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Abstract: The aim of this work was the chemical modification of mineral by-products obtained
from the combustion of bituminous coal (FA) treated with hydrogen peroxide (30%), used as an
adsorbent for the removal of Cr(III) and Cd(II) ions and crystal violet (CV) from a mixture of heavy
metal and organic dye in a solution containing either Cr(III)–CV or Cd(II)–CV. Fourier transform
infrared (FT-IR), thermogravimetric analysis (TG), scanning electron microscopy–energy dispersive
spectroscopy (SEM-EDS), and X-ray diffraction (XRD) analyses suggested that the mechanism of
Cr(III)–CV or Cd(II)–CV sorption onto FA–H2O2 includes ion-exchange and surface adsorption
processes. The effect of pH on the adsorption equilibrium was studied. The maximum adsorption was
found for pH values of 9. The values of the reduced chi-square test (χ2/degree of freedom (DoF)) and
the determination coefficient R2 obtained for the sorbate of the considered isotherms were compared.
Studies of equilibrium in a bi-component system by means of the extended Langmuir (EL), extended
Langmuir–Freundlich (ELF), and Jain–Snoeyink (JS) models were conducted. The estimation of
parameters of sorption isotherms in a bi-component system, either Cr(III)–CV or Cd(II)–CV, showed
that the best-fitting calculated values of experimental data for both sorbates were obtained with the
JS model (Cr(III) or CV) and the EL model (Cd(II) or CV). The maximum monolayer adsorption
capacities of FA–H2O2 were found to be 775, 570 and 433 mg·g−1 for Cr, Cd and CV, respectively.
Purification water containing direct Cr(III) or Cd(II) ions and CV was made with 90%, 98% and 80%
efficiency, respectively, after 1.5 h. It was found that the chemical enhancement of FA from coal
combustion by H2O2 treatment yields an effective and economically feasible material in chemical
engineering for the treatment of effluents containing basic dyes and Cr(III) and Cd(II) ions.

Keywords: mineral by-products; chemical engineering; sorption; bi-component system; crystal violet;
heavy metals

1. Introduction

Growing amounts of by-products such as coal fly ash are generated every year from the combustion
of bituminous coal in electric power plants [1]. A large portion of coal fly ash is disposed of in
landfills [2,3]. Because of the low leaching potential of toxic elements, coal ash is widely used as a
recycling material (250 million tons per year) [2–5].
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Fly ash presents differentiated physicochemical and mineralogical characteristics, which are
relevant for its potential application. The abundance of amorphous aluminosilicate glass is what
makes fly ash an important source sorbent material [6–9]. Coal fly ash has potential as a source in the
production of synthetic zeolite—the effective sorbent for nickel removal from water [10]. In recent
years, there has been growing interest in the search for cheaper sources, such as low-cost adsorbent
materials, for the immobilization of dyes and heavy metals from mixtures [11–17]. For this reason,
there are studies on the utilization of this solid waste [18–22] for the removal of heavy metals [23–25]
and dyes [26–28] from polluted waters.

The use of synthetic dyes is increasingly common in textile industries, dye manufacturing
industries, paper and pulp mills, tanneries, electroplating factories, food companies, and others [29].
Therefore, it is necessary to study the adsorption phenomena of different classes of dyes. Crystal
violet (CV) is a basic dye which belongs to the group of tri-phenylmethanes. It is a typical cationic
dye that has been widely used as a colorant in textile products. Incrustation is the most visible effect
of wastewater discharge from the textile industry [28,30]. The distribution of compounds containing
Cr(III) and Cr(VI) depends on the redox potential. According to the World Health Organization
(WHO), Cr(VI) and Cr(III) have different physicochemical properties: Cr(III) compounds are converted
to mutagens only in a strong oxidizing environment, while Cr(VI) has carcinogenic and mutagenic
properties [31]. It is most often accumulated in the lungs and kidneys. Cadmium, which is a human
carcinogen, exerts toxic effects on the respiratory and the skeletal systems [32,33].

Several dyes and other effluents in chemical plants contain Cr(VI), which is much more hazardous
than Cr(III). The most commonly used approach for the detoxification of hazardous industrial effluents
and wastewaters containing Cr(VI) is its reduction to the much less toxic and immobile form of
Cr(III) [34] and the identification of the main mechanisms involved in the removal of Cr(VI) [35].

Despite many studies on the immobilization of heavy metals, it is still important to improve
our understanding of the relationship between the chemical composition of fly ash and its sorption
properties [22].

The present study investigates useful Polish coal fly ash after chemical treatment with a 30%
solution of H2O2 and assesses its abilities to remove toxic mixtures from the bi-component systems
Cr(III)–CV and Cd(II)–CV. Multicomponent systems containing only metal ions or organic dyes have
been studied previously. Industrial waste containing a mixture of components with different ionic
radii poses a greater challenge. This manuscript will describe an important topic for future studies of
the sorption and utilization of FA for the immobilization of Cr(III)–CV and Cd(II)–CV in bi-component
systems from aqueous solutions.

