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Abstract: The removal of hazardous heavy metals that have been released into the environment due
to industrial activities has become an important issue in recent years. The presented study concerned
the removal of copper(Il) ions from aqueous solutions using dolomites. Dolomite is a very attractive
adsorbent due to its wide availability, low cost, good adsorption, and environmental compatibility.
The paper describes the properties of D-I and D-II dolomites from two different open-cast mines in
Poland. The properties of natural adsorbents were determined based on point of zero charges (PZC),
elemental analysis of the adsorbent composition, FT-IR, XRD, and SEM spectra analysis. Depending
on the initial concentration of the solution used, the adsorption efficiency of copper(Il) ions was
58-80% for D-I and 80-97% for D-II. The adsorption mechanism in the case of D-II dolomite was
mainly based on ion exchange, while chemisorption dominated the D-I dolomite surface. Considering
the possibility of the regeneration and reuse of the adsorbent, dolomite D-II is a better material (the
desorption efficiency of copper(Il) ions was 58-80%). The adsorption behavior of dolomites has
been described using six adsorption isotherms. The best fit was obtained for the Redlich-Peterson,
Jovanovi¢, and Langmuir isotherms, indicating that monolayer adsorption occurred. The maximum
adsorption capacity for copper(Il) was 378 mg/g of D-I and 308 mg/g of D-II.

Keywords: adsorbent; dolomite; copper; heavy metal; isotherm

1. Introduction

The rapid development of industrial and economic processes has contributed to the
generation of huge amounts of wastewater containing toxic chemicals and heavy metals
that pose a threat to aquatic ecosystems and human and animal health [1,2]. Pollution is
introduced into natural water from various sources, such as industrial emissions, fossil
fuel combustion, inadequate waste disposal, and soil contamination [3-5]. Industry related
to galvanization processes produces wastewater rich in copper, zing, silver, gold, and
cadmium. These elements are highly soluble in water and easily absorbed by living
organisms. Heavy metals can be very toxic and, even at low concentrations, can accumulate
in the food chain of animals and humans [6-9]. Therefore, the study of heavy metal
pollution in aquatic ecosystems is essential from the point of view of public health. Heavy
metals should be removed as soon as their elevated concentration is detected.

Copper is one of those elements that can pose a real threat to human health. When
the permissible concentration is exceeded, copper is very harmful and can cause anemia,
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kidney and liver damage, gastrointestinal disorders, coma, and even death. This element
may also be responsible for the “pink disease” among infants and is carcinogenic to
animals. When copper is released into the water, it can eliminate all fish, invertebrates,
and marine plants within a radius of many kilometers from the source [10-13]. Excessive
copper retention also causes Wilson’s disease, which causes neurobehavioral abnormalities
similar to schizophrenia [14]. The Environmental Protection Agency and World Health
Organization have defined the maximum permissible range for copper(Il) in potable water
as 1.0-2.0 mg/dm3 [15].

The presence of toxic metals in sewage entering natural water leads to the need
to develop technologies for their removal and recovery [16]. Many separation methods
have been developed, including solvent extraction, co-precipitation, membrane filtration,
biosorption, ion exchange, and adsorption. These methods are used to remove heavy
metal ions from various aqueous solutions with a wide range of concentrations. Although
they are considered traditional methods, some cannot meet the new and more stringent
requirements and/or are expensive. Therefore, there is a growing need to develop new,
innovative, and cost-effective methods of removing heavy metals from wastewater [17-19].

Numerous studies have been carried out to develop cheaper and more effective
technologies to reduce the amount of wastewater produced and improve the quality of
treated wastewater. Adsorption has become a popular method of water purification due
to its efficiency (it can be used to remove contaminants in low concentrations) and can
be used in both batch and continuous systems. In addition, it is easy to use, generates
small amounts of post-process waste, and it is possible to regenerate and reuse adsorbents.
Adsorption is one of the most cost-effective treatment technologies, but the adsorbents
used can be very expensive. Therefore, there is a need to search for suitable adsorbents that
will be both easy to obtain, cheap, and effective in removing heavy metals.

In recent years, many studies have been conducted on the use of natural materials,
rock minerals, or agricultural waste as potential adsorbents. The use of highly efficient, en-
vironmentally friendly, and inexpensive materials for the adsorptive removal of pollutants
from water has always been seen as a new task. In order to remove dyes and heavy metals
from aqueous solutions, coal dust [20,21], tea waste [22,23], dolomite [17,22], activated
carbon [24,25], silica [26], clays [27], chitosan [28], and zeolites and their derivatives [29-31]
were tested. Various types of agricultural waste, which can also be transformed into cata-
lysts with adsorption properties, were also tested [2]. Agricultural waste is an attractive
source of raw materials that can be used to develop more ecological and economical meth-
ods of water treatment. It was confirmed that some of the locally available materials can be
used as cheap adsorbents.

Based on the above considerations, the main aim of the work was to assess the
effectiveness of copper removal from water solutions on natural adsorbents, which were
dolomites (carbonate minerals). The obtained test results made it possible to determine
the stability of the bond between copper(Il) ions and the adsorbent and the possibility
of adsorbent regeneration. Moreover, the extent to which the process of adsorption and
desorption of copper(Il) ions affects the structure of dolomites was checked. Interpreting
the obtained results made it possible to assess the validity of using carbonate minerals
(dolomite) for water or wastewater purification. Mineral adsorbents extracted in two mines
located in Poland, i.e., dolomite from the J6zefka open-cast mine (D-I) and dolomite from
the Piskrzyn mine (D-1I), were used for the study.

2. Materials and Methods
2.1. Subject of Study

Mineral adsorbents extracted in two mines located in Poland, i.e., dolomite from
the Jozefka open-cast mine (D-I) (50°50'18.07" N; 20°49'6.08” E) and dolomite from the
Piskrzyn open-cast mine (D-II) (50°45'22.66" N; 21°16/21.48"” E), were used for the study
(Table 1). In order to ensure equal testing conditions, both dolomites were sieved through a
sieve with a mesh size of 0.3 mm.
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Table 1. Properties of the analyzed dolomites (manufacturer’s data).

Dolomite
Properties Jozefka Open-Cast Mine Piskrzyn Open-Cast Mine

(D-D (D-II)

Color gray, white, yellowish, gray, white

colorless

Density (g/cm?) 2.8-2.9 2.9-3.0
Gloss glassy, sometimes pearly matte
Hardness on the Mosh scale 3.5-4 3-35

2.2. Physicochemical Properties of Dolomites

A detailed study was conducted to evaluate the dolomite structure, chemical com-
position, and properties. The samples of dolomite were subjected to the following set
of analyses:

Analysis of dolomite morphology using a Keyence VHX 7000 microscope (Meche-
len, Belgium).

