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INTRODUCTION

Modern technologies for phosphorus re-
moval from wastewater and water are based on 
adsorption and precipitation processes [1, 2]. 
Adsorption technology is economical, simple 
and highly effective in removing phosphate 
from wastewater even at low concentrations [3-
6] It involves the binding of molecules, atoms 
or ions on a surface or physical phase boundary. 
The center of the adsorption process as a surface 
phenomenon is usually a porous solid medium 
in which a multicomponent liquid (liquid or gas) 

mixture is attracted to the solid surface by chem-
ical or physical bonds [7]. Adsorption is a com-
plex process and largely dependent on the type 
of adsorbent used, and in particular the function-
al groups present on its surface [1, 7]. A decisive 
feature of the adsorbent’s suitability is the large 
number of micropores and their well-developed 
network, allowing adsorbate molecules to en-
ter the adsorbent [8, 9]. A potential material for 
phosphorus removal from wastewater or water 
should contain compounds capable of binding 
phosphorus, such as Ca, Mg, Fe and Al [1, 10]. 
In line with the concepts of green chemistry and 
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sustainable development (ecogreen), low-cost 
and environmentally friendly materials are be-
ing sought as adsorbents for phosphorus [11, 12]. 
Currently, natural or waste materials modified to 
produce a product with high phosphorus removal 
efficiency are widely used, including Leca®, Po-
lonite®, Pollytag®, Filtralite® and Filtra P [1]. An 
important group in this regard is made up of ma-
terials produced on the basis of opoka, including 
Rockfos®. Its potential for phosphorus removal is 
related to the original characteristics of the opoka 
rock, namely its high content of aluminum, iron, 
magnesium and mainly calcium [13–17]. It is 
formed by decarbonation (high-temperature firing) 
of the opoka, which breaks down calcium carbon-
ate to calcium oxide and carbon dioxide, making 
the material much more reactive toward phos-
phorus than opoka in its natural state [1, 18–20]. 
Preliminary results of laboratory tests [15, 17, 
20–22], as well as field [23, 24] have shown that 
it is a very promising material for the removal and 
recovery of phosphorus from wastewater. In labo-
ratory tests, more than 90% phosphorus reduction 
from wastewater was achieved with sufficiently 
long contact time [20]. In contrast, preliminary 
experiments conducted on a full technical scale 
have shown phosphorus removal efficiencies of 
about 40% [23, 24]. The efficiency of phospho-
rus sorption depends on the operating conditions, 
the nature of the flow and the contact time of the 
wastewater with the sorption material, which can 
be shaped taking into account the current eco-
nomic and technical possibilities, however, a very 
important factor is the sorption capacity of the ad-
sorbent. Previous studies of the sorption kinetics 
of Rockfos® material have yielded very divergent 
results. The sorption capacity of the fine fraction 
(0–2 mm) determined in tests with real wastewater 
and at low phosphate concentration was 0.9 mg/g 
[17]. Using synthetic wastewater with higher phos-
phate concentrations, the sorption capacity was de-
termined to be 9.6 mg/g and 45.6 mg/g, while the 
theoretical maximum sorption capacity from the 
Langmuir model could reach 256 mg/g [22]. For 
material granulation of 2–8 mm, the sorption ca-
pacity was 0.36 mg/g [21]. Under the assumption 
of constancy in the chemical composition of the 
adsorbent, such a large variation in results could 
have been influenced by factors related to the or-
ganization of the experimental work, the chemical 
composition of the wastewater and solutions, or 
the adopted granulation of the adsorbent and the 
specific surface area of phosphate binding [17, 22].

Accordingly, kinetics studies of phosphorus 
sorption on Rockfos® material were carried out to 
determine the speed of the process and the sorption 
capacity of the material depending on its granular-
ity under established conditions. Kinetics studies 
make it possible to determine the speed of the pro-
cess, the maximum adsorbent absorption capacity 
and, on this basis, to assess the possibility of de-
termining the type of adsorption dominant during 
phosphorus removal on Rockfos® material. Exper-
imental kinetic data of total phosphorus adsorption 
on Rockfos® material were fitted to pseudo first-or-
der (PFO), pseudo second-order (PSO) and Web-
ber-Morris (W-M) and Elovich (E) kinetic models. 
Error analysis was used to assess the degree of fit 
of the various models to the measurement results. 
Determining the relationship between the pH val-
ue and the rate of phosphorus reduction was also 
an important part of the research conducted. The 
results of the study, including kinetic models of 
adsorption, can provide important information on 
the performance of adsorbents under specific con-
ditions and be used in the planning and design of 
full-scale technical adsorption processes. 

