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Abstract: In order to understand the mechanisms of microbial growth on waste polyurethane sponge
materials, their effectiveness as biomass carriers in domestic sewage with increased ammonium
nitrogen content treatment was assessed. Comparative experiments were carried out in microreactors
under steady conditions of batch culture, which allowed for an assessment of different carriers, in the
form of flexible foams, rigid foams, and flexible foams placed in full casings. In the studies conducted
in continuous cultures, biomass carriers selected in batch culture were used as fillings in the column
model. The structure of the microbial community inhabiting the spongy material was determined
and the pollutant-removing process from real domestic sewage was assessed. Analyzes using the
Illumina sequencing technique allowed for demonstrating that Nitrosomonas and Nitrospira were
the predominant nitrifiers in the biomass carrier in the form of waste polyurethane foams (PUF).
It was found that anammox bacteria, the presence of which—as unidentified Planctomycetes—was
confirmed in the polyurethane sponge material, were also responsible for the high removal of N-NH4

+.
Burkholderia and Sphingopyxis phyla were identified as the dominant denitrifying bacteria involved
in the treatment of domestic sewage with increased content of ammonium nitrogen. The biomass
carrier in the form of waste PUF placed additionally in full casings proved to be more beneficial for
the proliferation of bacteria involved in nitrification and denitrification processes. On the other hand,
waste foams without casings proved to be more suitable for the growth of microorganisms known to
perform partial denitrification and may accumulate nitrites (Staphylococcus, Dokdonella). Additionally,
the presence of Devosia and Pseudonocardia, which participated in the phosphorus removal process,
was found in the waste PUR foams.

Keywords: biomass carrier; polyurethane foams; domestic wastewater; microbial community

1. Introduction

One of the methods of intensifying wastewater treatment processes is the immobi-
lization of microorganisms on properly selected carriers. It aims to limit the movement of
microbial cells by immobilizing them, which results in increased availability of nutrients.
The immobilization process takes place with the use of biomass carriers, which cannot
adversely affect the viability of cells, their division, and growth. A properly selected carrier
should effectively retain immobilized microbial cells, be mechanically and chemically sta-
ble, and have sufficient porosity to allow free diffusion of products and substrates. Such
material should also be able to be used on a technical scale, be easily available and its
production cost should be low [1,2].

An interesting example of biomass carriers is spongy materials, of which polyurethane
foams (PUF) have gained importance recently. Due to the high porosity, and thus the specific
surface of the material, open-pored polyurethane foams deserve a lot of attention [3,4].
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Among the special properties of PUFs is their hydrophobic nature, which enables them
to interact with most microbial cell surfaces [5,6]. The hydrophobicity of foams decreases
when they are covered with biomass [7]. Increasing the water absorption capacity makes
the foams resistant to drying out. Microorganisms thrive best in a humid environment,
therefore the ability of the material to absorb water is an important factor in selecting the
carrier, especially with its periodic sprinkling.

In the literature, much attention is paid to a simple method of PUF regeneration by
rinsing adsorbed pollutants with distilled water [8], as well as their low investment cost and
mechanical strength. In recent years, polyurethane foams have been studied as carriers for
immobilized bacterial cells to remove crude oil from seawater [9], decolorize or bioremediate
industrial wastewater [10,11], treat dairy wastewater [12], remove toxic pollutants from
industrial wastewater [4], as well as for municipal wastewater treatment [2,13].

Polyurethanes (PUR) are synthetic materials, that have been widely used both in
industry and in everyday life. They may appear, among others, in the form of foam
materials, divided into rigid foams (used as insulation and packaging material) and flexible
foams (used for the production of upholstered furniture, mattresses, sleeping pillows,
and car seats). Currently, polyurethanes rank sixth in the world production of polymers.
According to forecasts, their production will increase from 54.0 to 75.3 billion USD in
2021–2026 [14–16].

During the production of flexible polyurethane foams, industrial waste, the so-called
scrap is also produced. The second type of PUF waste is post-consumer waste resulting
from material usage. Most polyurethane waste is incinerated or placed in a landfill. Both
of these methods of waste management are not indifferent to the environment. The first
one results in the emission of toxic and greenhouse gases. When depositing PUF waste
in a landfill, it should be remembered that it is not biodegradable. In addition, the low
density of polyurethane foams makes storage uneconomical due to the requirement of
a large area of land. For the above reasons, innovative solutions for the management of
waste PUR foams should be sought. One of the ways is to use them as a material for the
production of new products (material recycling) or as a substitute for the original raw
material (raw material recycling). In 2016, post-consumer waste in the US accounted for
110 thousand tons of recycled polyurethanes, and its ratio was only 5.5% [14]. An example
of the management of flexible PUF scrap waste is its use as a filling for pillows or soft toys.
Dacewicz et al. [17–19] proposed the use of post-consumer waste in the form of PUR foam
scraps as a filling of vertical flow filtration columns in the treatment process of domestic
sewage with increased content of ammonium nitrogen.

This article describes research aimed at understanding the growth mechanisms of
microorganisms on polyurethane foams, by assessing their effectiveness as biomass carriers.
The carrier pre-selection, which was completed in microreactors, was based on the proce-
dure reported by Bolton et al. [20]. It included an evaluation of the efficiency of eight waste
materials, determined by the relative biological activity of bacterial cells immobilized on
each carrier. The experiment was carried out in batch cultures under steady environmental
conditions. This allowed for a comparative assessment of the biological activity of micro-
bial cells between carriers. In order to assess the scalability of this procedure, subsequent
experiments were carried out in continuous cultures, using selected biomass carriers as
filling in the column model. The structure of the microbial community inhabiting the
spongy material was determined and the process of removing inorganic forms of nitrogen
from real domestic sewage with increased content of ammonium nitrogen was assessed.

2. Materials and Methods
2.1. Research Materials
2.1.1. Biological Material

Distilled water was used as a blank medium, which was inoculated with 1% (v/v)
inoculum. Real wastewater was used as the experimental medium and inoculated with 1%
(v/v) inoculum.
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Inoculum was a commercial bio-preparation containing effective microorganisms
(EMs) in the form of two different populations of microorganisms, i.e., yeast and lac-
tic acid bacteria. The total number of Saccharomyces cerevisiae yeast in this preparation was
5.0 × 103 CFU/cm3, while the total number of lactic acid bacteria Lactobacillus casei and
Lactobacillus were 5.0 × 106 CFU/cm3.

The EM-containing culture was added in liquid form into 100 cm3 of the medium.

2.1.2. Selection of the Type of Biomass Carriers

The selection of PUR foams as biomass carriers was based on (1) material porosity,
(2) its affinity for the growth of microorganisms, and (3) its tolerance for long-term use.
An equally important factor was (4) the dimensional stability of the biomass carriers [7,8].
A characteristic feature of spongy materials is their water absorption. Water-soaked PUR
foams increase in weight, which causes their deformation. The dimensional stability of
biomass carriers can be ensured by their greater rigidity or additional casing, which makes
them more resistant to compaction.

Two types of biomass carriers were selected for preliminary research. The first type
includes post-consumer waste material of polyurethane foams in the form of their scrap.
Porous soft (flexible) foams and closed-pore rigid (inelastic) foams were used (Figure 1).
Soft foams (bluish-green Figure 1a, yellow-green Figure 1b, orange Figure 1c, lilac Figure 1d)
were characterized by open pores with different contents. Soft foams with large cells in
the structure were less flexible and had lower mechanical strength than foams with finer
pores. Due to the denser and more compact cell structure, the latter is characterized by high
flexibility and thus is more resistant to mechanical damage. The selection of porous foams
was made based on the diameter and size distribution of their cells, porosity, specific surface
area, and application properties, which are documented in detail in the previous papers of
the authors [8]. The closed-pore rigid PUFs used in the study are shown in Figure 1e,f. This
material came from the post-consumer waste of thermal insulation. Inelastic green PUFs
were characterized by high strength and greater dimensional stability compared to white
polyurethane foams. The irregular shapes of both rigid foams had average dimensions of
3 × 30 mm (width and length).
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The second type of carrier was a combination of waste materials: in the form of soft
PUR foams and pieces of conduit (Figure 1g). The conduit was used as a full casing of
the soft foam in order to ensure its additional dimensional stability. The pieces of the
conduit used in the tests came from a gray corrugated flexible polyvinyl chloride (PVC)
pipe, cut into 2.0–2.5 cm long pieces with a diameter of 16 mm/11 mm (external and
internal dimensions).

The above biomass carriers were divided into three groups (Figure 1): porous flexible
foams (group I), closed-pore rigid foams (group II), and porous flexible foams placed in
casings (group III).

2.1.3. Batch Culture of Microorganisms

Batch cultures were carried out in the experimental and control medium under the
conditions of full mixing with identical parameters (temperature of 25 ◦C, agitator rotation
200 rpm). Biomass carriers from groups I–III were added to the experimental medium.
The control medium was the experimental medium without the addition of a carrier.
Thorough mixing of the culture was aimed at removing the substrate without being limited
by mass transport.

2.2. Methods
2.2.1. Microbial Growth Rate Determination

Microbial growth rate determination in biomass batch cultures was used to select
the proper carrier from group I. This stage of research was based on the determination
of the optical density of the cell suspension. Batch cultures of microorganisms were
conducted for 54 h in triplicates. Small laboratory flasks with a capacity of 250 cm3 were
used as microreactors in this study. A weight of flexible PUFs (group I) of about 0.6 g
was introduced to each reactor, and 50 cm3 of real sewage after the septic tank, 50 cm3

of distilled water, and 1 cm3 of inoculum were dosed. The control sample was a sample
without the addition of the carrier (100 cm3 of sewage + 1 cm3 inoculum).

