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Abstract: In this study, a batch sorption study approach was combined with an instrumental analyti-
cal approach of atomic absorption spectroscopy, X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) for the sorption of copper and zinc ions from aqueous solution on zeolites. Both
copper and zinc are biogenic elements; nevertheless, many industrial processes produce an excessive
amount, which is why their efficient removal from water must be studied. Two types of zeolites,
Zeolite Micro 20 (Z-M20) and Zeolite Micro 50 (Z-M50), were used. The results showed that the
maximum sorption capacities for removal of Cu and Zn were 1.06 for CuSO4, 42.35 for Cu(NO3)2,
1.15 for ZnSO4 and 2.29 for Zn(NO3)2 adsorption onto Z-M20 and 0.45 for CuSO4, 1.67 for Cu(NO3)2,
0.39 for ZnSO4 and 1.51 for Zn(NO3)2 adsorption onto Z-M50. The maximum sorption capacities
are higher for sulfates and the sorbent with smaller particle size. The sorption capacities of Cu and
Zn for corresponding anion and particle size differ only up to 5–15%. Using XRD and XPS analyses
before and after the sorption process, it was found that the content of both Cu and Zn in the surface
layer and the bulk are the same for sorption onto sorbent with smaller particle size, but are higher in
the surface layer than in the bulk for sorption onto sorbent with larger particle size. One of the main
findings of this study is that a zeolite with smaller particles takes Cu and Zn by the whole particle,
while with bigger particles, Cu and Zn concentrate in the surface of the particle. The results of the
study may be used as an indicator for sorption efficiency of the studied zeolites for their application
in the treatment of copper and zinc contaminated effluents.

Keywords: zeolite; sorption; Cu(II); Zn(II); surface layer; bulk

1. Introduction

Zeolite–clinoptilolite is a natural rock with exceptional physical properties resulting
from its special crystal structure. The extensive use of zeolite results mainly from the
specific physico-chemical properties, such as high ion exchange capacity and selectivity,
reversible hydration and dehydration, high gas sorption capacity, high thermostability,
resistance to aggressive environments, highly specific surface, etc. [1]. For these properties
it has been widely used for heavy metal sorption and removal from water. Copper and
zinc are biogenic elements, two of the essential trace elements for humans and plants and
participate in enzymatic reactions in organisms. However, their surplus is harmful to living
organisms, their compounds may pose toxic to aquatic organisms [2,3].

Copper ions (Cu) and zinc ions (Zn) removal from aqueous solutions is widely stud-
ied. Different methods have been developed for the removal of Cu and Zn [4] including
methods such as precipitation [5,6], membrane separation [7–9], coagulation and floccu-
lation [10,11], biosorption [12–14], ion-exchange [13,15], adsorption [16–18], combined
processes [19], etc. Sorption is considered as one of the promising methods to remove
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Cu and Zn from wastewater for easy application and recyclability of the sorbents [20,21].
The sorption capacity of zeolite is significantly influenced by pH, temperature, particle
size distribution, etc., and studies mostly concentrate on the solution. The Cu sorption
capacity of magnetic nano-zeolite is increasing with increasing pH [22]. NaP zeolite from
waste lithium-silica-powder and NaX zeolite from aluminate and silicate solutions both
prepared by hydrothermal method proved as efficient Cu sorbent and their sorption ca-
pacities also increased with increasing pH and temperature [23,24]. Equilibrium studies of
heavy metal sorption by zeolite synthesized from a combination of oil shale ash and coal
fly ash determined the selectivity in order: Pb > Cr > Cu > Cd > Zn [25]. The maximum
sorption capacity of zeolite from the Yagodninsk deposit of the Kamchatka region was in
order Cu > Fe > Ni > Co [26], of FAU—type zeolite from coal fly ash was in order Pb >
Cu > Cd > Zn > Co [27]. For a comparison, the order of Ni > Mn > Zn > Cu > Cd = Pb
for montmorillonite and the order of Mn > Ni > Zn > Cd > Cu > Pb for vermiculite were
recorded [28]. The maximum sorption capacity for Zn sorption was in order Zeolite 3A >
Zeolite 10A > Zeolite 13X > Natural Zeolite [29]. Based on recent research, zeolite is, except
heavy metals, also used for U sorption [30], I− sorption [31] and petroleum substances
sorption [32]. A relatively new approach to zeolites with adsorbed Cu proved antibacterial
activity [33].