Determination of the pH value of water solutions of the adsorbents:

To determine the pH value of water solutions of the adsorbents, 0.5 g of dolomite and
50 cm?® of distilled water were weighed in two beakers. The contents of the beakers were
mixed and then the pH of the solution was measured.

Determination of the zero point of charge of the dolomites:

Suspension method: A total of 0.5 g of dolomite and 50 cm? of 0.1 M NaNOj3 were
weighed into ten flasks with a capacity of 100 cm3. Using HNO3 and NaOH solutions, the
following pH values were determined, 2; 3; 4; 5; 6; 7; 8; 9; 10, and 11 (pHj). The samples
were stirred for 8 h using a magnetic stirrer, then the pH of the samples (pH;) was measured
again and the value of the expression, ApH = pH; — pHy, was calculated.

Potentiometric method: A total of 0.5 g of dolomite and 50 cm? of distilled water were
weighed into 100 cm? flasks, then the samples were titrated with 0.1 M HCl. The point of
zero charges was determined at the intersection of the titration curves for the analyzed and
the blank samples. Due to the lower value of the starting pH, the blank sample was titrated
with a standard solution of 0.01 M HCL.

2.3. Batch Adsorption and Desorption Experiment

To characterize the adsorption of copper(Il) ions on dolomite, 0.5 g of dolomite was
added to 50 mL of copper(II) nitrate(V) trihydrate solution with copper(ll) ion concen-
trations of 3000, 2000, 1000, 500, 250, 100, and 50 mg/ dm3. The pH of the solutions was
adjusted to 7 to obtain the copper(Il) ions as the main component and neutral environmental
conditions. The mixtures were agitated for 2 h on an Elpin lab shaker (vibration amplitude:
8 mm; vibration rates: 180 rpm) and then the mixtures were filtered into flasks using a
filter set. The concentration of copper ions was measured using a FAAS spectrophotometer
(wavelength was 324.8 nm).

The deposits remaining on the filters resulted from filtering samples after the adsorp-
tion on dolomite were dried and then quantitatively transferred to 100 cm? flasks. A total
of 50 cm? of distilled water was added to each flask, and then the resulting solutions were
brought to pH = 1 with concentrated nitric acid (V). The contents of the flasks were shaken
for 2 h, then the solutions were filtered into the flasks using a filter set, and the copper
concentration was determined using a FAAS spectrophotometer.

2.4. Chemisorption and Ion Exchange—Determination of the Copper(Il) Adsorption Mechanism
on Dolomite

The analysis of the chemisorption and ion exchange process allows us to determine
the interactions between the adsorbent structure and the adsorbed copper(Il) ions, and
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thus, to determine the scale of the desorption process. To determine the occurrence of
chemisorption and ion exchange, the content of copper(Il) ions, expressed in volume units
[mg/dm?], was converted into mass units [mg/g], according to the following formulas:

(C ads Ce,des) -V
m

Chemisorption =

M

Cedes'V
TonExchange = —24¢°~

2
where C,4s—concentration of copper(Il) ions adsorbed on the adsorbent, [mg/ dm?];
Ce des—concentration of copper(Il) ions in the aqueous solution after the desorption pro-
cess, [mg/ dm3]; V—the volume of solutions subjected to desorption, [dm3]; and m—the
adsorbent mass used for desorption, [g].

2.5. Analysis of Changes in the Structural Properties of Dolomites after the Process of Adsorption
and Desorption

In order to determine changes in the properties of dolomites after the adsorption and
desorption process, the following analyses were performed:

Elemental analysis of the composition of dolomites using the PerkinElmer CHNSO
2400 elemental analyzer.

X-ray diffraction analysis (XRD): The mineral composition of dolomite was assessed
using X-ray diffraction (Bruker D8 Advance, Bruker AXS, Karlsruhe, Germany).

SEM microscopic analysis: The morphological and textural observation of the surface
was made using a scanning electron microscope (SEM) (TESCAN VEGA 3, Fuveau, France).
The SEM was also used with a back-scattered electron detector (BSE) (INCA x-act, Oxford
Instruments) to broaden the scope of the element content analysis.

Fourier transform infrared spectroscopy (FI-IR) analysis: FT-IR spectra of dolomite
were obtained with an Alpha spectrometer (Bruker, Billerica, MA, USA).

2.6. Determination of Adsorption and Desorption Isotherms

The adsorption properties of the tested dolomites were assessed using six empirical
isotherm equations presented in Table 2. The isotherm that most accurately describes the
studied phenomenon was selected based on the data calculated by the Origin 7.5 program.

The determination coefficient (R?) and the reduced chi-square test (error analysis)
were used as the criterion for selecting the appropriate equation, allowing for determining
to what extent the determined curve matches the specified experimental data. The equation
describes the reduced chi-square test:

1 (Ce—Cem)’
2 _ 1 e e,
x*/DoF = dz Con (3)

where d—number of degrees of freedom; x>DoF—an indicator describing the error of
matching the experimental data of a model; Cc—concentration value of the test substance
in the liquid phase, [mg/dm?®]; and C, \j—the value of adsorbed substance concentration
in relation to the model curve, [mg/ dm?].
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Table 2. Lists of adsorption isotherm models [32-37].

Isotherms

Equation Abbreviations

Brunauer,
Emmet, Teller (BET)

Ce
Ge = Gonax- Keer- Co—the initial concentration of the substance in the
(1*%)'[1+(KBET71)'%§] solution [mg/dm?3].

Ce—the concentration of the adsorbate in the solution

Freundlich

at equilibrium [mg/dm?].

Ing, = InKg + % InCe ge—the equilibrium concentration of the adsorbate on
the adsorbent surface [mg/g].

gmax—maximum adsorption capacity [mg/g].

Langmuir

K.-C Kppr—BET adsorption equilibrium constant.
9e = 9max 1-s-IL<L~eCe Kr—Freundlich adsorption equilibrium constant
[dm3/ mg].

Jovanovic

Kip—Langmuir adsorption equilibrium constant

9de = qmax'(l *eXP(*KyCe)) [dm3/mg]
Kj—Jovanovich adsorption equilibrium constant

Halsey

[dm3/ mg |.

o\ X Ky—Halsey adsorption equilibrium constant
Qe = (C—H) [dm3/mg ].
n—adsorption intensity.

Redlich—Peterson

agp, B—Redlich—Peterson constant [dm3/ mg].
q = — KepCe Krp—Redlich-Peterson adsorption equilibrium
¢ Ttare(Ce) constant [dm3/ mg].

3. Results and Discussion
3.1. Characteristics of Adsorbents’ Properties

Dolomite with the chemical formula CaMg(CO3); belongs to the group of carbonate
minerals. This mineral is in the form of trigonal, rhombohedral crystals, which can be fine
or microcrystalline. Dolomites can occur in various color ranges from white, grey, light
brown, red, and green to black. The dolomite from the J6zefka open-pit mine (D-I) is gray,
while the dolomite from the Piskrzyn open-pit mine (D-II) is brown (Figure 1).

