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Abstract

This study investigates the adsorption efficiency of thermally activated natural opoka, a
siliceous—calcareous sedimentary rock, as a low-cost adsorbent for removing phospho-
rus from aqueous solutions. Comprehensive characterization using XRF, XRD, and STA
revealed that raw opoka is primarily composed of quartz, tridymite, and calcite, with a
Ca0O/SiO; molar ratio of approximately 0.45. After calcination at 850 °C, calcite decomposes
and reacts with silica to form wollastonite, enhancing surface reactivity. Adsorption experi-
ments conducted at phosphorus concentrations of 0.2, 2.6, and 5.0 g of P/L demonstrated
that the material’s removal efficiency for phosphorus was highest at low concentrations
(25.7% at 0.2 g/L) and decreased with an increase in concentration (20.8% at 2.6 g/L
and 18.6% at 5.0 g/L). The adsorption process followed pseudo-second-order kinetics
(R? > 0.999), indicating that chemisorption is the dominant mechanism. It is assumed that
amorphous calcium phosphate forms at low phosphorus concentrations and an alkaline
pH, whereas brushite is more prevalent at higher concentrations under acidic conditions.
Potassium adsorption was negligible and reversible in all cases. The findings demonstrate
that calcined opoka has promising applications as a reactive calcium silicate material for
sustainable phosphorus management in decentralized water treatment systems.

Keywords: natural opoka; calcined calcium silicate adsorbent; phosphorus removal;
adsorption kinetics

1. Introduction

The European Green Deal and the Circular Economy Action Plan promote the recycling
of materials in accordance with the principles of a circular economy, thereby enhancing
materials’ value [1]. A circular economy entails a continuous search for improvement in
several forms, including through reducing resource consumption, reusing resources that
can be transformed into other types of products, and recycling or upcycling materials and
components at the end of their useful lives [2,3]. The European Commission has developed
a proposal for an EU Circular Economy Act focusing on “Environment, Water Resilience,
and a Competitive Circular Economy,” which includes a comprehensive list of critical
raw materials. The act specifies that measures to generate market demand for secondary
materials and establish a single market for waste, particularly critical raw materials, should
be taken. Phosphorus has been on the EU Critical Raw Materials List since 2014 and was
confirmed to be such a material in the EU Critical Raw Materials Act of 2024 [4]. Phosphorus
is classified as a critical raw material in the EU due to the potential for supply disruptions
and its economic importance for chemical production, defense, and agriculture [4,5].
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Nevertheless, excessive concentrations of P are the most common cause of eutroph-
ication in freshwater lakes, reservoirs, and streams [6,7]. In addition, due to the wide
range and prevalence of agricultural activities, a large amount of P accumulation results in
nonpoint source pollution of farmland, which is considered one of the primary sources of
pollution of water environments [8,9]. There are other sources and means through which
phosphorus is believed to be released into the environment from water distribution systems,
including outdoor water use near homes, industrial cooling process effluent, and water
leaks from public water supply pipes [10,11]. When phosphorus enters the aquatic system,
it accumulates in the sediments at the bottom [12]. However, under certain conditions,
mainly when there is deoxygenation of the near-bottom layers and a decrease in redox po-
tential below 0.2V, this reduction triggers the release of previously bound phosphorus back
into the water, a process often referred to as internal phosphorus loading [13]. During the
mixing process or the circulation of water, released phosphorus can enter the upper trophic
layers, exacerbate algae blooms, and decrease water quality, leading to eutrophication [14].

As a valuable resource, managing phosphorus by both reducing its environmental
impact on aquatic systems and recovering it from such systems is critical to achieving
sustainable phosphorus consumption [15,16]. Various methodologies for eliminating pol-
lutants containing phosphorus have been developed [17]. These methods can be broadly
categorized into chemical processes (e.g.; precipitation and adsorption), physical pro-
cesses (e.g.; reverse osmosis, sedimentation, and filtration), biological processes (e.g.;
enhanced biological phosphorus removal and microalgae cultivation), and integrated and
regenerative systems [17,18].

In recent years, adsorption has gained prominence as a flexible and potentially re-
generative method for phosphorus removal, especially in small- or decentralized sys-
tems [19,20]. Adsorption can effectively target low concentrations of phosphorus, often
under conditions where biological or chemical methods become inefficient or economically
unviable [21,22]. A wide range of adsorbent materials has been explored, including both
natural and synthetic types, such as clays, zeolites, biochar, metal oxides, and industrial
byproducts [22]. These materials are designed to have a large surface area, high porosity,
and active functional groups, making them effective even in complex wastewater sam-
ples. These adsorbents have been demonstrated to be effective in the selective removal of
phosphorus, thereby facilitating its recovery and reuse [23]. In addition, they are inexpen-
sive, locally available, and environmentally compatible [24,25]. However, many natural
adsorbents have low adsorption capacities, often below 5 mg/g, limiting their practical
effectiveness [26,27]. The efficacy of the adsorption process can be attributed not only
to the material’s structure but also to the pH values of the water medium. Metal oxides,
such as Fe, Al, and Ti, exhibit the best phosphorus adsorption effectiveness at acidic pH
values due to a property known as the point of zero charge. Calcium-containing adsorbents
require more alkaline conditions because of the need to release calcium into the water.
pH values determine the form in which phosphorus exists, and the presence of these ions
also determines the efficiency of phosphorus removal [28,29]. To improve performance,
modification techniques, such as thermal activation, acid treatment, or metal doping of the
adsorbent, are frequently applied [30]. Such strategies improve the affinity of the material
for phosphate anions by increasing the surface area, altering the pH buffering behavior,
and introducing new active sites [31].

