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Abstract Nutrient and organic pollution raise seri-
ous problems for aquatic ecosystems through the
accumulation of organic carbon, the reduction of
light penetration, and the loss of submerged aquatic
vegetation. The over-enrichment of water with nitro-
gen and phosphorus leads to an imbalance in nutri-
ent ratios, creating favorable conditions for toxic
algal blooms, formation of oxygen-depleted water,
etc. Thus, developing new technological solutions to
reduce their amount is imperative. The present study
investigates the capacity of Pseudomonas aeruginosa
and Chryseobacterium sp. bacterial strains to form

N.-O. Nicula - E.-M. Lungulescu (P<) - G. A. Rimbu -

A. Culcea

National Institute for R&D in Electrical Engineering
ICPE-CA, 313 Splaiul Unirii, Bucharest 030138, Romania
e-mail: marius.lungulescu@icpe-ca.ro

N.-O. Nicula
e-mail: nicoleta.nicula@icpe-ca.ro

G. A. Rimbu
e-mail: gimi.rimbu@icpe-ca.ro

A. Culcea
e-mail: andreea.culcea@icpe-ca.ro

N.-O. Nicula
Faculty of Biology, University of Bucharest, 91-95 Splaiul
Independentei, Bucharest, Romania

0. Csutak (D)

Faculty of Biology, University of Bucharest, 1-3 Aleea
Portocalelor, Bucharest, Romania

e-mail: ortansa.csutak @bio.unibuc.ro

biofilm on solid support (biofilter), both individually
and in tandem, using various analytical techniques.
Also, the biofilm/biofilter systems’ efficiency in
removing nutrients such as nitrate, nitrite, ammo-
nium, and phosphate ions from municipal wastewa-
ters is assessed. The results showed a reduction of
nutrient pollution of up to 91%, 98%, 55%, and 71%
for nitrite, nitrate, ammonium, and phosphate ions. A
reduction of about 78% of COD was also observed.
The results were obtained in the absence of an addi-
tional aeration process, thus having a great poten-
tial for reducing total costs of wastewater treatment
and developing ecological systems for wastewater
management.

Keywords Pollutants removal - Municipal
wastewater - Biofilter - P. aeruginosa -
Chryseobacterium sp

Introduction

During the last decades, humanity has succeeded in
disrupting the mechanism by which the planet ensures
a balance in the water cycle in nature, with a sharp
reduction in freshwater resources. Also, the develop-
ment of the agro-industrial sector due to the incre-
ment in food requirement in the conditions of popula-
tion growth, as well as the support and development
of modern technologies, has led to an increase in
water consumption. The amount of wastewater
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generated and discharged into the environment and
the degree of contamination of soil, groundwater, and
surface water have also risen, despite increasingly
restrictive legislation for environmental protection
(Rashid et al., 2021; Reid et al., 2019).

According to the Romanian National Institute of
Statistics, in 2020, in Romania, the volume of ade-
quately treated wastewater represented 65.4% of the
total volume of wastewater generated, while at the
European level, about 90% of urban wastewaters were
collected and treated following the EU Waste Water
Treatment Directive (EEA, 2021; INS, 2020).

In general, regardless of its source, wastewater may
contain organic pollutants, suspended solids, nutrients
(nitrogen, phosphorus), and heavy metals (cadmium,
copper, chromium, nickel, lead, zinc). The loading
with organic substances expressed by the parameters
BOD; (Biochemical Oxygen Demand after 5 days)
and COD (Chemical Oxygen Demand) is more evi-
dent in wastewater from household activities, at about
70.8%, respectively 63.1% (Daverey et al., 2019). In
terms of nutrient loading, the highest values are also
found in domestic wastewater: nitrogen (77.2%) and
phosphorus (75.3%) (van Puijenbroek et al., 2019).

