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Abstract: The research focuses on ammonia and phosphate removal from wastewater by using a
novel metal and microwave-treated clinoptilolite. For increasing adsorption capacity, the samples
were calcinated or microwave irradiated in the solutions of Fe(III), Cu (II), or Ca(II) chlorides. BET-
specific surface area measurement revealed that the calcination led to a decrease from 18.254 to
11.658 m?/ g. The adsorption results were fitted to theoretical models. The PO43~ adsorption in all
samples as well as NH,;* adsorption in natural and Fe- and Ca-modified samples is best described
using the Langmuir-Freundlich model, but in calcinated and Cu-modified clinoptilolite the NH*
sorption is better characterized by the Freundlich model. The PO,*>~ adsorption in natural and
all modified samples is best described using the Langmuir-Freundlich model. Fe-modified and
calcinated clinoptilolite showed the highest NH4* adsorption capacity of 4.375 and 2.879 mg/g.
Ca-modified samples demonstrated the lowest adsorption capacity of 0.875 mg NH;*/g. The
metal-modified samples exhibit a significantly higher phosphate sorption capacity (from 800.62 for
Cu-sample to 813.14 mg/g for the Fe-modified sample) than natural (280.86 mg/g) or calcinated
samples (713.568 mg/g). Experimental studies in dynamic conditions revealed high NHs* and
sufficient PO43~ ions captured on modified clinoptilolite. This study provides a feasible approach
for the synchronous removal of the main eutrophication agents for implementation in additional
(tertiary) wastewater treatment facilities.
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1. Introduction

Wastewater from private households and many industrial and agricultural sectors
is characterized by high levels of ammonium and phosphates. However, nitrogen and
phosphorus are also two essential nutrients for plants and microorganisms; however,
their excess amount may cause an adverse impact on aquatic ecosystems, resulting in
eutrophication [1,2]. The presence of nutrients leads to cyanobacteria (blue-green algae)
development. Excessive algae growth impairs the operation of water intake facilities
and fisheries reduce the hydraulic parameters of the stream, and water blooms also lead
to a decrease in dissolved oxygen, deterioration of conditions for the development of
flora and fauna, and disruption of the normal functioning of natural ecosystems [3,4].
The high content of phosphate in household wastewater is not only a current problem
but also a problem of the last decade. The average phosphate flow is 33.9 thousand
tonnes per year. Using the area of Ukraine’s territorial waters, it is calculated that the
coastal waters of Ukraine with atmospheric precipitation annually receive 1.56 thousand
tonnes of phosphorus [4]. The entire territory of Lithuania lies within a zone sensitive
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to eutrophication; for this reason, relatively stricter wastewater treatment requirements
are applied. Amendments to Wastewater Management Regulation No. D1-236 (2016) of
the Republic of Lithuania describes the removal process for phosphorus (up to 5 mg/L)
and nitrogen compounds (up to 25 mg/L) in small-scale wastewater treatment plants.
The maximum permissible concentration of ammonium nitrogen in treated wastewater
discharged into the natural environment is 5 mg/L. Ammonium nitrogen, usually referred
to as nitrogen in the form of free ammonia nitrogen (NHj3) and ammonium ions (NH*4), is
present in natural waters. Its high content is found in wastewater, such as domestic sewage.
The pH of domestic wastewater is usually <9, so the dominant form is NH*4,

Currently, several valuable technologies for removing nitrogen and phosphorus have
been proposed, including biological nutrient removal [5,6], chemical precipitation [5,7],
membrane processes, electrolytic treatment, ion exchange, and adsorption [8-10]. After the
biological treatment by activated sludge, there is an excessively high content of nitrates
and ammonium nitrogen remaining in wastewater [11]. Ammonium nitrogen remains in
wastewater after biological treatment when the nitrification process in wastewater treatment
plants is disrupted. Ammonium nitrogen is much more toxic than nitrate nitrogen. Several
mechanisms have been proposed to explain the toxic effects of ammonium nitrogen: the
assimilation process of ammonium nitrogen disrupts the carbon and nitrogen balance in
plants, the intracellular pH balance, the balance of nutrients, and leads to energy loss [12,13].
Conventional biological methods may remove only 30-50% of phosphorus from wastewater.
In treated wastewater, phosphorus is mostly in the form of phosphate. The solubility of
phosphorus in sewage sludge can be increased by ozonation [14], but this must be followed
by phosphate retention in the adsorption column. For low concentrations of phosphate
ions, biotreatment and precipitation methods are not effective [8]. Existing biological
methods are not able to achieve the required treatment level from phosphorus and nitrogen
compounds, and physicochemical methods, while showing fairly good treatment results,
require significant costs and, furthermore, cause the need to process sludge generated
during reactive treatment [15].

Adsorption is probably the key to the effective removal of N and P from the
environment [16]. Multiple materials, including zeolites [17,18], activated carbon [19-21],
metal oxides [22,23], etc., have recently been investigated as nitrogen and phosphorus
adsorbents. However, there is a particular interest in adsorbents that can efficiently treat
low-concentrated solutions and ensure low residual content in the effluents. The require-
ments of the legislation of the European Union and other countries set high standards
for municipal wastewater treatment. Zeolites are considered to be promising materials
for water treatment due to their high removal efficiency, availability, and affordability.
Clinoptilolite, being one of the most common natural zeolites, has a number of valuable
physicochemical properties such as cation exchange, catalysis, and molecular filtration [24].
It was suggested as an excellent adsorbent for ammonium removal [25-27]. In order to
change the surface charge of natural minerals from negative to positive and to enable them
to adsorb phosphate anions, modification is needed [28]. The synthesis of porous materials
is very attractive due to their various applications in water treatment [29,30]. Recently,
it is observed that nitrates and phosphates can be adsorbed simultaneously by zeolite,
supported by Fe/Ni bimetallic nanoparticles [31]. In addition, bifunctional nanocomposite
containing implanted Fe(IIl) hydroxide nanoparticles was tested and found suitable for
the simultaneous removal of nitrate and phosphate [32]. Although, there is a paucity
of scientific literature on sorbents that simultaneously remove ammonium nitrogen and
phosphate phosphorus from real wastewater. The adsorption capacity of natural minerals
for phosphate is significantly improved by modification with polyvalent metals such as
Zr* [33], La®* [34], AI3* [35], or Fe3* [33], but in recent decades, a promising way for
improving the efficiency of sorbents is activating them using microwave radiation. Most of
the studies in this area [36-38] show the samples of individual synthetic sorbents irradiated
with microwaves under different conditions. Under the influence of microwave radiation,
new microcracks appear in them and large grains are crushed, which significantly increases
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the active surface area of the sorbent; moreover, irradiation of sorbents directly in salt solu-
tions significantly increases the amount of metal precipitated on the mineral’s surface. The
present research focuses on ammonia and phosphate removal from aqueous solutions by
using a novel metal and microwave-pretreated clinoptilolite. A new modification method
of clinoptilolite was proposed, samples modified in four ways were produced and tested,
and their properties were compared with the properties of natural zeolite. The authors
hypothesized that clinoptilolite modified by microwaves and metals will be suitable for
the simultaneous removal of ammonium nitrogen and phosphates from wastewater. The
aim was to find the most efficient modification for the simultaneous removal of coexisting
contaminants from water. The study results will be useful in creating additional (tertiary)
wastewater treatment facilities.

