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Abstract: The circular economy seeks to better use materials and minimize waste generation. This
article evaluated the use of granite rock powder, a mining residue, as an adsorbent for the Basazol
Yellow 5G (BY5G) dye and the reuse of the residue generated by the by treating this effluent in
construction products. Characterization of the adsorbent material by N physisorption indicated
a surface area of 1514 m? g~1. Energy-dispersive spectrometry (EDS) and X-ray diffraction (XRD)
confirmed the presence of silica in the sample and the absence of amorphous halos. The kinetic study
showed a removal of approximately 98% at 298 K, and the pseudo-second-order model obtained the
best fit. The adsorption isotherm satisfied the Langmuir model and was consistent with the L-type
isotherm. The negative value of the Gibbs energy (AG°) and the positive value of the enthalpy (AH®)
indicate that the process is spontaneous and endothermic. The activation energy (Ea) indicates the
occurrence of chemical adsorption. The desorption rate was low for the adsorbate, demonstrating
the possibility of using residual adsorbent material as a filler in mortar and concrete. The material
did not exhibit pozzolanic characteristics and, even after adsorption, it showed favorable results
when replacing 10% of the cement with GRP viable for use in civil construction even after the
adsorption process.

Keywords: adsorption; cement; circular economy; effluent; granitic rock powder; paper industry

1. Introduction

The circular economy aims to replace the linear model with a circular production
model to reduce industrial waste generation and use resources more efficiently [1,2]. One
of the practices that can be adopted to contribute to this model is using these residues in
other processes, thus avoiding resource wastage. In addition, water reuse helps to reduce
the demand for water resources and helps to close the urban and industrial water cycle [3].

In Brazil, numerous quarries have exploited rocks for civil construction and agricul-
ture. The detonation of these rocks in the crushing process generates a powdery material
corresponding to 20-25% of the total crushing production [4]. Granitic rock powder (GRP),
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a mining waste, mainly consists of quartz (S5iO,) and feldspars [5]. A fraction of this mate-
rial has applications in civil constructions. However, the large volume produced demands
alternative destinations in order not to cause damage to the environment near the storage
sites, such as the silting up of rivers and dust [6].

In this context, several studies have been conducted with the purpose of identifying
alternative applications for rock dust, with an emphasis on the practice of rock rocking. In
this technique, under appropriate conditions, rock dust is applied to the soil as a source
of nutrients [7,8]. Another strand of research that explores various applications of rock
powder concerns the treatment of effluents, including its use as an adsorbent of phosphate
ions in water [9], and as a nickel adsorbent [10].

Dyes are widely used in industries such as textiles, paper, cosmetics, plastic, food, and
paint. In the molded pulp industry, dyes are usually added during the pulp preparation
stage to color packages [11]. When excess water is extracted during the molding step, the
resulting effluent exhibits coloration and requires proper treatment. This is essential due
to the vivid colors typically associated with the dyes used in paper, which can potentially
pose risks to the aquatic environment and human health [12].

The dye selected for this study belongs to the class of methine dyes, specifically the
cyanine type, being widely used to dye paper fibers, including, in the study by Knuston
(2004), the author describes that this dye was widely used to dye telephone directories
whose pages were traditionally yellow [13]. In addition, the manufacturer of the dye under
study stated that the BY5G dye is toxic to aquatic organisms and can cause long-term
environmental damage if not treated appropriately.

Adsorption is a simple and efficient effluent treatment method [14] that is frequently
used to remove dyes and is characterized by the retention of a chemical species by an
adsorbent in the solid phase [15]. The choice of the adsorbent directly affects the viability
and efficiency of the adsorption process. Therefore, adsorbent materials with high surface
areas and low cost are generally used [16,17].

The use of granitic rock powder as an adsorbent material in the treatment of molded
pulp effluent with dye is attractive due to the alternative destination of pulverulent material
and because it makes the adsorption process cheaper. However, after adsorption, the
residual adsorbent material loses its usefulness in adsorbate removal and must be discarded.
In civil construction, it is common to use mineral additions to replace cement in mortars and
concretes to improve the resistance performance and reduce the use of clinker in Portland
cement, which is responsible for the emission of thousands of tons of CO, [18,19]. Studies
by Assaad et al. (2021) [20] and AlArab et al. (2020) [21] have highlighted the positive
impacts of replacing both fine aggregates and cement with waste materials.