The average pH value of the aqueous solutions of the analyzed dolomites was 7.85 (D-
I) and 7.06 (D-1I) (Table 3). The point of zero charges (PZC) is one of the most important
parameters to describe the surface properties of solids in aqueous solutions. PZC is the pH
value at which a suspension of a solid in water has an electrical charge of zero (the sum of
positive and negative surface charges is zero). If the pH of aqueous solutions of dolomites
is above PZC, it means that its surface is negatively charged as a result of the ionization
of acidic groups (mainly carboxylic, phenolic, and hydroxyl). This phenomenon causes
an electrostatic attraction between the metal ions and the negative sites on the adsorbent
surface, increasing the adsorption. In addition, when the pH increases, there are fewer
hydrogen ions in the solution, the competition for metal ions decreases and adsorption
occurs with greater efficiency. However, when the pH is lower than PZC, the surface is
positively charged and can exchange anions [38]. The PZC determined by the suspension
method was 7.98 (D-I) and 6.52 (D-II) (Figure 2). Similar PZC values were obtained using
the potentiometric method (PZC is at the intersection of the titration curves of the samples
tested with the blank sample). PZC for dolomite II was 6.57 (potential E = 26.59 mV), and
for dolomite, I was 7.98 (potential E = —59.7 mV) (Figure 3). The pH value at which the
PZC value is found depends on the nature of the surface of the solid. The obtained values
show that the surface of D-II is negatively charged under the experimental conditions of
pH 7 and, therefore, will show a greater ability to adsorb metal ions.
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E20:X

(b)
Figure 1. Structure of the analyzed adsorbents: (a) D-I, (b) D-II.

Table 3. pH values of aqueous solutions of the dolomites.

. Average pH
Dolomite pH Values Value
D-1 7.90 7.85 7.80 7.85
D-II 7.06 7.08 7.04 7.06
5
2.0
| 15
3 1.0 |
s 0.5+
ApH i ApH 0.0 s
i 0.5
0 T T T T
| 2 4 6 H] 10 12 el
-1 -L5 |
. PZC =798 w 20 PZC=6.52 '
pHy pHy
(a) (b)

Figure 2. PZC value determined by the suspension method: (a) D-I, (b) D-II.
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300
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. < 3
Mo Vhcr [om7]
(a) (b)

Figure 3. PZC value determined by the potentiometric method: (a) D-I, (b) D-IL

3.2. Analysis of the Adsorption and Desorption Process on Dolomites

The test results showed that dolomite D-II has a greater adsorption capacity toward
copper(Il) ions (Figure 4). The adsorption efficiency for D-1I ranged from 80 to 97%, thus
indicating a more developed surface of this adsorbent or a greater number of active sites
on its surface. The analysis of the desorption process showed that adsorbed cations could
be more easily removed from the surface of D-II dolomite (Figure 4). A higher percentage
of desorption (58-80%) indicates that copper(Il) ions could be bound to the D-II surface by
van der Waals forces (these bonds are more easily broken) or ion exchange took place. On
the other hand, dolomite D-I obtained a lower percentage of desorption (10-40%), which
proves the predominance of chemical bonds between the dolomite structure and copper(Il)
ions (chemical bonds require much more energy to break them). The determination of
chemisorption and ion exchange rates confirmed the above considerations. In the case
of D-I, there are chemical interactions between the adsorbent and the adsorbate. In turn,
dolomite D-II was characterized by a greater capacity for ion exchange (Figure 5). Conduct-
ing a comprehensive analysis covering both the adsorption and desorption process is of key
importance for the practical applications of dolomite because we receive information both
on the effectiveness of sorbents in removing copper(ll) ions, as well as on the possibility of
their reuse.

After the adsorption process, changes in the structure and composition of the ana-
lyzed dolomite samples were observed. Changes in the physicochemical properties of
the dolomite are the result of the impact of impurities on the sorbent. As a result of the
adsorbed copper(Il) ions, the color of dolomite D-II changed from gray to blue, and the
spatial structure of this sorbent became more even (elevations in the 0-60 pm range prevail)
(Figure 5). The color change may be the result of the formation of copper(ll) complexes
on the surface of the dolomite or a change in the crystal structure of the sorbent. In the
case of dolomite D-I, the color did not change and the structure was characterized by
greater unevenness (0-215 um) (Figure 6). The SEM analysis of the dolomites after the
adsorption process confirmed the better adsorption efficiency using D-II dolomite. The
literature data indicate that dolomite, despite having a relatively small specific surface area
(SBET = 1.52 m?/g), shows excellent adsorption properties [20,39].
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Figure 4. Analysis of the adsorption (a) and desorption process (b) on D-I and D-II dolomites and
the relationship between chemisorption and ion exchange values of copper(II) ions for D-I (c) and

D-II (d).

s

Figure 5. Structure of D-I dolomite after the adsorption process.
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Figure 6. Structure of D-II dolomite after the adsorption process.

3.3. Elemental Analysis of the Composition of the Dolomites

The analyzed adsorbents in their theoretical composition should contain only CaCOj3
and MgCOs. The elemental analysis of the initial D-I dolomite sample showed the highest
content of hydrogen (52%) and sulfur (26%). In contrast, in the case of D-II dolomite,
it was hydrogen (11%) and nitrogen (7%) (Table 4). The presence of other elements in
the structure of natural dolomite proves the presence of impurities on the surface of the
adsorbent caused by the repeated processing, extraction, and good adsorption properties.
After the adsorption process, an increase in the nitrogen content in the structure of the
analyzed adsorbents was noted (for D-1 by 41%, for D-II by 5%). The increase in the
nitrogen content proves the adsorption on the surface of the dolomites of nitrogen from the
copper(Il) nitrate(V) trihydrate used for the tests (Table 4). After the desorption process,
the content of elements decreases, and the largest decrease occurred for nitrogen (D-I: from
46% to 11%; D-II: from 12% to 2%) and sulfur (D-I: from 36% to 0.5%; D-II: from 8% to 1%).
As a result of desorption, the surface of the adsorbent was cleaned, and the adsorbed ions
returned to the water phase.

Table 4. Elemental analysis of dolomites (raw dolomite and dolomite after the adsorption/desorption

process).
D-I D-II
Element Raw After After Raw After After
Dolomite Adsorption Desorption Dolomite Adsorption Desorption
Percentage of the Element, [%]
Nitrogen 5 46 11 7 12 2
Carbon 0.4 3 2 1 0.1 0.3
Sulfur 26 36 0.5 2 8 1
Hydrogen 52 14 4 11 12 10
C/N ratio 5 34 9 9 12 2

3.4. SEM-SE Analysis of the Dolomites

Based on microscopic dolomite images, BSE spectra were made, thanks to which
the elemental compositions of the adsorbents (other than nitrogen, carbon, sulfur, and
hydrogen) were determined. The results indicate that the D-I dolomite contained oxygen,
calcium, magnesium, and trace amounts of silicon and iron in its composition (Figure 7).
However, in the composition of the D-II dolomite, the presence of calcium, oxygen, and
a small content of sulfur, carbon, magnesium, and silicon was found. The presence of
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sulfur or iron may indicate a contaminated dolomite surface (Figure 7). Dolomite as a pure
variety rarely occurs in nature. Dolomite may often contain certain amounts of FeO (it then
assumes a color ranging from yellow to brown) or MgO (pink shades) [40,41].

