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ABSTRACT

In this study, the susceptibility of the surface of fittings prepared using wood-polymer compos-
ites to the formation of biofilm in the process of wastewater treatment in a model laboratory
system was investigated. The conducted analyses indicate the beneficial effect of the tested solid
substrate on the long-term settlement of various microorganisms, especially in case of supports
prepared using wood-polymer composites. The conducted studies allowed to establish that the
initial hydrophilicity of the material, which determines its high wettability, is the factor that con-
tributes to the formation of biofilm on fittings made of a wood-polymer composite with a com-
position of 60% wt. of polyethylene Tipelin polypropylene and 40% wt. of C120 wood flour filler.
Microorganisms firmly anchored to a solid substrate form a biofilm and trigger numerous reactions
in the surrounding environment. The process of wastewater treatment on the carriers was effec-
tive due to the presence of numerous microorganisms. The formation of a biofilm on the surface
of the composites ultimately resulted in an increase of the contact angle, which was confirmed by
repeated studies performed after the end of the tests.

Keywords: Biological beds; Moving bed biofilm reactor; Wood-polymer composites; Wastewater

treatment technologies; Wettability

1. Introduction

In some cases, treated or insufficiently treated wastewa-
ter discharged into running or standing waters or into the
ground poses a serious threat to the natural environment.
In terms of economical regards, efficient wastewater treat-
ment has a significant impact on saving water and prevents
its unnecessary losses. Reuse of treated and pre-treated
wastewater (e.g., for irrigation of green areas) requires
the use of appropriate methods and wastewater treatment
systems. Biological contaminants present in wastewater
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are very diverse and are represented, inter alia, by various
bacteria (e.g., coliform bacteria, Escherichia coli, Salmonella
spp., Shigella spp., Vibrio cholerae), parasite cysts and eggs,
protists, viruses and fungi. Depending on their type and
quantity, all these forms can be dangerous to both the envi-
ronment and human health [1,2]. The effectiveness of waste-
water treatment, the flexibility of the used method and its
resistance to chemicals contained in the wastewater flowing
into the device largely depend on the technology used.
Currently, wastewater is most often treated biologically after
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mechanical treatment. The primary contaminants which
must be removed from wastewater are carbon, nitrogen,
and phosphorus, including organic compounds, ammonia,
phosphates, and many other pollutants. These processes
involve the oxidation, transformation and removal of dis-
solved pollutants present in the wastewater with the par-
ticipation of microorganisms. Microorganisms involved in
these processes can be attached to the substrate, creating
the so-called biological membrane or be suspended in the
form of the so-called activated sludge. Biological processes
are carried out for example in biological beds. Biological
beds can be divided into fixed beds, which include flooded
beds, drip and submerged beds, as well as moving beds,
which include disc and suspended beds [3-5]. Based on
their definition, biological beds are technical devices that
use the natural phenomenon of proliferation of microor-
ganisms on a given substrate (filling) during the decompo-
sition of organic compounds. There are three basic stages
during the formation of biofilm: settlement (attachment
of microorganisms to the substrate due to van der Waals
and electrostatic forces), colonization and growth, that is,
maturation of the biofilm. Biofilms consisting of numerous
microorganisms prefer substrates with increased porosity.
The processes of biological decomposition carried out by
settled microorganisms in the outer part occur under aero-
bic conditions (aerobic layer), an anaerobic layer is formed
while in the inner part, in which some substances are
decomposed in anaerobic processes [3,5-7]. Currently, the
biological membrane carriers used in the moving bed tech-
nology are made of natural or artificial materials. The fillers
from synthetic materials consists of various types of loose
fittings or packages (blocks) made of polyvinyl chloride,
polyamide, polypropylene or polyethylene. Depending on
the type of material, its shape and filler size, they have a
specific surface area in the range of 240-2,000 m?/m? [8].
The treatment efficiency depends on the supplied pollut-
ant load - the bed load. The type of filling and the aeration
rate also influence the treatment efficiency. The possibility
of using a given carrier in a biological deposit is also influ-
enced by its building material as well as its affinity for the
adsorbed biomass [3,9]. Compared to other fixed biomass
systems (trickling filters and submerged biofilters), the
MBBR (moving bed biofilm reactor) does not experience
clogging problems and has lower pressure losses [10,11].
The qualitative and quantitative composition of the organ-
isms that form the biofilm plays a very important role in
the process of biological wastewater treatment. According
to different authors, the dominant role in these systems is
played by bacteria, ciliates and rotifers as well as amoe-
bas, flagellates and nematodes, which are adapted to living
both in aerobic and anaerobic conditions [1,2,7,12-14].

