table 1 Experimental design 2 g™ g ioie” T o0) Mass ratio NaOH/VR  SSA APD (nm) TPV
matrix and physical properties 2 -1 351
of the studied samples (m™e) (em™g™)

1 NP.F1 650 (+1) L5 (+1D) 133.30 7.03 0.253

2 NP.F2 650 (+1) 0.5(-1) 7.92 14.56 0.029

3 NP.F3 450 (-1) L5 (+1D) 64.74 10.49 0.170

4 NP.F4 450 (-1) 051 15.82 11.05 0.044

5 NP.F5 691 (+1.41) 1.0 (0) 98.91 7.68 0.190

6 NP.F6 409 (-1.41) 1.0 (0) 147.76 16.00 0.191

7 NP.F7 550 (0) 1.705 (+1.41) 40.08 11.83 0.119

8 NP.F8 550 (0) 0.295 (—1.41) 5.55 12.77 0.018

9 NP.F 550 (0) 1(0) 39.99 11.76 0.118

10 NP.F 550 (0) 1(0) 39.99 11.76 0.118

11 NP.F 550 (0) 1(0) 39.99 11.76 0.118

VR = volcanic rock

The physical characteristics of the samples, pore volume,
pore size distribution, and specific surface area were deter-
mined by the Brunauer-Emmett-Teller (BET) and Barret-
Joyner-Halenda (BJH) methods (Brunauer et al. 1938). The
instrumental method is described in the “Supplementary
information.”
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Fig.2 a N, adsorption-desorption isotherms and b pore size distribu-
tion of the materials

Adsorptive studies

Batch adsorption tests were carried out to investigate the
ability of the synthesized materials to remove and adsorb
contaminants from aqueous solutions and thus determine
the effects of temperature (T, °C) and the alkalinizing/vol-
canic rock ratio (NaOH/RV ratio) in the synthesis of the
samples. The adsorption operations were carried out under
the following operational conditions: initial concentration
of the contaminant of 50 mg L™!, solution volume of 25
mL, a fixed adsorbent dosage of 1 g L™!, stirring speed of
150 rpm, temperature of 25 °C, and 2-h adsorption. The
tests were carried out in a bath tank with Dubnoff Orbital
water (Nova, Brazil) with digital temperature control. Ini-
tially, aqueous solutions were prepared (stock solutions,
1.00 g L") of the contaminants of AG 16 and AR 97 dyes,
of Ag™ (silver nitrate, AgNO,), Co** (cobalt II chloride,

——NPF

Transmittance (%)
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T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400
-1
Wavenumber (cm™)

Fig.3 FTIR spectra synthesized material NP.F
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Fig.4 Plot used to determine the point of zero charge of the NP.F
sample

CoCl,), and Cu?* (sulfate of copper (II), CuSO,), and,
later, the experiments were carried out by diluting the
stock solution in deionized water until the working con-
centration. 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 (copper = 5.98, cobalt =
6.45, and silver = 6.53). The experiments were carried
out in triplicate.

At the end of each adsorption test, samples were col-
lected, filtered, or centrifuged; finally, the residual concen-
tration of the contaminant in the solution was measured. An
Agilent Technologies atomic absorption spectrophotometer,
model 240 FS AA, was used for metals. A Kasuaki UV-
VIS spectrophotometer, model IL-226-NM, was used for
the dyes. From the final concentrations of the pollutants
after the adsorption process obtained in the spectrophoto-
metric analyses, the adsorption capacity (¢, mg g~') and
the removal efficiency (R, %) were calculated and used to
evaluate the adsorption. Equations (1) and (2) were used to
determine the adsorption capacity and removal capacity,
respectively:

C,—C.)V
g= % (D)
C,—C.)100
RE = % )
0

where Cj, is the initial concentration of the contaminant
in the solution (mg L_l), C, is the residual concentra-
tion of the contaminant in the solution (mg LY, Vis
the volume of the solution (L), and m is the amount of
adsorbent (g).
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Fig.5 Pareto charts for the responses: a specific surface area (SSA),
b total pore volume (TPV), and ¢ average pore diameter (APD) for
the NP.F