Within this context, opoka, a type of bedrock primarily found in deep strata covering
areas of the North Sea, Poland, Lithuania, and Ukraine, is attracting an increasing amount
of interest regarding its use as a low-cost, abundant, and modifiable natural adsorbent
for phosphate removal [32]. It mainly consists of SiO, and CaCOj; but also contains
significant amounts of Al,O3; and Fe;O3. It can resemble limestone in terms of its chemical
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composition, but the composition of opoka rock can vary depending on the excavation
site from which it was obtained. In contrast to limestone, which is crystalline, opoka
is amorphous, resulting in high porosity [33]. Opoka exhibits biological activity, which
partially links it to biosorbents, giving it significant advantages over similar materials. A
major benefit of this type of sorbent is its availability and low cost, being approximately
10-15 times less expensive than synthetic sorbents. Opoka is free of toxic impurities, making
it suitable for water treatment. In natural opoka, the silica content ranges from 37.5% to
52.1%, while the calcium carbonate content ranges from 34.5% to 50.4%. Silica enhances the
total porosity of opoka, making this bedrock soft and increasing its water-holding capacity.
Additionally, calcium compounds serve as active adsorption sites or binding centers [34].

Some researchers have stated that opoka is better suited for removing phosphorus,
especially when calcinated at approximately 900 °C, as it becomes more reactive due to the
formation of calcium oxide [35,36]. Heating opoka gradually activates its sorption capacity
as its physicochemical properties alter. Thermal modification of opoka not only enhances
its sorption abilities by removing moisture from its internal pores but also eliminates
organics and contaminants [34]. The bedrock’s solid-phase density increases slightly from
approximately 2.52 g/cm3 to 2.94 g/cm3 during heating. Thermal treatment also causes
partial sintering, which strengthens the rock’s macrostructure and ensures the particles
have up to 98% water resistance. This process also improves opoka’s macro-structural
strength and porosity by 35-40% and 12-15%, respectively. Natural opoka has a high pH
(7.5-7.8), but a significant rise in pH occurs when opoka is heated above 750 °C, reaching
values close to 13. Given these changes, thermally activated opoka is a promising industrial
mineral and a useful material for purifying natural waterbodies [37].

However, despite its promising mineral qualities, there is still a lack of systematic stud-
ies assessing natural opoka’s phosphorus adsorption capacity under controlled and realistic
environmental conditions [38]. Specifically, the effects of key operational parameters—such
as pH, initial phosphate concentration, contact time, and adsorbent dosage—on phosphorus
removal efficiency remain incompletely understood [39,40].

Thus, in this study, we aimed to determine the chemical and mineral composition,
thermal stability, and phosphorus adsorption capacity of natural opoka after thermal
treatment. We further investigated the mechanisms of phosphate uptake and evaluated
kinetic behavior under varying phosphorus concentrations, providing new insights into
opoka’s applicability for sustainable phosphorus management.

2. Materials and Methods
2.1. Raw Materials

In this study, the following reagents were used:

Natural opoka (Ecofiltration sp. z 0.0.; Poland, Wroctaw) was crushed in a crusher
(“Pulverisette 1” (Fritsch, Germany, Idar-Oberstein)) and then ground for 5 h in a ball mill
and for 5 min in a vibrating disk mill (“Pulverisette 9” Fritsch, Germany, Idar-Oberstein)
at 900 rpm.

Potassium dihydrogen phosphate solution (c = 0.2, 2.6, and 5.0 g of P>*/L) was
prepared by dissolving KH,PO,4 (Chempur, Poland, Piekary, purity 99.5%) in distilled
water. The pH of all the solutions was acidic (4.2—4.8).

2.2. Synthesis of an Adsorbent

Adsorption experiments were conducted at 25 °C, with an uncertainty of +0.2 °C,
using a Grant Sub 14 thermostat (Grant Instruments, United Kingdom, Royston). For
adsorption, 10 g of adsorbent (opoka) was poured into 1 L of KH;PO4 solution, in which
the phosphorus concentrations were 0.2, 2.6, and 5.0 g of P>* /L (hereafter presented as g
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of P/L). During adsorption, 10 mL liquid samples were taken after 0.5 min, 1 min, 3 min,
5 min, 10 min, 15 min, 30 min, 1 h, 3h, 5h, 8 h, 24 h, 48 h, 72 h, and 1 week of adsorption.
After the adsorption experiment, the adsorbent was filtered and dried at 50 °C £ 5 °C
for 24 h.

The chemical and mineralogical compositions, thermal properties, and phase transfor-
mations of natural opoka during calcination were investigated using simultaneous thermal
analysis (STA) and X-ray diffraction (XRD).

