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Abstract: The purpose of this work is to evaluate the capacity of a natural zeolite to be used as a reactive
material in a permeable reactive barrier (PRB) to remove inorganic contaminants from groundwater.
To this aim, zeolite samples were subjected to characterization tests, column experiments, batch
tests and a flushing process to evaluate the adsorption and desorption capacities of the zeolite.
In the column experiments, the samples were subjected to eight successive cycles involving the
percolation of a potassium aqueous solution (1500 mg/L) and a subsequent flushing process with
water. Batch tests were conducted by mixing 20 g of zeolite with 100 mL of single-element aqueous
solutions of K and Zn with concentrations of 200 mg/L. The results indicate that the zeolite rock
is composed predominantly of clinoptilolite species and has a Si/Al ratio of 6.8, a high cationic
exchange capacity (CEC) of 180 cmol./kg and a high K* adsorption rate with a removal efficiency
of 78%. The adsorption isotherms of the zeolite follow the Langmuir model and are well fit by a
pseudo-second-order kinetic model showing a high correlation coefficient (r* > 0.999) for both K*
and Zn®* cations. Additionally, the contaminant transport parameters for K™ ions (Rq = 24.9; Dy,
=1.32 x 1072 cm?/s and « = 1.42) reveal that the zeolite is resistant to the dispersion of ions in the
barrier, indicating that the material has advantageous characteristics for use in a PRB. However, the
flushing process of the material is not efficient, indicating that the appropriate use of the zeolite is in
clean-up systems in which the adsorbent material can be exchanged after losing its efficiency as a
reactive barrier.

Keywords: PRB; clinoptilolite; laboratorial tests; adsorption isotherm; kinetic model

1. Introduction

Industrial and human activities have generated wastes composed of different chemical compounds
that can contaminate environmental compartments, such as groundwater. Such contamination can
affect the availability of water for human use and for environmental functions [1-3]. The focus on
this type of contamination is constantly increasing because groundwater is the main water source in
several parts of the world [4]. Potassium (K) is a component of chemical fertilizers that is abundantly
used to enhance crop growth and can be a water pollutant in agriculture [5]. In areas with high
water tables and soils and rocks with limited capacity to retain cations, potassium leaches through the
soil, contributing to the input of it to groundwater and frequently with silting and eutrophication of
freshwater systems [6,7]. Moreover, the dissolution of potassium-rich clay minerals can also release
potassium, elevating the concentration of this element in groundwater [8].

Another chemical element commonly present in the environment is zinc (Zn), which is released
by several anthropogenic sources, such as food production, agricultural activities (e.g., liming, sewage
sludge, use of organic pesticides), galvanizing and production of ceramics, batteries, deodorants,
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etc. [9]. At high levels, the presence of Zn has negative effects on not only the environment but also
poses a threat to human health [10]. This scenario has encouraged research and the development of
new technologies for groundwater clean-up that are more inexpensive and efficient than traditional
techniques, such as pump-and-treat, electrochemical/electrokinetic recovery, soil flushing, vitrification
and nanotechnology applications that involve excavation and removal of contaminated soils [11].

The removal or attenuation of contaminants in groundwater can involve physicochemical (e.g.,
dilution, adsorption and precipitation) and degradation processes [12,13]. Adsorption mechanisms
require a suitable adsorbent material with a high removal capacity [14]. Normally, the materials chosen
for such applications are those with a high degree of porosity, high cationic exchange capacity (CEC),
specific surface area, environmental capability, availability and cost-effectiveness [15,16]. Additionally,
to be economically advantageous, the material must have low economic value. Therefore, natural
materials have been investigated for use in this purpose. The advantages of using natural materials for
groundwater clean-up are the low cost and the potential to remove multiple contaminants [17].

Currently, special attention is given to the potential for regeneration or clean-up of the adsorbent
material with the objective of reusing the material and reducing the need for a sanitary landfill for
disposal or protected places for storage [18]. Diverse processes have been developed for this purpose,
such as the use of chloride solutions (e.g., NaCl), flushing and phytoremediation processes, and others.
However, the regeneration of the adsorbent material should not be too costly; otherwise, the process
becomes unfeasible [19].

Groundwater clean-up systems can be a combination of physical barriers associated with chemical
properties (capacity of adsorption) or a permeable and reactive barrier (PRB). A PRB is normally
used for a not very large contamination plume associated with specific water flow conditions and
depths generally less than 20 m. The design of the system must be a combination of natural geological
conditions and an adsorbent with certain physicochemical characteristics allowing water to percolate
through the pores of the solid material. Furthermore, the design must also permit contact between
contaminated water and the adsorbent for a suitable residence time that is long enough for the
adsorption process to occur [20,21]. The efficiency of a PRB is a direct function of the reactive material
characteristics, the thickness of the barrier, the residence time and the effective performance for the
removal of contaminants [22].

Several types of reactive materials (natural and industrial) with different sorption characteristics
have proven to be efficient in PRBs in terms of the removal of different groups of contaminants present
in groundwater. Such materials include (1) modified natural materials, such as brown coal [23],
modified montmorillonite [24], modified and treated zeolites [12,25] and zero-valent iron [26]; (2)
natural materials, such as zeolites [27-29], limestones [30], laterites [13] and sericite [31]; and (3)
combined materials, such as sand and zeolite [32,33] and zero-valent iron and zeolite [14,20].