Results and discussion
Physical and chemical characteristics of the samples

The physical properties of the samples synthesized and
studied in this article are reported in Table 1 from the
coded matrix, the real values, the independent variables,
and responses of the CCRD 22 experimental design. The
physical characteristics, specific surface area, average pore
diameter, and total pore volume of adsorptive materials can
indicate the probability of the material being a good adsor-
bent. The higher their values are, the better the adsorption
capacity of the material (Hosseinzadeh et al. 2015).
Figures 2a and b represents the N, adsorption and desorp-
tion isotherms and the pore size distributions of the mate-
rials, respectively. According to IUPAC, the isotherms of
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Fig.6 Response surfaces for a
specific surface area (SSA), b
average pore diameter (APD),
and c total pore volume (TPV)

(W) aay

Fig. 2a are classified as type IV and with a hysteresis loop
in the H3 format, indicating the existence of mesopores
(Thommes 2010). In addition, the asymptotic vertical pro-
file for high P/P,, values in all samples suggests that the
structures are meso- and macroporous with non-uniform
size and slit-shaped pores (Wdowin et al. 2014). Already
by observing Fig. 2b, it is possible to verify the dominant
presence of mesopores (2 nm < pore diameter < 50 nm) in
all samples, which corroborates what was predicted by the
N, adsorption-desorption isotherms and a small incidence
of macropores.

Soseele%ie%
e

Figure 3 presents the FTIR spectrum of the NP.F sample.
The 3440 cm™! broadband is attributed to O—H flexion and
elongation of the silanols and also of the remaining adsorbed
water. The absorption band at 1643 cm™' represents the
H-O-H bending vibrations of bound water molecules, which
can be absorbed by the surface and trapped in the material
structure after adsorption of atmospheric water in the cool-
ing of volcanic magma. The weak band at 1472 cm™" is due
to O—C-O stretching vibrations, indicating the presence of
sodium bicarbonate (Na,CO,), which suggests the occur-
rence of atmospheric carbonation after alkaline melting. The

Table 2 Experimental design

2 . Run Samples T (°C) Mass ratio NaOH/VR  AG 16 AR 97

2 matrix and responses for the

adsorption tests on dyes AG 16 R (%)* g (mgg ™ R(%)? g (mg g™')?

and AR 97
1 NP.F1 650 (+1) 1.5 (+1) 97.7+0.1 49.2+0.1 98.4+0.2 49.2+0.3
2 NP.F2 650 (+1) 0.5(-1) 95.1+£0.3 47.9+0.3 96.3+0.1 48.1+0.2
3 NP.F3 450 (-1) 1.5 (+1) 99.24+0.1 49.9+0.1 98.8+0.1 49.4+0.1
4 NP.F4 450 (-1) 0.5(-1) 94.1+0.1 47.4+0.1 97.440.1 48.7+0.1
5 NP.F5 691 (+1.41) 1.0 (0) 99.24+0.2 49.9+0.3 96.7+0.3  48.3+0.1
6 NP.F6 409 (-1.41)  1.0(0) 99.0+0.4 49.8+0.1 96.9+0.1 48.4+0.3
7 NP.F7 550 (0) 1.705 (+1.41) 99.7+0.1  49.9+0.1 97.7+0.4  48.9+0.1
8 NP.F8 550 (0) 0.295 (—1.41) 94.1+£0.2 47.440.3 97.1+£0.1 48.6+0.1
9 NP.F 550 (0) 1(0) 97.6+0.1 49.1+0.2 91.4+0.1 45.7+0.2
10 NPF 550 (0) 1(0) 97.6+0.1 49.1+0.2 91.4+0.1 45.7+0.2
11 NP.F 550 (0) 1(0) 97.6+0.1 49.1+0.2 91.4+0.1 45.7+0.2

VR = volcanic rock. A mean =+ standard error for n=3. Coded values are in brackets
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Fig. 7 Pareto charts for the adsorption capacity response of the acid
green 16 (a) and acid red 97 (b) dyes

Fig.8 Response surfaces for
the adsorption capacity, g (mg
g7 of the dyes a AG 16 and b
AR 97
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vibration band 1010 cm™! is relative to the Si—~O-T asym-
metric elongation (T:Al or Si), indicating the amorphous
aluminosilicate gel phase. The band at 707 cm™! is related
to bending vibrations —Si—O-Si— in (SiO,), molecules, and
in this band, there are differences between different silica
compounds, such as quartz and cristobalite, and on account
of the alkaline melting process can be attributed to the for-
mation of amorphous to semi-crystalline aluminosilicate
materials. Finally, the 463 cm~! band is characteristic of
the tectosilicate network’s Si—O stretching vibrations.