Weight%

Weight%

D-I dolomite
Raw D-I dolomite
after adsorption process
2
y
[«
°
=
o Mg Si Ca Fe (o] Mg Al Si K Ca Fe Cu
Quantitative results Quantitative results
(a) (b)
o D-II dolomit
Raw D-II dolomite -1l dolomite
50 after adsorption process
40 H
=
5
o 30
=
20 H
10 H
0
C Mg Si S Ca o Si S Ca Cu
Quantitative results Quantitative results
(c) (d)

Figure 7. Percentage of elements in raw D-I and D-II dolomite (a,c), and dolomite after the adsorption
process (b,d).

D-I dolomite, after adsorption, contained the largest amount of copper (38%), oxygen
(34%), and calcium (20%). In the D-I structure, an increase in the content of iron (by 5%)
and silicon (by 7%) was found, and a small content of potassium and aluminum was noted
(Figure 8). After the adsorption process, the structure of D-II dolomite was characterized
by the highest content of copper (55%) and oxygen (33%). There was also an increase in
sulfur and silicon content and a decrease in calcium content. Magnesium and carbon were
not detected during the analysis (Figure 7). The high content of copper in D-I and D-II
dolomite confirms that the adsorption process occurred during the experiment. In addition,
in the case of D-1I, a significant decrease in the calcium content (from 75% to 5%) indicates
the removal of copper(Il) ions by ion exchange.
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Figure 8. FT-IR spectrum of the initial dolomite and after the adsorption and desorption process:
(a) D-1, (b) D-IL

3.5. Interpretation of FI-IR and XRD Spectra of Dolomites

The FT-IR spectra indicate that the adsorption process is followed by a decrease in the
transmittance value, which indicates the adsorption of copper(Il) ions on the surface of
the dolomites. For D-II dolomite, the splitting of the band at 1110 cm ™! into two bands:
1117 and 1068 cm !, can be observed, which confirms the better adsorption efficiency of
copper(Il) ions on this adsorbent (Figure 8). After the desorption process, the spectrum
obtained for D-I dolomite has a lower transmittance value, which indicates no return to
the original structure (small degree of desorption). The spectrum of D-II dolomite after
the desorption process, compared to the initial spectrum, confirms that in the case of
this adsorbent, copper(Il) ions interact with the surface based on ion exchange (bands:
1117, 1068, 602 cm ™! disappear in the spectrum, and transmittance is also increased). The
structure of D-II dolomite after the desorption process differs from the initial structure;
therefore, the ions contaminating the original surface of the dolomite could also be desorbed
(Figure 8). The analysis of the output spectra of the adsorbents allows for the determining
of the presence of characteristic bands occurring in the case of dolomites (calcium and
magnesium carbonates). The characteristics of the type and intensity of the most important
vibrations obtained on the FT-IR spectra of the analyzed dolomites are presented in Table 5.
The FT-IR technique enables the identification of important functional groups that are
capable of adsorbing metal ions.

Table 5. Vibration frequencies in the FT-IR spectrum of dolomites.

D-1
Dolomite

Dolomite Intensity Identification

D-II
Wavenumber Range

Peak [cm—1]

[em—1] [42]

3418

Stretching bands v O-H; confirm
3396 medium the presence of water molecules in 3400-3600
the dolomite structure

2670
2520

2873
2511 weak
1799

Combination bands characteristic approximately 2500 and
of the dolomites. 1700

1438

Asymmetric stretching bands v 4
1425 strong C-O confirm the presence of 1400-1500
compounds such as carbonates.

1029

Stretching asymmetric v 55

1110 medium Ca-O-Ca, Mg,

900-1300
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D-1

Dolomite

D-II

Dolomite Intensity

Peak [cm—1]

Wavenumber Range

Identification [em-1] [42]

881
728

875

702 medium

Stretching symmetric v ¢ Ca-O-Ca,

Mg, 600-800

602 medium

Deformation § Ca-O-Ca, Mg. 500-600

CPS

CPS

Analysis of the phase composition of dolomite samples showed that the main phases
are: CaMg(CO3),, CaCOj3, and MgO (weaker reflections were obtained for the D-II dolomite)
(Figure 9). In the case of the D-I diatomite, a high content of CaCO3 (approximately 50%)
was noted, while in the composition of the D-II diatomite, the content of this compound
was only below 5%. The analysis of the D-I dolomite sample after adsorption showed a
decrease in the reflex intensity at 31 degrees 2theta (CaMg(CO3);) and an increase in the
reflex intensity at 29 degrees 2theta (CaCOs3). In addition, reflections of approximately
12 degrees 2theta (Cuy(NO3)(OH)3) and faint reflections from Cu(NO3), appeared. The
analysis of dolomite D-II showed the appearance of a strong reflection from Cu,(NO3)(OH)3
(approximately 12 2theta), which indicates that the sample consists mainly of Cu (over
50%). Adsorption caused a quantitative decrease of the CaMg(CO3), phase in both ana-
lyzed dolomite samples by approximately 40% and contributed to the appearance of the
Cu(NOs3); and Cuy(NO3)(OH)3 phases. The D-II dolomite showed a higher share of Cu
phases (over 50%) than the D-I dolomite (below 20%) (Figure 9).

D-I
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-=. Ca(CO,)
- MgO

40 |-

10 |

[ j i \ }
_JLﬂ.,,J,.ﬁa.\_,w‘\Jlﬁ.lv‘ j —
10 15 20 25 30 35 40 45 50 55

2 Theta (Coupled Two Theta/Theta) WL = 1.54060

(a)
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Figure 9. XRD spectra for D-I and D-II dolomite before (a,c) and after the adsorption process (b,d).
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3.6. Adsorption and Desorption Isotherms

The study of adsorption and desorption isotherms allows for a better understanding
of the mechanism of these processes and the interactions between the adsorbate and the
adsorbent. The matches of six isotherms, i.e., the BET, Freundlich, Halsey, Jovanovic, Lang-
muir, and Redlich-Peterson isotherms were examined for the obtained experimental data
(Figures 10 and 11). Thanks to the mathematical models used, it was possible to calculate,
e.g., isotherm constants, the coefficients of determination (R?) values, and the value of the
reduced chi-square test (x%/DoF), the main isotherm selection criteria. Tables 6 and 7 show
that the Redlich—Peterson isotherm best fits the experimental data. In this case, the coeffi-
cient of determination (R?) reached the highest values for the adsorption and desorption
process (0.985 and 0.999 for D-I; 0.984 and 0.966 for D-II). On the other hand, for x2/DoF,
the smallest values ranging from 4.3-211 were obtained, which proves a well-fitted model
(Tables 6 and 7). Suitable matches were also shown by the following isotherms: Jovanovic,
Freundlich, and Langmuir; therefore, it can be concluded that a monolayer of adsorbate
was formed on the surfaces of the analyzed adsorbents (monolayer adsorption theory). The
remaining BET and Halsey isotherms assume the occurrence of multilayer adsorption—in
the discussed case, no fit of the experimental curves was found.

