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ARTICLE INFO ABSTRACT

Keywords: Efficient treatment of phosphorus-rich wastewater is crucial for protecting the ecosystem. Several methods have
Calcium silicate hydrate been developed for removing phosphates from aqueous solutions, with adsorption technology among the most
Phosphorus ) effective. The main objective of this work was to synthesize an adsorbent based on calcium silicate hydrates and
;I()i’:s:;i;mal synthesis apply it for the adsorption of phosphate ions. The adsorbent was synthesized from a mixture of CaO and natural
Kinetics opoka under hydrothermal synthesis conditions (16 h, 200 °C). Batch adsorption experiments were carried out at

25, 35, and 45 °C in a thermostatic absorber by stirring 10 g of synthesized adsorbent in 1 L of KH2PO4 solution
containing 0.2-5 g P°*/L. The adsorption lasted up to 168 h. It was determined that during adsorption, calcium
and phosphorus ions interact strongly, leading to the formation of hydroxyapatite and brushite. The adsorbent
can adsorb up to 210 mg P°*/g, depending on the adsorption conditions, including adsorption temperature and
initial phosphorus content. Adsorption mechanisms were characterized using an adsorption kinetic model and

isotherms. The optimal phosphorus uptake rate was calculated using the response surface model.

1. Introduction

Phosphorus (P) is a macronutrient essential for plant growth and is
applied as natural and mineral fertilizers to increase crop production
(Bus, 2017). Simultaneously, phosphorus is a major environmental
contaminant when present in high amounts in aquatic ecosystems
(Rezania et al.,, 2021). The accumulation of phosphorus in aquatic
ecosystems is primarily attributable to anthropogenic activities,
including agricultural runoff and untreated wastewater discharges.
These activities contribute to phosphorus accumulation, leading to
eutrophication (Goldsberry et al., 2023; Trotta et al., 2023). Managing
phosphorus from both perspectives — reducing its environmental impact
and recovering it as a valuable resource - is therefore critical to
achieving sustainable development goals (Akinnawo, 2023; Hernande-
z-Alcayaga et al., 2025; Riza et al., 2023).

The removal of phosphorus from wastewater is an ongoing scientific
issue with important implications for environmental sustainability and
resource use (Garcia-Avila et al., 2025; Zheng et al., 2023). Several
technologies have been developed for phosphorus removal, including
physical, chemical, and biological methods (Augustyniak-Tunowska
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et al., 2023; Singh et al., 2023). Adsorption stands out as a viable so-
lution due to its high efficiency, simplicity of operation, and
cost-effectiveness (Hao et al., 2021). Adsorption is mainly controlled by
temperature and initial solution concentrations (Gao et al., 2025; Kar-
i-Ferro et al., 2024). Temperature determines the kinetic and thermo-
dynamic behavior of adsorption, influencing adsorption rates,
equilibrium, and the stability of adsorbent-adsorbate interactions
(Baruah et al., 2025; Nakic et al., 2025). Adsorption is generally accel-
erated at higher temperatures due to increased molecular mobility and
stronger interactions between the adsorbent and the adsorbate (Kong
et al., 2025; Soo et al., 2024; Wen et al., 2024). However, high tem-
peratures may compromise the stability of adsorbents or alter their
surface properties, potentially reducing adsorption effectiveness (Ozcan
et al., 2024). Meanwhile, the concentration of P°* ions influences the
availability of adsorbate molecules and the saturation of the adsorbent's
active centers (Lade, 2021; Manna et al., 2022). Adsorption at lower pt
concentrations often follows a linear isotherm due to the abundance of
active sites (Amarh et al., 2021; Karageorgiou et al., 2007). However, as
the concentration increases, these sites may become saturated, reducing
adsorption efficacy. The interaction between temperature and initial
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concentration further complicates the process, as high temperatures
may reduce the benefits of saturation by increasing desorption rates or
altering the adsorbent's surface chemistry (Amarh et al., 2021; Maimu-
lyanti et al., 2022). These properties have been the focus of individual
studies in specific circumstances. However, there is still limited under-
standing of their combined influence on the phosphorus adsorption
process (Nguyen et al., 2023; Pimentel Frisancho et al., 2025).

As previously discussed, the adsorption process can be burdened by
the saturation of the adsorbent's accessible active sites at high phos-
phorus concentrations, such as those found in agricultural runoff or
wastewater (>10 mg/L). In such contexts, adsorbents based on calcium
silicate hydrate are more effective than conventional materials such as
clay or synthetic polymers (Samantray et al., 2022; Han et al., 2023).
Scientists are increasingly investigating calcium silicates or calcium
silicate hydrates (CSH) based adsorbents due to their industrial rele-
vance (Corrado and Polini, 2019; Cui et al., 2024). These materials
exhibit high potential for phosphorus removal; for instance, synthetic
porous CSH can achieve an adsorption capacity of up to 100 mg/g,
exceeding traditional adsorbent capacity values such as natural clays
(0.491 mg/g) (Moharami et al., 2013), zeolites (0.37 mg/g) (Salkunic
et al., 2022), and fly ash (71.87 mg/g) (Salkunic¢ et al., 2022). During
phosphorus adsorption, CSH can recrystallize into hydroxyapatite,
reducing phosphorus concentrations from 20 mg/L to below 1 mg/L
(Kim et al., 2006; Zheng et al., 2024). Other studies also demonstrate
that CSH modification enhances adsorption capacity and efficiency; for
example, CSH and cryogel-based or konjac-PVA/CSH composites
showed capacities of 12.3-45 mg/g with efficiencies above 94%
(Phawachalotorn et al., 2023; Taweekarn et al., 2023; Wu et al., 2024).
Metal-modified CSH, such as La-CSH and Zr-CSH, showed even higher
capacities, ranging from 282 to 729 mg/g (Huo et al., 2021; Ou et al.,
2007; Wujcicki et al., 2023). Despite these promising properties, most
research relies on CSH synthesis from pure chemicals or soluble salts
using precipitation or sol-gel methods, which limit large-scale applica-
bility (Piao et al., 2020; Wang et al., 2019). Although some studies have
synthesized CSH-based adsorbents from natural rocks, these materials
generally exhibit limited adsorption investigation across both low and
high phosphorus concentrations, and are characterized by incomplete or
insufficiently detailed kinetic evaluations (Gizaw et al., 2022; Tawee-
karn et al., 2022; Zhang et al., 2019). These parameters, however, are
essential for engineering effective adsorption systems and ensuring the
effective removal of phosphorus under diverse environmental condi-
tions (Mechnou et al., 2025).

Thus, this study aims to determine the influence of temperature,
duration, and P>" concentration on the phosphorus adsorption process
using calcium silicate mineral-based adsorbents. Furthermore, adsorp-
tion isotherms, kinetics, and thermodynamic parameters were estimated
from the experimental results.