Various conventional or advanced techniques/
methods are used to treat wastewater, in individual or
integrated systems. The choice of treatment method
depends on several factors, including the chemi-
cal composition of the water to be treated, the costs
and duration of the process, or the additional impu-
rities present in the wastewater (Wawrzkiewicz et al.,
2019). Conventional methods (physical, chemical,
mechanical methods (Srivastav et al., 2020; Xu et al.,
2020)) have the disadvantage of high operating and
maintenance costs, high energy consumption, large
amounts of activated sludge generation, and a high
global warming potential (through high greenhouse
gas emissions) (Kotoula et al., 2020; Koutsou et al.,
2018). A viable alternative to removing these disad-
vantages in the removal of micro-pollutants (Wang
et al., 2018) is given by biological treatment systems,
which are economically sustainable, environmentally
friendly, low cost of operation, and can efficiently
remove most pollutants from water (organic matter,
nitrogen, and phosphorus) (Kotoula et al., 2020).

For the biological treatment of municipal waters,
bacterial cultures, suspended or attached, are com-
monly used in activated sludge systems, drain
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filters, membranes, or biofilm reactors in mobile beds
(MBBR) (Tchobanoglous et al., 2011), stabilization
ponds, disposal systems of sludge, and aerobic reac-
tors with biofilm (Von Sperling, 2007). MBBR is a
biofilm-based reactor in which biofilms grow on the
surface of small supports (bio support) as biomass
carriers. These bio supports are designed to provide
a large specific surface area for biofilm formation
(Kanaujiya et al., 2019).

MBBR systems are considered to be a promis-
ing alternative to activated sludge treatment systems
for reducing micro-pollutants, being simple, with
a robust and compact design and high solid reten-
tion time, allowing microbial biomass formation, the
possibility of aerobic and anaerobic microorganisms
growth in the same reactor, high efficiency of waste-
water treatment, relatively low production costs, etc.
(Torresi et al.,, 2019). The disadvantage of MBBR
systems 1is that they require aeration lines, regular
monitoring of biomass activity, and a long time to
start the process (Kanaujiya et al., 2019).

Various studies showed that certain bacterial spe-
cies have a high capacity to degrade micro-pollutants in
wastewater. Thus, Pseudomonas aeruginosa (Kanaujiya
et al., 2019), Pseudomonas putida (Chen et al., 2017),
Acinetobacter sp., Artrobacter sp., and Bacillus thuring-
iensis (Kanaujiya et al., 2019) degrade organic matter
by adsorption processes on the surface of bacterial cells
and their intracellular biotransformation/biodegradation,
Pseudomonas aeruginosa, Chromobacterium violaceum
(Nicula et al., 2022), Thauera sp., Rhodanobacter sp.,
and Paracoccus sp. (Cydzik-Kwiatkowska & Wojnow-
ska-Baryla, 2015) degrade nitrogen compounds, while
Accumulibacter sp., Tetrasphaera sp., Dechloromonas,
Candidatus Competibacter phosphatis, Pseudomonas
aeruginosa, and Chromobacterium violaceum (Cydzik-
Kwiatkowska & Zielinska, 2018; Nicula et al., 2022) are
involved in phosphate removal.

Pseudomonas aeruginosa is a gram-negative
mobile proteobacterium, optionally anaerobic,
grows in a normal and lower oxygen atmosphere,
in various conditions and temperatures, and can
aggregate into biofilms (Thi et al., 2020). The spe-
cies can decompose substances, including hydro-
carbons, to reduce various compounds with nitro-
gen and heavy metals from residual water (An
et al., 2020; Kamika & Momba, 2013). Although
these bacteria have a high degree of pathogenicity
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and high resistance to antimicrobial compounds,
they are widely used in many biological wastewa-
ter treatment processes. However, this pathogenic
risk of Pseudomonas aeruginosa can be is easily
controlled by the use of effluent disinfection meth-
ods before being discharged into the environment
(Zhang et al., 2020).

Chryseobacterium sp. is a gram-negative aero-
bic bacteria, yellow-pigmented, rod-shaped, spore-
free, with a high ability to reduce phosphorus,
organic carbon (COD), and NH4*-N in wastewater
(Kampfer et al., 2003; Kundu et al., 2014; Mahto &
Das, 2022). Also, it has a high capacity to reduce
volatile suspended solids (VSS) and, consequently,
reduce the amount of activated sludge from biolog-
ical wastewater treatment processes by up to 50%
(Kang et al., 2022; Wang et al., 2021). Kang et al.
(2022) showed that Chryseobacterium sp. acquires
a high resistance to different types of antibiotics in
wastewater treatment.

