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ARTICLE INFO ABSTRACT

Keywords: Excessive phosphorus and nitrogen in water and sediment may cause eutrophication, which poses a potential
Glauconite risk to drinking water safety and the sustainability of aquatic ecosystems. The research focuses on the removal of
Adsorption phosphates and ammonium ions from aqueous solutions using a new thermally and microwave-treated glau-

Eutrophication agents
Water pollution
Thermal treatment
Microwave irradiation

conite. The surface morphology of the samples was studied by SEM. BET surface area, pore volume, and pore size
distribution were measured. Adsorption studies were carried out in static and dynamic conditions. The best fit
for adsorption of both pollutants is given by the Langmuir-Freundlich and BET models. The calcined sample
showed the lowest adsorption capacity for phosphate (1.78 mg/g) but the highest capacity for ammonium
(20.67 mg/g). For the microwave-irradiated sample, the adsorption capacity for ammonium increases from
0.723 to 4.37 mg/g, while that for phosphate remains almost at the same level (101.21 mg/g). In dynamic
conditions, phosphorus was most efficiently retained by natural glauconite (more than 60% retention rate), and
ammonium nitrogen by glauconite that was thermally treated in a muffle furnace (more than 80% retention rate

after 3 h).

1. Introduction

Water pollution is one of the main environmental issues that has
released contaminating substances into freshwater bodies or ground-
water [1]. Natural water sources are polluted by untreated or in-
sufficiently treated wastewater [2]. A variety of methods and technol-
ogies are developed for wastewater treatment. Usually, wastewater is
treated using activated sludge microorganisms or chemical reagents.
Conventional methods effectively remove organic matter from waste-
water, but it is not possible to remove phosphorus completely [3]. Ni-
trogen is another threatening biogenic element that escapes into the
environment with wastewater [4]. In recent years, there has been a
significant focus on the advancement of new technologies for en-
vironmental protection [5-8]. Excessive P and N in water and sediment
can cause eutrophication, which poses a potential risk to drinking water
safety and the sustainability of aquatic ecosystems [5]. Effective re-
moval of phosphorus and nitrogen from wastewater is therefore a key
strategy to control eutrophication. The final stage of technological
processes should be additional treatment with sorbent materials [9].
Adsorption is the most widely used technology for wastewater
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treatment [6,10-13]. The simplicity of design, speed, efficiency, and
profitability determine the wide use of sorbents [14]. Commercially
available sorbents are rather expensive, which significantly limits the
range of their application areas [15]. In this context, natural clay mi-
neral adsorbents can be used as an alternative [14]. Natural adsorbents
are inexpensive, environmentally friendly, and available in large
quantities [7,13]. Natural silicates possessing high adsorption, ion ex-
change, and catalytic characteristics deserve special attention [15-18].
Often, nitrogen in wastewater is in the ammonium form, so it can be
removed by ion exchange. Ammonium ions are effectively removed
from water or wastewater by zeolites [19,20]. Most clay minerals
produce a net negative surface charge due to the isomorphic substitu-
tions of Si (IV) by Al (III) or Fe (III) [1]. Iron-based materials exhibit
high efficiency for P immobilization due to their strong affinity with P
[5]. The Fe-rich sorbents can effectively immobilize P in sediment
under oxic conditions through adsorption and/or precipitation [8,21].
However, not all natural clays are suitable for wastewater treatment.
Bauxite and olivine are not applicable due to the presence of significant
amounts of lead and/or nickel [22]. Natural sorbents, which include
glauconite, are of great interest for wastewater treatment. It can
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primarily be used as a long-term organic fertilizer because the po-
tassium, iron, and phosphorus present in glauconite pass into the soil
and improve its properties [23]. The high efficiency of glauconite has
been demonstrated in water purification from heavy metal salts, some
organic and inorganic structures, and radionuclides [18,24]. Ga-
langashi et al. used glauconite to remove ammonium ions from water
and found that ion exchange was the main mechanism for ammonium
removal [25]. The efficiency of sorption in the mineral rock of different
deposits is largely determined by the content of granular glauconite in
it, as well as the presence of iron oxide in its composition [15]. The
advantages of this mineral include widespread distribution, low cost,
high availability, grain structure, heat resistance, good ion exchange
and filtration properties. [5]. Due to these properties, glauconite can be
used in environmental technologies [26,27]. Glauconite is a natural
alumosilicate, dioctahedral micaceous phyllosilicate mineral. It is an
aqueous aluminosilicate of iron, silica, and potassium oxide with an
unstable composition. The final composition may vary depending on
the origin of the mineral and affect its sorption properties [5,15]. Clay
minerals are considered the most efficient adsorbents, but modification
techniques may improve the capacity, ability, and selectivity of clay
adsorption properties [1]. Modification processes such as acid activa-
tion, heat treatment, column and organic functionalization are used to
obtain the desired properties [28-30]. Microwave irradiation has
proven to be successful in the preparation of new promising materials
for water treatment, causing structural and textural changes that en-
hance their adsorption capacity [9,31]. The sorption capacity is an
important parameter for estimating the lifetime of a sorption material.
It is determined during mixing tests. However, a single method for
determining the sorption capacity has not yet been developed. For this
reason, researchers obtain different values for the sorption capacity of
the same materials. On the other hand, only a few studies have focused
on actual wastewater treatment.

