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Malachite green is a persistent, bioaccumulative, mutagenic, carcinogenic, and teratogenic dye that poses
significant risks in water sources, making its removal from water a critical necessity. This study aims to
fabricate a sorbent comprising amorphous aluminosilicate nanopowder utilizing silicomanganese slag
(SMS) and secondary aluminum dross (SAD) waste materials to remediate dye-contaminated water. The
silica and alumina components of the SMS and SAD were extracted as sodium silicate and sodium
aluminate leachates, respectively, through an effective hydrometallurgical conversion process. An
empirical formula of Al;03-2.35i0, was deduced from the X-ray fluorescence analysis of the synthesized
material. The X-ray diffraction (XRD) pattern indicated the amorphous nature of the synthesized
aluminosilicate, with no evidence of nanocrystals or ordered clusters observed via high-resolution
transmission electron microscopy (TEM). Based on TEM micrographs, the aluminosilicate particles
ranged in size from 20 to 80 nm. The synthesized aluminosilicate nanopowder was utilized to treat
wastewater containing malachite green dye, demonstrating a remarkable dye removal efficiency of 97%
after a 15-min contact time using 30 mg of adsorbent in a 30 mL dye solution at 200 rpm. The meth-
odology proposed in this study could facilitate the production of amorphous aluminosilicate powder as a
high-value product from industrial waste. Studies on its reusability demonstrated that it could remove
over 90% of the dye after three cycles of use.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of Tsinghua University Press. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

hydrothermal stability make them suitable for various applications,
particularly in wastewater treatment (Lopes et al., 2014).

Today, conserving and rejuvenating groundwater has become
increasingly crucial. Researchers are continuously exploring cost-
effective approaches to restore groundwater and enhance water
quality. Among these, the adsorption process excels owing to its
utilization of efficient and economical sorbents. Synthesizing
effective adsorbents from industrial waste not only reduces surface
water contamination but also enhances water quality. Aluminosil-
icates, as inorganic composites, possess exceptional characteristics
that render them ideal for water purification. Their ion-exchange
capability, high surface area, shape-selectivity, and thermal/
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Inorganic nanoparticles have been synthesized through various
techniques, including sol—gel (Naderi-Beni & Alizadeh, 2020), hy-
drothermal method (Fu et al., 2019), sonochemical (Lopes et al.,
2014), solvothermal (Fotukian et al., 2020), homogeneous precipi-
tation (Kant Sharma et al., 2017), reverse micelles (Thakur et al.,
2009), nonhydrolytic (Leidich et al., 2016), flame spray pyrolysis
(Meng & Zhao, 2020), thermal evaporation (Rehman et al., 2019),
mechanochemical (Duan et al., 2019), and solution combustion
synthesis (Liu et al., 2019) methods. Among these, the sol—gel
process has recently been employed to synthesize high-purity
nanostructured aluminosilicate (Akhlaghian et al., 2014; Pereira
et al,, 2019; Zheng et al.,, 2012). Here, nanosized aluminosilicate
powder was synthesized using aluminum tri-sec-butoxide and
tetraethyl orthosilicate (TEOS) (Pereira et al., 2019). Additionally,
nanosized aluminosilicate powder was synthesized from TEOS and
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aluminum nitrate using the sol—gel method combined with azeo-
tropic distillation (Zheng et al., 2012).

Scaling up the production of nanosized aluminosilicate for
commercial purposes is hampered by the high cost associated with
using pure-grade salts in the synthesis process. Therefore, lowering
production costs could significantly broaden the applications of
these nanocomposites, enhancing their versatility due to their ad-
vantageous properties. Recently, the concept of recycling industrial
solid waste has emerged as a viable solution to reduce production
expenses, mitigate the depletion of natural resources, and tackle
environmental issues linked to waste disposal (Mahinroosta &
Allahverdi, 2018a).

Silicomanganese slag (SMS) is the primary byproduct of
manganese ferroalloy plants generated during the production of
manganese-steel pig iron (Choi et al., 2017). Approximately
1.2—1.4 tons of SMS are produced per ton of SiMn alloy, with
global production estimated at 8—10 million tons annually