The type of adsorbent material and the treatment system that should be used depend on the
contaminant types that need to be removed, their concentrations and the removal capacity of the
system. Considering the set of possible adsorbent materials, zeolites have been studied more intensely
than other materials [34]. In recent years, research on the interactions between contaminated water
and zeolite has been of great interest for the application of zeolites as catalysts and adsorbents [35,36]
because the chemical and physical properties of natural zeolites are advantageous for the retention
of different chemical compounds, including heavy metals [37-39], and because zeolites have low
economic value. The three-dimensional framework of zeolites contains large central cavities and
channels, which can selectively exchange cations and water [40-42], which is why zeolites have been
referred to as “molecular sieves” [43].

Clinoptilolite is one of the predominant natural species of zeolites and has been successfully used
for contaminant removal [15,44]. This mineral belongs to the heulandite group and comprises
a two-dimensional channel system (a 10-ring system (0.31 nm x 0.75 nm), an 8-ring system
(0.36 nm X% 0.46 nm) and channels (0.28 nm x 0.47 nm) [45]. In general, the adsorption process
of zeolite comprises six distinct phases: (1) transport of solutes in the soil solution; (2) transport through
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the film surrounding the solid-liquid interface; (3) transport of solutes to micropores; (4) diffusion of
solutes on the surface of the solid; (5) diffusion of solutes in clogged micropores; and (6) diffusion in
the solid particle [46].

Several other factors influence the adsorption capacity and the selectivity exhibited by zeolite.
For example, the original composition of exchangeable cations (Ca, Mg, Na and K) present in zeolite
minerals can influence the access of cations to the zeolite structure. Clogging of pores, a result of the
accumulation of fine particles on the zeolite surface must also be taken into account since this process
prevents access of the elements to the structure, affecting the adsorption process [47,48]. There are
also factors related to the contaminant solution (pH, temperature and ion concentration) that directly
interfere in the adsorption process.

This work presents the results of a study carried out to evaluate the adsorption and desorption
capacities of a zeolite for use as a reactive medium in a PRB for the clean-up of contaminated
groundwater and industrial residual water with inorganic contaminants. This study involved column
and batch experiments considering different adsorption conditions, volumetric arrangements of
particles and desorption reactions by a flushing process.

2. Materials and Methods

2.1. Materials

The zeolite material is from the Tasajeras sedimentary deposit (Cuba). Natural rock samples
containing between 85% and 97% of zeolite [49] were crushed and subjected to processes for separation
of other minerals such as montmorillonites, calcites and iron compounds. Thus, the study material
is constituted of more than 90% of the zeolites associated to certain quartz and feldspars. The study
material is in natural conditions without any chemical modifications and/or treatments. Samples were
divided into three particle size groups: 0.4 to 1.0 mm, 1.0 to 2.0 mm and 1.0 to 3.0 mm.

2.2. Characterization of the Zeolite

Samples of the zeolite were subjected to particle size analysis according to the methods
recommended by the Brazilian Association of Technical Standards (ABNT) [50]. The determination of
the specific weight of solids (ys) was carried out according to the pycnometer method [51], and the
apparent specific dry weight (yq) was obtained through maximum and minimum void index tests,
which were performed based on the standards of ABNT [52,53]. The yq4 was obtained individually for
all considered arrangements of particles.

2.3. Mineralogical Characterization

Mineralogical analysis was carried out using 2 methods. Powder X-ray diffraction (XRD) was
performed with a Rigaku Rotaflex diffractometer (Cu Kot) model RU200B with an X-ray generator
operated at 40 kV and 30 mA. During measurements, the angular range from 3° to 120° with a 0.02°
step size was considered. The phase contents in the samples were determined by calculating the ratio
of the sum of the intensities of the eight most intense peaks. Second, the zeolite samples were also
subjected to scanning electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy
(EDX) analysis for structural characterization. SEM images were recorded with a ZEISS LEO 440, model
7060, operating with a 15 kV electron beam, a current of 2.82 A and probe current of 200 pA. The EDX
analyses utilized EDX LINK ANALYTICAL equipment, an Isis System Series 300, a SiLiPentafet
detector, and an ATW II (Atmosphere Thin Window), with a resolution of 133 eV at 5.9 keV and an
area of 10 mm? square, coupled to a ZEISS LEO 440 electron microscope.

2.4. Physicochemical and Chemical Characterization

The chemical composition of the zeolite was analyzed by X-ray fluorescence (XRF) analysis and
laser-induced breakdown spectroscopy (LIBS), also known as laser-induced plasma spectroscopy
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(LIPS). The (CEC) was obtained in 2 forms: total and external. The total CEC procedure utilized was
initially described by Chapman et al. [54] and was also used by Choo et al. and Zhou et al. [55,56]. First,
the zeolite samples were subjected to successive saturation with a solution of ammonium ions (NH;*
2 mol/L) for the determination of exchangeable bases (Na*, K*, Ca?" and Mg?*). Then, the obtained
samples were further treated with K* ion solution (2 mol/L), and the content of NH4* remaining
in the zeolite was determined from the solution. The K* ions were measured using a Micronal
flame photometer model B26, and the exchangeable bases were determined by atomic absorption
spectrophotometry. The NH4 " ions were measured using an NHj selective electrode from METROHM,
AG. The external CEC of the zeolite samples was determined by the methylene blue adsorption method
according to the methodology described by Pejon [57]. Methylene blue consists of an organic dye that
dissociates into chloride and methylene blue cation (C14H13N3S™) in an aqueous solution. To evaluate
the influence of particle size on the external CEC, methylene blue adsorption was performed for
different particle size ranges: <0.074 mm (the fraction passing the No. 200 sieve), 0.4 to 1.0 mm, 1.0 to
2.0 mm and 1.0 to 3.0 mm. The external CEC was calculated using Equation (1) as follows:

V' xCx100
CEC= —— 1
- M
where V is the volume of the methylene blue solution used (L); C is the concentration of the methylene

blue solution in normality (N); and M is the dry zeolite mass (g).

