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ABSTRACT

The search for a sustainable society makes necessary the reuse of residues contributing to the
producing high-value product. Producing new materials with high-added value increases techno-
logical development and builds up new applications. The present study aimed to use residue from
the alumina industry and coal ash generated in thermal plants in energy production to synthesize
zeolite for wastewater treatment to remove Cs and Pb. Two types of nanomaterials were synthe-
sized: zeolite 4A (ZEA) and zeolite sodalite (ZSD). The Cs adsorption efficiency achieved 73% and
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9.4% for ZEA and ZSD, respectively, fitting better for Lineweaver-Burk isotherm and both zeolites
removed 100% of Pb from synthetic solutions. Results here reported may be used to design novel
wastewater treatment systems from nuclear plants and other industrial processes. The present
study can contribute to achieving Sustainable Development Goals 9, 11, and 12.

Highlights

e Cs removal achieved 73% for ZEA fitting better for Lineweaver-Burk isotherm

® Nanozeolites were obtained from alumina industry residue

e Nanomaterials were capable to remove elements present in nuclear wastewater

® Removal of Pb achieved 100% by both zeolites

Introduction

Aluminum is a metal of great importance to
humanity because of its presence in several pro-
ducts, which are applied in transport areas (such
as car wheels, aircraft parts, and others), beverage
and food packaging, sporting goods, materials used
in civil construction, household utensils, and indus-
trial equipment. This metal is obtained from bauxite
ore, which undergoes a refining process (known as
the Bayer Process) to obtain alumina (Al,O3). Then,
the alumina is converted into the primary metallic
aluminum (Al) through an electrolytic process
known as the Hall-Héroult process.!]

In the secondary industry, solid residue is pre-treated
to remove contaminants that could harm the process.
Then, different methods can be used to recover alumi-
num, called “secondary aluminum.” Later, recovered
secondary Al is routed to product manufacturing. The
portion that could not be recovered in the secondary

industry can be divided into “black dross” and “salt
cake,” with the first portion containing from 12% to
18% recoverable aluminum and the second from 3 to
5% residual metallic aluminum.

It is estimated that 200 to 500 kg of salt cake is
produced per ton of secondary aluminum.”! Black
dross and salt cake can be processed in the tertiary
industry (through a leaching process) to form
another portion of recyclable aluminum, which
returns to the secondary industry to be recycled
again. The remaining waste is discharged into land-
fills because it has no application,>! although it
may have some aluminum content.

Although the aluminum industry had a metal recov-
ery cycle that may benefit the environment, the final
residue is not recycled. Thus, solid waste was chosen in
this study because it still represents a challenge to be
solved by the aluminum industry and an environmental
problem.
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According to Statista (2020), Brazil recycles 98% of
aluminum, while Europe and North America recycle
75% and 55%, most of them from cans.*’ However,
residues generated must be better explored. Despite
that, the literature reports their application in high-
valuable products. Among them it may be cited the
production of zeolites for wastewater or gas
treatment.'>*!

In addition to the aluminum source, the synthesis
of zeolites requires a source of silicon since these
two elements are a part of the basic structure of this
type of material. Some industrial waste, whose main
composition is silicon, can be used as raw material
in the synthesis of zeolites.”® Among these mate-
rials, coal ash is a highlight, and its application as
a raw material for zeolite synthesis has been widely
studied.””"*! In addition, mining wastes may con-
tain silicon and can potentially be a source for
zeolite synthesis.!'*"!

Synthesis of zeolites for wastewater treatment

The most common method of synthesizing zeolite is the
classical alkaline conversion using a sodium hydroxide
solution in one step. This method results in a zeolitic
material that contains between 20-75% of zeolite,
depending on the activation reaction conditions, and
the quantity of unconverted coal ash. However, because
the zeolitic material is a mixture of zeolites and uncon-
verted ash, this material cannot replace pure zeolite in
all applications. Due to this restriction, a two-step acti-
vation method involving a fusion step followed by con-
ventional hydrothermal treatment (also known as
indirect conversion) was developed to improve the con-
version of ash to obtain high-purity zeolites,!'¢~*®]
besides other recent synthesis improvements.!*>2"!