2. Materials and Methods
2.1. Characterization of Adsorbents

Natural clinoptilolite (pH of aqueous extract-7.75; bulk density-947 kg/m3) was taken
for sorption studies. Clinoptilolite is a natural type of zeolite with a cage-like structure and
high cation exchange capacity; therefore, it is suitable for the capture of ammonium ions.
In order to sorb negatively charged phosphate ions, the clinoptilolite had to be modified
by adding Fe, Ca, and Cu ions. Nanoscale iron or iron oxides attract negatively charged
nitrate and phosphate ions [39]. Calcination increases the phosphorus adsorption capacity
of sorbents [40]. Copper is one of the most widespread metals; it is essential to all living
organisms, has low toxicity, and is cheaper than other metals [41]. Copper oxide has
the potential for being an effective sorbent of phosphate under optimum conditions [42].
Samples for synthesis were prewashed, levigated, and dried at 80 °C until constant weight.
After drying, the samples were sieved. A particle size fraction of 0.8-1.2 mm was chosen
for research.

For increasing the adsorption capacity of samples, the following types of preliminary
treatment were used: calcination at 550 °C for 3 h, and microwave treatment for 10 min
at 790 W in the following solutions: 0.12 mol/L FeCl3, 0.15 mol/L CuCl,, and 0.18 mol/L
CaCl,. The solutions were prepared from anhydrous salts purchased at Sfera Sim Ltd.,
Lviv, Ukraine.

The following natural and modified sorbents were chosen for sorption studies:

(1) CL_nat-natural clinoptilolite;

(2) CL_thermo-clinoptilolite calcinated;

(8) CL_Fe-Fe-modified microwaved clinoptilolite;
(4) CL_Cu-Cu-modified microwaved clinoptilolite;
(5) CL_Ca-Ca-modified microwaved clinoptilolite.

BET Surface Area Pore Size Distribution

The instrument for recording nitrogen adsorption/desorption isotherms—Quantachrome
Autosorb-iQ-KR/MP automated, high-vacuum, gas sorption analyser—was used to de-
termine the specific surface area, pore volume, and pore size distribution of the studied
materials. Samples were outgassed under a vacuum at 150 °C for 3 h. Nitrogen adsorp-
tion/desorption isotherms were measured at —196 °C (77 K). The BET (Brunauer-Emmett—
Teller) equation was used to calculate the specific surface area. The density functional
theory (DFT) and QSDFT method were applied to determine the pore size distribution. The
total pore volume was measured from the adsorption isotherm using the uptake of nitrogen
at a relative pressure of p/pg = 0.99. All calculations were performed using ASiQwin
program (Version 2.0), developed by Quantachrome Instrument, Boynton Beac, FL, USA.
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2.2. Characterization of Solutions and Wastewater Used for Adsorption
2.2.1. Model Solutions (Used in Static Conditions)

The model potassium phosphate solution was prepared from anhydrous KH;POy4
(1.9175 g) dissolved in a 1 L flask with 10 mL of H»SO4 (1.34 g/L) added and made up to
the mark with distilled water, then mixed thoroughly.

The model ammonium chloride solution was prepared by dissolving of 0.3 g of NH,4Cl
ina 1L flask and made up to the mark with distilled water, then thoroughly mixed.

A set of working solutions was prepared from the initial solution by repeated dilution
with distilled water. Into 100 mL flasks 10, 20, 40, 50, 60, and 80 mL of the model solution
were added and made up to the mark with distilled water.

2.2.2. Real Solutions (Used in Dynamic Conditions)
The content of the wastewater used for the study is presented in Table 1.

Table 1. Wastewater content after biological treatment.

NH;4-N (mg/L)

PO4-P (mg/L)  NO3-N (mg/L) BOD (mg/L) TSS (mg/L) pH T(O

9.7+ 04

337+ 0.3 1.96 £0.2 55+04 6.6 =04 7.35+0.2 20£ 0.5

After biological treatment in an individual WTP, small concentrations of organic matter
and suspended solids remained in the wastewater: BOD < 6 mg/L; TSS <7 mg/L. Low
concentrations of organics and suspended solids allowed filtration studies to be carried out
because the filter fillers did not clog.

2.3. Experiments Methodology
2.3.1. Adsorption Isotherms

The sorption properties of the samples were investigated under static conditions.

Ten beakers were filled with 100 mL of working solution of appropriate concentration
and 1.0 g of the sample was added, stirred, and left for 24 h. The solutions were then
filtered and analysed for the content of NH4* and PO4>~ ions.

The content of NH4* ions in the solutions was determined by direct potentiometry
(Ionometer AI-125, Spectro Lab, Kyiv, Ukraine). The content of PO,4>~ ions in the solutions
was determined by a photoelectric colorimeter (KFK-2, Zagorsk Optical-Mechanical Plant,
Russia). All experiments were repeated three times.

Removal parameters and maximum adsorption capacity at equilibrium were deter-
mined by the correlation between the amount of adsorbed ammonium or phosphates
ge [mg/g] and the equilibrium concentration C, [mg/L]. The adsorption isotherms are
described by the following mathematical equations [43].

In Equation (1), K is the Langmuir isotherm constant, which characterizes the affinity
of the adsorbent and adsorbate, dm3/mg; g, is the maximum sorption capacity, mg/g of
sorbent; C, and g, are the equilibrium concentrations of the component in the liquid and
solid phases, respectively.

_q mKpCe
T 14 KC

The Freundlich model (2) is an exponential equation; this equation allows an infinite
adsorption process.

