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INTRODUCTION

Excessive concentrations of the compounds 
of phosphorus degrade the aquatic ecosystems, 
even to the extent that the affected waters may 
have to be excluded from the economic, recre-
ational or natural use [Bowes et al., 2015; Bunce 
et al., 2018]. One of the sources of the element 
flowing into aquatic ecosystems, primarily sur-
face waters, is the municipal wastewater, in 
which the concentration and form of P occurrence 
depends on the applied methods and efficiencies 
of wastewater treatment. The P-removal in con-
ventional biological wastewater treatment sys-
tems relies upon assimilation, as a direct reflec-
tion of the demand for the nutrient exerted by the 
synthesis of new biomass. The biological removal 
can also be intensified by exploiting the capacity 
of the heterotrophic bacteria dubbed Phosphate-
Accumulating Organisms (PAOs) to accumulate 
the excess cellular phosphate in the form of poly-
phosphate grains [Lanham et al., 2013]. 

The methods of biological dephosphatation 
employed at wastewater treatment plants are no 
longer regarded as sufficient [Trikoilidou et al., 
2016], so it is typical for auxiliary support to be 
offered by means of the physicochemical meth-
ods increasing the efficiency in the wastewater 
treatment system [Cieślik and Konieczka, 2017]. 
Almost all large municipal wastewater treatment 
plants engage in the precipitation of phosphorus 
using the compounds of iron and aluminum, i.e. 
coagulants of the PIX and PAX type [Caravelli 
et al., 2010]. One way to remove the phospho-
rus compounds from wastewater is to use the re-
active materials, i.e. those capable of the selec-
tive removal of specific substances by sorption 
or precipitation [Cucarella and Renman, 2009]. 
Recently, new methods to assist with the P-re-
moval have entailed bentonites [Yan et al., 2010], 
La(III)-modified bentonite [Kuroki et al., 2014; 
Kasprzyk and Gajewska, 2017], silica filter [Kim 
et al., 2012], steel slag [Li et al., 2018], shale ash 
[Kõiv et al., 2010], calcite [Liu et al., 2012], Light 
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ABSTRACT
The biological methods of removing the phosphorus compounds from wastewater as applied currently at treatment 
plants may no longer be regarded as sufficient. They can therefore be augmented with physicochemical methods, 
raising the efficiency of the wastewater treatment system. Indeed, almost all large urban wastewater treatment 
plants practice precipitation of phosphorus using salts of iron and aluminum in the form of chemical coagulants. 
Nevertheless, the search for new ways of assisting with the removal of the biogenic element from wastewater, e.g. 
by dosing bentonites, fly ash and post-technological sludge from water treatment stations, or even unconventional 
organic sorbents such as rice husks, is ongoing. A further unconventional material in the P-removal from waste-
water may take the form of powdered mineral materials. The work presented here shows the results of laboratory-
scale trials on the P-removal using brick dust and powdered ceramsite (expanded clay). 
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Expanded Clay Aggregates [Kaczmarczyk et al., 
2017], the carbonate-siliceous rock called opoka 
[Cucarella et al., 2009; Kasprzyk & Gajewska, 
2019], zeolited fly ash [Wu et al., 2006], Polly-
tag® lightweight aggregate [Bus et al., 2014], 
water processing sludge [Totczyk et al., 2015], 
and sun coral powder [Vianna et al., 2016]. Un-
conventional materials have also been employed 
for this purpose, including rice husks [Yadav et 
al., 2015], Portland Cement [Masłoń, 2016] or 
dolomite-modified biochar [Li et al., 2019].

Further unconventional materials capable of 
being applied in the P-removal from wastewater  
comprise powdered ceramsite or brick dust.

METHODS AND MATERIALS

Brick dust and powdered ceramsite

The study materials were the powdered frac-
tion of lightweight expanded clay called “ce-
ramsite” (PK) – which is generated in the course 
of the sorting process relating to the coarse ag-
gregate of Leca® KERAMZYT, from the Weber 
Production Plant in Gniew (Saint-Gobain Con-
struction Products Poland); as well as brick dust 
(BD) from the brickyard in Radoszyce (CERAD-
BUD Ltd Poland) (Figure 1).

Leca® KERAMZYT is a porous material 
formed from a geochemically-specific clay fired 
at high temperatures in a rotary kiln. Such a pro-
cess ensures that expanded clay is a mineral ma-
terial, with total sterilisation reflecting the treat-
ment at temperatures above 1100oC. 

