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Abstract: This research investigated the ability of two materials, which are waste generated during
water treatment and wastewater treatment, to remove phosphates from water. The selected materials
were quartz sand used in drinking water treatment plants (OQS) and incinerated (600 °C) sewage
sludge (ISS). The materials were chosen for their composition: both contain aluminium, iron, and
calcium. The experiments were carried out in the laboratory (in batch and in columns stand).
Modelling of the sorption processes was performed on the basis of results from experiments in
batches. The maximum adsorption capacity of the OQS was 1.14 mg/g obtained using the linearized
Langmuir model and the maximum adsorption capacity of the ISS was 0.86 mg/g for the linearized
Langmuir model (in batch). A pseudo-first-order model obtained using a nonlinear fit can accurately
explain phosphate adsorption kinetics using both adsorbents: OQS and ISS. During the column
filtration experiment, a higher sorption capacity of the ISS filter media was achieved —2.1 mg
of phosphate phosphorus per gram of filter media. The determined adsorption capacity of the
investigated materials was average, but the reuse of this waste would help to solve the issues of the
circular economy.

Keywords: filter media; modelling; phosphate; sorption; wastewater; water

1. Introduction

Untreated, or insufficiently treated, wastewater pollutes the natural environment: soil,
lakes, rivers or other water bodies, groundwater [1-3]. Nutrients in the wastewater can get
into surface water, cause eutrophication and destroy the water ecosystem [4]. Even very
small amounts of phosphates (<0.1 mg/L) in treated wastewater can cause eutrophication.
Conventional (biological) treatment methods allow efficient removal of organic matter from
wastewater, but the removal efficiency of phosphorus compounds is only 20-40%. Phos-
phorus is used in biochemical processes of activated sludge, but this biological removal is
influenced by various parameters of wastewater: the content of organic matter, the content
of volatile fatty acids, the concentration of cations, the content of phosphorus compounds,
the pH of wastewater, and the ratio of nutrients to microorganisms [5]. A proper tempera-
ture, activated sludge quality, and dissolved oxygen concentration are important factors
for successful wastewater treatment; it is not always possible to maintain the right condi-
tions [6]. If the required efficiency of phosphorus removal is not achieved during biological
treatment, an additional wastewater treatment must be applied. New methods are being
developed and materials are being sought to reduce the concentration of phosphorus in
treated wastewater [7-10]. Phosphorus can be removed by dosing chemicals, by precipita-
tion, or by coagulation. The incorporation of chemicals is costly and can lead to additional
pollution [11]. In many cases, phosphorus compounds are quite soluble, so it is difficult to
remove phosphorus by conventional mechanical cleaning. Dissolved phosphorus primarily
exists in the form of phosphates [9,12]. Phosphates can be precipitated in wastewater by
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the insertion of at least one of the three metal ions that form low-soluble phosphates. These
metals are divalent calcium, divalent or trivalent iron, and trivalent aluminium [9,13-16].
Phosphorus can be removed from aqueous solutions during physicochemical (adsorption
and precipitation) processes [7,17-19]. Another problem is that phosphorus resources in the
world are decreasing, so it is not only useful to remove phosphorus from wastewater, but
also to save it for reuse [20]. Therefore, filtration of wastewater through suitable sorption
materials is a good way to purify water from phosphates and to accumulate phosphorus in
the filter fillers, and later recover it from the used filter media.

This research investigated the ability of two materials, which are waste generated
during water treatment and wastewater treatment, to remove phosphates from the water.
The selected materials were quartz sand used in drinking water treatment plants (OQS)
and incinerated (600 °C) sewage sludge. The materials were chosen for their composition:
both contain aluminium, iron, and calcium. The aim of the authors was to test these
materials, perform modelling of sorption processes and, on the basis of research, make
recommendations for the reuse of these waste materials for the removal of phosphates from
aqueous solutions.

2. Materials and Methods
2.1. Selected Materials

The first selected material was quartz sand grains from drinking water treatment
plants (Figure 1a). It is an inert material that fills the filters. Filtration through quartz sand
of groundwater containing divalent iron, divalent manganese, calcium, and other elements
forms an oxide layer on the surface of quartz sand grains [21]. Over time, the volume of
the filter fillers increases, and the excess has to be removed. Quartz sand grains (1.5-3 mm
in size) with the formed oxide layer (OQS—oxidized quartz sand) were obtained from
Antaviliai water treatment plants in Vilnius. In the research, the OQS material was used
dry—it was dried in an oven at 105 °C for about 2 h.