)

l\nf

Je = KFCe (2)

K is the Freundlich isotherm constant, which characterizes the adsorption capacity,
mg/g of sorbent. When the value of Kr increases, the adsorption capacity grows. ny is
the heterogeneity coefficient; therefore, the Freundlich isotherm model can be used for
heterogeneous systems.
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The Langmuir-Freundlich isotherm model (3) at low concentrations of the adsorbate is
reduced to the Freundlich isotherm, while at high concentrations it predicts the adsorption
capacity of the monolayer, which is inherent to the Langmuir isotherm.

_ qm(KppGCe)"*

© 14 (KppGCe)tr ©

e
where g,;, and K r are the adsorption capacity and the affinity constant, respectively, and
npr is the coefficient of heterogeneity or a measure of the adsorption intensity. If n;r =1,
then Equation (3) reduces to the Langmuir isotherm model.

As the linear modelling is unsuitable for three-parameter isotherms, five different error
functions were investigated, and in each case, the isotherm parameters were determined by
minimizing the corresponding error function in the range of liquid phase concentrations
using the “Solver” add in in the MS Excel spreadsheet. A detailed description of the
procedure is presented in [44].

2.3.2. Breakthrough Curves
Description of the Experimental Unit

The laboratory stand (Figure 1) was used for discharge equalization and the composi-
tion of the wastewater fed to the filter media [45]. The tested zeolite fillers were placed in
the filtration columns in threes, then the experiment was repeated with the other two fillers.
The height of the columns was 60 cm and the height of sorbent fillers in the tests was
21-21.5 cm. A pump ((3), Figure 1) was applied to supply three filters with transported
wastewater at a rate of 0.68 m/h (discharge of 0.96 L/h). Filtrate samples from ((5), Figure 1)
were taken every 30 min to measure the pH and concentrations of PO4-P and NHy4-N. The
study was repeated two more times to present the mean results of three experiments.

6 ~

4

Figure 1. Scheme of the experimental stand: 1—wastewater tank, 2—filtration columns,
3—supply pump, 4—sampling point (before filtration), 5—filtrate collection point, 6—overflow
tube, 7—retaining layer, 8—filter media, and 9—wastewater distribution pipe to columns.

PO4-P and NH4-N concentrations in the filtrates were determined using MERCK
Spectroquant® (Merck KGaA, Darmstadt, Germany) tests, pouring test samples into cu-
vettes (Hellma GmbH & Co. KG, Miillheim, Germany), and measuring with a Genesys 10
UV-Vis spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). The pH of
the produced solution was determined by measuring it with an Oxi 330/SET device (WTW
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GmbH & Co. KG, Weilheim, Germany). The effectiveness of removing nutrients E; (%)
from wastewater [46] was calculated according to Formula (4):
_ G -G

=&

E; 4)
where: Cp—PO4-P or NH4-N concentration before treatment, (mg/L); C;—PO4-P or NH4-N
concentration after treatment, (mg/L).

All measurements were carried out in triplicate. Data were statistically processed using
STATGRAPHICS (2018). One-way ANOVA (at a significance level of p < 0.05) followed by
a Tukey post-hoc test was used to differentiate between the means of the samples.

3. Results and Discussion
3.1. Surface Area and Porosity
The main textural characteristics of the samples including BET surface area (Sprr),

micropore area (S,,icr,), external area (Sext), pore volume (Viore), and average particle size
(dp), along with porosity are displayed in Table 2.

Table 2. Specific surface area (SpgT), micropore area (S,,;.), external surface area (Seyt), pore volume
(Vp), equivalent particle size (dyqrt), and porosity (¢) of natural and modified clinoptilolite.

Sample Code SpeT, m?/g Sonic Sext V,, mL/g dpart e
CL_nat 18.254 4.773 13.481 0.041 347.2 0.037
CL_thermo 11.658 0.379 11.279 0.035 543.6 0.031
CL_Fe 19.025 7.18 11.845 0.039 333.1 0.035
CL_Cu 15.9 5.21 10.69 0.035 398.6 0.031
CL_Ca 14.129 3.85 10.279 0.034 448.6 0.031

The N; adsorption—desorption isotherms for test materials are presented in Figure 2.
Due to the presence of hysteresis loops, all the isotherms can be classified as type IV
(IUPAC) [47]. The hysteresis loop is associated with capillary condensation taking place
in mesopores, and the limiting uptake over a range of high P/Py. Type IV isotherms
characterize a mesoporous material with a high tendency for adsorption. The samples
show the loop of H3 type. The shape of the hysteresis loop is often identified with a specific
pore structure. The loop of H3 type is observed with aggregates of plate-like particles with
slit-shaped pores.

As is seen from Table 2, the calcination at 550 °C leads to the decrease of the BET
surface area from 18.254 to 11.658 m?/g in clinoptilolite. Furthermore, the micropore
area sufficiently decreases after calcination, as shown in Figure 3, where the pore size
distribution is presented. Instead, microwave irradiation of samples does not lead to
significant changes in the BET surface area. From these results, we can conclude that
calcination causes shrinkage of the pores, as opposed to microwave irradiation which
leaves behind numerous open pores. Moreover, pretreatment with FeCl; and CuCl, under
microwave irradiation leads to an increase in the micropore area; although, the BET surface
area slightly decreases. The order for Sppt values for clinoptilolite was CL-Fe > CL > CL-Cu
> CL-Ca > CL-thermo.

The equivalent particle size (dpst) was estimated assuming the spherical shape of the
particles and using the relation (5) [48]:

6000
SBET*P

©)

part =

where p is the density of bulk composite in g/cm3 and Sper is expressed in m?/g. The
obtained results are listed in Table 2. It is clear that the decrease in the BET surface area
after calcination is caused by particle agglomeration due to sintering.
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Figure 2. N, adsorption-desorption isotherms.
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Figure 3. Pore size distribution.
The porosity of the particles (¢) is calculated using the following Equation (6) [49]:
VP

Vot o

where V), is the pore volume (cm®/g) and p,y is the apparent density (g/cm?) of investi-
gated materials. Porosity is a measure of the void spaces in a material and is a fraction of the
volume of voids over the total volume, between 0 and 1. Although the porosity increases
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as a result of microwave irradiation, it decreases when irradiated in metal-containing
solutions due to the pores filling with Fe or Cu species, as shown in Table 2.

3.2. Adsorption Isotherms

The NH,* adsorption isotherms on natural and modified clinoptilolite are presented
in Figure 4. It is observed that the NH;* amount adsorbed varies within a wide range.