MATERIALS AND METHODS

Adsorbent

The Rockfos® material is produced on the basis 
of the opoka rock, which is mined near Piaski, in 
the Lublin Province. The material is created by heat 
treatment of the rock at 900°C. Rockfos® material 
has a porosity of 54%. It is characterized by a high 
content of CaO at 43.336% by weight and SiO2 

- 

36.047%. The chemical composition of the mate-
rial is described in detail in [18, 23, 24]. The reac-
tion of the material is alkaline, and its pH is 11–12. 

Phosphorus sorption kinetic models were de-
termined for three sorbent granulations: 1.0–1.6 
mm, 1.6–2.5 mm and 2.0–5.0 mm. Rockfos® ma-
terial was sieved through sieves of the appropriate 
granulation and washed several times with water 
to remove particles adhering to the surface, then 
dried in a laboratory dryer at 100 °C for 8 hours. 

Aqueous solution of phosphate

A stock solution of synthetic phosphate was 
prepared at a concentration of 50.00 mg/L by dis-
solving 0.220 g of analytical grade anhydrous po-
tassium dihydrogen phosphate (KH₂PO₄) in distilled 
water in a 1,000-mL volumetric flask. Subsequently, 
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the stock solution was diluted with distilled water 
to achieve the requisite concentration of the experi-
mental working solution (i.e., 1.00 mg/L).

Analytical methods

The sorption kinetics studies were carried out 
in a set of Erlenmayer flasks (200 ml) in which a 
fixed mass of sorbent was weighed, viz: 2,000 g 
with granulations: 1.0–1.6, 1.6–2.5, 2.0–5.0 mm. 
To each series of flasks, 100 ml of solution with 
phosphorus concentration of 1.00 mg/L was added. 
The samples were shaken in a laboratory shaker 
for 1 min to 48 h, at 20 °C. After the specified 
contact time (i.e. 1, 2, 5, 10, 15, 30, 60, 120, 180, 
240, 360, 420, 720, 1440, 2160, 2880 min), the 
solutions were filtered on a paper filter. Aqueous 
samples were taken from the filtrate and their total 
phosphorus content was determined. Each series of 
tests was conducted in triplicate, and the arithme-
tic mean of the results was used for calculations. 
Total phosphorus was determined by spectropho-
tometric method with oxidation of the test sample 
in a thermoreactor at 120 °C for a period of 30 
minutes, based on the international standard PN-
EN ISO 6878: 2006 para. 8 Ap1:2010+Ap2:2010 
[25]. Total phosphorus concentrations were mea-
sured using a NANOCOLOR® UV-VIS spectro-
photometer (Macherey-Nagel, Düren, Germany). 
The pH value was also measured in each sample 
using an ORION Star A329 multi-parameter meter 
(Thermo Scientific, Waltham, USA). The pH val-
ues were measured in accordance with the interna-
tional standard PN-EN ISO 10523: 2012 [26].

The amount of adsorbed PO4
3- w after time t 

was calculated using the formula Eq. 1 [27–31]:

 𝑞𝑞𝑒𝑒 = (𝐶𝐶0−𝐶𝐶𝑡𝑡)
𝑚𝑚 ∙ 𝑉𝑉    (1) 

𝑞𝑞 = 𝑞𝑞𝑒𝑒(1 − 𝑒𝑒−𝑘𝑘1𝑡𝑡)    (2) 

𝑙𝑙𝑙𝑙 (𝑞𝑞𝑒𝑒−𝑞𝑞)
𝑞𝑞𝑒𝑒

= −𝑘𝑘1𝑡𝑡    (3) 

𝑟𝑟 = ∑(𝑥𝑥−�̅�𝑥)(𝑦𝑦−�̅�𝑦)
√∑(𝑥𝑥−�̅�𝑥)2∑(𝑦𝑦−�̅�𝑦)2    (4) 

𝑞𝑞 = 𝑞𝑞𝑒𝑒2∙𝑘𝑘2∙𝑡𝑡
1+𝑞𝑞𝑒𝑒∙𝑘𝑘2𝑡𝑡     (5) 