Our study aimed to determine the ability of two
bacterial strains belonging to Pseudomonas aerugi-
nosa (Pa) and Chryseobacterium sp. (Cs) species
to efficiently remove organic matter, nitrate, nitrite,
phosphate, and ammonium ions from synthetic
municipal wastewater. The growth of the bacte-
rial biofilm on the surface of a biosupport and the
elimination of the mentioned pollutants were made
individually for each strain, but also in tandem,
by eliminating the continuous aeration process.
This approach could represent a viable solution to
reduce municipal wastewater treatment costs.

Materials and methods

Culture conditions and wastewater cell suspensions
preparation

The bacterial strains Pseudomonas aeruginosa
ATCC 27,853 (Pa) and Cryseobacterium sp. (Cs)
(Microbial Collection of the Department of Genet-
ics, Faculty of Biology, University of Bucharest)
were grown in plates filled with Muller Hinton agar
medium (MH) (Sigma-Aldrich, USA), followed by
incubation (CO, Incubator InCuSave MCO 215
LIT, Scientific Instruments, Athens, Greece) at
37 °C for 24 h.

Bacterial growth curve

The bacterial growth, both in synthetic wastewater
and MH broth, was evaluated from the growth curves.
These curves were obtained from the graphical rep-
resentation of the optical density values at 600 nm
(Tecan Genios Microplate Reader, Baldwin Park,
NC, USA) as a function of time (hourly, for 24 h).
Each sample consisting of 400 uL synthetic waste-
water or MH broth was inoculated with 0.5 McFar-
land standard concentration of bacterial strains (Pa,
Cs, Pa+ Cs). Bacterial growth in synthetic wastewa-
ter, under experimental conditions (24 °C, continu-
ous agitation of 10 h/day, pH: 7-8), was evaluated
by optical density measurements, at 600 nm, at 24,
48, 120, 240, and 360 h. Previously, individually
weighed, six polypropylene biofilters (height: 16 mm;
diameter: 22 mm; specific surface: 400 m*/m> ; PRO-
FLEX MBBR MEDIA, code MB1622, Novara Invest
SRL, Bihor, RO) were immersed in the volume of
synthetic wastewater (250 mL) in plastic containers.
To keep the microorganisms in suspension and to
facilitate the formation of the biofilm on the surface
of the solid support, the water containers were gen-
tly shaken at 100 r.p.m. with an orbital stirrer (DLAB
SKL-0180-PRO, Rowland, USA) for 5 h/day. The
synthetic wastewater was made by adapting the rec-
ipe presented in the reference (Corpuz et al., 2021):
200 mg/L D-glucose, 200 mg/L. Sucrose, 70 mg/L
yeast extract, 66.73 mg/L (NH,),SO,, 10.91 mg/L
NH,C], 4.43 mg/L KH,PO,, 21 mg/L. MgSO,-7H,0,
21 mg/L MnSO,-H,0, 30 mg/L NaHCO;, 19.74 mg/L
CaCl,, 0.14 mg/L FeCl;-6H,0, 468 mg/L NaNO;,
and 546 mg/L NaNO,.

Evaluation of the ability to form biofilm on biofilter

In order to evaluate the growth of each bacterial strain
on biofilter, and their synergistic effect, the adhesion
capacity to the solid substrate was evaluated both by
gravimetric measurements of biofilm/biofilter sys-
tems (at 24, 48, 120, 240, and 360 h) and spectropho-
tometric by O.D. measurements (600 nm), using wash
waters obtained by ultrasonic treatment of biofilm/
biofilter systems in sterile distilled water (20 mL).
The biofilm viability assessment was performed both
quantitatively, by O.D. measurements at 570 nm, and
qualitatively, by resazurin testing (Sigma-Aldrich,
Saint Louis, USA), as follows: 400 uL of distilled
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water (from ultrasonic treatment) and 20 pL of 1%
resazurin were placed in microtiter plates, which were
subsequently placed on the shaker with orbital shak-
ing (DLAB SKL-0180-PRO, Rowland, USA) for 1 h
at 300 rpm. The presence of viable cells in the wash
water was highlighted by color changing from blue to
pink.