The use of polymer composites with natural fillers
(mainly wood-polymer composites, WPC) as carriers in
the biological bed technology is an interesting and new
solution, mainly due to the large active surface available
for the development of a biological membrane. There are
many definitions which describe wood-polymer compos-
ites, but the most precise one is considered to be the one
representing WPC as thermoplastically processable com-
posites consisting of wood, polymer material and additives
[14-19]. The dynamic development of the production of

wood-polymer composites results, among others, from their
good performance properties due to an advantageous com-
bination of the features of the polymer components and the
natural additive. An additional role is played by ecological
considerations, because it is possible to use incomplete and
post-consumer wood for the production of WPC, which is
classified as waste. Another important factor is the possi-
bility to recycle the worn out composite materials and, ulti-
mately, use them to recover energy via combustion [20-28].

The economic factor, that is, the increasing prices of
raw materials for the production of polymers (oil and gas),
as well as the very high demand for these materials, result
in the application of polymer matrix composites in an
increasing number of industries, including in the wastewa-
ter treatment technologies. In addition, the physical prop-
erties of WPC composites, which depend, for example, on
the type and amount of the filler and the method of its dis-
tribution in the matrix, as well as on the orientation of the
fibres in case of fibrous fillers, affect the adsorption and
aggregation of microorganisms on the surface of the com-
posite. Therefore, the phenomenon of wetting the surface
of the bed material by other substances or biological matter
is an important aspect which should be taken into account
when analysing the processes that occurs on the surface of
a moving biological bed. Wettability (determined by the
contact angle) is also related to the free surface energy,
which determines, among others, the rate and efficiency
of microbial aggregation, as well as the hydrophilicity or
hydrophobicity of carriers [29-31].

The studies of various authors conducted to date indi-
cate the possibility of using pure PE (polyethylene), PVC
(polyvinyl chloride), PP (polypropylene), ABS (acrylonitrile-
butadiene-styrene terpolymer), PS (polystyrene), PC (poly-
carbonate), or polyester-glass laminates as biofilm carriers
[3,5,7,10,32-37].

The study presents the results of research work aimed
at determining the possibility of using wood-polymer com-
posites as a material to create elements of a biological bed.
The conducted research included the characterization of the
population of microorganisms living on composite supports
and PE supports (reference material) and the assessment of
the contact angle of the material surface, as it most likely
affects the microbial aggregation.

2. Materials and methods

The research material was a wood-polymer com-
posite (WPC) and a comparative pristine polyethylene.
Polyethylene (Tipelin BA550-13) was used as the matrix of
the composites, while wood flour from conifers: Lignocel C
120 with particle size 70-150 um (J. Rettenmaier and S6hne
GmbH CoKG) was the filler.

Homogenization of polymers with wood flour was car-
ried out in the single-screw extrusion process; a compos-
ite granulate was thus obtained. The temperature of the
extruder heating zones ranged from 120°C to 160°C, the
rotational speed of the extruder screw was 50 rpm. A simple
cylindrical support with a corrugated surface was produced
by extrusion from a composite material which consisted of
60% wt. of PE Tipelin polypropylene and 40% wt. of C120
wood flour filler.
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In the next stage, a laboratory research stand was pre-
pared, which consisted of four filter columns made of
organic glass pipes with an external diameter of 4.4 cm and
a length of 100 cm. Columns 1 and 2 were filled with fit-
tings made of a wood-polymer composite, while columns 3
and 4 with polyethylene fittings (Fig. 1). The columns were
filled with fittings up to a height of 80 cm. The carriers were
divided inside the column into 4 zones, numbered in order
from the bottom as zone 1, middle 2 and 3, and the top as zone
4. They were prepared in a manner that allowed to disassem-
ble each of the 4 zones, and then, due to the hinged grid, to
take the test fittings out for subsequent studies. The calculated
number of fittings placed in the columns are shown in Table 1.

The tested system was fed with wastewater collected
from a household wastewater treatment plant, more pre-
cisely from the outflow of a septic tank (produced by
POZPLAST) located in Rybojedzko, Wielkopolska Province,
Poznan County, Steszew Commune (Poland). Assuming
that the daily unit water consumption is equal to 0.15 m3/M,
the amount of sewage generated by household members
was calculated as follows (Table 2):

Q,,, = 0.15LM — daily water consumption (m?) (1)

Qo =N, -Q, . —daily maximum
wastewater flow (m3/d) )

Qh max = Qd max.Nh max/24 = Qd max/6 - hOurly maximum
wastewater flow (m®/h) 3)

Q. = Q1,365 — annual water consumption
for household purposes (m?/y) 4)

During the research (which lasted for 6 months) bacte-
riological analyses of raw wastewater from the septic tank
and wastewater flowing through the bed were performed.
The average wastewater flow rate through the beds was
equal to 259.5 cm®/d for the column filled with WPC and
258 cm®/d for a system which contained pure polyethylene
fittings.

