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INTRODUCTION

The high requirements placed on new technol-
ogies of wastewater and water treatment in terms 
of phosphorus removal, coupled with the simulta-
neous high demand for it, make it necessary to look 
for new, effective sorption materials that will also 
enable the recovery of raw materials, e.g. by using 
in agriculture their form with adsorbed phospho-
rus, which meets the assumptions of the circular 
economy, and also reduces the problem related to 
the availability of this element [Chen et al., 2016; 
Golroudbary et al., 2019; Zhu et al., 2023].

In the search for new sorbents, physical and 
chemical properties should be taken into account, 
which may determine the choice of particular 

materials for testing. In the case of phosphorus 
removal, it should be determined whether the po-
tential material contains the elements with a nat-
ural ability to bind it. In this respect, they have 
been classified depending on the type of reac-
tion mechanism into two groups: Ca/Mg and Al/
Fe [Wu et al., 2006; Gubernat et al., 2020]. Other 
physicochemical properties should indicate the 
characteristics of the material in terms of its use 
as a filtering medium/aiding purification, which, 
apart from not interfering with the operation of 
the purification device, should not adversely af-
fect the chemical parameters and physicochemical 
properties of the purified medium [Jucherski et al., 
2017; Bus et al., 2022]. For newly identified phos-
phorus sorbents beyond the materials included in 
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the review [Gubernat et al., 2020], consideration 
should be given to: biochars [Almanassra et al., 
2021; Luo et al., 2022], silica nanoparticles pre-
pared from rice husk ash [Nguyen 2022], cockle 
shell powder [Nayeem et al., 2023], eggshells and 
calcined eggshells [Park et al., 2022] agnetite/zir-
conium-comodified attapulgite (Fe/ZrATP) [Deng 
et al., 2023]. The basic properties of sorbents/filter 
materials include structural properties, i.e. poros-
ity and surface area. These parameters increase the 
pollution holding capacity, as well as extend the fil-
tration speed or the duration of the filtration cycle. 
The density of the material is of particular impor-
tance in the case of multi-layer beds and in deter-
mining the hydraulic conditions of bed rinsing. The 
granulometric composition is selected depending 
on the type and properties of the suspension in the 
medium to be purified, as well as the purification 
technology. Specific surface area, pore volume and 
diameter are most often determined by the Brunau-
er-Emmett-Teller (BET) method, which consists 
in determining the N2 adsorption isotherm on the 
tested material. These parameters inform about the 
number and size of pores, which play a fundamental 
role in the intensification of the adsorption process, 
but in order to confirm it unequivocally, it is neces-
sary to know the nature of the binding, whether it 
takes place through a physical or chemical process 
[Garbarczyk, 2010]. Due to a number of proper-
ties of materials that allow it to be characterized in 
physical and chemical terms, the influence of the 
chemical composition of the purified medium and 
the conditions of the binding process, it is impos-
sible to clearly indicate the most important factor 
determining the effectiveness of purification or the 
probability of implementing a given sorbent on a 
real scale [Gubernat et al., 2020].

The aim of the work was to study the physi-
cochemical properties of marl and travertine and 
their thermally treated forms in terms of phos-
phorus removal from wastewater. The research 
also included the commercial material Polonite®, 
which has already been used many times in re-
search on phosphorus sorption [Bus et al., 2022; 
Hamisi et al., 2022; Renman et al., 2022] from 
aqueous solutions, enabling a better comparison 
of the obtained results.

MATERIAL AND METHODS

The materials tested in the field of physi-
cochemical properties in terms of phosphorus 

binding were marl and travertine with their ther-
mal modifications and the commercial material 
Polonite®.

Travertine is a carbonate sedimentary rock 
that was formed in specific geological processes 
as a result of chemical or biochemical reactions 
of organic and inorganic compounds in the pres-
ence of groundwater resources rich in calcium 
and bicarbonates [Mesci 2013; Kalender et al., 
2015]. The material for the tests was taken from 
the mine of this raw material in Poland, in the city 
of Raciszyn. Travertine was thermally treated at 
the following temperatures of 500 °C, 650 °C, 
700 °C in a laboratory muffle furnace for 1 hour. 
The modification temperatures were selected in 
the indicated range because further increase of 
the modification temperature (700 °C, 900 °C, 
1000 °C) resulted in the transformation of the sol-
id material into a soluble powder, which caused 
changes in the parameters of the purified medium 
[Gubernat et al., 2022].