SMS 3NHCI

||

(Kumar et al., 2013). The disposal of large quantities of SMS in
open areas poses environmental challenges and contributes to
natural resource depletion (Frias et al., 2009; Kim et al., 2011).
Notably, SMS is utilized in various applications, such as road
subbase filler, railway ballast, substitute for Portland cement, and
manufacturing of glass ceramics, alkali-activated cement, and
geopolymers (Najamuddin et al.,, 2019; Zhuang et al., 2016). In
recycling, alkali-activated cement has attracted considerable in-
terest due to its eco-friendly attributes, including low energy
consumption, reduced greenhouse gas emissions, and exceptional
durability (Nath & Kumar, 2019; Zhang et al., 2018). For example,
SMS has been employed as an additive to enhance the mechanical
strength of fly ash-based geopolymers by forming a calcium-rich
hydrated product at room temperature (Mahinroosta &
Allahverdi, 2018a). Additionally, alkali-activated SMS-based ma-
terials incorporating carbon black show promise for removing dye
pollutants (Zhang et al., 2018).
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Fig. 1. Flow diagram for synthesis of aluminosilicate from SAD and SMS.
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Table 1
Chemical composition of secondary aluminum dross (SAD) and silicomanganese
slag (SMS) (wt.%).

Element SAD SMS
Si 124 29.9
Ca 4.3 35.1
Al 55.2 13.1
Mn 0.5 134
MgO — 2.9
Fe 7.6 2.1

K 1.3 1.1
Na 34 0.5

S 0.2 0.1

Ti 04 -

Cu 03 —

Cr 0.028 0.015
Zn 0.216 0.315
Ni 0.037 0.078

The SMS, a rich source of silica and manganese, offers vast po-
tential for producing silica-based products, such as nanosilica for
wastewater treatment adsorbents (Namvar et al., 2021, 2023) and
silica aerogel (Namvar et al., 2022), as well as manganese-based

products. Notably, studies on SMS valorization are significantly
limited, and this study can initiate a new era of research in this field.

Aluminum dross, an industrial byproduct, presents significant
hazards to public health. Typically, 15—25 kg of dross is generated
when 100 kg of aluminum is melted in the aluminum production
sector (Mahinroosta & Allahverdi, 2018a). This waste material can
be categorized based on its chemical composition and appearance.
Primary dross, in a clustered form, contains around 40—50 wt%
metallic aluminum, while secondary dross, typically granular,
contains less than 20 wt% metallic aluminum (Mahinroosta &
Allahverdi, 2018a). Methods for managing aluminum dross
include extracting alpha and gamma alumina, producing con-
struction materials, and utilizing separation agents (Mahinroosta
and Allahverdi, 2020, 2021; Mohammadzadeh et al., 2022). With
alumina content ranging from 40 to 70 wt%, large-scale alumina
extraction may become economically viable, necessitating further
research.

This study's use of two industrial wastes—secondary aluminum
dross (SAD) and SMS—offers multiple advantages simultaneously.
First, it provides a solution for mitigating their environmental
impact. Second, it prevents the loss of valuable components in their
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Fig. 2. XRD patterns of (a) SAD and (b) SMS.
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Table 2

Chemical composition of the obtained sodium silicate and sodium aluminate precursors.

Obtained precursor Concentration (mg/L)

Si Ca Al Mg Fe Na Ti Mn Zn Ni
Sodium silicate 8675.87 2.09 135 0.04 0.02 31457.82 ND 200.06 10.19 5.46
Sodium aluminate 37.96 1.10 6500.95 ND 0.55 28698.65 20.07 ND 8.26 3.84
Table 3
XRF chemical composition of the as-prepared aluminosilicate.
Oxide/element SiO, Ca0 Al;03 MgO Fe,03 K0 Na,O P,0s5 Cl
wt% 55.98 0.95 40.935 0.064 0.64 0.009 0.58 0.012 0.78
Analysis of heavy metals (wt%): Ti = 0.025, Ni = 0.003, Mn = 0.015, Zn = 0.007
chemical composition. Third, it contributes to the sustainability and 2.2. Methods

economic viability of the industries generating these wastes.
Finally, it produces valuable materials, such as aluminosilicate
nanopowder, for wastewater treatment, aiding in water recovery
and environmental remediation.

This study introduces an environmentally friendly approach for
synthesizing mesoporous aluminosilicate powder using two sec-
ondary industrial resources: SAD and SMS. The method entails a
multistep hydrometallurgy-based conversion process. This sus-
tainable extraction process yielded minimal silica-based insoluble
solid residue and holds potential for commercializing inorganic
nanocomposites. This research explores the possible application of
the synthesized aluminosilicate for adsorbing malachite green
(MG) from synthetic dye wastewater.

2. Experimental procedure
2.1. Materials

This study employed two types of industrial waste—SAD and
SMS. The granular SAD and SMS clump were sourced from do-
mestic aluminum and ferroalloy production plants, respectively.