2. Materials and methods
2.1. Raw materials

In this study, the reagents listed below were used as starting mate-
rials for the synthesis of the adsorbent.

e Opoka was crushed (Ecofiltration Sp. z o.0., Poland) using a "Pul-
verisette 1" crusher (Fritsch, Germany). The material was then
ground for 5 h in a ball mill and subsequently for 5 min at 900 rpm in
a vibrating disc mill, "Pulverisette 9" (Fritsch, Germany). The ground
opoka was calcined at 850 °C.

CaO was produced by grinding CaCOg (Sigma-Aldrich, Japan) at 700
rpm for 1 min in a vibrating disc mill 'Pulverisette 9' and then
calcining the material for 1 h at 950 °C. After calcination, the product
contains 95.47 wt% free CaO.
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o To prepare an adsorption solution with P°>* jons (concentration
ranging from 0.2 t0 5.0 g P°"/L), KHyPO4 (Chempur, Poland, purity
99.5 wt%) was dissolved in distilled water.

2.2. Analytical methods

The phosphorus concentration was measured using the photo-
colorimetric method. This technique relies on the reaction of the phos-
phate ion with ammonium vanadate and molybdate, producing a yellow
phosphorus-molybdenum-vanadium complex (P205-V205-22MoO3—
H30). The color's intensity reflects the P»Os level. The solution's optical
density was measured with a UV-VIS T70/T70+ photocolorimeter (PG
Instruments Limited, Lutterworth, UK) at 450 nm wavelength.

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

X-ray powder analysis (XRD) was conducted to identify the mineral-
ogical composition of samples using the D8 Advance diffractometer
(Bruker AXS, Karlsruhe, Germany), which operates at a tube voltage of
40 kV and a tube current of 40 mA. The X-ray beam was filtered with a
0.02-mm Ni filter to select the Cu Ka wavelength. Diffraction patterns
were recorded in a Bragg-Brentano geometry with a fast-counting de-
tector from Bruker. The LynxEye detector is based on silicon strip
technology. The specimens were scanned over a 20 range of 3-70° at a
speed of 6° per minute in coupled two-theta/theta scan mode.

The pH values of samples from adsorption solutions were measured
with a Hanna pH meter (Hi 9321, Hanna Instruments, Woonsocket, RI,
USA).

The specific surface area of the samples was determined using the
Brunauer, Emmett, and Teller (BET) method. Measurements were per-
formed using a Quantachrome AUTOSORB-iQ-K/MP (Quantachrome,
USA) device with nitrogen adsorption isotherms at 77 K. Before mea-
surement, samples were degassed at 100 °C. The specific surface area of
the samples was calculated with the BET equation by using the data of
the lower part of the No adsorption isotherm (0.05 < p/pg < 0.35)
(Thommes et al., 2015):

1 cC-1P 1
+

= 1
X<p_0_1) X C Py XpC W
p

where X is the mass of the adsorbate adsorbed on the sample at relative
pressure p/po, p is the partial pressure of the adsorbate, p is the satu-
rated vapour pressure of the adsorbate, X, is the mass of the adsorbate
adsorbed at a coverage of one monolayer, C is a constant which is the
function of the heat of adsorbate condensation and the heat of adsorp-
tion (Cggr is a constant).

FEI Helios Nanolab 650 (FEI, Netherlands, 2011) scanning electron
microscope (SEM) was used for surface investigation of the samples. The
samples were vacuum chromium-coated (Q150T ES, Quorum Technol-
ogies Ltd.) and examined in the secondary electron imaging (SEI) mode
at an acceleration voltage of 2 kV and a beam current of 25 pA.

Transmission electron microscope (TEM) images were taken using a
Tecnai G2 F20 X-TWIN (FEL, Netherlands, 2011) with a Schottky-type
field-emission electron source. The accelerating voltage was 200 kV.
In order to take TEM images, a high-angle annular dark field detector
(HAADFD) was used.

2.3. Synthesis of an adsorbent

The calcium silicate hydrate-based adsorbent was synthesized using
finely ground opoka and CaO. The molar ratio of calcium oxide and
silicon dioxide was fixed at 1.5 by adding CaO. The required amounts of
primary compounds, including 21.83 g of CaO and 38.17 g of opoka,
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were weighed and placed in a sealed plastic container with four porce-
lain grinding bodies. The mixture was then mixed for 45 min at 49 rpm
using a Turbula Type T2F homogenizer (Artisan Technology Group,
Czech Republic). After this procedure, 60 g of the initial material
mixture and 600 ml of distilled water were combined (w/s ratio of 10) in
a 1 L stainless steel autoclave ("Parr Instruments," Germany). Hydro-
thermal synthesis was conducted in unstirred suspensions at 200 °C for
16 h of isothermal curing. Afterward, the autoclave was quenched to
room temperature. The suspensions were filtered, dried for 24 h at 50 +
5 °C, and sieved through an 80 pm mesh sieve.

After hydrothermal synthesis, two crystalline calcium silicate hy-
drates (a-CoSH [2Ca0-Si04-H,0] and tobermorite
[CasSigO16(OH)2-4H,0]1) with good adsorption properties were pre-
dominant in XRD (Fig. 2, a). Both materials have a porous structure
(Dambrauskas et al., 2019; Tang et al., 2021) and a high calcium con-
tent, which allows them to adsorb phosphorus from the liquid medium
effectively.

STA confirmed the XRD results. The first endothermic effect at 110
°C indicated the partial dehydration of calcium silicate hydrates and the
removal of adsorbed water. The decomposition of the target compound
(a-CoSH) and unreacted portlandite occurred within a temperature
range of 430-490 °C. At higher temperature ranges (650-750 °C), the
sample showed a broad endothermic effect and lost 6.58% of its mass.
The dehydration of calcium silicate hydrates is likely responsible for
mass losses up to around 680 °C. In contrast, the decomposition of
calcium carbonate into calcium oxide and carbon dioxide results in mass
loss at higher temperatures. Finally, the recrystallization of calcium
silicate hydrates into wollastonite can be attributed to an intense
exothermic reaction around 855 °C.

Calculations of the nitrogen adsorption-desorption isotherms at 77 K
showed that the specific surface area (Sggr) of the synthetic adsorbent
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was equal to 47.80 m?/g, while the total pore volume (>-Vp) was 0.193
em®/ g. The obtained values are comparable with those presented in the
literature (Sggr — 2-500 mz/g; >V, - 0.05-0.3 cm3/g) (Barrero et al.,
2021; Dambrauskas et al., 2019; Siauciunas et al., 2021).