Brick dust is a commercial product in which 
ground waste brick aggregate is mixed with red 
ground clay in a 10:1 ratio, gaining subsequent 

use in the construction of surfaces at sports fa-
cilities (on tennis courts, playgrounds, treadmills, 
etc.). Brick dust resembles the above-mentioned 
ceramsite in being a mineral material.

The two materials deployed in the experi-
ments to be detailed here different markedly with 
respect to their contents of silica, aluminium, 
calcium and iron. Specifically, the chemical com-
positions of these powdered materials are as de-
tailed in Table 1. However, PK and BD are both 
alkaline, with the pH values of tested samples be-
ing 10.1 and 9.9, respectively.

The granulometric analysis conducted using a 
laser diffraction technique on a Mastersizer 2000 
(from Malvern Instruments Ltd.) revealed differ-
ent particle-size distributions (PSDs) (Figure 2). 
The parameters identifying particle fineness and 
uniformity are as supplied in Table 2. Equally, 
the values for specific surface area of PK and 
BD samples were found to be at a similar level, 
amounting to 5.183 and 4.861 m2/g, respectively. 
The sample particle densities were of 2.68 g/mL 
in both cases. 

Table 1. Chemical characteristics of the powdered 
materials used

Component [%] PK BD
SiO2 46.28 62.33
Al2O3 17.56 18.83
Fe2O3 12.91 7.29
CaO 10.62 2.14
MgO 3.58 2.24
Na2O 0.55 1.20
K2O 4.81 3.94

eqNa2O 3.72 3.80
SO3 0.86 0.12
Cl- 0.03 0.01

eqNa2O – calculated as Na2O + 0.66K2O

Figure 1. Images of powdered materials used in the study (a – powdered ceramsite, b – brick dust)
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Phosphorus adsorption experiments

The static non-flow conditions were used to 
study the capacity for the phosphorus sorption 
manifested by the tested materials. To this end, 
a model solution of phosphorus concentration 
equal to 1.0 g P/dm3 was prepared using deion-
ised water and KH2PO4. 12 conical flasks were 
dosed with 1 g of PK or BD and 50 cm3 of the 
model solution at mg P/dm3 concentrations of 2, 
5, 10, 20, 40, 60, 80, 100, 125, 150, 175 and 200. 
The samples were then shaken mechanically for 
24h at 20°C, prior to determinations for total P 
being carried out on filtered solution, in accor-
dance with PN-EN 1189: 2000. The data obtained 
gained description using the Langmuir isotherm 
equation 1
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where Ce is the equilibrium concentration of 
phosphorus in the liquid phase [mg P/dm3]

 qm is the maximum sorption capacity ac-
cording to the Langmuir model [mg P/g]

 qe is the amount of phosphorus adsorbed 
by the powdered material, i.e. PK or BD 
[mg P/g]

 KL is the Langmuir constant

Batch experiments

The trials relating to the P-removal were 
carried out using a batch test conducted as fol-
lows: 5 beakers of 1-litre capacity were filled 
with municipal wastewater, prior to the addition 
of one or other of the powdered materials (pow-
dered ceramsite or brick dust), in amounts equal 
to 0.5 g (1); 0.75 g (2); 1.0 g (3); 2.0 g (4) or 
5.0 g (5). The beakers were placed in a mechani-
cal stirrer, and slow mixing was engaged in. The 
values for pH and electrolytic conductivity were 

measured following the stirring, before the solu-
tions were filtered in advance of the phosphate 
determinations (in accordance with PN-EN ISO 
6878). The pH was determined using a Hach 
Lange HQ40d Multi meter. Each measurement 
series was run in triplicate, and tests were carried 
out on wastewater at a temperature of ca. 20oC. 
The municipal wastewater used in the studies was 
derived from the Rzeszów Wastewater Treatment 
Plant (WWTP), and was actually characterised 
by a relatively low phosphate content around 
3 mg P/dm3 (Table 3)

RESULTS AND DISCUSSION 

A key step underpinning the choice of reac-
tive material for the P-removal is for sorption 
capacity to be estimated. This, in fact, depends 
on many factors, like the physical and chemical 
properties of the material, as well as contact time 
and concentration of P in the solution. By refer-
ence to the value for sorption capacity character-
ising a material, it is possible to calculate an esti-
mated working time of the filter, in relation to the 
assumed time of contact between the material and 
the adsorbate [Bus et al., 2014]. 