Mineral additions can exhibit pozzolanic characteristics or act as fillers. Pozzolanic
materials comprise materials with no or low crystallinity, which when in contact with
water, react with calcium hydroxide and exhibit cementing properties [22]. Materials that
do not present pozzolanicity can act as fillers, which are characterized as finely divided
materials [23] and exert a physical effect. The filler reduces the porosity of the system by
filling voids and improving the durability of the concrete or mortar [22,23].

Therefore, granitic rock powder has the potential to be used as a filler in mortars [24]
and is an eco-friendly alternative for the subsequent disposal of residual adsorption materi-
als. In addition to the reuse of mining waste, the implementation of an efficient treatment
that enables the reuse of water in industrial processes is essential to guarantee the quality
of the packaging produced, minimize the demand for water resources, and allow for the
disposal of the effluent in the ecosystem within the standards required by environmental
laws. In this circular economy context, this study aimed to evaluate the removal of the
BY5G dye by GRP from synthetic effluents in batch and the reuse of the adsorption residue
in mortars.
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2. Materials and Methods
2.1. Preparation of the Adsorbent and Synthetic Solution Dye

The granitic rock powder (GRP) used in this study was obtained from a mining
company and the BY5G dye by a molded pulp company, both from Campos Gerais, Parana,
Brazil. The material was dried in an air-circulating oven with air renewal (SL 102—SOLAB,
Piracicaba, Brazil) at 303 K for 24 h and sieved through a 200 mesh to obtain the passing
material. Synthetic BYSG dye solutions were prepared using distilled water, and the pH
was adjusted using NaOH and HCl solutions at 0.1 M.

2.2. Characterization of the Adsorbent
2.2.1. N Physisorption

The specific area (Sp), pore volume (V;), and mean pore diameter (dy) properties
of the GRP were determined by N, physisorption at 77 K using Novatouch 2LX, Quan-
tachrome equipment. The specific area (Sp) was calculated using the Brunauer (Emmett)
Teller method.

2.2.2. FTIR

The functional groups of the GRP before and after the adsorption process were identi-
fied via analysis using a Fourier transform spectrophotometer (IRPrestige-21, Shimadzu,

Kyoto, Japan) in the wavelength range of 4000 to 400 cm !, with a resolution of 2 cm 1.

2.2.3. SEM and EDS

Morphological and chemical characterizations of the GRP before and after adsorp-
tion were carried out using a scanning electron microscope (VEGAN LMU, Tescan — Ko-
houtovice, Czech Republic), and the samples were prepared by depositing a thin layer of
gold and palladium. The analysis was performed at a voltage of 20 kV and a magnification
of 1000 times. An energy-dispersive spectroscopy (EDS) detector (X-Act, Oxford, UK) was
used to identify the chemical elements.

2.2.4. XDR

The mineralogical composition of the GRP (before and after adsorption) was deter-
mined by X-ray diffraction using an Ultima IV model diffractometer (Rigaku—Tokyo,
Japan) equipped with Cu-K« radiation and operated at 40 kV and 30 mA. The interval
adopted for scanning ranged from 5° to 75°, with a step of 0.02° every 60 s.

2.3. Adsorption Experiments

The use of granite rock powder as an adsorbent material in dye-containing effluents
is a positive way to dispose of this waste generated by mining. Nevertheless, assessing
the efficacy of this residue in effluent treatment via adsorption requires the examination
of operational parameters, dye removal efficiency over time, corresponding capacity for
removal, and potential for subsequent dye and adsorbent recovery.

In 125 mL Erlenmeyer flasks, 0.15 g of GRP was added to 25 mL of BY5G dye solution
at a concentration of 60 mg L~!. The dye and adsorbent in the aqueous solution were kept
in contact on a rotating shaker at 130 rpm for 1 h. The effect of the pH was evaluated in the
range 1-12.

The amount of BY5G dye removed by GRP was determined using Equations (1) and (2):

de = (CO‘C) v 1)

m

R = (CO — Ce) x 100% ()
Co
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where ¢, is the amount of adsorbate in the solid phase (mg g~!), V is the volume of the
solution (L), Cy is the initial concentration of adsorbate in the solution (mg L), C, is the
concentration of adsorbate in the solution (mg L~!), m is the mass of adsorbent (g), and R
is the dye removal (%).

Adsorption tests were performed in a batch system.

