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Abstract: The initial characteristics of Romanian fly ash from the CET II Holboca power plant
show the feasibility of its application for the production of a new material with applicability in
environmental decontamination. The material obtained was characterized using standard techniques:
scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDX), instrumental neutron
activation analysis (INAA), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
the Brunauer–Emmett–Teller (BET) surface area, and thermogravimetric differential thermal analysis
(TG-DTA). The adsorption capacity of the obtained material was evaluated in batch systems with
different values of the initial Cu(II) ion concentration, pH, adsorbent dose, and contact time in order
to optimize the adsorption process. According to the experimental data presented in this study, the
adsorbent synthesized has a high adsorption capacity for copper ions (qmax = 27.32–58.48 mg/g).
The alkali treatment of fly ash with NaOH improved the adsorption capacity of the obtained material
compared to that of the untreated fly ash. Based on the kinetics results, the adsorption of copper ions
onto synthesized material indicated the chemisorption mechanism. Notably, fly ash can be considered
an important beginning in obtaining new materials with applicability to wastewater treatment.

Keywords: fly ash; copper ions; isotherms; kinetic models

1. Introduction

Fly ash is a manufactured product that comes from coal burning power plants. EU
countries produce two million tons of fly ash every year, but only a fraction of it is capital-
ized on. Unfortunately, there is a serious issue associated with fly ash disposal because of
its negative effects on air, water, and soil. This type of material contains principally SiO2
and Al2O3 [1], elements that recommend the use of ash in a large spectrum of applica-
tions. For example, it is used for zeolite synthesis [2,3], as catalysts [4], in construction as
filler or as a precursor for geopolymers [5–7], as an adsorbent [8–11], for ceramics [12,13],
etc. Thus, many studies were involved in order to find a solution that would allow its
utilization. Several studies have shown that one of the alternative applications is its use in
heavy metal removal [14–16]. In particular, careful attention is required for the removal
of Cu(II) from wastewater. Contamination with Cu(II) leads to liver and kidney diseases,
insomnia, itching, and dermatitis [17–20]. Fly ash eliminates copper ions from wastewater,
but the efficiency is low [21,22]. Cu(II) ions can be removed by many methods, such as
chemical precipitation, ion exchange, membrane filtration, electrochemical treatments,
coagulation/flocculation, and adsorption. However, the superiority of the adsorption
technique is due to its simplicity, cost-effectiveness, and efficiency [23]. Although chemical
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precipitation is one of the methods that is most often used to remove copper ions, it has
the disadvantage that it requires a large amount of chemicals in order to reduce metals to
an allowable level for discharge [24]. Compared to the chemical precipitation technique,
adsorption can remove metals over a wider pH range and at lower concentrations [25]. It
has been demonstrated by several studies that the chemical precipitation method is limited.
Incomplete precipitation, the chemical instability of the precipitates, and the formation of
large sludge volumes could occur [26].

Properties such as high treatment capacity, high removal efficiency, and fast kinetics
recommend the ion-exchange processes to remove heavy metals from wastewater. On the
other hand, they do have the disadvantage that ion exchange is highly sensitive to the pH
of the solution. Membrane filtration is a pressure driven separation process for Cu(II) that
is based on size exclusion and best performance. The electrochemical treatment needs a
large capital investment in order to start the process and involves high maintenance costs.
The coagulation–flocculation technique is used in the purification of water but must be
followed by other treatment techniques [24].

The literature demonstrates that the adsorbents based on modified fly ash are more
efficient in the adsorption process due to the higher specific surface area compared with
fly ash ‘’as-cast” [21,23,27]. Based on the data published by Querol et al. [28], several
researchers have studied the possibility of obtaining new materials based on fly ash by
varying the working conditions. Depending on the experimental conditions and the
chemical composition of the fly ash used, different materials are obtained. The principle
of the method is based on the direct activation of the ash in a closed system with alkaline
solutions (NaOH, KOH, LiOH).

One of the extensive applications of the treated fly ash is that it is used as a low-cost
absorbent for the elimination of different heavy metal ions. The types of materials that
could be obtained after the treatment of fly ash are related in Table 1.

Table 1. Types of materials synthesized from fly ash for Cu(II) removal.