Ammonia, sodium hydroxide (NaOH, pellets, 98%), and hydro-
chloric acid (HCI, 37%) were sourced from a local chemical pro-
duction company. High-purity sodium chloride (NaCl) and MG
chloride dye (a cationic dye, C,3H,5CIN,) were provided by Merck
(Germany). Highly pure ethanol was obtained from Sigma-Aldrich.
Deionized water (DI) was utilized to prepare the required solutions.
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Fig. 3. Themogravimetric analysis of as-prepared aluminosilicate from SAD and SMS.

2.2.1. Synthesis process

Fig. 1 displays the flow diagram for the synthesis of alumino-
silicate from the SAD and SMS. The synthesis process involved three
primary steps: extracting silica from the SMS as a sodium silicate
solution (left branch of the synthesis process), extracting alumina
from the SAD as a sodium aluminate solution (right branch of the
synthesis process), and preparing sodium aluminosilicate powder.
As depicted in the left branch of the synthesis process in Fig. 1, the
leaching stage was performed using 3 normal HCI (N HCI) at room
temperature for 15 min. The liquid-to-solid (acid-to-SMS) ratio was
10 mL/g, achieving a dissolution efficiency of 94%. The potential
reactions at this stage are as follows:

MOy (M = Ca, Fe, Al, Mg, Mn) + 2yHCl — XMCly, x + yH,0
(1)

$i0, + 2H,0'% Si(OH), )

The resulting slurry was filtered using Whatman filter paper
(No. 41) to separate the acid-insoluble residue from the chloride
leachate. After silica extraction, the acid-insoluble residue becomes
a rich source of manganese, with manganese content extractable
through a suitable hydrometallurgical process. The silicic acid
content in the leachate was then converted into a transparent gel
by allowing the leachate to age for 24 h in a 1 M NaCl solution. To
remove any impurities of metal chloride, the gel was washed
several times with a mixture of ethanol and DI (ratio = 3:1). The
washed gel was redissolved in the subsequent stage by adding a2 N
NaOH solution (reaction (3)) to obtain the sodium silicate precur-
sor. The potential of hydrogen (pH) value of the sodium silicate
precursor achieved was 13.5 + 0.5.

Si(OH),4 + 2NaOH — Na,SiOs; + 3H,0 (3)

The sodium aluminate precursor was prepared using a previ-
ously disclosed method (Mahinroosta & Allahverdi, 2018b). As
displayed in the right branch of the synthesis process in Fig. 1, the
leaching stage was conducted using 5 N HCI at 85 °C for 2 h. The
solid-to-acid ratio was 0.05 g/mL, achieving a dissolution efficiency
of 84%. The potential reactions at this stage are as follows:

MOy (M = Ca, Fe, Al) + 2yHCl — xMClyy x + yH,0 (4)

To separate the acid-insoluble residue from the chloride
leachate, the resulting slurry was filtered using Whatman filter
paper (No. 41). The acid-insoluble residue is a rich source of silica
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that is suitable for road construction and concrete applications, as
discussed previously in the literature (Mahinroosta & Allahverdi,
2018c; Mahinroosta et al, 2019). In the next stage, a
white—yellow precipitate was obtained by adding ammonia (re-
action (5)) until the pH reached 10.0 + 0.5. This precipitate com-
prises various metal hydroxides.

MCly(M = Ca, Fe, Al) + XNH4OH — M(OH), + xNH,CI (5)

The aluminum hydroxide content of the precipitate was con-
verted into a sodium aluminate precursor by adding 2 N NaOH
(reaction (6)), producing a dark brown sol with a pH of 13.5 + 0.5.

Al(OH)3 + NaOH— NaAl(OH),, (6)

The sol was finally filtered to separate the clear sodium
aluminate solution from the mixed metal hydroxides. A mixture of
300 mL of sodium silicate solution and 150 mL of sodium
aluminate solution was combined to prepare a precursor for
the synthesis of aluminosilicate. The mixture was stirred at
700 rpm for 15 min. The pH value of the sodium aluminosilicate
mixture was 13.5 + 0.5. Adding 3 N HCI until the pH value reached
9.5 + 0.5 resulted in the appearance of a white precipitate
(reaction (7)).

NaAl(OH), + Na,SiO3 + 3HCl — 3NaCl + SiAl(OH), (7)

The precipitate was removed from the solution phase through
vacuum filtration and washed with DI. The rinsed gel was
then oven-dried at 105 °C for 4 h and calcined at 700 °C for 2 h to
prepare the aluminosilicate powder. The sodium chloride in the
brine produced at the end of the process can be recovered through
the solar evaporation system and reused in the process shown in
Fig. 1.