Evaluation of the physico-chemical parameters of the
synthetic water

The physico-chemical parameters of the synthetic
wastewater, inoculated with the two bacterial strains
(independently and in tandem), were evaluated
by measurements of temperature, pH (pH meter
HI10832, Hanna Instruments, Ins., Woonsocket,
USA), conductivity (Multiparameter HI2020-01
Edge, Hanna Instruments, Ins., Woonsocket, USA),
and dissolved oxygen meter (WTW OXI 340i / SET,
Labstuff.eu, Weilheim in Oberbayern, Germany) after
24,48, 120, 240 and 360 h.

Removal of some pollutants in synthetic wastewater

The removal capacity of organic substances was
assessed by determining the COD according to the
standard ISO 6060 (ISO6060, 1989) using the Ger-
hardt type Chemical Oxygen Analyzer (C. Gerhardt
GmbH & Co., Germany).

The reduction capacity of nitrite, nitrate, ammo-
nium, phosphate, and iron ions was evaluated pho-
tometrically, using standard methods and reagents
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(Hanna, 2016), adapted for Hanna HI83300 Multipa-
rameter Photometer equipment (Hanna Instruments,
Ins., Woonsocket, USA).

Statistical analysis

All analyses were performed in triplicates and the
results were presented as mean =+ standard deviation
(SD) of three independent experiments. The statisti-
cal significance was analyzed by Student’s z-test. A
value of p less than 0.05 was considered significant.
The statistical analysis was performed with Microsoft
Excel 2019 software.

Results and discussion

Bacterial growth in MH and synthetic wastewater
media under controlled conditions

For each bacterial strain used in this study, growth
curves were recorded in MH broth culture medium
(Fig. 1a) and synthetic wastewater (Fig. 1b) for 24 h
at 37 °C.

The strains showed different growth behav-
iors in terms of growth phases (i.e., the lag phase,
exponential growth, and stationary, respectively).
Thus, depending on the growing medium used,
the two strains have different lag phase periods of
approx. 6-8 h in MH medium, respectively 4—6 h

——Pa+Cs

—Pa —Cs
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Fig. 1 Bacterial growth in a MH medium and b synthetic wastewater
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in synthetic wastewater. The comparative analy-
sis of growth curves of individual vs. mixed cul-
ture revealed that the duration of the lag phase
increases in the direction of Pa<Pa+Cs<Cs
in the case of the MH environment, respectively
Cs<Pa+Cs<Pa, in the case of synthetic waste-
water. In both culture media, Chryseobacterium
sp. appears to have a two-stage exponential growth
phase (diauxic growth), between which there is a
lag phase. This phase is higher in the case of MH
medium, compared to synthetic wastewater, prob-
ably due to the organic composition of the medium.
In the case of the synthetic wastewater environment,
the behavior is explained by the presence of glu-
cose and sucrose and their different metabolization
over time by Chryseobacterium sp. (Chu & Barnes,
2016). Also, in the case of the MH medium, the
reaching of the stationary phase takes place after
approx. 17 h for Pa, 21 h for Cs, and approx. 22 h
for Pa+ Cs. In the mixed system, the delaying in the
reaching of the stationary phase is due to contribu-
tion of Cs strain, but also to competition with Pa for
nutrients, respectively. In synthetic wastewater, the
stationary phase is reached after approx. 10 h for
all three types of systems. The explanation might
reside in the composition and concentration of
nutrients (Nicula et al., 2022) or the different C/N
ratios (Kundu et al., 2014) of the two media used.
In the case of synthetic wastewater, the abundance
of compounds with nitrogen, sulfur, and phospho-
rus can stimulate bacterial growth and long-term
viability, as suggested by the length of the station-
ary phase.

It should also be noted that, according to the
recorded absorbance (O.D.) values, during the 24 h
of growth under controlled conditions, the density
of bacterial culture was up to 3 times higher in MH
medium than in synthetic wastewater.

Similar results, obtained in various academic
studies, showed a lag phase of 6-8 h for Pseu-
domonas aeruginosa (Zhu et al., 2019) and 3-5 h
for Chryseobacterium sp. (Kundu et al., 2014). In
our previous study (Nicula et al., 2022), we showed
that Pseudomonas aeruginosa has an adapta-
tion phase of 2—4 h in synthetic wastewater used
in aquaculture, respectively, less than 2 h in Luria
Broth (LB) culture medium, which demonstrates,
once again, the influence of medium composition
on the growth behavior of bacteria.