Zeolite Method of Synthesis References

NaP1, Analcime and Chabazite Hydrothermal method [29]
4A Hydrothermal method [30]

Na–X, NaP, Na–S Hydrothermal method [31]
X Fusion method [32]

It has been demonstrated that the adsorption capacity of the modified fly ash largely
depends on the method of activation [23,33–35].

In order to avoid the high cost of adsorbent, an easy and low-cost method was
employed. Thus, this research is based on the idea of the application of the modified
fly ash by direct activation at room temperature for 7 days as an adsorbent for copper
ion adsorption.

The main objective of this research was the synthesis of fly ash with NaOH for its use
in the adsorption of copper ions from aqueous solution.

The novelty of this study consists in the simple method of synthesis at room tempera-
ture, which does not involve high production costs. As far as we know, this type of method
has not been proposed in the literature.

Firstly, the prepared adsorbent was characterized by various analytical techniques,
such as scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDX), in-
strumental neutron activation analysis (INAA), X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), the Brunauer–Emmett–Teller (BET) surface area, and ther-
mogravimetric differential thermal analysis (TG-DTA). The adsorption experiments were
performed in batch mode in order to optimize some influential parameters: pH, adsorbent
dose, initial concentration, and contact time. The experimental results were analyzed
using three kinetic models: pseudo-first order, pseudo-second order, and intraparticle
diffusion. At the end, the adsorption capacity of the material produced in this study was
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compared with data obtained for other adsorbents involved in copper ion adsorption from
aqueous solution.

2. Materials and Methods
2.1. Materials

The fly ash (FA) used in this work was from CET II (Iasi, Romania). According to
the American Association for Testing and Materials (ASTM C618), the fly ash used in this
study can be classified as class F. A detailed characterization was published previously.
The raw fly ash used for the synthesis has a low adsorption capacity for copper ions, so
some modification is necessary in order to improve the quality of this fly ash [36].

The chemical reagents involved in the treatment of fly ash (NaOH), respectively, in the
adsorption measurements (CuSO4 5H2O, HCl, NaOH, rubeanic acid) from Sigma-Aldrich
(St. Louis, MO, USA) were used.

Cu(II) initial concentrations of 300, 500, and 700 mg/L were prepared by dissolving
predefined amounts of CuSO4·5H2O in deionized water.

The basic characterization of the synthesized adsorbent (SEM, EDX, INAA, XRD, FTIR,
BET surface area, and thermal analysis) was performed using the following equipment:

1. The morphology and the chemical composition were determined using a Vega Tescan
3 SBH (Brno, Czech Republic) and a QUANTA 3D-AL99/D8229 (FEI Company,
Hillsboro, OR, USA);

2. The determination of the trace elements was performed using instrumental neutron
activation analysis (INAA) at the 2 MW pool-type research reactor of the Techni-
cal University of Delph (Delph, The Netherlands) combined with high resolution
c-ray spectroscopy.

3. The X-ray diffraction pattern was recorded using an X’PERT PRO MRD Diffractometer
(PANalytical, Almelo, The Netherlands);

4. Fourier transform infrared spectroscopy (FTIR) was performed on a Thermo Scientific
Nicolet 6700 FT-IR spectrometer;

5. Nitrogen physical sorption was carried out at –196 ◦C on an Autosorb 1-MP gas
sorption system (Quantachrome Instruments, Boynton Beach, FL, USA);

6. The thermal analysis was performed with a METTLER TOLEDO TGA/SDTA 851;
7. The pH was measured with a pH-meter (Hanna Instruments, Cluj-Napoca, Roma-

nia), while a Spectrophotometer Buck Scientific was used for copper ion detection
(Buck Scientific, East Norwalk, CT, USA).

2.2. Adsorbent Synthesis

FA was treated by 2 M NaOH solution. The mixture, with a 1/3 solid–liquid ratio,
was intermittently stirred for 168 h at room temperature. Finally, the obtained material,
denoted as MFA, was washed until it reached a neutral pH and dried in an oven at 60 ◦C
for 24 h. The adsorbent obtained was considered to be MFA and it was stored.

2.3. Experimental Procedure

Batch adsorption experiments were performed in order to study the influence of
different parameters through the adsorption capacity of Cu(II) ions by the MFA adsorbent.
All of the tests were conducted at room temperature.