Sodalite and 4A zeolites have been extensively
studied due to the wide variety of their applications.
These materials have adsorption and catalytic prop-
erties besides high cation exchange capacity. Table
S1 (Supplementary material) summarizes the main
characteristics of the mentioned zeolites, and Table
S2 presents their potential applications.

Zeolite A has a structure suitable for removing
several pollutants, mainly toxic metal ions, such as
zinc and cadmium.!'® On the other hand, Sodalite
zeolite (also known as hydroxy-sodalite) has low
cation exchange capacity and surface area compared
to zeolite A, but these factors do not limit the
application of this product to store small molecules,
such as hydrogen and radioactive effluents.!*"*?!

Removing radioactive compounds from wastewater is
also an issue that needs attention. For example, in 2011,

the accident at the nuclear power plant in Fukushima
Daiichi, Japan, was the second-worst nuclear accident in
the history of nuclear power generation (due to its nega-
tive effect on the biological environment in the surround-
ing area). As a result, a large amount of radioactive
material was released, severely contaminating water and
soil. Among the various radionuclides, cesium-137
(137Cs) is considered the most worrisome due to its
gamma rays emission, one of the most abundant iso-
topes, long half-life (30.4 years), high water solubility,
and transportability through the food chain, which
makes it very dangerous for human health.**!

The separation and removal of 137Cs from radio-
active wastewater are commonly performed by different
technologies, which include evaporation, solvent extrac-
tion, co-precipitation, membrane filtration, ion
exchange, and adsorption.!**!

Adsorption is one of the most attractive methods for
removing Cs in terms of performance of removal in
a safe way, simplicity of operation, suitability for efflu-
ents with low contamination, availability of different
low-cost adsorbents, and the possibility of implantation
of continuous process or batch!*”!

Various inorganic adsorbent materials, including
zeolites, have been widely used to remove Cs'.
Literature also reports the removal of Cs" onto zeolite
synthesized from residues.'”>**?®! The synthesis of
high-purity zeolites using coal ashes has already been
studied; however, the addition of an external source of
aluminum is necessary to adjust the molar ratio between
silicon and aluminum.'*~*" The use of aluminum resi-
due instead of commercial did not result in high-purity
products yet. Thus, using aluminum waste to obtain
high-purity zeolites can contribute to reducing the
costs in the synthesis process of these materials.

In addition, using industrial waste to synthesize new
nanomaterials can contribute to achieving the
Sustainable Development Goals (UN-SDGs). For this
reason, this manuscript focused the synthesis of nano-
zeolites for removal of Cs and Pb. These elements can be
found in nuclear plant and industrial wastewaters.’**!
Indeed, several papers have reported the use of nano-
materials for wastewater treatment,’*>~**! and the use of
a waste material to synthesize zeolites for wastewater
treatment represents a great novelty.

The novelty of this study is addressed to the applica-
tion of aluminum industry waste to the synthesis of two
different zeolites, contributing to the producing high-
value product. The main advantage of these synthetic
zeolites is the use of residue as raw material for their
synthesis and further application in wastewater treat-
ment. Sodalite and A-type zeolites were synthesized
from two residues (coal ash generated in thermal plants



in energy production and industrial aluminum residue)
and applied for removing Cs and Pb from simulated
wastewater.

Materials and methods
Sample of solid aluminum waste

The aluminum residue sample (AR) from the ter-
tiary industry was collected in an aluminum indus-
try in the State of Sdo Paulo, Brazil, in
December 2015. AR residue was crushed in
a mortar and pestle, washed with deionized water
in the proportion of 20g of residue to 500 mL of
water, filtered, and dried at 105°C overnight. Then,
the dry residue was sieved until it passed through
a 0.5 mm sieve (ASTM 35). The treated aluminum
residue was labeled as TAR.

Coal ash sample

The coal ash sample (CA) was collected at the Jorge
Lacerda Thermoelectric Power Plant in Santa Catarina
State, Brazil, in June 2015. This sample was used without
any pretreatment before being used to synthesize
zeolites.