Scanning electron microscopy images of the adsorbent reveal parti-
cles of varying sizes and shapes (Fig. 1, c). Most particles exhibit plate-
like and needle-like structures, indicating the formation of calcium sil-
icate hydrates (tobermorite and «-CoSH) with an ordered particle
structure. The average particle size is small (<2 pm), ensuring a high
probability of particle-liquid contact during the experiments. TEM
analysis showed that the adsorbent consists of thin CSH nanosheet
crystallites that tend to aggregate into a silicate network (Fig. 1, d).
Although in the sample, some rods and shapeless crystallites were also
present.

2.4. Adsorption experiments

Adsorption experiments were carried out in a Julabo PURA 10
thermostat at 25 °C, 35 °C, and 45 °C. One liter of KHyPO4 solution
containing 0.2, 0.5, 1.0, 1.5, 2.6, or 5.0 g P°>*/L of phosphorus was
mixed with 10 g of the adsorbent to perform the adsorption process.
During the process, 10-mL liquid samples were collected at the following
intervals: 30 s, 1 min, 3 min, 5 min, 10 min, 15 min, 30 min, and 1 h.
After the first hour, samples were taken less frequently: at 3h, 5h, 8 h,
24 h, 48 h, 72 h, and 1 week. Following adsorption, the adsorbent was
filtered and dried for 24 h at 50 + 5 °C.

2.5. Adsorption kinetic models

Response surface methodology (Myers et al., 2016) was applied to
determine optimal technological parameters (initial phosphorus ion
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concentration and adsorption temperature) that maximize adsorption
rate and/or minimize adsorption time. A second-order polynomial
model was used to approximate the response surfaces over the investi-
gated ranges of the phosphorus ions’ initial concentration and the pro-
cess temperature:

Y =exp (‘10 +a;-x; + ax'xz + ﬂll'xf + azz-x§ + Q12X X2} 2

where Y is the adsorption rate or the adsorption duration, x; is the initial
concentration of phosphorus ions, xs is the temperature of the adsorp-
tion process, a, ... a12 are the model parameters identified using data of
a relevant factorial experiment.

The equilibrium data were used to evaluate pseudo-first-order and
pseudo-second-order kinetic models to elucidate the mechanism of
phosphorus adsorption on the synthesized adsorbent. The pseudo-first-
order adsorption kinetics model was chosen, analogous to the Largergren

model and described by Eq. (3) (Tan et al., 2017):

2 kg a0 @
Where ¢, and q; are the amounts of adsorbed ions at equilibrium, and at
time t,, respectively, (mg/g), k; is the rate constant of pseudo-first-order
adsorption.

The pseudo-second-order adsorption kinetic model was chosen for
further analysis and was calculated using the following equation (Tan
et al., 2017):

B kol - 0 @
Where kjis the rate constant of the pseudo-second-order adsorption (g/
mg-min).

After integration and applying the following conditions tp = 0tot =
t. and g, = 0 to q; = q., the integrated form becomes linear. The line-
arized forms of the pseudo-first-order and pseudo-second-order models
are shown in Egs. (5) and (6), respectively, as follows:

ky
log(g. — g:) = logg. — 53030 ®)
t 1 1
—=— 4 —t 6
q kqgz q. ©

The experimental data on adsorption equilibrium were analyzed
using various isotherm equations, including the Langmuir, Freundlich,
Temkin, and Dubinin-Radushkevich models. The Langmuir model as-
sumes that each active center on a homogeneous surface is occupied by a
single molecule, with the adsorption energy of that molecule constant
and independent of surface coverage (Aigbe et al., 2021; Moussavi et al.,



E. Svedaite et al.

Intensity, a.u.

Mass change, %

Transmittance T, %
N
(=}

Journal of Hazardous Materials Advances 22 (2026) 101159

0 6
5 25°C ——02g/L
) - 4
4 —10gL
-2
-6
! i
-10 )
\
-12 -
-14 /
/ - -6
-16 02gP/L
1.0gP/L L
18 g 8
20 -10

31 131231331431 531631 731 831
Temperature, °C

b

3
(=)

W
(=3

40

1.0 g P/L, 25 °C

1023

3560 2560 1560 560
Wavenumber v, cm!
e

Fig. 4. XRD patterns (a), STA curves (b, 1 - TGA, 2 — DSC), SEM (c), TEM (d) images, and FT-IR spectra (e) of the adsorbent after one week of adsorption. Indexes: t —
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2010; Sun et al., 2022).

KL Ce

1+KC. @

qde = Qqm
Where ¢, and C, are the concentrations at equilibrium in the solid (mol/
g) and liquid (mol/1) phases, respectively; gn, is the Langmuir equation's
equilibrium constant for adsorption capacity (mol/g); K;, is the constant
at equilibrium (L/mol).

The Freundlich adsorption model is used as an alternative to the
Langmuir model. This model assumes that adsorption occurs on a het-
erogeneous surface with a non-uniform distribution of adsorption en-
ergies, which tend to decrease logarithmically as the surface becomes
more filled (Aigbe et al., 2021; Moussavi et al., 2010; Sun et al., 2022).

1
qe = KrCz; ®

where Ky and n are the constants in the Freundlich equation repre-
senting the adsorption capacity and the intensity of the adsorption

process.

The Temkin model is based on assumptions similar to those of the
Freundlich model. However, it suggests that the decrease in adsorption
energy is linear rather than logarithmic and is evenly distributed (Aigbe
et al., 2021; Moussavi et al., 2010; Sun et al., 2022).

RT

de = A—QIH(KTCe)§ (C)]

where AQ and Kr are the constants in the Temkin equation related to
heat adsorption (J/mol) and the equilibrium constant.

The Dubinin-Radushkevich model is based on potential energy theory
and adsorption on a heterogeneous surface (Aigbe et al., 2021; Moussavi
et al., 2010; Sun et al., 2022):

e

Qe =qmeXp | ———— 5 |3

2F? (10)
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Table 1
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Calculated parameters of the spent adsorbent (1 g P>*/L, 25 °C) specific surface area (Spgr).

BET equation constants Capacity of mono-layer X, Sper, m2/g Cpgr constant Reliability coefficient, R? Total pore volume, cm®/g
Slope S=tga Intercept I
43.17 0.35 0.02 80.06 122.79 1 0.388

where gpand E are the maximum adsorption capacity (mol/g) and
adsorption energy (J/mol), R is the gas constant (J/mol-K) and T is the
absolute temperature (K).

The validity of these models was confirmed using experimental data
in the linear forms of the relevant equations and by estimating their
reliability coefficients R?).