XRD analysis was performed to determine the mineralogical compositions of the
obtained samples. Measurements were performed at room temperature using a D8 Advance
diffractometer (Bruker AXS GmbH, Germany, Karlsruhe) equipped with a Cu K« X-ray
tube operated at 40 kV and 40 mA. Diffraction patterns were recorded in Bragg—Brentano
geometry using a fast-counting detector (Bruker LynxEye, (Bruker AXS GmbH, Germany
Karlsruhe)) based on silicon strip technology. The measurement range was 26 = 3-70°
with a step of 0.020° per 0.2 s, corresponding to a total measurement duration of ~12 min
per sample.

The compositions of the natural opoka samples were measured by X-Ray Fluorescence
Spectroscopy (XRF) in a helium atmosphere, and the data were analyzed with standard
SPECTRA Plus QUANT EXPRESS software v3 for S8 TIGER. XRF analysis is based on the
measurement of secondary X-ray radiation emitted by chemical elements.

Simultaneous thermal analysis (STA) was used to analyze the thermal stability of the
products. Analysis was performed using a Linseis PT1000 instrument (Linseis, Germany).
The operating conditions were as follows: a heating rate of 15 °C/min, a temperature
range of 30 to 1000 °C, a nitrogen atmosphere, ceramic sample handlers, Pt crucibles, and a
sample mass of ~13 mg.

2.3. Determination of the Phosphorus Concentration

pH measurements. pH values were measured with a Hanna instrument pH meter (Hi
9321, Hanna Instruments, Woonsocket, RI, USA).

The concentrations of existing elements in the solution after adsorption were de-
termined using X-ray fluorescence (XRF) spectroscopy via a Bruker X-ray S8 Tiger WD
spectrometer (Bruker AXS GmbH, Germany, Karlsruhe) equipped with a Rh tube capable
of delivering an energy of up to 60 keV. The liquid sample was poured directly into a plastic
cup covered with a thin Mylar TF-135 film. Measurements were performed three times,
and their average was calculated. XRF spectroscopy provided quantitative chemical infor-
mation on the elements of opoka, which were then converted into oxide concentrations. To
enable a proper comparison of the results, the concentration of phosphorus was expressed
in mg or g of P>*/L for further analysis.

3. Results
3.1. Characterization of Natural Opoka

XRF analysis revealed that the opoka was primarily composed of silicon dioxide (SiO,,
53.58 wt.%) and calcium oxide (CaO, 24.72 wt.%) (Table 1). In addition, Al,O3 (4.89 wt.%),
Fe, O3 (2.55 wt.%), and K,O (1.08 wt.%) were detected. The total oxide content reached
88.14 wt.%; the other part of the composition (11.86 wt.%) corresponded to loss on ignition,
which was confirmed by calcinating opoka at 1000 °C for 2 h.
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Table 1. Oxide composition of natural opoka.
Oxides, %
Si02 CaO A1203 F9203 K20 MgO Ti02
53.58 24.72 4.89 2.55 1.08 0.57 0.36
Oxides, %
Loss on
SO3 SrO P05 Na,O 7ZrO, Other ignition
0.10 0.08 0.07 0.07 0.03 0.03 11.86

Based on the XRF measurements, X-ray diffraction (XRD) analysis was performed
to determine the phase composition of the opoka by using elemental data to identify
specific crystalline phases and distinguish minerals with similar chemical compositions but
different structures. Natural opoka was determined to be composed of calcium carbonate
(PDF 00-024-0733, d-spacing-0.385; 0.344; 0.321 nm) and different forms of silicon dioxide
{quartz (PDF-01-089-1961, d-spacing-0.426; 0.334; 0.228 nm, tridymite (PDF-04-008-8461,
d-spacing—0.430; 0.410 nm, and amorphous)} (Figure 1). Although some elements were
detected in low concentrations using XRF, no corresponding diffraction peaks or identifiable
amorphous phases related to these trace elements appeared in the XRD patterns, suggesting
that they are present in a non-crystalline form or at concentrations below the detection limit
of the method employed.

90

80

70

Intensity, cps
wn

0 T T T
3 13 23 33 43 53 63
26,°

Figure 1. XRD pattern of the natural opoka sample. Indexes: c—calcite, g—quartz, and d—tridymite.

These findings generally align with the data in the literature. For example, previous
studies on opoka from the Stoniskis quarry describe the material as predominantly being
dark-gray, dense carbonate opoka, with occasional layers of light-gray opoka marl [41,42].
The mineralogical composition of this carbonate opoka typically includes approximately
50 wt.% silicon dioxide and 48 wt.% calcium carbonate, forming a siliceous—calcareous
mixture commonly referred to as carbonate opoka. The oxide composition data presented
in Table 2 confirm this general compositional trend.
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Table 2. Opoka oxide composition based on the literature ([42-45]).