2. Materials and Methods

2.1. Chemicals

The reagents used were of analytical reagent (AR) grade, produced by Avantor Performance
Materials Poland S.A. (Gliwice, Poland), Merck KGaA (Darmstadt, Germany), and Sigma-Aldrich
Corp. (St. Louis, MO, USA). Used reagents were as follows: 30% solution of H2O2, nitric(V) acid
(a.p., POCh), sodium hydroxide, cadmium(II) nitrate(V), chromium(III) nitrate(V), crystal violet (CAS
number: 548-62-9), standard cadmium and chromium solution (1000 mg·L−1). Cd(II), Cr(III) and
CV stock solutions (1000 mg·L−1) were made by dissolving exact amounts of Cd(NO3)2, Cr(NO3)3

and crystal violet in distilled water, respectively. The test solutions were prepared by diluting stock
solutions with distilled water. The obtained concentration of heavy metals in test solutions varied
between 10 and 500 mg·L−1, and the concentration of dye varied between 1 and 400 mg·L−1.

2.2. Fly Ash Sample and Its Modification

The coal fly ash sample was collected from the heat and power plant in Rzeszów, the branch of
PGE Energia Ciepła S.A. (Rzeszów, Poland). On the basis of a combined content of SiO2, Al2O3 and
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Fe2O3 of over 70%, the coal fly ash was defined as Class F [36] according to the American Society for
Testing Materials (ASTM C618) classification.

The oxidized form of coal fly ash was converted in the following way: the fly ash was treated with
a 30% solution of H2O2 at a solution-to-fly-ash ratio of 10:1 in weight. The activation was carried out in
a closed round-bottomed flask reflux condenser and mixed for 12 h at 100 ◦C. The obtained FA–H2O2

was decanted, filtered and repeatedly washed with distilled water until the pH of the filtrate dropped
to the pH of distilled water. Next, the FA–H2O2 was dried in an electric dryer at a temperature of
105 ◦C for 24 h [15].

2.3. Sorption of Analytes

In total, 0.5 g of FA–H2O2 was added to 100 mL glass flasks, which were filled with a 50 mL metal
ion and dye solution of varying concentrations (10–500 mg·L−1). Then, the mixtures were subjected to
agitation at pH 9.0 for 1.5 h (see Section 3.4.1). The method was described according to the work in [37].

2.4. Determination of Analytes

Crystal violet (CV) dye, which is also known as methyl violet 10B, basic violet or 3(N-[4-[bis[4-
dimethyl-amino]-phenyl]-methylene]-2,5-cyclohexadien-1-ylidine]-N-methyl-methanaminium chloride),
was used. The absorbance at a wavelength of 595 nm for different concentrations of 1, 3, 5, 7, 9, 11, 13 and
15 mg·L−1 CV was measured by the spectrophotometric method.

Calibrant solutions containing 0.0, 3.5, 5.0 and 7.0 mg L−1 Cr and 0.0, 0.5, 1.0, 1.5 and 2.0 mg L−1

Cd were prepared by diluting a stock solution of 1000 mg L−1 Cr and Cd. The concentration of metals
in solution after sorption was determined by the flame atomic absorption spectrometry (FAAS) method
at 359.4 and 228.8 nm wavelengths for Cr and Cd, respectively.

3. Results and Discussion

3.1. Surface Morphology and Chemical Composition of FA and FA-H2O2

Scanning electron micrographs (SEM) show the surface morphology of raw FA (Figure 1a) and
activated FA–H2O2 (Figure 1b). The SEM image of raw FA shows that the fly ash particles are generally
spherical in shape (Figure 1a). According to Styszko-Grochowiak et al. [38], the FA occurs in the form
of small, spherical grains, which consist mainly of mixed aluminosilicates and calcium. The pictograph
of FA–H2O2 (Figure 1b) indicates that the modification process by H2O2 did not lead to crystallization
and that the H2O2 was attached to the FA surface [39].
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The samples were detected by SEM equipped with energy-dispersive X-ray spectroscopy (EDS).
For the detection of the elemental composition of FA and FA–H2O2, an analysis of X-ray signals was
used (Figure 2). After a chemical treatment with hydrogen peroxide, the increase in oxygen content
was shown to be owed to the oxidation of fly ash. In order to determine the percentages of carbon
and oxygen, a spot analysis of a selected sample was carried out. The O/C ratio shows the effects of
oxidation after the modification. As a result of FA activation with H2O2, the carbon at the surface is
oxidized. The increase in the oxygen-to-carbon ratio in FA–H2O2 compared to raw FA supports this
fact. The increase in the O/C ratio from 10.8 to 21.2 confirmed this (Figure 2).