2.5. Batch Studies

To assess the adsorption capacity of zeolite samples with respect to different ions, zeolite particles
with sizes of 1.0 to 2.0 mm were subjected to reaction with single-element aqueous solutions of K* and
Zn?* with concentrations of 200 mg/L. The solutions of K* and Zn?* were obtained from dissolution of
KCl and ZnCl,, respectively. The choice to use this particle size was based on the results of the y4 and
hydraulic conductivity tests.

The test procedure consisted of placing 20 g of zeolite in a beaker and adding 100 mL of K*
aqueous solution (one-step batch test). Aliquots were collected at each predetermined interval (i.e.,
each hour during the first eight hours and then after 12, 24 and 48 h of test duration). This same
procedure was performed with the Zn?* solution.

The zeolite samples were also submitted to kinetic batch tests [58]. The experimental procedure
consisted of placing 2.5 g of zeolite particles in a receptacle and then adding 50 mL of K* ion solutions
with different concentrations in the range of 500 to 5000 mg/L. Similarly, aliquots were collected at
predetermined intervals. The temperature was maintained at a constant value of 21 + 2 °C during this
experiment. All the tests were performed in triplicate. The data obtained were fitted by adsorption
isotherms and kinetic models. Due to the number of experiments and the amount of data obtained, the
kinetic batch test was performed with only K* solutions. To evaluate the effects of adsorption process
in the structure of the material, the zeolites samples were submitted to chemical characterization
after adsorption.

2.6. Column Experiments

Columns with a diameter of 98 mm and length of 152 mm were filled with a mean amount of 1.2 kg
of zeolite particles in the size range of 1.0 to 2.0 mm. The columns were subjected to percolation of a K*
ion solution (1500 mg/L). A float ball was used to maintain a low hydraulic gradient (approximately 1)
to ensure that the contact between the solution and the zeolite was long enough for chemical reactions
to occur. The solution passed through the column from the top downward at a constant flow rate
(4.61 x 10° m/s). The adsorption process was monitored by taking small aliquots from the column
outlet for each pore volume percolated. The results were obtained by plotting breakthrough curves
of C/Cy versus the number of percolated pore volumes (Equation (2)), where Cy is the input solution
concentration (mg/L) and C is the outlet solution concentration (mg/L). The experiment was performed
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at a constant temperature of 21 + 2 °C, and the pH and electrical conductivity (CE) values were
recorded using an HI 1131 Digimed electrode and a 7A04 CE Analyser, respectively.
Qt
PV = = 2
ALn @
where PV is pore volume; Q is the flow rate in the column; ¢ is the time; A is the cross-sectional area of
the soil column; L is the column length and # is the total porosity.

The breakthrough curves were also utilized to determine the retardation factor (R4), which
represents the resistance of the solid in the mass transfer process, and the hydrodynamic dispersion
coefficient (Dy,), which describes the mixing processes of a solute in porous media, according to the
methodology proposed by Shackelford [59,60].

2.7. Flushing Procedure

After submitted to the percolation with K* solution, the column of zeolite was subjected to a
flushing process consisting of water percolation through the column. The goal of this procedure was to
assess the ability of the zeolite particles to desorb ions with a flow of natural solution as water, so as to
avoid introducing a new element into the environment and consequently, to contaminate the area with
a new chemical product. In this study, the process of percolating the contaminant solution and the
subsequent flushing in the column is called a cycle. The percolation of the K* solution in the column
lasted until the outflow reached the initial concentration (C = Cy). Similarly, the flushing process ended
when the input and output solutions came into equilibrium. In both stages, after reaching equilibrium,
the experiment was continued for another 20 pore volumes to observe possible changes and different
behaviors. Similarly, this test was conducted while monitoring the temperature and physicochemical
variables (pH and CE). The columns were subjected to eight successive cycles.

An additional test was also developed to complement the flushing process. The test procedure
was conducted using 20 g of zeolite in contact with a K™ aqueous solution (1500 mg/L) in a beaker
until the concentration of the solution stabilized. After reaching equilibrium, the zeolite was placed in
contact with water (with a pH between 6.8 and 7.2 and an EC of 2.48 uS) in another beaker for enough
time to stabilize the concentration of K* ions in the water solution. The concentration of K* cations
and residence time were monitored throughout the experiment to assess the desorption capacity of
the zeolite.