(b)

Figure 1. Selected materials: (a) oxidized quartz sand grains (OQS); (b) incinerated sewage sludge

grains (ISS).

The second selected material was grains from incinerated sewage sludge (ISS) (Figure 1b).
The primary and excess sludge formed in the Vilnius city wastewater treatment plant was
treated in the following stages: compaction, thermal hydrolysis, anaerobic digestion, dehy-
dration, drying. The received sludge pellets were further burned in an oven for 2 h at a
temperature of 600 °C. The incinerated sludge was crushed by mechanical grinding and
sieving through sieves of appropriate mesh size to obtain a 1.0-2.0 mm grain size fraction.
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2.2. Methodology for Determining the Composition of the Materials

The composition of elements in dry samples was analysed. Five samples of each
material (OQS or ISS) were taken during the experimental studies. All samples were
dried for 11 h at the temperature of 110 °C and disintegrated. The grains of quartz
sand are extremely strong, so the external layer of oxide coating crumbled more during
crushing. Phosphorus sorption takes place in this layer, so the samples were composed of it.
Obtained samples were sieved through sieves, as required for X-Ray Fluorescence analysis.
Sieved samples were analysed using a Thermo Scientific Niton® XL.2 X-Ray fluorescence
spectrometer. Analytical methods of X-ray fluorescence spectrometry and the Niton XL2
device were used.

2.3. Experiments Methodology
2.3.1. Batch Tests

Closed batch experiments were used to estimate the first predictions of phosphate
phosphorus (PO4-P) retention. The experiments were performed in a laboratory at 18-20 °C.
Aqueous solutions containing PO4-P concentrations ranging from 0.47 to 44.86 mg/L were
prepared from distilled water and K;HPO; salt. The pH of the prepared solution was
determined using a WTW production pH-meter pH-330i (LST EN ISO 10523:2012), as
the quality control of the measurements using Hamilton (Switzerland) certified reference
buffers pH 7.00 £ 0.01 and pH 9.21 £ 0.02. For each individual test, 6 cylinders were used,
loaded with 0.5 L aqueous solution and a certain mass of selected material (OQS or ISS),
and mixed in an automatic mixer at 50 rpm. In separate experiments, the dry mass of each
material (1, 2, 3, 4, 5, 6, 8, 10 g) was taken. Stirring was continued for 10 min, after which
each cylinder was sampled and filtered through 0.45-micron glass fibre filters. Additional
samples were taken after 10, 20, 30, 40, 160, 1600 min. The concentration of PO4-P in the
filtrates was determined using MERCK Spectroquant® tests, pouring test samples into
cuvettes (Hellma), and measuring them with a Genesys 10 UV-Vis spectrophotometer.

2.3.2. Column Research

An experimental stand was constructed in the laboratory to study the removal of
PO4-P from an aqueous solution by filtration (Figure 2). The experiments were performed
in a laboratory at 18-20 °C. The capacity, which is shown in the figure (Figure 2, (1)),
was filled with drinking tap water in which 12 g of K;HPOj, salt was dissolved to give a
PO4-P solution with a concentration of 13.42 mg/L. An equal volume (110 mL) of selected
materials (OQS and ISS) was added to each filtration column (Figure 2, (2)). The OQS
material weighed 150 g and the ISS material — 54 g.

Figure 2. Principal scheme for stand: (1)—capacity of phosphate solution, (2)—filtration columns,
(3)—solution supply pump, (4)—solution sampling point (before filtration), (5)—filtrate collection
point, (6)—overflow tube, (7)—retaining layer, (8)—filter media, (9)—solution distribution pipe
to columns.
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The pH of the prepared solution was determined using a WTW production pH me-
ter pH-330i (LST EN ISO 10523:2012), as the quality control of the measurements using
Hamilton (Switzerland) certified reference buffers pH 7.00 £ 0.01 and pH 9.21 £ 0.02. The
concentration of sulphates in the solution was determined by the gravimetric method using
barium chloride (LST ISO 9280: 1998) and the concentration of chlorides by Mohr’s method
(LST ISO 9297: 1998). The concentration of POy-P in the filtrates was determined using
MERCK Spectroquant® tests, pouring test samples into cuvettes (Hellma), and measuring
with a Genesys 10 UV-Vis spectrophotometer.