. . Loss on
Oxide 5102 A1203 Fe203 CaO MgO SO3 COZ Hzo Ignition
Range 24 55— 0.80- 6.84— 9.14—
(Wt.%) 7318 1.01-3.33  0.32-1.95 37.98 0.35-0.87 0.23-0.99 29 34 1.48-2.90 3112

‘?ﬁrﬁ‘/*"’)e 55.84 2.00 1.10 20.71 0.51 0.48 16.19 1.81 18.72

The results indicate that the SiO, content ranges from 24.55 wt.% to 73.18 wt.%, with
an average of 55.84 wt.%, while the CaO content varies from 0.80 wt.% to 37.98 wt.%,
averaging 20.71 wt.%. These values demonstrate the heterogeneous nature of opoka
and its variable silicified and carbonated character, which are heavily influenced by
the corresponding depositional environment and diagenetic processes. The presence
of CO, (6.84-29.34 wt.%, avg. 16.19 wt.%) and the loss-on-ignition values (9.14-31.12 wt.%,
avg. 18.72 wt.%) further support the presence of carbonates and volatile compounds,
consistent with the decomposition of calcium carbonate and hydrated silicates during
thermal treatment.

The literature data align with the results regarding the opoka composition obtained in
this study, especially concerning the most important components, calcium and silica. After
elements were added, slight variation was observed, which could be due to the quarry
from which the mineral was sourced.

3.2. Physical Properties

Simultaneous thermal analysis (STA), combining thermogravimetry (TG) and differen-
tial scanning calorimetry (DSC), was applied to investigate the thermal behavior, stability,
and phase transformations of the natural opoka samples (Figure 2). TG analysis indicated
that the total mass loss was 12.44% and occurred in two separate thermal effects. The first
endothermic effect, observed below 200 °C, was attributed to the release of physically ad-
sorbed moisture and non-structural water within the porous structure of the material. The
mass loss of 0.56% showed that only a very small quantity of surface and pore water was
present in the material. This low moisture level is consistent with pre-drying or handling
procedures typically carried out before thermal testing. Notably, there was no evidence of
structural water loss in this temperature range, suggesting that the mineral framework of
opoka remains stable and unchanged up to approximately 200 °C.

0 T ~—— .
s -sqy S %
o '\__," i -5 =
o 119 J/g g
< -10 L\, =
- ' -—10 "
o 4 T
E eXxo '=
-15- AQ \ [ _
Icndo 22 L 15
-20 T T T T T _20
30 190 350 510 670 830

Temperature, °C

Figure 2. Natural opoka STA curve: 1—mass loss and 2—heat flow.
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The second endothermic effect was observed at 748 °C, accompanied by a mass
loss of 9.42%. This process corresponded to the decomposition of calcium carbonate
(CaCO:3), producing calcium oxide and releasing carbon dioxide. The reaction required a
considerable amount of energy, as indicated by the enthalpy change equal to 322 J/g. The
relatively high decomposition temperature suggested that the CaCO3 present in the material
was predominantly crystalline, thus requiring greater thermal energy for decomposition
compared to less ordered forms. This transformation is particularly relevant in material-
processing contexts, as the CaO generated becomes an active component for subsequent
solid-state reactions.

These data are in good agreement with the results of the in situ XRD analysis (Figure 3),
which showed changes in the crystalline phases with increasing temperature. At temper-
atures below 800 °C, the diffraction patterns were dominated by characteristic calcium
carbonate diffraction peaks, confirming opoka’s stability in this temperature range. Be-
tween 800 and 850 °C, the intensity of these peaks decreased, a finding consistent with the
decomposition of CaCOj3 observed in the thermal analysis.

C

O
(=23
= (=3

1ntemsty, Cps
A )
(—)

Figure 3. In situ XRD patterns of natural opoka. Indexes: c—calcite, q—quartz, d—tridymite, and
v—wollastonite.

Above 900 °C, new diffraction peaks appeared; they corresponded to crystalline
calcium silicate (CaSiOs3). Its formation indicated a reaction between calcium oxide (CaO),
produced during the decomposition of CaCOs3, and the silica-rich phase of the material. This
sequence demonstrated that opoka undergoes a progressive transformation: persistence of

CaCOj3 up to about 850 °C, its decomposition in the 850-900 °C interval, and subsequent
crystallization of CaSiO3 at higher temperatures.

3.3. Calcination of Natural Opoka and Formation of Reactive Phases

Natural opoka was calcinated to remove volatile components and convert the material
into a more reactive form suitable for uses such as adsorption. The process was performed
at 850 °C for 1 h; this temperature was chosen based on thermal analysis and in situ phase
change data.

At this temperature, calcium carbonate (CaCO3) fully decomposed, releasing carbon
dioxide (CO,) and forming calcium oxide (CaO). The newly produced CaO then reacted



Water 2025, 17, 3017 8 of 18

with tridymite and amorphous silica in the opoka matrix, resulting in the formation
of wollastonite. This phase change was confirmed via XRD analysis, which revealed
wollastonite alongside residual quartz and tridymite (Figure 4).

90
80 q

70

(=)
(=]

Intensity, cps
A W
(=} (=]

w
(=}

[3%3
(=]

—
(=]
<

3 13 23 33 43 53 63
26,°
Figure 4. XRD pattern of natural opoka calcinated at 850 °C. Indexes: q—quartz, d—tridymite, and

v—wollastonite.

The oxide composition of the calcined opoka is summarized in Table 3, showing that
5i0O, remained the dominant component at 62.23 wt.%, while the CaO content increased
to 26.25 wt.%. Minor amounts of Al,O3 (5.46 wt.%), Fe,O3 (2.63 wt.%), and trace oxides
such as K,O, MgO, P,0s, and TiO, were also detected. Based on the XRF results (Table 3),
the molar ratio of CaO to SiO; (C/S) in calcined opoka was determined to be 0.45. This
molar ratio is especially relevant for materials intended for use in adsorption processes, as
it influences surface area and ion-exchange capacity [46].