As mentioned above, most of the studies concentrate only on the study of sorption
processes based on the aqueous phase. For this reason, this study also focuses on the
solid phase, especially in the surface layer. The sorption of Cu and Zn ions onto natural
zeolites from local source in Slovakia was studied in batch experiments. The solutions were
analyzed for Cu and Zn concentrations and Langmuir, Freundlich and Redlich–Peterson
adsorption isotherms apply. Cu and Zn saturated solid samples were analyzed for elemen-
tal composition by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)
to consider the sorption process and the exchange of cations. In this study, the aim was
to use the natural unmodified form to study the sorption process not only based on the
results from the aqueous solution, but also the solid residue after the sorption that is often
neglected.

2. Materials and Methods

Zeolites were provided by Zeocem, a.s. (Bystré, Slovakia). Zeolite Micro 20 (Z-M20)
and Zeolite Micro 50 (Z-M50) were used in the study and were not modified. The initial
Cu and Zn solutions were prepared with analytical grade CuSO4·5H2O, Cu(NO3)2·3H2O
and ZnSO4·7H2O, Zn(NO3)2·6H2O, respectively, provided by CENTRALCHEM, s.r.o.
(Bratislava, Slovakia).

Zeolites. The samples were analyzed for particle size distribution by a particle sizer
Analysette 22 (Fritsch, Germany). The Sauter mean diameter of particles, defined as

d32 = Σ(nidi
3)/Σ(nidi

2), (1)

ni is the mass percentage of i-th fraction (%), di is the mean particle size of i-th fraction (m),
can be considered mean particle size.

In the equilibrium experiments a series of flasks with a volume of 0.1 dm3 (V) of metal
ion solution of different initial concentrations (C0 = 1 to 2000 mg·dm−3) prepared from
copper and zinc salts and a fixed dosage of sorbent (Ca = 1 g·dm−3) were agitated in a
rotary shaker at 200 rpm and 25 ◦C for 2 h to reach an equilibrium [34,35]. The initial
solution pH was not adjusted. The equilibrated, sedimented samples and filtered samples
were analyzed for metal content by Atomic absorption spectroscopy (AAS). The solid
samples were analyzed by XRF and XPS. The adsorbed metal concentrations qe (mg·g−1)
were calculated as the difference of the initial metal concentration C0 (mg·dm−3) and
equilibrium metal concentration Ce (mg·dm−3) in the solution:

qe = (C0 − Ce) × V/ma, (2)
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ma (g) is the weight of sorbent, and V (L) is the volume of solution.
For optimization of the use of sorbents isotherm models provide an adequate descrip-

tion of metal ions sorption equilibria on zeolites.
Freundlich isotherm [36]:

qe = Kf × Ce
1/n, (3)

Kf (mg1−n·Ln·g−1) is adsorption equilibrium constant, n (1) is a constant related to the in-
tensity of the adsorption; the isotherm represents sorption taking place on a heterogeneous
surface with interaction between the adsorbed molecules [37].

Langmuir isotherm [38]:

qe = qm × aL × Ce/(1 + aL × Ce), (4)

qm (mg·g−1) is maximum sorption capacity, aL (dm3·mg−1) is adsorption energy; the
isotherm represents sorption taking place on a homogenous surface within the sorbent [39].

Redlich–Peterson isotherm [40]:

qe = KR × Ce/(1 + aR × Ce
β), (5)

KR (dm3·g−1) and aR (dm3β·g−β) are constants, β (1) is exponent; the isotherm is used as
compromise between the Langmuir and Freundlich systems [37].

Flame AAS, using iCE 3300 (ThermoFisher Scientific, Grand Island, NY, USA) per-
formed the metal concentration analyses in solutions. XPS, using PHOIBOS 100 SCD
(SPECS Surface Nano Analysis GmbH, Berlin, Germany) model equipped with a non-
monochromatic X-ray source measured at 70 eV transition energy and high-resolution
spectra at 50 eV, performed the analyses of solid samples at room temperature. XRF, using
SPECTRO iQ II (SPECTRO Analytical Instruments GmbH, Kleve, Germany) with SDD
silicon drift detector with resolution of 145 eV at 10,000 pulses, performed the chemical
composition of tested samples. The latter two non-invasive techniques are analyzing the
composition of material with a difference in the depth of scanning—XPS has a depth
resolution in first 10 nm, XRF enables a bulk analysis and has depth sensitivity [41,42].