2.5

1.5

Qe, mg/g

0 10 20 30 40 50
Ce, g/I
—CL_nat - Cl_thermo ++++CL_Fe —-CL_Cu —-CL_Ca

Figure 4. Isotherms of NH* adsorption.

The shape of the curve representing the variations of NH; " amount adsorbed as a func-
tion of pressure corresponds to an IV-type isotherm according to IUPAC classification [47].
An IV-type isotherm is typically characteristic of a mesoporous adsorbent. The results
of the nonlinear fitting of experimental research within theoretical models are presented
in Table 3.

As evidenced in Table 3, the process of NH4" adsorption in natural and Fe- and Ca-
modified samples is best described using the Langmuir-Freundlich model, but the process
on calcinated and Cu-modified clinoptilolite is better characterized by the Freundlich model.
This fact may be evidence of the heterogeneous surface of the adsorbent. Remarkable is
the fact that the isotherms of Cu and Ca samples are of type V (mesoporous with weak
interaction) and three other samples are of type IV (mesoporous), according to IUPAC [47].
This observation coincides with the data presented in Table 1. Cu- and Ca-modified samples
have the smallest external surface area, which may lead to weaker interaction. There is a
clear difference between adsorbents since Fe-modified and calcinated clinoptilolite showed
the highest NH4* adsorption capacity of 4.375 and 2.879 mg/g according to the Langmuir—
Freundlich model. Ca-modified samples demonstrated the lowest maximum adsorption
capacity of 0.875 mg/g, which is even lower than in untreated natural material (Langmuir—
Freundlich model). This fact correlates with their external surface area presented in Table 2,
proving the fact that in these materials mesopores are the main adsorption sites. However,
the untreated clinoptilolite has the largest specific surface area, but the maximum sorption
capacity is not the highest. This observation could be attributed to different kinds of
adsorption mechanisms. Most probably, the reason is the additional adsorption centres
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created during thermochemical pretreatment. Therefore, the cation exchange mechanism
takes place along with the physical adsorption.

Table 3. NH4* adsorption isotherms nonlinear fitting parameters.

Sample Index
CL_nat CL_thermo CL_Fe CL_Cu CL_Ca

Langmuir isotherm parameters

Gm 1.311 4.398 0.027 83.913 7.286
Ky 0.093 0.029 0.467 0.0002 0.002
SNE 3.942 3.642 3.591 3.900 3.900
R? 0.95 0.99 0.47 0.81 0.98

Freundlich isotherm parameters

n 3.158 2.456 1.197 0.757 3.962
Kr 0.321 0.479 0.205 0.007 0.217
SNE 3.917 3.465 3.597 3.878 3.781
R? 0.72 1.0 0.98 1.0 0.44

Langmuir-Freundlich isotherm parameters

Gm 1.006 2.879 4375 1.750 0.875
Kgp 0.147 0.061 0.061 0.025 0.033
nEL 2.455 1.514 1.384 1.893 1.629
SNE 3.883 3.593 3.560 4146 3.015
R? 1.0 0.76 1.0 0.96 1.0

Values in bold type indicate the isotherm model with minimum SNE value for each sample.

In Figure 5 the PO,>~ adsorption isotherms on natural and modified clinoptilolite
are presented.

300
250 R

Vo4
200 ol

800 2800 4800 6800
Ce, g/

Cl_nat «+++--CL_thermoeee CL Fe == CL Cu— - CL_Ca

Figure 5. Isotherms of PO,3~ adsorption.

It is noteworthy that the amount of adsorbed substance and the types of isotherms
differ slightly. All the isotherms are of type V (mesoporous with weak interaction) [47].
The difference between the shapes of the phosphate adsorption curves and the ammonium
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adsorption isotherms is explained by a different mechanism of the process. Clinoptilolite
behaves as a sorbent for PO~ and as an ion exchanger for NH* ions [50].

The results of the nonlinear fitting of experimental research within theoretical models
are presented in Table 4.

Table 4. PO,3~ adsorption isotherms nonlinear fitting parameters.

Sample Index
CL_nat CL_thermo CL_Fe CL_Cu CL_Ca
Langmuir isotherm parameters
Gm 200.0 1127.41 700.00 1989.83 2745.80
K; 421 x107° 630 x10°° 158 %1075  763x107® 121 x10°°
SNE 3.510 3.490 3.562 3.557 3.487
R2 0.28 0.26 0.27 0.27 0.75
Freundlich isotherm parameters
n 0.511 0.503 0.513 0.525 0.532
Kr 473 x 1076 141 x107%  8.69 x 107° 1.14 x 105 149 x 1075
SNE 3.487 3.52 3.570 3.519 3.506
R2 0.70 0.33 0.82 0.88 0.89
Langmuir-Freundlich isotherm parameters
Gm 280.86 713.568 813.14 800.62 708.33
Kpr 1.8 x 1074 118 x107%  012x 1073  012x1073  012x 1073
(=8 5.704 4.270 3.835 3.40 3.254
SNE 3.465 3.476 3.559 3.516 3.947
R2 0.99 1.0 0.96 0.98 0.98

Values in bold type indicate the isotherm model with minimum SNE value for each sample.

The process of PO4%~ adsorption in natural and all modified samples is best described
using the Langmuir-Freundlich model. This confirms the assumption of phosphate physi-
cal adsorption on the heterogeneous surface of the clinoptilolite. Here, the difference in
microporosity and the specific surface area does not affect the process efficiency, unlike
in the case of ammonium sorption. Nevertheless, the metal-modified samples exhibit a
significantly higher phosphate sorption capacity than natural or heat-treated samples. It can
be attributed to possible chemical interactions between metal ions and phosphates, causing
the formation of insoluble compounds on the surface and in the pores of the adsorbent.
According to the authors [51], the sorption mechanisms proved the ion exchange in the case
of ammonium and the formation of inner-sphere complexes with the functional groups
M-OH (M: A3+, Fe*, Mn?*) in the case of phosphate. In this case, Fe- and Cu-modified
microwave-irradiated clinoptilolite has the best phosphate sorption characteristics. Accord-
ing to the qm index, the adsorption capacity of the studied samples creates the following
row: Fe- > Ca- > Cu-clinoptilolite, while thermal treatment has almost no effect on the
sorption capacity of the sample.

3.3. Breakthrough Capacity

Experimental studies were carried out using the described pilot column to establish the
dynamic behaviour of NHy* and PO,3~ ions captured on natural and modified clinoptilolite.