Table 6. The results of matching isotherms to experimental data for the copper(Il) adsorption process
on dolomites (pH~7).

Isotherms D-I Dolomite D-II Dolomite
K K
2 2 BET 2 2 BET
BET R X°/DoF [dm® /mg] Jmax [Mg/g] R X°/DoF [dm®/mg] Jmax [Mmg/g]
0.423 969 0.026 470 <0.1 8802 2.45 x 10% 62
K
R? 2/DoF  Kg[dm? n R? 2 /DoF i n
Freundlich x*/Do Fldm”/me] X/DOE 14m3 /mg]
0.916 739 2.81 15 0.897 1100 12.8 2.1
K K
2 2 H 2 2 H
Halsey R Xx*/DoF [dm®/mg] n R Xx*/DoF [dm®/mg] n
<0.1 17149 0.26 9.0 x 1074 <0.1 21,071 0.22 1.7 x 1073
R? x?/DoF o qmax [mg/g] R? x?/DoF o qmax [mg/g]
Jovanovich [dm®/mg] [dm®/mg] ’
0.962 332 0.003 255 0.975 272 0.009 251
K K
2 2 L 2 2 L
Langmuir R X"/DoF [dm3/mg] qmax [mg/g] R X~/DoF [dm?/mg] qmax [mg/gl
0.955 398 0.002 378 0.962 405 0.008 308
K a K a
. 2 2 RP RP 2 2 RP RP
Redich- & X/DOF fdmd/mg]  ([dm®/mg)® © K X/DOF f4m3/mg]  ([dm?/mg®  ©
eterson
0.985 166 0.57 2.07 x 108 0.85 0.984 211 1.69 2.0 x 1075 0.97
Table 7. The results of matching isotherms to experimental data for the copper(Il) desorption process
on dolomites (pH~1).
Isotherms D-I Dolomite D-II Dolomite
K K
2 2 BET 2 2 BET
BET R x2/DoF [dm® /mg] Qmax, [mg/g] R x?/DoF [dm®/mg] qmax [Mg/g]
<0.1 9446 3.26 x 10% 63 <0.1 10,928 9.77 x 10% 34.5
K K
RZ 2 DoF F RZ 2 DoF F
Freundlich X*/Do [dm3/ mg] n x*/Do [dm3/ mg] n
0.945 332 2.04 1.3 0.950 45 0.54 1.5
K K
2 2 H 2 2 H
Halsey R X*/DoF [de /mg] n R Xx“/DoF [dm3/mg] n
<0.1 11760 0.33 93 x 1074 <0.1 2035 0.32 1.02 x 1073
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Table 7. Cont.

Isotherms D-I Dolomite D-II Dolomite
K
R2 2/DoF  Kj[dm3/m mg/ R2 2 /DoF ! mg/
Jovanovich X/ 7 [dm®/mg] gmax [Mg/g] X/ [dm? /mg] qmax [mg/g]
0.72 167 0.004 235 0.985 14 0.001 76
2 2 K, 2 2 Ky
Langmuir R X /DoF [dm3/mg] qmax [mg/g] R X /DoF [dm3 /mg] Jmax [mg/g]
0.979 19 8.8 x 1074 112 0.969 190 0.002 377
K a
s RZ 2 DoF K d 3 aRp B RZ 2 DoF RP RP B
E:ilrlg)ln X /Do wpldm/mg] ([dm®/mg])® x*/Do [dm?/mg]  ([dm?/mg])®
0.990 74.4 0.68 442 x 1079 0.09 0.996 43 0.08 1.58 x 1077 0.87

The maximum values of the adsorption capacity (qmax) found in the isotherm equa-
tions, BET, Jovanovic, and Langmuir, were also determined. The highest qmax values for the
adsorption process were obtained for the Langmuir isotherm, which was 378 mg/g for D-I,
and 308 mg/g for D-II. The maximum value of occupying the surface of the adsorbents with
copper(Il) ions showed that dolomite D-I had a higher adsorption capacity. In addition,
the heterogeneity parameter (n) and its reciprocal (1/n) were determined, which led to
the determination of the ideality of the surface. In the adsorption and desorption process
carried out on D-I dolomite, the value of the heterogeneity coefficient in the Freundlich
equation ranged from 1.5 to 1.3 (1/n = 0.67 = 0.77). The obtained values show that the
surface of the adsorbent is close to homogeneous. In the case of dolomite D-II, the value
of the heterogeneity coefficient is in the range from 2.1 to 1.5 (1/n = 0.48 <+ 0.67), which
means that there is incomplete homogeneity on its surface.

Studying both the adsorption and desorption processes is important for a fuller
understanding of the processes taking place and for assessing the effectiveness of the
sorbent. This allows for the assessment of the sorbent’s ability to capture copper(Il) ions
from the environment and for the possible regeneration and reuse of the sorbent.

Adsorption of heavy metals from aqueous solutions on natural materials, including
dolomites, is a promising technique. This method has many advantages, including low
costs, the possibility of managing redundant waste, and the possibility of the biodegrada-
tion of the biomass used. In addition, the essential advantages of the adsorption process
include the possibility of multiple uses of the adsorbent and the recovery of metals by
desorption. The adsorption capacity of natural adsorbents depends on many factors, such
as the type of adsorbent, its structure, particle size, pH of the solution, temperature, or
contact time. Numerous studies have been conducted on using natural adsorbents or
adsorbents made from waste materials, and exemplary maximum adsorption capacity
values are presented in Table 8.

Table 8. The maximum adsorption capacity of various cheap adsorbents for copper adsorption.

Adsorbent Capacity, qmax References
Dolomite 308-378 mg/g [This study]
Bottom ash of expired drugs
incineration 1333 mg/g (1l
Clay rocks 15mg/g [43]
Bottom ash of municipal waste »
incineration 24mg/s (441
Algal biochar 104.16-227.27 mg/g [4]
Dragon fruit peel 92.593 mg/g
Rambutan peel 192.308 mg/g [45]
Passion fruit peel 121951 mg/g

Grapefruit peel 80.6 mg/g [46]
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Adsorbent Capacity, qmax References
Orange peel 163 mg/g [47]
Raw eggshell 9459 mg/g [48]
Chitosan 103 mg/g [49]
Carbonized sunflower stem 38.05mg/g [50]
Fly ash 53.5mg/g [51]
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Figure 10. Adsorption isotherms of copper(Il) on the D-I and D-II dolomites.
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Figure 11. Desorption isotherms of copper(II) on the D-I and D-II dolomites.