Each of the experiments was performed three times and the result was taken as the
average value.

3. Results

Two types of zeolite were used, Z-M20 with an average particle size of 20 µm and a
particle size distribution in the range of 0–90 µm and Z-M50 with an average particle size
of 50 µm and a particle size distribution in the range of 0–350 µm. The clinoptilolite content
was 60–65%. Other compounds were cristobalite, clay mica, plagioclase and rutile [1].
The Sauter mean diameter anticipating spherical shape of particles is different from the
arithmetical mean diameter of sorbent particles (d50), a simple mean irrespective of shape.
The surface area of particles is similar. The basic physical properties of the used materials
are presented in Table 1.

Table 1. The basic physical properties of zeolites.

Parameter Z-M20 Z-M50

Particle size (µm) 0–90 0–350
d32 (µm) 19.553 50.862
d50 (µm) 3.493 9.549

Surface area (m2·g−1) 25.84 26.33
Abbr.: Z-M20—Zeolite Micro 20; Z-M50—Zeolite Micro 50.

The basic chemical compositions of zeolites and zeolites after sorption are presented
in Table 2. The Cu and Zn solution concentrations used for the comparison were selected
so that the removal efficiencies were in the range of 5–7%.
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Table 2. The basic chemical composition of zeolites.

Compound (wt.%) Z-M20 Z-M50
Z-M20 * CuSO4 Cu(NO3)2 ZnSO4 Zn(NO3)2 Z-M50 * CuSO4 Cu(NO3)2 ZnSO4 Zn(NO3)2

SiO2 51.54 51.58 51.21 51.58 52.08 54.33 54.66 53.70 53.07 53.90
Al2O3 8.66 9.30 8.92 9.15 8.25 7.35 7.36 7.17 7.62 7.27
CaO 1.79 1.38 1.39 1.79 1.85 1.26 0.83 0.98 1.38 1.35
K2O 1.36 1.13 1.12 1.32 1.20 1.45 1.39 1.51 1.34 1.47

Fe2O3 0.91 0.17 0.59 0.03 0.03 0.08 0.02 0.07 0.00 0.02
FeO 0.10 0.11 0.09 0.01 0.02 0.10 0.03 0.10 0.01 0.02
SeO2 0.14 0.14 0.14 0.13 0.13 0.55 0.51 0.51 0.49 0.49
CuO 0.00 0.22 0.45 0.00 0.00 0.00 0.09 0.33 0.00 0.00
ZnO 0.00 0.00 0.00 0.23 0.43 0.00 0.00 0.00 0.08 0.31

* Z-M20 and Z-M50—before sorption; the rest are respective zeolites after sorption.

The particle size distributions of both Z-M20 and Z-M50 are normal (Gaussian) distri-
butions though the particle size is different. The particle size and its distribution may affect
the sorption process and the amount of adsorbed Cu and Zn [43].

The equilibrium data and the fitted data of Cu and Zn sorption by Freundlich, Lang-
muir, and Redlich–Peterson isotherms are presented in Figures 1 and 2, respectively. The
maximum sorption capacities are presented in Table 3.
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Figure 1. Experimental data of Cu sorption on Z-M20 from (a) CuSO4 (b) Cu(NO3)2, and Zn
sorption on Z-M20 from (c) ZnSO4 (d) Zn(NO3)2. Note: black dots—experimental data ± standard
deviation; blue line—Freundlich isotherm, pink line—Langmuir isotherm, orange line—Redlich–
Peterson isotherm.
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Figure 2. Experimental data of Cu sorption on Z-M50 from (a) CuSO4 (b) Cu(NO3)2, and Zn
sorption on Z-M50 from (c) ZnSO4 (d) Zn(NO3)2. Note: black dots—experimental data ± standard
deviation; blue line—Freundlich isotherm, pink line—Langmuir isotherm, orange line—Redlich–
Peterson isotherm.

