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A very effective removal of nitrate in batch and continuous experiments was achieved by
a newly biofilm-formative isolated bacterium, identified by 16S rRNA as Acinetobacter
EMY. The anoxic denitrifying capabilities of Acinetobacter EMY, attached to plastic
biocarriers in batch and continuous moving bed bioreactors, demonstrated up to 1.75
times higher nitrate removal compared with a bacterial suspension. The denitrification
rates of nitrate (200 mg/l) in the continuous operation mode were 0.39, 0.65, 1.23, and
1.14 kg-N/m3/d, with hydraulic retention times (HRTs) of 12, 8, 4, and 2 h, respectively,
whereas the batch reactor removal performance showed up to 1.49 kg-N/m3/d. To
the best of our knowledge, these findings are the highest values obtained for nitrate
removal in comparison to previous studies focused on the characterization of denitrifying
isolates. In addition, this bacterium is able to consume all of the organic matter provided
in solution together with the nitrate, without leaving any residuals of organic matter in the
water. This is advantageous since nitrate removal treatments by heterotrophic bacteria
usually require addition of organic matter to the system, leading to secondary pollution.
The isolated bacterium therefore provides a good solution for biological treatment of
nitrogen in water, particularly in treatment systems that integrate immobilized biomass
in the treatment process.

Keywords: denitrification, biofilm, MBBR, biocarrier, Acinetobacter

INTRODUCTION

Accumulation of nitrogen compounds in the environment and in drinking water reservoirs may
cause the development of eutrophication and algal blooms, which threaten the quality of the water
and the ecosystem. High concentrations of nitrate in drinking water can cause health problems
(methanoglobanemia in infants and stomach cancer in adults). Therefore, wastewater treatment
and aquaculture facilities are investing great efforts to develop highly efficient denitrification
processes, and various technologies have been developed to improve the efficiency of nitrate
removal (Bernhard, 2010; Paul, 2014; Zhang et al., 2015; Pan et al., 2017). While chemical and
physical removal methods such as ion exchange, reverse osmosis, and electrodialysis have been
found to be cost-ineffective due to high costs (installation and maintenance), biological removal of
nitrogen compounds from water has been found to be both effective and much more economical
(Garbisu et al., 1991; Sharma and Sobti, 2012; Chen et al., 2020).
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Biological removal of inorganic nitrogen compounds is
usually based on a two-stage process involving nitrification
followed by denitrification. The main drawback of biological
treatment, however, is that it relies on the microorganisms
populating the water treatment plants and the environmental
conditions prevailing in the system. Furthermore, nitrifying and
denitrifying bacteria generally require a relatively long hydraulic
retention time (HRT) due to their slow growth rate. Therefore,
stress events, low temperatures, continuous operation, and
insufficient HRTs are likely to lead to the withdrawal and dilution
of the nitrifying and denitrifying bacteria biomass from the
treatment facility bioreactors (Chen et al., 1998; Joo et al., 2005).

Biomass immobilization has been found to be a cost-effective
and efficient solution to the above mentioned challenges. Biomass
immobilization offers many advantages, including protection
from harsh environmental conditions (pH fluctuations,
temperature fluctuations, presence of toxic compounds),
increased biodiversity in the bioreactor (suspended and attached
bacteria), the bacterial community can be selectively controlled
and the amount of biomass per unit volume can be significantly
increased. However, most importantly, immobilization of the
biomass to surfaces in the bioreactor prevents the dilution of
the bacterial community also under low HRT (Takei et al., 2011;
Kurzbaum et al., 2017).

Yuan et al. (2015) and Hou et al. (2019) suggested that
denitrification by an immobilized biofilm on carriers is an
effective approach with high potential for biological treatment of
water containing with high nitrate concentrations. The biomass
may be originate from the natural microflora of the treated water
body or added as a specific cultures that are inoculated to the
water, as was done in the present study. Bioaugmentation is
effective mainly in cases where the natural bacterial community
does not remove a sufficient amount of nitrogen. In this context,
immobilization of the added culture strain(s) enables control of
the location and amount of the bacterial community and its long-
term maintenance (Rezaee et al., 2010; Naik and Setty, 2012;
Menashe and Kurzbaum, 2016; Bassin et al., 2017; Quan et al.,
2018; Hou et al., 2019).