2.2.2. Dye removal tests

Tests for removing MG were conducted to evaluate the decol-
orization efficiency of the synthesized aluminosilicate nano-
powder. Appropriate 50 and 100 mg/L MG solutions were prepared
for the removal experiments. A typical removal experiment
involved stirring 30 mL of the MG solution with 30 mg of adsorbent
at 200 rpm. Each dye removal test was performed three times. To
calculate the efficiency of dye removal, Equation (1) was used:

%Removal = [(Cy — Ct) / Co] x 100 (8)

where Cy (in mg/L) and C; (in mg/L) represent the concentrations at
times 0 and t, respectively. A Cintra 40 UV-Vis spectrophotometer

~
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Fig. 4. (a) FTIR spectrum and (b) XRD pattern of as-synthesized aluminosilicate powder.
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was used to measure the concentration of the MG solution after the
removal test at 625 nm.

2.2.3. Characterization analyses

The X-ray diffraction (XRD) patterns of the industrial wastes and
the prepared aluminosilicate were obtained using a Dutch Philips
diffractometer (PW1730 X-ray) within a 26 range of 5°—80°. The
chemical analysis of the starting materials and the synthesized
aluminosilicate was performed using an X-ray fluorescence device
(Philips PW1410, Netherlands). Chemical bonds were analyzed
using a Japanese Fourier transform infrared (FTIR) spectrometer
(SHIMADZU 8400 s) in the 400—4000 cm™' range, with the FTIR
data gathered in transmittance mode. Field emission scanning
electron microscopy (FESEM) (TESCAN MIRA III, Czech Republic,
15 kV) and high-resolution transmission electron microscopy
(HRTEM) (FEI Titan 80—300, 300 kV) were used to examine the
synthesized aluminosilicate microstructure. A BELSORP MINI II
(Japan) sorptometer was employed to obtain the N, adsorp-
tion—desorption data of the aluminosilicate at 77 K. The particle
size distribution of the prepared aluminosilicate was determined
using dynamic light scattering (DLS) with a Scatteroscope I device
(South Korea). Thermogravimetry data of the aluminosilicate were
obtained using an SDT Q600 thermoanalyzer (USA) under an air
atmosphere with a heating rate of 10 °C/min. The chemical
composition of the prepared precursors was determined using

SEM MAG: 25.0 kx
WD: 5.08 mm

Det: InBeam
BI: 7.00

RS ]

MIRA3 TESCAN

inductively coupled plasma atomic emission spectroscopy (ICP-
AES) with PerkinElmer Optima 7300 D equipment (USA).

3. Results and discussion
3.1. Characterization of industrial wastes

The as-received SMS and SAD exhibited light green—gray and
gray colors, respectively. The SMS was crushed into pieces smaller
than 5 mm. Detailed compositions of the SMS and SAD can be
referenced in Table 1.

Following the data in Table 1, the SAD is rich in aluminum oxide.
The SMS chemical composition indicates that the primary constit-
uents are silica, calcium oxide, aluminum oxide, and manganese
dioxide. The loss on ignition value measured at 950 + 50 °C for the
SAD and SMS was 14.12 and 1.4 wt%, respectively. Fig. 2 shows the
XRD mineralogy of the SAD and SMS. The SAD XRD pattern reveals
corundum (ICDD-01-078-1254), MgAl,04 spinel (ICDD-01-087-
0344), diaoyudaoite (NaAl;;017) (ICDD-01-072-0587), cryolite
(NasAlFg) (COD-96-901-2285), and aluminum nitride (AIN) (icdd-
01-070-0779) as the sources of aluminum. The SMS XRD pattern
shows gehlenite (Ca,Al;SiO7) (COD- 96-900-6113), glaucochroite
([Ca, Mn],Si0O7) (ICDD 14-376), and quartz (SiO;) (COD-96-901-
3322) as the primary crystalline phases. Earlier studies

SEM MAG: 150 kx
WD: 5.06 mm

Det: InBeam
BI: 7.00

Fig. 5. (a, b) FESEM and (c, d) HRTEM micrographs of as-prepared aluminosilicate from secondary aluminum dross and silicomanganese slag.
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documented similar phases (Mahinroosta and Allahverdi, 2020,
2021; Mohammadzadeh et al., 2022).