Minerals 2020, 10, x FOR PEER REVIEW 4 of 15 

 

The samples were detected by SEM equipped with energy-dispersive X-ray spectroscopy 
(EDS). For the detection of the elemental composition of FA and FA–H2O2, an analysis of X-ray 
signals was used (Figure 2). After a chemical treatment with hydrogen peroxide, the increase in 
oxygen content was shown to be owed to the oxidation of fly ash. In order to determine the 
percentages of carbon and oxygen, a spot analysis of a selected sample was carried out. The O/C 
ratio shows the effects of oxidation after the modification. As a result of FA activation with H2O2, the 
carbon at the surface is oxidized. The increase in the oxygen-to-carbon ratio in FA–H2O2 compared to 
raw FA supports this fact. The increase in the O/C ratio from 10.8 to 21.2 confirmed this (Figure 2). 

 
Figure 2. Energy dispersive spectroscopy (EDS) spectra of coal fly ash; (a) raw FA and (b) 
H2O2-treated FA. 

The presence of quartz, mullite and magnetite [40] (Figure 3) is shown by the XRD patterns of 
FA and FA–H2O2. The diffraction pattern of FA–H2O2 indicated that the amounts of mineral in the 
FA–H2O2 increased in comparison to FA (higher than that of FA), as was observed in the height of 
their peak intensities. 

  
Figure 3. X-ray diffraction (XRD) patterns of (a) raw FA and (b) H2O2-treated FA. 

3.2. FT-IR Measurements of FA and FA-H2O2 

In the obtained Fourier transform infrared (FT-IR) spectra of FA and FA–H2O2, there was an 
observed absorption broadband at 3440 cm−1, a band at 1630 cm−1, and an absorption broadband at 
about 1050 cm−1 (Figure 4, Table 1).  
  

Figure 2. Energy dispersive spectroscopy (EDS) spectra of coal fly ash; (a) raw FA and (b) H2O2-treated FA.

The presence of quartz, mullite and magnetite [40] (Figure 3) is shown by the XRD patterns of
FA and FA–H2O2. The diffraction pattern of FA–H2O2 indicated that the amounts of mineral in the
FA–H2O2 increased in comparison to FA (higher than that of FA), as was observed in the height of
their peak intensities.
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3.2. FT-IR Measurements of FA and FA-H2O2

In the obtained Fourier transform infrared (FT-IR) spectra of FA and FA–H2O2, there was an
observed absorption broadband at 3440 cm−1, a band at 1630 cm−1, and an absorption broadband at
about 1050 cm−1 (Figure 4, Table 1).
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Table 1. The vibration bands of Fourier transform infrared (FT-IR) spectra [15,41–43].

Adsorption Bands Assignment Interpretation

3500–3000 cm−1 Stretching (–OH) and bending
(H–O–H) vibrations

Water molecules adsorbed on the fly
ash surface

2920 and 2850 cm−1 Stretching vibrations of –OH Presence of hydrated aluminosilicates
1630 cm−1 Bending vibrations of –OH

and bending vibrations of H–O–H

1450 cm−1 Asymmetric stretching vibrations of bridge
bounds C–O Carboxyl–carbonate structures

1050 cm−1 Asymmetric stretching vibrations of bridge
bounds Si–O–Si and Si–O–Al

Tetrahedral or aluminum and
silicon–oxygen bridges, typical for

aluminosilicate framework structures
800 cm−1 Symmetric stretching vibration Al, Si–O Quartz

Coal fly ash oxidized by H2O2 was more hydrophilic than that of the corresponding unoxidized
sample [42,43]. There is a noticeable increase in band intensity in the field of 3440 cm–1 in the spectrum
of FA–H2O2.
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The spectra of FA and FA–H2O2 contain a characteristic doublet of quartz at 798 and 780 cm−1.
Furthermore, the symmetrical stretching variation at 730 cm−1 and the symmetrical stretching variation
at 660 cm−1 associated with Si–O–Al and Si–O–Si, respectively, were suggested by Mozgawa et al. [43].
Moreover, the band at about 550 cm−1 corresponds to symmetric stretching vibrations of νs Si–O–Si
bridge bonds and bending vibrations of δ O–Si–O as a complex band [15,42,43]. Based on the FT-IR
spectrum, the presence of pore openings corresponding to the band at 460 cm−1 in FA and FA–H2O2

can be observed, which can be attributed to the dissolution of the minerals (viz., quartz and mullite)
present in the samples [15].