Table 1
Number of fittings in selected columns

The microscopic observations of the biofilm formed on
the fittings were also carried out using the Delta Optical
Evolution 100 Trino Plan LED microscope with a 5x, 10x,
40x and 100x objective and a 12.5x eyepiece. The biofilm
observations were most often carried out using a micro-
scope magnification of 62.5x and 125x, and in the case of
determining the number of bacteria at a magnification of
500x and 1,250x.

In order to determine the number of bacteria present
in the biofilm on the WPC and PE fittings, 3 pieces from
zones I and IV of the test columns were collected each
month in a sterile manner and placed in a test tube with
10 mL of sterile water. Then, the test tubes with the shaped
pieces were shaken, and the obtained suspension was cul-
tured in Petri dishes. After the end of the test cycle, all
the pieces from each zone were counted and placed sep-
arately in a flask with 100 mL of sterile water. Then the
flasks were shaken and the obtained suspension was also
cultured in Petri dishes. In the case of testing the bacte-
ria present in the biofilm on fittings, the final result was
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Fig. 1. Research stand divided into 4 zones.

Selected column

Type of fittings in individual zones of the selected column

Number of
fittings in pieces

WPC zone | 214
WPC zone II 206
TWpC WPC zone III 222
WPC zone IV 217
Total number of fittings in column I 859
PE zone | 195
PE zone II 195
IVPE PE zone IIT 195
PE zone IV 202
Total number of fittings in column IV 787
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Table 2
The amount of raw wastewater

Amount of raw wastewater (LM = 4)

Q,,, (Mm% Q) max (M/d)

Qh max (mS/h) Qannual (m3/y)

0.15x4=0.60 2.5x0.60=1.50

1.5/6=0.25 0.60 x 365 =219

given as the number of bacteria per one fitting after
appropriate calculations (CFU/1 fitting).

Wastewater inoculations in Petri dishes were per-
formed using the submerged method. Due to the high
number of microorganisms in the wastewater, the tested
material was diluted and simultaneous inoculations of
different dilutions were performed. After the cultivation
period at 20°C for 72 h, the grown colonies were counted
and the final result was converted into colony forming
units (CFU - colony forming unit). The obtained results of
bacteriological tests of sewage were given as CFU/1 mL.

Enriched agar was used for the cultivation of micro-
organisms ones (composition of the medium is given in
Table 3) [38,39].

The physicochemical assessment of raw and treated
wastewater samples was also carried out. Every 2 d, raw
wastewater was collected for analyses, before introduction
to the system, along with treated sewage — from the final
section of each column.

During the planned microbiological tests, the wetta-
bility of the surface of the selected composite was also
determined. Wettability has a significant impact on the
ratio and efficiency of microbial aggregation as well as the
hydrophilicity or hydrophobicity of the composite sur-
face. The measure of the wettability of the surface was the
contact angle © (also referred to as the limit angle) formed
between the wetted surface of the solid and the tangent to
the wetting surface of the liquid (the wetting-liquid menis-
cus curvature) derived from the point of contact of the lig-
uid with the surface of the solid. The value of the contact
angle lower than 90° indicates that the surface of the solid
body is subjected to wetting. The contact angle ® = 0 indi-
cates that the liquid flows perfectly over the surface of the
solid and that it is completely (fully) wetted. In this case, we
are dealing with a perfectly hydrophilic body. On the other
hand, if the angle © = 180°, there is absolute non-wettability
[29-31]. Water non-wettable bodies are referred to as hydro-
phobic. In order to determine the wettability of the surface of
the tested composite, the contact angle © tests were carried
out using the direct measurement method. According to this
method, the angle formed between the test surface and the
tangent to the surface of the test liquid wetting the test sur-
face is determined, which is derived from the contact point
of the liquid with the solid surface. Distilled water was used
to determine the wettability of the composite surface, and
the values of the following values of this liquid: surface free
energy v,, dispersive component (y/) and the polar compo-
nent (y/) were respectively equal to 72.8, 21.8, and 51.0 mJ/m>

3. Results and discussion

The results for raw and treated wastewater samples
are presented in Table 4.