All of the results were carried out in triplicate.
The Cu(II) concentration in the supernatant was analyzed spectrophotometrically at

390 nm using rubeanic acid. In order to calculate the quantity of Cu(II) ions adsorbed per
gram of adsorbent and the removal efficiency, R (%), the equations below were used:

q, mg/g =
(C0 − Ce)V

m
(1)

R, % =
(C0 − Ce)

C0
x100 (2)
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where C0 and Ce are the initial and equilibrium concentrations (mg/L), q is the amount of
Cu adsorbed onto MFA (mg/g), V is the volume of the solution (L), and m is the quantity
of MFA (g).

3. Results
3.1. Characterization of Adsorbent

This section investigated the characteristics of the MFA adsorbent. A comprehensive
analysis from the SEM, EDX, INAA, XRD, FTIR, and BET surface area points of view
is presented.

The surface properties of the adsorbent were examined through the SEM technique.
Additionally, the SEM image of fly ash is represented in Figure 1 in order to provide a better
visualization and to determine if the treatment with NaOH contributed to the modification
of the surface of the fly ash material. The SEM image of the MFA adsorbent compared with
unmodified fly ash is illustrated in Figure 1. In general, fly ash particles are predominantly
spherical in shape with a relatively smooth surface texture. According to Figure 1, after
NaOH treatment, a structure with crystals in the form of a few elongated rods is clearly
displayed by the MFA material. It can be highlighted that the activation time of 168 h has a
significant influence on the morphology.

An EDX mapping image was used to find the elements present in the MFA adsorbent.
The EDX evaluation related in Table 2 shows that oxygen (33.85 wt%), silica (18.89 wt%),

and aluminum (18.33 wt%) are the basic elements of the MFA adsorbent. The presence
of magnesium, potassium, calcium, titanium, and iron is detected, but the quantities are
lower than 4 wt%.

The element sodium is incorporated into the MFA material by 4.35 wt% higher com-
pared to fly ash due to the hydrothermal treatment with 2 M of NaOH solution [9].

Instrumental neutron activation analysis (INAA) is a method used to determine the
qualitative and quantitative analyses of macroelements, microelements, and rare elements
in a material.

The advantages of this analysis are that:

1. Through this analysis, more than 30 elements in a sample can be analyzed, even if the
elements are found in low levels;

2. It does not require a large quantity of the sample.

The determination of the trace elements of the MFA material was performed by the
INAA method and the results are presented in Table 3. This type of analysis is performed
in order to establish the trace elements from the adsorbent, especially the content of U, Cs,
Ba, Eu, Cd, and Cr [9].

The synthesized material contains higher amounts of Mn (4.46 × 102 ppm), Ba
(2.25 × 103 ppm), and Sr (1.39 × 103 ppm).

The crystallographic information concerning the MFA was determined by XRD analy-
ses. The X-ray diffraction pattern is presented in Figure 2. The identification of peaks within
the 2θ angle range of 5◦ to 70◦ was performed based on data related to peak positions and
intensities presented in the literature by Treacy and Higgins (2007) [37].

As can be seen from Figure 2, the most intense phase was identified as quartz (Q). In
addition, the XRD analysis confirmed the presence of M (mullite) [38,39]. As was reported
in previous studies, the diffraction peaks of quartz and mullite could not be completely
dissolved during the treatment [23,36].

Analcime (A) is presented at 2 theta degrees of 33.38◦ and 42.64◦. Clinotobermorite
(CT) and chabazite (Cha) are found at 29.72◦ and 31.1◦, respectively. Moreover, the element
feldspar (F) is detected at 21◦ in the synthesized material.
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Table 2. The chemical composition determined by SEM/EDS (mass%).

Adsorbent O Na Mg Al Si K Ca Ti Fe

FA 43.32 0.79 0.62 19.19 30.81 1.75 1.15 1.54 3.05

MFA 33.85 3.44 0.93 18.33 28.89 0.66 1.44 0.91 4.07
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Table 3. The chemical composition of trace elements of the adsorbent as determined by instrumental
neutron activation analysis (INAA) (mass in ppm).