A pump ((3), Figure 2) was applied to supply two filters (using OQS and ISS as the filter
media) with phosphate solution at a rate of 1.1 m/h (discharge of 1.4 L/h). The experiment
lasted for 28.5 h. For conducting the longer study ((1), Figure 2), approximately 100 L of
phosphate solution were added to the tank. Filtrate samples from ((5), Figure 2) were taken
every 30 min to measure the concentration of POy4-P. The effectiveness of removing PO4-P
E; (%) from wastewater was calculated according to Formula (1):

G -G

i

E;

1100, 1)

where: Cp—PO4-P concentration before treatment, (mg/L); C;—PO4-P concentration after
treatment, (mg/L).
The study was repeated two more times to present the mean results of three experiments.

2.4. Process Modelling

In order to analyse adsorption equilibrium, two isotherm models were used. Adsorp-
tion isotherms allow determining the equilibrium adsorption capacity. For the adsorption
mechanism, the adsorption rate of PO4-P on the adsorbent in terms of adsorption capacity
was modelled using pseudo-first- and pseudo-second-order adsorption kinetics models.
The models were analysed using linearized forms and compared on non-transformed scales
too. For this reason, the coefficient of determination and the average relative errors were
calculated [22].

2.4.1. Adsorption Equilibrium

The equilibrium relation between the adsorbed amount of the adsorbate g, (mg/g)
and the amount of the adsorbate in the solution C, was determined using Equation (2):

(Co—Ce) V
g =2, @)
where: Cp—initial concentration of PO4-P (mg/L) and C,—equilibrium phosphate concen-
tration (mg/L), V—volume of PO4-P solution (mL), and m—mass of the adsorbent (g).
The adsorption process equilibrium data were fitted to the Langmuir and Freundlich
isotherms. The isotherms represent the relation between the adsorbed amount of the
adsorbate g, and the amount of the adsorbate in the solution C,. The Langmuir isotherm,

_ qm KrCe
T 1r KGO ©)
and the Freundlich isotherm,
1
qe = K¢Ce', (4)

were used.

Here: g, is the maximum adsorption capacity (mg/g), K is the Langmuir isotherm
constant (L/g), Ky is the Freundlich isotherm constant (mg/g)/(mg/ L)~V/™ and n is the
Freundlich exponent.

The linearized forms of the Langmuir and Freundlich isotherms were used for data fitting.
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Then for the Langmuir isotherm, the linear relation is:
C 1 C
— = +-=, ®)
e q mKr qm
For the Freundlich isotherm, the linear relation is given as:
1
log g, = log Kf + o log Ce, 6)
The separation factor for the Langmuir isotherm is:
1
Rp=—— 7
FTI4KLG @)

where: Cp is the initial PO4-P concentration (mg/L).

The separation factor above 1 represents unfavourable adsorption and when the factor
is less than 1 it implies that adsorption is favourable.

In the case of the Freundlich isotherm, the Freundlich exponent 7 is an indicator of
the adsorption process. The Freundlich exponent values above 1 stand for favourable
adsorption and values less than 1 for unfavourable adsorption.

2.4.2. Kinetics Analysis

In order to understand the mechanism of the adsorption process, the experimental
data were fitted to well-known kinetic models: the pseudo-first-order (Lagergren), the
pseudo-second-order (Ho and McKay), and the intra-particle diffusion (Morris-Weber)
kinetic models. The model equations are:

9t = qe(1 — exp(—kit)), ®)
2
qeth
= 9
=1 Kodel 9)
and

gt = kpt'2 4+ C, (10)

respectively.

Here: g, and g; are the adsorption amount at equilibrium and time ¢ respectively, k;
is the pseudo-first-order model rate constant, k; is the pseudo-second-order model rate
constant, k; is the intra-particle diffusion rate constant and the constant C indicates the
thickness of the boundary layer.