Nanomaterials synthesis

Both solid wastes have the zeolites’™ structural ele-
ments (Si and Al) in their chemical composition;
however, they are not available to synthesize the
products because they are in crystalline forms,
such as quartz, mullite, and corundum. Therefore,
compounds must be “broken” by fusion before the
hydrothermal treatment and further zeolite
synthesis.!"®*”) Thus, Sodalite and A zeolite synth-
esis had the same starting point: sodium hydroxide
was grounded and mixed with both residues until
a homogeneous mixture was obtained. The NaOH
and the coal ash sample were mixed using the ratio
of 1.2:1.0 (wt%). At the same time, the amount of
the treated aluminum residue (TAR) was adjusted
to follow the specific SiO,/Al,0O; ratio for each type
of product. The mixture was heated at 550°C for 1 h
and then cooled at room temperature.

In the synthesis of sodalite zeolite, 250 mL of deio-
nized water was added to the ground mixture. The
mixture was then stirred at room temperature for 2 h
and heated to 100°C for 24 h. The suspension was fil-
tered, the solid was washed with 1 L of deionized water,
and dried at 105°C overnight. The product was labeled
as ZSD. In synthesizing A zeolite, 200 mL of deionized
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water was added to the ground sample. The suspension
was stirred at room temperature for 16 h and heated to
100°C for 7 h. The product was filtered, washed, and
dried at 105°C overnight as sodalite zeolite. The product
was labeled as ZEA.

Industrial wastes and nanomaterials
characterization

Both raw materials were characterized to determine the
chemical composition by X-ray fluorescence
(Panalytical Spectrometer - Axios Advanced) and
mineral assessment by X-ray diffraction (XRD -
Rigaku - Miniflex II, with a monochromator and Cu
Ka radiation at 30kV, 15 mA, 0.05°/s and 5-80° (20)).
The crystalline phases were identified using the ICDD
powder diffraction file database and the Search-Match
computer program. The morphology was analyzed with
a scanning electron microscope, where each sample was
placed on metallic support and covered with a thin layer
of gold (SEM - HITACHI - TM3000).

The chemical composition of the synthesized nano-
materials was determined by a Zetium X-ray fluores-
cence spectrometer (Malvern Panalytical). The
morphology was examined using a scanning electron
microscope (Thermo Fisher Scientific - Quanta 650
FEG). Each sample was prepared using a metallizer
Coating System (BAL-TEC - MED-020) prior to the
observation in the microscope. The surface area of the
zeolites was also analyzed by the Brunauer-Emmett-
Teller method (BET Micrometrics ASAP 2020).
Particle size distribution was analyzed (Malvern
Mastersizer, 2000) to determine the granulometric dis-
tribution. An infrared spectrometer with Fourier trans-
form (FT-IR Tensor 27 — Bruker) was used to identify
the chemical bonds of the zeolites synthesized.

Adsorption experiments for pollutants removal

The experiments were carried out in batch using the
zeolites previously synthesized and dried at 60°C for 24
h. For the experiments, synthetic solutions of Cs (as
Cs*) and Pb (as Pb*?) in chlorite media were prepared,
and the pH was adjusted using HCl or NaOH. The
solution was mixed with the zeolite in an Erlenmeyer
flask in an orbital shaker (Multitron Pro Infors HT) at
25°C and 200 rpm for 2h. After the experiment, the
mixture was filtered using filter paper (2 um), and the
solution was analyzed in ICP-OES (Agilent
Technologies 70 series) which the calibration curves
were prepared using standard solutions proper for che-
mical analysis. If necessary, the solution was diluted
with HCI 3%.
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This study evaluated the amount of zeolite, concen-
tration of Cs and Pb, and pH. Due to the differences in
adsorption efficiency for each case obtained in experi-
mental results, the amount of zeolite was different for Cs
and Pb, as depicted in Table S3. The experiments were
carried out with 50 mL of solution.

Equation 1 was used to calculate the percentage of
element adsorbed by the zeolite (%S), where Cy and C,
(mg/L) are the liquid phase concentrations of solutes at
the initial and given time t. Equation 2 was used to
determine the amount of element adsorbed per mass
of zeolite, where q; (mg/g) is the equilibrium adsorption
capacity, v is the volume of solution (L), and m is the
weight of zeolite (g).*™*°! Table S4 presents the iso-
therm models used in the present study and their
respective linear equation. The present study evaluated
the Langmuir, Lineweaver-Burk, Eadie-Hofstee,
Scatchard, and Freundlich models.!*"!