The point of zero charge (pH,,) is an important param-
eter that allows predicting the charge on the surface of the
adsorbent as a function of pH and, therefore, evaluating the
effect of pH on the adsorption process, as well as assisting
in the choice of adsorbate and pH that it can be adsorbed by
the adsorbent under study. The pH,,,. is the pH where the
charge on the positive surface sites is equal to that on the
negative sites (zero charge on the surface of the adsorbent).
The solution’s adsorbent surface is negatively charged when
the pH is higher than pH,.. It can interact with positive
species, while at pH lower than pH,,, the solid surface is
positively charged and can interact with negative species.
The methodology used in this work is called the “11 points
experiment”. The procedure consisted of mixing 20 mg of
the adsorbent in 20 mL of 0.1 M NaCl under 11 different
initial pH conditions, ranging from 1 to 12 at intervals of 1
in 1. The pH adjustments were made with 0.1 HC1 M and
0.1 M NaOH, stirring at 150 rpm with pH measurement after
24 h. The results were presented relating the final pH versus
initial pH (Fig. 4). The value referring to pH,_,. corresponds

pzc

to the range in which the final pH remains constant regard-
less of the initial pH. The zero charge point (pHzcp) of NP.F
was 7.4, obtained from the arithmetic mean of the points that
remained constant for the final pH.

Pareto charts were used to verify whether the independ-
ent variables (linear and quadratic), and their interaction
were significant in the responses. The Pareto charts for the
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Table 3 Comparison of
the adsorption capacity of

Adsorbent

Adsorbate pH T (K) q(mgg') References

several adsorbents used in the
adsorption of the contaminants
studied in this article

Low-moor Peat and Smectite
Shells of bittin

Zr0,/Ce0O, nanocomposite
ZnS:Cu nanoparticles
Magnetic chitosan nanocomposite
Activated Prunus dulcis

NPF

Citrus limonum peels
Activated carbon from fibrous
Activated carbon

Rice wine lees

Magnetic nano-Fe;O,
Chitosan

NP.F

AG dye 5.67 298 13.1
2-8 318 7.0 (Aydin and Baysal 2006)
3 293 43a745 (Alietal. 2021)
32 - 38.6 (Masoudian et al. 2018)
54 298 262
2 323 50.8
2.3 298  49.1 This work
AR dye 2 303 0.6
2 298  21.7
- 298 552
5 208  18.7 Wang et al. (2020)
5 303 40.2 Xing et al. (2014)
7 298 8.2 Jiaet al. (2019)
23 298 457 This work

responses of specific surface area (SSA), total pore volume
(TPV), and average pore diameter (APD) are represented in
Fig. 5a, b, and c, respectively. Negative values on the graph
indicate that the independent variables are inversely propor-
tional to the dependent variables, and positive values show
that the independent variables are directly proportional to
the response. The red line (p=0.05) indicates significance.
When the independent variables are significant, their respec-
tive columns cross the red line. Regarding SSA (Fig. 5a)
and TPV (Fig. 5b), it was found that the linear effect of
the NaOH/RYV ratio and the quadratic effect of temperature
(T) were significant (p<0.05). The positive sign of these
significant effects shows that both SSA and TPV increase
with increasing T and NAOH/RYV ratio. In the case of APD
(Fig. 5¢), only T’s quadratic effect was significant.

Table 2S presents the equations obtained in the statisti-
cal analysis for the response’s specific surface area, average
pore diameter, total pore volume, and statistical parameters.

Again, the 95% confidence interval (p < 0.05) was used in
statistical studies.

So that the statistical equations in Table 2S satisfactorily
represent the experimental data, they must be significant,
predictive, and reliable (Myers and Montgomery 2009).
The significance of the mathematical models can be veri-
fied by the high values of the determination coefficient
shown in Table 2S (R? > 0.80). Furthermore, the values
obtained for Fischer” F confirmed that the polynomial
models were predictive (Table 3S). Because of this, it can
be stated that the mathematical models were significant,
predictive, and reliable, thus representing the SSA, APD,
and TPV responses. Considering that the equations were
significant, predictive, and reliable, the response surfaces
were plotted to represent SSA, APD, and TPV as a func-
tion of temperature (T) and mass ratio between alkalinizing
NaOH and volcanic rock (RV). These surfaces are shown
in Figure 6.