Table 3. Composition of calcinated natural opoka at 850 °C.

Oxides, %
SiO; CaO Al, O3 Fe;O3 K,O MgO P,05
62.23 26.25 5.46 2.63 1.15 0.70 0.53
Oxides, %
TiO, SO;3 ZrO, SrO Na,O Other Total
0.38 0.11 0.03 0.09 0.07 0.03 100.00

3.4. Adsorption Properties of Calcinated Opoka

During the adsorption experiment, we found that, at the lowest solution concentration
(0.2 g of P/L), the phosphorus concentration in the solution gradually decreased. After
30 min of adsorption, 93.6% of the initial phosphorus remained in solution, 91.2% remained
after 1 h, and 74.3% remained after 168 h (Figure 5). The amount of adsorbed phosphorus
was 7.60 mg P per gram of adsorbent at the end of the experiment. This corresponds to a

total removal efficiency of 25.7% after one week.
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Figure 5. Residual amounts of phosphorus and potassium after adsorption in a solution containing
0.2gofP/L.

Under these conditions, potassium ion adsorption was weak. After a slight decrease
from 100% to 93.1% over 30 min, the concentration was 92.7% after one week. K* ions
do not form strong bonds with the carbonate-based structure of the adsorbent surface.
It is most likely the case that potassium is briefly adsorbed through weak electrostatic
interactions, but no stable complexes are formed, resulting in weak sorption. Therefore,
calcined opoka is not an effective potassium adsorbent.

When the phosphorus concentration increased over tenfold (from 0.2 to 2.6 g of P/L),
the phosphorus adsorption capacity increased significantly. Already after 0.5 min, the P
concentration had decreased from 100% to 85.6%, and after one week, it reached 79.2%,
corresponding to a total phosphorus removal degree of 20.8% (Figure 5).

Unlike the lower concentration, the initial adsorption rate was considerably higher,
with phosphate ions rapidly binding to a greater number of active sites. The equilibrium
for this process is typically reached within a few hours, after which the adsorption rate
declines due to surface saturation [47].

The potassium concentration decreased from 100% to 85.7% after 0.5 min but increased
to 97.4% after one week, indicating that desorption became the dominant process. Although
the initial decrease was greater than that at 0.2 g of P/L, this effect was temporary. This
result can be explained by the fact that, at the onset of the adsorption process, the adsorbent
initially binds potassium ions; however, due to the high solubility of potassium compounds,
these ions are eventually released back into the liquid medium (Figure 6).

K P
= 100.0
N 100.0 6.6 M6 974 192
MR
& 100
gSm
25 60
< o
=k 40
5 & 20
£ 0
0.5 min 30min 1 week

Duration of adsorptlon

Figure 6. Residual amounts of phosphorus and potassium after adsorption in a solution containing
2.6 gof P/L.
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At the highest concentration tested (5.0 g of P/L), phosphorus adsorption on calcined
opoka was irregular. The phosphorus concentration decreased from 100% to 80.6% after
0.5 min; it then unexpectedly increased to 87.0% at 30 min, dropped to 71.4% at 1 h, and
then rose again to 81.4% after one week (Figure 7).

K P
= 100.0 814
S 100.0 1000 >
2= 100 862714
22
g3 60
S o
Tg;{ 40
=5 20
&
0.5 min 30min 1 week

Duration of adsorption

Figure 7. Residual amounts of phosphorus and potassium after adsorption in a solution containing
5.0gof P/L.

It is also possible that some of the phosphorus was weakly bound initially but later
released due to surface equilibrium adjustments. Generally, the removal efficiency was not
directly proportional to the amount of adsorbent.

As in the previous case, the K* concentration decreased from 100% to 84.0% af-
ter 0.5 min of adsorption but returned to 100% after one week. This evidence clearly
demonstrates that the adsorption capacity is not retained in the long term, even at high
potassium concentrations.

Meanwhile, a decrease in phosphorus concentrations was associated with a similar
trend in changes in calcium concentration. In the first seconds of the process, calcium
was released into the solution, raising the calcium concentration from 0.1 to 0.2 g/L. In
particular, in line with previous research and collected data, only up to 20% of the calcium
was released into the solution. After the initial 30 s, calcium exhibited phosphorus-binding
properties, resulting in a decrease in its concentration. It has been demonstrated that the
release of silicon ions into the solution also occurs during the adsorption process. The
release described in this study is characterized by a rising concentration throughout the
entire process, with the most significant rise occurring after 30 min of adsorption (Figure 8).

0.2 0.02
-
< ous | A02¢L 2.6g/1; 15.0 g/L %0018 A02gL ©26gL W50gL
§0.16 i n = 0.016
Z0.14 £ 0014
= 0.12 I T T S 0.012 ;
o 1
§ 01 i + E o0 E
£ 008 { B 2 2 0.008 T
§ 0.06 T € 0.006 L 1
=} L o
g 0.04 2 0.004
¢ 8
& 0.02 4 0.002 T
ol N O S S
Omin 0.5min 30min 1h 1 week Omin 0.5 min 30 min

Duration of adsorption

(@)

Figure 8. Concentrations of Ca*

concentrations.