3. Results and discussion

To assess the adsorption capacity and kinetics, the adsorption of
phosphorus on the synthetic adsorbent was tested in solutions with
phosphorus ion concentrations of 0.2, 0.5, 1.0, 1.5, 2.6, and 5.0 g P t/L.
To better illustrate the data, the results were divided into two sections:
the first covering lower-concentration solutions (0.1-1.0 g P>*/L) and
the second covering higher-concentration solutions (1.5-5.0 g P°*/L).
Finally, the results of kinetic and mathematical modeling are presented.

3.1. Adsorption of phosphorus on a synthetic adsorbent

3.1.1. Adsorption of phosphorus from solutions with a concentration of
0.2-1.0 g P°*/L

In the solution with the lowest phosphorus concentration (0.2 g P>t/
L), the adsorbent adsorbed up to 10% of the initial amount at the
beginning of the process (Fig. 2, a). After 15 min of adsorption, the
removal efficiency reached approximately 50%, or 9.07 mg P>'/g. As
the adsorption duration was extended, the amount of adsorbed phos-
phorus increased, and after one week of the experiments, the phos-
phorus adsorption result was 18.01 mg P°'/g. It was found that
increasing the liquid medium temperature to 35 °C or 45 °C significantly

Table 2

influenced the initial stage of the process. However, after one week, the
amount of adsorbed phosphorus was similar across all temperatures.
Overall efficiency slightly improved with temperature increases from 25
°C to 45 °C (Fig. 3).

The adsorption process was also studied at a higher initial phos-
phorus concentration of 0.5 g P>*/L (Fig. 2, b). The adsorbent exhibited
similar behavior in the initial stage, removing over 50% of phosphorus
within five minutes. Prolonging the experiment to 5 h led to intensive
adsorption, reaching a capacity of 33.72 mg P°'/g. After this rapid
phase, a slower adsorption continued, during which the adsorbent
absorbed an additional ~16 mg P>*/g over 160 h. Increasing the tem-
perature to 35-45 °C enhanced the initial adsorption rate, but after one
week, the final adsorption efficiency became temperature-independent
and exceeded 98% (Fig. 3).

Slightly different results were observed in the solution containing 1 g
P> /L (Fig. 2, ¢). In this case, the adsorption again showed a rapid initial
phase, with >50% adsorption efficiency achieved within 15-30 min,
regardless of temperature. However, after one week of adsorption at 25
°C, the efficiency was only 82.17% (or 82.17 mg P°>*/g) (Fig. 3). Even
lower efficiency (~75%) was reached after adsorption at 35 °C. Better
results were observed at 45 °C, where the adsorbent removed >88% of
the phosphorus present in the liquid medium.

Thus, the synthetic adsorbent experienced a rapid initial adsorption
phase that slowed after 15-30 min. Following this quick interaction, a
slower adsorption period occurred. The synthetic adsorbent demon-
strated the highest phosphorus removal efficiency (75-99%) in solutions
with phosphorus concentrations below 1 g P>*/L (Fig. 3).

Kinetic parameters of pseudo-first and pseudo-second order for phosphorus ion adsorption at different temperatures.

Initial phosphorus concentration Temperature R? Ge(exp) (ME/g) Ge(ca (Mg/g) kq (g/(mg-min)) k2 (g/(mg-min))
Pseudo-first-order kinetic model
25°C 0.7699 18.656 7.222 - -
35°C 0.8149 18.723 4.378 - -
45°C 0.8902 18.656 7.739 - -
5+
0.2g P /L Pseudo-second-order kinetic model
25°C 0.9997 18.007 16.275 - 0.00186
35°C 0.9998 18.656 18.626 - 0.00493
45°C 0.9998 18.723 18.383 - 0.00189
Pseudo-first-order kinetic model
25°C 0.9486 48.787 18.828 - -
35°C 0.7587 49.223 23.304 - -
45 °C 0.9538 49.798 18.986 - -
5+
058P /L Pseudo-second-order kinetic model
25°C 0.9986 48.787 43.811 - 0.000696
35°C 0.9988 49.223 48.396 - 0.000387
45 °C 0.9984 49.798 49.607 - 0.000756
Pseudo-first-order kinetic model
25°C 0.8733 82.168 33.152 - -
35°C 0.7401 75.179 27.063 - -
45°C 0.8269 88.876 38.944 - -
5+
1.0g P /L Pseudo-second-order kinetic model
25°C 0.9986 82.168 81.643 - 0.000182
35°C 0.9999 75.179 75.102 - 0.000508
45°C 0.9974 88.876 87.844 - 0.000137

Zqe(exp) TEPresents the equilibrium adsorption capacity, mg/g, obtained from data of experiments; qc(xp) is the equilibrium adsorption capacity, mg/g, derived by
employing kinetic models; AZq, represents the difference between Zqe(exp) and Zqecexp), %; k; is the adsorption rate constant calculated by using pseudo-firs-order
kinetic model, min~%; k; is the adsorption rate constant calculated by using pseudo-second-order kinetic model, g/(mg-min).
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Adsorbed P**mg/ 1 g adsorbent
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Fig. 5. Kinetic curves illustrating the adsorption of phosphorus ions on a synthetic adsorbent.

3.1.2. Stability of the adsorbent during adsorption from solutions with a
concentration of 0.2-1.0 g P°/L

To understand how adsorbed phosphorus ions influence the structure
of the synthetic adsorbent and assess the stability of the materials, the
product after 1 week of adsorption was analyzed using XRD and STA.

XRD analysis revealed a strong chemical interaction between the
calcium silicate hydrates (a-C2SH and semi-crystalline CSH) present in
the adsorbent and phosphorus ions during the adsorption experiment
(Fig. 4, a and Fig. S1, a). This interaction resulted in the formation of
hydroxyapatite (Cajo(PO4)6(OH)2). The intensity of hydroxyapatite
diffraction peaks increased with higher phosphorus concentration and
adsorption temperature. (Fig. 4, a and Fig. S1, a). Additionally, a-CoSH
showed complete reactivity after adsorption in solutions with phos-
phorus concentrations above 0.5 g P>*/L. Other phases in the synthetic
adsorbent's structure (tobermorite, quartz, and calcium aluminum sili-
cate) remained stable, although their diffraction peak intensities varied
slightly with changes in adsorption process parameters, such as con-
centration and temperature. Thus, high-basicity calcium silicates hy-
drates (a-CoSH) chemically reacted with phosphorous ions, forming
hydroxyapatite, while low-basicity calcium silicates hydrates (tober-
morite) acted as adsorbents.