Bacterial growth in wastewater synthetic wastewater
under experimental conditions

The growth of bacterial strains was monitored by
optical density measurements performed on synthetic
wastewater samples taken at different periods (Fig. 2).
The growth of both individual and combined cultures
showed similar trends: a period of adaptation to the
experimental conditions of approximately 24 h, fol-
lowed by a log phase up to approximately 120 h, after
which the optical density values began to decrease.
This effect can be due either to the decrease of the
cellular viability of bacterial cultures or, instead,
to cell migration on the solid support leading to an
enhanced amount of biofilm.

During the experiments, changes in the physico-
chemical parameters of the synthetic water were
observed (Table 1), closely correlated with bacterial
growth: slight increase in ambient temperature within
the first 48 h of the experiment, constant increase of
electrical conductivity throughout the whole experi-
ment, and a decrease in the amount of dissolved
oxygen.

An interesting aspect, observed after the first 24 h
from the beginning of the experiment, was given by a
sharp decrease of the pH values of the inoculated syn-
thetic wastewater from 7.4 to 6.5 for Pa, 5.9 for Cs,
and 5.4 for the mixed cultures (Pa+ Cs). The results
could be explained by the strains’ metabolic activ-
ity, which can lead to the formation of organic acids
in the environment, especially by metabolizing the
phosphate ions (Paul & Sinha, 2015). To continue the
experiment, adjusting the pH value with a solution of
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Fig. 2 Growth of bacteria strains during experiments
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Table 1 Evolution of physico-chemical parameters of the synthetic wastewater

Strains/parameters Initial synthetic Inoculated synthetic wastewater
wastewater
Oh 24 h 48 h 120 h 240 h 360 h
Pseudomonas aeruginosa
Temperature (°C) 23.4+04 234402 238+03 238+02 23.6+02 23.6+03 23.6+0.2
pH 74+0.1 73+0.1 6.5+02%  7.3+0.1 7.3+0.2 7.6+0.3 7.5+03
Conductivity (uS/cm) 333+10 332+12 30115 3207 341+15 37126 1075+58
Dissolved Oxygen (mg/L) 6.3+0.3 6.3+0.2 51+04 4.9+0.3 44+02 3.58+03 3.02+0.9
Chryseobacterium sp.
Temperature (°C) 23.4+0.4 235+02 240+03 237+03 23.7+02 23.6+03 23.6+0.2
pH 7.4+0.1 7.3+0.1 59+02%  7.3+0.1 7.3+0.2 7.6+0.3 7.5+03
Conductivity (uS/cm) 333+10 333+7 3147 310+11 36112 499+31 1078 35
Dissolved Oxygen (mg/L) 6.3+0.3 6.3+0.2 49+0.5 42+03 38+02 338+03 290+0.1
Pseudomonas aeruginosa + Chryseobacterium sp.
Temperature (°C) 23.4+0.4 23.6+03 243+04 23.8+03 23.7+03 23.8+03 23.8+02
pH 74+0.1 7.3+0.2 54+02%  74+02 7.4+0.2 7.7+0.3 7.8+0.3
Conductivity (uS/cm) 333+10 33113 304+5 270+15 37015 509 +27 1087 +38
Dissolved Oxygen (mg/L) 6.3+0.3 6.3+0.1 44+03 39+04 34+0.2 30+03 2.72+04

*The pH was adjusted to 7.4 by the dropwise addition of 0.6 N NaOH

0.6 N NaOH, dropwise, to a value between 7.0 and
8.0 was necessary. After this adjustment, the pH of
the solutions remained unchanged until the end of the
experiment.

Evaluation of biofilm formation capacity

Bacteria have a remarkable ability to attach to various
surfaces, to form well-organized aggregates, some-
times made up of communities of different species,
called biofilms. Pseudomonas aeruginosa is a bacte-
rial species used as a model microorganism to study
biofilms, being able to adapt to different environ-
ments and surfaces (Chang, 2018).