3.3. Thermal Gravimetric Analysis of FA and FA-H2O2

The curves of the differential thermal analysis (DTA) and thermogravimetric analysis (TG) of the
FA sample, shown in Figure 5a, present a small mass loss in the temperature range from 50 to 150 ◦C,
which is caused by the evaporation of water from the FA (Table 2).
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This endothermic process for FA is assigned to the dehydration/thermodesorption of water,
at around 0.2% [35]. The registered mass change in the temperature range from 250 to 400 ◦C indicates
that the exothermic process is related to the oxidation of residue of organic matter, at about 7.4%.
A larger mass loss in the temperature range of 400–600 ◦C is caused by the dehydration of calcium
hydroxide (endothermic process) and the decomposition of calcium carbonate (exothermic process).
The next dehydration process corresponds to the loss of coordinated and structural -OH groups of
water (peak at 520 ◦C). This endothermic peak is assigned to the dehydroxylation of FA; i.e., the removal
of hydroxyl groups from tetrahedral structural units. The next exothermic peak at the temperature
of 600 ◦C indicates the recrystallization process. The last stage in the temperature range from 650
to 800 ◦C is the endothermic decomposition of the mineral structure. The total mass loss during
the process amounted to 8%. The differential thermal analysis of FA–H2O2 (Figure 5b) indicates
that the temperature range of 300–600 ◦C results in an endothermic process, which is caused by the
decomposition of calcium hydroxide, calcium carbonate and oxygen functional groups on the surface
of sample (Table 1).

Table 2. Changes in the properties of FA and FA–H2O2, which occurred as a result of heating during
the thermogravimetric analysis.

Process Type of Reaction Range of Reaction Temperature (◦C)

Evaporation of water (moisture, hydration water) Endothermic 50–150
Oxidation of residue of organic matter Exothermic 250–400

Dehydration of calcium hydroxide Endothermic 400–600
Decomposition of calcium carbonate Exothermic 400–600

Dehydration of coordinated and structural
water/dehydroxylation of FA and FA–H2O2

Endothermic 520

Recrystallization Exothermic 600
Decomposition of mineral structure Endothermic 650–800

3.4. Sorption Studies

3.4.1. Influence of pH

The order of affinity results from different physical and electrostatic forces. These forces depend
on the molecular size of sorbates. The sample activated by H2O2 has a greater oxygen surface than
that of the corresponding raw coal fly ash. The presence of polar groups on the surface of FA–H2O2 is
likely to give a considerable cation exchange capacity to the sorbents. The point of zero charge (PZC)
was determined using the suspension and potentiometric titration methods [44,45]. In the case of
FA/FA–H2O2, the value was found to be about 8.1/8.3. Therefore, the adsorbent surface has a negative
charge at pH > 8.1/8.3 and positive charge at pH < 8.1/8.3. At a high pH, the solution in contact with
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the FA–H2O2 contains excess hydroxyls. A combined process of precipitation (Cr(OH)3, Cd(OH)2)
and adsorption (Cr(OH)4

−) at pH > 9 was observed (Figure 6a,b). The order of affinity based on the
amount of sorbate removal is as follows, with a hydrated ion radius: Cr(III) (4.13 Å) > Cd(II) (4.26 Å) >

CV (above 40 Å) [37]. It was found that the sorption process predominates between positively charged
CV molecules and the negatively charged silanol group. In the higher range of pH, the FA–H2O2

surface has a negative charge. Basically, crystal violet produced molecular cations (C+) and reduced
ions (CH+) (Figure 6c). With the increasing solution pH, the sorption capacity increased due to the
weaker forces of repulsion between the FA–H2O2 and CV.

The Cr(III) or Cd(II) (Cr(III)/Cd(II)) ions and CV dye sorption is attributed to different mechanisms,
as shown in Figure 7.
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Thus, a favorable pH for the sorption of cationic dyes, such as CV and Cr(III)/Cd(II) ions, will be
greater than pH 9. The mechanism of Cr(III)/Cd(II) ions and CV dye sorption includes ion-exchange
and surface adsorption processes and also dissolution–reprecipitation in the case of Cr(III) and Cd(II).



Minerals 2020, 10, 66 8 of 15
Minerals 2020, 10, x FOR PEER REVIEW 8 of 15 

 

 
Figure 7. Schema of different mechanisms of the sorption process of Cr(III), Cd(II) and crystal violet 
(CV) onto FA–H2O2. 

3.4.2. Effect of Initial Concentration 

The values of adsorption (%) increased with the decrease in the initial Cd(II) ions and CV 
concentrations (Figure 8). The method was described according to that shown in [37]. 

 
Figure 8. Effect of initial Cd(II) ion and CV concentration on the adsorption of FA and FA–H2O2. 

3.4.3. Adsorption Isotherms in a Bi-Component System 

The sorption isotherm models in a bi-component system were analyzed by means of the 
extended Langmuir (EL) [46], extended Langmuir–Freundlich (ELF) [47], and Jain–Snoeyink (JS) [48] 
models. The equations of the analyzed sorption isotherms are shown in Figure 9 and Table 3. 

Figure 7. Schema of different mechanisms of the sorption process of Cr(III), Cd(II) and crystal violet
(CV) onto FA–H2O2.