The findings from the XRD analysis were consistent with the STA
data (Fig. 4, b and Fig. S1, b). The DSC curve exhibited a typical ther-
mogravimetric response, with the most significant mass loss up to 200 °C
caused by the removal of free, adsorbed, and interlayer water from the
CSH structure. The TGA showed that this mass loss decreased with
increasing adsorption temperature, indicating that less water was
adsorbed at higher temperatures. An endothermic effect at around 470
°C was linked to the decomposition of portlandite and/or a-CoSH. This
effect was observed in samples after adsorption in the solution with the
lowest phosphorus concentration (0.2 g P°*/L). Other spent-adsorbent
samples did not display this thermal effect, confirming that a-CoSH

reacted with phosphorus ions to form hydroxyapatite.

An endothermic effect occurring at 500-650 °C can be attributed to
the dehydration of calcium phosphates, calcium silicate hydrates, or the
decomposition of low-crystallinity carbonates. This effect was observed
only in the adsorbent after adsorption at 25 °C with an initial phos-
phorus concentration of 0.2 g P°*/L. A similar effect was observed in the
synthetic adsorbent (Fig. 1, b). Therefore, higher concentrations of
phosphorus ions and increased temperature caused significant structural
changes. An endothermic effect around 750-800 °C indicates that cal-
cium carbonate decomposes into CaO and CO,. The heat of this effect
and the associated mass loss due to carbonate decomposition were
similar in spent adsorbents obtained after sorption from solutions con-
taining 0.2-0.5 g P°*/L. However, increasing the concentration to 1.0 g
P> /L resulted in a decrease in mass loss of about 0.52% and a reduction
in the heat of effect to 12.31 J/g. This indicates that calcium carbonate
becomes metastable and reacts with phosphorus at the highest P>*
concentrations.

Ultimately, the DSC curves of each sample showed an exothermic
effect around 860 °C, indicating CSH recrystallization into wollastonite.
The area of this effect decreased as the initial phosphorus concentration
increased from 0.2 to 0.5 g P°*/L to 1.0 g P°*/L, confirming the reduced
amount of calcium silicate hydrates in the spent adsorbent.

To investigate the functional groups formed during adsorption, the
samples after adsorption were analyzed by FT-IR (Fig. 4, e). For this
analysis, the sample obtained after adsorption in the solution with an
initial concentration of 1 g P>*/L was used. The broad band between
3750 and 3000 cm ™! corresponds to the stretching mode of the absorbed
water. The absorption bands characteristic of calcite were observed at
874 cm~! and 1417 cm’l, confirming XRD and STA results (Fig. 4).
Unfortunately, the absorption bands characteristic of PO3~ group from
phosphates and Si-O-Si or O-Si-O groups from silicates overlapped in the
higher frequency range (560-1100 cm™?).
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The results of nitrogen adsorption showed that after adsorption (1 g
P5*/L, 25 °C), the specific surface area of spent adsorbent significantly
increased from 47.80 m?/. g (before adsorption) to 80.06 m2/g (Table 1).
Meanwhile, the total pore volume (3 V) increased from 0.193 cm®/ g to
0.388cm’/g.

SEM and TEM images showed that adsorption strongly affected the
morphology of the samples (Fig. 1, c and Fig. 4, ¢, d). During adsorption
(1 g P5*/L, 25 °C), the shape of particles changed from plate-like and
needle-like with an average size of ~2 ym (Fig. 1, c) to uniform particles

Table 3

with a size of 0.2 pm up to 5 um (Fig. 4, c). The decrease in particle size
led to increases in Spgr and Y V). Meanwhile, TEM images showed that
thin CSH nanosheet crystallites were still present in the sample; how-
ever, small, uniform, needle-shaped crystallites (diameters of 5-10 nm
and lengths of 150-200 nm) were also detected (Fig. 4, d). These crys-
tallites can be related to the formation of new crystalline compounds
(hydroxyapatite) during adsorption.

Calculated parameters of the spent adsorbent (5 g/L, 25 °C) specific surface area (Sggr).

BET equation constants Capacity of mono-layer X, Spgr, m%/g Cpggr constant Reliability coefficient, R? Total pore volume, cm®/g
Slope S=tga Intercept [
48.54 0.63 0.02 70.87 77.87 1

0.259




E. Svedaite et al.

3.1.3. Kinetics of adsorption from solutions with concentration 0.2-1.0 g
PP/L

Kinetic equations are crucial for understanding adsorption behavior,
measuring adsorption rates, and optimizing experimental conditions. To
address this, pseudo-first-order and pseudo-second-order kinetic models
were used to determine the kinetic parameters of phosphorus ion
adsorption on the synthetic adsorbent.

The coefficient of determination (R%) was calculated, and the
calculated equilibrium concentration values (2q.cq)) Were compared
with the experimental concentration values (Zqe(p)) to assess the
model's suitability for the adsorption process. If the errors between
estimated and experimental equilibrium concentrations were <10% and
the R? values ranged from 0.95 to 1.00, the model was considered valid.

Table 2 and Figure S2 summarize the results of fitting the experi-
mental data to pseudo-first-order and pseudo-second-order kinetic
model equations. It was observed that the pseudo-first-order kinetic
model did not fit the experimental data for several reasons. Linear
dependence was not evident; the coefficients of determination (Rz) for
the linear fit of the regression curves to the experimental data were
lower than 0.90 (Fig. S2, and Table 2). As shown in Table 2, there was a
significant difference between the calculated values and the experi-
mentally obtained values.

In contrast, the pseudo-second-order model provided a suitable
framework for characterizing the adsorption process, with an R? value of
0.99 (Fig. 6, d, e, f). Additionally, the differences between Xqecexp) and
2qeccan Were found to be insignificant (<2%) (Table 2). The data from
the adsorption experiment at 25 °C with an initial phosphorus concen-
tration of 0.2 g P°*/L showed a more notable difference (about 10%)
between the calculated and experimental results. The adsorption rate
constant, represented by the ky coefficient, reached its maximum at a
concentration of 0.2 g P°*/L and decreased with increasing phosphorus
concentration. Adsorption in solutions with 0.5 g P°*/L or 1.0 g P5*/L
was characterized by a kg value of 0.0002-0.0007 (g/(mg-min)).

The suitability of the pseudo-second-order kinetic model for phos-
phorus adsorption onto the synthesized adsorbent indicates that multi-
ple mechanisms, including chemical interactions and electrostatic
attraction of phosphorus ions with reactive centers on calcium silicate
hydrate surfaces, are involved. These results suggest that the adsorption
efficiency may be influenced by a higher driving force, which encour-
ages the faster transfer of phosphorus onto the adsorbent surface, along

Table 4
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with the availability of exposed surface area and remaining active sites.
These findings align with the XRD data, which proved that a chemical
interaction between the adsorbent and phosphorus ions occurred.

3.1.4. Adsorption of phosphorus from solutions with concentration 1.5-5.0
gP /L

The initial phosphorus concentration was increased to examine its
impact on adsorption behavior. A higher phosphorus concentration in
the liquid medium, ranging from 1.5 to 5.0 g P>/L, influenced the
amount of phosphorus ions adsorbed and the adsorption efficiency, but
it did not alter the overall process trend (Figs. 3 and 5).