3. Results and Discussion

3.1. Basic Characterization of the Zeolite

The grain-size distribution curves (A, B and C) obtained for the zeolite samples are shown in
Figure 1. It can be observed that the material, regardless of the particle size range, can be considered to
be well graded, with particles distributed along the entire range. The specific weight of solids (ys)
shows an average value of 22.87 kN/m?3, with a standard deviation of 0.005. This value is in agreement
with the values found in the literature [61], which range from 22.0 to 24.0 kN/m?3. The values of specific
apparent dry weight (y4) related to the range of maximum and minimum void ratios were between
10 and 11 kN/m3. The highest value of 4 was found for the smallest particles tested (0.4 to 1.0 mm),
and the lowest value of yq was found for particles with sizes of 1.0 to 3.0 mm. This difference is
because smaller particles tend to achieve a more effective arrangement of the grains. Thus, these
results indicate that there are several possibilities for designing barriers with different magnitudes of
hydraulic conductivity, thereby providing adaptability to different hydrogeological characteristics.
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Figure 1. Grain-size distribution curves of zeolite particle size ranges of (A) 1.0-3.0 mm; (B) 1.0-2.0 mm;
and (C) 0.4-1.0 mm.

3.2. Mineralogical and Chemical Characterization

The results of the XRD analysis of the zeolite are shown in Figure 2. The peak positions at 26 = 9.9°
and 22.24° and the relative intensities observed match well with the clinoptilolite species. Additionally,
small amounts of secondary components, such as quartz and feldspar, were also detected in the sample.

Rodriguez-Fuentes et al. [62] found a similar composition when analyzing zeolite minerals from the
same deposit.

2500

Clinoptilolite
2000 Quartz
Clinoptilolite
2 1500
]
z K-Feldspar
3
: /
£ 1000
500
0
0 5 10 15 20 25 30 35 40 45

2 Theta (Degrees)

Figure 2. Diffractogram of the zeolite sample.

SEM analysis was performed to analyze the morphology of the zeolite. Figure 3 shows a
micrograph of a zeolite particle, which shows a regular surface composed of plates with small voids
formed between the particles and amorphous (noncrystalline) materials.

The zeolite samples were also subjected to EDX analysis for semiquantitative determination of the
chemical composition of the several features observed in the solid surface. Three areas of the zeolite
sample were chosen randomly, as shown in Figure 4. The spectral diagrams obtained for each of the
analyzed areas are presented in Figure 5.
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Figure 4. Locations of areas subjected to EDX analyses.

By analyzing the spectral diagrams obtained, it can be concluded that the different areas have
similar chemical compounds, indicating that the material has a homogeneous average composition.
In addition, the large amounts of Si and Al observed in these diagrams, associated with lower amounts
of Ca, K, Mg, Fe and Tij, reveals that the fundamental composition is similar to that of clinoptilolite,
which is consistent with the data obtained from the XRF analysis. These data are summarized in
Table 1.
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Figure 5. Spectral diagrams of (a) area 1; (b) area 2; (c) area 3.

Table 1. Chemical composition of the zeolite sample by XRF analysis.

Oxides Mass/Mass (%) Standard Deviation (%)
MgO 0.715 0.081
Al,O3 10.107 0.025
SiO, 79.280 0.185

KO 2.083 0.014
CaO 4.564 0.052
TiO, 0.418 0.008

Fep O3 2.676 0.052

ZnO 0.010 0.001
BaO 0.147 0.002
Si/Al 6.8 0.126

The XRF results show that the fundamental composition of the clinoptilolite comprises silicon,
aluminum and oxygen ions, in addition to Mg, K, Ca, Ti, Fe, Zn and Ba ions. Ca, Mg and K are called
exchangeable ions. The Si/Al ratio was determined to be 6.8. This value is in accordance with the
values described by the Subcommittee on Zeolites of the International Mineralogical Association,
which adopted the relation of Si/Al > 4.0 for clinoptilolite species [63]. In general, the Si/Al ratio is
an important property of zeolites because it is theoretically related to the CEC and selectivity of this
material. The lower the Si/Al ratio is, the higher the CEC observed for zeolite [27]; similarly, zeolite
with a high aluminum concentration has a preference for small or highly charged cations, such as
cadmium and lead [64].

The result of the LIBS is shown in Figure 6. The presence of the same chemical elements found
by the other techniques used to determine the chemical composition of the zeolite samples was
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confirmed by this test. However, the presence of sodium (Na), which had not been detected by the
other experiments, was also observed. The Na peak could be related to either the actual presence of
NayO in the samples, because of the volcanism activity that gives origin to zeolite-bearing rocks in
Cuba, as the LIBS equipment is very sensitive to Na, or to some external interference, such as hand
contact or other factors, resulting in the detection of this element in the LIBS analysis.

20000
Na

15000

Mg
10000

Intensity {counts)

5000

180 280 380 480 580 680 780 880 980
Wavelength (nm)

Figure 6. Spectroscopy obtained by laser-induced plasma spectroscopy analysis.

It is worth mentioning that elements may have more than one characteristic wavelength; therefore,
some of the elements demonstrated in the above spectroscopy analysis may appear more than once.
This fact is not related to the quantity but only to the presence of these elements. However, the peak
intensity is related to the proportion, and the peak intensity results also agree with the data obtained
by other techniques.

3.3. Batch Studies

The value of the total CEC of the studied zeolite obtained by successive ammonium saturation was
180 cmol./kg. This result is in agreement with the CEC values found by Oliveira [65], who obtained
a CEC value of 152 cmol./kg for the same species. In addition, this is within the range of the CEC
values reported in the literature for the zeolite clinoptilolite of approximately 230 cmol./kg [66] and
122 cmolc/kg [28].