This research focuses on the removal of phosphates and ammonium
ions from aqueous solutions using a new thermally and microwave-
treated glauconite. A new method of glauconite modification was pro-
posed, samples modified in several ways were produced and tested, and
their properties were compared with the properties of natural glauco-
nite. This work aimed to identify the physicochemical characteristics of
Ukrainian glauconite and assess its sorption properties for extracting
ammonium ions and phosphates from wastewater.

2. Materials and methods
2.1. Characterization of adsorbents

According to the related literature [32-34], heat treatment of sor-
bents can harden the structure and increase their sorption capacity. The
initial sample of glauconite (pH of aqueous extract — 8.6; bulk density —
1049,85 kg/m3) was sieved to obtain a particle size fraction of
0.8-1.2 mm. To improve the performance characteristics of glauconite,
it was pre-treated with the following methods: calcination at 550 °C for
3 h, and microwave treatment for 30 min at 790 W.

2.1.1. SEM and EDS

The surface morphology of the powdered samples was studied by
scanning electron microscopy (SEM). The qualitative and quantitative
composition of the samples was determined using energy dispersive X-
ray spectroscopy (EDS) on a Tescan Vega3 LMU electron microscope
equipped with the advanced Oxford Instruments Aztec ONE system
(CCD Si drift detector X-MaxN20). Before the study, the sample pow-
ders were applied to an electrically conductive film. The experiments
were performed at a W-cathode voltage of 20-25 kV. The SE detector
characterizes the surface morphology and details its irregularities,
while the BSE detector shows the contrast of phases with different
element fillings.
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2.1.2. BET surface area and pore size distribution

Before starting the measurement, the samples were placed in a va-
cuum and degassed at 150 °C for 3 h. BET surface area, pore volume,
and pore size distribution of the studied sorbents, as well as nitrogen
adsorption/desorption isotherms, were recorded by Quantachrome
Autosorb-iQ-KR/MP automated, high-vacuum, gas sorption analyser.
Measurements of nitrogen adsorption and desorption isotherms were
conducted at — 196 °C (77 K). The specific surface area was calculated
by the BET (Brunauer-Emmett-Teller) equation. The density functional
theory (DFT) and QSDFT method were applied to making the pore size
distribution plot. The total pore volume was determined from the ad-
sorption isotherm by measuring the amount of nitrogen adsorbed at a
relative pressure of p/p0 = 0.99. All calculations were performed using
the ASiQwin program (Version 2.0), developed by Quantachrome
Instrument.

2.2. Experiments methodology

2.2.1. Adsorption isotherms

The sorption properties of the samples were investigated under
static conditions. Batch experiments were conducted at room tem-
perature for 24 h.