Table 4 Experimental design 22 matrix and responses for the adsorption tests on metallic ions (Ag*, Co>*, and Cu®*).

Run  Samples T (°C) Mass ratio NaOH/VR ~ Ag* Co?* Cu?*
R qmgg™ R  q@mgg) R®'  q(mgg)

1 NP.F1 650 (+1) 1.5(+D 93.5+0.2  46.7+0.1 46.3+0.1 23.1+0.1 76.5+0.2  38.2+0.1
2 NP.F2 650 (+1) 0.5(-1) 98.0+0.2  49.0+0.1 40.8+0.1 20.4+0.1 81.8+0.3  40.9+0.1
3 NP.F3 450 (-1) 1.5 (D) 86.4+0.1 43.2+0.3 36.9+0.2 18.4+0.4 61.7+0.1 30.9+0.2
4 NP.F4 450 (-1) 0.5(-1) 90.2+0.1 45.1+0.1 32.4+0.3 16.2+0.3 56.5+0.3  28.3+0.1
5 NP.F5 691 (+1.41) 1.0 (0) 93.240.3  46.6+0.2 47.5+0.1 23.8+0.1 77.5+0.1 38.8+0.1
6 NP.F6 409 (—1.41) 1.0 (0) 87.4+0.1 43.7+0.2 46.7+0.1 23.4+0.2 79.1+0.2  39.6+0.3
7 NP.F7 550 (0) 1.705 (+1.41) 89.6+0.2  44.8+0.1 40.4+0.4 19.3+0.1 79.740.4  39.9+0.4
8 NP.F8 550 (0) 0.295 (—1.41) 98.3+0.1 49.1+0.4 30.6+0.3 15.3+0.3 70.1+0.2  35.1+0.3
9 NP.F 550 (0) 1(0) 93.4+0.1 46.7+0.1 63.1+0.1 31.6+0.2 97.1+0.2  48.5+0.1
10 NP.F 550 (0) 1(0) 93.4+0.1 46.7+0.1 63.1+0.1 31.6+0.2 97.1+0.2  48.5+0.1
11 NPF 550 (0) 1(0) 93.4+0.1 46.7+0.1 63.1+0.1 31.6+0.2 97.1+0.2  48.5+0.1
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Fig.9 Pareto charts for the adsorption capacity response of the metal-
lic ions Ag™ (a), Co** (b), and Cu?* metallic ions by the NP.F

It can be seen that the specific surface area increases as T
and the NaOH/RYV ratio increase successively, assuming the
maximum values for T equal to 691 °C and NaOH/RYV ratio
of 1.705 (Fig. 6a). On the other hand, the SSA response also
assumes high values by keeping T at 409 °C and varying
the NaOH/RYV ratio, with the maximum value reached for
the ratio equal to 1. The total pore volume (Fig. 6¢) shows
a similar trend. According to Choi et al. (2014), the pore
volume increases due to Ca and Si compounds on the surface
of the volcanic rock that reacts with HO, leading to calcium
hydroxide and silanol formation. So, it can be suggested
that the improvement of the specific surface area and the
total pore volume of the material depends mainly on the
alkalizing/volcanic rock ratio in the material synthesis. On
the other hand, in Fig. 6b, the mean pore diameter tends to
increase and reach the highest values as T increases and the
NaOH/RYV ratio is maintained at 0.295, so it can be said that
the improvement in the mean pore diameter is linked mainly
to T synthesis. As Duxson et al. (2007) claimed, the alkaline
hydrothermal reaction of different aluminosilicate materials

@ Springer

results in the formation of various structures, which depend
on the reaction conditions, such as temperature, alkaline
cation, and Si/Al ratio.

Adsorption results

Adsorptive tests were carried out with the newly synthesized
materials. The experimental data were statistically analyzed
(CCRD 2?) to verify the influence of temperature and the
NaOH/RV ratio of materials synthesis on the adsorption of
acid green 16 (AG 16) and acid red 97 (AR 97) dyes and
metallic ions (Ag*, Co**, and Cu**). Thus, we can define
the best synthesis route for the materials.