The CEC is mainly related to the imbalance in surface charges that attracts cations to maintain
overall neutral conditions. The CEC of zeolite is a function of the Si/Al ratio and is expressed in the
number of cations per unit mass or volume available for the CEC [28]. The adsorption capacity of
zeolite is not only associated with the CEC but is also controlled by the size and shape of the voids;
the size of the adsorbed molecules; the size, number and positions of the exchangeable cations that
compensate for the anionic load; and the presence of structural defects. In addition to these factors, the
adsorbent particle size also influences the final adsorption capacity [67]. The external CEC values of
zeolite determined by the methylene blue adsorption method were 2 cmolc/kg for the particle size
range of 1.0 to 3.0 mm; 9 cmol./kg for the particle size range of 0.4 to 1.0 mm; and 18 cmol./kg for
the particle size less than 0.074 mm. This pattern occurs because, in the same volume of material,
smaller particles are in greater quantity; that is, a larger external area is available for reactions to occur,
resulting in a greater external adsorption capacity for the smallest particles.



Geosciences 2020, 10, 59 10 of 22

The adsorption capacity curves of clinoptilolite for single-element aqueous solutions of K* and
Zn%* from the first test (one-step batch test) are shown in Figure 7. The curves were formed by the
mean values of adsorption capacity versus time obtained for the triplicates, for which the standard
deviation values were 0.057 to K* adsorption and 0.074 to Zn?* reactions. In general, the zeolite
adsorption process for both ions can be divided in two distinct parts. The first part corresponds to
the initial hours of the experiment, where the adsorption process is very fast. In the second part,
adsorption continues to occur, but at a slower rate. This behavior is explained by the fact that at
the beginning of the exchange process, most of the zeolite adsorption sites are available; however,
as the process develops, these sites become occupied, making them difficult to access and causing a
repulsion effect between the adsorbed ions and the remaining ions in solution [68]. Comparing the
curves obtained for both analyzed ions, it can be concluded that Zn?* adsorption is slower than K*
adsorption. This pattern is linked to the fact that the zeolite presents preferential adsorption for ions
with lower hydration energy and, consequently, a smaller hydrated ionic radius, which would explain
the lower affinity found for Zn?* [69]. Additionally, the K* exerts a high polarizing power than Zn?*
on the zeolite structure, which explains the strong influence of K* in the zeolite frame and the low
mobility of Zn?* cation.

0 1 2 3 4 5 6 7 8 12 24 48

Time (hours)

Figure 7. Adsorption capacity of the zeolite for K* and Zn?* cations obtained from one-step batch
test analysis.

The adsorption isotherm for K* on clinoptilolite obtained from the kinetic batch test is shown in
Figure 8a. The standard deviation obtained with the triplicate samples was 0.065. A convex shape
of the adsorption isotherm compatible with the Langmuir model was observed, fitting the “L” type
isotherms according to the classification of Giles et al. [70]. Due to the shape of the curve, the adsorption
isotherm was adjusted by the Fretindlich (Equation (3)) and Langmuir (Equation (4)) models, as shown
in Figure 8b,c, respectively. The Sips model was also tested, but when applied, the adjustment yielded
similar results to the ones obtained by the Langmuir model because the Sips model is a combination of
Fretindlich and Langmuir adsorption isotherms. Thus, when applied to materials with homogeneous
binding sites (ng = 1), the Sips Equation is reduced to the Langmuir model. The Fretindlich model is
used to describe a heterogeneous adsorption system in which the reactions can take place at several
sorption sites [71], whereas the Langmuir isotherm model assumes that the adsorption of dissolved
ions occurs in a monolayer form at specific homogenous sites without interaction with the adsorbed
molecules [72].
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Figure 8. Representative adsorption isotherm obtained by kinetic batch test for K* ions (a) and the
adjustment of the adsorption isotherm by Langmuir (b) and Fretindlich (c) models.
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where ¢ is the amount of sorbed ion per gram of sorbent at equilibrium (mmol/g) and Ce is the
equilibrium concentration of the solution (mmol/L). The Fretindlich model constants K¢ and ng
represent the relative capacity and the adsorption intensity, respectively, whereas the Langmuir model
constants o and 3 represent the energy of adsorption (L/mmol) and the maximum adsorption capacity
of the sorbent (mmol/g), respectively.

Through isotherm analysis, it can be concluded that the zeolite has a high K* adsorption capacity,
reaching a maximum adsorption of 19.5 mg/g. These data corroborate the values found in the literature
for clinoptilolite. Jaskunas et al. [68] analyzed the adsorption capacity of the same zeolite species and
obtained a value of 26.2 mg/g for K* ions. The parameters calculated by the fits of the data to the
Fretindlich (r> = 0.77) and Langmuir (r?> = 0.99) models are reported in Table 2, indicating that the
Langmuir model is the best model to represent the adsorption process of K* on clinoptilolite and that
similar results were obtained by other authors [68]. The Langmuir model suggests that the adsorption
process of K on clinoptilolite occurs on the surface of the material, which contains a finite number of
identical adsorption channels and uniform adsorption energies on the surface. This model also has an
essential characteristic that is expressed by a dimensionless constant number called the equilibrium
parameter or separation factor (Rp). This constant allows evaluation of the adsorption process by the
curvature of the isotherm: if Ry, = 0, the process is irreversible; if 0 < Ry < 1, it is favorable; if Rp =1, it
is linear; and if Ry, > 1, it is not favorable. As shown in Table 2, the value of Ry indicates a favorable
adsorption process between the zeolite and K* ions. In general, good adsorbents are those that present
a high (3 value and a low adsorption energy (x) [73]. Thus, the results obtained indicate that the zeolite
is a good adsorbent for K* ions.
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Table 2. Parameters of the adsorption isotherm fit to the Fretindlich and Langmuir models.