The adsorption kinetic curves obtained during the process in solu-
tions with higher phosphorus concentrations (1.5-5.0 g P°*/L) showed
similar tendency of process including slight dependence on temperature
(Fig. 5). The synthetic adsorbent rapidly absorbed phosphorus ions from
the liquid medium at the beginning of the process (up to 10 min),
reaching phosphorus intercalation levels of up to 50 mg P°*/g. The
adsorption proceeded intensively up to 10 h, leading to an increase in
adsorbed phosphorus to 80-100 mg P°>/g, 100-125 mg P°>'/g, and
200-210 mg P°*/g as the initial phosphorus concentrations increased
from 1.5 g P°* /L to 2.6 g P> /L and 5.0 g P>*/L, respectively. At the end
of the process (after 1 week), the adsorbent absorbed 100-115 mg P>*/g
in solutions with an initial phosphorus concentration of 1.5 g P>*/L. In
this case, the phosphorus removal efficiency was 66-77% (Fig. 3).
Increasing the initial phosphorus concentration to 2.6 g P°*/L and 5.0 g
P°*/L resulted in higher phosphorus adsorption capacity, reaching
159-166 mg P°*/g and 217-276 mg P>*/g, respectively. However, the
removal efficiency was only 61-64% in solutions with 2.6 g P>'/L and
43-55% in solutions with 5.0 g P>*/L. Consequently, elevated concen-
trations led to increased phosphorus intercalation into the adsorbent
structure, concurrently diminishing removal efficiency.

3.1.5. Stability of the adsorbent during adsorption from solutions with a
concentration of 1.5-5.0 g P°*/L

The mineralogical composition analysis of XRD showed that
increasing the phosphorus ion concentration in the liquid medium from
1.0 g P>*/L to 1.5 g P°*/L and 2.6 g P°*/L did not alter the interaction
between the adsorbent and phosphorus ions. Specifically, phosphorus
ions reacted with a-C2SH and semi-crystalline calcium silicate hydrates
(present in the adsorbent's structure), leading to the formation of

Pseudo-first- and pseudo-second- order kinetic parameters for phosphorus ions adsorption at different temperatures.

Initial phosphorus concentration Temperature R? Qe(exp) (ME/8) Ge(can (MZ/g) k; (g/(mg-min)) k> (g/(mg-min))
Pseudo-first-order kinetic model
25°C 0.6119 104.779 35.697 - -
35°C 0.7630 99.312 34.094 - -
54 45°C 0.9064 116.475 50.043 - -
1.58P7/L Pseudo-second-order kinetic model
25°C 0.9994 104.779 104.109 - 0.00025
35°C 0.9994 99.312 98.752 - 0.00023
45°C 0.9988 116.475 115.868 - 0.00013
Pseudo-first-order kinetic model
25°C 0.7608 160.559 78.467 - -
35°C 0.9415 165.850 95.173 - -
54 45°C 0.9388 159.194 121.492 - -
26gP7 /L Pseudo-second-order kinetic model
25°C 0.9983 160.559 159.101 - 0.000083
35°C 0.9992 165.850 165.909 - 0.000085
45°C 0.9988 159.194 160.325 - 0.000066
Pseudo-first-order kinetic model
25°C 0.8187 255.897 143.608 - -
35°C 0.8316 275.798 178.358 - -
5g PS/L 45°C 0.7946 217.394 67.672 - -
Pseudo-second-order kinetic model
25°C 0.9860 255.897 258.650 - 0.000021
35°C 0.9839 275.798 278.044 - 0.000016
45°C 1.0000 217.394 217.470 - 0.000026
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Fig. 7. Langmuir (a), Freundlich (b), Temkin (c), and Dubinin-Radushkevich (d) adsorption isotherms.

Table 5
The parameters of Langmuir, Freundlich, Temkin and Dubinin-Radushkevich
adsorption isotherms.

Adsorption isotherm Parameter 25°C 35°C 45°C
q, mg/g 208.333 151.515 196.078
Lanemuir K;, L/mg 1.625 2.987 1.617
s Ry 0.003 0.002 0.003
R? 0.930 0.828 0.987
K 2.113 2.236 2.661
Freundlich 1/n 0.493 0.472 0.415
R? 0.949 0.954 0.922
Kr, L/mg 18.376 15.577 8.451
Temkin by, kJ/mol 56.428 58.159 70.768
R? 0.895 0.791 0.983
qp-r, Mg/ 126.280 125.286 130.061
DR Bp.g, mol?/kJ? 145.040 65.900 59.927
E, kJ/mol 0.059 0.087 0.091
R? 0.773 0.727 0.851

hydroxyapatite (Fig. S3 and Fig. 6). Other phases, including tobermor-
ite, calcium aluminate silicate, and quartz, remained stable.

The obtained results were confirmed by STA data. The DSC showed
only one endothermic effect and a small exothermic effect after the
adsorption process in solutions with initial P°* concentrations of 1.5 and
2.6 g P°Y/L (Fig. 6, b and Fig. S3, b). The first intensive endothermic
effect (30-350 °C) can be assigned to the removal of adsorbed water and
the dehydration of hydroxyapatite, tobermorite, and calcium aluminate
silicate. It is worth mentioning that mass loss during this effect is almost
two times higher in the spent adsorbent obtained after adsorption at 25
°C, compared to the sample obtained after adsorption at 45 °C. This
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suggests that the adsorbent's uptake capacity decreased with increasing
experimental temperature, or that higher temperature led to greater
hydrate decomposition. Also, a small exothermic effect (~840 °C) was
noticed only in the sample obtained after sorption at 25 °C with an initial
phosphorus concentration of 1.5 g P>*/L. The absence of this exothermic
effect in other samples confirmed that the semicrystalline calcium sili-
cate hydrates were fully reacted with phosphorus ions, forming
hydroxyapatite.

At an initial phosphorus concentration of 5 g P°*/L, the high su-
persaturation of phosphorus ions in solution led to the formation of both
brushite (CaPO3(OH)-2H,0) and hydroxyapatite at temperatures of 25
°Cand 35 °C. According to the literature, brushite is calcium phosphate,
which is stable at low temperatures; increasing temperature leads to
dehydration or recrystallization into other calcium phosphates. For this
reason, brushite was not detected in the sample obtained after adsorp-
tion at 45 °C. Also, under these adsorption conditions, tobermorite
became metastable and reacted with phosphorus ions by forming cal-
cium phosphates.