3.4.2. Effect of Initial Concentration

The values of adsorption (%) increased with the decrease in the initial Cd(II) ions and CV
concentrations (Figure 8). The method was described according to that shown in [37].
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3.4.3. Adsorption Isotherms in a Bi-Component System

The sorption isotherm models in a bi-component system were analyzed by means of the extended
Langmuir (EL) [46], extended Langmuir–Freundlich (ELF) [47], and Jain–Snoeyink (JS) [48] models.
The equations of the analyzed sorption isotherms are shown in Figure 9 and Table 3.
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Figure 9. Estimation of Cr(III)–CV and Cd(II)–CV adsorption using (a) extended Langmuir model (EL)
in the Cd(II)–CV system, (b) extended Langmuir model (EL) in the Cr(III)–CV system, (c) extended
Langmuir–Freundlich (ELF) in the Cd(II)–CV system, (d) extended Langmuir–Freundlich (ELF) in the
Cr(III)–CV system, (e) Jain–Snoeyink (JS) isotherm models in the Cd(II)–CV system, (f) Jain–Snoeyink
(JS) isotherm models in the Cr(III)–CV system.
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Table 3. Parameter values of the bi-component isotherms for Cr(III)–CV and Cd(II)–CV on FA-H2O2.

Isotherm Model Equation 1 Parameter
Cd(II)–CV Cr(III)–CV

Cd(II) CV Cr(III) CV

Extended Langmuir qei = qmaxi
KLiCei

1+
N∑

j=1
KLjCej

χ2/DoF 0.9 0.8 27.1 31.5

R2 0.984 0.992 0.773 0.698

Extended
Langmuir–Freundlich

qei = qmaxi
(KLiCei)

1/ni

1+
N∑

j=1

(
KLjC ei

)
1/nj

χ2/DoF 33.3 45.8 47.9 0.6

R2 0.399 0.559 0.352 0.994

Jain–Snoeyink

qe1 = (q max1 − qmax2

) KL1Ce1
1+KL1Ce1

+

+qmax2
KL1Ce1

1+KL1Ce1+KL2Ce2

χ2/DoF 36.7 0.04 0.2 34.6

R2 0.297 0.996 0.997 0.402when qmax1 > qmax2

qe2 = qmax2
KL2Ce2

1+KL1Ce1+KL2Ce2

1 where qei is the uptake of component i in the multicomponent system, Cej (j = 1, 2, . . . , N; where N is the number
of components) is the equilibrium concentration of Cr(III), Cd(II) and CV in the system, qmaxi and KLi are Langmuir
constants, and the ni parameter is the heterogeneity factor. The parameters qmaxi, KLi and ni were obtained from the
single isotherms for Cr(III), Cd(II) and CV and substituted in equals to predict the uptake of Cr(III), Cd(II) and CV
in the multicomponent system. The maximum adsorption capacities obtained from the single isotherm ere found to
be 775, 570 and 433 mg·g−1 for Cr, Cd and CV, respectively.

In order to quantitatively compare the applications of each model, the coefficients of determination
(R2) and a reduced chi-square test (χ2/DoF) were calculated [49]. The linear and non-linear regression
(reduced chi-square) value was calculated using the Origin Pro 7.5 software (OriginLab Corp.,

Northampton, MA, USA): χ2/DoF = 1
DoF

N∑
i=1

(qei−qei,m)
2

qei,m
, where DoF, qei and qei,m are degrees of freedom,

experimental data and model data, respectively. The error bars in the line graph represent a confidence
interval of t-distribution; the significance was set at p = 95% and n = 3.

Figure 10a,b shows the comparison of the experimental adsorption data of Cr(III)/CV and Cd(II)/CV
onto FA–H2O2 and the calculated equilibrium sorption capacity qei (mg·g−1) values in the Cr(III)–CV
and Cd(II)–CV systems, by means of the bi-component isotherm models mentioned previously. The
dissimilarities in values of the Cr(III)–CV and Cd(II)–CV systems between the experimental and
calculated values for the entire data set of Cr(III)/CV and Cd(II)/CV are shown in Table 3.

If most of the data points are placed around the 45◦ line, then the studied isotherm models
could well represent the experimental adsorption data of the bi-component systems [46,50]. In the
bi-component system Cd(II)–CV, the EL and JS models fitted well to the adsorption data of Cd(II)/CV
and CV, respectively, onto FA–H2O2, and can be satisfactorily used to estimate equilibrium data from
the single isotherm parameters. The JS model poorly fitted the equilibrium data in the Cd(II)–CV
system for Cd(II) and could not be used to forecast the binary-system adsorption, because in this
case there were many points lying far away from the 45◦ line, rather than being placed around this
line [46]. The JS model fitted well to the equilibrium data in the Cr(III)–CV system for Cr(III). However,
the JS bi-component model approximated well to the experimental data since the isotherm provided
a χ2/DoF of 0.2, respectively, for Cr(III). The values of χ2/DoF indicated that the ELF bi-component
isotherm fitted worst to the experimental data with the highest reduced chi-square tests of 33.3/45.8 and
47.9, respectively, for Cr(III)/CV and Cd(II), in comparison to the other investigated models. The ELF
bi-component model approximated well to the experimental data since the isotherm provided a χ2/DoF
of 0.6, respectively, for CV in the Cr(III)–CV system. The explanation for these results is that the
isotherm does not incorporate any parameter accounting for the interactions between metal ion and
cationic dye. The EL bi-component isotherm approximated reasonably well to the experimental data
since the isotherm provided a χ2/DoF of 0.9 and 0.8, respectively, for Cd(II) and CV.
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Figure 10. Scatter plot of estimated (cal.) vs. experimental (exp.) values for the equilibrium sorption
capacity using the Extended Langmuir (EL), Extended Langmuir–Freundlich (ELF), Jain–Snoeyink (JS)
isotherm models (a) qe (cal) Cr(III) vs. qe (exp) Cr(III) in the Cr(III)–CV system (b) qe (cal) CV vs. qe
(exp) CV in the Cr(III)–CV system (c) qe (cal) Cd(II) vs. qe (exp) Cd(II) in the Cd(II)–CV system (d) qe
(cal) CV vs. qe (exp) CV in the Cd(II)–CV system.