Freiindlich Langmuir
Kr (1/g) Nr 2 A(mg1l)  B(mg/g) 12 Ry
1.685 3.31 0.77 0.0053 19.50 0.99 0.54

Kg—adsorbent capacity; Ng—adsorption intensity; Rg—retardation factor; a—constant related to the adsorption
energy, representing the affinity between the adsorbent surface and solute; B—maximum amount of ions adsorbed
per unit of adsorbent mass; Rp —separation factor or equilibrium parameter.

3.4. Kinetic Studies

The data of the batch test are also plotted for kinetic analysis, as shown in Figure 9. The curve
parameters obtained by adjustment with the pseudo-first-order (Equation (5)), pseudo-second-order
(Equation (6)) and Elovich (Equation (7)) models are summarized in Table 3.
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Figure 9. Kinetic adsorption curves of K* and Zn?* on zeolite.

Table 3. Summary of kinetic parameters according to adjustment models.

e Eip;f;;ental Pseudo-1st- Order Pseudo-2nd-Order Elovich
K+ Qe (Mmg/g) 2.446 Qe (mg/g) 6.882 B (g/mg) 1.026
500 mg/L 6.9 ki(s™) 0.003 ko (s71) 0.009 & (mg/g min) 1.720
2 0.789 r? 0.999 r? 0.937
K+ e (mg/g) 1.296 Qe (ng/g) 0.949 B (g/mg) 6.350
200 mg/L 0.9 ki(s™h) 0.003 ky (s 0.008 « (mg/g min) 0.872
& 2 0.970 2 0.998 2 0.942
T2+ Je (mg/g) 1.696 Je (mg/g) 0.929 B (g/mg) 6.361
200 mg/L 0.87 ki(s™1) 0.001 ky (s71) 0.004 o (mg/g-min) 1.924
2 0.899 2 0.993 2 0.992

Pseudo-first-order equation:

kit
log (e 1) =10gqe = 52 ®)

where ¢ is the reaction time (min); 4. (mg/g) and q; (mg/g) are the amount of adsorbed ion at equilibrium
and time f, respectively; and k; (min~!) represents the pseudo-first-order adsorption rate constant.

Pseudo-second-order equation:

11,1 ©

qt kzqg qe
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where g, (mg/g) and g; (mg/g) represent the amount of adsorbed ion at equilibrium and at time ¢,
respectively, and k, (min~') is the pseudo-second-order rate constant.
Elovich equation:

gt = %mm + éln(aﬁ) @)

where a is the initial sorption rate (mg/g min) and f is the desorption constant (g/mg).

In general, high correlation coefficients were obtained by the adjustment models for both K* and
7Zn2t, regardless of solution concentration. When compared, the values of the correlation coefficients
of the pseudo-first-order and pseudo-second-order models are higher for K* than for Zn?*, while the
values of the correlation coefficients of the Elovich model are higher for Zn?* than for K*.

Each of these models is based on specific factors. The pseudo-first-order represents sorption
processes that are limited by the sorption capacity of the solid, whereas the pseudo-second-order
represents processes limited by chemical variables. However, the Elovich equation better describes the
kinetics of adsorption onto heterogeneous surfaces. Table 3 shows that the model that best represents
the adsorption process between the zeolite and solute is the pseudo-second-order model. Ho and
McKay [74] noted that the limitations of this type of reaction are associated with chemical variables
involving valence forces through electron sharing caused by existing covalent forces between the
adsorbent and the adsorbate.

3.5. Column Test Results

The column experiment was performed in triplicate. The experimental conditions were:
particle size (1.0 to 2.0 mm), column dimensions (height—151.7 mm; diameter—97.3 mm;
volume—1.13 X 1073 m?), y; (22.87 kN/m3), y4 (10.89 kN/m?), porosity (0.52), void ratio (1.10) and
saturated hydraulic conductivity (Ksat) (4.61 X 1075 m/s). The data obtained from the columns presented
a standard deviation of +0.0081, reflecting that there were no significant variations between the columns.
The choice to carry out a column test using zeolite particles with a size range of 1.0 to 2.0 mm was
based on the Kt values found for the arrangements formed by this size of particle, which are similar to
the K, values exhibited by large areas composed of different geological materials and hydrogeological
characteristics found in Brazil and other countries.

After completing a cycle composed of contaminated solution percolation and flushing, the
breakthrough curves were plotted. The amount of contaminant material that was adsorbed by the
zeolite particles, represented by the area above the breakthrough curve, corresponds to stage I, and the
amount of material that was desorbed during the flushing process, represented by the area below the
curve, corresponds to stage II, as shown in Figure 10 for each cycle. The cation concentration in the
effluent increased until the effluent solution (C) reached a concentration equal to that of the influent
solution; that is, C = C (equilibrium condition). The amount of K* adsorbed, pore volume quantity,
CEC percentage and flushing efficiency of each cycle are shown in Table 4.