𝑡𝑡
𝑞𝑞 = 𝑡𝑡

𝑘𝑘2∙𝑞𝑞𝑒𝑒2
+ 1

𝑞𝑞𝑒𝑒
∙ 𝑡𝑡    (6) 

𝑞𝑞𝑡𝑡 = 𝐾𝐾𝑡𝑡 ∙  𝑡𝑡
1
2 + 𝐶𝐶    (7) 

𝑞𝑞𝑡𝑡 = 1
𝛽𝛽 ∙ ln(𝛼𝛼 ∙ 𝛽𝛽) + 1

𝛽𝛽 𝑙𝑙𝑙𝑙𝑡𝑡         (8) 

        (9) 

     (10) 

      (11) 

    (12) 

       (13) 

 (1)

where: qe - sorption capacity [mg/g]; C0 and Ct - 
concentrations of PO4

3- in the liquid phase 
before sorption and after time t [mg/L], 
respectively; V - volume of solution [L]; 
m - mass of dry adsorbent [g].

Kinetic models

Phosphorus sorption kinetics was analyzed 
based on four kinetic models: pseudo-first-order 
(PFO) and pseudo-second-order (PSO), Webber-
Morris (W-M) and Elovich (E). Lagergren’s PFO 
kinetic model describes the adsorption process at the 
solid-liquid interface. It is expressed by two equa-
tions: General form Eq. 2 and in linear form Eq. 3:
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        (9) 
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 (2)
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1
2 + 𝐶𝐶    (7) 

𝑞𝑞𝑡𝑡 = 1
𝛽𝛽 ∙ ln(𝛼𝛼 ∙ 𝛽𝛽) + 1

𝛽𝛽 𝑙𝑙𝑙𝑙𝑡𝑡         (8) 

        (9) 

     (10) 

      (11) 

    (12) 

       (13) 

 (3)

where: t - time [min]; q - the amount of adsorbate 
bound by the adsorbent at time t [mg/g]; 
qe - the amount of adsorbate bound by 
the adsorbent at equilibrium [mg/g]; k1 - 
process rate constant in the pseudo-first-
order model [1/min]. 

Based on the graph and the equation of linear 
form of the PFO model, the constant parameters 
of the model were determined, such as the reac-
tion rate constant (k1), the sorption capacity (qe), 
the coefficient of determination (R2) and Pear-
son’s correlation coefficient (r) Eq. 4.
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where: x - variable x; 
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2 + 𝐶𝐶    (7) 

𝑞𝑞𝑡𝑡 = 1
𝛽𝛽 ∙ ln(𝛼𝛼 ∙ 𝛽𝛽) + 1
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        (9) 

     (10) 

      (11) 

    (12) 

       (13) 

 - arithmetic mean of the 
x variable; y - y variable; ȳ - arithmetic 
mean of the y variable.

The kinetic model (PSO) describes the rate of 
the adsorption process with respect to the differ-
ence between the equilibrium and current amount 
of adsorbate adsorbed. The PSO kinetic model is 
also represented by two equations: general form 
Eq. 5 and linear form Eq. 6 [22]. 
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where: t - time [min]; q - the amount of adsorbate 
bound by the adsorbent at time t [mg/g]; 
qe - the amount of adsorbate bound by the 
adsorbent at equilibrium [mg/g]; k2 - pro-
cess rate constant in the pseudo-second-
order model [g/mg·min].

Based on the graph and the equation of linear 
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where: Kt is the velocity constant of the intrapar-

ticle diffusion. The value of C indicates 
the boundary layer thickness. It corre-
sponds to the intercept value. 
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In this model, if the curve qt as a function 
of t1/2 represents a straight line passing through 
the origin of the coordinate system, the speed 
of the adsorption phenomenon is considered 
to be limited by the intraparticle diffusion pro-
cess [33]. As noted by Tsibranska and Hristova 
[34] the existence of different mass transfer 
mechanisms is manifested by different slopes 
in the linear plot of qt against t1/2, obtained by 
the method of sectional linear regression. They 
correspond to different, successive stages of 
mass transport with decreasing speed overcom-
ing the different stages of the external part, fol-
lowed by transfer and intraparticle diffusion in 
the macro-, meso- and microporous structure 
of the adsorbent. Hence, in the W-M model, 
the linear relationship is often divided into 2–3 
separate sections with different slopes describ-
ing different diffusion rates [35].