Biological denitrification may be achieved in an autotrophic
or a heterotrophic manner. Heterotrophic denitrification is
favorable in water treatment facilities as it demonstrates higher
efficiencies (Wilawan et al., 2010). However, secondary pollution
by bacterial growth and the presence of organic residuals due
to excessive organic nutrient supplementation, may damage the
quality of the effluent. Thus, the challenge of growing microbial
populations that exploit a low C:N ratio on the one hand, and
consume most or all of the supplemented organic matter, on the
other hand, is important for reaching the best results (Kim et al.,
2008; Godini et al., 2010; Rezaee et al., 2010; Wilawan et al., 2010;
Kube et al., 2019). Therefore, finding bacteria with denitrifying
capabilities and efficient organic matter consumption, which are
able to form a biofilm that will enhance their immobilization,
opens up new opportunities for effective treatment of water rich
in nitrogen compounds.

The current study examined the effectiveness of nitrate
removal from a synthetic wastewater by a new bacterium isolated
from a phenols treating bioreactor. This isolate showed an

impressive ability to form biofilm under both aerobic and anoxic
conditions, and to perform a very effective denitrification. The
nitrogen-removal process was examined under different C:N
ratios in both batch and continuous moving bed bioreactors by
immobilizing the bacterium on polyethylene carriers, and nitrate
and organic matter consumption were determined.

MATERIALS AND METHODS

Bacterial Isolation and Identification
Using the 16S rRNA Gene Sequencing
A denitrifying bacterium, named EMY, capable of degrading
phenol as a sole carbon source under both aerobic and
anoxic conditions, was isolated from a laboratory bioreactor
treating high concentrations of phenolic compounds. This
isolate exhibited a very rapid growth rate and the ability to
form a very thick and fast-growing biofilm when grown on
phenol and sodium citrate (data not shown, manuscript in
preparation), thus it was further investigated for its denitrifying
capabilities under anoxic conditions in suspension and when
immobilized in a moving bed bioreactor (MMBR) see section
“Batch Moving Bed Bioreactor (Different C:N Ratios” and
“Continuous Moving Bed Bioreactor Operation.” The isolate was
grown on a nutrient agar plate using streak plate procedure
and incubated for 24 h at 28◦C. Subsequently, a single colony
was collected using a sterile loop and subjected to PCR
analysis using (Sebastião et al., 2015) primers targeting the 16S
rRNA gene [27F (AGAGTTTGATCMTGGCTCAG) and 1513R
(ACGGYTACCTTGTTACGACTT)]. The PCR procedure was
as follows: DNA was denatured at 95◦C for 5 min, followed
by 30 cycles comprising 95◦C for 30 s, 58◦C for 30 s and
72◦C for 1 min, followed by 5 min at 72◦C. The PCR product
was sequenced by Sanger method at Hy-labs (Rehovot, Israel).
The partial 16S rRNA gene sequence (798 bp) was analyzed
by BLASTN against the NCBI nt database. Aligned sequences
of > 96% sequence similarity were obtained from full genome
entries, representing related named species. Those species, which
included the Acinetobacter EMY novel strain sequence, were
used to construct a phylogenetic tree. The sequences were
aligned using SINA (version 1.2.11; Pruesse et al., 2012) and
an approximate-maximum likelihood tree was calculated with
FastTree (Price et al., 2010) using a GTR model and Gamma
distribution of likelihood. The sequence of the 16S rRNA
gene fragment was submitted to GenBank under Accession
number MT410617.

Synthetic Wastewater Medium
Bacteria for the different experiments were grown in synthetic
wastewater (Minimal Salts Medium – MSM) at 30◦C and shaken
at 120 rpm. The composition of this substrate (in g/l) was
6.15 Na2HPO4

∗H2O, 1.53 KH2PO4, 0.2 MgSO4
∗7H2O, and

0.038 CaCl2 and 10 ml of a metal medium containing (in g/l)
0.5 EDTA – NaFe salt, 0.2 FeSO4

∗7H2O, 0.01 ZnSO4
∗7H2O,

0.003 MnCl2∗4H2O, 0.03 H3BO3, 0.02 CoCl2∗6H2O, 0.001
CuCl2∗2H2O, 0.002 NiCl2∗6H2O, and 0.003 Na2MoO4

∗2H2O.
200 mg/l nitrate (KNO3) as nitrogen source and 600 mg/l
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sodium citrate tribasic dihydrate as carbon source were
supplemented to the MSM.