2.4. Kinetic Studies

Experiments were performed to investigate the equilibrium time, which is important
for determining the variation in the efficiency over time. These results allow us to determine
how long it is necessary to keep the GRP in contact with the effluent to carry out the
adsorption treatment. In 125 mL flasks, 0.15 g of granitic rock powder was used for 25 mL
of the synthetic solution of 60 mg L~! at 130 rpm. The remaining dye concentrations were
evaluated from 0 to 360 min at temperatures of 298, 303, 313, and 323 K. For this purpose,
the samples were centrifuged and read in a UV-Vis spectrophotometer after the contact
time. Pseudo-first-order [25], pseudo-second-order [26], and Elovich [27] models were
fitted to the experimental data by Equations (3), (4), and (5), respectively:

Pseudo-first-order

_ k1
og(qeq — qt) = 108(deq) (2303>f ®

Pseudo-second-order

t 1 1

G k0% e
Elovich . .

= —In(ap) + <In(t ®)

=g («B) g (t)

where g, is the amount of adsorbate adsorbed at equilibrium per gram of adsorbent
(mg g~ 1), g+ is the amount of adsorbate adsorbed in a certain time ¢ per gram of adsorbent
(mg g~1), ky is the adsorption rate constant of the pseudo-first-order kinetic model (min~1),
ko is the adsorption rate constant of the pseudo-second-order kinetic model (g mg~! min~1),
« is the initial adsorption rate for the Elovich model (mg g~! min~1), B is the desorption
constant for the Elovich model (mg g~!), and ¢ is the time (min).

2.5. Equilibrium Studies

The adsorption capacity of the GRP for the BY5G dye was evaluated using the equilib-
rium test. The isotherms were determined by the ratio between the amount of dye adsorbed
per mass of adsorbent (mg g~!) and the concentration of the synthetic dye solution at equi-
librium (mg L_l). The experimental data from temperatures of 298, 303, 313, and 323 K
were applied to the linear Langmuir (Equation (6)) and Freundlich (Equation (7)) isotherm
model [28].

Langmuir
C 1 C
= + (6)
Geq  Gmaxkr — Gmax
Freundlich 1
Ingeq = Inkp + ElnCeq 7)

where g, is the amount of adsorbate adsorbed per gram of adsorbent at equilibrium
(mg g’l), Jmax is the maximum adsorption capacity in the monolayer (mg g’l), kp is
the Langmuir constant (L mg™!), C,; is the remaining adsorbate concentration in the
equilibrium solution (mg L~'), kr is the dimensionless Freundlich constant related to
the adsorption capacity, and nr is the dimensionless Freundlich constant related to the
adsorption intensity.
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2.6. Thermodynamic Analysis

Thermodynamic analysis was useful for determining the nature of the process, its
spontaneity, and whether it occurs endothermically or exothermically. The Gibbs free
energy (AG®,4), enthalpy (AH®,4,), and entropy (AS°,4s) [29,30] were calculated using
Equations (8)—(10):

AG s = AH gq5 — TAS' 1y ®)
_ AI_Iozwls ASoads
Inkg = === + =% )
Geq
— 10
d Cur (10)

where g, is the amount of adsorbate adsorbed per gram of adsorbent at equilibrium
(mg g 1) and C,, is the concentration of adsorbate remaining in the solution at equilibrium
(mg L.

The activation energy determines the minimum energy required for the reaction and
can be obtained from the kinetic data at different temperatures. This parameter assists in
verifying the occurrence of physical or chemical adsorption by the Arrhenius equation.
Using the data from the kinetic model that best described the adsorption process, the
Arrhenius equation is given by Equation (11):

E,

In(ky) =1In(A) — RT

(11)
where k; is the pseudo-second-order kinetic constant (g mg~! g!), A is the Arrhenius
constant (g mg~! g~ 1), E, is the activation energy (k] mol~!), R is the universal ideal gas
constant (8.314 J mol~! K~1), and T is the temperature (K).

2.7. Desorption Studies

A desorption test was carried out to evaluate the possibility of recovering adsorbed dye.
In 125 mL Erlenmeyer flasks, 0.15 g of GRP with adsorbed dye was placed in contact with
six different eluents (distilled water, ethyl alcohol 50% v/v, HC1 0.1 M, HC1 0.01 M, NaOH
107 M, and NaOH 10~7 M) at 130 rpm, 298 K for 4 h. Subsequently, the samples were
centrifuged and analyzed using a UV-Vis spectrophotometer. The GRP with adsorbed dye
was obtained from the batch adsorption test. The amount of desorbed dye and percentage
of desorption are given by Equations (12) and (13), respectively:

o Vel(Ced)
Jed = 7msd (12)

Py = 2ed « 100% (13)
e
where V, is the eluent volume (L), C,; is the concentration of desorbed dye in the liquid
phase (ng L~1), mg; is the mass of adsorbent with dye (g), and g, is the amount of dye
present in the adsorbent material at equilibrium (mg g~1).