Anhydrous salts KH,PO, and NH,4Cl were used for preparing the
model PO,* and NH," solutions respectively. The working solutions
were prepared from the initial solutions by repeated dilution with
distilled water. The PO,> concentration was determined by colori-
metric method with Vanadate-molybdate reagent (a mixture of am-
monium molybdate and ammonium metavanadate in HNOs). The
photoelectric colorimeter “KFK-2” was used. Measurement of NH,"
content was carried out via the potentiometric method using a “AI-125”
ionomer (DYLYS Ltd., Ukraine) with the accuracy of EMF
= =+ 0.5 mV. An NHy-electrode (ELIS-121 NH4, Belarus) was used as
an electrode.

The experimental results were fitted to the following three isotherm
models:

o the Langmuir-Freundlich isotherm model [35]:

q = q,, (K Co)"LF
¢ 1+ (KpCmr (@)

where q. and C. are and the equilibrium concentrations in solid and
liquid phases, respectively. q,, is the adsorption capacity. K;r is the
affinity constant, and n;y is the coefficient of heterogeneity or a
measure of the adsorption intensity.

the Dubinin-Radushkevich model [36]:

2
g4, = gy exp~™ @)

where B is the model's constant, and e — Polanyi potential.
o the BET model [37]:

q = 9, Coer Ce
-
(Co= Co[ 1+ Car - DE] @)

where Cggr is and constant of the model, and Cg is the concentration of
solute at the moment of saturation of all layers.

The nonlinear modeling was carried out according to the procedure
described in our previous works [38].

2.2.2. Breakthrough curves

The chemical laboratory of VILNIUS TECH was equipped with three-
column stand (Fig. 1).

The stand was made of three transparent glass columns with valves
and hoses for leachate drainage at the bottom. Domestic wastewater
(which had already been biologically treated in an individual unit) was
filtered on the laboratory stand. COD, BOD and TSS in the biologically
(using activated sludge) treated wastewater were 45 mg0O,/L, 8 mgO,/L



K. Stepova, I. Fediv, A. MaZeikiené et al.

Fig. 1. Laboratory bench with three columns.

and 5 mgO,/L, respectively. The pH value of the treated wastewater
was 7.5. The initial concentration of PO4-P in the wastewater was
4.85mg/L, and the initial concentration of NH4-N was 16.1 mg/L. The
wastewater was transferred from the container into a beaker and
poured into the columns, maintaining the same height (15 cm) of the
liquid layer. By opening the valves at the bottom of the columns, the
constant filtration rate (5 ml/min) was regulated. During the filtration,
the fillers of all three columns were submerged and a layer of liquid
10-15cm high was maintained above them. The three columns were
filled as follows (Table 1):

Glauconite powder (fraction 0.005 mm) was mixed with quartz sand
so that it would not stick together into a single mass for filtration. The
filtration experiment lasted 4 h. Filtrate samples were taken hourly for
ammonium nitrogen and phosphate phosphorus concentration. The
experiment was repeated 3 times, and the figures show the average
values.
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The effectiveness of removing PO4-P from wastewater was calcu-
lated according to formula (4):

E = (Cyi — Czi).m0
Cii @

where: E; - effectiveness of PO4-P removing, %; C;; — concentration of
PO4-P before treatment, mg/L; Cy; — concentration of PO4P after
treatment, mg/L. The study was repeated to present the mean results of
three experiments.

MERCK Spectroquant® tests were used to determine the phosphorus
concentration of phosphates. Test limits 0.50-30.0 mg/1 PO4-P. Absorbance
measurements of the test solution were performed by pouring test samples
into 10 mm cuvettes (Hellma) and measuring at the required wavelength
(410 nm) with a Genesys 10 UV-Vis spectrophotometer (Thermo Fisher
Scientific, USA). MERCK Spectroquant® tests were used to determine am-
monium nitrogen concentration. Test limits 2.0-75.0mg/1 NH4-N.
Absorbance measurements of the test solution were performed after 15 min
by pouring test samples into 10 mm cuvettes (Hellma) and measuring at the
required wavelength (690nm) with a Genesys 10 UV-Vis spectro-
photometer (Thermo Fisher Scientific, USA).

3. Results and discussion
3.1. SEM and EDS

Fig. 2 shows the surface morphology of powdered samples of natural
glauconite. The size of the crystallites of the original sample is 2-20 pm.
The shape of the grains is similar to blocks with cut edges. The pecu-
liarity of the stacking of these blocks is significant aggregation between
them, probably due to crystallization water.