The laboratory trials identified the phos-
phorus sorption capacities, but the results in re-
spect of phosphate ions adsorbed by all materials 
were also analysed using the Langmuir model to 
evaluate the associated parameters (Figure 3–4). 
The maximum sorption capacities of powdered 
ceramsite and brick dust, as determined ex-
perimentally, were 0.593 mg P/g and 0.455 mg 
P/g, respectively. The parameters of the model 
obtained using linear regression analysis were 
qm = 0.5952 mg P/g and KL = 0.4283 for PK and 
qm = 0.4539 mg P/g and KL = 0.206 for BD. 

The sorption data obtained for the powdered 
materials studied fit to the linear form of the 

Figure 2. Particle-size distributions characterising the powdered materials
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Langmuir equation (Fig. 3). The higher R2 of PK 
and BD (0.9997 and 0.9954 respectively) reveals 
a very good mathematical fit between the experi-
mental data and the Langmuir isotherm model. 
The results showed that qm remains highest for 
the phosphate-ion sorption onto powdered cer-
amsite, with brick dust proving less effective. The 
sorption mechanism at work is doubtless similar 
to that characterising clay or aluminosilicates, 
further denoting monolayer adsorption on to a ho-
mogeneous surface, with no interaction between 
the adsorbed molecules at the concentrations test-
ed [Chen et al. 2010]. The chemical properties of 
media are known to play a critical role in this re-
gard, with cations such as Ca2+, Al3+ and Fe3+ in re-
active material proving important when it comes 

to the P-removal from wastewater via physical/
chemical processes [Johansson Westholm, 2006, 
Moharami and Jalali, 2015, Yan et al. 2010]. The 
source of ingredients having an affinity for phos-
phorus are the aforementioned aluminosilicates 
present in the raw materials used in producing 
expanded clay and brick. Therefore, it is possi-
ble for the investigations on the composition of 
powdered ceramsite and brick dust to reveal the 
presence of calcium and iron oxides and alumi-
nosilicates. Nevertheless, PK and BD differ in the 
chemical composition as – while the aluminium 
contents are similar at around 17–18%, powdered 
ceramsite has more iron and calcium than brick 
dust (Table 2). The oxide ratio CaO:Al2O3:Fe2O3 
for the analysed materials is 0.82:1.36:1 (PK) and 
0.3:2.58:1 (BD). Thus, the mechanism of sorbing 
P from aqueous solution may mainly reflect the 
presence of aluminum in the powdered materials.

Table 4 compares the values for the sorption 
capacities obtained in this work and other stud-
ies. The values in the case of both powdered 
ceramsite and brick dust are found to be com-
parable with those characterising other materi-
als, implying a potential application in removing 
phosphate from wastewater. While PK and BD 
are of very low sorption capacity in comparison 
with other materials, it is known that the media 
of low phosphorus-removal efficiencies can often 
be modified with a view to these being enhanced. 
The sorption capacity of clay minerals can be in-
creased by modification, and a literature review 
has shown that the phosphate removal can benefit 
from the presence of larger amounts of calcium, 
iron or aluminium in reactive materials. For ex-
ample, clays modified to include NaCl, CaCl2 or 
FeCl3 as adsorbents can be applied in removing 
P from aqueous solution. Batch studies showed 
the P sorption capacities due to the presence of 
Fe-adsorbents in bentonite (1.31 mg/g), calcite 

a) b)

Figure 3. Sorption isotherms for PO4
3− in relation to the powdered materials used

Table 2. Parameters characterising the particle-size 
distribution of PK and BD adsorption experiments

Parameter Unit PK BD
Surface Weighted Mean 
D[3,2] [µm] 7.576 13.363

Volume Weighted Mean 
D[4,3] [µm] 36.421 52.699

Diameter d (0.1) [µm] 3.643 4.777
Diameter d (0.5) [µm] 24.110 31.870
Diameter d (0.9) [µm] 85.279 132.860

Table 3. Characteristics of the wastewater used in this 
study

Value
P-PO4
mg P/
dm3

pH Alkalinity
mval/dm3

Acidity
mval/
dm3

Conductivity  
mS/cm

Average 2.70 10.68 1.53 1554.5 7.59
Minimum 2.0 7.5 0.6 898.0 7.37
Maximum 3.1 12.2 2.3 1742 7.75
STD 0.4 1.70 0.62 322.87 0.14

All results – expressed as means for samples from 
the three trials (plots) – were analysed statistically 
using one-way analysis of variance at p < 0.05 with 
STATISTICA PL software (StatSoft Poland).



67

Journal of Ecological Engineering  Vol. 21(2), 2020

(1.97 mg/g), kaolinite (1.31 mg/g), and zeolite 
(1.58 mg/g) being improved by ∼467, 107, 409, 
and 427 %, respectively, as compared with the 
unmodified adsorbents – bentonite (0.28 mg/g), 
calcite (1.82 mg/g), kaolinite (0.32 mg/g), and 
zeolite (0.37 mg/g) [Moharami and Jalali, 2015].