Table 3. Adsorption isotherm parameters of Cu and Zn on zeolites.

Isotherm Parameter
Z-M20 Z-M50

CuSO4 Cu(NO3)2 ZnSO4 Zn(NO3)2 CuSO4 Cu(NO3)2 ZnSO4 Zn(NO3)2

Freundlich
Kf. mg1−n·dm3n·g−1 0.10 0.04 0.05 0.10 0.10 0.06 0.11 0.13

n 2.94 1.89 2.33 2.38 4.43 2.24 5.70 2.89
R2 0.95 0.89 0.88 0.94 0.88 0.84 0.75 0.96

Langmuir
qm. mg·g−1 1.06 2.35 1.15 2.29 0.45 1.67 0.39 1.51

aL. dm3·mg−1 0.011 0.003 0.007 0.005 0.035 0.005 0.061 0.011
R2 0.98 0.99 0.98 0.94 0.97 0.97 0.97 0.94

Redlich-
Peterson

KR. dm3·g−1 0.83 0.78 0.80 0.77 1.01 0.93 1.55 0.99
bR. dm3β·g−β 7.92 18.30 14.17 6.99 9.33 15.46 16.00 6.88

β 0.67 0.47 0.58 0.60 0.79 0.56 0.78 0.68
R2 0.98 0.94 0.94 0.96 0.95 0.92 0.87 0.98

The coefficients of determination (R2) are in the range of 0.75 to 0.99 (Table 3). Based
on the regression analysis and fit in the graphics, the experimental data are fit by Lagmuir
isotherm the most accurately for sorption of Cu from both CuSO4 and Cu(NO3)2 onto both
Z-M20 and Z-M50. It presumes that the Cu ions are adsorbed on a fixed number of sites
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on the zeolites, each site is occupied by one adsorbed ion, all the sites are energetically
equivalent, the sorption is monolayer, and the adsorbed molecules do not interact [43,44].
The most accurate fit is also by Langmuir isotherm for sorption of Zn from ZnSO4 onto
both Z-M20 and Z-M50, which means that the sorption process assumes the same features
as the Cu sorption onto the zeolites. The only exception to the above-mentioned is the best
accuracy of fit by Redlich–Peterson isotherm for sorption of Zn ions from Zn(NO3)2 onto
both Z-M20 and Z-M50. The sorption process described by Redlich–Peterson isotherm
combines elements from both Langmuir and Freundlich equations. The mechanism of
sorption is a mix, does not follow ideal monolayer sorption. It is applicable in both
homogenous or heterogeneous systems due to its versatility [45]. When considering the
maximum sorption capacities:

• The difference between Cu and Zn sorption is less than 15% for both sulfates and
nitrates and Z-M20 and Z-M50;

• There is a statistically significant difference between the sorption of Cu from CuSO4
and Cu(NO3)2 and of Zn from ZnSO4 and Zn(NO3)2 for both Z-M20 and Z-M50;

• The maximum sorption capacity is higher for sorption from nitrates than from sulfates;
• The maximum sorption capacity is higher for Z-M20 and Z-M50.

In general, the maximum sorption capacities are higher for sulfates and Z-M20 than
nitrates and Z-M50.

The XPS scan spectra are shown in Figure 3. The original Z-M20 and Z-M50 XPS
spectra outlines the typical dominance of O 1s—oxygen that can be found throughout the
zeolite together with Si 2p—silicon and Al 2p—aluminum. There is also a higher content of
Ca 2p—calcium and Se 3d—selenium, followed by K 2p—potassium, Ca 2p—calcium, and
Fe 2p—iron. There is only a slight difference between Z-M20 and Z-M50 in the occurrence
of the elements. As mentioned above the XPS analyses detect relevant elements on the
surface layer that are confirmed by the XRF analyses with the aluminosilicate structure
Si/Al (weight rate) = 4.94 and 5.77 [Si/Al (molar rate) = 5.14 and 6.00] on average for Z-M20
and Z-M50, respectively. This ratio is constant irrespectively of Cu or Zn amount adsorbed.
The content of Si is 24.77% and 24.69%, and of Al is 4.82% and 4.14%, for Z-M20 and Z-M50,
respectively, on average. The content of the rest of the elements (Fe, Ca, Se and K) in pure
samples is different for both Z-M20 and Z-M50. For pure Z-M20, Ca has the highest content
followed by K, the content of Fe and Se is significantly lower, confirmed by both XPS and
XRF measurements. It means that the composition is similar in both the surface layer and
the bulk. For pure Z-M50, K has the highest content followed by much lower content of Ca,
Fe and Se, also confirmed by both XPS and XRF measurements, indicating the similarity
of the composition in both the surface layer and the bulk, too. There is no Cu or Zn in
the pure zeolite samples. The content of Cu and Zn in the surface layer and in the bulk is
different after the sorption though some similarities were discovered and is also discussed
in Discussion section:

• The contents of Cu adsorbed from both CuSO4 and Cu(NO3)2 onto Z-M20 in the
surface layer and the bulk are the same;

• The content of Cu adsorbed from both CuSO4 and Cu(NO3)2 onto Z-M50 in the surface
layer is several times higher than in the bulk;

• The contents of Zn adsorbed from both ZnSO4 and Zn(NO3)2 onto Z-M20 in the
surface layer and the bulk are the same;

• The content of Zn adsorbed from both ZnSO4 and Zn(NO3)2 onto Z-M50 in the surface
layer is higher than in the bulk.
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4. Discussion

The content of not only Cu and Zn on the surface and in the bulk of the zeolite might
be different as discussed in the Materials and Methods section. The content of Cu and Zn is
presented in Tables 4 and 5, respectively.

Table 4. A comparison of Cu content in mg·g−1 ± standard deviation.

Method
Source

Z-M20 Z-M50
CuSO4 Cu(NO3)2 CuSO4 Cu(NO3)2

XPS 1.02 ± 0.05 2.11 ± 0.11 1.67 ± 0.08 13.40 ± 0.67
XRF 1.01 ± 0.05 2.09 ± 0.10 0.44 ± 0.02 1.54 ± 0.08

Adsorbed 1.01 ± 0.05 2.13 ± 0.11 0.44 ± 0.02 1.54 ± 0.08

Table 5. A comparison of Zn content in mg·g−1 ± standard deviation.

Method
Source

Z-M20 Z-M50
ZnSO4 Zn(NO3)2 ZnSO4 Zn(NO3)2

XPS 1.00 ± 0.05 2.05 ± 0.10 0.99 ± 0.05 2.00 ± 0.05
XRF 1.10 ± 0.06 2.05 ± 0.10 0.38 ± 0.02 1.46 ± 0.07

Adsorbed 1.09 ± 0.05 2.05 ± 0.10 0.39 ± 0.02 1.46 ± 0.07

The sorption process of both Cu and Zn onto zeolites is similar when evaluated based
on the contents of Zn and Cu in the solid phase after sorption though the concentrations
are different. There is no difference in concentration of the adsorbed metals between data
from XPS and XRF for the sorption of both Cu and Zn onto Z-M20. This might imply that
the metals are adsorbed evenly on the surface and in the bulk. Though the concentration
of adsorbed metals is different from XPS and XRF for the sorption of both Cu and Zn
onto Z-M50. The concentration on the surface (the data from XPS) is significantly higher
than the concentration in the bulk (the data from XRF), which might imply that more
metal is adsorbed in the surface than below the surface layer, but the total concentration
is almost equal to the adsorbed amount. The difference in the sorption behavior between
Z-M20 and Z-M50 might be caused by the particle size as the adsorbed metals are equally
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distributed throughout the smaller particles while the adsorbed metals can be found in
higher concentration on the surface than below the surface in the large ones.

In case of NaP zeolite prepared from waste lithium-silica-powder by hydrothermal
method and synthesized NaX nanoparticles, Cu in the solution was ion-exchanged for Na
ion on the surface and interaction was between the hydrate water in the solid phase and
Cu [23,24]. The situation was similar for Analyses of Cu sorption onto zeolites synthetized
from Greek fly ash proved that copper occurred in the zeolitic framework including open
channels and Cu(II) oxidation state occurred in the due to the formation of CuO and/or
Cu-Cl [46]. In case of Chilean zeolite after acid treatment and Cu sorption, 46.69% of the
zeolite sample was copper as sodium exchanged with Cu [33]. Cu sorption onto zeolites is
not only predominantly cation exchange, but also close to stoichiometric cation exchange
values of equilibrium sorption amounts. It was also proved that zeolites with larger pores
enabled increased sorption amount and enhanced sorption capacity also for cations with
larger diameters [34].