Marl is a sedimentary rock consisting of 
carbonates and clay minerals, and in smaller 
amounts of quartz pelite and other allogeneic and 
autogenous sedimentary rock minerals. Marls 
are formed in the marine and lake environment. 
Depending on the ratio of the carbonate to the 
clay part, marly claystones, clay marls, marls and 
marly limestones can be distinguished [Kurdows-
ki 1981; Ryka et al., 1982]. The material for the 
study was collected from the area of the Lublin 
Upland in Poland. Marl was heated in a labora-
tory muffle furnace for 1 hour at temperatures of 
700 °C, 900 °C, and 1000 °C. Lower modification 
temperatures (500 °C, 650 °C, 700 °C) did not 
change the properties of the material towards a 
stable, insoluble sorbent [Gubernat et al., 2022].

Polonite® is a commercialized filter mate-
rial that is produced in a fraction of 2–6 mm after 
crushing and screening, from sedimentary bedrock 
through its thermal treatment at 900 °C. This mate-
rial is used to treat wastewater and surface runoff 
from agricultural fields, where it can be reused in 
adsorbed phosphorus form [Renman et al., 2010]. 

Selected materials were tested in terms of 
physicochemical properties in terms of phos-
phorus binding from wastewater. Morphologi-
cal analysis and elemental composition were 
determined by scanning electron microscopy 
(SEM). The BET surface area, pore volume and 
diameter were determined using the porosimetric 
method using the Nova Station A apparatus. The 
true density of the materials was determined by 
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the pycnometric method using the ULTRAPYC 
1200e pycnometer.

Morphological analysis of the materials after 
the study of the sorption process, which is dis-
cussed in detail in the publication [Gubernat et al., 
2022], was carried out using a scanning electron 
microscope MIRA3 by TESCAN, with an X-ray 
spectroscopy (EDS) adapter by Panalytical, using 
scanning electron microscopy SEM-EDS (Scan-
ning Electron Microscopy – Energy Dispersive 
Spectroscopy).

The amount of elements leached from mate-
rials, per unit of their mass, was determined in 
accordance with the PN-EN 1744-3 standard. 
Four-gram samples of material with a diameter of 
1–2 mm were shaken for 24 hours with 40 ml of 
distilled water (at a ratio of 1:10). The resulting 
aqueous extract was filtered through a 0.45 µm 
membrane filter. The concentrations of released 
elements were determined by total reflection X-
ray fluorescence (TXRF) using the X-ray spec-
trometer S2 PICOFOXTM by Bruker AXS Mi-
croanalysis GmbH.

Losses on ignition at temperatures of 700 °C, 
900 °C, 1000 °C for marl and 500 °C, 650 °C, 
700 °C for travertine were determined as the dif-
ference in the weight of the tested material before 
and after heating, related to the weight of the ma-
terial before heating. 

RESULTS AND DISCUSSION

In the search for new materials as sorbents 
to remove phosphorus, the first step is to identify 
the chemical composition in order to determine 
the presence of compounds with a natural abil-
ity to bind phosphorus, i.e. Al, Fe, Mg, Ca. The 
elemental composition of the materials is shown 
in Figure 1.

Raw travertine with its thermally treated 
forms is characterized by high calcium content - 
in the range of 30.19–28.47%, which decreases 
with increasing modification temperature. A simi-
lar trend was observed in the case of aluminum, 
present in the chemical composition of travertine 
and its modifications in the range of 0.15–0.06%. 
The iron content in these materials increased with 
the processing temperature in the range of 0.40–
0.56%, as did magnesium, the share of which os-
cillated from 0.09 to 0.15%.

Raw marl, for which the phase composition 
was determined at an earlier stage of research 

[Gubernat et al., 2022], with a calcium carbon-
ate content of 93.5% and a silica content of 6.5%, 
it represents marl limestone or chalk marl. The 
assessment of the elemental composition showed 
that the calcium content in marl and its modifica-
tions is lower than in travertine and ranges from 
15.32 to 19.60%. Aluminum, on the other hand, 
is an element present in a greater amount than in 
travertine, i.e. at the level of 0.82–0.69%, and its 
content also decreases with increasing processing 
temperature. Iron in the elemental composition 
of marl and its thermally treated forms increases 
with the modification temperature and is present 
at the level of 0.51–0.78%. Magnesium is pres-
ent in marl and its modifications in amounts from 
0.15 to 0.22% as well as no effect of temperature 
on its content were observed. Polonite®, a clay-
carbonate rock, has the lowest calcium content 
(11.76%). On the other hand, aluminum, iron and 
magnesium are present in this material in greater 
amounts than in other tested sorbents (1.93%, 
2.28%, 0.33%, respectively), which is confirmed 
by research [Cucarella et al., 2009].