At 0, 1, 2, 3, 4, 5, 6, 7, 8, 20, 24, 28, 32, 48, and 54 h of the batch culture, samples were
taken and used as material for further analysis. It involved the determination of the actual
number of cells in the culture by measuring the optical density (OD). After the end of the
culture (after 54 h) the dry biomass content was also determined.

2.2.2. Selection of the Type of Biomass Carriers

The biomass carriers for continuous culture were selected from groups I-III. The
selection was based on determining the optical density of the produced cell suspension
and the content of biomass immobilized on carriers. Group I included two types of flexible
polyurethane foams selected in the previous stage: bluish-green (Figure 1a) and yellow-
green (Figure 1b). Microreactors with a volume of 250 cm3 were used in this study. The
weight of the carrier of 0.6 g (foam) and/or 1.8 g (conduit) was introduced into each
microreactor, along with 100 cm3 of sewage after the septic tank and 1 cm3 of inoculum.
The average value of COD and the average concentration of N-NH4

+ in raw sewage were
246 mgO2·dm−3 and 170.3 mg·dm−3, respectively. The C/N ratio was 1.44.

Batch cultures of microorganisms in this part of the study were carried out for 54 h in
triplicate. At 0, 2, 4, 6, 8, 18, 20, 24, 28, 32, 48, and 54 h of the batch culture, samples were
collected and used as the material for further studies. These included the determination of
the actual number of cells in culture by measuring optical density (OD). After the end of
the cultivation (54 h), the dry biomass content was also determined.

2.2.3. Ammonium Nitrogen Removal in Continuous Cultures

The effect of increasing the scale on the effectiveness of the selected material as a
biomass carrier was assessed by conducting experiments on a laboratory scale. A mixture
of waste soft foams was used as the filling material, in which the bluish-green foams
constituted approx. 30%, yellow-green foams approx. 20%, lilac foams approx. 10%
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and orange foams approx. 33% [8]. Before the start, the sponge material was inoculated
with active sludge from the MBBR reactor and fed with sewage with increased content of
ammonium nitrogen.

The two-column models of the vertical flow filter were built on a semi-technical scale
and operated continuously for 14 months without additional aeration. The same amount of
actual domestic sewage pre-treated in the septic tank was fed to each column. A detailed
description of the test stand and a detailed composition of raw wastewater have been
included in the previous papers [17–19,21].

This research compared the effectiveness of the nitrogen removal process during the
treatment of wastewater with increased content of ammonium nitrogen in two columns.
The first one was filled with a mixture of waste flexible foams placed additionally in
casings (column model A), while the second one was with waste soft foams without casings
(column model B).

In order to determine the structure of biomass carriers after they were colonized by
microorganisms, SEM microscopic analyzes of the sponge material from columns A and
B were performed. Microscopic observations and the structural analysis of the microbial
community that inhabited the polyurethane foams used as the biomass carrier in both
columns were also performed. The microbial community composition that inhabited both
types of biomass carriers during the treatment of domestic sewage in continuous cultures
was analyzed based on the 16S rRNA gene sequences.

2.3. Determinations
2.3.1. Optical Density Determination

Prior to the experiments, the waste PUR foams were rinsed with sterilized distilled
water in order to remove any undesirable contaminants from their surfaces. The next step
was the sonication process, which consisted in immersing each carrier in 0.9% NaCl. The
last step in determining the optical density was the measurement of the absorbance of
biomass in the tubes with the Spectroquant spectrophotometer at a wavelength of 560 nm
(OD560). A total of 0.9% NaCl solution was used as a blank.

2.3.2. Biomass Content in the Tested Carriers

The calculation of dry biomass consisted in determining the weight of the carrier
before and after the cultivation. For this purpose, weights of carriers were dried to constant
weight at 70–100 ◦C and then weighed on a Radwag Ws 220/C/2 analytical balance.

2.3.3. Microscopic Observations of Biomass

Sediment samples taken from representative PUFs were mixed before microscopic
observation. A 0.5 cm3 sample of sediment was placed on a microscopic slide in order to
determine the presence of higher organisms, i.e., ciliates, rotifers, flagellates, and nematodes.
The microscopic observations were carried out using a Bresser Science MPO 401 (Bresser
GmbH, Rhede, Germany) preparation microscope.

2.3.4. Scanning Electron Microscope (SEM) Observations

Scanning electron microscope photos (Jeol, JSM- 5500 LV; JEOL Ltd., Tokyo,
Japan/Lanameter MP-3 microscope) were used to determine the morphology of the biomass
inhabiting the analyzed foams. Prior to observations of 3D structures, air-dry samples of
the spongy material were cut into 1.5 cm thick elements with a microtome blade, then they
were gold sprayed with the Jeol JFC 1200 ion coater. High-resolution photos were taken
with a cooled charge-coupled camera (Photometrics model CH 250 charge-coupled device,
Tucson, Ariz.).

2.3.5. Illumina Sequencing of 16S rRNA Gene

Sponge samples (approximately 10 mg dry weight) were collected from the bottom
layer of the spongy material from the A and B column models. Bacterial genomic DNA
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was extracted using Genomic Mini AX Bacteria + (A & A Biotechnology, Gdańsk, Poland),
followed by DNA purification using Anty-Inhibitor Kit (A & A Biotechnology, Gdańsk,
Poland). DNA concentration was measured in a Qubit 4 Fluorometer. The presence of
bacterial DNA in the examined samples was confirmed by Real-Time PCR in an Mx3000P
(Stratagene, La Jolla, CA, USA) thermal cycler using SYBR Green as a fluorochrome and
Universal 16S rRNA primers [22].

The amplicon libraries of V3-V4 regions within the 16S rRNA gene were prepared
according to the 16S Metagenomic Sequencing Library Preparation Part # 15044223 Rev. B
(Illumina, San Diego, CA, USA), followed by a two-step PCR using Herculase II Fusion
DNA Polymerase Nextera XT Index Kit V2. The library quality was verified according
to Illumina qPCR Quantification Protocol Guide. The sample libraries were loaded on
Illumina MiSeq Platform and 2 × 300 bp reads were generated by Macrogen (Seoul, Korea).

Briefly, Illumina Next Generation Sequencing technology is also called high-throughput
DNA sequencing. It allows for delivering data output ranging from c.a. 300 kb to more than
tb of nucleotide sequence reads in a single instrument run. It simultaneously provides data
on, e.g., the entire bacterial population composition within a single sample. It comprises
the following steps: DNA sequencing libraries generation by clonal amplification by PCR.
Then, the DNA is sequenced by synthesis, i.e., the DNA sequence is determined by the
addition of nucleotides to the complementary strand. Next, the spatially segregated DNA
templates are sequenced simultaneously [23,24].

2.3.6. 16S rRNA Gene Sequence Analysis

The 16S rRNA V3-V4 regions from the Illumina sequencing were identified by exam-
ining the sequence reads against the Greengenes v.13 database (97% similarity, minimum
score 40). The resulting sequences were taxonomically assigned at the phylum level or
lower ranks. CLC Genomic Workbench v.12 (Qiagen, Venlo, The Netherlands) and Mi-
crobial Genomics Module Plugin v.4.1. (Qiagen, Venlo, The Netherlands) were used to
measure alpha diversity indices, such as the Shannon-Wiener diversity index, Simpson in-
dex, and Margalef’s richness index. These are three measures used for the characterization
of population diversity. The Shannon-Wiener diversity index takes into account the number
of species living in a habitat (richness) and their relative abundance (evenness). The higher
the Shannon-Wiener index value, the higher the population diversity. The Simpson index
takes into account the number of species present, as well as the abundance of each species.
The lower the index value, the higher the population diversity. Finally, Margalef’s richness
is a count of the number of different species in a given area or community [25].

2.3.7. The Efficiency of the Nitrogen Removal Process

The efficiency of the ammonium nitrogen removal process was assessed on the basis
of the degree of its conversion into organic forms: nitrite nitrogen (first phase of nitrifica-
tion) and nitrate nitrogen (second phase of nitrification). The removal of nitrate nitrogen
(denitrification process) was also taken into account. Determinations of non-ionic forms of
nitrogen were performed in filtered samples. In order to determine the concentration of
ammonium, nitrite, and nitrate nitrogen, colorimetric methods were used with the WTW
Photolab S12 spectrophotometer (WTW GmbH, Weilheim, Germany).

2.4. Statistical Analyzes

Optical densities were compared by analysis of variance using the Statistica v.13
program. The statistical significance between the control medium and the experimental
media (flexible foams, rigid foams, flexible foams placed in full casings) was determined
using the non-parametric Kruskal–Wallis test for a significance level of α = 0.05.
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3. Results and Discussion
3.1. Microbial Growth Rate Determination

Figure 2 shows the kinetic curves of microbial culture growth in fully mixed batch
microreactors. The determined curves clearly show the stage of microbial growth and its
decline. For the control medium, the optical density and thus the growth rate were the
lowest. Within 8 h of cultivation using flexible PUR foams as cell carriers, an increase in OD
is clearly visible, which reflects the growth of the microbial cultures. Taking into account
the growth dynamics, microorganisms multiplied most slowly in the presence of orange
PUFs, as evidenced by the smallest angle of the curve in this phase. The lowest OD value
was found in the culture with orange foam with the largest Feret diameter of 1.53 mm. In
the cultures with the remaining foams, the OD value was higher by approx. 30%. This
means that the conditions provided by the presence of bluish-green and yellow-green PUFs
with a Feret diameter in the range of 0.50–0.67 mm were more favorable to the process of
microbial multiplication in flexible open-pored foams.
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There was a significant difference between the OD of the control medium and the
experimental media (Kruskal-Wallis test, p < 0.04). No significant differences in optical
density were observed between the individual flexible foams (Kruskal-Wallis test, p > 0.05).