Biofilm formation occurs in several stages, start-
ing from the adsorption of macromolecules and
nutrients on the surface, followed by the initial cell
transport, adhesion, and irreversible attachment. Col-
onization and growth of the biofilm occur through

the formation of microcolonies and the production of
extracellular polymeric substances (Flemming et al.,
2016). Biofilm reactors provide the necessary con-
ditions for the reproduction of microorganisms and
the use of organic matter dissolved in water as a food
source. Organic matter is bioconverted into bacterial
biomass that must be separated by sedimentation,
thus forming activated sludge (rich in bacterial cul-
tures) (Samer, 2015).

The biofilm formation capacity of individual and
combined strains was evaluated by quantitative gravi-
metric (Table 2) and spectrophotometric determi-
nations by O.D. measurements. The O.D. analysis
(Fig. 3a) was performed after ultrasonically treating
the biofilm/biofilter system for 30 s, which was suf-
ficient for the detachment of the bacterial biofilm
from the surface of the filter, without affecting viabil-
ity, as it results from the resazurin cell viability test
(Fig. 3b).

Table 2 Quantitative

T Strains Biofilm mass (mg)
determination of the formed
biofilm 24 h 48 h 120 h 240 h 360 h
Ps 4.66+1.24 7.00+0.82 61.33+2.05 147.00+7.34 159.32+10.42
Cs 3.00+0.81 8.67+0.47 73.22+4.02 163.66+4.28 178.98+7.94
Ps+Cs 247+0.41 10.67+0.94 74.00+5.71 161.00+8.20 172.25+6.36
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Fig. 3 a O.D. measure- 3
ments of wash waters (after W Pa HCs
ultrasonic treatment). b =25
Testing cells’ viability with ©
resazurin after 360 h. The = 2 r
pink color indicates the C45 |
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wash water Log L
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005 [

0 —— - -
24 48

The bacterial biofilm showed a continuous develop-
ment on the biofilter, up to 240 h, followed by a smaller
growth (of maximum 10%) for the next 120 h (Table 2).
In the first 24 h of the experiment, the amount of biofilm
formed by Pa is 36% higher than Cs and 47% compared
to the combined system (Ps+Cs), respectively. After
48 h, the amount of biofilm formed by Pa is constantly
lower than in the other two bacterial systems.

It is known that bacterial biofilm adhesion prop-
erties on different substrates are species-specific,
depending on the substrate’s surface properties and
biofilm-substrate interactions (Nicula et al., 2022).
The different behavior of the three bacterial cultures
during the first hours of biofilm formation on the
solid support can be explained by the different mech-
anisms of bacterial adhesion to the surface of the bio-
filter, but also the different development capacities of
the two studied strains (Sundell & Wiklund, 2011;
Thi et al., 2020). Biofilm formation by Pa is a cyclic
process that occurs through the (i) initial adhesion of
bacteria to the biofilter surface (i.e., association with
the biofilter surface and production of extracellular
polymeric substances such as proteins, polysaccha-
rides, lipids), followed by (ii) irreversible attachment
and cell division, the (iii) formation of microcolo-
nies and cell-cell interaction, the (iv) formation of
“mushroom” type structures, and the (v) formation
of cavities in the biofilm matrix and cell dispersion
(Thi et al., 2020). According to Basson et al. (2008),
the absence of biofilm-associated structures (e.g.,
fimbriae, pili, flagella) suggests that the biofilter sur-
face hydrophobicity and, both, autoaggregation and
coaggregation capacity of Chryseobacterium sp.
play an essential role in biofilm formation. The adhe-
sion mechanism involves the formation of bacteria

B Pa+Cs r il
Pa - y
AN A
Cs /g - :
Pa+Cs (vl 4
M ;
))) > et
M+ )
mml I ' -
120 240 360 L
Time (h)
a b

microcolonies or multilayered biofilm on the biofil-
ter surface due to their high affinity to hydrophobic
substances.

Removal of pollutants from municipal synthetic
wastewater

The synthetic wastewater used in this study has been
modified to comprise both organic pollutants and
nutrients such as nitrate, nitrite, phosphate, ammo-
nium (Fig. 4a—e), and iron ions.