4. Conclusions

The removal of heavy metal ions from wastewater is crucial from the point of view
of environmental protection. The structural properties of the tested dolomites and their
adsorption capacity indicate that they can be used as cheap adsorbents to remove copper(II)

ions from aqueous solutions (e.g., for the pre-treatment of industrial water).
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The adsorption efficiency of copper(ll) ions from aqueous solutions on dolomites
ranged from 58 to 97%, depending on the analyzed adsorbent and the concentration of the
initial solution. The D-II dolomite was characterized by higher adsorption capacity (the
efficiency of removed ions was 80-97%), proving a more developed surface of the adsorbent
or a greater number of active sites on its surface than the D-I dolomite. The surface of the
D-II dolomite is negatively charged and, therefore, can adsorb copper(II) ions.

The adsorption mechanism in the case of D-II dolomite was mainly based on ion
exchange. In contrast, the D-I dolomite retained copper(Il) ions on its surface using chemical
bonds that were more difficult to break. Considering the possibility of regeneration and
the reuse of the adsorbent, dolomite D-I is a better material. Equilibrium analysis of
the adsorption process was best described using Redlich-Peterson (R = 0.985), Jovanovic
(R=0.962), and Langmuir (R = 0.955) isotherms. On this basis, it was found that the
conducted adsorption process was monolayer adsorption. According to the adsorption
isotherm equation, it was found that the maximum adsorption capacity of dolomite from
the J6zefka open-cast mine (D-I) was 378 mg/g and of dolomite from the Piskrzyn open-cast
mine (D-1I) was 308 mg/g.

Author Contributions: Conceptualization, E.S. and A.D.; methodology, E.S.; validation, E.S.; formal
analysis, E.S., D.P. (Dorota Papciak), B.C. and A.D.; investigation, E.S., D.P. (Dariusz Pajak) and B.C.;
resources, E.S.; data curation, E.S.; writing—original draft preparation, E.S., D.P. (Dorota Papciak)
and A.D.; writing—review and editing, D.P. (Dorota Papciak), M.M.M. and M.A.; visualization, E.S.,
A.D. and D.P. (Dorota Papciak); supervision, D.P. (Dorota Papciak), A.D., M.M.M. and M.A_; project
administration, E.S.; funding acquisition, D.P. (Dorota Papciak), E.S. and M.M.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded under the UPB contract: PB29.BO.23.001.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

Nazir, M.A; Najam, T.; Bashir, M.S,; Javed, M.S.; Imran, M.; Azhar, U.; Shah, S.S.A.; Rehman, A.U. Kinetics, isothermal and
mechanistic insight into the adsorption of eosin yellow and malachite green from water via tri-metallic layered double hydroxide
nanosheets. Korean J. Chem. Eng. 2022, 39, 216-226. [CrossRef]

Kumar, M.; Ambika, S.; Hassani, A.; Nidheesh, P.V. Waste to catalyst: Role of agricultural waste in water and wastewater
treatment. Sci. Total. Environ. 2023, 858, 159762. [CrossRef] [PubMed]

Kshetriya, D.; Warjri, C.D.; Kumar Chakrabarty, T.; Ghosh, S. Assessment of heavy metals in some natural water bodies in
Meghalaya, India. Environ. Nanotechnol. Monit. Manag. 2021, 16, 100512. [CrossRef]

Katiyar, R.; Patel, A.K.; Nguyen, T.-B.; Singhania, R.R.; Chen, C.-W.; Dong, C.-D. Adsorption of copper (II) in aqueous solution
using biochars derived from Ascophyllum nodosum seaweed. Bioresour. Technol. 2021, 328, 124829. [CrossRef] [PubMed]

Li, M; Liu, Q.; Guo, L.; Zhang, Y.; Lou, Z.; Wang, Y.; Qian, G. Cu(II) removal from aqueous solution by Spartina alterniflora
derived biochar. Bioresour. Technol. 2012, 141, 83-88. [CrossRef]

Rajoria, S.; Vashishtha, M.; Sangal, V.K. Review on the treatment of electroplating industry wastewater by electrochemical
methods. Mater. Today Proc. 2021, 47, 1472-1479. [CrossRef]

Abdel-Shafy, HI; Morsy, RM.M.; Hewehy, M.A.L; Razek, TM.A.; Hamid, M.M.A. Treatment of industrial electroplating
wastewater for metals removal via electrocoagulation continous flow reactors. Water Pract. Technol. 2022, 17, 555-566. [CrossRef]
Abdel-Shafy, H.I.; Kamel, A.-H. Groundwater in Egypt Issue: Resources, Location, Amount, Contamination, Protection, Re-newal,
Future Overview. Egypt. |. Chem. 2016, 59, 321-362.

Babakhani, A.; Sartaj, M. Removal of Cadmium (II) from aqueous solution using tripolyphosphate cross-linked chitosan. J. Environ.
Chem. Eng. 2020, 8, 103842. [CrossRef]

Benzaoui, T.; Selatnia, A.; Djabali, D. Adsorption of copper (II) ions from aqueous solution using bottom ash of expired drugs
incineration. Adsorpt. Sci. Technol. 2018, 36, 114-129. [CrossRef]

Deng, R.; Huang, D.; Wan, J.; Xue, W.; Lei, L.; Wen, X,; Liu, X.; Chen, S; Yang, Y.; Li, Z.; et al. Chloro-phosphate impregnated
biochar prepared by co-precipitation for the lead, cadmium and copper synergic scavenging from aqueous solution. Bioresour.
Technol. 2019, 293, 122102. [CrossRef] [PubMed]


https://doi.org/10.1007/s11814-021-0892-3
https://doi.org/10.1016/j.scitotenv.2022.159762
https://www.ncbi.nlm.nih.gov/pubmed/36306836
https://doi.org/10.1016/j.enmm.2021.100512
https://doi.org/10.1016/j.biortech.2021.124829
https://www.ncbi.nlm.nih.gov/pubmed/33618185
https://doi.org/10.1016/j.biortech.2012.12.096
https://doi.org/10.1016/j.matpr.2021.04.165
https://doi.org/10.2166/wpt.2022.001
https://doi.org/10.1016/j.jece.2020.103842
https://doi.org/10.1177/0263617416685099
https://doi.org/10.1016/j.biortech.2019.122102
https://www.ncbi.nlm.nih.gov/pubmed/31514120

Materials 2023, 16, 4648 18 of 19

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.
38.

39.