(Co—Cr)

S =
% o

x100% (1)

g = (Co — Ct)x% (2)

Results and discussion
Characterization of raw materials

The chemical composition of aluminum residue
(AR), treated aluminum residue (TAR), and coal
ash (CA) are given in Table S4 (Supplementary
Material). According to the results, Al is the prin-
cipal constituent of AR and TAR. However, the
amount of Al can vary depending on the melting
process used in the industrial metal recovery.
Usually, KCl and NaCl are added to the mixture
to recover the metallic Al. Thus, the residue with
a higher quantity of salts presents smaller amounts
of AL

Table S4 also shows that the treated aluminum
residue has more Al and Si than the Al residue
without treatment. Therefore, TAR sample could
contribute to the higher availability of these struc-
tural elements for the formation of zeolites. The Al
content was highlighted as it increased from 27.8%
in the raw waste to 73.2% in the treated Al waste.
Similarly, Cl content, which could negatively inter-
fere with the synthesis of zeolites, had its content
decreased from 17.4% in the AR sample to 0.41% in
the TAR sample. This result was confirmed by the
XRD analysis where the NaCl peaks in the raw

residue were no longer present in the treated resi-
due (Figure S1).

Therefore, results indicate that TAR has the potential
to be a better source to synthesize zeolites than AR.
Elements such as Ca, Fe, K, Mg, and others showed
contents below 6% in both Al residues, raw and treated.
The coal ash presented as main elements Si (52.6%) and
Al (23.5%). The other components presented quantities
below 8%.

The XRD pattern of AR shows that this sample is
a complex mixture of crystalline phases formed by
NaCl, KCI, MgAl,O,4, Al,Os, and Fe,SiO,. The results
follow an Al residue sample characterized by Shinzato &
Hypolito (2004)./**! The mineralogical composition of
this residue can be related to the different heat treat-
ments that this type of sample undergoes in the recy-
cling process.*?) NaCl is incorporated into the residue
for melting process in the furnaces and it is present in
the slag from the secondary industries; therefore, a large
amount of NaCl can be observed in the AR sample, in
addition to the aluminum phase (Al,O3).

For comparison, the crystalline phases of treated
aluminum residue (TAR) and RA sample are shown in
Figure S3. According to the results, treating the residue
with water significantly decreased NaCl and KCl (very
soluble salts). At the same time, the compounds of Mg,
Al, and Fe did not show significant variations. The
reduction of NaCl can be seen clearly at the angle of
75° 26.

The coal ash XRD pattern (Figure S2) shows that
quartz and mullite are the main phases of the sample, in
addition to hematite and magnetite, as previous
reported.!'®!

The SEM images of CA, AR, and TAR presented in
Figure S4 shows that the main difference between the
coal ash sample and the Al residue samples is that CA
presents some spherical particles, usually found for the
remaining particles of the coal combustion process,
while the Al residues do not present uniformity in the
shape of the particles that compose them.

Characterization of nanomaterials

The chemical compositions of the synthesized nano-
materials (zeolite sodalite - ZSD, and zeolite A -
ZEA) are given in Table 1. According to the results,
the samples presented in general high contents of
Si, Al, and Na oxide, which are the forming com-
ponents of zeolites identified by XRD. Impurities
such as Ca, Mg, Ti, and K presented contents
below 6%.

The main phases of the nanomaterials formed after
the synthesis process were identified and presented in



Table 1. Composition (wt%) of sodalite zeolite (ZSD) and zeolite
a (ZEA).

Components Z5D ZEA
Al,03 235 36.5
Si0, 25.7 29.0
Na,O0 239 5.61
Ca0 4.57 5.07
MgO 0.92 1.93
TiO, 0.75 1.09
Fe,03 4.04 573
K,0 1.52 0.95
SO3 0.58 0.08
@] 0.09 -
Others 0.73 1.34
LOI 13.7 12.7
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Figure 1. XRD patterns of the (a) zeolite sodalite and (b) zeolite
a synthesized from coal ash and aluminum residue synthesized
from coal ash and aluminum residue - (a) S = zeolite sodalite -
NagAlgSis0,4(0H),(H,0),, Si = silicon dioxide — SiO,, and Mg =
Spinel - MgA|204, (b) a = zeolite a - Na2A|25i1,3507,75.H20, Q=
quartz — SiO,, and Al = corundum - Al,0s.