The E model assumes that real surfaces of sol-
ids are energetically inhomogeneous and that nei-
ther desorption nor interactions between adsorbed 
substances can significantly affect adsorption ki-
netics at low surface coverage [36] and that the 
surface of the solid is energetically heterogeneous 
[36]. This model is described by Eq. 8 [37, 38].
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where: α is the initial sorption rate (mg/g·min), 
and the parameter β is related to the extent 
of surface coverage and activation energy 
for chemisorption (g/mg) [39].

Unfortunately, in the literature it is not given 
in a consistent form, you can find this model in 
other versions, for example, instead of the multi-
plier 1/β, you can find the multiplier β [36], and in 
double logarithmic form [40]. 

Assessing the degree of fit of models

The analysis of the fit of measurement points 
and individual models was performed using the 
coefficient of determination R2, the sum of squares 
of errors ERRSQ (the sum square of errors), the 
composite fractional error function HYBRD (hy-
brid fractional error function), the average rela-
tive error ARE (average relative error), the Fisher 
F test and the test χ2 [41]. The relevant formulas 
are shown below.
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where: qexp - sorption obtained from measure-
ments, qcalc - sorption obtained from cal-
culations using the model in general form, 
k - number of measurement points, p - 
number of model parameters

RESULTS AND DISCUSSION

Phosphorus removal efficiency

During the study, a significant effect of 
Rockfos® material granulation on the degree of 
phosphorus reduction was observed. As shown 
in Figure 1, the highest degree of reduction was 
obtained for granulations of 2.0–5.0 mm and 
amounted to 97.1%. For the other granulations, 
i.e. 1.0–1.6 mm and 1.6–2.5 mm, the value was 
74.3 % and 92.4 %, respectively. At the initial 
stage of the adsorption process, there was a rapid 
increase in the number of adsorbed particles, es-
pecially for the 1.0-1.6 mm and 1.6–2.5 mm frac-
tions. After 10 minutes, the phosphorus removal 
rate was 16.5% and 23.0%, respectively. For the 
2.0–5.0 mm granulation, after 10 minutes the de-
gree of P reduction is only 7.8%. Increasing the 
contact time resulted in a regular increase in the 
phosphorus reduction rate After 240 minutes of 
contact, the reduction rate for individual fractions 
starting with the finest was already about 44.5%, 
64% and 49.0% (Figure 1). For the 1.0–1.6 mm 
and 1.6-2.5 mm granulations, as the contact time 
increased, the adsorption rate decreased until the 
system reached dynamic equilibrium. On the oth-
er hand, for the 2.0–5.0 mm fraction, there was a 
further increase in the reduction rate, and after 720 
minutes it was 87.9%. Equilibrium phosphorus 
removal for all three granulations was observed 
after 1440 minutes. The longer contact time be-
tween adsorbent and adsorbate did not affect the 
significant increase in phosphorus reduction. The 



323

Advances in Science and Technology Research Journal 2024, 18(8), 319–332

rapid course of the adsorption process in the first 
stage is related to the large number of available 
active sites on the adsorbent surface capable of 
adsorbing phosphorus. On the other hand, in the 
next stage, the slowing down of adsorption may 
be due to saturation of active sites and due to 
repulsive forces between adsorbate particles ad-
sorbed on the surface of the adsorbent and par-
ticles present in solution.

Kasprzyk et al. [21], analyzing two fractions 
of Rockfos® material using synthetic solutions 
found a slightly different trend. Phosphorus re-
moval efficiencies for the 2.0–8.0 mm granulation 
ranged from 2.9 to 6.0 percent for phosphorus 
concentrations in solution in the range of 5–100 
mg/L. At the same concentrations of phosphorus 
in solution, the phosphorus removal effects in ma-
terial with a granulation of 0.0–2.0 mm oscillated 
between 94.7–97.8%. It is worth mentioning that 
these measurements, however, were performed 
under slightly different conditions, i.e. after 5 
minutes of mixing the adsorbent sample with the 
solution and 1 hour of sedimentation [21]. 

Kinetics of sorption

Experimental kinetic data of adsorption of 
total phosphorus on Rockfos® material were fit-
ted to kinetic models. Figure 2 shows the re-
sults to the PFO and PSO model and Figure 3 
to the W-M and E model for this material with 
granulations of 1.0–1.6 mm, 1.6–2.5 mm and  
2.0–5.0 mm.

Table 1 shows the determined, for all three 
granulations, kinetic parameters of the PFO 

model and PSO model in Table 2 for the W-M 
model, and in Table 3 for the E model.