Table 1 presents the mean values of dry biomass immobilized on carriers in the form
of flexible PUR foams after 54 h of batch culture with full mixing.

Table 1. Mean content of biomass immobilized on waste PUFs with open pores (group I) after 54 h of
batch culture.

Amount of Biomass [g/1 g of Weighed Amount]

Yellow-Green Foam Bluish-Green Foam Orange Foam Lilac Foam

0.193 0.224 0.060 0.071

Yellow-green and bluish-green foams, characterized by similar porosity and the lowest
degree of hydrophobicity [8], showed a clearly higher mean amount of absorbed biomass
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(approx. 0.2 g/1 g of weighed sample). Three times less biomass was absorbed on the
surface of the orange and lilac foam. This was due to the lower percentage of pores of
orange (61.3%) and lilac (53%) foams compared to other foams (approx. 63%) [26]. In
the case of the least porous lilac foams, only a few micropores can be observed on their
smooth skeleton surface, while the skeleton of the remaining foams was covered with
numerous microporous structures [8]. According to research on DHS reactors, the open
porous structures of the sponges facilitated water diffusion and gas volatilization, and
their hydrophilicity ensured adequate contact between the substrates and the population
of microorganisms [7]. The smallest amount of immobilized biomass, i.e., 0.06 g/1 g of
the sample, was found on the carrier in the form of an orange foam, characterized by
the highest degree of hydrophobicity. For the above reasons, flexible yellow-green and
bluish-green foams were selected for further research on the selection of the carrier, divided
into groups I-III.

3.2. Selection of the Type of Biomass Carriers

Figure 3 shows the optical density values for groups I–III. The lines marked for carriers
in the form of flexible foams (bluish-green and yellow-green) clearly show the stage of
microbial growth and their death. For the bluish-green foams in casings, the growth phase
was more dynamic (greater inclination angle) and the stationary phase occurred between
10 and 20 h of culture. The biomass cell death phase started after 20 h of culture. In the
case of rigid foams with closed pores (white and green) and the conduit itself, there was no
linear phase of microbial biomass growth, only cell death.
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The highest affinity to microbial growth was observed during 48 h of culture in the
presence of bluish-green elastic foam with open pores, additionally placed in a full casing.
Similar values of optical density occurred during culture in the presence of bluish-green and
yellow-green PUFs. The correlation coefficients between the OD values and the materials
used to indicate similar growth conditions for microorganisms for both open-pore flexible
foams (correlation coefficient 0.88), both closed-pore rigid foams (correlation coefficient
0.94), and the flexible bluish-green foam without casing and the one additionally placed in
a conduit (correlation coefficient 0.82).
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Table 2 presents the biomass content of microorganisms adsorbed on the tested carriers.
The highest amount of biomass, i.e., 0.7 g/1 g of the sample was found on the filling which
was a combination of pieces of conduit with elastic bluish-green foam with open pores.
This value was more than three times higher than in the case of bluish-green foam without
additional casing. Among the carriers from group I, the biomass content was observed
at the level of 0.2 g/1 g of the sample. Group II carriers, i.e., rigid foams, characterized
by closed pores, adsorbed three times fewer microorganisms. The lowest number of
microorganisms was found in group III on the pieces of conduit without additional filling.

Table 2. Average content of biomass immobilized on waste PUFs from groups I–III after 48 h of
batch culture.

Groups Type of Filling Biomass
[g/1 g of Weighed Sample]

I
soft bluish-green foam 0.2120
soft yellow-green foam 0.1820

II
rigid white foam 0.0678
rigid green foam 0.0636

III
pieces of conduit 0.0025

conduit + soft bluish-green foam 0.7182

Group I flexible foams with open pores were selected for the next stage of research
on a laboratory scale. In order to differentiate the biomass carriers, apart from the bluish-
green and yellow-green foams of similar porosity, more porous (orange) and less porous
(lilac) foams were used for the tests. The results of research by Uemura et al. [27], who
emphasized that the spongy material with smaller pores was characterized by better
COD and ammonium nitrogen removal through better oxygen uptake, were also taken
into consideration.

3.3. Ammonium Nitrogen Removal in Continuous Cultures

Detailed results of studies on the removal of organic pollutants from real domestic
sewage with an increased ammonium nitrogen content have been included in previous
works by Dacewicz [17,26,28]. The author reports, that there was high average efficiency of
removing easily biodegradable organic substances marked as BOD5 (c.a. 85%) and hardly
biodegradable substances marked as CODCr (c.a. 80%) in the column filled with a mixture
of waste foams placed additionally in casings [26]. In the case of the column filled with
foams without casings, the average BOD5 and CODCr removal efficiency were lower by 15
and 10%, respectively.

Due to the low C/N ratio observed in the treated domestic sewage, aerobic het-
erotrophic bacteria did not displace nitrifying bacteria in both columns. Dacewicz [19]
stated that in the upper spongy layer, the activity of heterotrophic bacteria was much higher
than that of autotrophic AOB bacteria. On the other hand, significant differences in the
removal of non-ionic forms of nitrogen were observed in the spongy layers of both columns.
This fact prompted the Authors to carry out a microscopic analysis and an analysis of the
microbial community composition in the waste spongy material, which was the filling of
columns A and B.
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3.4. Microscopic Observations of Biomass

Low production of biomass, caused by predation of macrofauna, is a characteristic
element of reactors filled with spongy material [29,30]. The presence of higher organisms,
i.e., sedentary ciliates (Vorticella sp.), rotifers (Philodina sp.), and nematodes (Nematoda
n.det.), which resulted in increased bacterial removal as a result of predation (Figure S1) was
demonstrated in columns A and B. This fact is pointed out by many researchers studying
the UASB-DHS system [29,31,32]. Cladocera and Oligochaeta, whose presence was reported
by Onodera et al. [29] were not observed in our study.

3.5. Scanning Electron Microscope (SEM) Observations

Figure 4 shows SEM pictures of bluish-green, yellow-green, orange, and lilac foams
taken at a magnification of 5000×. Fluffy biomass of microorganisms with similar morphol-
ogy was observed in the bluish-green and yellow-green foam matrices in both columns
(Figure 4a–b). The presence of a few single colonies of cocci and rods attached to the
biomass (Figure 4a–c) or directly to the polyurethane foam structure (Figure 4d) was also
observed. Ribeiro et al. [33], when analyzing the SEM photos, showed that the immobiliza-
tion of biomass in the brand-new PUR foams was based on the formation of microgranules,
which were mechanically retained in the porous structure of the carrier or on its surface.
These authors also found the presence of diffuse cells attached directly to the PUR foams.
Varesche et al. [5] in their research pointed out that both fluffy biomass and individual
microorganisms were firmly attached to the surface of PUR foam using van der Waals
forces and hydrophobic bonds. In the subject material of waste PUR foams, we found the
presence of bacterial cells attached to the carrier in the form of dispersed, microgranules or
compact biomass. The SEM photos show that the sediment accumulated on the surfaces
and inside the PUFs is denser for foams with smaller pores. The high amount of biomass in
spongy support materials can affect the efficiency of the nitrogen removal process. Chu and
Wang [34] found that higher nitrification rates in the PUF carrier were due to the greater
amount of biomass. On the other hand, the accumulation of biomass in spongy material
with small pores may cause its blockage [35] and, as a consequence, even clogging [8,19,26].

The SEM photos (Figure 5) show the most porous orange foams and the least porous
lilac foams showing a fluffy form of biomass and single bacterial colonies attached to
the inner surface of the polyurethane. The structure of the most hydrophobic orange
foam (Figure 5a) showed significant roughness which helped to bind microorganisms to
its surface. In the case of the lilac foam (Figure 5b), its flat surface is visible at 5000×
magnification. Although it is not conducive to the fixation of the biomass on its surface, the
open pores of the PUFs helped to trap water and biofilm. Similar observations regarding
the surface roughness of materials were reported by Dorado et al. [36] in their research on
the use of PUFs in the biofiltration process.
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3.6. Microbial Community Analysis

The microbial community structure of the two types of PUR foams was analyzed based
on the 16S rRNA gene sequences. A total of 118,320 reads (51,056 in sample A—PUR foam in
the conduit and 67,264 in sample B—sole PUR foam without conduit) were analyzed. Using
a 97% sequence identity cut-off, 828 OTUs were detected in sample A and 872 in sample B
(Table 3). The diversity indexes, i.e., Shannon-Wiener, Simpson, and Margalef’s, indicate
high, but at the same time similar level of biodiversity of the examined samples [25].
In general, it is assumed that bacterial population diversity is a positive phenomenon,
as it contributes to the stability and resilience of microbial communities when they are
challenged by their surroundings [37]. The mechanisms driving the positive relationship
between taxon diversity and population resilience may be related to the fact that more
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diverse communities are more likely to contain taxa with complementary response traits
and the ability for rapid compensatory growth after disturbance [37]. This also might
be the case for microbial communities inhabiting biomass carriers used for the sewage
treatment process, because sewage composition is rarely constant and the probability that
the dwelling conditions for bacteria become difficult, is high. Among the detected OTUs,
the members of Proteobacteria phylum predominated in both samples (i.e., 74.76 and 67.81%
in samples A and B, respectively). The second and third most frequent phyla were: in
sample A: Actinobacteria (7.99%) and Planctomycetes (3.80%); in sample B: Actinobacteria
(6.32%) and Acidobacteria (6.08%). The dominance of Proteobacteria has been also observed by
other authors in their studies on sponge reactors [38–40]. The prevalence of most phyla was
similar in both samples, only in the case of Acidobacteria, Chloroflexi, and Cyanobacteria the
differences in the relative abundance among the two samples were more distinct, in favor
of sample B, where the % reads of these groups were approx. twice higher (Figure 6A,B).