2.8. Disposal of Adsorption Residue

After using granite rock powder to remove the BY5G dye, the residue generated
by the adsorption treatment also needs to be disposed of in an environmentally friendly
manner. To achieve this, it is necessary to evaluate its pozzolanicity and physical mechanical
performance for application in a new context: mortars.
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2.8.1. Pozzolanic Activity Index (IAP)

To analyze the pozzolanic activity of the GRP with lime after adsorption, four proof
bodies (5 x 10 cm) composed of 104 g of sodium hydroxide, 936 g of sand, 246 g of GRP,
and 252 g of water were molded, as described by NBR 5751 [31]. The specimens were
ruptured after seven days of curing using a digital electric press with a capacity of 1000 kN
LM-02 (Solocap, Minas Gerais, Brazil).

2.8.2. Cement Performance Index
The cement performance index was determined using NBR 5752 [32]. Six specimens
composed of cement, sand, and water (reference), and six specimens containing GRP after

adsorption (mortar B) were molded. The quantities of the materials used are listed in
Table 1.

Table 1. Material for the IAP.

GRP
Cement (g) Sand (g) Water (g) after Adsorption (g)
Reference 624 1872 300 -
Mortar B 468 1872 300 156

The specimens were broken after 28 d of curing in a digital electric press with a
capacity of 1000 kN LM-02 (Solocap).

2.8.3. Compressive and Tensile Strength Test

To evaluate the behavior of the partial replacement of cement by GRP after adsorption,
aiming at the correct final destination of the adsorbent used in the removal of the BY5G
dye, the specimens were prepared with substitutions of 5%, 10%, 15%, and 20%. For the
reference specimens, 500 g of cement and 153 g of water were used to obtain a w/c ratio of
0.31, which was maintained for different replacements, as shown in Table 2.

Table 2. Material for cement paste.

GRP Cement for GRP GRPA Cement for GRP Water
(g (g) (g) (g) (g)
5% 22.67 477.33 22.84 477.16
10% 45.34 454.66 45.69 454.31 153
15% 68.02 431.98 68.53 431.47
20% 90.69 409.31 91.38 408.62

The compressive strength test followed NBR 7215 [33] and the tensile strength by
diametral compression followed NBR 7222 [34], immersion absorption and void index NBR
9778 [35]. In both tests, four specimens were molded using cement, sand, water, and GRP
after adsorption and four reference specimens were molded using only cement, sand, and
water. The specimens were broken using a DL 10,000 hydraulic press (Emic brand), after
28 d of curing.

3. Results and Discussion
3.1. Characterization of Adsorbents
3.1.1. N Physisorption

The results of the N, physisorption analysis for the GRP showed a specific area (Sp)
of 1.514 m? g~ !, pore volume (Vp) of 0.00515 cm® g~!, and mean pore diameter (dm) of
6.8 nm, demonstrating a low surface area compared to conventional adsorbents such as
activated carbon [36] and zeolites [37]. The adsorption and desorption isotherms of the



Processes 2023, 11, 3349

7 of 17

GRP (Figure 1) indicate that the material is mesoporous, similar to the type IV and type V
isotherms [38].
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Figure 1. Adsorption/desorption isotherm of granitic rock powder.

3.1.2. FTIR Analysis

The FTIR spectra of the GRP before and after adsorption are shown in Figure 2. It
can be observed that the graphs of the samples are similar and that there are several peaks
between 3414 and 419 cm~!, marked with a black line. The identification of the functional
groups present in the samples helps to understand the adsorption behavior [16]. The most
relevant peaks were observed at approximately 3400, 1600, 1100-1000, and 770400 cm ™.
The band at 3414 cm ! is attributed to the O-H and the N-H groups [16,39,40]. Vibrations
between 2000 and 1500 cm ! are indicative of double bonds [41]. The peaks between 1680
and 1600 cm ™! are related to the presence of C=C bonds of alkenes [39], while vibrations
between 1600 and 1450 cm ! imply an aromatic ring [41].

(@)
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Figure 2. FTIR spectra of granitic rock powder before (a) and after (b) adsorption.