COD removal

Chemical Oxygen Demand (COD) is the mass con-
centration of oxygen that represents the equivalent to
the amount of dichromate consumed by dissolved and
suspended matter when a sample (water or sludge)
is treated with a specific oxidant under defined con-
ditions (ISO6060, 1989). In our case, organic sub-
stances introduced into synthetic wastewater (e.g.,
glucose, sucrose, and yeast extract) lead to a value of
COD of about 537 +10.1 mg/L (Fig. 4a).

The ability to reduce COD was dependent on the bac-
terial strains. Thus, Chryseobacterium sp. demonstrated,
consistently throughout the experiments, a higher COD
reduction capacity, reaching up to 73% after 360 h, com-
pared to only 56% for Pseudomonas aeruginosa. Inter-
estingly, the use of the two strains together seemed to
have a synergistic effect in reducing COD, the efficiency
of COD elimination being up to 7% higher than that
observed in the case of Chryseobacterium sp.

The results obtained in the reduction of COD cor-
relate very well with those recorded when quantifying
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Fig. 4 Evolution of COD and nutrients amount during biofilm/biofilter treatment: a COD, b nitrate ions, ¢ nitrite ions, d ammonium
ions, e phosphate ions

the amount of biofilm formed on biofilters. Conse- Moreover, the availability of COD in wastewater con-
quently, an augmented biofilm formation leads to a tributes to increased efficiency of nitrogen and phospho-
higher COD reduction capacity. rus removal, as microorganisms used in denitrification
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processes and phosphate reduction use organic carbon in
these processes (Ogata et al., 2016).

Removal of nutrients from synthetic wastewater
Nitrate, nitrite, and ammonium ions

Nutrient pollution consists of an over-enrichment of
water with nitrogen and phosphorus. It produces the
eutrophication of the aquatic ecosystems with adverse
effects, such as accumulation of organic carbon,
reduction of the light penetration, and loss of sub-
merged aquatic vegetation. Also, it causes an imbal-
ance of nutrient ratios, creating favorable conditions
for toxic algal blooms and the formation of oxygen-
depleted water (OECD, 2012).

Figure 4b—e compares the ability to reduce nitrate,
nitrite, ammonium, and phosphate ions in the syn-
thetic wastewater, by the biofilm (of the two bacte-
rial strains studied, individually and in the mixture)/
biofilter systems. As it can be seen, nitrate and nitrite
ions reduction is only slightly influenced by the bac-
terial species, compared to the case of ammonium
and phosphate ions.

In the case of nitrate and nitrite ions, a maximum
reduction of up to 91% and 98%, respectively, was
determined, for all three biofilm/biofilter systems, by
the end of the experiment. Regarding the reduction of
ammonium ions, the most effective results, up to 55%,
were observed for the strain Chryseobacterium sp.,
compared to only 25% for Pseudomonas aeruginosa.

The higher reduction capacity of nitrite ions
than nitrate ions can be attributed to the mechanism
of elimination of ammonium ions by converting
NH,*-N to NO;™-N (Liu et al., 2016), which provides
an additional intake of nitrate ions to the initially
entered quantity. This behavior suggests that the abil-
ity to remove nitrate ions may be greater than the one
reported in the present study, including both initially
and converted NO;™-N amount.

In a previous study (Nicula et al., 2022), the reduc-
tion efficiency of Pseudomonas aeruginosa in nitrate,
nitrite, and ammonium ions in synthetic aquaculture
wastewater was up to 86%, 87%, and 10%, respec-
tively. It should be noted that the lower reduction
efficiency of these ions can be explained by the pres-
ence in the synthetic wastewater of a concentration of
antibiotic (Oxytetracycline) of 0.2 pg/mL. Wei et al.
(2021) also evidenced that Pseudomonas aeruginosa

exhibits both nitrification and denitrification activity
under heterotrophic aerobic conditions, simultane-
ously or independently, depending on the availabil-
ity of nitrogen sources. In the simultaneous presence
of the three types of nitrogen ions, as in our case,
the reduction of NH,-N ions took precedence over
nitrite and nitrate ions. A similar mechanism, hetero-
trophic nitrification-aerobic denitrification, has also
been shown for certain Chryseobacterium sp. (Qiao
et al.,, 2020), demonstrating a reduction capacity of
up to 98% for nitrite, nitrate, and ammonium ions
after 15 days of the experiment, which confirms our
results.