Table 3. Diversity indices and microbial community structure at phylum level in the two types of
PUR foam samples.

Groups Samples

A B

Total sequence reads 51,056 67,264

OTUs 828 872

Shannon diversity index 3.97 4.73

Simpson index 0.12 0.03

Margalef richness 46.12 45.03
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Figure 6. Bacterial community structure shown as the percentage share of different phyla in the
two types of PUR foam samples (figures (A) and (B) refer to the PUR foam samples (A) and (B),
respectively).

The phyla Proteobacteria, Chloroflexi, and Planctomycetes have been often reported in
anammox reactors [41–43], which may indicate that this type of reaction also occurred in the
examined samples. Anammox bacteria are able to oxidize ammonium into dinitrogen gas
under anoxic conditions [44]. Therefore, even though none of the seven to-date described
in the literature genera capable of anammox metabolism have been found in our study,
the possibility of this process occurring in both samples cannot be ruled out. According
to Pereira et al. [45], Proteobacteria, Chloroflexi, and Planctomycetes phyla have always been
found in anammox reactors. Additionally, Chlorobi, Acidobacteria, and Bacteroidetes are often
found in these systems. All these groups were found in this study and their total share
amounts to 86.53% in sample A and 86.42% in sample B.

In terms of the differences at the OTU level, microbial community compositions
differed clearly between the two examined samples (Figure 7).
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Bacteria belonging to the order Rhizobiales were the most prevalent in both samples, but
their abundance in sample A significantly outnumbered sample B (36.76% vs. 17.14%). One
of the possible reasons for such a situation might be the lower availability of free oxygen
in sample A (PUR foam in the protective pipe) which would promote the proliferation
of bacteria capable of respiration under microaerobic conditions, such as rhizobia [46].
Members of Rhizobiaceae have been studied for their nitrification and aerobic denitrification
capabilities and they might play important role in sewage treatment processes. Members
of the family Rhizobiaceae and the order Rhizobiales were found to be among the top three
relatively abundant bacterial populations in experimental sewage treatment ecosystem
samples, with relative abundance ranging from 4.9% to even 60.5% [47]. The second most
frequent group in our study belonged to the family Xanthomonadaceae, but these bacteria
were much more prevalent in sample B (12.43%), whereas in sample A their share was
4.70% and it was smaller than that of genus Burkholderia (5.88%) and family Rhodospirillaceae
(5.35%). Members of Xanthomonadales were also found by Yang et al. [47] in the experimental
sewage treatment ecosystem in relative abundances ranging from 10.5 to even 78%. These
are bacteria capable of performing heterotrophic denitrification, similar to the members of
Burkholderiales [41], which were also found by Yang et al. [47] among the top three most
abundant populations in one of the samples derived from experimental sewage treatment
system with a relative abundance of 9.9%. This group includes Burkholderia sp., which was
on the other hand the most abundant genus in sample A and prevailed over their abundance
in sample B (24.11% vs. 8.69%; Figure 8). The genus Aquicella, which was, on the other hand,
the most prevalent in sample B, was also found among the dominant microorganisms in a
tidal-flow constructed wetland, aimed at wastewater treatment and proved to have nitrogen
removal properties [48]. Figure 8 shows the most prevalent bacterial genera identified in the
examined samples. The majority of these bacteria are capable of denitrification, nitrification,
and other—not yet precisely determined—nitrogen removal properties. Therefore, similarly
as concluded by Mahajran et al. [38], the abundant presence of these microbial communities
(Figures 8 and 9a,b) indicates the simultaneous occurrence of nitrification-denitrification
processes occurring in the examined reactors [49]. However, what needs to be mentioned,
is that the abundance of nitrifying bacteria in the examined samples is much lower than
that of denitrifying bacteria (Figure 9a,b), which has been also reported by other authors in
microbial community analysis in sponge reactors [40,50]. In columns A and B, Nitrosomonas
constituted 0.34 and 0.76% of all reads, respectively, while Nitrospira constituted 0.65 and
0.48%, respectively (Figure 9a).
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Phosphate-removing bacteria were also identified in our study (Figure 9d). Both
columns showed a similar number of reads for Pseudonocardia (Actinomycetes), which is
capable of excess phosphate accumulation [51]. The presence of Proteobacteria belonging to
the genera Devosia, Acinetobacter, and Bdellovibrio was also observed. In the bottom spongy
filling without casings (column B) there were 2.6 times more reads for Devosia. Zuo et al. [52]
showed that Devosia sp. and Bdellovibrio sp. predominated in the process of oxygen capture
of phosphorus, while Acinetobacter sp. played a dominant role in its anaerobic release. In
this study, the above-mentioned phosphorus-removing microorganisms accounted for 1.03
and 1.00% of all reads in columns A and B, respectively.
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3.7. Efficiency of Ammonium Nitrogen Removal Process

Figure 10 shows the concentration of N-NH4
+, free ammonia (FA), nitrite accumulation

rate (NAR), and the ammonium nitrogen removal rate (ARR) in the two spongy layers of
columns A and B.
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The tests showed that in the outflow from the upper layer of column A, the oxygen
content was on average 3.94 mg·dm−3, and the mean pH was 7.56. The filling in the form
of waste foams placed in the casings allowed for obtaining an average of 37.3% efficiency of
nitrification in this layer (Figure 10a). Therefore, there were suitable conditions not only for
the development of bacteria responsible for the removal of organic carbon [8,19,26] but also
for AOB bacteria, as indicated by the NAR amounting to an average of 67.4%. According
to Anthonisen et al. [53] the FA limit, which inhibits the growth of NOB (Nitrite Oxidizing
Bacteria), ranges from 0.1 to 1.0 mg·dm−3. In the outflow from the upper layer of column A,
the mean content of free ammonia FA was 1.79 mg·dm−3, contributing to the inhibition of
bacterial growth of phase II nitrification.

In the upper layer of column B, the efficiency of the nitrification process was lower. The
mean oxygen concentration in the outflow was also lower and amounted to 3.85 mg·dm−3.
The mean pH value in the outflow was higher, i.e., 7.72. The filling in the form of waste
foams without casings allowed for obtaining the nitrification efficiency in this layer at
an average level of 19.9%, which proved to be almost half lower compared to column A
(Figure 10b). In the outflow from the upper spongy layer of column B (Figure 10b) nitrite
accumulation was higher (80% on average). In the case of the nitration stage, the inhibition
of NOB bacterial activity was influenced by the concentration of free ammonia in the upper
layer of waste foams of 3.16 mg·dm−3, which appeared to be higher than in the case of
column A.

The wastewater flowing into the lower spongy layer of column A was characterized
by an average concentration of ammonium, nitrite, and nitrate nitrogen of 99.0 mg·dm−3,
10.0 mg·dm−3, and 4.4 mg·dm−3, respectively. The mean oxygen concentration and pH in
the outflow were 4.02 mg·dm−3 and 5.24, respectively. In this layer, the dominant phyla
contributed to the circulation of not only carbon [8,19,26] but also nitrogen. Dacewicz [19]
reports that in the middle part of column A, with a C/N ratio of 1.3, the nitration stage
carried out by the NOB bacteria had an advantage over the ammonium nitrogen oxidation
stage. Filling in the form of waste foams placed in casings was more favorable for the
development of bacteria of the II nitrification phase because the average concentration
of free ammonia at the level of 0.18 mg·dm−3 did not inhibit their growth. Under these
conditions, the ammonium nitrogen removal rate (ARR) was at a similar level as in the
upper layer (38.1%), and the nitrite accumulation rate (NAR) decreased to 52.6%. This
indicates that the 1st nitrification phase was less efficient in the lower spongy layer of
column A. The amount of Nitrosomonas in this layer proved to be three times lower com-
pared to column B (Figure 9a), which was affected by the lower concentration of inflowing
ammonium nitrogen. According to Dacewicz the value of YNO2/NH4 ratio exceeded the
value of YNO3/NH4 three times, which indicates the occurrence of another form of NH4

+

removal. Illumina sequencing revealed the presence of Planctomycetes, which have always
been found in anammox reactors. As shown in Table 3, the core microbiome of nitrifying
and anammox biomass in waste foams additionally placed in casings was formed by Pro-
teobacteria (74.76% of sequences), Actinobacteria (7.99%), Planctomycetes (3.80%), Acidobacteria
(2.83%), Bacteroidetes (2.07%), and Chloroflexi (1.85%), which in total accounted for 93.30%
of the microbial community. Wang et al. [54] and Yang et al. [55] in their research noted
that the growth of phylum Proteobacteria was associated with high efficiency of NH4

+-N re-
moval from synthetic sewage with an ammonium nitrogen content of 50 and 150 mg·dm−3,
respectively. Bulgarelli et al. [56] and Wang et al. [57] found on the other hand a signifi-
cant contribution of Actinobacteria to nitrogen transformation in wetlands. In our study,
Proteobacteria and Actinobacteria phyla prevailed in column A as compared to column B
(Table 3).

Sewage flowing into the lower spongy layer of column B was characterized by
the mean concentration of ammonium, nitrite, and nitrate nitrogen of 126.1 mg·dm−3,
9.8 mg·dm−3, and 2.5 mg·dm−3, respectively. The mean oxygen concentration and pH
value in the outflow from this layer were 4.87 mg·dm−3 and 7.30, respectively. In this layer
of column B, the efficiency of the nitrification process was at a lower level compared to
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column A. Despite the fact that the number of Nitrosomonas in this layer was three times
higher (Figure 9a), the ARR was lower and averaged 32.9%.