Table 3
The composition of the enriched agar medium

Component Quantity (g/L)
Peptone K 5.4

Peptone 4.0

Yeast extract 1.7

Beef extract 0.4

Sodium chloride 35

Agar 15.0

Distilled water 1,000.0

Based on the analysis of the test results, it can be con-
cluded that after the passage of raw sewage through col-
umns filled with both WPC and PE fittings, the content of
total suspended solids, chemical oxygen demand (COD),
total phosphorus and ammonium nitrogen decreased.
The amount of total suspended solids in the treated sew-
age leaving the column packed with WPC was equal to
24 mg/L on average, while after passing through the PE
column it was equal to 23 mg/L. These values meet Polish
recommendations because the limit value for total sus-
pended solids in treated sewage is 50.0 mg/L. The effi-
ciency of removing the total suspended solids was higher
in the columns packed with WPC and amounted to 90.5%
compared to the system in which PE fittings were used
(88.7%). The COD index in treated sewage amounted to
130.5 mg O,/L for sewage flowing through the system
filled with WPC fittings and 171 mg O,/L for the PE sys-
tem. The treatment efficiency of the applied biological
deposits was determined at 62.1% for WPC and 50.8%
for PE. Taking into account the other quality indicators
of treated wastewater, including total phosphorus and
ammonium nitrogen, the removal efficiency in case of
the former was very comparable for both tested materi-
als (43.3% for WPC and 43.0% for PE). On the other hand,
for N-NH,, the system filled with WPC fittings (52.3%)
was more effective than the column filled with PE (29.8%).

The value of the contact angle depends on many fac-
tors, for example, the roughness of the surface, its physical
and chemical homogeneity, the type of measuring liquid,
the type and size of impurities on the surface and the size
of the liquid droplets. All these elements may affect the
measurement of the contact angle and hinder the interpre-
tation of the obtained results. However, the correct deter-
mination of the surface wettability (related to the surface
energy of the material) is a useful parameter for assessing
the biological interactions between the material and the
living organisms. The conducted research allowed for the
conclusion that the initial hydrophilicity of the material,
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which determines its high wettability, is the conducive fac-
tor for the formation of biofilm on the fittings. This results
in a good, colonisable adhesion of the microorganisms to
the surface of the fittings. In this case, the formation of
a biofilm on the surface of the tested materials resulted
in an increase of the contact angle. On the basis of the
determined value of the contact angle, the nature of the
surface of wood composites in the polyethylene matrix
was determined and compared with the results obtained
for fittings made for pristine polyethylene. It was estab-
lished that the hydrophilicity of the composite material
(91.0°), close to that of pure PE (92.0°), which contributes
to the formation of biofilm on the fittings, makes it highly
wettable. This results in a good, colonisable adhesion of
the microorganisms to the surface of the fittings. After the
end of the test, the wettability study was repeated and
it was found that the composite fittings exposed to the
wastewater became hydrophobic, which proved that the
structure of the wood-polymer material was colonized
(the contact angle value for the WPC composite was equal
to 103.2°) as opposed to the surface of PE fittings (value
equal to 92.2°).

In the next stage, microscopic observations were focused
on quantitative and qualitative evaluation of microorgan-
isms living on the composites. The determined and described
method of testing the samples allowed to obtain all types
of microorganisms present on the surface of composites
(Figs. 2 and 3), both settled and creeping forms, and also
free-floating forms in the case of wastewater analyses.

The number of microorganisms was determined based on
the modified estimation method using a 5-point scale: very
numerous (5 points), numerous (4 points), quite numerous
(3 points), not very numerous (2 points) and single (1 points).
The highest average number of the found organisms in the
entire research period was taken as 100%, while the remain-
ing samples were estimated in relation to the maximum sam-
ple. The classification presented in Fig. 4 shows the number
of microorganisms in each of the 4 zones of the analysed filter
columns.

The number of microorganisms present on the surface
of all tested composites with a matrix of PE and pristine
PE was notably influenced by ciliates (Ciliata), (including
Euplotes sp., Litonotus sp., Spirostomum sp., Colpidium colpoda,
Amphileptus sp.), rotifers (Rotifera, mainly Rotaria rotatoria)
and rhizopoda (rhizopoda, most commonly Arcella vulgaris).
This indicates the beneficial effect of the tested solid sup-
port on the long-term deposition of various microorganisms
(Figs. 5 and 6).

Euplotes sp. was quite numerous in each of the col-
umns in all zones. However, it was the most numerous at
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formation of the biofilm

clean filling

Fig. 3. WPC - clean filling and formation of the biofilm.

WPC. Similar results were observed for Rotaria rotatoria,
Litonotus sp. or Amphileptus sp., which were found primar-
ily in columns with WPC fittings. Nematoda appeared in a
significant number in each of the columns. These microor-
ganisms which quantitatively dominated in microscopic
research. Paramecium bursaria was found in each of the ana-
lysed columns. In the WPC column, it was located in zones
I, III and IV, it was not observed in zone II, while in the
PE column it did not occupy zones II and III.