The results in the three-dimensional plot in Figure 11a–d show the metal or dye uptake (z-axis) as
a function of the final equilibrium concentrations of these components (x- and/or y-axis, respectively).
This method of presenting the experimental data was considered to represent parallel iso-concentration
planes, which cut the area of the 3D plot [51]. The adsorption isotherm area of CV (Figure 11b,d)
shows that the uptake of CV undergoes small changes concurrently with an increase of Cd(II)/Cr(III) at
equilibrium. The adsorption isotherm area of Cd(II)/Cr(III) exhibits a very different shape (Figure 10a,b).
The uptake of Cd(II)/Cr(III) was strongly decreased while the concentration of CV was increased. It is
evident that, with the equilibrium concentration of CV changing from 0 to 200 mg·L−1, the Cd(II)/Cr(III)
adsorption capacity of FA–H2O2 was reduced by nearly 70%. The mesh areas determined by each
sorbate and to the total metal or dye uptake, respectively, are according to the EL or JS model.

The adsorption experimental points in bi-component Cd(II)–CV and Cr(III)–CV systems for
FA–H2O2 and the three-dimensional graphical surface plot [52,53] are shown as forecast by the EL
model in Figure 11a,b, and the JS model in Figure 11c,d. Furthermore, the forecast of equilibrium
data points with the isotherm using the EL and JS models was found to be satisfactory, respectively,
for Cd(II)/CV and Cr(III)/CV. These models were calculated as the best fit for bi-component adsorption
models based on the EL and JS isotherms for modeling the binary adsorption of Cd(II)/CV and
Cr(III)/CV, respectively, from aqueous solutions for FA–H2O2 because it uses the single Langmuir
isotherm parameters [52,53]. In this plot, the removal experimental points of Cd(II)/CV and Cr(III)/CV
are shown together with the forecast isotherm using the EL and JS isotherms, respectively.
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(exp) CV in the Cr(III)–CV system, (c) qe (exp) Cd(II) in the Cd(II)–CV system, and (d) qe (exp) CV in
the Cd(II)–CV system.

Figure 11a shows the removal process of Cr(III) in the presence of CV, and in the range of CV
concentration from 0 to 250 mg·L−1. Figure 10c shows the removal process of Cd(II) in the presence of
CV, and in the range of CV concentration from 0 to 400 mg·L−1. The removal of Cr(III)/Cd(II) declined
sharply while the concentration of CV increased at equilibrium. Figure 11b,c shows the dependence
of Cr(III) and Cd(II) concentration on the removal of CV. The removal of CV was insignificantly
constrained by the competition between Cr(III) and Cd(II), and the decrease in CV removal was
nearly proportional to the increase in the Cr(III) and Cd(II) concentrations. In the bi-component
systems, the removal of Cr(III) and Cd(II) was less than that of CV. Therefore, the CV showed a strong
competitive effect in the adsorption of Cr(III) and Cd(II), while the Cr(III) and Cd(II) did not influence
the adsorption of CV [52,53].

4. Conclusions

The results show that treating mineral by-products after the combustion of bituminous coal with
H2O2 solution is a promising means to enhance the inhibition of Cr(III)–CV and Cd(II)–CV mobility in
the bi-component system. In the first stage of the study, the characterization of FA and FA–H2O2 was
carried out. The XRD data of FA and FA–H2O2 confirm the presence of minerals such as quartz, mullite
and magnetite. The modification process by H2O2 did not cause crystallization, and the H2O2 was
attached to the FA surface. The EL and JS models constitute the best interpretation of the bi-component
system in the competitive adsorption of Cd(II)/CV and Cr(III)/CV, respectively. The competitive
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adsorption in a single component system indicated that FA–H2O2 had a stronger effect on Cr(III) ions
than on Cd(II) ions and CV dye, which is related to their hydrated ionic radius in the following order:
Cr(III) > Cd(II) > CV. Based on the obtained adsorption capacity, the conclusion may be drawn that an
H2O2-treated mineral by-product (FA–H2O2) can be used to treat pollutants containing Cr(III) ions
and CV dye or Cd(II) ions and CV dye.
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17. Sočo, E.; Kalembkiewicz, J. Kinetic and Thermodynamic Studies on the Adsorption of Cadmium (II) Ions from
Aqueous Solution by Synthetic Zeolite from Coal Fly Ash. In Fly Ash: Properties, Analysis and Performance;
Parker, J., Ed.; Nova Science Publishers Inc.: New York, NY, USA, 2017; pp. 159–176. ISBN 978-1-53610-516-2.