Duration of adsorption

(b)

lh

1 week

(a) and silicon Si** (b) ions over time at different initial phosphorus
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As shown by the adsorption data, opoka is characterized by its ability to adsorb
phosphorus ions. The efficiency of adsorption varies with the different initial phosphorus
concentrations. In initial solutions containing 0.2 g of P/L, the adsorbent shows optimal
efficiency at 25.7%. However, as the initial concentration increases, the adsorption efficiency
declines. For example, at a concentration of 2.6 g of P/L, only 20.8% of the phosphorus
is removed, while only 18.6% is removed at 5.0 g of P/L (Figure 9b). Furthermore, it
was ascertained that the adsorption capacity depends on the pH value. While the highest
adsorption capacity of phosphorus was observed at pH values greater than 7, the highest
removal efficiency occurred in the pH range of 4-7 (Figure 9a).

12

11
25.70

I 20.80 18.60

0.2g/L 2.6g/L 5.0g/L

10 -

wn O

——02gL
——2.6 gL
4 50 gL
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=3
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_—— NN W
(=}

(=}

S W

Adsorbed P5* after one week
adsorption, %

9
8
7
6. L
5
4

2500 5000 7500 10,000
Duration, min

(a) (b)

Figure 9. Variation in pH values of the reaction medium during the adsorption process (a) and
adsorption efficiency after one week of adsorption (b).

To confirm the previous results, an XRD analysis was performed (Figure 10.). How-
ever, the X-ray diffraction curves exhibit a lack of diffraction peaks attributed to calcium
phosphate when the initial phosphorus concentration was 0.2 g of P/L. Wollastonite has
been shown to react with phosphorus in a liquid medium, leading to the formation of
calcium phosphate. This is supported by the absence of wollastonite in the XRD pattern
after the adsorption experiment. Nevertheless, it can be established that there are broad
and curved peaks around 26 = 22 and 32 °C, which, according to the literature [48], mark
the occurrence of the amorphous calcium phosphate phase. Thus, it can be stated that
the interaction between calcium and phosphorus results in the formation of amorphous
calcium phosphate (ACP), with the expected formula CaxHy(PO,), nH>O. ACP is often
observed as a transient phase during the formation of CaP in aqueous systems. Typically,
ACEP is the first phase that develops from a supersaturated solution containing calcium
cations and phosphate anions. The structure of ACP is still uncertain and has been reported
to be more soluble than that of brushite [49]. In addition, the presence of an unreacted
calcium-containing compound calcite was identified, confirming that not all Ca* ions were
released into the solution. This compound was identified owing to the presence of a basic
solution medium, as it is unstable in acidic media because of its alkaline nature. Other
unreached mineral phases, such as quartz and tridymite, were also identified. The results
demonstrate that an increase in the concentration of the initial solution engenders alter-
ations in the phase composition of the adsorption product. The increase in concentration
to 2.6 g of P/L resulted in the formation of brushite (CaPO3;(OH)-2H,O PDF 00-009-0077,
d-spacing—0.835; 0.346; 0.263 nm) after 30 min of adsorption (Figure 10.; ). The extension
of the adsorption duration led to an increase in the intensity of the brushite diffraction
peaks. The calcium was determined to have undergone a full reaction; however, unreacted
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tridymite and quartz were identified. An increase to 5.0 g of P/L resulted in a nearly
identical outcome but with more intense brushite peaks (Figure 10b).

5.0 g PS'/L

20,° 26,°

Figure 10. XRD patterns adsorbent after 30 min (a) and 1 week (b) of adsorption. Symbols: g—quartz,
d—tridymite, c—calcite, x—amorphous calcium phosphate, and b—brushite.

3.5. Adsorption Mechanism

The discussed results indicate that phosphorus removal occurred through the interac-
tion between calcium-containing compounds (wollastonite and calcium carbonate), leading
to the formation of amorphous calcium phosphate and brushite. It is known that the species
of phosphorus compound formed depends on the pH value of the solution, the amount
of reactive Ca?*, and the form in which phosphorus occurs in solution. To summarize the
aforementioned data, the possible mechanism of phosphorus removal was expressed using
Equations (1)—(11).

The first stage of phosphorus removal involves the dissociation of the adsorbate, in
this case KHyPOy, in water (Equation (1)). When a solid phosphorus-containing compound,
KH,POy enters the solution, it can exist in three different forms depending on the pH value:
if the solution is more acidic, phosphorus exists as H3POy4; when the solution pH increases,
in liquid media, it manly exists in the form of H,PO,4~; and when the solution becomes
more alkaline, phosphorus appears in the form of phosphate (Equation (2)) [50,51].

KHyPO, — K+ + HyPO, (1)
H3P0, 43 HoPO, + H* 23 HPO* +2H' & P03 +3H* (2)

As shown in Figure 9, when the initial concentration of phosphorus in the experimental
solution is 0.2 g of P/L, the solution is alkaline; thus, it can be stated that the dominant
form of phosphorus is HPO,2". An increase in concentration leads to a decrease in pH
values, making the solution more acidic and resulting in the appearance of HyPO,4".
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The second stage can be described by wollastonite dissociation. When calcinated
opoka containing wollastonite is placed in a solution of different concentrations containing
various forms of phosphorus ions, the H* ions present in the solution react with CaSiOs3,
causing CaSiOj3 to dissociate into Ca?* ions and SiO,, as described in Equation (3) [52].