Furthermore, peaks close to 1630 cm ! are attributed to Si-OH binding in the granitic
rock samples [42]. The fingerprint region (1500-400 cm ') is a complex analysis area due to
the amount of existing vibrations and the sample variability [43]. Peaks at 10151067 cm ™!
indicate Si-O stretching. The vibrations at 764 cm~! and 532 cm~! indicate the elongation
of Al-O-Al and Al-O-Si, respectively. Furthermore, vibrations close to 432 cm~! were
associated with Si-O-Si deformation [44].

Despite the lack of access to the molecular structure of the BY5G dye, it is assumed
that adsorption occurred between the dye-GRP system and the active group Si-O granitic
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rock powder. It is also noted that there is a similarity between the FTIR spectra of the GRP
and the GRP after adsorption, indicating that there were no changes in the structure of the
material owing to the adsorption process. This result is positive because the GRP retains its
original characteristics and demonstrates the robustness of the material to certain processes.

3.1.3. SEM-EDS

The GRP morphology before and after adsorption was analyzed using scanning elec-
tron microscopy (SEM) with energy-dispersive spectroscopy (EDS), as shown in Figure 3.

1
SEM HV: 20.0 KV
View flold: 276 m
SEM MAG: 1.00kx _ Date{midiy) 1110821

Figure 3. SEM-EDS with 1000x GRP before (a) and after (b) adsorption.

The adsorbent material had particles of different sizes and irregular shapes, similar to
those of small pebbles. Furthermore, the adsorption process did not generate significant
morphological changes on the sample surface, which was consistent with the FTIR results.

In Table 3, it is possible to compare the EDS results for both the samples.

Table 3. EDS characterization data of granitic rock powder.

Element GRP Natural (%) GRP after Adsorption (%)
(@) 53.9 54.9
Si 29.3 30.5
Al 7.1 6.5
Na 4.0 3.6
K 3.4 2.6
Fe 1.7 1.9

The samples before and after adsorption contained O, Si, Al, Na, K, and Fe. These
elements are generally in the form of oxides and are common in granitic rock samples [9].
The predominance of oxygen, silicon, and aluminum classifies these materials as alumi-
nosilicates [45]. The samples demonstrated similar compositions, implying that the dye
did not incorporate elements that could be potentially toxic into the samples, enabling the
subsequent use of the material after adsorption, such as in mortars.

3.1.4. XDR Analysis

The XRD results indicated the presence of S5iO,, albite, and microcline in both sam-
ples [46], which is in agreement with the EDS results (Figure 4). In addition, the granitic
rock powder samples exhibited crystalline characteristics without amorphous halos. This
result indicates that the GRP likely acts as a filler to replace the cement in the Portland
cement matrix. Both samples had similar mineralogies.

From all the characterization tests conducted on the GRP, it appears that no significant
changes were generated in the structure and composition of the material before and after
the adsorption process.
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1]

§=8i0,
A = Albite
M = Microcline

2Theta

Figure 4. XRD of granitic rock powder before adsorption (a) and after adsorption (b).

3.2. Effect of pH

pH is one of the main factors affecting the adsorption efficiency [16]; therefore, it is
important to evaluate its influence on this process. This happens because the pH value of the
solutions can influence the removal of pollutants due to the change in the electrical charge
of the adsorbent surface [47]. The BY5G dye is cationic in nature; therefore, adsorption
is theoretically favored at basic pH values. At pH values of 2, 7, and 12, the removal
rates were 92.5%, 95.6%, and 97.9%, respectively, under the operating conditions of 298 K
and 130 rpm for 1 h. Despite greater removal at a more basic pH, the resulting difference
between the removal percentages can be considered low.

Thus, according to the analysis of the effect of the pH on the adsorption process, the
pH did not significantly interfere with the removal of the BY5G by the GRP. Considering
these results and the fact that the pH of the industrial effluent under study was close to
neutral, a pH of 7 was defined as the optimal operating condition for the kinetic and balance
tests. Hence, there is no need for alterations in the pH of the studied effluent, eliminating
the need for the industry to incur costs associated with the addition of acids or bases to
regulate the pH in the context of implementing adsorption treatment.