Fig. 1a for ZSD and Fig. 1b for ZEA samples. In addition
to the main phases, some compounds found in the
precursor materials, such as SiO,, spinel, and
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corundum, also were identified in smaller amounts. It
was verified through the synthesis conditions that
a more extended period of hydrothermal conditions
favors the formation of the sodalite zeolite structure,
which is more compact and more stable. On the other
hand, zeolite A, a more porous material, formed about
1/3 of the time compared to zeolite sodalite.

The SEM micrographs of ZSD and zeolite type
A ZEA were presented in Figs. 2 and 3, respectively.
Sodalite zeolite presents a structure with agglomer-
ates of particles similar to wool balls.****] Zeolite
A, on the other hand, has a characteristic cubic
structure.'>'®?*) According to the images, the
high purity sodalite and A zeolites can be seen
and are compatible with the formats described in
the cited literature.

Figure 2 shows that sodalite zeolites showed regular
crystal structures of similar sizes. On the other hand,
Fig. 3 shows that the characteristic cubes of zeolite
A presented crystals of varying sizes. The same zeolite
type may have different crystal sizes due to the differ-
ence in their growth rate during hydrothermal
treatment.’*”) This may have been caused by the differ-
ence in the content of the amorphous and crystalline
phases of the precursor materials.!®!

BET surface analysis was carried out for both
prepared zeolites, and it was obtained 3.97 m®/g
for ZEA (Langmuir surface area 5.91 m?/g) and
9.62m?/g for ZSD (Langmuir surface area 10.97
m®/g). Particle size distribution was determined
and shown in Figure S5 where the d10 and d50
were 3.38 um and 23.92 um for ZEA and 8.33 pm
and 40.66 um for ZSD, respectively. The FTIR ana-
lysis is depicted in Figure §6, where the main peaks
for ZEA were 464cm™', 557cm™', 989 cm™', and
1386 cm™", and for ZSD were 432cm™', 1001 cm™},
and 1461 cm™".

Adsorption experiments for pollutants removal

Cs and Pb removal

The zeolites ZSD and ZEA were evaluated for the
adsorption of Cs ions in chloride media varying the
concentration from 0.03g to 1.2g with 50 mL of
solution (100 mg/L Cs) at 25°C and pH 6.0 for 2h
and 200rpm. The results are presented in Fig. 4.
The adsorption of Cs ions by ZEA slightly increased
from 0.03g (7.4%) to 0.40g (9.7%). However, it
reached 64.4% using 0.6 g-1.2 g since the mass of
zeolite increase provided greater surface area in
contact with the Cs ions and more available sites
for adsorption. On the other hand, the adsorption
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Figure 2. SEM micrograph of sodalite zeolite synthesized from industrial solid wastes (ZSD): a) 3,000x; b) 6,000x, and ¢) 120,000x.

capacity declined as there was more zeolite mass per
Cs ions (mg Cs ions/g zeolite).[*®!

In the case of ZSD, the adsorption of Cs ions was
lower than 9.3% with 0.02g and declined as the
amount of zeolite increased, achieving 1.0% with
1.2 g. The adsorption capacity followed the same
behavior as ZEA. For this reason, 0.6 g was adopted
as the best mass of zeolite for both ZSD and ZEA.

The increase of adsorbent in the batch process
would increase the adsorption of ions due to an
increase in available sites.!'>**! However, as
observed, the opposite was observed. The decrease
of removal efficiency with the increase in the adsor-
bent dosage can be attributed to particle interac-
tions, such as aggregation or agglomeration. It

results in a decrease in the total surface area avail-
able to the pollutants and an increase in diffusion
path length."*”) Particle interaction may also desorb
some adsorbates that are only loosely and reversibly
bound to the adsorbent surface.!**! Such behavior
was observed in the adsorption of Na ions on nat-
ural zeolite.!*"!