Analytical Methods
Water Quality Tests
Concentrations of nitrate, ammonium, nitrite, total nitrogen,
and chemical oxygen demand (COD) were measured and
calibrated against a calibration curve using designated solutions;
1.14538.0065, 1.14682.0495, and 1.14539.0495 (Merck Millipore,
Israel) for spectrophotometers. The reading was performed on
a UV-visible spectrophotometer (Ultrospec 2100 UV-visible,
Biochrom). Estimation of the biomass of the bacterial suspension
in the water samples was measured by a spectrophotometer
at 600 nm wavelength. The concentration of dissolved oxygen
was measured by an optical electrode (ProODO, YSI) and the
pH was measured by an electrode (Eutech pH 450, Thermo
Fisher Scientific).

Test to Quantify the Protein on the Polyethylene
Biocarriers
Protein quantification, as a measure of the amount of biomass
in the biofilm on the polyethylene (plastic) biocarriers, was
performed according to the Bradford protocol (Bradford, 1976).
Briefly, this method includes separating the biomass from one,
previously washed, biocarrier (with sterile saline and Tween
20) to 4 ml 1 N NaOH solution in a test 50 ml tube,
followed by heating in a water bath (80◦C for 30 min) and
sedimentation by centrifugation (10,000 rpm for 15 min).
Hundred microliter l of each suspension was added to 5 ml of
0.01% (w/v) G-250 Coomassie brilliant blue (Bio-Rad, Israel)
reagent. Optical density (OD) measurements were performed
by spectrophotometer (Ultrospec 2100 UV-visible, Biochrom)
at 595 nm wavelength against standards prepared with bovine
serum albumin. A control with clean biocarrier was treated the
same in order to verify that the quantification of the protein is
accurate and that the OD reflect only the proteins originated
from the bacterial cells in the biofilm. All measurements were
done in triplicates.

Visualization of Acinetobacter EMY
Biofilm on a Biocarrier Using a Binocular
Fluorescent Microscope
The bacterial biofilm on the biocarrier was visualized using
SYTO 9 (Thermo Fisher Scientific) to stain live bacteria during
the experimental runs. The biofilm was stained by soaking the
biocarrier in SYTO 9 solution in room temperature for 15 min.
Imaging was performed with a fluorescent binocular microscope
(Olympus SZX16, Japan). Sterile biocarriers (without bacteria),
as controls, were stained as described above and examined using
the same procedure.

Flask Experiment (Variable C:N Ratios)
In preliminary experiments, the new isolate was found to have
a very efficient nitrate removal rate under anoxic conditions.
In order to characterize the most efficient C:N ratio for anoxic
denitrification by the new isolate, an experiment was planned

to examine denitrification activity at C:N ratios of 1:1, 2:1,
and 3:1, where the bacterium grew in suspension. Sodium
citrate was added as organic matter after being filtered at 0.2
µm through a syringe filter at a suitable concentration for
the experiment (according to the C:N ratio) and the initial
nitrogen concentration was set at 200 mg/l as nitrate. The flasks
were hermetically sealed and shaked at 100 rpm at 32◦C for
homogeneity of the experimental solution. Water samples were
taken every 24 h to test the water quality and the amount of
bacteria. The sterile control treatment was performed identically,
without the presence of the bacterium. Each treatment and
control pair was performed in triplicate.

The parameters measured included concentrations of nitrate,
ammonium, nitrite, COD and reading of the optical density
(OD600). The total nitrogen concentration was measured at the
beginning and end of the experiment, dissolved oxygen and pH
were measured at the end of the experiment. All of the liquids
and the experimental equipment were sterilized in an autoclave.
All of the inoculation, isolation, acclimation and water sampling
procedures were performed in a biological laminar flow unit.