 The PFO kinetic model fits relatively well 
only for the finest fraction of 1.0–1.6 mm, as evi-
denced by the high R2, above 0.9. The Pearson 
correlation coefficient for each granulation of 
Rockfos® material indicates a strongly negative 
correlation between sorption time and ln(q-qet). 
The highest equilibrium adsorption capacity was 
obtained from the PSO model for granulations 
2.0–5.0 mm and was 0.0368 mg/g. 

Accurate determination of qe especially in 
the case of PFO is not easy, as in many cases the 
influence of physical adsorption and chemisorp-
tion causes further adsorbate binding to be very 
slow after an initially fast reaction, that it is dif-
ficult to determine whether equilibrium has been 
reached or not [36]. For many adsorption pro-
cesses, the pseudo-first-order Lagergren model 
proves to be suitable only for the initial 20–30 
minutes of interaction and is not suitable for the 
entire range of contact times [42].

The PSO kinetic model shows good agree-
ment with the obtained results for each granula-
tion of Rockfos® material. The linear determina-
tion coefficients R2 reach high values above 0.99, 
which indicates a very good fit of the obtained 
experimental values to the pseudo-second-order 
model (Table 1). This is consistent with the theses 
of Ho and McKay [43], who analyzed kinetic data 
of sorption in the solid-liquid system and showed 
that in most cases the rate of the sorption process 
is well described by the pseudo-second-order 
equation. Kasprzyk et al. [22] using Rockfos® 
material with a granulation of 0.0–2.0 mm also 

Figure 1. Reduction of total phosphorus over time for different Rockfos® granulations
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showed that the PSO model best describes the ki-
netics of phosphorus sorption. A similar pattern 
of phosphorus sorption kinetics was observed 
for the Polonite® material, which is produced on 
the basis of opoka [44] or other natural adsor-
bents such as sawdust, soil, rice husks, marble 
dust or palm fibers [45–48]. The high values of 
correlation coefficients obtained in the study by 

Jucherski et al. [20] also confirm the fit to a pseu-
do-second-order kinetic model.

Fitting the experimental results to a pseudo-
second-order kinetics model suggests that phos-
phorus sorption on Rockfos® scales is based on a 
chemisorption process [43, 49]. During it, ionic 
or covalent chemical bonding occurs between ad-
sorbate molecules and specific functional groups 

Figure 2. Adsorption kinetics for pseudo-first and pseudo-second order model of PO4
3- on Rockfos® with a 

granulation of 1.0–1.6 mm, 1.6–2.5 mm and 2.0–5.0 mm
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located on the surface of the adsorbent, resulting 
in a change in the electron configuration of both 
the adsorbate and the adsorbent [50, 51]. These 
bonds are strong and highly specific, and the 
main feature of chemisorption is its irreversible 
and selective nature. [52]. 

The equilibrium adsorption capacity obtained 
from the PSO model was highest for granulations 
of 2.0–5.0 mm (0.0479 mg/g), a slightly lower 

value was obtained for granulations of 1.6–2.5 
mm (0.0432 mg/g). To date, many studies have 
been carried out on phosphorus sorption on 
natural and modified opoka, which are the start-
ing material for Rockfos® [1, 13, 53–57]. Us-
ing synthetic solutions containing phosphorus, 
it was confirmed that thermal treatment signifi-
cantly increased the sorption capacity due to the 
presence of calcium carbonate decomposition 

Figure 3. Adsorption kinetics for Webber-Morris and Elovich model of PO4
3- on Rockfos® with a granulation of 

1.0-1.6 mm, 1.6-2.5 mm and 2.0-5.0 mm
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products such as calcium oxide and carbon di-
oxide. Brogowski and Renman [53], showed that 
the heating process of the opoka increased the 
sorption capacity of PO4 -P up to 119.6 mg/g for 
a heating temperature of 1000 °C. An even higher 
sorption capacity of opoka roasted at 900 °C was 
found by Cucarella et al. [54], 181.81 mg/g. For 
natural, non-calcined opoka, the sorption capaci-
ties were noticeably lower, from as low as 0.1 
mg/g [58] to 19.6 mg/g [53]. 