Analysis of the ratio of microorganisms in individ-
ual zones of the studied columns, indicates that among
Ciliata small (40-150 um) and medium-sized (50-400 um)
forms dominated, while among multicellular organisms,
the forms were much larger (200 um-3 mm). These micro-
organisms are often indicator s of good oxygenation and
a rather low contamination of wastewater and some forms
(e.g., Amphileptus sp., Stylonychia sp.) are rarely found in the
sludge. Although Nematoda are found mainly in well-oxy-
genated sludge, the Rotaria rotatoria is resistant to low oxy-
gen concentration. Bacteria (coccus, bacillus, bacterium,
spirillum forms), which play a fundamental role in the pro-
cess of wastewater treatment, were found in all zones of the

single zone }

Occurrence of microorganisms:  absence

single

not very
numerous

quite
numerous

numerous very

numerous

Fig. 4. Graphical representation used for the analysis of results of microbial enumeration.
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Fig. 6. The number of selected microorganisms in individual zones of the filtration columns — PE (signs: EUPL. — Euplotes sp.,
LITO. - Litonotus sp., AMPH. — Amphileptus sp., PAR.B. — Paramecium bursaria, STYL. — Stylonychia sp., NEM. — Nematoda n.det.,

ROT.R. — Rotaria rotatoria, BAKT. — Bacteria).

Table 4
The results for raw and treated wastewater samples

Indicator Total suspended COD (mg/L) P-og (mg/L) N-NH, (mg/L)

solids (mg/L)
Raw wastewater
WPC 253.6 347.0 26.1 97.5
PE 203.6 347.5 25.8 90.5
Treated wastewater
WPC 422 130.5 14.8 46.5
PE 23.0 171.0 14.7 63.5

columns, but because they are food for other microorgan-
isms, their number was partially reduced at all stages of
wastewater treatment [38,39].

The qualitative and quantitative composition of various
microorganisms indicates a very large diversity of taxa that
are involved in the removal of pollutants contained in waste-
water. The most diverse are aerobic and anaerobic bacteria,

represented, among others, by Proteobacteria, Bacteroidetes,
Firmicutes, Acidobacteria, Chloroflexi, including by Paracoccus
spp., fecal coliforms, Escherichia coli, Salmonella spp., Shigella
spp., Vibrio cholerae, Thiothrix spp., Microthrix spp., Flexibacter
spp., Pseudomonas spp. Acinetobacter spp. [1,13,35,40-43].
There are numerous sedentary, free-swimming and creeping
ciliates (Ciliata), represented, for example, by: Epistylis spp.,
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Epistylis coronata, Epistylis plicatilis, Vorticella convallaria,
Vorticella aquadulcis, Carchesium polypinum, Opercularia spp.,
Metopus spp., Spirostomum spp., Uronema spp., Aspidisca spp.,
Acineria uncinata, Litonotus spp., Tokophrya spp., Chilodonella
spp., Euplotes spp. [7,35,44,45]. The biofilm and activated
sludge also includes testate amoebae (Arcella spp., Euglypha
spp.), flagellates (Flagellate), sewage fungi, rofers (Rotifera)
and nematodes (Nematoda) [7,35,45].

Several such microorganisms have been detected in our
research. These organisms have adapted to function under
both aerobic and anaerobic conditions. They acclimatize
very well in the biofilm on WPC fittings and inhabit various
zones.

The biofilms are heterogeneous three-dimensional struc-
tures that can contain hundreds of bacterial, fungal and
eukaryotic species in the colonizing biofilm. Each of these
species interacts through competition for substrates or by
predator-prey relationships that cause inherent dynamic
changes in biofilm microbiology over time. Principal
components analysis showed that the diversity and com-
munity-level physiological profiles of microbial communi-
ties depended on the working efficiency of the wastewater
treatment technologies [2,32].

The conducted analyses indicate the beneficial effect of
the tested solid support on the long-term settlement of vari-
ous microorganisms, which remove contaminants present in
wastewater.

Microbiological analysis of raw wastewater flowing
into the columns showed a large diversity in the number
of psychrophilic bacteria (cultivation at 20°C) at differ-
ent research dates. Their numbers ranged from 499,000 to
2,381,000 CFU/1 mL (Fig. 7).

The number of bacteria present in the biofilm on fittings
from zones I and IV, columns 1 and 2 (filled with WPC fit-
tings) and columns 3 and 4 (filled with fittings from PE)
was determined during the same timeframes in which the
microbiological quality of wastewater was analysed. The
average number of bacteria grown at 20°C per one fitting
(CFU/1 fitting) obtained from zones I and IV of columns
1 and 2 (WPC) and zones I and IV of columns 3 and 4
(PE) from three test dates is presented in Fig. 8.

After a comparison of the individual columns, it can be
seen that a slightly higher number of bacteria was found
on PE fittings. The obtained results indicate that the great-
est number of bacteria on the fittings was found when raw
wastewater with the highest number of bacteria was sup-
plied to the columns.

After the end of the research cycle and the disassembly
of the columns, the average number of bacteria present on
the WPC and PE fittings from each zone was calculated.
The test results are shown in Fig. 9.