Heat or microwave treatment changes both the grain shape and
morphology of the sample. Large aggregates of ~20um crack into
smaller fragments (5-10 um) with a highly developed surface during
processing. In the case of thermal treatment, spherical particles can be
observed next to the blocky grains. On the surface of each particle, we
can see microcracks, which contribute to further amorphization of the
sample as the processing time increases. A similar effect is observed for
the sample after microwave treatment. The evaporation of crystal-
lization water causes the formation of micropores and microcracks and
increases the surface area of the grains for further sorption of ammo-
nium (NH, ") and phosphate (PO4*) ions.

The overall composition of the sample does not undergo significant
changes, as water is mainly released during the treatment. Some
changes are due to the heterogeneity of the composition of natural
glauconite. Fig. 3 shows the elemental distribution on the sample sur-
face. The ratio of cations for the original sample is Na/Mg/Al/Si/K/Ca/
Ti/Fe 1.17/1.07/13.39/74.41/4.45/4.00/0.35/1.16. The elemental
ratios for the muffle furnace-annealed and microwave-irradiated sam-
ples are Mg/Al/Si/K/Ca/Fe 5.20/11.35/59.90/7.82/3.30/12.43 and
Mg/Al/Si/K/Ca/Fe 5.76/11.52/58.36/7.42/4.09/12.85, respectively.

3.2. Surface area and porosity

The N, adsorption-desorption isotherms for natural and modified
samples are presented in Fig. 4. Due to hysteresis loops present on the

Table 1
Column fillers.
Layer height Column 1 Column 2 Column 3
(cm)
3 supporting layer of pebbles supporting layer of pebbles supporting layer of pebbles
7 layer of quartz sand layer of quartz sand layer of quartz sand
4 mixed filler: glauconite (3h in a muffle furnace at a mixed filler: natural glauconite mixed filler: glauconite (30 min under the influence

temperature of 550 °C) plus 60 g of quartz sand
1.5 20 g of quartz sand

plus 60 g of quartz sand
20 g of quartz sand

of microwaves) plus 60 g of quartz sand
20 g of quartz sand
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Fig. 2. SEM images of glauconite (SE detector on the left, BSE detector on the right): a - initial sample, b - calcined at 550 °C, ¢ - microwave irradiated.

plot of the samples we assume that the materials are mesoporous. The
hysteresis loops in all the isotherms are of type IV (IUPAC) with the
loops of the H3 type [39]. The H3 type is characterized by the presence
of wedge-shaped pores, resulting from the loose arrangement of flaky
particles. It is evident on the micrographs of the test samples (Fig. 4).

The results of porosimetry are presented in Table 2. The equivalent
particle size (dpar) Was estimated using the relation (5) [40]:

6000

d art =

P Sperep %)
where p is the density of bulk composite in g/ em?® and Sggr is expressed
in m2/g. The porosity of the particles (¢) is calculated using the fol-
lowing Eq. (6) [41]:

Vo
E=— P —
Vo + Ve, 6

where Vp is the pore volume (cm>/g) and p,p, is the apparent density
(g/crnS) of investigated materials.

It was found that high-temperature treatment reduces the BET sur-
face area from 54.99 to 43.57 m?/g. In contrast, under the influence of
microwave irradiation, the surface area changes much less. However,
an interesting fact was the increase in the external surface area of the
glauconite sample under the influence of microwave irradiation with a
simultaneous decrease in the micropore area. Whereas calcination at
550 °C causes only a decrease in the micropore surface area (Fig. 5).
Expectedly, the equivalent particle size increases under the influence of
high temperature due to sintering from 103.9 to 156.7 nm.
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Fig. 3. Elemental distribution on the surface of glauconite. a - initial sample, b - calcined at 550 °C, ¢ - microwave irradiated.
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Table 2

Specific surface area (Sggr), micropore area (Sp;c), external surface area (Sex), pore volume (V,,), equivalent particle size (dpar), and porosity (e) of natural and
modified clinoptilolite.