Element A1

Ni 1.13 × 102

Cu 3.09 × 102

As 14.7
Sr 1.39 × 103

Zr 3.41 × 102

V 91.9
Cr 1.36 × 102

Mn 4.46 ×102

Cs 3.77
Ba 2.25 ×103

Ce 1.73 × 102

Eu 2.73
Th 3.02
U 7.39
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The analysis concerning the FTIR spectra is presented in Figure 3. The FTIR spectra
analysis was used to determine the functional groups present in the synthesized adsorbent.
For the analysis, the sample was mixed with KBr and measured within the wavenumber
range of 4000–400 cm−1.

The FTIR spectrum possesses similar bands to unmodified fly ash, such as 458 cm−1

(O–Si–O or Si–O–Si), 567 cm−1 (Al–O–Si and Si–O–Si), 794 cm−1 (Si–O), 1040 cm−1, 1653 cm−1,
2364 cm−1, and 3440 cm−1 (-OH and H–O–H, respectively).

The BET analysis is shown in Figure 4.
The BET method is used in the study of surfaces in order to determine the areas of

porous solids through the physical adsorption of gas molecules. It is used to identify the
surface area and the pore sizes of the adsorbent before it is used.
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The textural properties of MFA were evaluated using the N2 adsorption–desorption
isotherms at 77 K (Figure 4). According to the IUPAC classification, the material presents
a type IV isotherm with a small plateau at relatively high pressures, with the H3 type
hysteresis loop. Consequently, the results obtained are typical of mesoporous materials.

In terms of the BET analysis, the surface areas of the FA and MFA samples differ.
BET investigation reveals that the surface of the MFA adsorbent (calculated from the BET
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equation) increased by 1.24 times compared to the fly ash surface. The activation of the fly
ash with an alkaline solution for 7 days of contact time leads to an increase in pore volume
(0.091 cm3/g vs. 0.024 cm3/g for fly ash). The pores of solid materials are classified into
three categories: micropores (d < 2 nm), mesopores (2 nm < d < 50 nm), and macropores
(d > 50 nm). The average pore volume of 1.594 nm indicates that the prepared material
is microporous.

Through thermal analysis, the thermal properties of the synthesized adsorbent are
established. Figure 5 presents the thermal analysis data of the MFA adsorbent. In order to
determine the mass losses, the analysis was performed in a N2 atmosphere at temperatures
between 20 and 900 ◦C, with a heating speed of 10 ◦C/min. The initial mass of the sample
was 4.9710 mg.
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Analyzing the results presented in Figure 5, it can be seen that the loss on ignition
(LOI) and the differential thermal gravimetry (DTG) for the MFA adsorbent takes place in
four stages:

1. At 43.90 ◦C and 82.55 ◦C, when the loss of moisture occurs (1.81 and 2.22%, respectively);
2. At 500.45 ◦C, when the loss of crystallization water takes place (2.32%);
3. Between 778.72 and 900 ◦C, due to the decarbonation of the structure (3.81%).

The thermogravimetric analysis showed that the sample has a total mass loss of 10.16%.
The results obtained in the first stage of the study reveal the capacity of the material as

an adsorbent for heavy metals from aqueous solutions, in this case referring to copper ions.
Therefore, after the basic characterization, the synthesized material was employed

as an adsorbent for Cu(II) ions from aqueous solution. The batch adsorption experiments
were carried out at different pH values. In addition, different amounts of adsorbent and
various concentrations of copper ions at different time intervals were measured.

3.2. Effect of Adsorption Parameters
3.2.1. Effect of pH

Firstly, the relationship between the adsorption capacities as a function of pH was
investigated. Thus, the effect of the pH on the adsorption of Cu(II) ions on the synthesized
adsorbent at three different values—2, 4 and 5—was determined. Note that the adsorption
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ability of the adsorbent was not investigated at a pH higher than 5, because the Cu(II)
could precipitate. The test was conducted at room temperature with an initial Cu(II)
concentration of 500 mg/L, a 10 g/L MFA dose, a contact time of 24 h, and a stirring speed
of 300 rpm.

At pH 2, the synthesized material does not have the ability to remove copper ions; for
pH 4 and 5, the results are shown in Figure 6.
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As shown in Figure 6, the adsorption process is a function of the pH value. On the
other hand, upon increasing the pH value to 4 and 5, adsorption capacities of 42.89 mg/g
and 43.85 mg/g were obtained, respectively, corresponding to removal efficiencies of 96
and 98%.