The model constants can be obtained using linearized forms of the kinetic models. The
linear forms of the pseudo-first-order and the pseudo-second-order models are respectively:

In|ge — q¢| = In|qe| — k1t, (11)
b1t
q kg qe

In this research the model constants were determined in two ways: using nonlinear

(12)

N

fit and minimizing the sum ¥ (q¢,exp — qt,cﬂlc)z, and using the linear forms of the models.
i=1

In this way, the slope and intercept of the plot In|q. — q;| versus t for pseudo-first-order

and q% versus t for pseudo-second-order model were obtained. The constants for the

intra-particle diffusion model were calculated from the graph g; versus t'/2.
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The average relative errors and the coefficient of determination were calculated

as follows:

1 N
AREZEZ

i=1

At _exp = At cale | 4690y, (13)

qt, exp

Zzlil (qf, exp — 4qt, c:zlc)2

Zil\il (lh, exp — qt,cxp>2

where: g, ., = & YN, qi, exp? q’t', expeXperimental values of adsorption amount at the time
moments ¢;.

RZ=1-— (14)

3. Results and Discussion
3.1. Composition of the Materials

The elemental composition of the OQS and ISS grains is given in Table 1.

Table 1. Composition of the materials.

0Qs ISS
Element
Amount (mg/g)

Fe 267.5 13.1
Si 120.5 614
Mn 70.5 0.4
Ca 25.0 58.6
Al 24.0 189
P 20.0 31.7
S 0.5 32
C 0.16 167

As can be seen from Table 1, the OQS grains have almost no carbon; most of the mass
consists of iron, silicon, further manganese, calcium, and aluminium. In the ISS grains,
most of the mass consists of carbon, followed by silicon, calcium, phosphorus, aluminium,
and iron.

3.2. Modelling Results
3.2.1. Adsorption Equilibrium

For analysing the two types of adsorbent (OQS and ISS), the Langmuir and Freundlich
isotherms were fitted and the adsorption characteristics calculated. The model param-
eters (Table 2) were calculated using nonlinear and linear forms of the Langmuir and
Freundlich isotherms.

The constant values for the linearized models were obtained using the slope and
intercept values of the plot C, /g, versus C, of the Langmuir model for the OQS (Figure 3)
and using the slope and intercept values of the plot log g, versus log C. of the Freundlich
isotherm for the OQS (Figure 4). The constant values for the nonlinear models were
obtained using the nonlinear curve fitting method in MS Excel solver. Then, the obtained
values of the parameters were used in Models (2) and (3) and the adsorbed amount of
the adsorbate was calculated. The lines of the Langmuir and Freundlich isotherms were
drawn in Figure 5 for the OQS adsorbent. All actions were repeated with ISS adsorbent
respectively (Figures 6-8). Next, the obtained determination (R?) and the average relative
error (ARE) are presented in Table 3.
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Table 2. The model parameters calculated using Formulas (2)—(5).

Model

Parameters

Process Indicator

Initial PO4-P Concentration

(mg/L)
0Qs
Linearized Langmuir model Igz’ : 0101142?(}51/1% R;p =0.78 9-45
Nonlinear Langmuir model IgZ’ : 0008178?%/1% Ryp =0.70 9-45
Linearized Freundlich model K; :nO.:O1171I6ng /g n =116 9-45
Nonlinear Freundlich model K; :no.:ml;; /g n =137 945
ISS
Linearized Langmuir model Igz’ : 0008165?%4% R;p =0.70 11-45
Nonlinear Langmuir model IgZ’ : ggé?%{fg Ry =0.65 11-45
Linearized Freundlich model Ks :nO.:Ollézrzg /g n =127 11-45
Nonlinear Freundlich model n =141 n=141 11-45

Kf =0.024mg/g

120 T T T T T T T

o
100 [
° o
80
- o
2
© 60
g
@
&}
40
20
© experimental dala
= inearized Langmuir isotherm
0
0 5 10 15 20 25 30 35 40

Ce (mgll)

Figure 3. The linearized form of the Langmuir isotherm for the OQS (regression coefficient R? = 0.62).