Sample code SpgT, M2/g Smic Sext Vp, ml/g dpar, NM €

G_nat 54.99 26.0 28.99 0.084 103.9 0.081
G_thermo 43.57 14.9 28.67 0.083 156,7 0.068
G_MW 50.28 20.1 30.18 0.086 107.3 0.087
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Fig. 5. Pore size distribution.

Table 3
NH, " adsorption isotherms nonlinear fitting parameters.

Sample index

G_nat G_thermo G.MW
Langmuir-Feundlich isotherm
Qm 0.723 20.67 4.37
Ky 0.025 0.0018 0.0015
Ny, 2.503 1.027 0.96
SNE 3.65 4.1 3.54
R? 1.0 1.0 1.0
Dubinin-Radushkevich isotherm
Qm 4.286 4.695 1.052
B 0.041 0.021 0.021
SNE 23.03 26.01 23.64
R? 0.97 0.97 0.94
BET isotherm
dm 0.0012 236.29 115.95
CgeT 1.07 0.28 0.84
SNE 6.20 5.68 4.85
R? 0.93 0.99 0.97

Table 4
PO,* adsorption isotherms nonlinear fitting parameters.

Sample index

G_nat G_thermo G_. MW
Langmuir-Feundlich isotherm
dm 113.58 1.78 101.21
Krr 0.0062 0.0186 0.0055
npp, 3.275 8.352 2.77
SNE 3.52 3.64 3.83
R? 1.0 1.0 1.0
Dubinin-Radushkevich isotherm
dm 140 212.07 194.2
B 0.075 0.24 0.078
SNE 198.4 129.1 61.74
R? 0.95 0.92 0.93
BET isotherm
dm 100.15 100.18 100.04
Cper 0.01 0.0012 0.02
SNE 7.97 6.89 4.81
R? 0.99 1.0 0.98

3.3. Adsorption isotherms

According to Xu et al. (2018) the microwave activation increases the
adsorbent surface area, micropore volume and total pore volume,
which can improve the adsorption capacity. Microwave modification
can achieve uniform and rapid heating, and create new or unique pore

structures. However, part of the chemisorption sites on adsorbent sur-
face may be removed after microwave activation, resulting in the de-
crease of adsorption capacity. Therefore, microwave activation serves
as an auxiliary method to improve the surface structure of adsorbents
[42]. In [43] Langmuir, Temkin, Freundlich and Dubinin—Radushke-
vich isoterms were tested for description of experimental data. NH,*
adsorption onto the glauconite was well described by Freundlich an
Langmuir isotherm models. In our work we've chosen three-parameter
Lengmuir-Feundich and BET models for better fit, and Dubinin-Ra-
dushkevich isotherm as it can be used to determine the nature of ad-
sorption. The results of the nonlinear fitting of experimental research
within theoretical models are presented in Tables 3 and 4.

All three models demonstrate rather good fit, though the best fit for
adsorption of the both pollutants is given by Langmuir-Freundlich
model. It gives and opportunity to compare the maximum adsorption
capacity of the samples, but it doesn't provide any information about
the adsorption mechanism. In order to define the physical or chemical
mechanism of adsorption the Dubinin-Radushkevich isotherm was
used. From the determination of the average free energy of adsorption
(E), the nature of the process can be inferred. The calculated values of E
in all studied cases are less than 8 kJ/mol, so the adsorption process is
of physical nature [44]. Meanwhile the BET model also fits well to
experimental data. This model describes the physical adsorption pro-
cess rather well and allows the formation of n layers. So, as the R? value
tends to unity, it may be assumed that the polymolecular layer is
formed in the pores of the investigated samples, indicating that physical
adsorption prevails. The adsorption isotherms of NH,* and PO, on
natural and modified clinoptilolite are presented in Figs. 6 and 7 re-
spectively.