The influence of cation size on the sorption process was also proved as Zn replace the
cations inside the bulk more than Pb with a much larger size. The desorption of Pb is higher
because Zn are exchanged more with the ions in the bulk than in the surface layer during
the sorption. Due to their size Pb do not penetrate the pores and channels as much as Zn,
thus their desorption is much easier. In the system with competing Zn and Pb sorption, the
sorption of both the ions is reduced due to competition for access to the active sites in the
surface layer [47].

For Cu sorption onto hemp-based material, the sorption mechanism was different
based on the modification method. For sodium carbonate-activated hemp shives, copper
was adsorbed in the surface layer and diffused into the cell wall. For polycarboxylic
agent-grafted hemp shives, chemisorption and ion-exchange occurred and copper was
preferentially adsorbed on the surface of the inner vessel wall [48]. The size of sorbents
was not discussed so it may be assumed that the cause of these differences was only the
different chemical modification. In KMnO4 modified biochar derived from walnut shell
Cu was adsorbed mainly by replacing the Mn2+ in O–Mn and formed complexes with the
surface functional groups (–OH, –COOH) according to FTIR and XPS analysis [49].

As discussed above, there is another parameter that might affect the sorption process—
the adsorbed ion itself. However, the difference in the properties of the adsorbed Cu and
Zn ions is insignificant (Table 6). As the ionic radius of Cu and Zn atoms are almost the
same, this parameter might not influence the sorption capacity of zeolite.

Table 6. Basic characteristics of Cu and Zn ions [29,50–52].

Parameter Cu2+ Zn2+

Atomic weight (g·mol−1) 63.55 65.38
Ionic radius (nm) 0.073 0.074

Hydrated ion radius (nm) 0.419 0.430
Hydration enthalpies (kJ·mol−1) −2010 −1955

Electronegativity 1 2.00 1.65
1 Pauling scale.

The samples for XPS and XRF analysis were selected so that the maximum sorption
capacity had been reached based on the theory of sorption. More than 95% of Cu and Zn is
removed by sorption on both the zeolites.

As raw zeolites contain no Cu or Zn a comparison of Fe, Ca, Se and K content before
and after the sorption is available in Table 7. A comparison of Cu or Zn to Fe, Ca, Se and K
ratios are also available in Table 8. In general, Cu ions occupy the vacancies after Fe and Ca
to a large extent, and K to a lesser extent. More Fe and Ca is released from the bulk, but
more K is released from the surface layer. Zn ions occupy the vacancies after Fe mostly, and
Se and K to a lesser extent. Fe, Se and K are equally released from the bulk and the surface
layer (Table 9).
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Table 7. A comparison of elemental content after: before sorption ratio.

Element Method
Z-M20 Z-M50 Z-M20 Z-M50

CuSO4 Cu(NO3)2 CuSO4 Cu(NO3)2 ZnSO4 Zn(NO3)2 ZnSO4 Zn(NO3)2

Fe
XPS 0.12 0.25 0.09 0.72 0.03 0.07 0.05 0.04
XRF 0.37 0.75 0.28 0.95 0.04 0.07 0.06 0.08

Ca
XPS 0.65 0.66 0.37 0.40 0.98 1.01 0.99 1.01
XRF 0.77 0.77 0.66 0.77 1.00 1.03 1.10 1.07

Se
XPS 0.95 0.96 0.99 0.98 0.92 1.01 0.96 1.03
XRF 0.99 0.98 0.92 0.92 0.96 0.95 0.89 0.88

K
XPS 0.91 0.91 0.18 0.17 0.98 0.98 0.87 1.00
XRF 0.83 0.82 0.96 1.04 0.96 0.88 0.92 1.01

Table 8. A comparison of elemental content ratio of Cu or Zn to other elements after sorption.