Rockfos® material has been subjected to few 
tests for its sorption capacity. Kasprzyk et al. [22] 
determined the equilibrium adsorption capacity of 
phosphorus on Rockfos® material with a granu-
lation of 0.0–2.0 mm to be 4.5 mg/g. An earlier 
study by Kasprzyk et al. [21], showed that the 
sorption capacity of this material varies quite a bit, 
and reaches levels ranging from 0.03 to 9.6 mg/g, 

depending on the granulation of the material and 
the properties of the solution. 

The results presented in this paper show a 
significantly lower sorption capacity of Rockfos® 

material compared to literature data. The reason 
may be the initial concentration of phosphorus 
in solution, taken at a very low level of 1 mg/L. 
Meanwhile, according to the results of Kasprzyk 
et al. [21] there may be a positive correlation be-
tween the sorption capacity of the material and 
the concentration of phosphorus in solution. 

According to the results presented in the litera-
ture, the higher phosphorus adsorption capacity of 
the Rockfos® material may be related to the very 
fine granulation (powder fraction), which gives 
a large specific surface area for phosphate bind-
ing [21, 53, 54]. In the present study, this thesis 
was not confirmed, and the granulation of 1.0–1.6 

Table 1. Kinetic parameters for pseudo-first and pseudo-second order model for the phosphates adsorption 

Granulation,
mm

Pseudo-first order model Pseudo-second order model
qe,

mg/g
k1,

1/min] R2 r qe,
mg/g

k2,
g/mg·min R2 r

1.0-1.6 0.0229 0.00101 0.947 -0.973 0.0330 0.2993 0.992 0.996

1.6-2.5 0.0247 0.00094 0.764 -0.874 0.0432 0.4345 0.997 0.999

2.0-5.0 0.0368 0.00102 0.901 -0.949 0.0479 0.1349 0.990 0.995

Table 2. Kinetic parameters for Webber-Morris model for the phosphates adsorption

Parts of models Parameters
Granulation, mm

1.0–1.6 1.6–2.5 2.0–5.0

Entire

KWM, mg/g·min1/2 0.0006 0.0007 0.0009

C, mg/g 0.0077 0.0135 0.0054

R2, – 0.919 0.783 0.901

Phase I

KWM, mg/g×min1/2 0.001 0.0021 0.0014

C, mg/g 0.0043 0.0046 0.0009

R2, – 0.968 0.991 0.970

Phase II

KWM, mg/g·min1/2 0.0005 0.0008 0.0002

C, mg/g 0.0116 0.0198 0.0344

R2, – 0.919 0.973 0.802

Phase III

KWM, mg/g·min1/2 0.0001 0.0001 –

C, mg/g 0.0259 0.0364 –

R2, – 0.987 0.445 –

Table 3. Kinetic parameters for Elovich model for the phosphates adsorption
Granulation,

mm
a

g/mg
b

mg/g·min
R2

–
1.0-1.6 0.0229 0.00101 0.947

1.6-2.5 0.0247 0.00094 0.764

2.0-5.0 0.0368 0.00102 0.901
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mmm had the lowest sorption capacity in both the 
pseudo-first-order and second-order kinetic mod-
els (Table 1). Literature data also indicate a posi-
tive correlation between the sorption capacity of 
Rockfos® material and the initial concentration of 
total phosphorus in solution [17, 22]. 

The granulation size of the Rockfos® mate-
rial shows an effect on the speed of the sorption 
process. The pseudo-second-order rate constant k2 
reached the highest value for Rockfos® material 
with a granulation of 1.6-2.5 mm. However, the 
lowest value of k2 was obtained for granulations of 
2.0-5.0 mm. These values are significantly related 
to the mechanism of phosphorus sorption, with a 
smaller granulation of the material, more active 
sites are available, thus increasing the reaction rate. 

The course of individual sorption steps in the 
W-M model does not give a clear answer regard-
ing the size of sorbent grains. According to this 
model [32], when the graph of qt as a function 
of t1/2 results in a straight line passing through 
the origin of the coordinate system, the rate of 
the sorption process can be considered to be lim-
ited by the intraparticle diffusion process. Since 
this is not the case here, three-line diagrams for 
granulations of 1.0–1.6 mm and 1.6–2.5 mm and 
a two-line diagram for granulations of 2.0–5.0 
mm were produced. In this case, it should be 
assumed that the adsorption process is not con-
trolled solely by the intraparticle diffusion stage, 
but occurs in more stages. The initial stage (red 
markings) represents the influence of the bound-
ary layer with external mass transfer. After about 
180 minutes, adsorption (1.0–1.6 mm) and 120 
minutes (1.6–2.5 mm) decreased, resulting in a 
second phase that lasted until, respectively, 1440 
minutes and 720 minutes. This is probably diffu-
sion to the inner parts of the adsorbent. Equilib-
rium was reached in the third phase, which led 
to a decrease in intramolecular diffusion, due to 
less availability of adsorption sites. Comparing 
the three diffusion constants of the Weber-Mor-
ris model, it can be concluded that KW-M is de-
creasing in successive phases, i.e. the diffusion 
of molecules inside the adsorbent is the decisive 
step in the adsorption process, as confirmed by 
the smallest value in the third phase.