The total CEC occupied by the adsorbed K* increased with the progression of the cycles, reaching
90% after solution percolation and 87% after the flushing process. This observation implies that the
saturation of the zeolite is not achieved in this study because, even when C/Cy = 1, the voids and
surface charges available for cationic exchange are not all occupied, which is reflected by the mass
of K* that has been adsorbed, demonstrating that there are still spaces available for CEC, even if the
concentration of the influent is similar to that of the effluent.
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Figure 10. Breakthrough curves obtained from the column test.

This same effect was recorded in zeolites from Cuba and from the municipality of Urupema (South
Region of Brazil) [75], which reported that the maximum amount of Zn?* removed from an aqueous
solution was less than the maximum adsorption capacity of the analyzed zeolites. Kitsopoulos [76]
suggests that complete saturation of zeolite using NH4OAc solution occurs within 12 days. However,
this length of time can be considered too long to be feasible for many situations of in-situ and ex-situ
groundwater clean-up. Thus, it is inferred that the contact time between the contaminant and zeolite
in the experiments was not sufficient for the saturation of the material to occur. Lim et al. [77] also
concluded that the longer the contact time is, the greater the amount of contaminant that will be
adsorbed. However, the contact time used in the experiments is a viable residence time in natural
conditions for the removal of contaminants. Additionally, the column test also revealed that the zeolite
showed stable conditions during all steps; the zeolite did not show the formation of any new chemical
material due to precipitation or similar processes.

It is possible to observe that, initially, more than 100 pore volumes were required for the effluent
concentration to reach the equilibrium condition (C=Cj). However, in the subsequent cycles, the
number of pore volumes needed to reach equilibrium conditions decreased as the quantity of water
used in the flushing process increased. This finding indicates that the flushing process was not very
effective at regenerating the zeolite to the initial conditions, so the adsorption capacity of the zeolite
decreased as the number of cycles increased.
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Table 4. Results of the column experiments.
Contaminated Solution Percolation Flushing Process Final Condition for Cycle
Total Total Total CEC Total Total CEC Adsorbed Total CEC
Cycle Total Pore Percolated Potassium Adsorbed Occupied Total Void Percolated Potassium Desorption  Recovered Flushing Potassium Potassium Occupied
Volume :/r co'a Potassium at the End Volume . Potassium by Efficiency Adsorbed  Remained after after
Percolated olume Adsorbed Rate (mg/g)  of a Cycle Percolated Volume Desorption Rate (mg/g) Flushin (%) (mg) Flushin Flushin
(ecm®) (mg) & 4 (ecm®) (mg) & & & & &
(%) (%) (mg/g) (%)
1 129 81,779.5 22,251.65 19.05 27.14 28 17,750.6 228222 1.95 2.79 11.43 19,969.43 17.09 24.35
2 72 45,6444 9804.04 8.40 36.31 29 18,384.5 2567.50 2.20 3.13 9.44 27,205.96 23.29 33.18
3 64 40,572.8 8082.86 6.92 43.04 200 126,790.0 3518.42 3.01 429 11.07 31,770.40 27.20 38.75
4 125 79,243.8 18,733.22 16.07 61.59 100 63,395.0 3518.42 3.01 429 7.49 46,985.20 40.23 57.30
5 110 69,734.5 16,707.75 14.31 77.68 30 19,018.5 3518.42 3.01 429 5.85 60,174.53 51.52 73.39
6 70 44,376.5 7797.59 6.68 82.90 30 19,018.5 3328.24 2.85 4.06 5.15 64,643.88 55.35 78.84
7 55 34,867.3 4374.26 3.75 84.18 35 22,188.3 2852.78 244 3.48 431 66,165.36 56.65 80.70
8 40 25,358.0 8177.96 7.00 90.67 30 19,018.5 2852.78 244 3.48 3.99 71,490.54 61.21 87.19
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The pH range was from 5 to 7 during the contaminant solution percolation and flushing process.
The zeolite exhibits maximum adsorption capacity results at a pH between 5 and 6 [14,78-80]. The water
had a pH in the range of 6.8 to 7.2, which explains the increase in the pH during the flushing process.
The temperature was maintained at approximately 21 + 2 °C during the experiment. The EC varied
from 4 to 6 mS during the percolation of the potassium solution. In contrast, when in contact with
water during the flushing process, the EC values decreased markedly, reaching approximately 0.003
mS. The contaminant transport parameters for K* in the column test are as follows: retardation factor
(Rq) = 24.9, hydrodynamic dispersion coefficient (Dy,) = 1.32 X 1072 cm?/s and dispersivity coefficient
() =1.42.

3.6. Flushing Results

The flushing process was carried out to analyze the potential to clean-up zeolite through reaction
with water flowing through the column. An additional test was performed to analyze the potential to
clean-up the zeolite through reaction with the same amount of water. Thus, the mass of potassium
removed from the zeolite structure in the column during the flushing process can be related to the total
CEC of the zeolite (as shown in Table 4), which indicates the flushing efficiency of the material.