3.2. Composition analysis of the obtained precursors

Table 2 presents the chemical analysis of the sodium silicate and
sodium aluminate precursors, as determined using the ICP-AES
technique. As depicted in Fig. 1, sodium silicate and aluminate are
the primary products obtained from extracting silica from SMS and
alumina from SAD, respectively.

As shown in Table 2, the sodium silicate precursor exhibited a
high purity of silicon (Si), while the sodium aluminate precursor
demonstrated a high purity of aluminum (Al). The high sodium
content in both precursors can be attributed to the use of aqueous
NaOH during the redissolution stage. Trace amounts of silica in the
chemical composition of the sodium aluminate precursor are
likely due to the partial dissolution of the silica content in the SAD
under alkaline conditions. Table 3 presents the X-ray fluorescence
(XRF) chemical composition of the as-prepared aluminosilicate.
The combined SiO; and Al,03 content accounts for approximately
97 wt% of the total material composition. The total heavy metal
content in the chemical composition of the synthesized alumi-
nosilicate was approximately 0.05 wt%. This negligible amount
poses no significant concern regarding using the synthesized
aluminosilicate as an adsorbent for wastewater treatment
applications.

The presence of CaO and MnO primarily originates from the
initial SMS, while the minimal Fe,O3 impurity is attributed to the
SAD composition. The existence of NayO is likely linked to NaOH
utilization during the synthesis process. The synthesized alumi-
nosilicate contains 55.98 g of SiO, and 40.935 g of Al,03 per 100 g of
the material, based on the mass fractions presented in Table 3.
Considering the molar masses of SiO, (60.08 g/mol) and Al,03
(101.96 g/mol), their respective molar fractions are 0.932 and 0.401,

indicating that the chemical formula of the aluminosilicate can be
expressed as [A1203](0.401)~ [SiOZ](o_932) or A1203~2.3Si02.

3.3. Thermogravimetric analysis

The thermogravimetric analysis curve of the as-prepared
aluminosilicate powder is shown in Fig. 3. The curve was plotted
based on data recorded in the temperature range of 25—800 °C. A
mass loss of approximately 5.9% at 100 °C corresponds to the
evaporation of adsorbed moisture. The mass loss of approximately
13.5% between 100 and 527 °C is attributed to the elimination of
hydroxyl water from the hydrogel structure, forming the Si—O—Al
bond. The 3% increase in mass is due to the readsorption of water on
the material's surface, occurring as water separates from the
aluminosilicate structure and forms a fine microstructure. These
findings are significant because the Si—O—Al bonds, which consti-
tute the primary bonds in the aluminosilicate structure, remain
intact over various temperatures. This suggests that the conditions
are favorable for utilizing the adsorbent in high-temperature ef-
fluents or for the thermal regeneration of the spent adsorbent.

3.4. Determination of chemical bonds and crystalline structure

Fig. 4 displays the FTIR spectrum and XRD pattern of the syn-
thesized aluminosilicate powder. The absorption bands at 474 and
1083 cm™! are associated with Si—O and —Si—OH bending vibra-
tions, respectively (Frost et al, 1996). The absorption band at
794 cm~! corresponds to the stretching vibration of Si—O—Al (Jara
et al., 2005). The presence of an oxo-bridge suggests the formation
of aluminosilicate bonds. The bands at 1635 and 3471 cm™! corre-
spond to the stretching vibration of the O—H bond (Pereira et al.,
2019).

The XRD pattern in Fig. 4 reveals a hump at a 20 angle of
approximately 23°, indicating the amorphous nature of the
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Fig. 6. Particle size distribution of as-synthesized aluminosilicate nanoparticles.
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synthesized aluminosilicate. Similar amorphous peaks have been
reported in previous studies by Zheng et al. (2012), Pereira et al.
(2019), and Diwakar et al. (2018). Additionally, another amor-
phous hump was detected at a 20 angle of approximately 2° by
small-angle XRD. Research has demonstrated that aluminosilicate
with a Si:Al molar ratio of approximately 1 (Si:Al = 1.16 in this
study) exhibits an amorphous structure (Shalygin et al., 2017).

3.5. Microstructural analysis

Fig. 5 illustrates the FESEM and HRTEM micrographs of the
synthesized aluminosilicate powder. Fig. 5(a) shows a disordered
clump structure with numerous particle agglomerates. Fig. 5(b)
further reveals that these agglomerates comprised nanoparticles.
Nanomaterials tend to agglomerate due to their high surface en-
ergy, especially at elevated mineral contents (Muthu & Santhanam,
2018; Tavandashti et al., 2009; Tyson et al., 2011).