Batch Moving Bed Bioreactor (Different
C:N Ratios)
In this experiment the biomass denitrification capabilities
was examined while immobilized as a biofilm to a plastic
(polyethylene) surface. Immobilization of Acinetobacter EMY
on polyethylene biocarriers was performed in a 500 ml batch
bioreactor into which we introduced 100 sterile biocarriers. The
biofilm growth of Acinetobacter EMY on biocarriers took 10 days,
where each day the MSM medium containing 200 mg/l nitrate,
was replaced with fresh medium. Both length and diameter of an
individual biocarrier is 25 mm and the surface area is 420 m2/m3

(Hel-X, Stoehr, Germany).
Three consecutive treatments were performed in this

bioreactor; in each treatment the source of carbon was
introduced at a different C:N ratio—1:1, 2:1 or 3:1—where
the initial nitrate concentration was 200 mg/l and the sodium
citrate concentration varied according to the planned C:N ratio
for each treatment. Between each treatment the biomass was
washed gently using sterile saline (0.85%) (two volume beds) in
order to exclude excess organic matter between the treatments.
Before each treatment, nitrogen gas was bubbled gently for
20 min until the level of dissolved oxygen in the medium
was < 0.1 mg/l in order to provide anoxic condition.

Nitrate, ammonium, nitrite and COD concentrations were
measured throughout the experiment. At the end of each
treatment three biocarriers were taken for quantification of
the protein in the biofilm as a measure of bacterial biomass.
The temperature was maintained at 32◦C using a circulating
water bath (Cario CD, Julabo); the substrate was slowly whirled
with a magnetic stirrer throughout the experiment to create
homogeneous conditions but without introducing oxygen into
the substrate. An identical bioreactor was set up in parallel, as a
sterile control, with identical conditions, without the presence of
the bacterium, in order to examine changes in different parameter
values that were not derived from biological activity.
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FIGURE 1 | Photograph of the continuous moving bed bioreactor setup
including immobilized biomass of Acinetobacter EMY.

Continuous Moving Bed Bioreactor
Operation
A continuous degradation study was conducted in the same
bioreactor described above in the batch operation mode but this
time under continuous flow. The influent MSM medium was
fed into the bioreactor by a peristaltic pump (Masterflex, Cole-
Parmer) at different flow rates (0.0624, 0.1248, 0.2496, and 0.0198
l/h) to obtain different HRTs of 12, 8, 4, and 2 h. Before each
treatment, nitrogen gas was bubbled gently for 20 min until
the level of dissolved oxygen in the medium was < 0.1 mg/l in
order to provide anoxic condition. Nitrate, COD, ammonium
and nitrite concentrations in the influent and effluent were

monitored throughout the experiments, while dissolved oxygen
and pH were measured in the effluent once for each flow rate.
Control experiments were conducted in exactly the same way,
but with sterile biocarriers, to ascertain that nitrate removal is
a biological process. These experiments were conducted with
a C:N ratio of 3:1. The temperature was maintained at 32◦C
using a circulating water bath (Cario CD, Julabo); the substrate
was slowly whirled with a magnetic stirrer throughout the
experiment. At the end of each treatment three biocarriers were
removed for quantification of the protein in the biofilm. Figure 1
presents the experimental setup.

Statistical Analysis
Two-way analysis of variance (ANOVA) was performed with
GraphPad Prism version 6.05 (GraphPad Software Inc.). The data
in the graphs are means of three replicates ++ standard deviation.
Mean differences were considered to be significant at p ≤ 0.05.

RESULTS AND DISCUSSION

Bacterial Taxonomic Identification by
16S Marker Gene (Phylogenetic Tree)
The 16S rRNA sequence of the bacterium showed 99% similarity
to an Acinetobacter pittii strain present in the NCBI database.
This sequence was used to construct a phylogenetic tree
(Figure 2), which showed a clear affiliation to the Acinetobacter
genus. The new strain isolated was named Acinetobacter EMY
(Accession number MT410617).

FIGURE 2 | Approximate maximum likelihood tree based on a partial 16S rRNA gene sequence of Acinetobacter strain EMY. The scale bar represents the rate of
substitution per site. Numbers at nodes indicate local support values estimated by the Shimodaira-Hasegawa test based on 1,000 re-samplings.
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Bacteria of the genus Acinetobacter are known to be Gram-
negative and occur usually in pairs. Most of them are aerobic,
but some have been identified as facultative aerobes. They
are most commonly found in soil and water, and play an
important role in the decomposition of soil pollutants (e.g.,
aromatic compounds). Some have the ability to grow in saline
environments and high temperatures. Most of the species in this
genus do not reduce nitrate to molecular nitrogen (Doughari
et al., 2009; Bitrian et al., 2013). However, several studies
pointed on Acinetobacter spp. as a good candidate for nitrogen
removal from water. For example, ammonium removal by
Acinetobacter sp. Y16 capable of heterotrophic nitrification–
aerobic denitrification at low temperature and at low C/N was
shown to have a napA gene that proved its aerobic denitrification
ability (Huang et al., 2013). Another study by Ren et al. (2014)
isolated Acinetobacter junii form activated sludge and studied
its hydroxylamine, nitrite and nitrate utilization. They found
that this bacterium has a high aggregation and hydrophobicity
nature a fact that may explain the biofilm growth nature as
shown in this study.