The linear Elovich model (Fig. 3) did not 
correlate very well with the test results. The ki-
netic constants and coefficient of determination 
are shown in Table 3. Despite the high values of 
R2, the arrangement of test points is clearly lin-
ear at first, and curvilinear in the later part. The 

analysis of a number of studies has observed that 
with a long testing time there is an unphysical 
behavior of the model equation E, which is due 
to the neglect of the rate of simultaneous de-
sorption. Thus, in practice, the applicability of 
the Elovich equation is limited to the initial part 
of the adsorbate-adsorbent interaction process, 
when the system is relatively far from equilib-
rium state [36]. The Elovich equation is satisfied 
in chemical adsorption processes and is suit-
able for systems with heterogeneous adsorption 
surfaces [59]. An important part of the model is 
the proper determination of the time constant t0 
measurements and so if it is too small the curve 
is convex if too large it is concave [60]. 

In order to ascertain the precise fit of indi-
vidual functions to the measurement results, error 
functions were established as optimization crite-
ria. The characteristic quantities were determined 
using the formulas presented in Eq. (4, 9-13) and 
are presented in Table 4. The values presented in 
Table 4 were derived using the general formula as 
a foundation, free from the inherent inaccuracies 
associated with linearization and approximation.

Table 4 illustrates that the individual fit 
scores are not equally sensitive. The determina-
tion coefficients R² and Pearson’s correlation co-
efficient r, as well as the results of Fisher’s test, 
indicate that the larger their value, the better the 
fit they show. The remaining variables, namely 
ESRQ, HYBRD, ARE, and c2 in such a case, the 
values should be as small as possible. The evalu-
ation of the optimal kinetic fit model, which is 
based solely on the linear regression coefficient, 
may be susceptible to inaccuracy. Consequently, 
the necessity for supplementary statistical mea-
sures arises. It is observed that the greater the 
agreement between the adsorbed experimental 
phosphorus mass, designated as “q,” and the cal-
culated value, the closer the resulting statistical 
tool values are to the expected values, and thus 
the better the model. The model can be ordered 
in descending order of the cases with the highest 
values of the measures. The order of preference 
is as follows: PSO > W-M > E > PFO. 

As can be seen, the R2 values for PSO range 
from 0.99 to unity, demonstrating the best fit by 
PSO, suggesting a mechanism of chemisorption 
[61]. The use of disparate models and their evalu-
ation is justified by the rarity of homogeneous 
sorbent surfaces and the frequent inseparability of 
the effects of transport phenomena and chemical 
reactions in experimental settings.
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Effect of pH on phosphorus reduction rate 

In addition to the aforementioned study of 
phosphorus sorption kinetics on the Rockfos® 
material, the effects of pH changes were also 
analyzed. The initial pH value of the standard 
solution was 6.28. An increase in pH values was 
observed for all analyzed fractions during the 
initial phase of the study, which may present a 
challenge in terms of the material’s suitability 
for wastewater treatment. In all cases, the maxi-
mum values were reached at the same contact 
time (180 minutes), with the exception of a dis-
crepancy in the values obtained. The maximum 
pH value for the 1.0–1.6 mm fraction was 9.23, 

9.85 for the 1.6–2.5 mm fraction, and 9.76 for 
the 2.0–5.0 mm fraction (Fig. 4). The pH values 
were maintained at 8.28–8.42 for contact times 
of 720 minutes or longer.