Figure 6a shows NH,* adsorption breakthrough curves on clinoptilolite samples at a
concentration of 10 mg/L and a wastewater flow rate of 0.96 L/h at 20 °C.

In Figure 6, natural and calcinated clinoptilolite breakthrough curves show more rapid
saturation than all metal-modified samples. Even after 4 h, these samples showed a rather
high efficiency of more than 90% (Figure 6). The treatment efficiency of Fe-, Cu-, and
Ca-modified samples varies from 99.1 to 99.7%
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The PO,3~ breakthrough curve, shown in Figure 6b, reveals quite different dynamic
behaviour of the studied samples. Three samples—natural, calcinated, and Ca-modified—
reached the saturation point in 1 h with lower efficiency of 16.4%, 21.6%, and 11.2%,
respectively (Figure 7). Whereas Fe- and Cu-clinoptilolite didn’t reach the saturation even
after 4 h, exhibiting the efficiency of 85.6% and 62.6%, respectively (Figure 7). Compared
to other sorbents that simultaneously remove nitrogen and phosphorus from wastewa-
ter, competitive results were obtained. For example, the commercial sorbent bifunctional
nanocomposite HFO@TPR removed nitrate nitrogen and phosphorus from a binary solution
with the capacity of 29 mgN/g and 12 mgP/g [32]. The modified palygorskite—bentonite
clay removed phosphates and ammonium from water with the capacity of 1.74 mgP/g and
12.87 mgN/g [52]. The potassium clinoptilolite impregnated hydrated metal oxides had a
higher sorption capacity; that is 6.8 mg/g of phosphate and 29.0 mg/g of ammonium [51].
The authors [51] note that clinoptilolite impregnated hydrated metal oxides, having ab-
sorbed N and P, can be successfully used as a fertilizer. In their study, the sequential
fractioning of the loaded modified zeolite revealed the existence of an important fraction of
biologically active phosphorus, and—what is more—the recovered phosphate is suitable
for fertilizing P-deficient soils. Hydrated metal oxides, such as Fe(Ill) and Cu(ll), have been
more extensively explored for phosphate removal [8] because they exhibit strong ligand
sorption (of HPO,%~ and H,PO, ™) through the formation of inner-sphere complexes or
through outer-sphere complexes [53]. These features make Fe- and Cu-modified samples
more promising for use in water flow treatment systems.
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Figure 7. The efficiency of treatment.
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4. Conclusions

Ammonia and phosphate removal from aqueous solutions using a novel metal and
microwave-pretreated clinoptilolite was investigated. It was found that calcination at
550 °C leads to a decrease in the BET surface area in clinoptilolite, and the micropore
area, unlike microwave irradiation. Pretreatment with FeCl; and CuCl, under microwave
irradiation leads to an increase in the micropore area, although the BET surface area slightly
decreases. The order for Sgpt values for clinoptilolite was CL-Fe > CL > CL-Cu > CL-Ca
> CL-thermo. The shape of the curve representing the variations of N, amount adsorbed
as a function of pressure corresponds to an IV-type isotherm typically characteristic of a
mesoporous adsorbent.

Fe-modified and calcinated clinoptilolite showed the highest NHs* adsorption capac-
ity. Ca-modified samples demonstrated the lowest maximum adsorption capacity. The
process of PO43~ adsorption in natural and all modified samples is best described using the
Langmuir—Freundlich model, confirming the assumption of phosphate physical adsorp-
tion on the heterogeneous surface of the clinoptilolite. The difference in microporosity and
the specific surface area does not affect the PO~ sorption efficiency. Fe- and Cu-modified
microwave-irradiated clinoptilolite has the best phosphate sorption characteristics. Fe-
modified and calcinated clinoptilolite showed the highest NH4" adsorption capacity of
4.375 and 2.879 mg/g. Ca-modified samples demonstrated the lowest maximum adsorption
capacity of 0.875 mg NH;" /g. The metal-modified samples exhibit a significantly higher
phosphate sorption capacity (from 800.62 for Cu sample to 813.14 mg/g for the Fe-modified
sample) than natural (280.86 mg/g) or calcinated samples (713.568 mg/g). Clinoptilolite
behaves as a sorbent for PO4%~ and as an ion exchanger for NH* ions.

Natural and calcinated clinoptilolite NH4* adsorption breakthrough curves show
more rapid saturation than all metal-modified samples. The treatment efficiency of Fe-, Cu-,
and Ca-modified samples varies from 99.1 to 99.7%. The PO,3~ breakthrough curves of
natural, calcinated, and Ca-modified samples reached the saturation point earlier and with
lower efficiency than Fe- and Cu-clinoptilolite. These features make Fe- and Cu-modified
samples more promising for use in water flow treatment systems.

Author Contributions: Conceptualization, K.S., L.E,, A M. and I.é. ; methodology, K.S., A.M. and ].é. ;
validation, K.S., LF. and J.M.; formal analysis, K.S., L.E. and 1.8, investigation, K.S., LE,, A M., ]S.
and J.M.; resources, K.S., LF,, AM. and ].M.; data curation, K.S., AM. and J.S.; writing—original
draft preparation, K.S., LF, AM.,, ].é. and J.M.; writing—review and editing, K.S., A M. and ]S.;
visualization, K.S., LF,, AM. and J.M.; supervision, K.S. and A.M. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by Research Council of Lithuania, according to the project
“Sustainable technology of wastewater treatment by environmentally friendly modified natural
sorbents for removal of nitrogen, phosphorus and surfactants”, financing agreement No. S-LU-22-1
(EDINA code E22T040022).

Data Availability Statement: Data sharing not applicable.

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

1. Liu,J,;Feng, Y,; Zhang, Y.; Liang, N.; Wu, H.; Liu, F. Allometric releases of nitrogen and phosphorus from sediments mediated
by bacteria determines water eutrophication in coastal river basins of Bohai Bay. Ecotoxicol. Environ. Saf. 2022, 235, 113426.