Flask Experiment
Initially, in order to determine the nitrate removal ability of
Acinetobacter EMY by denitrification at variable C:N ratios, a
batch experiment was conducted in flasks with variable organic
matter (COD) concentrations. A decrease in the concentrations
of nitrate and COD took place in parallel to an increase in
the amount of biomass (OD600) and significant differences
were observed among the C:N ratios (Figure 3). A C:N ratio
of 1:1 enabled a limited decrease in the nitrate concentration
and cessation of biomass growth was observed after 24 h.
The COD concentration decreased to only ca. 50 mg/l during
this time. In contrast, a C:N ratio of 2:1 enabled a 50%
decrease in nitrate concentration within 48 h, and it seems
that the COD was depleted and biomass growth ceased.
Complete nitrate removal was recorded with a C:N ratio of
3:1, where 200 mg/l were removed within 72 h. There was no
decrease in nitrate concentration or COD in any of the three
control treatments, emphasizing the necessity of the biological
process for nitrate removal from the water. Measurements of
dissolved oxygen, pH and concentrations of ammonium and
nitrite supported the presence of the denitrification process
(Table 1). The pH of the treatments with C:N ratios of
1:1, 2:1, and 3:1 was 8.68, 8.77, and 8.43, respectively, while
dissolved oxygen was 5.33, 4.68, and 0.46 mg/l, respectively
(the dissolved oxygen at the beginning of the experiment
was 7.8 ± 0.1).

It can be concluded that nitrate removal by anoxic
denitrification was achieved only in the 3:1 C:N ratio treatment
as the dissolved oxygen showed 0.46 mg/l at the end of the
experiment, probably due to the fact that less organic matter
brought to lower bacterial activity. Additionally, the obtained
results of nitrogen removal depend directly on the concentration
of the organic matter. The study by Hamlin et al. (2008)
supports this result and further claims that the type of organic
matter and the amount added to the system is highly significant
when conducting experiments to improve the efficacy of the

FIGURE 3 | Flask experiment. (A) Nitrate concentration over time, where the
initial concentration was 200 mg/l; treatment vs. sterile control with three
different C:N ratios (1:1, 2:1, 3:1); estimation of bacterial biomass growth in
suspension is presented as OD600. (B) COD concentration over time with the
initial concentration varying according to the C:N ratio; treatment vs. sterile
control at three different C:N ratios (1:1, 2:1, 3:1). The data are means of three
replicates + standard deviation.

denitrification process. The study by Wilawan et al. (2010) also
reported similar results to ours. Their study reported that a C:N
ratio of 1.5:1 leads to removal of 46.5% of the nitrate, a ratio
of 2.5:1 leads to removal of 52% of the nitrate, and a ratio
of 3.5:1 leads to removal of 63.1% of the nitrate. In contrast,
the study by Sobieszuk and Szewczyk (2006) shows that the
type and amount of organic matter are indeed significant, but
the amount added should be limited because excess addition
may be ineffective. Their study proved that a C:N ratio greater
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TABLE 1 | Ammonium and nitrite concentrations in mg/l at the beginning and end
of the flask experiment, at C:N ratios of 1:1, 2:1, and 3:1.

Ammonium/Nitrite conc. (mg/l)

C:N ratio Initial NH4-N Final NH4-N Initial NO2-N Final NO2-N

1:1 0.58 0.81 0.08 0.06

2:1 0.58 0.71 0.12 0.12

3:1 0.36 0.49 0.12 0.11

than 6:1 is not effective and hinders the bacterial denitrification
activity. Conversely, Chen et al. (2020) studied Pseudomonas
denitrificans G1, a facultative anaerobic denitrifying strain. They
concluded that at a C:N ratio of 3:1 the denitrification was
poor and the strain needed a ratio of at least 5:1 with best
performance at a ratio of 8:1. These studies show that the new
Acinetobacter EMY strain may be a good candidate to be used
in denitrification processes in water treatment facilities as low
C:N ratios are more cost-effective to operate and cause less
bacterial growth (sludge accumulation) and residuals of organic
matter in effluents.