Fig. 5(c) and (d) show the synthesized aluminosilicate HRTEM
micrographs. The absence of an ordered microstructure in Fig. 5(c)
indicates that the synthesized aluminosilicate is entirely amorphous.
This result agrees with the XRD pattern (Fig. 4). Fig. 5(d) displays

particles ranging in size from 20 to 80 nm, contributing to the for-
mation of the large agglomerates from 1 to 5 pm depicted in Fig. 5(a).

3.6. Particle size distribution

The particle size distribution results of the aluminosilicate
nanoparticles are presented in Fig. 6. The Dsg, representing the
average particle size, indicates that 50% of the aluminosilicate
nanoparticles are larger than 70.7 nm, while the other 50% are
smaller than this value. Similarly, the Dgg and Dqg represent the
particle sizes below which 90% and 10% of the scattering particles
fall, respectively. The Dgy and D1 correspond to particle sizes of
94.87 and 24.49 nm, respectively. Comparing the particle size dis-
tribution results from the DLS analysis with those from the
microscopic analyses may not be entirely logical. The DLS analysis
measures the hydrodynamic diameter of particles using light
diffraction, whereas microscopic techniques, such as TEM, measure
particle size based on electron passage through the material.
However, in this study, the proximity of the DLS results to the
particle sizes from microscopic analysis suggests the presence of
numerous individual particles.
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Fig. 7. (a) Nitrogen adsorption-desorption of the as-synthesized aluminosilicate; (b) t-plot method for calculation of pore area and volume of mesopores; (c) pore size distribution

of the as-synthesized aluminosilicate.
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3.7. Surface and porosimetry studies

Fig. 7(a) displays the nitrogen sorption data of the prepared
aluminosilicate. According to the International Union of Pure and
Applied Chemistry (IUPAC) classification of adsorption isotherms,
the prepared aluminosilicate exhibited a type IV isotherm, concave
to the P[Py axis, characteristic of mesoporous materials. The t-plot
method is dependable for analyzing the nitrogen sorption data of
porous materials. In this method, the relative pressure data are
converted to the thickness of the adsorbate using the Harkins and
Jura equation (Harkins & Jura, 1944).

t=(13.99/(0.034 — log,o(P/Po)))°° 9)

Fig. 7(b) illustrates the t-plot obtained for the prepared alumi-
nosilicate. A mesoporous material typically displays a t-plot with
two distinct regimes. Initially, at low thicknesses/pressures,
adsorption occurs within the mesopores. Once the mesopores
reach saturation, adsorption shifts to the external surface of the
mesoporous particles, leading to a broader range of thickness/

100 ~
99.5 A1

NJ
O
1

C,=100 mg/L
98.5 1

O
[o2]
L

97.5

O
~
1

96.5 1

Removal efficiency (%)

o
(=)
1

95:5 4

N

Cy=50 mg/L

pressure. In Fig. 7(a), the adsorption branch is segmented into re-
gions A, B, C, and D. Region A signifies the monolayer adsorption of
nitrogen molecules on the pore walls. Region B corresponds to the
multilayer adsorption of N,. Regions C to D indicate capillary
condensation within the mesopores. The total specific surface area
was calculated by multiplying the slope of this line by 1.55
(Galarneau et al., 2014), resulting in a value of 122.08 m?/g. The
volume of mesopores was 47 cm?[g, calculated by multiplying
0.00155 by the volume indicated by the dashed line. The micropore
volume was obtained by subtracting the mesopore volume from
the total volume (Vmicropores = Viotal — Vmesopores)-

The pore size distribution depicted in Fig. 7(c) reveals an average
pore diameter of approximately 15.8 nm, confirming the meso-
porosity of the obtained materials following IUPAC classification.

3.8. Removal of MG dye

Fig. 8 illustrates the efficiency of MG dye removal and the
adsorption amount from 5 to 90 min. Removal efficiencies ranging

95
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Fig. 8. (a) Malachite green removal efficiency and (b,c) adsorption amount against contact time, adsorbent dosage = 1 g/L (standard deviation < 2.8%).
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Fig. 9. Kinetic studies of MG adsorption by aluminosilicate nanopowder in (Standard deviation <4.4%); (a) pseudo-first order model, (b) pseudo-second order model, and(c)

intraparticle diffusion model.