18. Puszkarewicz, A.; Kaleta, J.; Papciak, D. Adsorption of Phenol from Water on Natural Minerals. J. Ecol. Eng.
2018, 19, 132–138. [CrossRef]

19. Moutsatsou, A.; Stamatakis, E.; Hatzizotzia, K.; Protonotarios, V. The utilization of Ca-rich and Ca-Si-rich fly
ashes in zeolites production. Fuel 2006, 85, 657–663. [CrossRef]

20. Derkowski, A.; Franus, W.; Waniak-Nowicka, H.; Czímerová, A. Textural properties v. CEC and EGME
retention of Na-X zeolite prepared from fly ash at room temperature. Int. J. Miner. Process. 2007, 82, 57–68.
[CrossRef]

21. Hsu, T.-C.; Yu, C.-C.; Yeh, C.-M. Adsorption of Cu2+ from water using raw and modified coal fly ashes. Fuel
2008, 87, 1355–1359. [CrossRef]

22. An, C.; Huang, G. Stepwise adsorption of phenanthrene at the fly ash-water interface as affected by solution
chemistry: Experimental and modeling studies. Environ. Sci. Technol. 2012, 46, 12742–12750. [CrossRef]
[PubMed]

23. Cho, H.; Oh, D.; Kim, K. A study on removal characteristics of heavy metals from aqueous solution by fly
ash. J. Hazard. Mater. 2005, 127, 187–195. [CrossRef] [PubMed]

24. Papandreou, A.D.; Stournaras, C.J.; Panias, D.; Paspaliaris, I. Adsorption of Pb (II), Zn (II) and Cr (III) on coal
fly ash porous pellets. Miner. Eng. 2011, 24, 1495–1501. [CrossRef]

25. Visa, M.; Isac, L.; Duta, A. Fly ash adsorbents for multi-cation wastewater treatment. Appl. Surf. Sci. 2012,
258, 6345–6352. [CrossRef]

26. Janoš, P.; Buchtova, H.; Rýznarová, M. Sorption of Dyes from Aqueous Solutions onto Fly Ash. Water Res.
2003, 37, 4938–4944. [CrossRef]

27. Dizge, N.; Aydiner, C.; Demirbas, E.; Kobya, M.; Kara, S. Adsorption of reactive dyes from aqueous solutions
by fly ash: Kinetic and equilibrium studies. J. Hazard. Mater. 2008, 150, 737–746. [CrossRef]

28. Amodu, O.S.; Ojumu, T.V.; Ntwampe, S.K.; Ayanda, O.S. Rapid Adsorption of Crystal Violet onto Magnetic
Zeolite Synthesized from Fly Ash and Magnetite Nanoparticles. J. Encapsul. Adsorpt. Sci. 2015, 5, 191–203.
[CrossRef]

29. Anirudhan, T.S.; Ramachandran, M. Adsorptive removal of basic dyes from aqueous solutions by surfactant
modified bentonite clay (organoclay): Kinetic and competitive adsorption isotherm. Process Saf. Environ.
Prot. 2015, 95, 215–225. [CrossRef]

30. Sarma, G.K.; Gupta, S.S.; Bhattacharyya, K.G. Adsorption of Crystal violet on raw and acid-treated
montmorillonite, K10, in aqueous suspension. J. Environ. Manag. 2016, 71, 1–10. [CrossRef]

31. WHO/SDE/WSH/03.04/04 (2003) Chromium in Drinking-Water. Background Document for Development of WHO
Guidelines for Drinking-Water Quality; World Health Organization: Geneva, Switzerland, 2003.