3.3. Kinetic Studies
The removal of the BY5G dye over time is shown in Figure 5.

100 - _
T

80

60-Y

Y

40

Removal (%)
. : —

—m— 298K
—e— 303K
201 313K
] v 323K
0w
1 ‘T T ‘' T T T T T r T T T 7
0 50 100 150 200 250 300 350 400

Time (minutes)

Figure 5. Removal of BY5G dye by granitic rock powder in relation to time.
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The results indicated that the maximum removal of the BY5G dye under the tested
conditions was similar at all evaluated temperatures. However, equilibrium was reached
more quickly as the temperature increased, reaching 240, 180, 60, and 40 min for the
temperatures of 298, 303, 313, and 323 K, respectively. In addition, a similar behavior at
different temperatures is the rapid removal in the first minutes of the reaction. While the
time needed to achieve equilibrium was more favorable at 323 K, the removal of the BY5G
at 298 K within 10 min was approximately 70%, eventually reaching equilibrium with a
99% reduction. This demonstrates the effectiveness of GRP as an adsorbent without the
need for energy expenditure to increase the system temperature.

The adsorption kinetics were studied by applying the pseudo-first-order, pseudo-
second-order, and Elovich kinetic models. Table 4 presents the results.

Table 4. Parameters of kinetic models.

Temperature (K)

Models Parameters
298 303 313 323
ge (mg L1 1.9993 1.9419 1.9208 1.8546
Pseudo-first- ky (min~1) 0.0325 0.0371 0.0722 0.0833
order
R2 0.9833 0.9539 0.9699 0.9632
ge (mg L™1) 10.1711 9.8708 9.8691 9.3920
Pseui(r’c'fe‘fond' ky (min—1) 0.0264 0.0392 0.0990 0.2397
R2 0.9995 0.9997 0.9999 0.9999
« (mg g ! min~1) 222.7094 156.2338 843.9453  1069.6420
|
Elovidh B (mgg ! min~1) 1.0709 1.0347 1.1823 1.2505
ge (mg L™1) 10.2297 9.9338 9.3039 8.7065
R2 0.9720 0.9690 0.9327 0.9046
Experimental ge (mg L1 10.1235 9.8534 9.8714 9.3441
data t equilibrium (min) 240 180 60 40

The pseudo-second-order model showed the best fit to the experimental data in
relation to the pseudo-first-order and Elovich models, with an R? value of 0.99 for all
temperatures. The kinetic constants (k;) of the pseudo-second-order showed increasing
importance as the temperature increased, implying a reduction in the time to reach equi-
librium. The conformity of the experimental data to the pseudo-second-order kinetic
model indicated the occurrence of chemical adsorption [26]. In addition, basic dyes, such
as BY5G, have a high substantivity between the dye and adsorbent and suffer from the
increased diffusion of molecules at higher temperatures [48], which can be observed in the
kinetic results.

3.4. Equilibrium Studies

Changing the initial concentration of the BY5G dye solution allowed for the evaluation
of the adsorption equilibrium dynamics. The isotherms enable the theoretical determination
of the relation between the adsorbate in the liquid phase and the adsorbent, at a given
temperature. The variation between the amount of dye in the solid phase (qe) and liquid
phase (Ce) is shown in Figure 6.

The behavior of the curve was similar for the temperatures under analysis, which
showed a gradual increase in relation to Ce until it reached a relatively constant value,
approximately 50 to 350 mg L~!. This behavior is typically observed when adsorption
occurs in a monolayer [49].
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Figure 6. Equilibrium data of adsorption of BY5G dye by granitic rock powder.

The Langmuir and Freundlich adsorption isotherms were evaluated using the equi-
librium parameters and correlation coefficients obtained by fitting linear equations to the
experimental data, as presented in Table 5.

Table 5. Adsorption isotherm parameters.

Parameters 298 K 303 K 313K 323K

Gmax (mg g~ 1) 14.6003 16.6808 17.5156 18.5213

Langmuir K (L mg™) 2.1183 0.2665 0.5124 0.7039
R? 0.9992 0.9997 0.9999 0.9997

kr (Lmg™1) 2.0241 2.0719 2.1307 2.3890

Freundlich nr 4.4096 4.5229 4.2541 5.3490
R? 0.7822 0.7799 0.7339 0.8143

The qmax values obtained at different temperatures demonstrated that the maximum
adsorption capacity increased with the increasing temperature. This is because an increase
in the temperature causes thermodynamic movement that provides a greater number of
collisions between the adsorbent adsorbate, which is more favorable for the adsorption
reaction [50].

Based on the results, the Langmuir model best described the experimental data,
considering R?. This model considers the hypothesis that the adsorption of the applications
on the surface of the adsorbent occurs uniformly, forming a monolayer covering the
surface [25]. The adsorption isotherm of GRP can be classified as an L-type isotherm. This
type of curve has a steep slope in the initial instants due to the number of available sites
and decreases with the increasing concentration due to the progressive covering of the
surface [51].