40.

41.

Bost, M.; Houdart, S.; Oberli, M.; Kalonji, E.; Huneau, J.-F.; Margaritis, I. Dietary copper and human health: Current evidence and
unresolved issues. . Trace Elements Med. Biol. 2016, 35, 107-115. [CrossRef]

Abo El-Yazeed, W.S.; Abou El-Reash, Y.G.; Elatwy, L.A.; Ahmed, A.I. Novel bimetallic Ag-Fe MOF for exceptional Cd and Cu
removal and 3,4-dihydropyrimidinone synthesis. J. Taiwan Inst. Chem. Eng. 2020, 114, 199-210. [CrossRef]

Cai, L.; Li, X.-K; Song, Y.; Cherian, M.G. Essentiality, Toxicology and Chelation Therapy of Zinc and Copper. Curr. Med. Chem.
2005, 12, 2753-2763. [CrossRef]

WHO. Copper in Drinking-Water: Background Document for Development of WHO Guidelines for Drinking-Water Quality. 2004.
Available online: https://cdn.who.int/media/docs/default-source /wash-documents/wash-chemicals /copper.pdf?sfvrsn=19
4c0f12_4 (accessed on 12 March 2023).

Freitas, E.D.; Carmo, A.C.R.; Almeida Neto, A.F,; Vieira, M.G.A. Binary adsorption of silver and copper on Verde-lodo bentonite:
Kinetic and equilibrium study. Appl. Clay Sci. 2017, 137, 69-76. [CrossRef]

Pehlivan, E.; Ozkan, AM.; Ding, S.; Parlayici, S. Adsorption of Cu?* and Pb?* ion on dolomite powder. J. Hazard. Mater. 2009, 167,
1044-1049. [CrossRef]

Ibrahim, S.M. Removal of Copper and Chromium Ions from Aqueous Solutions Using Hydrophilic Finished Textile Fabrics. Fibres
Text. 2010, 4, 99-104.

Barakat, M. New trends in removing heavy metals from industrial wastewater. Arab. ]. Chem. 2011, 4, 361-377. [CrossRef]
Khoshraftar, Z.; Masoumi, H.; Ghaemi, A. An insight into the potential of dolomite powder as a sorbent in the elimination of
heavy metals: A review. Case Stud. Chem. Environ. Eng. 2023, 7, 100276. [CrossRef]

Khataee, A.; Alidokht, L.; Hassani, A.; Karaca, S. Response surface analysis of removal of a textile dye by a Turkish coal powder.
Adv. Environ. Res. 2013, 2,291-308. [CrossRef]

Albadarin, A.B.; Mo, J.; Glocheux, Y.; Allen, S.; Walker, G.; Mangwandi, C. Preliminary investigation of mixed adsorbents for the
removal of copper and methylene blue from aqueous solutions. Chem. Eng. J. 2014, 255, 525-534. [CrossRef]

Oyelude, E.O.; Awudza, ].A.M.; Twumasi, S.K. Equilibrium, Kinetic and Thermodynamic Study of Removal of Eosin Yellow from
Aqueous Solution Using Teak Leaf Litter Powder. Sci. Rep. 2017, 7, 12198. [CrossRef]

Shah, K.; Parmar, A. Removal of Safranin O Dye from Synthetic Wastewater by Activated Carbon Prepared from Tamarind Seeds.
Int. ]. App. Eng. 2018, 13, 10105-10107.

Okey-Onyesolu, C.E; Okoye, C.C.; Chime, D.C. Removal of Eosin Yellow Dye from Aqueous Solution Using Oil Bean Seed Shells
Based Activated Carbons: Equilibrium, Kinetics and Thermodynamics Studies. Int. J. Sci. Eng. Res. 2018, 9, 140.

Zeng, H.; Gao, M.; Shen, T.; Ding, F. Modification of silica nanosheets by gemini surfactants with different spacers and its superb
adsorption for rhodamine B. Colloids Surf. A Physicochem. Eng. Asp. 2018, 555, 746-753. [CrossRef]

Liu, Y,; Chen, Y.; Shi, Y.; Wan, D.; Chen, J.; Xiao, S. Adsorption of toxic dye Eosin Y from aqueous solution by clay/carbon
composite derived from spent bleaching earth. Water Environ. Res. 2021, 93, 159-169. [CrossRef] [PubMed]

Upadhyay, U.; Sreedhar, I; Singh, S.A.; Patel, C.M.; Anitha, K.L. Recent advances in heavy metal removal by chitosan based
adsorbents. Carbohydr. Polym. 2021, 251, 117000. [CrossRef] [PubMed]

Nazir, M.A.; Najam, T.; Zarin, K.; Shahzad, K.; Javed, M.S.; Jamshaid, M.; Bashir, M. A ; Shah, 5.5S.A.; Rehman, A.U. Enhanced
adsorption removal of methyl orange from water by porous bimetallic Ni/Co MOF composite: A systematic study of adsorption
kinetics. Int. J. Environ. Anal. Chem. 2021, 1-16. [CrossRef]

Barakat, M.A. Adsorption of Heavy Metals from Aqueous Solutions on Synthetic Zeolite. Res. |. Environ. Sci. 2008, 2, 13-22.
[CrossRef]

Cheng, Z.-L.; Li, Y.; Liu, Z. Study on Adsorption of Rhodamine B onto Beta Zeolites by Tuning SiO,/ Al,O3 Ratio. Ecotoxicol.
Environ. Saf. 2018, 148, 585-592. [CrossRef]

Freundlich, HM.F. Over the Adsorption in Solution. J. Phys.Chem. 1906, 57, 385-471.

Langmuir, I. The constitution and fundamental properties of solids and liquids. Part I. Solids. J. Am. Chem. Soc. 1916, 38,
2221-2295. [CrossRef]

Jovanovi¢, D.S. Physical Adsorption of Gases I: Isotherms for Monolayer and Multilayer Adsorption. Colloid Polym. Sci. 1969, 235,
1203-1214. [CrossRef]

Halsey, G.D. The Role of Surface Heterogeneity in Adsorption. In Advances in Catalysis; Elsevier: Amsterdam, The Netherlands,
1952; Volume 4, pp. 259-269. [CrossRef]

Brunauer, S.; Emmett, PH.; Teller, E. Adsorption of Gases in Multimolecular Layers. J. Am. Chem. Soc. 1938, 60, 309-319.
[CrossRef]

Redlich, O.; Peterson, D.L. A Useful Adsorption Isotherm. J. Phys. Chem. 1959, 63, 1024. [CrossRef]

Cardenas-Pefia, A.M.; Ibanez, ].G.; Vasquez-Medrano, R. Determination of the Point of Zero Charge for Electrocoagulation
Precipitates from an Iron Anode. Int. J. Electrochem. Sci. 2012, 7, 6142-6153.