CaSiO3 + HyO — Ca*" +20H ™~ + H,SiOy4 3)

The form of silica present in water differs depending on the pH level (Equation (4)).
For example, a pH level of 7 results in particulate silica, such as H45iO4 or SiO,. In contrast,
a pH level of 11 results in monoanionic H35iO4, which is a form of dissolved silica. A
higher pH determines the existence of HySiO42". It is worth noting that adding calcium
increases the pH level and solubility of silica, and this is the reason why different forms of
silica can exist because the rate at which CaSiOj3 dissociates into its ions depends on the
concentration of H* ions in the solution and the maximum solubility of Ca®* ions [53].
H,8i0, " H8i0; + H "4 Hy8i02 + H* 4
These reactions are relevant across all pH levels, with slight differences caused by
the carbonization of wollastonite. Wollastonite reacts in the presence of CO; in aqueous
conditions with calcium carbonate and amorphous silicon oxide:

CaSiO3 + CO, Hi)O CaCO3 + Sio2(amorphous) ®)

When the pH is near neutral and CO, is present, CO, dissociates into HCO3 ™, and
CaCOs precipitates, as shown in Equation (8).

COz + COy4y) (6)

COy(a) + H20 ¢+ HCO; + H* )
HCO; «» CO;™ +HT (8)
HCO; + Ca?* 'S CacOy + HY 9)

As calcium dissociates in solution, the third stage occurs rapidly, and the formation of
calcium phosphates begins as follows [51]:

h
Ca®* +20H~ + HPO?™ 877 Ca,H, (PO,), nH,0 (10)
24 _ ph<7 11
Ca*" + HPO, "+ CaHPO4-2H,0 | (11)

The abovementioned equations and Figure 9 demonstrate that the formation of amor-
phous calcium phosphate and brushite formation also depend on the solution’s pH, which
is influenced by hydrogen ion (H*) and hydroxyl ion (OH") concentrations. Amorphous
calcium phosphate forms when calcium ions (Ca?*), phosphate ions (PO43~ /HPO,%"),
and hydroxyl ions (OH™) combine under conditions where the solution is supersaturated
and the pH value is between 7 and 12. This interaction was established in a solution with
an initial phosphorus concentration of 0.2 g of P/L. According to the literature, a higher
Ca/P molar ratio leads to the formation of amorphous calcium phosphate. Amorphous
calcium phosphate is characterized by its relatively high solubility and ability to trigger
a substantial release of Ca?* and PO,?" ions. The chemical composition of ACP strongly
depends on the pH value of the solution and the concentrations of calcium and phosphate
ions. As described in the literature, ACP phases form with Ca/P ratios between 1.12 and
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2.2. Based on the XRF results and calculated phosphorus content, this ratio should be
around 8, but the results showed approximately 10-20% calcium dissolution, leading to a
decrease in the Ca/P molar ratio to levels reported in the literature. When phosphorus in
solution occurs at low concentrations, less H* is released, and the solution pH becomes
more alkaline, ranging from 6.6 to 11.7, resulting in the presence of PO,*>~ and HPO,?~,
conditions that are suitable for amorphous calcium phosphate [48,49].

Increasing the concentration to 2.6 and 5 g of P/L causes structural changes and alters
the conditions and mechanisms of calcium phosphate formation. As the initial phosphorus
concentration increases, brushite tends to form. This is mainly because higher concentra-
tions, more H* ions from KH,POj, are present, and the solution becomes more acidic, which
means the pH value falls below 7; thus, phosphorus—in this case, in solution—occurs in the
form of HPO,?". The existence of this form of phosphorus leads to the formation of brushite
with the formula CaHPOy4-2H,O0. It is worth mentioning that HyPO,4 ™ is characterized by a
weaker reaction with Ca?*, which explains the slower removal rate at these low pH levels
as the pH and the concentration of HPO,42~ ions increase, while the concentration of PO43
ions decreases and brushite forms. Although brushite is more thermodynamically stable,
amorphous calcium phosphate is favored kinetically. This understanding guided our use
of adsorption kinetics equations.

3.6. Adsorption Kinetics

The adsorption kinetics and rate constants were determined using kinetic models,
including the pseudo-first-order and pseudo-second-order models. The pseudo-first-order
and pseudo-second-order adsorption kinetic models, which are based on equilibrium
adsorption, are represented as follows:

log(ge — q¢) = logqe — zgﬁi (12)

1 1
v = Tt (13)

where qe and q; are the amounts of phosphorus ions adsorbed onto the calcinated opoka ad-
sorbent (mg/g) at equilibrium and at a given duration, t, respectively. k; and k; are the rate
constants  for the pseudo-first-order and pseudo-second-order  kinetic
models, respectively.