On the other hand, although the availability of dis-
solved oxygen in synthetic water decreased during
the experiment (Table 1), Pseudomonas aeruginosa,
being optionally anaerobic, was able to use nitrate
and nitrite ions as electron acceptors of the respira-
tory chain. Therefore the soluble ions NO;™-N and
NO,™-N were converted to gaseous nitrous oxide
(N,0) or N, (Vo et al., 2020).

In the case of Chryseobacterium sp., the reduction
of COD (Fig. 4a) in wastewater (up to 73%) and the
correlation with the reduction of NH,™-N (up to 55%)
recommend this species for alternative bio-treatment
processes of wastewater, based on the simultane-
ous elimination of organic content and ammoniacal
nitrogen.

Phosphate ions

In the case of phosphate ions, the reduction efficiency
of the studied bacterial strains was not influenced
by the belonging to a particular species, being up to
about 70% at the end of the experiment, the results
being similar to those obtained in the previous study
(66% reduction by Pseudomonas aeruginosa), in the
presence of contaminated water supplemented with
antibiotics (Nicula et al., 2022). The presence of
NO;™-N ions acts as an electron acceptor in reduc-
ing phosphate ions, especially in conditions of limited
access to molecular oxygen (Liu et al., 2016). In their
study, Benammar et al. (2015) reported a phosphate
ion reduction efficiency of approx. 81% by a strain of
Pseudomonas isolated from activated sludge samples,
taken from an aerobic area of a wastewater treatment
plant. The removal efficiency has been improved by
using an additional carbon source as a substrate for
microbial growth, proving thus that the efficiency of
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phosphate ion reduction is dependent on the nature of
the carbon source (Benammar et al., 2015). Also, the
ability to reduce phosphate ions by the studied strains
can be related to phosphatase activity (Paul & Sinha,
2015).

Iron

In general, iron is a nutrient that contributes to the
optimal growth of bacteria, being an essential ele-
ment for the biosynthesis of amino acids and pyrimi-
dines, electron transport, DNA synthesis, and others
(Banin et al., 2005; Bonneau et al., 2020; Kim et al.,
2009).

In our case, after the end of the experiment (360 h),
the results showed a reduction in the amount of Fe in
synthetic wastewater, compared to the initial value,
up to 97-99% for the system inoculated with Pa,
92-97% for Cs, and 93-98% for the mixed culture,
respectively. The high reducing capacity of P. aerugi-
nosa is probably due to multiple systems involved in
iron detection and capture from the environment and
iron cellular acquisition and storage regulation. Iron
also makes an essential contribution to the formation
of Pseudomonas sp. biofilms (Banin et al., 2005).

These experimental results demonstrate that high
performance in reducing organic pollutants and nutri-
ents is achieved by using simple bacterial biofilm/
solid support systems. These results are obtained
at the laboratory level, so it is necessary to per-
form experiments on an industrial scale and use real
municipal wastewater. Subsequently, it is intended
to create a cascade treatment system for municipal
wastewater (e.g., bacterial biofilm/solid support—
yeast—MFC) for extensive treatment of these waters
and to study the influence of certain parameters (e.g.,
temperature, water flow, organic content) on the treat-
ment efficiency.

Conclusions

The bioremediation efficiency of municipal wastewa-
ters was evaluated using synthetic wastewater media
inoculated with two bacterial strains commonly found
in wastewater, Pseudomonas aeruginosa and Chry-
seobacterium sp., in terms of removal of COD and
different nutrients (nitrate, nitrite, phosphate, ammo-
nium, iron).

@ Springer

The bacterial strains biofilm/filter systems, indi-
vidual or mixed cultures, used in this study showed a
reduction of up to 91% for NO;™-N, 98% for NO, -N,
55% for NH4+-N, and 70% percent for PO43_ ions.
A reduction of COD of about 73% was observed for
Chryseobacterium sp., 55% for Pseudomonas aerugi-
nosa, and 78% for the mixed culture. Also, remov-
ing iron ions up to 99% was recorded due to bacterial
metabolism.

The results provide solid evidence for implement-
ing the tested biofilm/filter systems in large-scale
treatments of municipal wastewaters, with a signifi-
cant positive impact on aquatic life, in a sustainable
energy manner, with low maintenance and implemen-
tation costs.
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