The physical properties of the materials, i.e. 
density, BET surface area, pore diameter and vol-
ume, were shown in Figures 2 and 3. In terms of 
density, the effect of the treatment temperature 
was observed especially for marl, where the value 
of this parameter increased from 2.78 g/cm3 for 
the raw form to 2.99 g/cm3 for the sample sub-
jected to heat treatment at a modification tempera-
ture of 700 °C. The BET specific surface area for 
travertine and its modifications was in the range 
of 0.20–0.34 m2/g, where for thermally treated 
forms, an increase in this parameter was observed 
relative to the raw form, but with an increase in the 
modification temperature, the value decreased. For 
raw marl and its thermal modification at 700 °C,  
the BET specific surface area is equal to 24.40 and 
23.26 m2/g, respectively; however, with a further 
increase in the heating temperature, a clear de-
crease of this parameter is observed, which was 
described by [Gubernat et al., 2022] as a result of 
transition of CaCO3 and SiO2 into CaSiO3, CaSiO4 
forms. The Polonite® material, which is also a 
thermally treated material but with a higher sili-
ca content than marl, has a density of 2.52 g/cm3 
and a surface area of level 10.61 m2/g, which dif-
fer from the results of research on the opoka and 
its thermal modifications [Brogowski et al., 2004; 
Cucarella et al., 2009], which may be due to the 
heterogeneity of the composition of mineral mate-
rials taken from their natural place of occurrence.
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Figure 1. Elemental composition of the tested materials
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Figure 2. Density and BET surface area of the tested materials

Figure 3. Average pore size and volume of the tested materials
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The available literature data on phosphorus 
sorbents allow concluding that increasing the spe-
cific surface of materials, for example by thermal 
modification of bauxite [Altundogan et al., 2003], 
biochars [Zhu et al., 2020], deposition of ferrihy-
drite [Xiong et al., 2008], lanthanum [Xie et al., 
2013] on diatomite, modification of bentonite with 
hydroxyAl [Yan et al., 2010] or lanthanum III 
[Kuroki et al., 2014], increases the sorption capac-
ity of these materials. However, as in the present 
study, there are cases such as acadama clay, the 
modification of which reduced the specific surface 
area while increasing the sorption capacity [Wang 
et al., 2018], confirming that each material must 
be identified individually and that the nature of the 
phosphorus binding is of importance.

The analyses carried out in terms of the di-
ameter and volume of pores allow concluding 
that the thermal treatment of materials increases 
their value; however, in the case of pore volume, 
a decrease in this parameter is observed with the 
increase of the modification temperature. All the 
average pore sizes of the materials fall into the 
class of macropores, which may explain the low 
specific surface area, e.g. in relation to activated 
carbon, which reaches the value of this param-
eter up to 1500 m2/g, through high microporosity 
[Garbarczyk 2010].

During subjecting the materials to heat treat-
ment, the values of losses on ignition were deter-
mined. Travertine was characterized by a very low 
value of these losses, which amounted to 0.21%, 

Figure 4. Photographs of materials using scanning electron microscopy SEM (magnification 5k) a) raw 
marl, b) raw travertine, c) Polonite®, d) marl heated at 700 °C, e) marl heated at 900 °C, f) marl heated at 

1000 °C, g) travertine heated at 500 °C, h) travertine heated at 650 °C, i) travertine heated at 700 °C
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1.47%, 2.66%, respectively, for processing tem-
peratures of 500 °C, 650 °C, 700 °C. Marl also 
showed an increase in losses on ignition with in-
creasing modification temperature (700 °C, 900 °C,  

1000 °C) of 29.44%, 40.23%, 40.48%, respective-
ly, which may indicate that marl in relation to trav-
ertine may contain more organic matter. However, 
it should be emphasized that the loss of mass also 

Figure 5. Map of the distribution of chemical elements on materials after sorption process, 
using scanning electron microscopy SEM-EDS (magnification 1k), a) natural marl, b) natural 

travertine, c) travertine heated at 700 °C, d) marl heated at 1000 °C, e) Polonite®
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results from the release of CO2 due to the thermal 
decomposition of CaCO3 [Liu et al., 2012, Zapa-
ter-Pereyra et al., 2014, Tomaszewicz et al., 2016]. 