3.5. Thermodynamic Analysis

The thermodynamic analysis allows for a better understanding of the interaction
between the adsorbate/adsorbent during adsorption. The thermodynamic parameters are
presented in Table 6.

The negative values of the Gibbs energy (AG®) indicate that adsorption occurred spon-
taneously and thermodynamically favorably at all temperatures studied. As the enthalpy
change (AH®) was positive, the adsorption process can be classified as endothermic. The
negative value of AS® (—137.75 ] mol~! K~!) suggests a decrease in randomness at the
solid /solution interface during adsorption.
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Table 6. Thermodynamic parameters of BY5G dye adsorption by granitic rock powder.

T (K) Kd AG° (k] mol—1) AH° (k] mol—1) AS° (J mol—1 K1)
298 5.30 —4.14

303 6.07 —4.54 3706 13775

313 10.29 —6.07

323 16.29 —7.50

Generally, Ea values of 5 to 40 k] mol~! are assigned to physical adsorption and
800 kJ mol ! for chemical adsorption [52,53]. The activation energy was determined by the
data obtained from the graph In (k2) versus 1/T, resulting in 71.35 k] mol~! (R? = 0.9993),
indicating the occurrence of chemical adsorption. Therefore, according to the results ob-
tained from the thermodynamic and activation energy analysis, the process is endothermic,
spontaneous, and chemical in nature.

From the results obtained, it is possible to simplify the GPR adsorption process in
Figure 7.

BY5G DYE

NN N AN
\/ h/k\ \\
A
@

MONOLAYER ADSORPTION
< o
< »
Diluted Solution CHEMISORPTION Concentrated Solution
Granitic Rock Powder
(GRP)

Figure 7. Diagram adsorption mechanism.

3.6. Desorption Studies

Considering that the BY5G dye has a cationic nature and the zero charge point of
granitic rocks is close to pH 7 [45], values below pHpcz facilitate the desorption process.
The test using NaOH solutions with pH values relative to pHpcz showed desorption
rates of 1.56% at pH 6 and 1.54% at pH 7. The behavior of distilled water was similar.
Furthermore, for eluents with acidic pH values (pH 1 and 2), the desorption rates were
1.59% and 1.54%, respectively. The desorption rate resulting from the use of 50% (v/v)
ethyl alcohol was 2.51%, which was the highest in relation to the other eluents and can be
attributed to the ability of organic solvents to enter the active sites of the adsorbent owing
to its low molecular weight, which consequently causes desorption [54].

The low desorption rates, even at favorable pH values for desorption, corroborate
the Ea results, which indicate the occurrence of chemical adsorption, that is, the formation
of chemical bonds between the adsorbate and adsorbent. Because of the low release of
adsorbate in the liquid medium, the GRP after adsorption can be reused as a raw material
in another production process without causing damage to the environment due to the
release of dye. Given the crystallinity of the material indicated in the XDR test and the
stability of the GRP with the BY5G dye, the material can be used as a filler in mortars and
concrete to reduce the use of cement. Thus, the possibility of using GRP after adsorption
in civil construction helps to minimize the waste generated by adsorption and enables
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an adequate destination for the material, in addition to reducing the need for new raw
materials, such as cement, as provided for in the circular economy.

3.7. Pozzolanic Activity Index (IAP) and Cement Performance Index

Regarding the analysis of the pozzolanicity of the material, the results of the IAP
test indicated that the specification resistance was 0.30 MPa. NBR 12653 [55] establishes
a minimum limit of 6.0 MPa to be considered a pozzolanic material. Therefore, this test
demonstrated that the GRP after adsorption was inert. NBR 12653 [55] determines that for
a material to be considered a pozzolan, a mortar with a 25% mineral addition must have a
minimum resistance of 90% in relation to the reference mortar. Since the mortar with the
addition of GRPA presented a compressive strength of 15.04 MPa (5.56% lower than the
reference), it cannot be considered as pozzolanic and confirms the results found in the XDR
and IAP. The classification of the GRP after adsorption as non-pozzolanic indicates the
possibility of using it as a filler, as a nucleation point for cement hydration, and improving
the compaction of the mixture, which can be evaluated by using tests with cement paste.

3.8. Physical Mechanical Characterization of Cement Pastes

Considering that the GRP after adsorption had filler characteristics, compressive and
tensile strength tests by diametral compression with cement paste were used to measure
the capacity of substituting the cement for the adsorbent material.