[CrossRef] [PubMed]

2. Huang, J.; Xu, C.-C.; Ridoutt, B.G.; Wang, X.-C.; Ren, P.-A. Nitrogen and phosphorus losses and eutrophication potential
associated with fertilizer application to cropland in China. J. Clean. Prod. 2017, 159, 171-179. [CrossRef]

3.  Baldwin, D.S. Water quality in the Murray—Darling Basin: The potential impacts of climate change. Murray-Darling Basin Aust. Its
Future Manag. 2021, 1, 137-159. [CrossRef]

4. Prokopchuk, O.I; Hrubinko, V.V. Phosphates in aquatic ecosystems. Sci. Notes Ternopil Natl. Pedagog. Univ. Seriia Biol. 2013, 3,

78-85.


https://doi.org/10.1016/j.ecoenv.2022.113426
https://www.ncbi.nlm.nih.gov/pubmed/35306214
https://doi.org/10.1016/j.jclepro.2017.05.008
https://doi.org/10.1016/B978-0-12-818152-2.00007-3

Water 2023, 15, 1933 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Zhang, L.; Huang, X.; Fu, G.; Zhang, Z. Aerobic electrotrophic denitrification coupled with biologically induced phosphate
precipitation for nitrogen and phosphorus removal from high-salinity wastewater: Performance, mechanism, and microbial
community. Bioresour. Technol. 2023, 372, 128696. [CrossRef] [PubMed]

Liang, Z.; Liu, Y,; Ge, F; Xu, Y.; Tao, N.; Peng, F; Wong, M. Efficiency assessment and pH effect in removing nitrogen and
phosphorus by algae-bacteria combined system of Chlorella vulgaris and Bacillus licheniformis. Chemosphere 2013, 92, 1383-1389.
[CrossRef]

Lin, Z.; He, L.; Zhou, J.; Shi, S.; He, X,; Fan, X.; Wang, Y.; He, Q. Biologically induced phosphate precipitation in heterotrophic
nitrification processes of different microbial aggregates: Influences of nitrogen removal metabolisms and extracellular polymeric
substances. Bioresour. Technol. 2022, 356, 127319. [CrossRef]

Prashantha Kumar, TK.M.; Mandlimath, T.R.; Sangeetha, P.; Revathi, S.K.; Ashok Kumar, S.K. Nanoscale materials as sorbents for
nitrate and phosphate removal from water. Environ. Chem. Lett. 2018, 16, 389—400. [CrossRef]

Mitrogiannis, D.; Psychoyou, M.; Baziotis, I.; Inglezakis, V.J.; Koukouzas, N.; Tsoukalas, N.; Palles, D.; Kamitsos, E.;
Oikonomou, G.; Markou, G. Removal of phosphate from aqueous solutions by adsorption onto Ca(OH), treated natural
clinoptilolite. Chem. Eng. J. 2017, 320, 510-522. [CrossRef]

Dai, S.; Wen, Q.; Huang, F,; Bao, Y.; Xi, X.; Liao, Z.; Shi, J.; Ou, C.; Qin, J. Preparation and application of MgO-loaded tobermorite
to simultaneously remove nitrogen and phosphorus from wastewater. Chem. Eng. J. 2022, 446, 136809. [CrossRef]

Mazeikiene, A.; Sarko, J. Removal of Nitrogen and Phosphorus from Wastewater Using Layered Filter Media. Sustainability 2022,
14,10713. [CrossRef]

Li, G,; Dong, G.; Li, B.; Li, Q.; Kronzucker, H.J.; Shi, W. Isolation and characterization of a novel ammonium overly sensitive
mutant, amos2, in Arabidopsis thaliana. Planta 2012, 235, 239-252. [CrossRef] [PubMed]

Wang, J.; Zhou, W.; Chen, H.; Zhan, ].; He, C.; Wang, Q. Ammonium Nitrogen Tolerant Chlorella Strain Screening and Its
Damaging Effects on Photosynthesis. Front. Microbiol. 2019, 9, 3250. [CrossRef] [PubMed]

Gupta, A.; Khan, S.A.; Khan, T.A. Remediation of Textile Wastewater by Ozonation. In Sustainable Practices in the Textile Industry;
John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2021; pp. 273-284. [CrossRef]

Zapolskyi, A.; Mishkova-Klymenko, N.; Astrelin, I.; Bryk, M. Physical and Chemical Fundamentals of Wastewater Treatment Technology;
Libra: Kyiv, Ukraine, 2000; p. 552. ISBN 966-7035-28-X.

Priya, E.; Kumar, S.; Verma, C.; Sarkar, S.; Maji, PK. A comprehensive review on technological advances of adsorption for
removing nitrate and phosphate from waste water. ]. Water Process Eng. 2022, 49, 103159. [CrossRef]

Wang, Y.-F,; Lin, F; Pang, W.-Q. Ammonium exchange in aqueous solution using Chinese natural clinoptilolite and modified
zeolite. |. Hazard. Mater. 2007, 142, 160-164. [CrossRef]

Zhou, K.; Wu, B; Su, L.; Gao, X.; Chai, X.; Dai, X. Development of nano-CaO2-coated clinoptilolite for enhanced phosphorus
adsorption and simultaneous removal of COD and nitrogen from sewage. Chem. Eng. . 2017, 328, 35-43. [CrossRef]

Chen, H.; Hu, X,; Song, W.; Wang, Z.; Li, M.; Liu, H.; Li, ]. Effect of pistachio shell as a carbon source to regulate C/N on
simultaneous removal of nitrogen and phosphorus from wastewater. Bioresour. Technol. 2023, 367, 128234. [CrossRef]

Gao, P; Zhang, Y.; Wang, S. Increasing the hydrophyte removal rate of dissolved inorganic phosphorus using a novel Fe-Mg-
loaded activated carbon hydroponic substrate with adsorption-release dual functions. J. Environ. Manag. 2022, 313, 114998.
[CrossRef]

Du, M.; Zhang, Y.; Wang, Z.; Lv, M; Xu, Q.; Chen, Z.; Wen, Q.; Li, A. La-doped activated carbon as high-efficiency phosphorus
adsorbent: DFT exploration of the adsorption mechanism. Sep. Purif. Technol. 2022, 298, 121585. [CrossRef]

Sonoda, A.; Makita, Y.; Sugiura, Y.; Ogata, A.; Suh, C.; Lee, ].H.; Ooi, K. Influence of coexisting calcium ions during on-column
phosphate adsorption and desorption with granular ferric oxide. Sep. Purif. Technol. 2020, 249, 117143. [CrossRef]

Liu, R; Chi, L.; Wang, X.; Sui, Y.; Wang, Y.; Arandiyan, H. Review of metal (hydr)oxide and other adsorptive materials for
phosphate removal from water. ]. Environ. Chem. Eng. 2018, 6, 5269-5286. [CrossRef]