from 96.3% to 97.0% were achieved after 15 min. The kinetics curve
suggests a two-step process for MG dye removal, with rapid initial
removal followed by a slower phase until reaching a constant value.
By the 80-min mark, approximately 99.5% of the MG dye can be
removed from the aqueous solution. The data in Fig. 8 also indicate
that MG uptake increases with longer contact times and higher
initial MG concentrations. Initially, the rate of MG uptake is rapid
but gradually slows down until equilibrium is reached. For an initial
MG concentration of 50 mg/L, increasing the duration from 5 to
70 min resulted in MG uptake increasing from 48 to 49.7 mg/g.
Further extension of contact time did not significantly impact MG
adsorption. For an initial MG concentration of 100 mg/L, MG uptake
increased from 95 to 99.5 mg/g as the duration increased from 5 to
80 min. Beyond this point, the MG uptake remained stable. The
equilibrium contact time for both initial MG concentrations was
80 min based on the results.

The pseudo-first-order, pseudo-second-order, and intraparticle
diffusion kinetics models were utilized to analyze the kinetics of
MG adsorption on an aluminosilicate nanopowder adsorbent. Fig. 9
illustrates the fits of the experimental data for MG adsorption by
aluminosilicate nanopowder using these kinetic models. All three
models exhibit high correlation coefficients (R?), as depicted in
Fig. 9. The x? nonlinear statistic was employed to determine the

Table 4
Constants of kinetic models of adsorption of MG by aluminosilicate nanopowder.

most suitable model. Table 4 displays the values of R?, ¥, and the
kinetic constants for all three models.

Based on the R?> and ¥? values, the experimental data for MG
adsorption by the aluminosilicate nanopowder aligned with the
intraparticle diffusion kinetic model. A nonzero and positive y-
intercept suggests that MG adsorption by the adsorbent involves
rapid adsorption and diffusion mechanisms. The adsorption iso-
therms were analyzed using the Freundlich and Langmuir models.
The Freundlich model, an empirical equation, assumes adsorption on
heterogeneous surfaces. However, the Langmuir model describes
monolayer adsorption on surfaces with sites of uniform energy
without interactions between adsorbate molecules. The linearized
forms of the Freundlich and Langmuir models are as follows:

log ge =log Ky + (1 /n)log Ce (10)

Ce /qe = 1/qmaxb + Ce/qmax (11)
where n and Ky are two important constants indicating adsorption
desirability and capacity, respectively. The parameter gmax denotes
the maximum adsorption capacity, and the adsorption energy can
be inferred from the constant b. Additionally, the separation

Model Pseudo-first order kinetic model Pseudo-second order kinetic model Intraparticle diffusion kinetic model

Formula 10g (qe—qy) = l0gge—(kaa/2.303)t t1qe=(1/kqa)+(1/ge)t G = Knt'+Gy

Parameter R? e kaa (min™')  qe(mglg) R? X k(g/mg min)  qe(mglg) R? X K, (mg/min'g) G, (mg/g)
Value (50 mg/L)* 0.97 1.03 0.037 2.05 0.99 0.046 0.025 100 0.98 0.0003 0.24 47.57
Value (100 mg/L)* 0.99 2.73 0.033 5.25 0.99 0.027 0.065 50 0.97 0.0007 0.64 93.83

¢ Initial MG concentration.
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Fig. 10. Adsorption isotherms for adsorption of MG by the aluminosilicate nanopowder, (a) Freundlich and (b) Langmuir (Standard deviation <4.6%).
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Fig. 11. Potential mechanisms for the removal of MG dye by the synthesized alumi-
nosilicate adsorbent.

coefficient, Ry, of the Langmuir model determines the favorability of
the adsorption process.

RL=1/(1+bCy) (12)
The values of R > 1 and Ry = 0 indicate undesirable and irre-
versible adsorption, respectively. However, the range of 0 < R < 1

suggests desirable adsorption. Fig. 10 shows the fitting of the

100 A

MG removal (%)

Freundlich and Langmuir isotherms to the equilibrium adsorption
data of MG by the aluminosilicate nanopowder. These data were
obtained under conditions with a contact time of 80 min and an
adsorbent dosage of 1 g/L. The Langmuir parameters of gmax and b
are 400 mg/g and 0.53 L/mg, respectively. The values of the sepa-
ration factor, Ry, for all initial concentrations of the MG solution are
less than 1, indicating favorable adsorption of MG by the synthe-
sized aluminosilicate adsorbent. The Freundlich parameters K and
n are 128.82 (mg/g) (L/mg)*%* and 1.56, respectively. The value of n
between 1 and 10 confirms the favorable MG adsorption. The
higher R? correlation coefficients suggest that the Freundlich
isotherm better predicts the adsorption data, implying that
chemisorption is the primary mechanism for MG dye adsorption.