32. Kumar, R.; Chawla, J. Removal of cadmium ion from water/wastewater by nano-metal oxides: A review.
Water Qual. Expo. Health 2014, 5, 215–226. [CrossRef]

33. Yaacoubi, H.; Zidani, O.; Mouflih, M.; Gourai, M.; Sebti, S. Removal of cadmium from water using natural
phosphate as adsorbent. Procedia Eng. 2014, 83, 386–393. [CrossRef]

34. Sahinkaya, E.; Kilic, A.; Altun, M.; Komnitsas, K.; Lens, P.N.L. Hexavalent chromium reduction in a sulfur
reducing packed-bed bioreactor. J. Hazard. Mater. 2012, 219, 253–259. [CrossRef] [PubMed]

35. Komnitsas, K.; Bazdanis, G.; Bartzas, G. Efficiency of composite permeable reactive barriers for the removal
of Cr (VI) from leachates. Desalin. Water Treat. 2016, 57, 8990–9000. [CrossRef]

36. Komnitsas, K.; Bartzas, G.; Paspaliaris, I. Modeling of reaction front progress in fly ash permeable reactive
barriers. Environ. Forensics 2006, 7, 219–231. [CrossRef]
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43. Mozgawa, W.; Jastrzębski, W.; Handke, M. Cation-terminated structural clusters as a model for the
interpretation of zeolite vibrational spectra. J. Mol. Struct. 2006, 792, 163–169. [CrossRef]

44. Fiol, N.; Villaescusa, I. Determination of sorbent point zero charge: Usefulness in sorption studies. Environ.
Chem. Lett. 2009, 7, 79–84. [CrossRef]

45. Komnitsas, K.; Zaharaki, D.; Bartzas, G.; Alevizos, G. Adsorption of scandium and neodymium on biochar
derived after low-temperature pyrolysis of sawdust. Minerals 2017, 7, 200. [CrossRef]

46. Al-Asheh, S.; Banat, F.; Al-Omari, R.; Duvnjak, Z. Predictions of binary sorption isotherms for the sorption of
heavy metals by pine bark using single isotherm data. Chemosphere 2000, 41, 659–665. [CrossRef]

47. Hamdaouia, O.; Naffrechoux, E. Modeling of adsorption isotherms of phenol and chlorophenols onto granular
activated carbon Part, I. Two-parameter models and equations allowing determination of thermodynamic
parameters. J. Hazard. Mater. 2007, 147, 381–394. [CrossRef]

48. Noroozi, B.; Sorial, G.A. Applicable models for multi-component adsorption of dyes: A review. J. Environ.
Sci. 2013, 25, 419–429. [CrossRef]

49. Wang, L. Application of activated carbon derived from ‘waste’ bamboo culms for the adsorption of azo
disperse dye: Kinetic, equilibrium and thermodynamic studies. J. Environ. Manag. 2012, 102, 79–87.
[CrossRef]

50. Vieira, R.S.; Guibal, E.; Silva, E.A.; Beppu, M.M. Adsorption and desorption of binary mixtures of copper
and mercury ions on natural and crosslinked chitosan membranes. Adsorption 2007, 13, 603–611. [CrossRef]

51. Papageorgiou, S.K.; Katsaros, F.K.; Kouvelos, E.P.; Kanellopoulos, N.K. Prediction of binary adsorption
isotherms of Cu2+, Cd2+ and Pb2+ on calcium alginate beads from single adsorption data. J. Hazard. Mater.
2009, 162, 1347–1354. [CrossRef]

52. Medellin-Castillo, N.A.; Padilla-Ortega, E.; Regules-Martínez, M.C.; Leyva-Ramos, R.; Ocampo-Perez, R.;
Carranza-Alvarez, C. Single and competitive adsorption of Cd(II) and Pb(II) ions from aqueous solutions
onto industrial chili seeds (Capsicum annuum) waste. Sustain. Environ. Res. 2017, 27, 61–69. [CrossRef]

53. Padilla-Ortega, E.; Leyva-Ramos, R.; Flores-Cano, J.V. Binary adsorption of heavy metals from aqueous
solution onto natural clays. Chem. Eng. J. 2013, 225, 535–546. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.apsusc.2014.11.152
http://dx.doi.org/10.1016/j.micromeso.2014.09.033
http://dx.doi.org/10.1016/j.cej.2012.01.031
http://dx.doi.org/10.3390/min9060358
http://dx.doi.org/10.1016/j.molstruc.2005.12.056
http://dx.doi.org/10.1007/s10311-008-0139-0
http://dx.doi.org/10.3390/min7100200
http://dx.doi.org/10.1016/S0045-6535(99)00497-X
http://dx.doi.org/10.1016/j.jhazmat.2007.01.021
http://dx.doi.org/10.1016/S1001-0742(12)60194-6
http://dx.doi.org/10.1016/j.jenvman.2012.02.019
http://dx.doi.org/10.1007/s10450-007-9050-4
http://dx.doi.org/10.1016/j.jhazmat.2008.06.022
http://dx.doi.org/10.1016/j.serj.2017.01.004
http://dx.doi.org/10.1016/j.cej.2013.04.011
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals 
	Fly Ash Sample and Its Modification 
	Sorption of Analytes 
	Determination of Analytes 

	Results and Discussion 
	Surface Morphology and Chemical Composition of FA and FA-H2O2 
	FT-IR Measurements of FA and FA-H2O2 
	Thermal Gravimetric Analysis of FA and FA-H2O2 
	Sorption Studies 
	Influence of pH 
	Effect of Initial Concentration 
	Adsorption Isotherms in a Bi-Component System 


	Conclusions 
	References