Element Method
Z-M20 Z-M50 Z-M20 Z-M50

CuSO4 Cu(NO3)2 CuSO4 Cu(NO3)2 ZnSO4 Zn(NO3)2 ZnSO4 Zn(NO3)2

Fe
XPS 1.26 1.21 9.82 10.00 4.17 4.18 2.02 2.00
XRF 0.38 0.39 0.83 0.86 4.23 4.27 3.82 3.74

Ca
XPS 0.11 0.23 0.51 3.82 0.08 0.15 0.11 0.22
XRF 0.10 0.21 0.07 0.22 0.09 0.16 0.04 0.15

Se
XPS 0.49 1.00 0.92 7.44 0.50 0.92 0.56 1.06
XRF 0.51 1.07 0.06 0.21 0.57 1.08 0.05 0.21

K
XPS 0.09 0.19 0.77 6.47 0.08 0.17 0.10 0.17
XRF 0.11 0.22 0.04 0.12 0.10 0.21 0.03 0.12

Table 9. The concentration of elements in posttreatment solution.

Element
Z-M20 Z-M50 Z-M20 Z-M50

CuSO4 Cu(NO3)2 CuSO4 Cu(NO3)2 ZnSO4 Zn(NO3)2 ZnSO4 Zn(NO3)2

Fe
(mg·L−1) 62.12 52.80 16.80 5.10 67.80 65.30 13.60 8.50

Ca
(mg·L−1) 46.98 45.60 55.90 53.60 2.60 2.00 0.80 1.30

Se
(mg·L−1) 1.00 0.80 0.20 0.40 1.70 0.30 0.70 0.50

K (mg·L−1) 10.90 11.30 96.80 97.80 2.40 2.60 15.10 0.30

The Cu and Zn sorption capacities of studied zeolites are lower than the ones of
compared sorbents (Tables 10 and 11, respectively).

Table 10. A comparison of sorption capacities of different Cu sorbents.

Sorbent Cu Source qm, (mg·g−1) Temperature (◦C) Initial pH Source

Zeolite—M20 CuSO4 1.0619 25 * **
Zeolite—M20 Cu(NO3)2 2.3518 25 * **
Zeolite—M50 CuSO4 0.4512 25 * **
Zeolite—M50 Cu(NO3)2 1.6745 25 * **

magnetic nano-zeolite Cu(NO3)2 59.90 25 9 [22]
zeolite from Kamchatka CuSO4 1.46 20 low [26]

Faujasite type zeolite Cu(NO3)2 94.46 25 5.6 [53]
NaP zeolite from waste
lithium-silicon-powder Cu(NO3)2 62.30 25 6.0 [23]

Fly ash and NaOH synthetized zeolite Cu(NO3)2 310.00 25 5.5 [46]
NaX nano-zeolite N/A 111.84 25 6.5 [24]

FAU-type zeolites from coal fly ash Cu(NO3)2 57.80 room N/A [27]

* No pH adjustment. ** this study.
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Table 11. A comparison of sorption capacities of different Zn sorbents.

Sorbent Zn Source qm, (mg·g−1) Temperature (◦C) Initial pH Source

Zeolite—M20 ZnSO4 1.1541 25 * **
Zeolite—M20 Zn(NO3)2 2.2862 25 * **
Zeolite—M50 ZnSO4 0.3928 25 * **
Zeolite—M50 Zn(NO3)2 1.5074 25 * **
Na-X zeolite Zn(NO3)2 332.51 N/A 5.0 [47]

natural zeolite Zn(NO3)2 7.57 20 * [29]
Zeolite 3A Zn(NO3)2 31.11 20 * [29]

Zeolite 10A Zn(NO3)2 34.30 20 * [29]
Zeolite 13X Zn(NO3)2 11.07 20 * [29]

FAU-type zeolites from coal fly ash Zn(NO3)2 36.77 room N/A [27]

* No pH adjustment. ** this study.