Hu, G,; Yang, J.; Duan, X.; Farnood, R.; Yang, C.; Yang, J.; Liu, W.; Liu, Q. Recent developments and challenges in zeolite-based
composite photocatalysts for environmental applications. Chem. Eng. J. 2021, 417, 129209. [CrossRef]

Adam, M.R,; Othman, M.H.D.; Hubadillah, S.K.; Abd Aziz, M.H.; Jamalludin, M.R. Application of natural zeolite clinoptilolite
for the removal of ammonia in wastewater. Mater. Today Proc. 2023. [CrossRef]

Kannan, A.D.; Parameswaran, P. Ammonia adsorption and recovery from swine wastewater permeate using naturally occurring
clinoptilolite. . Water Process. Eng. 2021, 43, 102234. [CrossRef]

Vocciante, M.; De Folly D’Auris, A.; Finocchi, A.; Tagliabue, M.; Bellettato, M.; Ferrucci, A.; Reverberi, A.P.; Ferro, S. Adsorption
of ammonium on clinoptilolite in presence of competing cations: Investigation on groundwater remediation. J. Clean. Prod. 2018,
198, 480-487. [CrossRef]

Uzunova, E.L.; Mikosch, H. Adsorption of phosphates and phosphoric acid in zeolite clinoptilolite: Electronic structure study.
Microporous Mesoporous Mater. 2016, 232, 119-125. [CrossRef]

Ahmad, K.; Nazir, M.A.; Qureshi, A.K,; Hussain, E.; Najam, T.; Javed, M.S.; Shah, S.5.A ; Tufail, M.K.; Hussain, S.; Khan, N.A; et al.
Engineering of Zirconium based metal-organic frameworks (Zr-MOFs) as efficient adsorbents. Mater. Sci. Eng. B 2020, 262, 114766.
[CrossRef]


https://doi.org/10.1016/j.biortech.2023.128696
https://www.ncbi.nlm.nih.gov/pubmed/36731615
https://doi.org/10.1016/j.chemosphere.2013.05.014
https://doi.org/10.1016/j.biortech.2022.127319
https://doi.org/10.1007/s10311-017-0682-7
https://doi.org/10.1016/j.cej.2017.03.063
https://doi.org/10.1016/j.cej.2022.136809
https://doi.org/10.3390/su141710713
https://doi.org/10.1007/s00425-011-1504-y
https://www.ncbi.nlm.nih.gov/pubmed/21866344
https://doi.org/10.3389/fmicb.2018.03250
https://www.ncbi.nlm.nih.gov/pubmed/30666245
https://doi.org/10.1002/9781119818915.CH11
https://doi.org/10.1016/j.jwpe.2022.103159
https://doi.org/10.1016/j.jhazmat.2006.07.074
https://doi.org/10.1016/j.cej.2017.06.059
https://doi.org/10.1016/j.biortech.2022.128234
https://doi.org/10.1016/j.jenvman.2022.114998
https://doi.org/10.1016/j.seppur.2022.121585
https://doi.org/10.1016/j.seppur.2020.117143
https://doi.org/10.1016/j.jece.2018.08.008
https://doi.org/10.1016/j.cej.2021.129209
https://doi.org/10.1016/j.matpr.2022.12.207
https://doi.org/10.1016/j.jwpe.2021.102234
https://doi.org/10.1016/j.jclepro.2018.07.025
https://doi.org/10.1016/j.micromeso.2016.06.019
https://doi.org/10.1016/j.mseb.2020.114766

Water 2023, 15, 1933 14 of 14

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Fallatah, A.M.; Shah, HU.R.; Ahmad, K.; Ashfaq, M.; Rauf, A.; Muneer, M.; Ibrahim, M.M.; El-Bahy, Z.M.; Shahzad, A.; Babras, A.
Rational synthesis and characterization of highly water stable MOF@GO composite for efficient removal of mercury (Hg?") from
water. Heliyon 2022, 8, €10936. [CrossRef] [PubMed]

He, Y,; Lin, H;; Dong, Y,; Li, B.; Wang, L.; Chu, S.; Luo, M,; Liu, J. Zeolite supported Fe/Ni bimetallic nanoparticles for
simultaneous removal of nitrate and phosphate: Synergistic effect and mechanism. Chem. Eng. J. 2018, 347, 669-681. [CrossRef]
Yang, W.; Shi, X.; Wang, J.; Chen, W.,; Zhang, L.; Zhang, W.; Zhang, X.; Lu, ]J. Fabrication of a Novel Bifunctional Nanocomposite
with Improved Selectivity for Simultaneous Nitrate and Phosphate Removal from Water. ACS Appl. Mater. Interfaces 2019, 11,
35277-35285. [CrossRef] [PubMed]

Zhou, K; Wu, B.; Dai, X.; Chai, X. Development of polymeric iron/zirconium-pillared clinoptilolite for simultaneous removal of
multiple inorganic contaminants from wastewater. Chem. Eng. J. 2018, 347, 819-827. [CrossRef]

Goscianska, J.; Ptaszkowska-Koniarz, M.; Frankowski, M.; Franus, M.; Panek, R.; Franus, W. Removal of phosphate from water by
lanthanum-modified zeolites obtained from fly ash. . Colloid Interface Sci. 2018, 513, 72-81. [CrossRef] [PubMed]

Alshameri, A.; He, H.; Dawood, A.S.; Zhu, J. Simultaneous removal of NH** and PO,3~ from simulated reclaimed waters by
modified natural zeolite. Preparation, characterization and thermodynamics. Environ. Prot. Eng. 2017, 43, 73-92. [CrossRef]
Tian, J.; Gaoming, L.; Feng, X.-T.; Li, Y.; Zhang, X. Experimental study on the microwave sensitivity of main rock-forming
minerals. Yantu Lixue Rock Soil Mech. 2019, 40, 2066—-2074. [CrossRef]

Queiroga, L.N.E; Pereira, M.B.B.; Silva, L.S.; Silva Filho, E.C.; Santos, LM.G.; Fonseca, M.G.; Georgelin, T.; Jaber, M. Microwave
bentonite silylation for dye removal: Influence of the solvent. Appl. Clay Sci. 2019, 168, 478-487. [CrossRef]

Korichi, S.; Elias, A.; Mefti, A.; Bensmaili, A. The effect of microwave irradiation and conventional acid activation on the textural
properties of smectite: Comparative study. Appl. Clay Sci. 2012, 59-60, 76-83. [CrossRef]