The shapes of the curves are quite different. The isotherm of NH,*
adsorption corresponds to Type-IV according to the IUPAC classifi-
cation [45], while the PO,*> isotherm corresponds to the Type-V.
According to [46], Type-V isotherms are related to microporous ma-
terials, as opposed to the Type-VI isotherm where multilayer adsorp-
tion occurs on a uniform non-porous surface [47]. Therefore, it can be
assumed that NH,* is absorbed by the external surface of the samples,
but phosphate ion is well fixed in the micropores. This coincides with
the results of the porosity study of the samples before and after
treatment. As shown in Table 2, heat treatment at high temperatures
leads to a significant decrease in microporosity by 42.3%. Therefore, it
is the calcined sample that shows the lowest adsorption capacity for
phosphate of 1.78 mg/g (according to Langmuir-Freundlich model). In
contrast, this increases the adsorption capacity of the sample for
ammonium from 0.723 to 20.67 mg/g. Besides, for the microwave-
irradiated sample, the adsorption capacity for ammonium increases
from 0.723 to 4.37 mg/g, while that for phosphate remains almost at
the same level (101.21 mg/g).



K. Stepova, 1. Fediv, A. MaZeikiené et al.

Desalination and Water Treatment 317 (2024) 100181

Ce, mg/L

® G _nat_exp = =G _nat L-F == G_nat D-R

60 70

++G_nat_BET

a
14 0.4
12 0.35
"’f’ 0.3
1 :
» -5
0.8 - 20025
£ (.f“ o3
306 o~ E 02
] ® o o
0.4 /-‘" g 0.15
0.2 / 0.1
0 0.05
0 10 20 30 40 0
Ce, mg/L 0

® G_thermo_exp = =G_thermo_L-F == G_thermo_D-R--:-- G_thermo_BET

10 20 30 40 50 60
Ce, mg/L

® G_MW_exp = =G_MW_L-F == G_MW_D-R «=eeer G_MW_BET

b

C

Fig. 6. Isotherms of NH,"* adsorption: a - initial sample, b - calcined at 550 °C, ¢ - microwave irradiated.

3.5
3 L4
&0 2.5 (./
3 3 £
£ g
o 1 VL
2=
0.5 - e
0 AA‘H"’
0 20 40 60
Ce, mg/L
® G_nat_exp= =G_nat_L-F
= G_nat_D-Reesees G_nat_BET
a
2 5
L ]
1.5 / * V3
) an £
e /.’ >3
b0 /7 oo "l
| & E 4
8’ .’/ & s V/
0.5 r
0 g ._:L 0 .._;/
0 20 40 60 0 20 40 60 80
Ce, mg/L Ce, mg/L
® G _thermo_exp= =G_thermo_ L-F ® G MW exp= =G MW_L-F
= G_thermo_D-Reseee G-Thermo_BET — G_MW_D-Reeesee G_MW_BET
b c

Fig. 7. Isotherms of PO adsorption: a - initial sample, b - calcined at 550 °C, ¢ - microwave irradiated.



K. Stepova, 1. Fediv, A. MaZeikiené et al.

N w B wu D ~
o o o o o o

PO,-P retention efficiency, %

=
o

o

1 2

Desalination and Water Treatment 317 (2024) 100181

l-ﬂ -

Filtration time (hours)

m 1 column

W2 column O3 column

Fig. 8. PO,-P retention efficiency.

3.4. Breakthrough capacity

Gauconite is a silicate class mineral containing Na, Mg, Al Si, K, Ca,
Fe cations. It has been observed that ion exchange dominates ammo-
nium adsorption when using aluminosilicate materials. Ammonium
forms in solution are affected by pH and temperature. At pH < 7, more
than 95% of ammonium is in the ionized form (NH4 "), which promotes
ion exchange [48]. In this work, the filtration test was performed on
biologically treated wastewater with a pH of 7.5. The sorption capacity
of NH,* onto the glauconite was found to be comparable and moder-
ately higher than that of many other corresponding sorbents reported in
the literature. The adsorption capacity of NH,* onto the glauconite was
19.24 mg/g, when pH= 7 and initial concentration was 10 mg/L [48].

Based on experimental studies conducted by Berkessa et al. (2019),
it was determined that the optimal pH value for phosphate adsorption is
7. During adsorption, chemical sorption dominated [49]. Authors
Abukharda et al. (2020), using a synthesized bentonite/zeolite-P (BE/
ZP) composite, achieved the best results for phosphate and ammonium
removal from wastewater at pH= 6, efficiency 62% and 75% respec-
tively [50].