Based on the measurement of total nitrogen concentrations
at the beginning and the end of each treatment it is proved
that removal of nitrogen by anoxic denitrification indeed took
place. It is assumed that the conversion of the nitrate to
molecular nitrogen and its expulsion from the system caused
the reduction of the total nitrogen parameter (Figure 4).
Likewise, it can be seen that a C:N ratio of 3:1 enabled

FIGURE 4 | Total nitrogen concentration at time 0 and at the end of the flask
experiment, where the nitrogen source is nitrate at an initial concentration of
200 mg/l; treatment vs. sterile control at three different C:N ratios (1:1, 2:1,
and 3:1). The data are means of three replicates + standard deviation.

removal of ca. 50% of total nitrogen, while the remainder of
the nitrogen was accumulated to the biomass as no nitrate
was remained in the medium. Although the nitrate removal
was high, 50% was consumed by the culture to build biomass
and was not used as an electron acceptor in the denitrification
process. This ratio is higher than in the experiments conducted
by Chen et al. (2020) on aquaculture effluents purification
bioaugmented with a Pseudomonas denitrificans G1 culture.
However, previous studies by Zhang et al. (2018) and Zhao
et al. (2018), which focused on pure denitrifying cultures
(Paracoccus versutus KS293 Pseudomonas stutzeri strain XL-
2) and measured the intracellular nitrogen of the culture,
showed a markedly lower assimilation ratio of nitrogen
into the cells (only 12–15% of the nitrate was assimilated
by the cells). Another pathway for nitrogen loss in such
conditions is its conversion to Nitrous Oxides which were
not measured in the present study (but is suggested in
further studies).

In summary, in the flask experiment it was shown that
Acinetobacter EMY removed 200 mg/l nitrate within 72 h. When
C:N ratio was 3:1, 50% of the nitrate removal may be attributed to
denitrification while the rest is probably adsorbed and assimilated
by the biomass for growth.

Batch Moving Bed Bioreactor
In this experiment, the biomass was immobilized onto
polyethylene biocarriers and placed in a bioreactor with
different C:N ratios (1:1, 2:1, and 3:1), in order to improve the
efficacy of the nitrogen removal rate by the isolated bacterium.

The results presented in Figure 5A show the reduction of
nitrate concentration over time. Nitrogen removal at all three
C:N ratios was performed within 4–6 h with no differences
between treatments. The control treatments did not show any
change. In comparison to removal in suspension (Figure 3), there
is a significant improvement in the rate of nitrate removal by
immobilized biomass (0.84 vs. 1.34 kg-N/m3/d, respectively), at
a C:N ratio of 3:1.

The decrease in COD concentration (Figure 5B) appears to
match the decrease in nitrate concentration. COD consumption
is accelerated as more COD is added to the medium, and
in the immobilized biomass system the nitrate removal is
sufficiently fast even at low amounts of COD (C:N ratio of 1:1).
The concentration of ammonium and nitrate in the solution
at the beginning and the end of the experiment showed no
accumulation of these substances (Table 2).

The rapid removal that was achieved in this experiment
was facilitated by the amount of biofilm that developed on the
carriers. Figure 6 presents a photograph of a plastic carrier that
illustrates the amount of living biomass on the carrier. From the
estimate of the amount of bacterial protein, the amount of protein
removed was found to be 4.25 mg per individual carrier, in other
words, 425 mg protein in the entire bioreactor.

Similar studies presented slower nitrate removal rate than
those reported here (Table 3). Firstly, the study by Li et al. (2019),
which focused on treatment of reverse osmosis concentrate
containing nitrate by biomass fixed to polyethylene biocarriers,
reported a denitrification rate of 0.08 kg-N/m3/d. Similarly, the
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FIGURE 5 | (A) Nitrate concentration with time, where the initial concentration
is 200 mg/l; treatment vs. sterile controls in biomass immobilized in aqueous
solution (batch moving bed bioreactor) at three different C:N ratios (1:1, 2:1,
and 3:1) and in non-immobilized biomass in suspension (flasks) at a C:N ratio
of 3:1. (B) COD concentration over time, where the initial concentration varies
according to the C:N ratio; treatment vs. sterile controls at three different C:N
ratios (1:1, 2:1, and 3:1). The data are means of three replicates + standard
deviation.