Based on the obtained results, it can be concluded that
the average number of bacteria per one fitting (CFU/1
fitting) was most often found on fittings made of WPC
(ranging from 27,084,000 for WPC Z I to 49,946,000 for
WPC Z III), while on fittings made of PE only higher
numbers of bacteria were obtained from the Z I zone
(49,754,000 CFU). The bacteria present in the biofilm on the
fittings are responsible for the biodegradation of pollutants
present in the wastewater flowing through the column, and
they are also pray for more organized organisms inhabit-
ing the biofilm, mainly ciliates and rotifers. Not all bacte-
ria are eliminated in the bed, because in the outflow from
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Fig. 7. Total number of bacteria grown at 20°C present in raw
wastewater at various research dates.
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Fig. 8. Average number of bacteria from zones I and IV of columns filled with WPC and PE fittings.
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Fig. 9. Average number of bacteria grown at 20°C from zones I, I, III and IV of the WPC and PE columns per 1 fitting.

the filtration column their number ranged from 226,800 to
2,419,200 CFU/1 mL.

The results described above confirm that the wastewa-
ter after the treatment process should be additionally disin-
fected, as its discharge in this form to the receiving body such
as surface water (e.g., a stream, river, lake) may constitute
a potential epidemiological threat. The microbes include not
only psychrophilic bacteria, but also numerous mesophilic
bacteria that originate from humans and warm-blooded
animals. Such a danger was pointed out by, for example,
[1,5,7,34,40].

4. Conclusions

The conducted studies allowed to establish that the
initial hydrophilicity of the material, which determines its
high wettability, is the factor that contributes to the forma-
tion of biofilm on fittings made of a wood-polymer com-
posite with a composition of 60% wt. of PE Tipelin polypro-
pylene and 40% wt. of C120 wood flour filler. This results in
a good, colonization-enabling adhesion of microorganisms
to the surface of the fittings used in the model system. In
this case, the formation of a biofilm on the surface of the
WPC composite resulted in an increase of the contact angle.
The composite was also characterized by the highest esti-
mated number of microorganisms. This is mainly due to
the properties, structure and physicochemical interactions
occurring in the biofilm area, which changes its properties
as well as the original properties of the composite mate-
rial over time. Microorganisms firmly anchored to a solid
substrate form a biofilm and trigger numerous reactions
in the surrounding environment. The formation of a bio-
film on the surface of the composites ultimately resulted
in an increase of the contact angle, which was confirmed
by repeated studies performed after the end of the tests.

Funding
Poznan University of Technology 0713/SBAD/0948

Conflicts of interest/Competing interests

On behalf of all authors, the corresponding author states
there is no conflict of interest.

References

[1]1 Z. Aghalari, H.-U. Dahms, M. Sillanpdd, J.E. Sosa-Hernandez,
R. Parra-Saldivar, Effectiveness of wastewater treatment
systems in removing microbial agents: a systematic review,
Global. Health, 16 (2020) 1-11, doi: 10.1186/512992-020-0546-y.
L. Jatowiecki, ] M. Chojniak, E. Dorgeloh, B. Hegedusova,
H. Ejhed, J. Magnér, G.A. Ptaza, Microbial community profiles
in wastewaters from onsite wastewater treatment systems
technology, PLoS One, 25 (2016) 1-15, doi: 10.1371/journal.
pone.0147725.
I. Kania-Surowiec, Biological beds in the treatment of sewage
from recycled plastics, Inzynieria Ekologiczna, 32 (2013) 74-84.
M. Piasny, Ztoza biologiczne, oczyszczalnie Sciekéw bytowych,
Magazyn instalatora, 5 (2012) 56-57.
M.J. Nelson, G. Nakhla, J. Zhu, Fluidized-bed bioreactor
applications for biological wastewater treatment: a review of
research and developments, Engineering, 3 (2017) 330-342.
N. Fernandez, E.E. Diaz, R. Amils, J.L. Sanz, Analysis of
microbial community during biofilm development in an
anaerobic wastewater treatment reactor, Microbiol. Ecol.,
56 (2008) 121-132.
M. Makowska, M. Spychata, Btazejewski, Treatment of septic
tank effluent in moving bed biological reactors with intermittent
aeration, Pol. J. Environ. Stud., 18 (2009) 1051-1057.
S. Zajchowski, ]J. Ryszkowska, Kompozyty polimerowo-
drzewne - charakterystyka ogdlna oraz ich otrzymywanie
z materialéw odpadowych, Polimery, 10 (2009) 754-762.
E. Lobos-Moysa, M. Bodzek, A. Sliwa, Influence of modified
porous aggregates on the efficiency of treatment by trickkling
filter systems, Proc. ECOpole, 10 (2016) 693-698.
G. Andreottola, R. Foladori, M. Ragazzi, F. Tatano, Experimental
comparison between MBBR and activated sludge system for
the treatment of municipal wastewater, Water Sci. Technol.,
41 (2000) 375-382.
G. Mangesh, I. Ashwini, Moving bed biofilm reactor: a best
option for wastewater treatment, Int. J. Sci. Dev. Res., 3 (2015)
1094-1096.
Z. Li, E. Yu, K. Zhang, W. Gong, Y. Xia, J. Tian, G. Wang, J.
Xie, Water treatment effect, microbial community structure,
and metabolic characteristics in a field-scale aquaculture
wastewater treatment system, Front. Microbiol., 11 (2020) 1-13,
doi: 10.3389/fmicb.2020.00930.
B. Zhang, X. Xu, L. Zhu, Activated sludge bacterial communities
of typical wastewater treatment plants: distinct genera
identification and metabolic potential differential analysis,
AMB Express, 8 (2018) 1-14, doi: 10.1186/s13568-018-0714-0.
T.P. Sathishkumar, P. Navaneethakrishnan, S. Shankar,
R. Rajasekar, N. Rajini, Characterization of natural fiber and
composites — a review, J. Reinf. Plast. Compos., 32 (2013)
1457-1476.
[15] M.R. Sanjay, P. Madhu, M. Jawaid, P. Senthamaraikannan,
S. Senthil, S. Pradeep, Characterization and properties of