During the phase of increasing pH to the max-
imum level (1–180 minutes), there was a simulta-
neous increase in the rate of phosphorus sorption, 
resulting in a reduction in the concentration of 
this component in solution (Fig. 1, Fig. 4). A re-
view of the data presented in Figures 1 and 4 may 
indicate a correlation between the rate of phos-
phorus sorption and the pH value of the solution. 
The alkalization of the solution during the initial 
phase of contact with the Rockfos® material can 
be attributed to the calcination process, which 

Table 4. Evaluation of the fit of kinetic models to experimental data
Granulation, 

mm Model R2 R (Pearson) ESRQ HYBRD ARE Fisher c2

1.0-1.6 

PFO 0.957 -0.973 2.11× 10-3 0.850 25.9 0.706 2.15

PSO 0.992 0.996 2.19× 10-4 0.169 80.8 5.89 0.140

W - M 0.919 0.958 1.31× 10-4 0.065 19.2 9.88 7.13× 10-3

E 0.925 0.962 1.05× 10-4 0.076 20.2 1.24× 10-2 0.080

1.6-2.5

PFO 0.734 -0.874 7.52× 10-3 1.80 14.8 0.379 5.74

PSO 0.998 0.999 2.03× 10-4 0.130 83.0 12.4 0.087

W - M 0.783 0.885 5.88× 10-4 0.243 32.0 4.29 0.026

E 0.960 0.980 1.09× 10-4 0.060 14.4 1.38× 10-3 0.021

2.0-5.0

PFO 0.896 0.901 2.60× 10-3 0.761 30.4 1.53 0.827

PSO 0.990 0.995 1.79× 10-4 0.105 89.0 20.4 0.063

W - M 0.901 0.949 3.91× 10-4 0.220 43.3 9.32 0.021

E 0.887 0.942 3.04× 10-3 2.59 145.0 2.04× 10-4 0.104

Figure 4. Change of pH value during the study of PO4
3- sorption kinetics on Rockfos® 

(horizontal axis - logarithmic scale)
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results in an increase in the calcium oxide (CaO) 
content of the material [1, 20, 23]. It is widely 
held among the scientific community that CaO is 
the compound most responsible for phosphorus 
binding [1, 13, 14, 20, 21, 62, 63]. 

The lowest pH level was achieved at a con-
tact time of 720 minutes, which also coincided 
with an inhibition of the increase in phosphorus 
reduction (Fig. 1, Fig. 4). This could indicate a 
reduction in sorption. Cucarella and Renman also 
observed comparable outcomes [64].

CONCLUSIONS

Based on the results, the following conclu-
sions can be drawn:
1. The highest phosphorus removal effects were 

observed for granulations of 2.0–5.0 mm and 
1.6–2.5 mm, while the lowest effects were ob-
served for granulations 1.0-1.6 mm. The equi-
librium phosphorus removal was observed for 
all three granulations after 1,440 minutes.

2. The pseudo-second-order kinetic model is 
a superior fit to the sorption process in the 
Rockfos® material than the pseudo-first-order 
model, as evidenced by higher values of the 
coefficient of determination (R²) and superior 
correlation coefficients (r).

3. The kinetics of phosphorus sorption ma Rock-
fos® material for all analyzed granulations fol-
lows the assumptions of pseudo-second-order 
kinetics, suggesting a chemical nature of sorp-
tion, probably involving surface reactions.

4. The equilibrium adsorption capacity obtained 
from the pseudo-second-order model exhibited 
the highest values for granulations of 2.0–5.0 
mm, while the lowest values were observed for 
granulations of 1.0-1.6 mm.

5. The values of the rate constant k₂ varied de-
pending on the granulation of the Rockfos® 
material. The highest value for the pseudo-sec-
ond-order rate constant was observed for gran-
ulations of 1.6–2.5 mm, while the lowest value 
was observed for granulations of 2.0–5.0 mm.

6. The Weber-Morris and Elovich models are in-
adequate for providing a definitive account of 
the impact of Rockfos® material granulation 
on the phosphorus sorption process.

7. The results of the error analysis demonstrated 
that the PSO model exhibited the most precise 
correlation with the measurement outcomes, 
followed by the Weber-Morris and Elovich 

models. In this regard, the PFO model is the 
least effective.

8. The relationship between the pH value and the 
efficiency of phosphorus sorption on Rockfos® 
material was demonstrated through a series of 
controlled experiments. As the degree of reduc-
tion in the pH value of the phosphorus solution 
increased, the solution became more alkaline.

9. The material, with a granulation of 2.0–5.0 
mm, has been demonstrated to be effective in 
wastewater treatment due to its optimal phos-
phorus removal efficiency and its capacity for 
equilibrium adsorption.
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