The morphological analysis of the SEM ma-
terials, shown in Figure 4, illustrates the struc-
tural changes occurring under the influence of the 
modification temperature. With the increase of 
the treatment temperature, a clear improvement 
in the regularity of the marl structures was ob-
served. The grains of the raw form of the material 
are characterized by irregular, sharp edges, and 
already at the modification temperature of 700 °C  
they begin to take on more spherical shapes. Raw 
travertine grains are characterized by greater 
regularity of spherical structures than marl, and 
thermal treatment brings out more repetitive, 
even shapes. The SEM-EDS analysis, presented 
in Figure 5, shows the difference in the binding 
of phosphorus on its surface by individual materi-
als. In the case of natural materials, phosphorus 
binding takes place evenly over the entire surface, 
while forms subjected to thermal treatment (in-
cluding Polonite® material) are additionally char-
acterized by high saturation of specific places. On 
the basis of SEM and SEM-EDS studies, it can 
be concluded that thermal treatment increases or 
uncovers new active sites where phosphorus can 
be deposited as a result of a chemical or physi-
cal process, which at the same time increases the 
sorption capacity of the material [Carrillo et al., 
2020, Zhu et al., 2020].

In terms of leaching of elements from materi-
als (Table 1), it can be seen that the main leached 
element is calcium. The largest amounts of it, in 
relation to the mass of the material, were leached 
from marl heated at 900 °C and from travertine 
thermally treated at 700 °C. In terms of phosphorus 
binding, this allows concluding that the released 
calcium may additionally increase the efficiency 
of the phosphorus removal process, because it will 
bind phosphorus as a result of precipitation in the 
form of insoluble compounds in the treated me-
dium, but not on the surface of the sorbent. 

Summing up the assessment of the physico-
chemical properties of materials in comparison 
with their efficiency in binding phosphorus under 
static conditions, which was described in detail by 
[Gubernat et al., 2022], it can be concluded that the 
quantitative advantage of a given element with the 
ability to bind phosphorus does not have a signifi-
cant impact on the effectiveness removal, as marl 
showed a better efficiency despite having a lower 
calcium content than travertine. The physico-
chemical parameters also did not indicate a direct 
correlation between the phosphorus removal effi-
ciency and their values. For example, both in the 
case of raw marl and travertine heated at 500 °C,  
these materials achieved low (compared to other 
materials) phosphorus retention efficiency, de-
spite the highest values of specific surface areas. 
In terms of average pore size, it was observed that 
higher values of these parameters correspond to 

Table 1. The amount of leached elements from materials

Material
Ca S Cl K Fe Ni Cu Zn Br Sr P Pb Si Al Ti

µg/g

Raw 
travertine 107.34 21.23 35.46 12.37 0.52 0.01 0.04 0.92 0.20 0.23 0.95 - - - 0.19

Travertine 
heated at 

500 ℃
113.06 23.39 60.57 26.53 0.93 0.02 0.10 1.21 0.45 0.31 1.68 0.00 - 1.88 0.55

Travertine 
heated at 

650 ℃
237.75 18.95 50.25 19.94 0.29 0.01 0.05 0.35 0.37 0.65 - - - - 0.20

Travertine 
heated at 

700 ℃
5589.31 7.57 28.32 32.83 0.25 - 0.05 0.69 0.38 1.14 - 0.03 - - 0.21

Polonite® 212.61 145.89 67.13 57.99 2.05 0.73 2.52 0.24 0.84 2.31 4.86 0.63 440.20 - -

Raw marl 341.17 - - - 43.38 2.88 - 2.47 - - - - - - -

Marl 
heated at 

700 ℃
734.41 - 144.49 170.23 4.33 - - 0.80 1.31 7.63 - - - - -

Marl 
heated at 

900 ℃
9057.69 - - 115.44 9.46 - - 0.51 0.46 19.15 - - - - -

Marl 
heated at 
1000 ℃

1271.75 - - - 61.98 - - - - - - - - - -
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higher phosphorus binding efficiency. The excep-
tion is travertine heated at 500 °C, which may in-
dicate that the effect on phosphorus binding and 
sorption capacity of the tested materials, apart 
from their physicochemical properties, is also the 
mechanism of phosphorus binding.

CONCLUSIONS

Physicochemical studies of marl and trav-
ertine and their thermally treated forms in terms 
of phosphorus binding allow concluding that the 
recognition of physicochemical properties is one 
of the stages in assessing the possibility of their 
use in wastewater or water treatment technology, 
because the values of these parameters do not de-
termine the efficiency of phosphorus binding. On 
the basis of the physicochemical properties, it is 
possible to clearly indicate the influence of the 
temperature of marl and travertine modification in 
the perspective of retaining phosphorus on their 
surface – thermal treatment regulates the struc-
ture of materials and increases or reveals active 
sites, consequently improving the efficiency of 
phosphorus binding by these materials. In order to 
comprehensively assess marl and travertine with 
their modifications as phosphorus sorbents, tests 
should be carried out to determine the nature of the 
binding process of this element on their surface.
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