Dyes adsorption

The coded matrix, real values, independent variables, and
responses are shown in Table 2. The confidence interval
used in the statistical analysis was 95% (p < 0.05). Table 5
shows the statistical parameters for the equations determined
in the statistical study of the dependent variables removal
efficiency (R, %) and adsorption capacity (¢, mg g7').

The Pareto charts for the adsorption capacity response
(g, mg g~!) for the adsorption of acid green 16 and acid red
97 dyes are represented in Fig. 7a and b, respectively. It was
found that the linear variable of the NaOH/RYV ratio was sig-
nificant in both dyes. In contrast, the quadratic effect of the
NaOH/RYV ratio and T were only significant for the AR 97
dye, and the quadratic effects were positive, also indicating
a minimum point for q.

The significance of the polynomial models obtained
through the high values of the coefficient of determination
(R? > 0.83) is verified (Table 3S). Furthermore, the evalu-
ation of the calculated and tabulated values for Fischer’s
F confirmed that the mathematical models were predictive
(Table 3S). Given this, it can be stated that the model equa-
tions found in the statistical study were significant, predic-
tive, and reliable, thus representing the experimental data
of the R and ¢q responses. These are represented in Fig. 8
from the response surfaces of the experimental design for
the dependent variable g.

From Fig. 8a, it can be verified that the T of the synthesis
of the materials does not influence the adsorption process of
the dye AG 16. On the other hand, the NaOH/RV ratio has a
strong relationship with the improvement in the adsorptive
capacity of the materials, which reach values maximum g
(mg g~') when the alkalizing/volcanic rock ratio is equal
to 1.705 (R = 99.7 % and ¢ = 50.2 mg g'). In turn, the
adsorption of the dye AR 97 has its values optimized when
the T and the alkalinizing/volcanic rock ratio of synthesis
of the samples are located close to the axial points of the
experimental planning, being the maximum value found for
the adsorption capacity and of removal when T = 450 °C
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Fig. 10 Response surfaces for (a)
the adsorption capacity, g (mg
g7 1) of the metallic ions a Ag*,
b Co?*, and ¢ Cu**
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and NaOH/RV ratio = 1.5 (R = 98.8% and g = 49.4 mg
g 1). These results were expected considering that there is
a significant improvement in the physical properties of the
synthesized materials from the increase in T and the NaOH/
RV ratio (Table 1S and Fig. 6) of synthesis.

Table 3 compares the sorption capacity of various
adsorbents that adsorb different acid red and acid green
dyes. This table shows that the NP.F synthesized sample
presented greater or very close to the adsorption capac-
ity of the evaluated contaminants. Therefore, it can be
suggested that the NP.F sample has a great potential to
be adsorbent of the studied dyes.

Adsorption of metal ions

The encoded matrix, real values, independent variables,
and responses for the adsorption of Ag*, Co®*, and Cu**
metal ions are shown in Table 4. As in the statistical study
of dye adsorption, the confidence interval was 95% (p <
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0.05). Tables 4S-a and 4S-b show the matrix of experimental
design 22 and the adsorption capacity (g, expressed in mmol
g~ 1) for the metal ion adsorption tests (Ag*, Co?*, and Cu*)
and the statistical parameters for the equations obtained in
the analysis of the dependent variables removal efficiency
(R, %) and adsorption capacity (¢, mg g~"), respectively.
The Pareto charts for the adsorption capacity response (g,
mg g~ ') for the adsorption of the metallic ions Ag* (a), Co**
(b), and Cu®*" metallic ions by the NP.F sample are repre-
sented in Fig. 9. Regarding the response q for Ag* (Fig. 9), it
was found that the linear and quadratic effects of temperature
(T) were significant, as well as the quadratic effect of the
NaOH/RYV ratio. The negative sign of the linear effect of the
NaOH/RYV ratio shows that ¢ (mg g~!) increased with the
decrease in T. For Co** (Fig. 9b), all variables were signifi-
cant (p<0.05). Both linear effects were positive, demonstrat-
ing that T and the NaOH/RV ratio affected this response in a
directly proportional way in the adsorption of Co**. Finally,
analyzing Fig. 9c, it was possible to verify that only the
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Table 5 Adsorption capacities of various adsorbents for de Ag*, Co?*, and Cu* ions