Fig. 8 clearly demonstrates that, in the initial two hours, both the
natural and microwave-irradiated samples exhibited the highest
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effectiveness of PO, removal compared to the thermally treated sor-
bent. Three hours later, all the samples reached almost the same re-
tention rate. The best result in terms of phosphate uptake was shown by
the natural glauconite and slightly worse by the microwave irradiated
sample. Thermal modification significantly worsens the sorption prop-
erties of glauconite for phosphate. Thus, in the case of phosphate ab-
sorption under dynamic conditions, heat treatment of glauconite does
not lead to a significant improvement in sorption properties.

A completely opposite phenomenon is observed in the ammonium
absorption. As can be seen from Fig. 9, the highest removal rate during
the first hour is demonstrated by the natural and heat-treated samples.
However, subsequently, the ammonium retention efficiency begins to
decrease sharply for both the natural and microwave irradiated sam-
ples. At the same time, the heat-treated sorbent continues to effectively
purify water (more than 80% efficiency) even after 3h of exposure.
Thus, in the case of ammonium nitrogen purification, heat treatment of
glauconite significantly improves its sorption capacity.

Hence, phosphate phosphorus and ammonium nitrogen retention took
place in all the columns. Phosphorus was most efficiently retained by nat-
ural glauconite, and ammonium nitrogen by glauconite that was calcinated
in a muffle furnace for 3 h at 550 °C. In general, all three columns removed
ammonium nitrogen more efficiently than phosphate phosphorus.

3 4

Filtration time, hours

1column ®2column O3 column

Fig. 9. NH,-N retention efficiency.
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4. Conclusions

New thermally and microwave-treated glauconite for removal of
eutrophication agents (phosphate phosphorus and ammonium ni-
trogen) from aqueous solutions was investigated.

SEM-EDS investigation revealed that heat or microwave treatment
changes both the grain shape and morphology of the sample. Large
aggregates of ~20 pum crack into smaller fragments (5-10 um) with a
highly developed surface during processing. The evaporation of crys-
tallization water causes the formation of micropores and microcracks
and increases the surface area of the grains for further sorption of
ammonium (NH,") and phosphate (PO4>) ions. Heat and microwave
treatment of glauconite causes similar changes in the cation ratio.

Measurements of the BET surface area showed that high-tempera-
ture treatment leads to its reduction. However, it is important to note
that this decrease is primarily attributed to the reduction in micropore
surface area. Whereas the increase in the external surface area of the
glauconite sample under the influence of microwave irradiation is ac-
companied by a decrease in the micropore area.

The best fit for the adsorption isotherm of both pollutants is given by
Langmuir-Freundlich and BET models. The values of average free en-
ergy calculated from Dubinin-Radushkevich model were less than 8 kJ/
mol, so the adsorption process is of a physical nature. The shapes of the
phosphate and ammonia adsorption isotherms are quite different. The
shape of PO,> isotherm is of the type related to microporous materials,
as opposed to the type of NH, " isotherm where multilayer adsorption
occurs on a uniform non-porous surface. Therefore, it can be assumed
that NH,* is absorbed by the external surface of the samples, but
phosphate ion is well fixed in the micropores. This coincides with the
results of the porosity study of the samples before and after treatment.
Moreover, it is the calcined sample that shows the lowest adsorption
capacity for phosphate but the better adsorption capacity for ammo-
nium. Conversely, for the microwave-irradiated sample, the adsorption
capacity for phosphate increases, while that for ammonium remains at
the same level.

The best result in phosphate uptake in dynamic conditions was
shown by the natural glauconite and slightly worse by the microwave-
irradiated sample. Thermal modification significantly worsens the
sorption properties of glauconite for phosphate. A completely opposite
phenomenon is observed in the ammonium absorption. The highest
removal rate during the first hour is demonstrated by the natural and
heat-treated samples. However, subsequently, the ammonium retention
efficiency begins to decrease sharply for both the natural and micro-
wave-irradiated samples. At the same time, the heat-treated sorbent
continues to effectively purify water (more than 80% efficiency) even
after 3h of exposure. Thus, in the case of ammonium nitrogen pur-
ification, heat treatment of glauconite significantly improves its sorp-
tion capacity. In general, all three columns removed ammonium ni-
trogen more efficiently than phosphate phosphorus.
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