0 T T T T

O  experimental data
linearized Fraundlich isotherm
-05
-1F A
- 0,
L
z 1.5
o ]
o
2t
-25f °
-3 L L . L L L L
0 0.5 1 1.5 2 25 3 35 4

log(C, )

Figure 4. The linearized form of the Freundlich isotherm for the OQS (regression coefficient R? = 0.96).
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Figure 5. Equilibrium analysis for the OQS.
° J
[+
[+
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linearized Langmuir isotherm
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Ce (mg/l)

Figure 6. The linearized form of the Langmuir isotherm for the ISS (regression coefficient R? = 0.81).

-0.5
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linearized Fraundlich isotherm

AQ!
o
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(=
o
o,
-2 1
o
=251 1
-3 L L L I L 1
0 0.5 15 2 25 3 35 4
log(C,)

Figure 7. The linearized form of the Freundlich isotherm for the ISS (regression coefficient R? = 0.96).

3.2.2. OQS Adsorbent Results

The maximum adsorption capacity was 1.14 mg/g obtained using the linearized
Langmuir model and 0.87 mg/g for the nonlinear model. The determination coefficient
values for the Langmuir isotherm used in the form (2) were 0.96 and 0.97, respectively. The
separation factor for the OQS was equal to 0.78 for the linearized model and 0.70 for the
nonlinear model. The obtained values of R} indicated that the adsorption is favourable.
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Figure 8. Equilibrium analysis for the ISS.
Table 3. Evaluation of the adsorption equilibrium.
Model Parameters R? ARE (%)
OQSs
. . . gm = 1.14mg/g o
Linearized Langmuir model Ki = 0.012 L/mg 0.96 6.2%
. . gm = 0.87 mg/g o
Nonlinear Langmuir model Ki = 0.018 L/mg 0.97 6.9%
Linearized Freundlich model n=116 0.92 7.0%
Ky =0.017 mg/g ' e
Nonlinear Freundlich model n=137 0.96 8.2%
Ky = 0.025mg/g ' e
1SS
. . . gm = 0.86 mg/g o
Linearized Langmuir model Ki = 0.015L/mg 0.97 4.3%
. . gm =074 mg/g o
Nonlinear Langmuir model Ki = 0.019 L/mg 0.98 4.1%
. . . n=127 o
Linearized Freundlich model Kf — 0.019 mg/g 0.96 5.7%
. . n=141
Nonlinear Freundlich model 0.97 5.1%

Ky =0.024mg/g

The Freundlich exponent for the linearized Freundlich model was 1.16 and for the
nonlinear model was 1.37. The obtained values of n suggested favourable adsorption.

The higher values of the determination coefficient (R?) also suggested that the experi-
mental data were a very good fit for both models. The average relative error (ARE) had
the smallest value 6.2% in the case of the Langmuir model when the model constants were
obtained using the linear relation (4).

A better fit with the Langmuir isotherm model implies possible monolayer adsorption
of PO4-P on the OQS adsorbent. As it was mentioned in [23], this presupposes homogeneity
of the sorbing surface and no interactions, involving uniforms energies of sorption on the
surface and no transmigration of metal cations in the plane of the surface.

3.2.3. ISS Adsorbent Results

The maximum adsorption capacity was 0.86 mg/g for the linearized Langmuir model
and 0.74 mg/g for the nonlinear model. The separation factor was equal to 0.70 for the
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linearized model and 0.65 for the nonlinear model. The value of R; indicated that the
adsorption is favourable.

The Freundlich exponent for the linearized Freundlich model was 1.27, and for the
nonlinear model, 1.41. The obtained values of # indicated favourable adsorption.

The higher values of the determination coefficient (R?) and lower values for average
relative error (ARE) were determined for the ISS adsorbent compared to the OQS. For this
type of adsorbent, we concluded that the nonlinear Langmuir model showed the best fit
to the experimental data (R? = 0.98), ARE = 4.1%. With this adsorbent, similar trends as
mentioned for the OQS based on [23] were observed.

3.2.4. Kinetics Analysis

The kinetics models were fitted for two types of adsorbents and the obtained results
were compared. In this way, solutions were selected with the close initial adsorbate concen-
tration: Cp =29.9 mg/L for the OQS adsorbent and Cy = 31.2 mg/L for the ISS adsorbent.

In the case of the OQS adsorbent, the results for the kinetics study are presented
in Tables 4 and 5. Here, next to the model constants, were the calculated coefficient of
determination (R?) and the average relative error (ARE) values. The lines of the pseudo-first-
order and pseudo-second-order kinetic models with the obtained constants are presented
in Figure 9.