A literature review reveals that – compared 
with other materials – powdered ceramsite and 
brick dust are indeed of low sorption capacity. 
For example, Polonite® of 2÷6 mm grain-size 
and Leca® of 4÷10 mm grain-size are charac-
terised by the values of 40.9 and 5.1 mg·P/g 
respectively [Kaczmarczyk et. al., 2017]. Bou-
jelben et al. (2008) drew on the parameters of 
the Langumir isotherm equation to determine 
the maximum sorption capacity for three sorp-
tion materials – 0.88, 1.5 and 1.75 mg P/g re-
spectively, in the cases of naturally iron oxide-
coated sand (NCS), synthetic iron oxide-coated 
sand (SCS) and iron oxide-coated crushed brick 
(CB). In turn, the Pollytag® aggregate formed 
from fly ash is seen to be characterised by a 

sorption capacity of 32.24 mg P/g [Bus et al., 
2014]. Powdered freshwater mussel shells have 
a P-sorption capacity of 6.95 mg P/g [Xiong et 
al., 2011]. Vianna et al. (2016) studied various 
types of sun coral powder as adsorbents and 
found maximum P-removal capacities of raw, 
physically-modified and chemically-modified 
material at the levels of 6.8, 7.0 and 9.6 mg P/g, 
respectively. The so-called red mud, as a waste 
residue from alumina refineries, is characterised 
by a sorption capacity similar to that manifest-
ed by powdered ceramsite. Huang et al. (2008) 
noted a P-sorption capacity for red mud of 0.58 
mg/g. One other powdered material – clinker ash 
– was in turn found to achieve sorption at a level 
of 0.29 mg P/g [Sima et al. 2018].

The batch tests carried out using two types 
of powdered materials showed a significant de-
gree of phosphate removal from wastewater 
(Figs. 5 and 6). The application of 0.5 g of pow-
dered material per litre of wastewater ensures a no-
ticeable reductions in the phosphate-phosphorus 

a) b)

Figure 4. Langmuir isotherms for P-sorption on PK and BD

Table 4. Comparison of various clay materials in terms of the phosphate-adsorption capacities

Material Sorption capacity  
(mg P/g) References

Sepiolite 0.60 Ooi et al. (2017)
Calcium-rich sepiolite 32.0 Yin et al. (2011)
Na-natural zeolite 2.19 Wu et al. (2006)
Bentonite 5.54 Yan et al. (2010)
La(III)-modified bentonite 5.60 Kasprzyk and Gajewska (2017)
La(III)-modified bentonite 14.0 Kuroki et al. (2014)
Magnetic illite clay 5.48 Chen et al. (2016)
Hydrous iron oxide modified diatomite 4.89–35.71 Wang et al. (2016)
Akadama clay 5.88 Wang et al., (2018) 
Acid-activated akadama clay 9.19 Wang et al., (2018) 
Modified montmorillonite (C1.0-AlPMt) 11.89 Ma et al. (2016)
Tunisian clay soils 19.53–31.84 Hamdi and Srasra. 2008
Powdered ceramsite 0.593 This study
Brick dust 0.455 This study
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concentrations, to 2.54 ± 0.3 mg P/dm3 (for PK) 
and 2.61 ± 0.3 mg P/dm3 (for BD). This equates 
to percentage removal efficiencies of 8.1 (PK) 
and 5.7 (BD). With consecutively higher doses of 
powdered ceramsite or brick dust phosphate lev-
els are further lowered. With the 0.75 g/dm3 dose, 
the phosphate concentration in the treated waste-
water was 2.43±0.32 mg P/dm3 for powdered ce-
ramsite and 2.53 ± 0.31 mg P/dm3 for brick dust; 
while with a 1g/dm3 dose to the respective result-
ing figures are 2.32 ± 0.31 and 2.44 ± 0.3 mg P/
dm3. Higher doses caused noticeable phosphorus 
removal from wastewater in the case of powdered 
ceramsite. The use of 2 and 5 g BD per liter of 
wastewater resulted in a decrease in phosphate 
concentration to 2.14 ± 0.31 mg P/dm3 and 1.25 
± 0.39 mg P/dm3, respectively. In turn, dosing of 
powdered ceramsite in the amount of 2 g/dm3 and 
5 g/dm3 reduced the phosphate phosphorus con-
centration to 1.64 ± 0.28 g/dm3 and 0.53 ± 0.31 g/
dm3. At a dose of 2 g/dm3, the phosphate removal 
efficiency was thus 22.6 ± 2.7% (BD) and 40.7 
± 2.8% (PK). However, at the highest dose of 

powdered substances, a phosphate reduction of 
54.7 ± 8.8% and 80.7 ± 8.7% was achieved for 
BD and PK, respectively. 