DSC analysis showed that the spent adsorbent after adsorption at 25
°C and 35 °C exhibited an intense endothermic effect at 193 °C (Fig. 6,
b). This effect can be attributed to the dehydration of brushite and the
formation of monetite, which recrystallized into calcium pyrophosphate
in the temperature range 350-500 °C.

FT-IR spectra of the spent adsorbent confirmed XRD and STA results
(Fig. 6, e). A large band between 3600 and 3000 em ! corresponds to
the stretching mode of the absorbed water, whose intensity increased
with the initial concentration of phosphorus in the solution. An intense
absorption band at 1646 cm ™ is characteristic of 8-OH vibrations in the
brushite structure. As in a previous case (Fig. 4, e), absorption bands
characteristic of silicates and phosphates overlapped at 672 cm™! and
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Table 6
The experimental design matrix with the experimental values of the response
variables - adsorption rate and duration.

No.  Experimental conditions Experimental results
Phosphorus ion Adsorption Average Adsorption
concentration (x;) temperature (x3) adsorption duration2)

ratel)
Code Real Code Real g/L/min min
values values, values values,
g/L °C

1 +1 5.0 +1 45 0.000581 4300

2 -1 0.2 +1 45 0.00476 21

3 +1 5.0 -1 25 0.000793 3470

4 -1 0.2 -1 25 0.0143 7

5 +1 5.0 0 35 0.00218 1260

6 -1 0.2 0 35 0.0333 3

7 0 2.6 +1 45 0.00112 1160

8 0 2.6 -1 25 0.00138 940

9 0 2.6 0 35 0.00247 526

1) Average adsorption rate is the ratio between 50% of the initial phosphorus ion
concentration in the solution and the time during which the adsorbed phos-
phorus ion concentration in the adsorbent reaches 50% of the initial phosphorus
ion concentration in the adsorption solution.

2) Adsorption duration is the time during which the adsorbed phosphorus ion
concentration in the adsorbent reaches 50% of the initial phosphorus ion con-
centration in the adsorption solution.

1026 cm? (Fig. 6, e). However, a new absorption band at 788 em ™! can
be assigned to vibrations of structural water from brushite. Also, the
disappearance of absorption bands at ~1417 cm™ confirmed that cal-
cium carbonate was not stable under these adsorption conditions.

It was calculated that, after adsorption (5 g P5*/L, 25 °C), the specific
surface area and total pore volume decreased to 70.87 m?/g and 0.209
cm3/g, respectively (Table 3). However, these values were still higher
than those of the synthetic adsorbent. It is likely that calcium phosphates
crystallized during adsorption increased the surface area and formed
new pores.

It was found that an increased phosphorus concentration influenced
not only surface properties but also particle morphology (Fig. 6, ¢ and
d). SEM analysis revealed plate-like particles with dimensions of
approximately 10 pm in width and 20 um in length, characteristic of
dicalcium phosphate (brushite) (Fig. 6, c). Also, agglomerates of uni-
form particles are clearly visible in SEM micrographs. TEM analysis
confirmed the SEM results, as large crystallites (0.5-1 um) were detec-
ted, which can be assigned to brushite (Fig. 6, d). Also, some smaller
crystallites can be seen in TEM micrographs, which may correspond to
hydroxyapatite or other minor phases that are not distinguishable in the
XRD pattern.

3.1.6. Kinetics of adsorption from solutions with concentration 1.5-5.0 g
P>/L

The calculations of kinetic parameters using pseudo-first-order and
pseudo-second-order kinetic equations showed that the pseudo-first-
order model did not fit the adsorption process, as R? values ranged
from 0.6 to 0.94 and there was a significant discrepancy between gecap
and ge(exp) (Table 4). Similar results were obtained during calculations
for adsorption from solutions with P°* concentrations of 0.2-1.0 g P>/L
(Table 1).

The results showed that the pseudo-second-order model fit the
experimental data better, as indicated by higher R? values (>0.9983)
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(Figure S4). Additionally, there was a more precise alignment between
calculated (geccap) and experimental (Gecexp)) €quilibrium adsorption
capacities (Table 4).

The pseudo-second-order model describes the chemisorption pro-
cess; therefore, it can be concluded that the adsorption of phosphorus
ions on the synthetic adsorbent was a chemical process rather than
physical. Additionally, the process did not depend on the initial phos-
phorus concentration or the liquid medium temperature, as the pseudo-
second-order model fit the experimental data under all experimental
conditions. These data confirm the chemical interaction between phos-
phorus and calcium silicate hydrates.

Adsorption kinetic calculation assumes that the adsorption rate
constant (kp) decreases with increasing initial phosphorus concentra-
tion, indicating slower adsorption at higher concentrations. In solutions
with 1.5 g P5*/L, k, ranged from 0.00025 to 0.00013 g/(mg-min), while
in solutions with 5 g P°* /L, it was significantly lower (from 0.000016 to
0.000026 g/(mg-min)). Therefore, increasing the initial phosphorus
concentration led to higher phosphorus intercalation, but slower process
kinetics.

3.2. Modelling of adsorption isotherms

To better understand the adsorption mechanism of phosphorus by
the synthetic adsorbent, the adsorption models of Langmuir, Freundlich,
Temkin, and Dubinin-Radushkevich were applied to the experimental
data. The model results are shown in Fig. 7 and S5, with the corre-
sponding parameters summarized in Table 5. The suitability of each
model for the adsorption process was assessed by the coefficient of
determination (RZ), which indicated how well the obtained data fit the
regression line.

It was determined that temperature affected the adsorption mecha-
nism. The calculations showed that the Langmuir and the Freundlich
isotherm models described phosphorus adsorption quite well at 25 °C, as
correlation coefficients ranged between 0.93 and 0.95 (Fig. 7). The
Langmuir model is suitable for monolayer adsorption, while the
Freundlich model suggests that adsorption occurs on a heterogeneous
surface and is not limited to a single layer (i.e., the adsorption sites are
filled with their entire volume). The Langmuir model is usually not
suitable for describing chemical adsorption; however, the formation of
stable Ca-P compounds on the surface may behave like a “monolayer”.
The q value obtained from this model indicated a high adsorption ca-
pacity, while the Ry value was below 0.1, suggesting very favorable
adsorption (Table 5). Meanwhile, the parameters of the Freundlich
model indicated that the process is chemisorption (1/n < 1) and that the
adsorbent has high adsorption capacity (Kr > 1). Also, the coexistence of
different interaction mechanisms may result from the presence of mul-
tiple phases in the adsorbent structure — i.e., a-CoSH acted as a chem-
isorbent, while tobermorite behaved more as a physical sorbent.