(2]

(3]
(4]

(5]

(6]

(7

(8]

(%1

(10]

(11]

(12]

(13]

(14]



34

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

1. Kruszelnicka et al. / Desalination and Water Treatment 256 (2022) 26-34

natural fiber polymer composites: a comprehensive review, J.
Cleaner Prod., 172 (2018) 566-581.

T. Leiknes, H. QJdegaard, The development of a biofilm
membrane bioreactor, Desalination, 202 (2007) 135-143.

A. Barwal, R. Chaudhary, To study the performance of
biocarriers in moving bed biofilm reactor (MBBR) technology
and kinetics of biofilm for retrofitting the existing aerobic
treatment systems: a review, Rev. Environ. Sci. Biotechnol.,
13 (2014) 285-299.

J.A. Kawan, H.A. Hasan, F. Suja, O.B. Jaafar, R. Abd-Rahman,
A review on sewage treatment and polishing using moving
bed bioreactor (MBBR), Int. J. Eng. Sci. Technol.,, 8 (2016)
1098-1120.

A. Das, RN. Naga, Activated sludge process with MBBR
technology at ETP, Q. ]J. Indian Pulp Paper Tech. Assoc.,
23 (2011) 135-137.

I. Kruszelnicka, D. Ginter-Kramarczyk, E. Karpezo, Moving
beds in wastewater treatment technology — history, application
and prospects, Instal, 5 (2014) 64-67.

M. Litwinska, D. Ginter-Kramarczyk, I. Kruszelnicka, The
Moving Bed Technology as the Future in the Modernization
of Sewage Treatment Plants in Poland, I. Skoczko, ]J. Piekutin,
I. Barszczewska, N. Woroniecka, Eds., Inzynieria srodowiska
- mtodym okiem, Monografia tom 21. Rozdzial: $cieki i osady
Sciekowe. Bialystok, 21 (2016) 103-125.

I. Kruszelnicka, D. Ginter-Kramarczyk, M. Litwinska,
P. Poszwa, Shapes of carriers in MBBR technology, Instal,
6 (2016) 55-59.

I. Kruszelnicka, D. Ginter-Kramarczyk, M. Michatkiewicz,
S. Zajchowski, A. Klozinski, . Tomaszewska, The use of wood-
polymer composites in a moving bed biofilm reactor technology,
Polimery, 5 (2014) 423-426.

I. Kruszelnicka, D. Ginter-Kramarczyk, M. Michatkiewicz,
S. Zajchowski, The Use of Polymer-Wood Composites as
Carriers of Biological Membranes in Wastewater Treatment
Technology, T. Klepka, Ed., Nowoczesne materialy polimerowe
i ich przetworstwo - Czeé¢ 2, Politechnika Lubelska, Lublin,
1 (2015) 87-202.

I. Kruszelnicka, D. Ginter-Kramarczyk, M. Michatkiewicz,
A. Klozinski, S. Zajchowski, P. Jakubowska, J. Tomaszewska,
Polymer-wood composites in the suspended moving bed
technology, Polimery, 10 (2014) 739-746.

I. Kruszelnicka, D. Ginter-Kramarczyk, A. Klozinski,
J. Zembrzuska, S. Zajchowski, Analysis of the Influence of
Activated Sludge on the Mechanical Properties of Polymer-
Wood Composites, Z. Dymaczewski, J. Jez-Walkowiak, Eds.,
Zaopatrzenie w wode, jakos¢ i ochrona wod. Poznan, (2012)
659-670.