The Pb adsorption by the zeolites was also stu-
died in chloride media. Figure 5 presents the
adsorption efficiency and adsorption capacity vary-
ing the amount of zeolite at pH 6.0 and 25°C for 2
h. The removal of Pb ions by ZEA increased from
0% (0.005g-0.5g) to 7.8% (0.1g) and 78% (0.2g)
and achieved 100% with 0.3 g. It occurs because
more active sites are available for the adsorption
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Figure 3. SEM micrograph of zeolite a synthesized from industrial solid wastes (ZEA): a) 6,000x; b) 24000x, and c) 600,000x.

of Pb ions, as observed from ZSD experiments.[5°]

Figure 5b shows the adsorption capacity, which
achieved the plateau for both zeolites with 0.2 g.
The effect of Cs concentration was evaluated
from 10 mg/L to 100 mg/L. The experiments were
carried out at pH 6.0 and 25°C within 2 h, and the
results are depicted in Fig. 6. The removal of Cs by
ZEA remained almost the same as the concentration
increased. In an experiment with 10 mg/L of Cs, the
adsorption was 66.7% (4.9mg Cs/g ZEA) and
increased to 73.3% (59.4mg Cs/g ZEA) in 100 mg/
L Cs solution. It indicates that the concentration
difference from 10 to 100 mg/L does not affect the
ions’ adsorption. The adsorption capacity (Fig. 6b)
demonstrated a linear behavior of Cs ions.

In the case of ZSD, the adsorption achieved
32.7% from solution with 10mg/L, and then
declined to 16.9% (20 mg/L) and 2.6% (40 mg/L),
and achieved 0% for concentrations higher than
60 mg/L. The adsorption capacity of ZSD from 10
mg/L to 100 mg/L varied from 2.6 mg/g to 0 mg/g,
as previously discussed. The effect of Pb concentra-
tion in adsorption efficiency was evaluated from 10
mg/L to 100 mg/L, where all Pb ions were adsorbed
regardless of the concentration studied for both
zeolites.

The effect of pH was evaluated from 2 to 12, and
the results are shown in Table S5. The adsorption
of Cs by ZEA slightly decreased from pH 2 (67.2%)
to pH 12 (61.4%). In the case of ZSD, the removal
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Figure 4. (a) Adsorption efficiency and (b) adsorption capacity of Cs in chloride media by ZEA and ZSD synthesized from aluminum
industry waste varying the amount of zeolite. Experimental conditions: Cs concentration = 100mg/L; pH 6.0; 25°C; 200rpm; 2h.

of Cs from the solution remained lower than 1.3%
and increased, achieving 5.3% at pH 12. The effect
of pH was evaluated from 0.5 to 12.0. At pH 0.5,
the adsorption of Pb ions was zero using both
zeolites and increased to 100% at pH 2.0 and
remained in this value until pH 12.0, while the Cs
adsorption remained constant at around 70% for
ZEA. For this reason, the data for Pb extraction is
not presented graphically. It demonstrated that the
decrease in the H" ions concentration has no influ-
ence on adsorption efficiency.!

Isotherm modeling

Kinetic modeling was carried out following the linear
equations presented in Table S4. The isotherms were
calculated with the data obtained varying the ions con-
centration. Due to the results previously presented, the
modeling was carried out for Cs adsorption, as all Pb
ions were adsorbed by the zeolites regardless of the
concentration. The results are presented in Table S6,
depicting that the adsorption of Cs did not fit the
Langmuir, Eadie-Hofstee, and Scatchard models which
the correlation coefficient (R*) was low.

The isotherms Lineweaver-Burk and Freundlich
reached R” equal to 0.9996 and 0.9922. It was calculated
as the maximum capacity of adsorbed ions per mass of
adsorbent equals 222.22 mg of Cs per g of ZEA. The
adsorption energy and the equilibrium constant equal
0.01 L/mg. The Freundlich constant was determined as
1.18, and » (constant related to surface heterogeneity)
equals 0.33.