This study contributes to knowledge on sorption, despite low capacities, by study of
not only the aqueous phase but also the solid phase. The removal of dimethyl disulfide was
studied by adsorption on the ion-exchanged Y zeolites. The solid phase was studied by XRF,
XRD, TGA and XPS. The optimal saturated capacity was 157.4 mg S g−1 adsorbent [54]. The
removal of Hg was studied by adsorption onto Co and Mn oxide-modified layered ITQ-2
zeolites. The adsorption capacity of the 5%Mn/ITQ-2 zeolite at 300 ◦C was 2.04 mg·g−1

in 600 min [55]. Additionally, the removal of Cu by adsorption onto synthesized zeolites
through fusion of lignite fly ash and NaOH or KOH pellets at 600 ◦C was studied using
XRF, XRD, FTIR, SEM/EDS and XPS. The analyses confirmed the presence of Cu on the
zeolite surface and the possible formation of CuO and/or Cu-Cl but the particle size is
below 118–223 µm [44]. Synthetized natural clinoptilolite-rich zeolite with a bio-inspired
adhesive, polydopamine showed slightly higher sorption capacity of 28.58 mg·g−1 than
the natural form of 14.93 mg·g−1. The solid phase was also analyzed using FTIR, XPS and
TGA [56]. Another low capacity (6.25 mg·g−1) mineral studied in the process of adsorptive
desulfurization of petroleum refining fractions was palygorskite, a low-cost clay mineral. It
was also studied by XRF, XPS, XRD, FTIR and SEM reporting that an interaction between
adsorbate/adsorbent involves π-complexation mainly with Fe species [57]. NaP1 zeolite
prepared by alkali fusion and hydrothermal method from red mud was used for adsorption
of methylene blue with a maximum sorption capacity of 48.7 mg·g−1. Based on FTIR and
XPS analyses, the possible adsorption mechanism was revealed [58]. As documented by the
above studies, the sorption capacities of natural, modified and synthetic sorbents based not
only on zeolites (clinoptilolite) are different based also on the removed component, though
the modified versions do not often have much higher capacities. This study also contributes
to unveiling the sorption process onto zeolite as different conditions of the sorption process,
such as particle size distribution, pH, temperature, ion radius, etc., may significantly
influence the whole sorption process and therefore also the sorption capacity. This study
concentrated on the sorption process at the conditions that were not changed. This fact
may minimize the need of other substances, especially those with negative environmental
impact (acids and bases) as well as minimize other physical and chemical processes for
pre-treatment of sorbent or sorbate, though this is not the subject of the study.

At solution pH lower than 7, the case of Cu and Zn sorption onto zeolites, hydrogen
cation and heavy metal ions might compete in the sorption process, thus decreasing the
heavy metal sorption capacity. In contrast, at high solution pH, hydroxide anions react
with heavy metal ions and precipitate, causing fake high sorption efficiency [22].

Though the desorption process of Cu and Zn from zeolites was studied, it might
be a part of further study and might bring further views into the sorption process. The
experiments with simultaneous sorption of Cu and Zn might also be added to study the
competitive sorption of the two metals.
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5. Conclusions

The study of Cu(II) and Zn(II) removal from wastewater is crucial as discharged
untreated water with excessive amount may cause high risk to the aquatic environment.
The use of zeolite from Slovakia, natural material from local sources, for the sorption is
an advantage. Available methods and techniques for study of both the aqueous and solid
phases were used for the removal of Cu and Zn by zeolite. According to the analyses,
the surface participation, electrostatic interaction, and ion exchange might also play an
important role. The studied zeolites are suitable for Cu and Zn sorption as the maximum
sorption capacities are in the range of 0.3928–2.3518 mg·g−1. The maximum sorption
capacities are higher for sulfates and the sorbent with smaller particle size (Z-M20) yet
the difference between Cu and Zn sorption is insignificant for corresponding anion and
particle size distribution. The content of both Cu and Zn in the surface layer and the bulk
are the same for sorption onto sorbent with smaller particle size, but are higher in the
surface layer than in the bulk for sorption onto sorbent with larger particle size. All the
findings might imply that not only the adsorbed heavy metal affects the sorption process,
but also the sorbent by its particle size, pore distribution, etc. In summary, the studied
zeolites (Micro-20 and Micro-50) are environmentally friendly materials that might be
used as sorbents for Cu and Zn ions from polluted wastewater. Usually, the natural forms
of sorbents have lower capacities than their modified versions. The future study might
concentrate on the ways of zeolite modification to increase the sorption capacity and thus
the applicability of zeolite. Additionally, the economic insight into the use of zeolites for Cu
and Zn adsorption and a comparison with other zeolites (natural from other localities or
synthetic) might be studied to prove whether the low sorption capacity is a disadvantage
of the studied zeolite usage.
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