I. Kruszelnicka, M. Michatkiewicz, D. Ginter-Kramarczyk,
Quantitative and Qualitative Evaluation of Microorganisms
Inhabiting Polymer-Wood Composites Tested in Activated
Sludge, Z. Dymaczewski, J. Jez-Walkowiak, Eds., Zaopatrzenie
w wode, jakos¢ i ochrona wod — odnowa wod — ochrona waéd.
Poznan, 2014, pp. 649-657.

I. Kruszelnicka, D. Ginter-Kramarczyk, P. Poszwa, T. Strek,
Influence of MBBR carriers’ geometry on its flow characteristics,
Chem. Eng. Process., 130 (2018) 134-139.

VS. Ajaev, T. Gambaryan-Roisman, P. Stephan, Static and
dynamic contact angles of evaporating liquids on heated
surfaces, J. Colloid Interface Sci., 342 (2010) 550-558.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

M. Zenkiewicz, Adhesion and Modification of the Surface Layer
of Macromolecular Materials, WNT Warszawa, 2000.

M. Zenkiewicz, New method of analysis of the surface free
energy of polymeric materials calculated with Owens-Wendt
and Neumann methods, Polimery, 51 (2006) 584-587.

C. Goode, Understanding Biosolids Dynamics in a Moving Bed
Biofilm Reactor, A Thesis Submitted in Conformity with the
Requirements for the Degree of Doctor of Philosophy Graduate
Department of Chemical Engineering and Applied Chemistry,
University of Toronto, 2010, pp. 1-216.

G.T.H.Ooi, M.E. Casas, H.R. Andersen, K. Bester, Transformation
products of clindamycin in moving bed biofilm reactor (MBBR),
Water Res., 113 (2017) 139-148.

A.D. Santos, R.C. Martins, R.M. Quinta-Ferreira, L.M. Castro,
Moving bed biofilm reactor (MBBR) for dairy wastewater
treatment, Energy Rep., 6 (2020) 340-344.

M. Sobczyk, Microorganisms on fixed bed bioreactors in hybrid
wastewater treatment plant, Forum Eksploatatora, 4 (2012)
40-42.

M.A. Moharram, H.S. Abdelhalim, E.H. Rozaik, Anaerobic up
flow fluidized bed reactor performance as a primary treatment
unit in domestic wastewater treatment, HBRC J., 12 (2016)
99-105.

D. Chudy, S. Jabtonski, M. bLukaszewicz, Determination
the dynamics of biofilm formation by microorganisms the
methanogenic consortium, by the fluorescence microscopy
and dark field technique, using computer image analysis, Acta
Scientiarum Polonorum Biotechnologia, 10 (2011) 17-28.

E. Fiatkowska, J. Fyda, A. Pajdak-Stés, K. Wiackowski,
Osad czynny, biologia i analiza mikroskopowa. Wydawnictwo
Seidel-Przywecki Sp. z 0.0., Warszawa, 2010.

M. Bazeli, Mikroorganizmy osadu czynnego, klucz, Gdariska
Fundacja Wody, Gdansk, 2001.

A.L. Nascimento, A.]. Souza, PA.M. Andrade, F.D. Andreote,
AR. Coscione, F.C. Oliveira, ].B. Regitano, Sewage sludge
microbial structures and relations to their sources, treatments,
and chemical attributes, Front. Microbiol., 9 (2018) 1462,
doi: 10.3389/fmicb.2018.01462.

T. Vitéz, M. Vitézova, M. Novackova, I. Kushkevych, Activated
sludge respiration activity inhibition caused by mobile toilet
chemicals, Processes, 8 (2020) 1-12, doi: 10.3390/pr8050598.

Z. Liu, AM. Maszenan, Y. Liu, WJ. Ng, A brief review on
possible approaches towards controlling sulfate-reducing
bacteria (SRB) in wastewater treatment systems, Desal. Water
Treat., 53 (2015) 2799-2807.

I. Othman, M.H. Ab Halim, A.N. Anuar, N.H. Rosman,
H. Haru.,, SM. Noor, Z. Ujang, M. van Loosdrecht, Identi-
fication and role of microbial species developed in aerobic
granular sludge Dbioreactor for livestock wastewater
treatment, IOP Conf. Ser.: Earth Environ. Sci., 479 (2020) 1-23,
doi: 10.1088/1755-1315/479/1/012026.

R. Babko, T. Kuzmina, V. Pliashechnik, G. Lagod, J. Fyda,
Anaerobic ciliates in activated sludge communities, Annu. Set
Environ. Prot., 18 (2016) 733-745.

P. Madoni, Protozoa in wastewater treatment processes: a
minireview, Italian J. Zool., 78 (2011) 3-11.



	bau1
	bau2
	bau3
	bau4
	bau5
	bau6