Table 2 presents the literature review of Cs and Pb
adsorption using different materials, including nano-
particles. As depicted, zeolite A has the highest

= ZEA
e ZSD
100 ~ ® g = = ]
/
/
80 .
S
= 60
kel
=
3 404
T
<
20 o
,/.
0 e
T T T T T T T
(a) 0.0 0.2 0.4 0.6 . 0.8 1.0 1.2
mass of zeolite (g)
= ZEA
e ZSD
250 ~ ®
8 200 "
E
2 -
G 150
[0
=3 -
° [ ]
§ 100 L]
-oé'_ L]
[e]
& 50
<C n
0 - [ ]
T T T T T T T
(b) 0.0 0.2 0.4 06 08 1.0 1.2

mass of zeolite (g)

Figure 5. (a) Adsorption efficiency and (b) adsorption capacity of
Pb in chloride media by ZEA and ZSD synthesized from aluminum
industry waste varying the amount of zeolite. Experimental con-
ditions: Pb concentration = 100mg/L; pH 6.0; 25°C; 200rpm; 2h.
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adsorption capacity among all materials herein reported
(222 mg/g). Regarding Pb removal, all studies presented
in Table 2 obtained 100% of ions removal from the
aqueous solution. Therefore, the results obtained for
both zeolites produced from an industrial residue are
in accordance with the literature reaching best adsorp-
tion capacities. Future studies would focus on reuse
capacity of zeolites for both Pb and Cs adsorption and
application in real wastewater solution.

The use of aluminum waste and the remaining
ash from the burning of coal to obtain new materi-
als, in addition to the application in the removal of
toxic compounds, such as Cs and Pb, can contribute
to the achievement of the SDGs 9, 11, and
121445738 1t s suggested for future applications
the use elution process to desorb Cs and Pb from
the zeolite for final disposal and consequently
recycle of the zeolites.

Conclusion

The present study aimed at synthesizing zeolites
from industrial waste and application in wastewater
treatment. From the results obtained, it may con-
clude that the treated aluminum residue from the
Al industry (TAR) and the coal ash residue gener-
ated from power plants (CA) are good sources of Al
and Si, respectively, for the synthesis of zeolites.
The methodology used in this study was suitable
for synthesizing nanomaterials and can be used
from different industrial residues, confirmed by
chemical and physical analysis. Batch experiments

Table 2. Literature review for Cs and Pb removal using different adsorbent materials.

lons Adsorption Isotherm
Reference Adsorbant material adsorption Best conditions Efficiency capacity modeling
This work Zeolite A Cs, Pb Cs — 1.2g of zeolite, pH 6, 200rpm, 25°C Cs—73% Cs—2.95mg/g Lineweaver-Burk
Pb — 0.6g of zeolite, pH 6, 200rpm, 25°C  Pb — 100% Pb — 198mg/g
This work Zeolite sodalite Cs, Pb Cs — 0.1g of zeolite, pH 6, 200rpm, 25°C Cs—  Cs—0.04mg/g Lineweaver-Burk
Pb — 0.6g of zeolite, pH 6, 200rpm, 25°C 9.4% Pb — 253mg/g
Pb — 100%
B2 Mesoporous conjugated Pb 20mg of adsorbent, pH 5.5 100%  192mg/g Langmuir
adsorbent
(31 Ni-ZnO nanoparticles Pb 25mg of nanoparticle, pH 5.0, 25°C 100%  69mg/g Langmuir
(541 C030,4 co-doped Pb 25mg of nanoparticle, pH 5.0, Th - 114mg/g Langmuir
TiO2nanoparticles
= ZrTiPO4 Cs 50mg of adsorbent, pH 4.2, 10min, room 98.80% 51mg/g Sips
temperature,
(561 AMP@PDA@Fe304 Cs 120min, pH 6.0-8.0, 25-55°C 91%  38mg/g Langmuir

composite
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demonstrated high adsorption of Cs and Pb ions,
achieving a maximum of 73% and 100% by the
zeolites, respectively. Adsorption of Cs achieved
73% using 1.2g of ZEA and 9.4% using 0.1 g of
ZSD at pH 6, at 25°C and 200 rpm for 2h. In the
case of Pb adsorption, both zeolites achieved 100%
removal using 0.6 g of material. Cs adsorption fitted
better for Lineweaver-Burk isotherm with R* equal
to 0.9996, where the maximum capacity calculated
was 222.22 mg of Cs per g of ZEA and the adsorp-
tion energy and the equilibrium constant equals
0.01 L/mg.
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