In the lower spongy layers of columns A and B, the efficiency of phase II of nitrification
was similar. Analysis of the microbial community composition in the PUR waste foams
showed a similar amount of Nitrospira in both carriers (Figure 9a). As reported by Kubota
et al. [58], Nitrosomonas and Nitrospira were identified as nitrifying bacteria in a DHS reactor
treating domestic sewage with an ammonium nitrogen content of 30 mg·dm−3. In a column
filled with foams placed in casings, the number of reads of Nitrosomonas was almost two
times lower compared to Nitrospira. Such a relationship was also observed by Watari
et al. [59] during the removal of ammonium nitrogen of 100 mg·dm−3 in a single-stage
mainstream anammox process using a sponge-bed trickling filter.

In column B, Nitrosomonas appeared to be the dominant nitrifier compared to nitrite-
oxidizing Nitrospira. Free ammonia, remaining on the mean level of 0.98 mg·dm−3, limited
the growth of NOB bacteria and inhibited the nitration stage. However, the reduction in
the degree of nitrite accumulation by 22% to 57.9% suggested that their removal took place
not only through nitrification. In the lower spongy layer of column B, the conditions for
the growth of anammox bacteria were optimal according to Strous et al. [60], i.e., pH in the
range of 6.7–8.3, and the NH4

+/NO2
− ratio of 2.5 was closer to the stoichiometric value

of 1/1.32. Illumina sequencing showed that in column B the number of Planctomycetes
responsible for the anammox process was 33% higher compared to column A.

As shown in Table 3, the core microbiome of nitrifying and anammox biomass in
waste foams without casings consisted of Proteobacteria (67.81% of reads), Actinobacteria
(6.32%), Acidobacteria (6.08%), Planctomycetes (5.06%), Bacteroidetes (2.94%), and Chloroflexi
(3.07%) which in total accounted for 91.28% of a microbial community. Zhao et al. [61]
showed that Chloroflexi can oxidize nitrite nitrogen. The importance of filamentous bacteria
of the phylum Chloroflexi group in the formation of anammox granules is also known. As
reported by Martins et al. [62], Chloroflexi appears to be associated with their formation and
structure maintenance. A high abundance of Chloroflexi in biofilms was also reported by
Chen et al. [43] in the long-term treatment process of 50 mg/L of ammonia wastewater in a
one-stage partial nitritation and anammox with the bio-carriers system. In our study, there
were more Chloroflexi phylum representatives in column B compared to column A (Table 3).
The microscopic pictures taken at a magnification of 5000 (Figures 4 and 5) show that the
fluffy biomass of microorganisms is more frequent than microgranules.

Taking into consideration bacteria responsible for both the nitrification and denitri-
fication process (Planctomycetes and Cyanobacteria phyla), their number in column B was
greater than in column A. As reported by Kubota et al. [58], Cyanobacteria phylum was
identified in sponge reactors inoculated with activated sludge.

Analysis of the microbial community composition revealed that denitrifying genera
Sphingopyxis, Rhodoplanes, and Hyphomicrobium were present in both carriers (Figure 9c).
The latter two genera were also observed by Watari et al. [39] in studies on the treatment of
wastewater from natural rubber processing using the DHS reactor. Bacteria of the genus
Burkholderia were identified in the 2.6-times higher amount in foams placed in casings. The
greater number of these bacteria could have been influenced by the greater amount of
nitrate nitrogen substrates flowing to the lower spongy layer of column of A. Wang et al.
(2020) found that when the NO2

−/NH4
+ ratio is in the range of 0.1–0.5, denitrifying bacteria

and anammox bacteria can coexist. In our research, the NO2
−/NH4

+ ratio fluctuated within
these limits and in the case of columns A and B, it was on average 0.35 and 0.29, which
according to Wang et al. [63] suggests that the rate of denitrification contribution was much
higher than that of anammox bacteria.

Removal of inorganic forms of nitrogen in the process of autotrophic nitrification
and anaerobic denitrification requires the provision of aerobic and anaerobic conditions,
respectively, as well as an additional carbon source in the denitrification process. In re-
cent years, research has been conducted on the removal of nitrogen from wastewater by
heterotrophic nitrification/aerobic denitrification (HNAD) bacteria, which include Pseu-
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domonas, Zooglea, Dechloromonas, Flavobacterium phyla [64,65]. In the presence of a sufficient
amount of organic carbon and oxygen, HNAD bacteria are able to convert ammonium
nitrogen NH4

+-N and its nitrification forms (NH2OH, NO2
−N, and NO3

−N) into N2 or
N2O in the processes of simultaneous nitrification and denitrification [66]. Research on the
partial denitrification-anaerobic ammonium oxidation process for municipal wastewater
treatment is also worth noting. Among the denitrifiers that accumulate nitrites during
denitrification, Staphylococcus sp. is mentioned [65]. Si et al. [67] reported that Zoogloea,
Dechloromonas, and Dokdonella are microorganisms known to perform partial denitrification.
Kirishima et al. [68] reported that the genus Dechloromonas was the most abundant in the
bottom part of the DHS reactor during the treatment of low-strength municipality sewage
in the UASB-DHS system. Nomoto et al. [69] reported that Zoogloea and Dechloromonas were
not found in significant numbers in down-flow hanging sponge reactors. In our research,
the above-mentioned HNAD bacteria were also not detected in a significant amount as
they constituted only 0.18 and 0.31% of all reads. The share of Staphylococcus and Dokdonella
detected in sample B was greater (0.32 and 0.18% of all reads) than in sample A (0.21 and
0.08% of all reads, respectively).

The occurrence of types of bacteria removing non-ionic forms of nitrogen differed in
both samples. Planctomyces, which can remove ammonium nitrogen by the anammox pro-
cess, accounted for 1.31 and 1.90% of all reads in samples A and B, respectively (Figure 11).

In the case of nitrifiers and bacteria carrying out both nitrification and denitrification,
their amount in sample A was 25% and 12% higher, respectively, than in the case of sample
B. There were also clear differences between the two samples in the relative abundance
of bacteria carrying out full denitrification. Twice as many of these bacteria were found
in sample A, while 68% more bacteria responsible for partial denitrification were found
in sample B (Figure 11A,B). A process called partial denitrification-anammox (PD-AMX),
which occurred to a greater extent in PUF waste without casings, has been of increasing
interest in recent years, and also there has been increasing interest in mainstream municipal
wastewater treatment [65].

A high degree of inorganic nitrogen removal of 51.5% was observed in the two spongy
layers of column A filled with waste foams in full casings. Sewage flowing out of the
lower layer of column A was characterized by the mean concentration of ammonium,
nitrite, and nitrate nitrogen of 60.9 mg·dm−3, 8.3 mg·dm−3, and 7.1 mg·dm−3, respectively.
In column B, where the PUR foams were without casings, the efficiency of removing
non-ionic nitrogen forms was lower by 15.6%. This was affected by smaller numbers
of denitrifiers (Figure 11B). The mean concentration of ammonium, nitrite, and nitrate
nitrogen in wastewater discharged from the lower layer of column B was 84.8 mg·dm−3,
9.7 mg·dm−3, and 6.4 mg·dm−3, respectively. Apparently, the high removal of N-NH4

+ was
caused by nitrifying bacteria and anammox bacteria, the presence of which was confirmed
in the spongy filling of both biomass carriers.
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nitrifiers, denitrifiers, and P-removing bacteria in the two types of PUR foam samples ((A) and (B)
refer to the PUR foam samples (A) and (B), respectively).

4. Possible Future Prospects Associated with the Use of Waste PUF as Biomass Carriers

The use of waste PUF as biomass carriers in a system consisting of a septic tank and a
vertical flow filter proved to be an efficient way for direct treatment of domestic sewage.
Compared to the traditional biological nitrogen removal technology, which includes the
processes of autotrophic nitrification and anaerobic denitrification (e.g., in an SBR reactor),
the proposed solution is less complicated. It does not require strict control of aerobic and
anaerobic conditions and an additional carbon source in the denitrification process. The
use of high-performance spongy materials also ensures a smaller total filling volume and
thus the compact size of the device. This economical—due to the lack of the need for
external aeration—technology, compared to most of the existing oxygen systems, is an
interesting solution for the biological treatment of domestic sewage with increased content
of ammonium nitrogen.
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5. Summary and Conclusions

Next-generation sequencing-based research on the community composition of microor-
ganisms inhabiting waste PUR foams revealed a large variety of microorganisms observed
in the spongy material. Both columns show the presence of Planctomycetales, which play a
significant role not only in the carbon cycle but also in the nitrogen cycle. Many genera and
species within this phylum are capable of anaerobic anammox oxidation of ammonium
nitrogen. Illumina sequencing showed that Planctomycetes phylum accounted for 3.80 and
5.06% of all reads in samples A and B, respectively.

The dominant taxa of denitrifying bacteria were the representatives of Betaproteobac-
teria (Burkholderia) and Alphaproteobacteria (Sphingopyxis). In the column filled with waste
foams in full casings, the denitrification process was carried out mainly by Burkholderia, and
their number was 2.6-times greater than in the spongy material without casings. Our re-
search also identified microbial populations of the genus Devosia, Acinetobacter, Bdellovibrio,
and Pseudonocardia, that were involved in the removal of phosphates.

It was demonstrated that the ammonium nitrogen removal from domestic sewage
with its increased content took place in all layers of spongy material. On the one hand, the
stiffening in the form of a conduit improved the compaction resistance of flexible foams,
and on the other hand, it provided the most favorable conditions for the development of
ammonium-removing bacteria. The filling in the form of waste foams placed additionally
in the casings was more favorable for the development of the phase II nitrification bacteria
because the concentration of free ammonia did not limit their growth. The efficiency of
N-NH4

+ removal proved to be the highest and it reached more than 60% in two layers of
this waste material. It was found that a short process of nitrification and denitrification
could take place in the column filled with flexible foams without additional stiffening in
the form of full casings. The prevailing conditions inhibited the growth of NOB bacteria
(partial nitrification at FA > 1 mg·dm−3) and allowed the growth of anammox bacteria.