Yu, R,; Zhou, J.; Xie, Z.; Wang, C.; Ma, X. Mechanism of ammonium adsorption from wastewater by modified bentonite and
optimization by response surface. Bioremediation |. 2018, 22, 1-9. [CrossRef]

Hossain, F.; Dlugogorski, B.; Kennedy, E.; Belova, I.; Murch, G. First-principles study of the electronic, optical and bonding
properties in dolomite. Comput. Mater. Sci. 2011, 50, 1037-1042. [CrossRef]

Olszak-Humienik, M.; Jablonski, M. Thermal behavior of natural dolomite. ]. Therm. Anal. Calorim. 2015, 119, 2239-2248.
[CrossRef]


https://doi.org/10.1016/j.jtemb.2016.02.006
https://doi.org/10.1016/j.jtice.2020.09.028
https://doi.org/10.2174/092986705774462950
https://cdn.who.int/media/docs/default-source/wash-documents/wash-chemicals/copper.pdf?sfvrsn=194c0f12_4
https://cdn.who.int/media/docs/default-source/wash-documents/wash-chemicals/copper.pdf?sfvrsn=194c0f12_4
https://doi.org/10.1016/j.clay.2016.12.016
https://doi.org/10.1016/j.jhazmat.2009.01.096
https://doi.org/10.1016/j.arabjc.2010.07.019
https://doi.org/10.1016/j.cscee.2022.100276
https://doi.org/10.12989/aer.2013.2.4.291
https://doi.org/10.1016/j.cej.2014.06.029
https://doi.org/10.1038/s41598-017-12424-1
https://doi.org/10.1016/j.colsurfa.2018.08.001
https://doi.org/10.1002/wer.1376
https://www.ncbi.nlm.nih.gov/pubmed/32564442
https://doi.org/10.1016/j.carbpol.2020.117000
https://www.ncbi.nlm.nih.gov/pubmed/33142569
https://doi.org/10.1080/03067319.2021.1931855
https://doi.org/10.3923/rjes.2008.13.22
https://doi.org/10.1016/j.ecoenv.2017.11.005
https://doi.org/10.1021/ja02268a002
https://doi.org/10.1007/BF01542530
https://doi.org/10.1016/s0360-0564(08)60616-1
https://doi.org/10.1021/ja01269a023
https://doi.org/10.1021/j150576a611
https://doi.org/10.1080/10889868.2018.1445696
https://doi.org/10.1016/j.commatsci.2010.10.044
https://doi.org/10.1007/s10973-014-4301-6

Materials 2023, 16, 4648 19 of 19

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Krdl, M.; Minkiewicz, J.; Mozgawa, W. IR spectroscopy studies of zeolites in geopolymeric materials derived from kaolinite.
J. Mol. Struct. 2016, 1126, 200-206. [CrossRef]

Jabtoriska, B.; Busch, M.; Kityk, A.V.; Huber, P. Natural and Chemically Modified Post-Mining Clays—Structural and Surface
Properties and Preliminary Tests on Copper Sorption. Minerals 2019, 9, 704. [CrossRef]

Wang, Y.; Huang, L.; Lau, R. Conversion of municipal solid waste incineration bottom ash to sorbent material for pollutants
removal from water. . Taiwan Inst. Chem. Eng. 2016, 60, 275-286. [CrossRef]

Phuengphai, P,; Singjanusong, T.; Kheangkhun, N.; Wattanakornsiri, A. Removal of copper(II) from aqueous solution using
chemically modified fruit peels as efficient low-cost biosorbents. Water Sci. Eng. 2021, 14, 286-294. [CrossRef]

Zhang, W.; Song, J.; He, Q.; Wang, H.; Lyu, W.; Feng, H.; Xiong, W.; Guo, W.; W, J.; Chen, L. Novel pectin based composite
hydrogel derived from grapefruit peel for enhanced Cu(Il) removal. J. Hazard. Mater. 2020, 384, 121445. [CrossRef] [PubMed]
Romero-Cano, L.A.; Garcia-Rosero, H.; Gonzalez-Gutierrez, L.V.; Baldenegro-Pérez, L.A.; Carrasco-Marin, F. Functionalized
adsorbents prepared from fruit peels: Equilibrium, kinetic and thermodynamic studies for copper adsorption in aqueous solution.
J. Clean. Prod. 2017, 162, 195-204. [CrossRef]

Markovi¢, M.; Gorgievski, M.; Strbac, N.; Grekulovi¢, V.; Bozinovi¢, K.; Zdravkovi¢, M.; Vukovi¢, M. Raw Eggshell as an
Adsorbent for Copper Ions Biosorption—Equilibrium, Kinetic, Thermodynamic and Process Optimization Studies. Metals 2023,
13, 206. [CrossRef]

Modrzejewska, Z.; Rogacki, G.; Sujka, W.; Zarzycki, R. Sorption of copper by chitosan hydrogel: Kinetics and equilibrium. Chem.
Eng. Process. Process Intensif. 2016, 109, 104-113. [CrossRef]

Sireesha, C.; Subha, R.; Sumithra, S. Biosorption of Copper Ions in Aqueous Solution by Carbonized Sunflower Stem. Rasayan J.
Chem. 2022, 15, 2267-2273. [CrossRef]

Buema, G.; Trifas, L.-M.; Harja, M. Removal of Toxic Copper Ion from Aqueous Media by Adsorption on Fly Ash-Derived
Zeolites: Kinetic and Equilibrium Studies. Polymers 2021, 13, 3468. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.molstruc.2016.02.027
https://doi.org/10.3390/min9110704
https://doi.org/10.1016/j.jtice.2015.10.013
https://doi.org/10.1016/j.wse.2021.08.003
https://doi.org/10.1016/j.jhazmat.2019.121445
https://www.ncbi.nlm.nih.gov/pubmed/31668843
https://doi.org/10.1016/j.jclepro.2017.06.032
https://doi.org/10.3390/met13020206
https://doi.org/10.1016/j.cep.2016.08.014
https://doi.org/10.31788/RJC.2022.1548035
https://doi.org/10.3390/polym13203468

	Introduction 
	Materials and Methods 
	Subject of Study 
	Physicochemical Properties of Dolomites 
	Batch Adsorption and Desorption Experiment 
	Chemisorption and Ion Exchange—Determination of the Copper(II) Adsorption Mechanism on Dolomite 
	Analysis of Changes in the Structural Properties of Dolomites after the Process of Adsorption and Desorption 
	Determination of Adsorption and Desorption Isotherms 

	Results and Discussion 
	Characteristics of Adsorbents’ Properties 
	Analysis of the Adsorption and Desorption Process on Dolomites 
	Elemental Analysis of the Composition of the Dolomites 
	SEM-SE Analysis of the Dolomites 
	Interpretation of FT-IR and XRD Spectra of Dolomites 
	Adsorption and Desorption Isotherms 

	Conclusions 
	References