study by Zhao et al. (2011) focused on nitrate removal in anoxic
conditions by immobilizing biomass on biofilm biocarriers. This
unique experiment used an electrode to enable nitrate removal
at C:N ratios below 1:1 and reported a removal rate of 0.15 kg-
N/m3/d. Another study by Yuan et al. (2015) reported a nitrate
removal rate of 0.23 kg-N/m3/d with immobilized biomass
containing a number of bacterial species on volcanic rocks (tuff).
However, the nitrate removal rate reported in the present study
for a C:N ratio of 1:1 was much higher with 1.22 kg-N/mg3.d
nitrate removal. Indeed, in a comprehensive literature review we
found no studies that reported better results than those reported
in the present experiment.

TABLE 2 | Concentration of ammonium and nitrite in mg/l at the beginning and
end of the batch moving bed bioreactor experiment; C:N ratios of
1:1, 2:1, and 3:1.

Ammonium/Nitrite conc. (mg/l)

C:N ratio Time (h) Initial NH4-N Final NH4-N Initial NO2-N Final NO2-N

1:1 5 0.58 0.49 0.08 0.08

2:1 6 0.58 0.63 0.11 0.12

3:1 4 0.36 0.40 0.12 0.18

FIGURE 6 | Photograph of polyethylene biocarrier containing biomass of
Acinetobacter EMY as a biofilm. Photographs through a microscope: (A)
Sterile biocarrier without staining; (B) Sterile biocarrier with fluorescent
staining; (C) Biofilm on biocarrier without staining; (D) Biofilm on biocarrier
with fluorescent staining.

Continuous Moving Bed Bioreactor
Biomass immobilization of Acinetobacter EMY was shown to be
effective and might be a solution for challenges related to the
water treatment process. Thus, the present experiment examined
nitrate removal in a continuous system that would allow nitrate
removal from large volumes of water.

Figure 7A reports results of nitrate concentration from a
continuous bioreactor system, in which synthetic wastewater
continuously flowed at different rates. Total removal of nitrate
occurs at HRTs of 12 and 8 h. At HRTs of 4 and 2 h, an increase in
the nitrate concentration in the effluent was observed, although
after acclimation a decrease could be observed. Figure 7B
presents the COD concentration at the entrance and exit of the
system; the results are in line with those presented in Figure 7A
for nitrate removal. Organic matter appears to be important for
the nitrate removal process, and may in fact be a limiting factor.
We note that COD decreased to a negligible level, indicating total
consumption of all of the organic matter provided in the solution.
The values of ammonium and nitrite were tested in parallel and
found to be under the limit of detection.

Figure 3 shows that the biomass of Acinetobacter EMY has
doubled during the 24 h of the experiment. However, in Figure 7
an HRT of 4 h, as measured in the continuous experiment,
would thus not allow the bacterial population to efficiently
remove the nitrate due to biomass wash-out from the bioreactor.
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TABLE 3 | Summary of the different experiments and their main results.

Type of operation
and bacterial
state (suspension
or biofilm)

C:N ratio Initial nitrate
conc. (mg/l)

Nitrate removal
rate (kg-N/m3/d)

Flask suspension 1:1 200 0.012

Flask suspension 2:1 200 0.52

Flask suspension 3:1 200 0.85

Batch bioreactor
biofilm

1:1 200 1.22

Batch bioreactor
biofilm

2:1 200 1.49

Batch bioreactor
biofilm

3:1 200 1.34

Continuous
bioreactor biofilm

3:1 200 0.39 (12 h HRT)

0.65 (8 h HRT)

1.23 (4 h HRT)

1.14 (2 h HRT)

TABLE 4 | Comparison between the literature and our study of the rate and
percent of nitrate removal in continuous moving bed bioreactor experiments with
immobilized biomass.

Nitrate conc.
influent (mg/l)

Nitrate conc.
effluent (mg/l)

HRT (h) Nitrate removal References

[kg-N/(m3/d)] %

58 15 24 0.04 74.1 Tatara et al.,
2017

200 0 9 0.54 100 Rezaee
et al., 2010

55 1.13 4 0.32 97.9 Wang et al.,
2009

201 0.60 3 1.61 99.7 Godini et al.,
2010

208 3.01 4 1.23 99.8 Our study

This fact strengthens the claim that immobilizing the bacteria
allows maintenance of a sufficient bacterial population in the
bioreactor for performing nitrate removal during short HRTs
(e.g., a few hours).