Table 4. Constants for the pseudo-first-order kinetic model.

Pseudo-First-Order Linear Form (10)

Pseudo-First-Order Nonlinear Fit (7)

Ge,exp 5 5
Ge,calc kl R ARE Ge,calc kl R ARE
0.29 0.0132 <0 78.19% 0.288 0.044 0.87 26.94%
Table 5. Constants for the pseudo-second-order kinetic model.
g Pseudo-Second-Order Linear Form (11) Pseudo-Second-Order Nonlinear Fit (8)
e,exp
Ge,calc kl R2 ARE Ge,calc kl Rz ARE
0.29 0.133 0.72 28.96% 0.34 0.147 0.77 33.88%
0.35
o3 e
0 eI T h
0.25 P 1
@ r y - -
= 5 P f“-“ ©  experimental
B 0.2 ,-“ """""" pszﬁdo-ﬁrst (linear approx.)
E ’," = = = pseudo-first (nonlinear approx.)
o~ L S seudo-second (linear approx. ) ]
& 0.15 i Eseudo-second (nomme:?approx}

01r J¥

005§ ©

0 20 40 60 80 100 120 140 160
t (min)

Figure 9. The kinetic experimental data and the pseudo-first-order and the pseudo-second-order

kinetics models using the obtained constants (Tables 4 and 5).

Only the pseudo-first-order kinetic model with the constants obtained using the lin-
ear form was not suitable for the OQS adsorbent. The smallest differences in adsorption
amount were found for the pseudo-first-order kinetics model constructed using a nonlinear
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fit. The highest value for the determination R? = 0.87 and the smallest average relative
error ARE = 26.94% are for this case. The intra-particle diffusion kinetics model constants
(obtained using nonlinear fit) for the OQS adsorbent: k, = 0.018, C = 0.083. The deter-
mination R? was equal to 0.49 and the ARE = 48.18%. The experimental data and the line
representing the intra-particle diffusion model are shown in Figure 10. In this case, the
linear fit gives the multi-linear plots and it implies that intra-particle diffusion was not the
sole rate-controlling step.

0.35

0.3 r

0251

0.2r

(mg/g)

experimental
intra-particle diffusion

o 015 F

0.1

80 100 120 140
t (min)

20 20 %0 160
Figure 10. The kinetic experimental data and intra-particle diffusion model for the OQS adsorbent.

The kinetic results for ISS adsorbent are presented in Tables 6 and 7 and in Figure 11.

Table 6. Constants for the pseudo-first-order kinetic model (ISS adsorbent).

Pseudo-First-Order Linear Form (10) Pseudo-First-Order Nonlinear Fit (7)

qe,exp
Ge,calc kl R2 ARE Ge,calc kl R2 ARE
0.25 0.57 0.134 <0 >100% 0.25 0.081 0.99 1.77%
Table 7. Constants for the pseudo-second-order kinetic model.
q Pseudo-Second-Order Linear Form (11) Pseudo-Second-Order Nonlinear Fit (8)
e,exp
9e,calc kl R2 ARE Ge,calc kl R2 ARE
0.25 0.323 0.245 0.99 1.91% 0.324 0.244 0.99 1.94%
0.35
O  experimental
o3l & | pseudo-first (linear approx.)
: = = =pseudo-first (nenlinear approx.)
""" pseudo-second (linear approx.)
025 - pseudo-second (nonlinear approx.) _»
S 02f
o
E
o 0.15
(4
H /2
01§ /’
r
i /4
g 4
005§ A
:2 i’
0 . ‘ . ‘ ‘ . ‘
0 5 10 15 20 25 30 35 40
t (min)

Figure 11. The kinetic experimental data and the pseudo-first-order and the pseudo-second-order
kinetics models using the obtained constants (Tables 6 and 7).
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The best kinetics results for the ISS adsorbent were obtained with the pseudo-first-
order model using a nonlinear fit. The highest determination coefficient and the smallest
relative error were for this model.