In general, the flushing process was executed at a flow rate of 3.91 X 10 m/s until the outlet
solution showed equilibrium. To investigate the influence of the amount of water passing through the
column, the pore volume quantity was alternated in some cycles. Initially, the flushing was performed
until the outlet solution reached equilibrium, which was equivalent to approximately 10 pore volumes
(cycle 1). After this process, the quantity of cation adsorbed in the subsequent cycle is low, indicating
that only an external washing of the zeolite particles occurred. Then, the flushing was continued even
after equilibrium was reached, as observed in cycles 3 and 4; thus, a greater amount of water percolated
through the column, and the contact time between the water and particle surfaces was longer. It is
believed that during a long flushing process, the longer contact time between the zeolite and water
makes it possible to wash the external surfaces of the zeolite particles and to desorb ions in voids,
resulting in a larger number of sites available for subsequent adsorption processes, as confirmed in
cycles 4 and 5. It is worth mentioning that when considering the duration of the flushing process, the
water quantity and contact time should also be considered. In almost all flushing curves obtained,
the effluent concentration showed equilibrium after the percolation of only 10 initial pore volumes.
However, even when showing a stabilized concentration in the effluent, the amount of contaminant
retained in the zeolite structure increased with an increasing number of cycles, demonstrating the low
efficiency of the flushing process.

The additional test to analyze desorption reactions was carried out over 40 days. In the first part,
the adsorption process developed until the concentration of K* stabilized in the contaminated solution;
then, the zeolite sample was put in contact with water until the K" concentration remained stable
among several measurements. The results obtained in both phases of this experiment are shown in
Figure 11. The adsorption graph corresponds to the first stage where zeolite particles were saturated
with the K* ion solution. The desorption graph corresponds to the mass of K* ions that left the
zeolite structure by reaction with water. Through this experiment, it can be observed that the clean-up
efficiency of the zeolite is directly linked to the contact time between the water and the solid material,
considering that the volume of water remained constant in this test. Similarly to the adsorption process,
the desorption of zeolite consists of two phases, a first phase that occurs rapidly and a secondary phase
that occurs at a slower rate but continuously. The presented curve clearly shows that during the 40
days of the test, small amounts of K* continued to leave the structure of the zeolite.
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Figure 11. Adsorption and desorption processes of K* ions on zeolite.

3.7. Chemical Characterization after Sorption Processes

Table 5 shows the results of the XRF chemical analysis obtained for the zeolite samples that were
previously exposed to the 200 mg/L K* contaminant solution. The same table presents the chemical
characterization data of the natural sample, that is, before the exposure to the contaminant solution, to
enable the comparison between these data sets.

Table 5. Chemical composition of the zeolite before and after sorption processes.

Initial Final
Elements
100% Mass/Mass

Mg 0.716 0.423
Al 9.735 8.433
Si 72.47 70.066
K 4.331 8.113
Ca 8.489 6.423
Ti 0.384 0.380
Fe 3.488 3.338
Zn 0.023 0.021
Ba 0.364 0.341
cl - 2.462

From the data presented, it can be seen that the contamination of zeolite did not significantly
change the fundamental chemical composition of this mineral (5i and Al), which is supported by the
fact that these ions exist in the crystalline structure of the zeolite and cannot be replaced. However,
there were significant changes in the compensation ions (Mg?* and Ca?"). It is worth mentioning that
K* is also a zeolite compensation ion, but as it is the focus of this research, it is not treated as such.

An analysis of the exchanges revealed that the most significant changes were for Ca?* ions,
followed by Mg?* ions. In general, the zeolite exchanged some of these ions for the K* ions that
were previously in solution. This observation is supported by the zeolite affinity, which, according to
Ames [81], obeys the following order: Cs* > Rb*> K* > Li*> NHy* > Na* > Ba?* > Ca?*. According
to Karagad [82], when dealing with compensation ions, the order of selectivity displayed by zeolites is
K* > Na* > Ca?* > Mg?*.

4. Conclusions

The analyzed zeolite is composed predominantly of the clinoptilolite species and has an average
specific weight of 22.8 kN/m?, a Si/Al ratio of 6.8, a total CEC of 180 cmolc/kg and a variable external
CEC depending on particle size (2 to 18 cmol./kg). The particle sizes between 0.4 and 3.0 mm enable
different volumetric arrangements with specific apparent dry weight ranging from 10 to 11 kN/m3
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and saturated hydraulic conductivity values between 1.11 X 10~ and 2.95 x 10~* m/s. These aspects
provide a high potential for using this material in a variety of natural geological and hydrogeological
conditions. The K™ adsorption data are effectively represented by the Langmuir isotherm (ex = 0.0053 I/g;
B = 24.69 mg/g; 12 = 0.997), and the adsorption kinetics are best represented by the pseudo-second-order
reaction model (k, = 0.009 and r? = 0.999). The contaminant transport parameters for K* (Rq=24.9;
Dy = 1.32 X 1072 cm?/s and « = 1.42) indicate that the zeolite is resistant to the dispersion of the
contaminant in the groundwater, which is a positive characteristic for use in a PRB. Breakthrough
curves obtained from column tests demonstrated that the material has a high capacity to adsorb K* ions
and a long-term operating life in a PRB. However, the flushing process onto the zeolite is not significant
because it reaches only the external surface of the particles. Several factors may have influenced this
result, but it is believed that the time and conditions of contact between the particle surfaces and ion
solution, as well as the water interaction conditions, were the determining parameters. For this reason,
based on the study results, the use of zeolite is recommended for systems where it can be replaced
after its complete saturation. Such replacement is not infeasible due to the low economic value of the
zeolite. In addition, the residue can be used as raw material for construction or other processes.
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