The conducted research shows that waste polyurethane foams in the form of scraps
of upholstery sponges can be used as an effective biomass carrier in the treatment of
domestic sewage with increased content of ammonium nitrogen. The use of additional
stiffening in the form of a conduit on the one hand minimized the thickening of the foams,
and on the other—ensured high efficiency of the nitrogen removal process. The process
of nitrification and denitrification can be successfully carried out in PUF waste placed
additionally in full casings. In the case of combining the process of nitrification and partial
denitrification-anammox (PD-AMX), it is proposed to use PUF waste without casings.

Further research should be performed to study the long-term using waste PUF as
biomass carriers in industrial-scale applications in wastewater treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma16020619/s1, Figure S1: Photo of (a) Vorticella sp.; (b) Philodina
sp. (phot. E. Dacewicz).

Author Contributions: Conceptualization, E.D.; methodology, E.D. and A.L.-B.; software, E.D.;
validation, E.D.; formal analysis, E.D. and A.L.-B.; investigation, E.D.; data curation, E.D.; writing—
original draft preparation, E.D. and A.L.-B.; writing—review and editing, E.D.; visualization, E.D.
and A.L.-B.; supervision, E.D.; project administration, E.D.; funding acquisition, E.D. and A.L.-B. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was financed by the Ministry of Science and Higher Education of the Republic
of Poland.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

https://www.mdpi.com/article/10.3390/ma16020619/s1
https://www.mdpi.com/article/10.3390/ma16020619/s1


Materials 2023, 16, 619 23 of 25

Acknowledgments: We would like to express our gratitude to Krzysztof Chmielowski at the Univer-
sity of Agriculture in Kraków for the opportunity to use research models and for support in their use.
We would also like to thank Joanna Grzybowska-Pietras at the University of Bielsko-Biała for taking
photos with a scanning electron microscope.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lou, W.Y.; Fernández-Lucas, J.; Ge, J.; Wu, C. Enzyme or whole cell immobilization for efficient biocatalysis: Focusing on novel

supporting platforms and immobilization techniques. Front. Bioeng. Biotechnol. 2021, 9, 620292. [CrossRef] [PubMed]
2. Al-Amshawee, S.; Yunus, M.Y.B.M.; Vo, D.-V.N.; Tran, N.H. Biocarriers for biofilm immobilization in wastewater treatments: A

review. Environ. Chem. Lett. 2020, 18, 1925–1945. [CrossRef]
3. Bracconi, M.; Ambrosetti, M.; Maestri, M.; Groppi, G.; Tronconi, E. A systematic procedure for the virtual reconstruction of

open-cell foams. Chem. Eng. J. 2017, 315, 608–620. [CrossRef]
4. Martins, S.C.S.; Martins, C.M.; Fiúza, L.M.C.G.; Santaella, S.T. Immobilization of microbial cells: A promising tool for treatment

of toxic pollutants in industrial wastewater. Afr. J. Biotechnol. 2013, 12, 4412–4418.
5. Varesche, M.; Zaiat, M.; Vieira, L.; Vazoller, R.; Foresti, E. Characterization of Anaerobic Biomass Immobilized in Polyurethane Foam

Matrices from HAIS Reactor by Scanning Electron Microscopy; Universidade de São Paulo: Ribeirão Preto, Brazil, 1996.
6. Wang, J.; Yang, H.; Lu, H.; Zhou, J.; Zheng, C. Aerobic biodegradation of nitrobenzene by a defined microbial consortium

immobilized in polyurethane foam. World J. Microbiol. Biotechnol. 2009, 25, 875–881. [CrossRef]
7. Uemura, S.; Okubo, T.; Maeno, K.; Takahashi, M.; Kubota, K.; Harada, H. Evaluation of water distribution and oxygen mass

transfer in sponge support media for a down-flow hanging sponge reactor. Int. J. Environ. Res. 2016, 10, 265–272.
8. Dacewicz, E.; Grzybowska-Pietras, J. Polyurethane foams for domestic sewage treatment. Materials 2021, 14, 933. [CrossRef]
9. Alessandrello, M.J.; Tomás, M.S.J.; Raimondo, E.E.; Vullo, D.L.; Ferrero, M.A. Petroleum oil removal by immobilized bacterial

cells on polyurethane foam under different temperature conditions. Mar. Pollut. Bull. 2017, 122, 156–160. [CrossRef]
10. Setty, Y.P. Multistage fluidized bed bioreactor for dye decolorization using immobilized polyurethane foam: A novel approach.

Biochem. Eng. J. 2019, 152, 107368.
11. Rajendran, R.; Prabhavathi, P.; Karthiksundaram, S.; Pattabi, S.; Kumar, S.D.; Santhanam, P. Biodecolorization and bioremediation

of denim industrial wastewater by adapted bacterial consortium immobilized on inert polyurethane foam (PUF) matrix: A first
approach with biobarrier model. Pol. J. Microbiol. 2015, 64, 329–338. [CrossRef]

12. Chen, L.; Qin, J.; Zhao, Q.; Ye, Z. Treatment of dairy wastewater by immobilized microbial technology using polyurethane foam
as carrier. Bioresour. Technol. 2022, 347, 126430. [CrossRef] [PubMed]

13. Maharjan, N.; Hewawasam, C.; Hatamoto, M.; Yamaguchi, T.; Harada, H.; Araki, N. Downflow hanging sponge system: A
self-sustaining option for wastewater treatment. In Promising Techniques for Wastewater Treatment and Water Quality Assessment;
IntechOpen: London, UK, 2020.

14. Akindoyo, J.O.; Beg, M.D.; Ghazali, S.; Islam, M.R.; Jeyaratnam, N.; Yuvaraj, A.R. Polyurethane types, synthesis and applications—
A review. RSC Adv. 2016, 6, 114453–114482. [CrossRef]

15. Liang, C.; Gracida-Alvarez, U.R.; Gallant, E.T.; Gillis, P.A.; Marques, Y.A.; Abramo, G.P.; Dunn, J.B. Material flows of polyurethane
in the United States. Environ. Sci. Technol. 2021, 55, 14215–14224. [CrossRef] [PubMed]

16. Markets. 2022. Available online: https://www.marketsandmarkets.com/pdfdownloadNew.asp?id=151784541 (accessed on
22 April 2022).

17. Dacewicz, E.; Jurik, L’. Application of a double layer sand filter with a PUR foams layer in the treatment of domestic sewage with
an increased content of ammonia nitrogen. Acta Sci. Pol. Form. Circumiectus 2019, 2, 67–81. [CrossRef]

18. Dacewicz, E. Waste assessment decision support systems used for domestic sewage treatment. J. Water Process Eng. 2019,
31, 100885. [CrossRef]

19. Dacewicz, E. Application of selective and porous materials for the removal of biogenic compounds and indicator bacteria from
domestic wastewater. Acta Sci. Pol. Form. Circumiectus 2018, 17, 47. [CrossRef]

20. Bolton, J.; Tummala, A.; Kapadia, C.; Dandamudi, M.; Belovich, J.M. Procedure to quantify biofilm activity in carriers used in
wastewater treatment systems. J. Environ. Eng. 2006, 132, 1422. [CrossRef]

21. Dacewicz, E.; Chmielowski, K. Application of multidimensional clustering for an assessment of pollutants removal from domestic
wastewater using a filter with a plastic waste filling. J. Water Process Eng. 2019, 29, 100794. [CrossRef]

22. Ferris, M.J.; Muyzer, G.; Ward, D.M. Denaturing gradient gel electrophoresis profiles of 16S rRNA-defined populations inhabiting
a hot spring microbial mat community. Appl. Environ. Microbiol. 1996, 62, 340–346. [CrossRef]

23. Illumina Technology. 2022. Available online: https://www.illumina.com/science/technology/next-generation-sequencing/
beginners/ngs-workflow.html (accessed on 20 November 2022).

24. Illumina Products. 2022. Available online: https://www.illumina.com/documents/products/techspotlights/techspotlight_
sequencing.pdf (accessed on 20 November 2022).

25. Chernov, T.I.; Tkhakakhova, A.K.; Kutovaya, O.V. Assessment of diversity indices for the characterization of the soil prokaryotic
community by metagenomic analysis. Eurasian Soil Sci. 2015, 48, 410–415. [CrossRef]

http://doi.org/10.3389/fbioe.2021.620292
http://www.ncbi.nlm.nih.gov/pubmed/33732689
http://doi.org/10.1007/s10311-020-01049-y
http://doi.org/10.1016/j.cej.2017.01.069
http://doi.org/10.1007/s11274-009-9962-0
http://doi.org/10.3390/ma14040933
http://doi.org/10.1016/j.marpolbul.2017.06.040
http://doi.org/10.5604/17331331.1185230
http://doi.org/10.1016/j.biortech.2021.126430
http://www.ncbi.nlm.nih.gov/pubmed/34843872
http://doi.org/10.1039/C6RA14525F
http://doi.org/10.1021/acs.est.1c03654
http://www.ncbi.nlm.nih.gov/pubmed/34618441
https://www.marketsandmarkets.com/pdfdownloadNew.asp?id=151784541
http://doi.org/10.15576/ASP.FC/2019.18.2.67
http://doi.org/10.1016/j.jwpe.2019.100885
http://doi.org/10.15576/ASP.FC/2018.17.2.47
http://doi.org/10.1061/(ASCE)0733-9372(2006)132:11(1422)
http://doi.org/10.1016/j.jwpe.2019.100794
http://doi.org/10.1128/aem.62.2.340-346.1996
https://www.illumina.com/science/technology/next-generation-sequencing/beginners/ngs-workflow.html
https://www.illumina.com/science/technology/next-generation-sequencing/beginners/ngs-workflow.html
https://www.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf
https://www.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf
http://doi.org/10.1134/S1064229315040031


Materials 2023, 16, 619 24 of 25

26. Dacewicz, E. Impact of the sponge structure of a multilayer sand filter on the treatment of domestic sewage with an increased
content of ammonia nitrogen. Acta Sci. Polonorum. Form. Circumiectus 2020, 19, 53–75. [CrossRef]

27. Uemura, S.; Suzuki, S.; Abe, K.; Kubota, K.; Yamaguchi, T.; Ohashi, A.; Harada, H. Removal of organic substances and oxidation
of ammonium nitrogen by a down-flow hanging sponge (DHS) reactor under high salinity conditions. Bioresour. Technol. 2010,
101, 5180–5185. [CrossRef] [PubMed]

28. Dacewicz, E. Application of the filtration bed with a foamsand filling for treatment of sewage with an elevated concentration of
ammonia nitrogen. Infrastruct. Ecol. Rural Areas 2019, 1, 165–180.