Hwang, Y.H.; Kim, D.G,; Shin, H.S. Mechanism study of nitrate reduction by nano zero valent iron. ]. Hazard. Mater. 2011, 185,
1513-1521. [CrossRef] [PubMed]

Lee, J.I; Oh, J.S.; Yoo, S.C.; Jho, E.H.; Lee, C.G,; Park, S.J. Removal of phosphorus from water using calcium-rich organic waste
and its potential as a fertilizer for rice growth. J. Environ. Chem. Eng. 2022, 10, 107367. [CrossRef]

Huong, P.T.; Lee, B.K.; Kim, J. Improved removal of 2-chlorophenol by a synthesized Cu-nano zeolite. Process Saf. Environ. Prot.
2016, 100, 272-280. [CrossRef]

Mahdavi, S.; Akhzari, D. The removal of phosphate from aqueous solutions using two nano-structures: Copper oxide and carbon
tubes. Clean Technol. Environ. Policy 2016, 18, 817-827. [CrossRef]

Hu, Q.; Lan, R;; He, L.; Liu, H.; Pei, X. A critical review of adsorption isotherm models for aqueous contaminants: Curve
characteristics, site energy distribution and common controversies. J. Environ. Manage. 2023, 329, 117104. [CrossRef] [PubMed]
Stepova, K,; Sysa, L.; Kontsur, A.; Myakush, O. Adsorption of Copper Ions by Microwave Treated Bentonite. Phys. Chem. Solid
State 2020, 21, 537-544. [CrossRef]

Mazeikiené, A.; Vaiskanaité, R.; Sarko, J. Sand from groundwater treatment coated with iron and manganese used for phosphorus
removal from wastewater. Sci. Total Environ. 2021, 764, 142915. [CrossRef] [PubMed]

Zhang, S.N.; Xiao, R.L,; Liu, E; Wu, ].S. Interception effect of vegetated drainage ditch on nitrogen and phosphorus from drainage
ditches. Huanjing Kexue/Environ. Sci. 2015, 36, 4516-4522. [CrossRef]

Thommes, M.; Kaneko, K.; Neimark, A.V.; Olivier, ].P.; Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K.S.W. Physisorption of gases,
with special reference to the evaluation of surface area and pore size distribution IUPAC Technical Report). Pure Appl. Chem.
2015, 87, 1051-1069. [CrossRef]

Lambert, S.; Tran, K.Y.; Arrachart, G.; Noville, F.; Henrist, C.; Bied, C.; Moreau, J.].E.; Wong Chi Man, M.; Heinrichs, B. Tailor-made
morphologies for Pd/SiO, catalysts through sol-gel process with various silylated ligands. Microporous Mesoporous Mater. 2008,
115, 609-617. [CrossRef]

Lin, Y.J.; Chang, Y.H.; Yang, W.D.; Tsai, B.S. Synthesis and characterization of ilmenite NiTiO3 and CoTiO3 prepared by a modified
Pechini method. J. Non-Cryst. Solids 2006, 352, 789-794. [CrossRef]

Sydorchuk, O.; Matsuska, O.; Sabadash, V.; Gumnitsky, J. Parallel-serial adsorption of phosphate ions by natural sorbents. East.
-Eur. J. Enterp. Technol. 2014, 6, 56-60. [CrossRef]

Guaya, D.; Hermassi, M.; Valderrama, C.; Farran, A.; Cortina, J.L. Recovery of ammonium and phosphate from treated urban
wastewater by using potassium clinoptilolite impregnated hydrated metal oxides as N-P-K fertilizer. ]. Environ. Chem. Eng. 2016,
4,3519-3526. [CrossRef]

Sun, S.; Ji, G.; Lv, Y.; Liu, H.,; Hu, T,; Chen, Z.; Xu, S. Simultaneous recovery of ammonium and total phosphorus from toilet tail
water by modified palygorskite-bentonite clay. Water Environ. Res. 2021, 93, 1077-1086. [CrossRef]

Chen, L.; Zhao, X,; Pan, B.; Zhang, W.; Hua, M.; Lv, L.; Zhang, W. Preferable removal of phosphate from water using hydrous
zirconium oxide-based nanocomposite of high stability. J. Hazard. Mater. 2015, 284, 35-42. [CrossRef] [PubMed]

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.heliyon.2022.e10936
https://www.ncbi.nlm.nih.gov/pubmed/36276714
https://doi.org/10.1016/j.cej.2018.04.088
https://doi.org/10.1021/acsami.9b08826
https://www.ncbi.nlm.nih.gov/pubmed/31465193
https://doi.org/10.1016/j.cej.2018.04.104
https://doi.org/10.1016/j.jcis.2017.11.003
https://www.ncbi.nlm.nih.gov/pubmed/29132107
https://doi.org/10.37190/epe170407
https://doi.org/10.16285/j.rsm.2018.0363
https://doi.org/10.1016/j.clay.2018.11.027
https://doi.org/10.1016/j.clay.2012.01.020
https://doi.org/10.1016/j.jhazmat.2010.10.078
https://www.ncbi.nlm.nih.gov/pubmed/21093984
https://doi.org/10.1016/j.jece.2022.107367
https://doi.org/10.1016/j.psep.2016.02.002
https://doi.org/10.1007/s10098-015-1058-y
https://doi.org/10.1016/j.jenvman.2022.117104
https://www.ncbi.nlm.nih.gov/pubmed/36603322
https://doi.org/10.15330/pcss.21.3.537-544
https://doi.org/10.1016/j.scitotenv.2020.142915
https://www.ncbi.nlm.nih.gov/pubmed/33757254
https://doi.org/10.13227/J.HJKX.2015.12.025
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1016/j.micromeso.2008.03.003
https://doi.org/10.1016/j.jnoncrysol.2006.02.001
https://doi.org/10.15587/1729-4061.2014.30874
https://doi.org/10.1016/j.jece.2016.07.031
https://doi.org/10.1002/wer.1495
https://doi.org/10.1016/j.jhazmat.2014.10.048
https://www.ncbi.nlm.nih.gov/pubmed/25463215

	Introduction 
	Materials and Methods 
	Characterization of Adsorbents 
	Characterization of Solutions and Wastewater Used for Adsorption 
	Model Solutions (Used in Static Conditions) 
	Real Solutions (Used in Dynamic Conditions) 

	Experiments Methodology 
	Adsorption Isotherms 
	Breakthrough Curves 


	Results and Discussion 
	Surface Area and Porosity 
	Adsorption Isotherms 
	Breakthrough Capacity 

	Conclusions 
	References