For comparison, Sima et al. (2018) studied the 
use of clinker ash (11.7% Al2O3, 6.0% CaO and 
5.3% Fe2O3) in the P-removal as regards aqueous 
solutions. Increasing the clinker ash dosage from 
2.0 to 6.0 g per 100 cm3 of wastewater increased 
the efficiency of P-removal from 21.5% to 76%. 
Although higher doses of clinker ash were used 
than in our studies, and the chemical composition 
of all powdered substances was similar, Sima et 
al. (2018) obtained lower efficiency of phospho-
rus compounds removal.

The addition of PK and BD to wastewater 
leads, not only to phosphate removal, but also to 
alkalisation of the medium (Figs. 7 and 8). A pH 
increase from the initial 7.56 to a maximum of 
7.69 was noted using 5 g of PK per litre of waste-
water. In the case of brick dust application, the 
pH increase was more limited, to a maximum of 
7.59. However, in the course of the latter tests, the 
alkalinity of the wastewater was between 10.68 

Figure 5. Phosphate concentration in wastewater in line with the applied dose of powdered material

Figure 6. Phosphate removal from wastewater in line with the applied dose of powdered material
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and 11.63 mval/dm3. In contrast, the alkalinity of 
the wastewater to which powdered ceramsite had 
been added was not so high, with pH in the range 
10.68–10.78 mval/dm3. 

The studies conducted revealed a certain 
usefulness of powdered substances – powdered 
ceramsite and brick dust – where the removal of 
phosphorus compounds from wastewater was 
concerned. Nevertheless, in terms of their reactiv-
ity, the tested materials were found to be of low 
sorption capacity, to the extent that their use in, for 
example filters, may prove of low efficiency. It is 
therefore reasonable to use powdered substances as 
part of a simultaneous effort to remove phosphorus 
by means of the biological wastewater treatment. 
Powdered ceramsite has been tested to improve ac-
tivated sludge processes, and its presence at 0.75 g/
dm3 in a Keramsite-Sequencing Batch Reactor does 
prove beneficial to the aforementioned biological 
treatment processes. On the one hand, sedimenta-
tion and morphological properties of the activated 
sludge are improved, while on the other there is 
an intensification – and above all a marked stabi-
lisation – of the unit processes by which organic 
carbon, nitrogen and phosphorus are all removed 

from wastewater. The powdered ceramsite ad-
ditive stimulates the growth of microorganisms, 
i.a. by enhancing the microbiological biodiversity 
[Masłoń et al. 2019]. In other studies, powdered 
ceramsite was tested in aerobic granular sludge 
technology [Czarnota et al., 2018, Czarnota et al. 
2019], with addition to the reactors operating at or-
ganic loading rate values of 2.10 g COD/(dm3∙d) 
and 1.0 g COD/(dm3∙d) found to provide for bio-
granulation [Czarnota et al. 2019].

CONCLUSIONS

The work revealed a certain usefulness of 
powdered substances, i.e. powdered ceramsite 
(expanded clay) and brick dust, where the removal 
of phosphorus compounds from wastewater was 
concerned. In adsorption experiments, the maxi-
mum sorption capacities of powdered ceramsite 
and brick dust were determined experimentally at 
0.593 and 0.455 mg P/g, respectively. The batch 
experiments showed that the efficiency of phos-
phate removal depends on the type of powdered 
material, as well as their chemical compositions 

Figure 7. The impact of the powdered materials on the pH of wastewater

Figure 8. The impact of the powdered materials on the alkalinity of wastewater
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and doses. The concentration of phosphate was 
shown to be lower in all treatment tests using 
both powdered ceramsite and brick dust. How-
ever, the highest phosphorus removal efficiencies 
were 54.7±8.8% and 80.7±8.7%, for brick dust 
and powdered ceramsite, respectively, at doses of 
5.0 g/dm3 of wastewater. 

The current outcome suggests that powdered 
ceramsite and brick dust are reactive materials 
and can be used as a sorbent along with met-
al ions (Ca2+, Al3+, and Fe3+), when it comes to 
the P-removal from wastewater. Moreover, the 
spent powdered material could be repurposed as 
a phosphate plant fertiliser, in a way that would 
reduce the costs of disposal and increase the 
commercial value.
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