29. Onodera, T.; Matsunaga, K.; Kubota, K.; Taniguchi, R.; Harada, H.; Syutsubo, K.; Yamaguchi, T. Characterization of the retained
sludge in a down-flow hanging sponge (DHS) reactor with emphasis on its low excess sludge production. Bioresour. Technol. 2013,
136, 169–175. [CrossRef]

30. Hatamoto, M.; Okubo, T.; Kubota, K.; Yamaguchi, T. Characterization of downflow hanging sponge reactors with regard to
structure, process function, and microbial community compositions. Appl. Microbiol. Biotechnol. 2018, 102, 10345–10352. [CrossRef]

31. Miyaoka, Y.; Hatamoto, M.; Yamaguchi, T.; Syutsubo, K. Eukaryotic community shift in response to organic loading rate of an
aerobic trickling filter (down-flow hanging sponge reactor) treating domestic sewage. Microb. Ecol. 2017, 73, 801–814. [CrossRef]

32. Onodera, T.; Takemura, Y.; Kubota, K.; Kato, R.; Okubo, T.; Kanaya, G.; Uemura, S. Evaluation of microbial community succession
and trophic transfer using microscopic, molecular and stable isotope ratio analysis in a sponge-based sewage treatment system.
Biochem. Eng. J. 2021, 171, 108002. [CrossRef]

33. Ribeiro, R.; Varesche, M.B.A.; Foresti, E.; Zaiat, M. Influence of the carbon source on the anaerobic biomass adhesion on
polyurethane foam matrices. J. Environ. Manag. 2005, 74, 187–194. [CrossRef]

34. Chu, L.; Wang, J. Comparison of polyurethane foam and biodegradable polymer as carriers in moving bed biofilm reactor for
treating wastewater with a low C/N ratio. Chemosphere 2011, 83, 63–68. [CrossRef]

35. Machdar, I.; Onodera, T.; Syutsubo, K.; Ohashi, A. Effects of sponge pore-size on the performance of a down-flow hanging sponge
reactor in post-treatment of effluent from an anaerobic reactor treating domestic wastewater. Sustain. Environ. Res. 2018, 28,
282–288. [CrossRef]

36. Dorado, A.D.; Lafuente, F.J.; Gabriel, D.; Gamisans, X. A comparative study based on physical characteristics of suitable packing
materials in biofiltration. Environ. Technol. 2010, 31, 193–204. [CrossRef] [PubMed]

37. Shade, A.; Peter, H.; Allison, S.D.; Baho, D.L.; Berga, M.; Bürgmann, H.; Huber, D.H.; Langenheder, S.; Lennon, J.T.; Martiny, J.B.;
et al. Fundamentals of microbial community resistance and resilience. Front. Microbiol. 2012, 3, 417. [CrossRef]

38. Maharjan, N.; Kuroda, K.; Dehama, K.; Hatamoto, M.; Yamaguchi, T. Development of slow sponge sand filter (SpSF) as a
post-treatment of UASB-DHS reactor effluent treating municipal wastewater. Water Sci. Technol. 2016, 74, 65–72. [CrossRef]
[PubMed]

39. Watari, T.; Mai, T.C.; Tanikawa, D.; Hirakata, Y.; Hatamoto, M.; Syutsubo, K.; Fukuda, M.; Nguyen, N.B.; Yamaguchi, T.
Development of downflow hanging sponge (DHS) reactor as post treatment of existing combined anaerobic tank treating natural
rubber processing wastewater. Water Sci. Technol. 2017, 75, 57–68. [CrossRef] [PubMed]

40. Watari, T.; Mai, T.C.; Tanikawa, D.; Hirakata, Y.; Hatamoto, M.; Syutsubo, K.; Fukuda, M.; Nguyen, N.B.; Yamaguchi, T.
Performance of the pilot scale upflow anaerobic sludge blanket—Downflow hanging sponge system for natural rubber processing
wastewater treatment in South Vietnam. Bioresour. Technol. 2017, 237, 204–212. [CrossRef]

41. de Almeida Fernandes, L.; Pereira, A.D.; Leal, C.D.; Davenport, R.; Werner, D.; Filho, C.R.M.; Bressani-Ribeiro, T.; de Lemos
Chernicharo, C.A.; de Araujo, J.C. Effect of temperature on microbial diversity and nitrogen removal performance of an anammox
reactor treating anaerobically pretreated municipal wastewater. Bioresour. Technol. 2018, 258, 208–219. [CrossRef]

42. Leal, C.D.; Pereira, A.D.; Nunes, F.T.; Ferreira, L.O.; Coelho, A.C.; Bicalho, S.K.; Mac Conell, E.F.; Ribeiro, T.B.; de Lemos
Chernicharo, C.A.; de Araujo, J.C. Anammox for nitrogen removal from anaerobically pre-treated municipal wastewater: Effect
of COD/N ratios on process performance and bacterial community structure. Bioresour. Technol. 2016, 211, 257–266. [CrossRef]

43. Chen, H.; Wang, H.; Yu, G.; Xiong, Y.; Wu, H.; Yang, M.; Li, Y.Y. Key factors governing the performance and microbial community
of one-stage partial nitritation and anammox system with bio-carriers and airlift circulation. Bioresour. Technol. 2021, 324, 124668.
[CrossRef]

44. Strous, M.; Heijnen, J.J.; Kuenen, J.G.; Jetten, M.S.M. The sequencing batch reactor as a powerful tool for the study of slowly
growing anaerobic ammonium-oxidizing microorganisms. Appl. Microbiol. Biotechnol. 1998, 50, 589–596. [CrossRef]

45. Pereira, A.D.; Cabezas, A.; Etchebehere, C.; Chernicharo, C.A.; Araújo, J.C. Microbial communities in anammox reactors: A
review. Environ. Technol. Rev. 2017, 6, 74–93. [CrossRef]

46. Stacey, G. Chapter 10—The Rhizobium-Legume Nitrogen-Fixing Symbiosis. In Biology of the Nitrogen Cycle; Bothe, H., Ferguson,
S.J., Newton, W.E., Eds.; Elsevier: Amsterdam, The Netherlands, 2007; pp. 147–163, ISBN 9780444528575.

47. Yang, R.; Li, J.; Wei-Xie, L.; Shao, L. Oligotrophic Nitrification and Denitrification Bacterial Communities in a Constructed Sewage
Treatment Ecosystem and Nitrogen Removal of Delftia tsuruhatensis NF4. Pol. J. Microbiol. 2020, 69, 99–108. [CrossRef] [PubMed]

48. Wang, L.; Pang, Q.; Peng, F.; Zhang, A.; Zhou, Y.; Lian, J.; Zhang, Y.; Yang, F.; Zhu, Y.; Ding, C.; et al. Response Characteristics of
Nitrifying Bacteria and Archaea Community Involved in Nitrogen Removal and Bioelectricity Generation in Integrated Tidal
Flow Constructed Wetland-Microbial Fuel Cell. Front. Microbiol. 2020, 11, 1385. [CrossRef]

49. Nakhla, G.; Farooq, S. Simultaneous nitrification-denitrification in slow sand filters. J. Hazard. Mater. 2003, 96, 291–303. [CrossRef]

http://doi.org/10.15576/ASP.FC/2020.19.2.53
http://doi.org/10.1016/j.biortech.2010.02.040
http://www.ncbi.nlm.nih.gov/pubmed/20307974
http://doi.org/10.1016/j.biortech.2013.02.096
http://doi.org/10.1007/s00253-018-9406-6
http://doi.org/10.1007/s00248-016-0871-0
http://doi.org/10.1016/j.bej.2021.108002
http://doi.org/10.1016/j.jenvman.2004.09.004
http://doi.org/10.1016/j.chemosphere.2010.12.077
http://doi.org/10.1016/j.serj.2018.07.001
http://doi.org/10.1080/09593330903426687
http://www.ncbi.nlm.nih.gov/pubmed/20391804
http://doi.org/10.3389/fmicb.2012.00417
http://doi.org/10.2166/wst.2016.164
http://www.ncbi.nlm.nih.gov/pubmed/27386984
http://doi.org/10.2166/wst.2016.487
http://www.ncbi.nlm.nih.gov/pubmed/28067646
http://doi.org/10.1016/j.biortech.2017.02.058
http://doi.org/10.1016/j.biortech.2018.02.083
http://doi.org/10.1016/j.biortech.2016.03.107
http://doi.org/10.1016/j.biortech.2021.124668
http://doi.org/10.1007/s002530051340
http://doi.org/10.1080/21622515.2017.1304457
http://doi.org/10.33073/pjm-2020-013
http://www.ncbi.nlm.nih.gov/pubmed/32189483
http://doi.org/10.3389/fmicb.2020.01385
http://doi.org/10.1016/S0304-3894(02)00219-4