Consequently, it can be stated that the maximum adsorption capacity remains almost
constant with an increasing pH value.

3.2.2. Effect of Adsorbent Dose

The influence of this parameter was studied using 1 g/100 mL (10 g/L), 1 g/50 mL
(20 g/L), and 1 g/25 mL (40 g/L) MFA/Cu (II) solution ratio, a 300 mg/L initial Cu(II)
concentration, and a contact time of 480 min at 300 rpm. The results obtained for the
adsorption capacity and removal efficiency are shown in Figure 7.

When the dose is changed, the effect of the MFA dose on the adsorption of Cu(II)
ions is visible. From Figure 7, it can be highlighted that the adsorption capacity decreases
from 27.6 to 6.18 mg/g with an increase in adsorbent dosage. On the other hand, the
removal efficiency decreases from 96 to 93.32%. The results show that the adsorbent dose
recommended for the maximum Cu(II) removal efficiency from an initial concentration
of 300 mg/L is 1 g adsorbent/100 mL solution. This observation was found in a series of
studies [40,41].

3.2.3. Effect of Initial Concentration and Contact Time

Variations in the Cu(II) adsorption capacity and removal efficiency are shown in
Figure 8, as a function of the initial Cu(II) concentration and contact time. The experiments
were carried out by varying the initial Cu(II) concentration from 300 to 700 mg/L, while
the other parameters were kept constant: pH = 5, MFA dose = 10 g/L, 300 rpm, time of
contact = 480 min.

From Figure 8, it can be noted that the Cu(II) adsorption process onto MFA is fast in
the first few minutes for all three initial concentrations due to the large number of active
sites that were available.
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The adsorption capacity and removal efficiency are dependent on the initial Cu(II)
concentration. It should be pointed out that good adsorption capacities and removal
efficiencies are obtained in all three cases. Upon increasing the initial Cu(II) concentration
from 300 to 700 mg/L, an uptrend in the Cu(II) adsorption capacity was observed from
27.6 to 56.61 mg/g, however, the removal efficiency decreases from 98 to 86.04%. A rational
explanation would be that an increase in the driving force took place due to a concentration
gradient between the Cu(II) solution and the surface of the MFA adsorbent. The results
obtained followed the same trend as the results from the other studies on the adsorption of
Cu(II) onto materials based on fly ash [35,42].

The effect of the contact time was also investigated with the MFA adsorbent. As shown
in Figure 8, the adsorption capacity and removal efficiency increased as the contact time
increased. This fact could be explained by the large surface area of the adsorbent. The max-
imum adsorption capacity is obtained after approximately 250 min for all concentrations,
but with different adsorption capacities and removal efficiencies.
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Therefore, a contact time of 250 min is enough for the adsorption to reach equilibrium.
On the basis of the obtained results, it can be concluded that the pH, adsorbent dose,

initial Cu(II) concentration, and contact time are factors that affect the adsorption process
of Cu(II) by the MFA adsorbent.

3.3. Adsorption Kinetic Study

A kinetic model is a mathematical representation of the rate at which a physical or
chemical process takes place [43]. The kinetic study indicates the adsorption rate and the
efficiency of the adsorbent. In addition, through the obtained data, the mechanism that
takes place can be established.

In the present study, the data obtained were applied to three kinetic models: a pseudo-
first order kinetic model (PFO), a pseudo-second order kinetic model (PSO), and an intra-
particle diffusion model. This was done in order to evaluate the experimental data obtained
at initial Cu(II) concentrations of 300, 500, and 700 mg/L.
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The PFO model assumes that the adsorption takes place only at some specific sites.
The adsorption kinetics described by the PSO model suppose that the rate limiting step is a
chemisorption process. The intraparticle diffusion model [44] assumes that:

1. The transport of adsorbate from the bulk solution to the outer surface of the adsorbent
is by molecular diffusion;

2. Internal diffusion, the transport of adsorbate from the particle’s surface into an interior
site, takes place;

3. The adsorption of the solute particles from the active sites into the interior surface of
the pores occurs.

To calculate the kinetic parameters, the equations presented in Table 4 were used [45]:

Table 4. Kinetic models.