The intra-particle diffusion kinetics model constants for the ISS adsorbent: kp = 0.033,
C = 0.044. The determination R? was equal to 0.95 and the ARE = 4.05%. The experimental
data and the line representing the intra-particle diffusion model are shown in Figure 12.
The intra-particle diffusion model fit to experimental data for the ISS adsorbent well and in
this case, the adsorption process is controlled by the intra-particle-diffusion.

0.35 I I
O experimental
.......... intra-particle diffusion
03}
: D
. o
;
E
0
0.1 F
0.05 ¢
0 L L , | | | |
0 5 10 15 20 o5 = . |
t (l'ﬂm)

Figure 12. The experimental data and the line representing intra-particle diffusion model.

3.3. Column Filtration Results

The temperature of the solution prepared for filtration was 17 £ 1 °C, the pH was
7.75 £ 0.1, the sulphate concentration was 38 &+ 2 mg/L, and the chloride concentration
was 20 £ 3 mg/L. Filtration through the columns continued for 28.5 h. During that
time, 40 L of the solution was filtered through each filter media (Figure 13). During that
time, the efficiency of the OQS filter media to remove PO4-P from the aqueous solution
decreased from 93.5% to 23.5%, and the ISS filter media, from 76.3% to 30.0%. Filtration
was performed with three breaks (the stand was turned off overnight). It has been observed
that the efficiency of adsorbents to remove PO4-P increases when the filter is switched on
after a break (8, 19, 23.5 h of filtration).
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Figure 13. Column filtration results (filtration rate—1.1 m/h, discharge—1.4 L /h, volume of filter
media—110 mL).
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Throughout the experiment, 1 g of the OQS adsorbent accumulated 0.78 mg of PO4-P,
and 1 g of the ISS adsorbent accumulated 2.1 mg of PO4-P. The latter result is more than
two times bigger than the previously calculated ISS sorption capacity (0.86 mg/g). The
tap water used in the column experiment meets the requirements of the Lithuania hygiene
standard HN 23:2017, but it cannot be equated with distilled water. Small amounts of
substances dissolved in water may have affected the adsorption processes. Comparing the
concentrations of anions (C1~, SO427) in the solution used in this experiment with the data
of the authors [24], it can be seen that in this case there were 4.5 times fewer chlorine ions
and 2 times fewer sulphate ions. The results given in [24] show no significant change in
phosphate adsorption after adding coexisting anions with concentrations more than that of
phosphate ions. It is assumed that chlorine and sulphate ions did not significantly affect
phosphorus sorption in this experiment.

During the filtration experiment, it was observed that a whitish precipitate accumu-
lated above the ISS filter media layer. Examination of the composition of the sediment (by
dissolving the precipitate with nitric acid and measuring the phosphorus concentration)
revealed that the sediment contained phosphorus. It is assumed that the ISS filler not only
sorbs phosphorus but also traps phosphorus compounds on the filter surface. It should
be noted that the ISS contains phosphorus (Table 1). By mixing the brittle ISS grains in
solution (in the first study—in batch), phosphorus could be released from them into the
liquid. During filtration, the ISS grains retained their shape, did not disintegrate, and
retained 2.7 times more POy4-P (by weight) than the OQS adsorbent. The OQS adsorbent
adsorbed slightly less POy4-P in the filtration experiment than obtained using the linearized
Langmuir model (maximum adsorption capacity was 1.14 mg/g) or the nonlinear model
(0.87 mg/g).

It was observed that in the column filtration experiment, the ability of this sorbent to
remove POy-P from the aqueous solution was not fully utilized, but the experiment was
terminated due to the low POy-P removal efficiency after 28 h (Figure 13).

The presence of aluminium, iron, magnesium, and calcium oxides is known to play
an important role in phosphate removal. The negatively charged phosphate ions become
attracted towards the surface of the grains, as shown in reaction (2), given by [24]:

M-OH,* + H,PO,~ — MH,PO, + H,0, (15)

The selected materials (OQS and ISS) contained Fe, Ca, Al, and other metals (Table 1).
The difference is that the OQS can be classified as a mineral sorbent, while the ISS contains
carbon (167 mg/g). Incineration of sewage sludge at 600 °C produces biochar. The
functional groups in biochar can improve cation exchange capacity [25].