At 35 °C, the adsorption process was best described by the Freundlich
model, as the R? value was closest to 1.0. Other models exhibited
significantly lower values (R?> < 0.9), indicating that they were not
suitable for describing the process under these conditions. These results
further support that chemisorption occurred on a heterogeneous surface
at this temperature. The high K value also confirmed the adsorbent’s
high capacity.

At 45 °C, both the Langmuir and Temkin isotherm models described
the adsorption process well (R2 < 0.98), while the Freundlich model
showed a lower correlation (R> ~ 0.92). The Temkin isotherm model
implies that the adsorption energy decreases linearly and is uniformly

Table 7

Identified parameter values for the adsorption rate and the duration prediction.
Predicted variable ag a; as ai az2 a2
Adsorption rate —5.7393 —1.2869 —0.2700 0.8419 —1.0829 0.1972
Adsorption duration 6.0108 2.928 0.2539 —1.7648 1.0675 —0.2210
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Fig. 8. Model predictions of experimental data (a, ¢) and model-based response surface plots of anticipated adsorption rate (b) and duration (d).

distributed across the surface.

It is worth noting that the Dubinin-Radushkevich model showed no
linear dependence across all investigated temperatures, suggesting that
van der Waals forces did not determine the adsorption mechanism on
the adsorbent surface.

The combined analysis of the pseudo-first-order and pseudo-second-
order kinetic equations, along with the adsorption isotherm models,
allows to conclude that the adsorption of phosphorus by synthetic
adsorbent was chemical in nature, controlled by different mechanisms
depending on temperature and surface properties.

3.3. Prediction of adsorption based on a response surface model

The objective of the experiments was to investigate the influence of
phosphorus ion concentration and adsorption temperature on adsorp-
tion efficiency, specifically on adsorption rate and duration. To estimate
the response surfaces, an experimental plan based on a design close to
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the p-optimal (Kiefer) experimental design points was applied
(Hartmann et al., 1974). The experimental design ranges for phosphorus
ion concentration (x;) and adsorption temperature (x2) were selected
based on previous experiments: 0.2 <x; <5.0 g P5+/L, and 25 < x5 <45
°C. The experimental design matrix and the corresponding experimental
results are presented in Table 6.

In the information sources of experimental research design, the
typical experimental design plans for typical polynomial models are
commonly presented in a normalized scale using the code values of
manipulated variables (factors) ((Myers et al., 2016)). The code values
are convenient for developing general-purpose and specific experi-
mental plans and response surface models.

The experimental design area of the factorial experiment in code
values is defined by manipulation ranges for each factor:1 < x; <1, j =
1,....,n.where x; is the code value of j-th manipulated variable (factor); n
is the number of manipulated variables in the factorial experiment.

The code variable values +1 and —1 define the limitary (max and
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min) values of the experimental design area.
The real (absolute) values of manipulated variables in the experi-
mental design table are determined using the relationship:

(st ) [204 (bt ) /2 an
where xj‘bs is the absolute value of the j-th factor, xj‘}f’({x and xj‘ﬁ’iﬁ are the

max and the min absolute values of the j-th factor manipulation range in
the experimental design plan.

The code values in Table 6 are taken from a typical experimental
design plan developed for 2 order polynomial model (Hartmann et al.,
1974)

Due to significant variation in the experimental results, a logarithmic
transformation was applied to reduce dispersion and improve model
prediction accuracy. The transformed model is expressed as:

In(Y) = ap + @1x1 + QX2 + Q11X + 22X + Ai2X1 X2 12)
where Y is the predicted parameter of the adsorption process (adsorp-
tion rate or duration); x; is the phosphorus ion concentration, g Pot/1L,;
X2 is the adsorption temperature, °C; a; are the model parameters
identified using the least-squares method (Myers et al., 2016).

The identified parameter values for predicting adsorption rate and
duration are given in Table 7.

As shown in Fig. 8a and c, the developed model provided a satis-
factory approximation of the experimental data.

According to the response surface-based predictions within the
investigated experimental design area (Fig. 8b), the maximum adsorp-
tion rate (0.0284 g/l/min) is obtained at an initial phosphorus ion
concentration of 0.2 g P°*/L and an adsorption temperature of 33 °C.
The minimum adsorption rate (0.000586 g/l/min) is predicted at an
initial phosphorus ion concentration of 4.04 g P>*/L and a temperature
of 45 °C. As follows from the adsorption rate response surface, the
maximum rate for any initial phosphorus ion concentrations is achieved
at a temperature within the range 33-35 °C. Moreover, the adsorption
rate increases as the initial phosphorus ion concentration decreases.

According to the response surface shown in Fig. 8d, the minimum
adsorption duration (3.55 min) is reached at an initial phosphorus ion
concentration of 0.2 g P°*/L and an adsorption temperature of 33 °C.
The maximum duration (4310 min) is predicted at an initial concen-
tration of 4.52 g P°/L and a temperature of 45 °C. A temperature range
of 33-35 °C minimizes the adsorption duration across all initial phos-
phorus concentrations. The duration decreases as the initial phosphorus
ion concentration decreases.

4. Conclusions

This study demonstrated that calcium-silicate-hydrate (CSH) ad-
sorbents synthesized from CaO and natural opoka effectively remove
phosphorus across a wide concentration range (0.2-5.0 g P5*/L). The
adsorption capacity increased with increasing initial phosphorus con-
centration, reaching approximately 270 mg P**/g, while removal effi-
ciency decreased at higher concentrations (~50% at 5 g P**/L). At low
phosphorus concentrations (0.2 g P**/L), the adsorbent achieved >98%
removal efficiency, confirming its suitability for treating dilute waste-
water. The adsorption process was primarily controlled by chemical
interactions between calcium silicate hydrate phases (a-C2SH and semi-
crystalline CSH) and phosphate ions, resulting mainly in hydroxyapatite
formation. Under conditions of high phosphorus concentration and
lower temperature, brushite formation was additionally observed,
indicating that the reaction pathway depends on both concentration and
temperature. Kinetic analysis showed that the adsorption process fol-
lowed a pseudo-second-order model over the investigated temperature
range (25-45 °C), confirming chemisorption as the dominant mecha-
nism. Isotherm modelling indicated that Langmuir, Freundlich, and
Temkin models adequately described the adsorption behavior
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depending on temperature, reflecting the heterogeneous nature of the
synthesized material, where tobermorite contributed mainly to physical
adsorption and o-C2SH acted as the main chemisorption phase.
Response-surface modelling identified optimal adsorption conditions at
33-35 °C and lower initial phosphorus concentrations, where the pro-
cess proceeded most rapidly. Overall, hydrothermally synthesized CSH
from natural minerals represents an efficient and cost-effective adsor-
bent for phosphorus removal, providing insight into temperature- and
concentration-dependent adsorption mechanisms and offering a basis
for optimizing phosphorus removal in wastewater treatment.
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