Adsorbent Adsorbate pH T (K) q(mggh References

Colloidal carbon nanospheres Ag* - 298 152.00

Verde-lodo bentonite 4-5 293 9.72

Waste coffee grounds 6 298 46.20

Fly ashes - 298 39.5 Peres et al. (2022)
Nanocelluloses 3.5-4.5 298 56.0 Liu et al. (2015)
Pectin gel 1 298 67.6 Bhuyan et al. (2018)
NP.F 6.53 298 66.20 This work
Verde-lodo bentonite 4-5 333 6.99

Pretreated maize husk 5.5 298 35.71

Nanocelluloses Cu** 3.5-4.5 298 20.0 Liu et al. (2015)

Fly ashes - 298 8.68 Peres et al. (2022)
Hybrid carbon nanocomposites 6 298 40.3 Szewczuk-Karpisz et al. (2021)
Adsorbent Adsorbate pH T (K) q(mgg™) References
Biosorbent from Jeriva coconut Cu** 5.5 296 15.2 Tochetto et al. (2023)
NP.F 5.98 298 39.70 This work
Organosilicas Co>* 8 298 37.31

Alginate nanoparticles 6.5 298 33.56

Mesoporous carbon 6 298 4.10

Bottom ashes - 298 9.7 Peres et al. (2022)
Tectona grandis biochar 5 323 31.2 Vilvanathan and Shanthakumar (2018)
Fibrous chitosan biosorbent 6 298 31.3 Zhuang et al. 2022)
NP.F 6.45 298 34.96 This work

quadratic effect of T and NaOH/RYV ratio were significant
for the adsorption of Cu®™.

The high values of the coefficient of determination (R?)
and the analysis of calculated and tabulated values for Fis-
cher’s F confirm the significance and prediction of the poly-
nomial models, respectively (Table 4S). Therefore, it can
be said that the equations found in the statistical analysis
were significant, predictive, and reliable. Thus, they can then
represent the experimental data of the R and g responses.
For example, Fig. 10 represents the equations referring to
the adsorption capacity, ¢, through the response surfaces of
the experimental design.

It is possible to verify that the optimization of the adsorp-
tion of Ag* occurs from an inversely proportional relation-
ship between the T of synthesis and the NaOH/RV ratio
of the synthesized materials; that is, the adsorption and
removal capacity will be maximum when the T is high, and
NaOH/RV ratio is lower (Fig. 10a). The best results were
obtained for a ratio of 0.295 and T of 550 °C, with removal
capacity, R of 98.3 %, and adsorption capacity, g equal to
69.6 mg g~!. On the other hand, Co** (Fig. 10b) has its
adsorption optimized at the central point when T = 550 °C
and NaOH/RV ratio = 1 (R=63.1 % and ¢ =349 mg g™ ").
Finally, the adsorption of Cu®* behaves the same way as that
of the cobalt ion, and the maximum values found for ¢ and
R were 39.7 mg g~! and 97.1%, respectively. Furthermore,

@ Springer

the adsorption capacity of other materials for the metal ions
studied here was compared, and it was verified that NP.F has
a good removal effect. This information is shown in Table 5.

Conclusion

Numerous materials were synthesized by alkaline fusion
from the residue of volcanic rock powder from the city of
Nova Prata, RS, which were obtained from the variation of
the ratio of NaOH and volcanic rock and the temperature (T)
of synthesis. The synthesis routes were defined based on a
preliminary study already published by the authors and the
use of an experimental design. In the CCRD 22, applied to
the experimental adsorptive data for the five contaminants
(dye AG 16, dye AR 97, Ag™, Co**, and Cu®*) analyzed,
the temperature of 550 °C and NaOH/RYV ratio equal to 1
were the satisfactory conditions for obtaining high values
of adsorption capacity and removal of contaminants, which
are in line with the optimization of the physical character-
istics of the material, specific surface area, average pore
diameter, and total pore volume. In addition, the responses
obtained in the experimental design show that the variables
temperature and alkalizing/volcanic rock ratio greatly influ-
ence the synthesis process of materials, which in turn reflect
on the results achieved in the adsorption of contaminants.
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For example, the improvement of the specific surface area
and the total pore volume of the material depends mainly on
the alkalizing/volcanic rock ratio in the material synthesis.
In contrast, the mean pore diameter tends to increase and
reach the highest values as T increases. Finally, based on
the procedure and conditions presented here, it is possible
to transform a volcanic rock powder waste into an adsorbent
material promising to uptake dyes and metals from water.
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