Regarding the compression test, the reference showed an average resistance of 24.88 MPa.
The 5% and 10% substitutions resulted in strength increases of approximately 11.1% and
11.7%, respectively. The 15% replacement did not cause significant changes in the strength,
whereas the 20% replacement caused a 17.76% drop in the compressive strength. In the
tensile strength test, a 5%, 15%, and 20% substitution negatively affected this parameter,
with a reduction of 20.5%, 13.4%, and 16.5%, respectively. However, the 10% replacement
did not change the tensile strength compared to the reference. The results are shown in
Figure 8.

1
2] Traction
[ Compression
20.46 !

20%

15%

10%

5%

27.65

Reference

Resistence (MPa)

Figure 8. Compressive strength and tensile strength test with partial replacement of GRP after adsorption.

CP II-F cement tolerates a 25% mineral addition provided by NBR 16697 [56]. Consid-
ering that commercial cement has an average replacement of 10%, the addition of another
10% would result in a total addition of 20%, which is within the norm, and justifies the
obtained results. Therefore, the 10% replacement was the one that presented the best
results, proving to be the most adequate percentage for the incorporation of GRP after
adsorption in mortars and with a potential application of the adsorbent material in civil
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construction. This incorporation is beneficial because it reduces the need to use clinker in
cement production and consequently reduces CO, emissions and production costs.

The voids and immersion absorption index in relation to the replacements carried out
can be seen in Figures 9 and 10, respectively.

24
2 A [ GRP natural
T [ZZ1 GRP after adsorption
20
18

Immersion absorption (%)

Ll

Referencia 5% 10% 15% 20%

Figure 9. Immersion absorption for cement paste specimens.

20

1 [ GRP natural
18 1 [ZZ2 GRP after adsorption
16

Void index (%)

Ll

Referencia 5% 10% 15% 20%

Figure 10. Void index for cement paste specimens.

The immersion absorption and void index values were higher than the reference
values, with a gradually increasing trend for PRGA with increasing percentages. This
behavior implies an increase in the porosity of the specimens, which is justified by the
immersion absorption values and may be associated with a lower amount of clinker in the
cement paste and the amount of water used to maintain the w/c ratio. The values found
for replacing 15% of PRG and 20% of PRGA stand out, which demonstrate the highest
values for the two parameters under analysis and resulted in lower values of compressive
strength, demonstrating coherence between the results, since the increase in the number of
voids generates a lower material resistance.

Considering the results of characterizing the reactivity of granite rock powder be-
fore and after adsorption, as well as studies on cement paste, it can be concluded that
the material does not have pozzolanic activity and acts as a filler in mineral additions
without significant effects on the loss of performance. The use of granite rock powder has
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sustainable applications in different sectors. The use of powdery material as an adsorbent
in the treatment of effluents, and the use of this residual adsorption material in the partial
replacement of cement in mortars implies an alternative destination of the GRP and mini-
mization of waste generated in the processes involved. Furthermore, its use as a filler in
cement matrices reduces the demand for clinker, reducing the generation of polluting gases
during cement production.

4. Conclusions

e  Granitic rock powder proved efficient in removing BY5G dye from synthetic and

industrial effluents.

The adsorption mechanism was likely attributed to the Si-O group.

The equilibrium time of the system decreases with the increasing temperature.

The highest adsorption capacity was achieved at 323 K (18.52 mg g~ 1).

The adsorption process followed the pseudo-second-order kinetic model and the

Langmuir isotherm.

e Negative AG® values indicate the spontaneity of the process, and positive AH® values
suggest the endothermic nature of adsorption.

e The activation energy (E, = 71.35 k] mol!) and the low desorption rates imply
chemical adsorption.
GRP, both before and after adsorption, did not exhibit pozzolanic characteristics.
There is a potential for using GRP as a partial replacement for cement in mortars.

Thus, the treatment of effluent containing the Basazol Yellow 5G dye using granitic
rock powder can be considered a low-cost alternative because the material does not require
pretreatment and is considered a waste due to the large amount produced. In addition, the
process proved efficient, even at 298 K, showing great potential for industrial treatment
in regions with similar temperatures. The possibility of using adsorption residual GRP
as a filler is interesting for minimizing process residues, benefiting the environment and
lowering production costs. The use of mining waste in alternative destinations increases
the circularity of the material and consequently increases its useful life, making the process
more sustainable and economical.
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