Materials 2023, 16, 619 25 of 25

50. Mac Conell, E.F.; Almeida, P.G.S.; Martins, K.E.L.; Araújo, J.C.; Chernicharo, C.A.L. Bacterial community involved in the nitrogen
cycle in a down-flow sponge-based trickling filter treating UASB effluent. Water Sci. Technol. 2015, 72, 116–122. [CrossRef]
[PubMed]

51. Riahi, H.S.; Heidarieh, P.; Fatahi-Bafghi, M. Genus Pseudonocardia: What we know about its biological properties, abilities and
current application in biotechnology. J. Appl. Microbiol. 2022, 132, 890–906. [CrossRef] [PubMed]

52. Zuo, N.; He, J.; Ma, X.; Peng, Y.; Li, X. Phosphorus removal performance and population structure of phosphorus-accumulating
organisms in HA-A/A-MCO sludge reduction process. Bioengineered 2016, 7, 327–333. [CrossRef] [PubMed]

53. Anthonisen, A.C.; Loehr, R.C.; Prakasam, T.B.S.; Srinath, E.G. Inhibition of nitrification by ammonia and nitrous acid. J. Water
Pollut. Control Fed. 1976, 48, 835–852. [PubMed]

54. Wang, L.; Liu, J.; Zhao, Q.; Wei, W.; Sun, Y. Comparative study of wastewater treatment and nutrient recycle via activated sludge,
microalgae and combination systems. Bioresour. Technol. 2016, 211, 1–5. [CrossRef]

55. Yang, Y.; Chen, Z.; Wang, X.; Zheng, L.; Gu, X. Partial nitrification performance and mechanism of zeolite biological aerated filter
for ammonium wastewater treatment. Bioresour. Technol. 2017, 241, 473–481. [CrossRef]

56. Bulgarelli, D.; Rott, M.; Schlaeppi, K.; Ver Loren van Themaat, E.; Ahmadinejad, N.; Assenza, F.; Schulze-Lefert, P. Revealing
structure and assembly cues for Arabidopsis root-inhabiting bacterial microbiota. Nature 2012, 488, 91–95. [CrossRef]

57. Wang, P.; Zhang, H.; Zuo, J.; Zhao, D.; Zou, X.; Zhu, Z.; An, S. A hardy plant facilitates nitrogen removal via microbial communities
in subsurface flow constructed wetlands in winter. Sci. Rep. 2016, 6, 33600. [CrossRef] [PubMed]

58. Kubota, K.; Hayashi, M.; Matsunaga, K.; Iguchi, A.; Ohashi, A.; Li, Y.Y.; Yamaguchi, T.; Harada, H. Microbial community
composition of a down-flow hanging sponge (DHS) reactor combined with an up-flow anaerobic sludge blanket (UASB) reactor
for the treatment of municipal sewage. Bioresour. Technol. 2014, 151, 144–150. [CrossRef]

59. Watari, T.; Vazquez, C.L.; Hatamoto, M.; Yamaguchi, T.; van Lier, J.B. Development of a single-stage mainstream anammox
process using a sponge-bed trickling filter. Environ. Technol. 2021, 42, 3036–3047. [CrossRef] [PubMed]

60. Strous, M.; Kuenen, J.G.; Jetten, M.S. Key physiology of anaerobic ammonium oxidation. Appl. Environ. Microbiol. 1999, 65,
3248–3250. [CrossRef] [PubMed]

61. Zhao, G.; Ma, F.; Wei, L.; Chua, H.; Chang, C.C.; Zhang, X.J. Electricity generation from cattle dung using microbial fuel cell
technology during anaerobic acidogenesis and the development of microbial populations. Waste Manag. 2012, 32, 1651–1658.
[CrossRef] [PubMed]

62. Martins, T.H.; Souza, T.S.; Varesche, M.B.A. Feeding strategies for enrichment and characterization of anammox biomass in a
sequencing batch reactor. Am. J. Anal. Chem. 2014, 5, 891. [CrossRef]

63. Wang, S.; Yang, H.; Zhang, F.; Zhou, Y.; Wang, J.; Liu, Z.; Su, Y. Analysis of rapid culture of high-efficiency nitrifying bacteria and
immobilized filler application for the treatment of municipal wastewater. RSC Adv. 2020, 10, 19240–19246. [CrossRef]

64. Tan, X.; Yang, Y.L.; Li, X.; Zhou, Z.W.; Liu, C.J.; Liu, Y.W.; Fan, X.Y. Intensified nitrogen removal by heterotrophic nitrification
aerobic denitrification bacteria in two pilot-scale tidal flow constructed wetlands: Influence of influent C/N ratios and tidal
strategies. Bioresour. Technol. 2020, 302, 122803. [CrossRef]

65. Chen, H.; Tu, Z.; Wu, S.; Yu, G.; Du, C.; Wang, H.; Li, H. Recent advances in partial denitrification-anaerobic ammonium oxidation
process for mainstream municipal wastewater treatment. Chemosphere 2021, 278, 130436. [CrossRef]

66. Ren, Y.; Yang, L.; Liang, X. The characteristics of a novel heterotrophic nitrifying and aerobic denitrifying bacterium, Acinetobacter
junii YB. Bioresour. Technol. 2014, 171, 1–9. [CrossRef] [PubMed]

67. Si, Z.; Peng, Y.; Yang, A.; Zhang, S.; Li, B.; Wang, B.; Wang, S. Rapid nitrite production via partial denitrification: Pilot-scale
operation and microbial community analysis. Environ. Sci. Water Res. Technol. 2018, 4, 80–86. [CrossRef]

68. Kirishima, Y.; Choeisai, P.; Khotwieng, W.; Hatamoto, M.; Watari, T.; Choeisai, K.; Panchaban, P.; Wong-asa, T.; Yamaguchi, T.
Efficiency of high rate treatment of low-strength municipality sewage by a pilot-scale combination system of a sedimentation
tank and a down-flow hanging sponge reactor. Environ. Technol. 2022, 43, 2457–2466. [CrossRef] [PubMed]

69. Nomoto, N.; Hatamoto, M.; Hirakata, Y.; Ali, M.; Jayaswal, K.; Iguchi, A.; Harada, H. Defining microbial community composition
and seasonal variation in a sewage treatment plant in India using a down-flow hanging sponge reactor. Appl. Microbiol. Biotechnol.
2018, 102, 4381–4392. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.2166/wst.2015.154
http://www.ncbi.nlm.nih.gov/pubmed/26114279
http://doi.org/10.1111/jam.15271
http://www.ncbi.nlm.nih.gov/pubmed/34469043
http://doi.org/10.1080/21655979.2016.1197026
http://www.ncbi.nlm.nih.gov/pubmed/27487562
http://www.ncbi.nlm.nih.gov/pubmed/948105
http://doi.org/10.1016/j.biortech.2016.03.048
http://doi.org/10.1016/j.biortech.2017.05.151
http://doi.org/10.1038/nature11336
http://doi.org/10.1038/srep33600
http://www.ncbi.nlm.nih.gov/pubmed/27646687
http://doi.org/10.1016/j.biortech.2013.10.058
http://doi.org/10.1080/09593330.2020.1720309
http://www.ncbi.nlm.nih.gov/pubmed/31987004
http://doi.org/10.1128/AEM.65.7.3248-3250.1999
http://www.ncbi.nlm.nih.gov/pubmed/10388731
http://doi.org/10.1016/j.wasman.2012.04.013
http://www.ncbi.nlm.nih.gov/pubmed/22595839
http://doi.org/10.4236/ajac.2014.514097
http://doi.org/10.1039/D0RA01498B
http://doi.org/10.1016/j.biortech.2020.122803
http://doi.org/10.1016/j.chemosphere.2021.130436
http://doi.org/10.1016/j.biortech.2014.08.058
http://www.ncbi.nlm.nih.gov/pubmed/25171329
http://doi.org/10.1039/C7EW00252A
http://doi.org/10.1080/09593330.2021.1882584
http://www.ncbi.nlm.nih.gov/pubmed/33563141
http://doi.org/10.1007/s00253-018-8864-1
http://www.ncbi.nlm.nih.gov/pubmed/29594342

	Introduction 
	Materials and Methods 
	Research Materials 
	Biological Material 
	Selection of the Type of Biomass Carriers 
	Batch Culture of Microorganisms 

	Methods 
	Microbial Growth Rate Determination 
	Selection of the Type of Biomass Carriers 
	Ammonium Nitrogen Removal in Continuous Cultures 

	Determinations 
	Optical Density Determination 
	Biomass Content in the Tested Carriers 
	Microscopic Observations of Biomass 
	Scanning Electron Microscope (SEM) Observations 
	Illumina Sequencing of 16S rRNA Gene 
	16S rRNA Gene Sequence Analysis 
	The Efficiency of the Nitrogen Removal Process 

	Statistical Analyzes 

	Results and Discussion 
	Microbial Growth Rate Determination 
	Selection of the Type of Biomass Carriers 
	Ammonium Nitrogen Removal in Continuous Cultures 
	Microscopic Observations of Biomass 
	Scanning Electron Microscope (SEM) Observations 
	Microbial Community Analysis 
	Efficiency of Ammonium Nitrogen Removal Process 

	Possible Future Prospects Associated with the Use of Waste PUF as Biomass Carriers 
	Summary and Conclusions 
	References