Model Equation

Pseudo-first order kinetic model (PFO) log(qe − qt) = log qe − (k1t)
2.303

Pseudo-second order kinetic model (PSO) t
qt

= 1
k2qe2 +

t
qe

Intraparticle diffusion qt = kit0.5+c

where qt (mg/g) is the amount of Cu(II) ions adsorbed at time t, qe (mg/g) is the
amount of Cu(II) ions adsorbed at equilibrium, k1 is the pseudo-first order rate constant
(1/min), k2 is the pseudo-second order rate constant (g/mg min), and ki is the intraparticle
diffusion rate constant.

The plots of the data were created for the three initial Cu(II) concentrations of 300, 500,
and 700 mg/L (Figure 9). The kinetic parameters are shown in Table 5.

Analyzing Table 5, it can be seen that the experimental data could not be predicted by
the PFO model.

On the other hand, the data confirm that the intraparticle diffusion model does not
fit the experimental data. The R2 value for the intraparticle diffusion model was lower
compared to the PSO model. In addition, another indicator that supports this statement is
that the plots did not pass through the origin.

The high correlation coefficient value, R2, of 0.9999, and the agreement between qe cal
and qexp validate the fact that Cu(II) adsorption processes followed the PSO model, which
indicated the chemisorption mechanism.

It must be noted that it is difficult to compare the adsorption capacities of some
adsorbents in different working adsorption conditions due to factors such as the pH,
copper initial concentration, adsorbent doses, and type of synthesis (one of the most
important parameters). Taking into account this plausible observation, at the end of the
research, a comparison with other materials presented in the literature was shown in order
to establish the efficiency of the adsorbent (Table 6).

The data presented in Table 6 show that the MFA adsorbent has a good adsorption
capacity, and this fact could imply that the adsorbent can be used for the treatment of
wastewater-containing Cu(II) ions.
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Table 5. Kinetic parameters of Cu(II) adsorption onto MFA.

Kinetic Model Parameters
Values

300 mg/L 500 mg/L 700 mg/L

Pseudo-first order
k1, 1/min 0.0209 0.0092 0.0101

R2 0.9169 0.9776 0.9844

Pseudo-second order
qe cal, mg/g 27.32 45.25 58.48

k2, g/mg min 0.0036 0.0010 0.0009
R2 0.9994 0.9909 0.9964

Intraparticle diffusion
ki 1.0899 1.6816 2.1269
C 9.2665 11.579 15.211
R2 0.7392 0.9518 0.9286

Table 6. Comparison of the adsorption capacities for different adsorbents for Cu(II) adsorption.

Adsorbent q, mg/g References

FA 14.464 [36]
FA/NaOH (2 M, 70 ◦C) 6.976–27.904 [36]
FA/NaOH (2 M, 90 ◦C) 7.056–27.904 [36]
FA/NaOH (5 M, 70 ◦C) 6.896–27.776 [36]
FA/NaOH (5 M, 90 ◦C) 6.896–27.904 [36]

Banana peel 1.439–71.429 [46]
FA/NaOH (5 M, 70 ◦C, US) 23.8 [23]

FA/H2SO4 28.09 [40]
CSCMQ copolymer 28.75 [47]

KOH-hydrochar 18.6 [48]
Carbon nanofibers 8.8 [49]

Coal fly ash 8.54 [50]
FA/NaOH (600 ◦C, 68 h) 39.68 [51]

MFA 27.32–58.48 This study
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4. Conclusions

This paper for the first time reports the easy synthesis of one material using fly ash
and its application for the removal of copper from aqueous solutions.

The material characterization was performed by SEM, EDX, INAA, XRD, FTIR, BET,
and thermal analysis. The material has been successfully synthesized by treating the fly
ash with 2 M NaOH for 7 days of contact time.

Furthermore, a series of parameters that influence the adsorption process were evalu-
ated: pH, adsorbent dose, initial concentration, and contact time.

The adsorption of copper ions onto MFA is validated by the pseudo-second order
kinetics model.

The new material based on fly ash obtained during this research was found to be efficient
for the Cu(II) ion removal in comparison with the adsorbents reported in the literature.

The encouraging results obtained emphasize that the synthesized material is very
effective as an adsorbent for copper ions from aqueous solution; extending these studies
using real wastewater will permit us to implement this absorbent as an effective, low-cost
material in wastewater treatment.

An important advantage that must be stated is that the production of this type of
material does not require much energy consumption compared with traditional synthesis.
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