Comparing the obtained adsorbent sorption capacity (to adsorb phosphorus) with the
capacity of other unmodified sorbents, it can be seen that for some tested substances it is
lower; fragmented limestone waste—0.398 mg/g [26], ground burnt patties—0.41 mg/g [24],
red soil—0.56 mg/g [27], kaolinite—0.32 mg/g, bentonite—0.28 mg/g [28]. There are also
materials with a sorption capacity tens and hundreds of times higher: dolochar—399 mg/g,
fine dolomite—277 mg/g, waste iron oxide material—72 mg/g [27]. Most studies of PO4-P
sorption from solutions were performed at high concentrations of PO,4-P (120-2000 mg/L),
and high initial concentrations may have resulted in high sorption capacity. Efficient sorbents
to be used as wastewater treatment filters must possess a high affinity to retain orthophosphate
(phosphate) at low concentrations [29]. It should be noted that these sorption studies were
performed at low initial concentrations of PO4-P (0.47 to 44.86 mg/L), which correspond
to real conditions. It is also important that in this experiment the filtration took place at a
relatively high rate, 1.1 m/h, and the solution in the filter fillers remained for only 4.7 min.
Low filtration rates have been reported in the literature [24,27]: these authors used flow
rates of 1.5 and 3 mL/min. In this work, the filtration rate was maintained at 24 mL/min.
It is known that increasing the flow rate decreases the residence time that results in lower
bed utilization. Therefore, bed capacity decreases with an increased flow rate. Under real
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conditions, an increase in the sorption efficiency of PO4-P can be expected by increasing the
residence time of the water or effluent in the filter media.

Waste from water treatment plants (OQS) is a natural, clean adsorbent and can there-
fore be used in sensitive systems: for example, to remove phosphorus from rivers or
stream water. We recommend incinerated sludge (ISS) for the removal of phosphorus
from wastewater and garbage filtrates. It is not known whether this adsorbent releases
undesirable substances into the environment, therefore leaching studies are recommended
in the future. Urban sewage sludge management issues are particularly relevant today.
Therefore, there is an urgent need to develop environmentally and economically acceptable
novel approaches for the safe disposal and recovery of municipal sewage sludge in many
cities. Pyrolysis is an alternative technology that is clean and cost-efficient for treating
organic wastes [30]. Using this waste for wastewater treatment by adsorbing phosphorus
would be a great solution for the circular economy.

4. Conclusions

This study evaluated the properties of two filter media (OQS and ISS) for removing
PO4-P from aqueous solutions. The experiments were carried out in the laboratory (in
batch and in columns stand). The maximum adsorption capacity of the OQS was 1.14 mg/g
obtained using the linearized Langmuir model and 0.87 mg/g for the nonlinear model.
The maximum adsorption capacity of the ISS was 0.86 mg/g for the linearized Langmuir
model and 0.74 mg/g for the nonlinear model. The obtained values of R} indicate that the
adsorption is favourable.

The analysis showed that the results of the adsorption equilibrium modelling ob-
tained for the OQS adsorbent are very compatible with the experimental results: both the
Langmuir and the Freundlich models can be successfully applied. The pseudo-first-order
model obtained using a nonlinear fit can accurately explain PO4-P adsorption kinetics using
both adsorbents: OQS and ISS. The intra-particle diffusion model fits the experimental
data for the ISS adsorbent well and in this case, the adsorption process was controlled by
intra-particle-diffusion.

During the column filtration experiment, 1 g of the OQS adsorbent accumulated
0.78 mg of PO4-P, and 1 g of the ISS adsorbent accumulated 2.1 mg of PO4-P. Although the
filtration was relatively fast, at a rate of 1.1 m/h (discharge of 1.4 L/h), a higher sorption
capacity was obtained than in the in-batch experiments. In this case, the mechanism
of PO4-P retention was not completely clear, so further studies of the OQS and the ISS
substances are recommended, taking into account more environmental and filtered solution
parameters. Under the terms of this experiment, compared to other wastes, the ability to
remove phosphorus from solutions was average. The advantage of the OQS is that it is a
natural, clean adsorbent, so it can be used to remove phosphorus from rivers or stream
water. Incinerated sewage sludge (ISS) is recommended for the treatment of wastewater
and garbage filtrates containing phosphorus. The reuse of this waste would help to solve
the issues of the circular economy.
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