Figure 11 and Table 4 illustrate the kinetics of the adsorption of phosphorus onto the
calcinated opoka in solutions with various initial phosphorus concentrations. The results
of the pseudo-first-order kinetic model showed an R? value of less than 0.9304, indicating
that this model was not suitable for describing the adsorption process. In contrast, the
pseudo-second-order model showed higher R? values, exceeding 0.999, indicating it was
more reliable for describing the adsorption process. This result indicates that the rate
of adsorption of phosphorus onto the adsorbent was controlled by a chemical reaction,
implying that the chemisorption process involves the exchange or sharing of electrons
between the adsorbate and the adsorbent at equilibrium.

The calculated k, values for phosphorus adsorption decreased with an increasing
initial phosphorus concentration: 0.2 g of P/L (0.00281 g/(mg-min)) > 2.6 g of P/L
(0.00195 g/ (mg-min)) > 5.0 g of P/L (0.0000212 g/ (mg-min)). These observations indicate
that calcinated opoka exhibited suitable adsorption properties, resulting in higher efficiency
and faster rate of adsorption for phosphorus ions with an initial concentration of 0.2 g
of P/L. Furthermore, the adsorption capacity increased as the concentration increased to
5.0 g of P/L. Our results and findings in the literature indicate that opoka demonstrates
better adsorption capacity than other adsorbents. For example, natural clay minerals and
kaolinite have demonstrated low adsorption capacities for phosphorus, at 0.49 mg/g and
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0.32 mg/g, respectively. Bentonite has an adsorption capacity of approximately 0.3 mg/g.
Although metal oxides are characterized by faster adsorption (generally less than an hour),
calcium, despite having a lower adsorption rate, achieves equilibrium after a few hours. A
calcium-based adsorbent, however, achieves higher maximum capacities [54].

2500 7
6
02gL
2000 - ¢ 5
26gL 4
%‘1500 _ 50 g/L 3 K., ——0.0001x + 1.4644
& y=0.1936x +9.9784 I Y N a
£ R?=0.9999 30 VPR =0.9304
"E1000 - : w1 1Y ==0.0003x.+ 3.2986 " ...
@ y=0.0185x + 0.1748 = R?— 03604 " ee s,
= =1 & y = —0.0003x + 3.1081
500 4 y=0.0108x— 0.0216 -1 1 R2 = 0.8764
R2=1 -2 |
0 B g % - 02gL »26gL ¢50gL
0 2500 5000, 7500 10,000 0 2500 5000 7500 10,000
t, min ’ t, min

@)

(b)

Figure 11. Pseudo-second-order (a) and pseudo-first-order (b) kinetic plots for phosphorus ion

adsorption at different temperatures.

Table 4. Kinetic parameters of pseudo-first- and pseudo-second-order kinetic models of P ion

adsorption on a synthetic adsorbent.

Temperature R* (?3275 &egf‘;’) (g/(ml;-min)) (g/(ml;-min))
Pseudo-first-order kinetic model

0.2gof P/L 0.93 5.14 433 - -

26gofP/L 0.876 54.08 22.38 - -

50gofP/L 0.369 143 90.97 - -
Pseudo-second-order kinetic model

02gof P/L 0.999 5.14 517 - 0.00281

26gofP/L 1 54.08 54.13 - 0.00195

50gofP/L 1 93.00 93.24 - 0.00000212

4. Conclusions

As mentioned above, despite its promising mineralogical features, there has been a lack
of systematic studies evaluating natural opoka’s phosphorus adsorption efficiency under
controlled conditions. This study examined the influence of key operational parameters,
including pH, initial phosphate concentration, contact time, and adsorbent dosage, on

phosphorus removal efficiency, providing the following novel insights:

1.  Natural opoka (5i0;,—50.5%, CaO—23.3%, molar ratio CaO/SiO; ~0.45), predomi-
nantly consisting of quartz, tridymite, and calcite minerals, is a suitable raw material
for the synthesis of reactive calcium silicates. During thermal treatment at a tempera-
ture of 850 °C, calcite decomposed completely, and active CaO reacted with SiO, by
forming wollastonite.

2. Calcined opoka has the capacity for phosphorus ion adsorption, but as the initial
solution concentration increases, the adsorption efficiency decreases: at 0.2 g of P/L,
25.7% (5.14 mg/g) was removed; at 2.6 g of P/L, 20.8% (54.08 mg/g) was removed;
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and at 5.0 g of P/L, only 18.6% (93.00 mg/g) was removed. Meanwhile, potassium ion
adsorption was insignificant and reversible in all cases; therefore, opoka is ineffective
for removing K* from aqueous systems.

3.  The adsorption of phosphorus ions follows a pseudo-second-order kinetic model
(R? > 0.999), indicating chemisorption is the dominant mechanism. The adsorption
rate constant (k) decreases with increasing phosphorus concentration, whereas the
adsorption capacity increases.

4. pHis a critical factor controlling both the efficiency and mechanism of the adsorption
of phosphorus on calcined opoka. In an alkaline solution (pH > 7), phosphate ions
(PO4>~ and HPO4?™) react with Ca2* to form amorphous calcium phosphate, allowing
faster kinetics and higher removal efficiency. Under acidic conditions (pH < 7),
adsorption occurs through brushite (CaHPO,-2H,0) crystallization, a slower and less
efficient process (~18-21%).
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