The literature on nitrate removal in continuous bioreactors
with immobilized biomass shows variable results (Table 4). The
study by Tatara et al. (2017) achieved a nitrate removal rate of
0.043 kg-N/m3/d with an HRT of 24 h, while the study by Wang
et al. (2009) showed a nitrate removal rate of 0.32 kg-N/mg3.d.
These results are lower than those reported in the present study.
Rezaee et al. (2010) achieved a nitrate removal rate of 0.54 kg-
N/m3/d with an HRT of 9 h, in comparison to 1.23 kg-N/mg3.d
reported in the present study with an HRT of only 4 h. In contrast
to these three previous studies, Godini et al. (2010) presented
a nitrate removal rate of 1.61 kg-N/m3/d, with an initial nitrate
concentration of 200 mg/l and an HRT of 3 h. These results are
slightly better than those reported in our study, perhaps because
their study included several bacterial populations.

In recent years, several studies have investigated the biological
removal of nitrate from different emerging sources. These include

FIGURE 7 | (A) Nitrate concentration at the entrance and exit of the
continuous moving bed bioreactor with time, where the initial concentration is
200 mg/l, at variable hydraulic retention times (HRTs) (2, 4, 8, and 12 h) in
continuous experiment with biomass immobilized in aqueous solution at a C:N
ratio of 3:1. (B) COD concentration at the entrance of the continuous
bioreactor with time, where the initial concentration is ca. 700 mg/l, at variable
HRTs (2, 4, 8, and 12 h) vs. COD concentration at the exit of the continuous
bioreactor, when the initial concentration is ca. 700 mg/l at variable HRTs (2,
4, 8, and 12 h) in biomass immobilized in aqueous solution at a C:N ratio of
3:1. The data are means of three replicates + standard deviation.

studies that focused on nitrate removal from reverse osmosis
(RO) concentrate or from the regeneration step of ion exchange
columns (which may contain more than 1,000 mg/l nitrate). The
disposal methods of RO concentrate from groundwater facilities
treating saline or/and nitrate-rich groundwater or from polishing
of municipal effluent are restricted by laws and high capital costs.
Thus, the development of a biological treatment approach is
promising since it contributes to prevention of environmental
pollution (Panagopoulos et al., 2019). The new isolate reported
in this study formed a biofilm and showed a faster denitrification
rate than reported in other studies as well as negligible organic
matter residues in the treated water. Thus, future research should
focus on the development of a bioaugmentation process using
this isolate and others with high denitrification efficiency to
remove nitrate from RO concentrate.
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In summary, this study describes a new isolated bacterium,
Acinetobacter EMY, that has shown an impressive ability to
perform denitrification in suspension and as a biofilm under
anoxic conditions. The optimal C:N ratio for the nitrate removal
process was found to be 3:1, with sodium citrate as the organic
matter. Measurements of COD indicated that the isolate (as
suspension and biofilm) exploits the entire amount of organic
matter added to the medium. The continuous bioreactor system
proved the ability of Acinetobacter EMY to completely remove
ca. 200 mg/l nitrate and ca. 700 mg/l COD with an HRT of
only 4 h, removing 1.23 kg-N/m3/d. Higher nitrate removal
performance was achieved in the batch bioreactor with 1.49 kg-
N/m3/d and a C:N ratio of 2:1. To the best of our knowledge,
these findings are the highest values obtained for nitrate removal
in comparison to previous studies focused on the characterization
of denitrifying isolates.

CONCLUSION

The new isolated bacterium, belonging to Acinetobacter genus,
has a higher nitrate removal rate compared to bacteria reported
in previous studies. In addition, this bacterium is able to consume
all of the organic matter provided in solution together with the
nitrate, without leaving any residuals of organic matter in the
water. This is advantageous since nitrate removal treatments by
heterotrophic bacteria usually require addition of organic matter
to the system, leading to secondary pollution. This combination
together with its ability to efficiently form a biofilm suggest it
can be used as a potential solution for nitrate polluted water.
Future studies should examine how such an efficient denitrifying
bacterium functions and survives during the bioaugmentation
process in a water treatment system treating high nitrate

concentrations (such as the treatment of RO concentrate and
ground water rich in nitrate).
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