As illustrated in Fig. 11, the MG molecules are adsorbed onto
the high surface area of the aluminosilicate adsorbent through
van der Waals forces and electrostatic interactions. The meso-
porous structure of the aluminosilicate allows MG molecules to
penetrate the pores, enhancing adsorption capacity. Functional
groups on the aluminosilicate surface, such as silanol (Si—OH)
and aluminol (Al-OH), facilitate MG chemisorption through
hydrogen bonding and electrostatic attraction mechanisms.
Intraparticle diffusion of MG into the aluminosilicate pores is a
crucial step in the overall adsorption process, as evidenced by the
nonzero intercept in the intraparticle diffusion model (Hussien
Hamad, 2023).
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Fig. 12. MG dye removal percentage in different cycles of adsorption process.
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Table 5

A comparison of the maximum adsorption capacities based on Langmuir model for MG dye among various adsorbents.
Adsorbent Maximum capacity (mg/g) Ref.
Aluminosilicate nanopowder from aluminum dross and silicomanganese slag 400.0 This study
Rumex abyssinicus-derived activated carbon 98.4 Abewaa et al. (2023)
Pakistani bentonite clay 2439 Ullah et al. (2021)
Turkish red mud 1724
Extracellular polymeric substance of Lysinibacillus sp. SS1 178.6 Kamath Miyar et al., 2021
Activated carbon of Catha edulis stem 5.6 Abate et al. (2020)
Mesoporous chitosan—zinc oxide composite 11.0 Muinde et al. (2020)
Wood apple shells 358 Sartape et al. (2017)
Acid-activated carbon 32.8 Piriya et al. (2023)
Biosilica 40.7 Dubey et al. (2024)
Modified bagasse fly ash 18.7 Gebre Meskel et al., 2024

Fig. 12 illustrates the percentage of MG dye removal across
various cycles of the adsorption process. The tests were conducted
with an adsorbent dose of 1 g/L and an adsorption time of 80 min.
Before each cycle, the spent adsorbent underwent leaching using
1 N HCl at 45 °C for 1 h and was washed with water at 95 °C for an
additional hour. Subsequently, the adsorbent was oven-dried at
110 °C. The data in Fig. 12 indicate that the adsorbent achieved over
90% MG dye removal after three cycles. However, in the fourth to
seventh cycles, the efficiency decreased below 90%, and beyond the
eighth cycle, it dropped below 80%. These findings demonstrate the
favorable reusability of the aluminosilicate adsorbent derived from
the two industrial wastes.

Table 5 compares the maximum adsorption capacities for MG
dye among various adsorbents. As evident from Table 5, the
aluminosilicate adsorbent synthesized from the SAD and SMS in
this study exhibits a significantly higher adsorption capacity than
the other adsorbents. In addition to adsorption capacity, consid-
ering the optimal conditions for utilizing these adsorbents in
removing MG dye is crucial. These optimal conditions encompass
factors such as pH, adsorbent dosage, adsorption duration, and
interfering ions.

4. Conclusions

This study demonstrated the preparation of mesoporous
aluminosilicate nanopowder from SMS and SAD. The SAD alumina
content and SMS silica content were extracted as sodium aluminate
and sodium silicate, respectively, through a hydrometallurgical
process. The preparation route involved acid leaching, precipita-
tion, aging, redissolution, and calcination stages. Acid leaching was
conducted using aqueous HCl under atmospheric pressure.
Ammonia and aqueous NaOH were used as precipitants and
redissolving agents, respectively. The proposed process can treat
over 84% of SMS and SAD. Characterization analyses revealed that
the prepared aluminosilicate exhibits a mesoporous amorphous
structure with a relatively high specific surface area of 122.08 m?/g,
average pore size of 15.8 nm, particle size of 20—80 nm, and high
purity of about 97 wt%, making it suitable for catalytic and
adsorption applications. Based on MG dye removal experiments,
the aluminosilicate nanopowder can remove 99.5% of the dye
within 80 min. The kinetic model fitting of the aluminosilicate
adsorbent indicated that the intraparticle diffusion model best
predicts the adsorption data. Analysis of adsorption isotherm
models also suggested that the Freundlich model can fit the equi-
librium adsorption data, implying the chemisorption of the dye on
the adsorbent surface. The Langmuir isotherm model yielded a
maximum dye adsorption capacity of 400 mg/g, paralleling the
results reported in the literature.
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