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Abstract
The presence of different pollutants in wastewater hinder microbial growth, compromise enzymatic
activity or compete for electrons required for bioremediation pathway. Therefore, there is a need to use a
single microorganism that is capable of tolerating different toxic compounds and can perform
simultaneous bioremediation. In the present study, nitrate reducing bacteria capable of decolorizing azo
dye was identi�ed as Bacillus subtillis sp. DN using Protein pro�ling, morphological and biochemical
tests X-ray diffraction pattern, Raman spectroscopy and cyclic voltammetry con�rm that the bacterium
under study possesses membrane-bound nitrate reductase and that is capable of direct electron transfer.
The addition of nitrate concentrations (0–50 mM) resulted in increased bio�lm formation with variable
exopolysaccharides (EPS), protein, and eDNA. Fourier Transform Infrared spectrum revealed the presence
of a biopolymer at high nitrate concentrations. Effective capacitance and conductivity of the cells grown
in different nitrate concentrations suggest changes in the relative position of polar groups, their relative
orientation and permeability of cell membrane as detected by dielectric spectroscopy. The increase in
bio�lm shifted the removal of the azo dye from biodegradation to bioadsorption. Our results indicate that
nitrate modulates bio�lm components. Bacillus sp. DN granular bio�lm can be used for simultaneous
nitrate and azo dye removal from wastewater.

Introduction
Azo dyes present one of the dangerous synthetic compounds that are widely used commercially. The
discharge of azo dye containing water poses a threat both to human and aquatic life (Solanki et al.
2017). Treatment of colored wastewater can be performed using physical, chemical, or biological
treatment, the latter is considered e�cient and cheap as compared to the �rst two methods. While
biological treatment is indeed more practical and environmentally safe, the presence of different
pollutants in the wastewater is expected to compromise microbial cell viability and functionality of the
bacterial degradation system. The increasing complexity of wastewater treatment over the past decades
due to the presence of co-pollutants such as nitrogenous, carbonaceous, and phosphorous compounds
(Sarkar et al. 2010). Nitrates presence in colored wastewater results in the competition since both nitrates
and azo dyes are electron acceptors. Azo dye reduction was reported to take place after the denitri�cation
of the wastewater was completed (Cirik et al. 2013). In the present work, we will focus on the co-presence
of nitrates and azo dyes and enhance their simultaneous removal using Bacillus sp. granular bio�lm.

Bacillus sp. are reported to possess a large nitri�cation and denitri�cation gene inventory and
dissimilatory nitrate/nitrite reduction to ammonia (DNRA), it has membrane-bound denitri�cation and
periplasmic nitrate reductase (Sun et al. 2016). Given this potential along with its ability to grow in
bio�lms, its use as bio�lm granules provides a potential for a sustainable bioremediation process.
Bacillus subtilis bio�lm was reported to consist of 1) polysaccharide moiety encoded by epsA and epsO
genes and is responsible for adhesion, stability, and scaffolding, 2) surface protein moiety that is
encoded by BslA gene and is responsible for hydrophobicity, scaffolding, and cell-to-cell binding. In
addition to polysaccharides and proteins, all bacteria have eDNA that is responsible for adhesion,
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cohesion, nutrient source, damage repair, gene transfer, and interaction with other matrix components and
lipids that are also responsible for adhesion, cohesion, and protection of cells within the bio�lm
(Karygianni et al. 2020).

Bio�lms, �ocs, and granular bacterial forms have been investigated for the removal of pollutants and
nutrients. Bioaggregation into any of these forms provides structure and stability for the bacteria and
protects it from pollutants (Aqeel et al. 2019). Bio�lm granules were used as oxygenic photgranules
(OPGs) form for wastewater treatment (Stauch-White et al. 2017). Bio�lm seed carriers provided an easy
and quick starting up seed in an annamox moving bed bio�lm reactor (MBBR) (Kowalski et al. 2018).

The presence of nitrates have been correlated with granular bio�lm formation for wastewater treatment
(Stauch-White et al. 2017) and since nitrate present in textile wastewater comes from salts used in dye
�xation )Cirik et al. 2013), or from domestic wastewater leaching to the same tank, our idea was to
induce bio�lm formation as an initial step before azo dye reduction. Our understanding of the
mechanism of formation and structural changes in bio�lms would help in creating conditions that favor
the removal of pollutants. From this standpoint, the present work aims to study the impact of nitrate on
bio�lm components of Bacillus sp., study the biochemical and biophysical changes that took place in
nitrate containing media, and propose a model for sustainable bioremediation of nitrate co-polluted
colored wastewater.

Materials And Methods
Isolation, characterization, and identi�cation of nitrate reducing bacteria

Enrichment media was used to isolate a nitrate reducing bacteria. The water sample was kindly provided
by Ass. Prof. Mohamed Refaat El Shahawy, Rad Microbiology Dept (NCRRT). The sample was collected
from a pond near Agiba petroleum company oil �elds, Marsa Matrouh Governorate. The enrichment
media was composed of (g/l) 0.5 (NH4)2SO4, 0.36 KNO3, 4 NaNO3, 0.05% trace element solution. pH was
adjusted to 7. Denitrifying media was composed of (g/l) 5 sodium acetate, 1 NaNO3, 2 K2HPO4, 0.5 NaCl,
0.2 MgSO4.7H2O. pH was adjusted to 7 (Shao et al. 2019). The isolate showing the tolerance to nitrate
and decolorization was characterized according to Bergey’s manual of determinative
bacteriology. Detection of bio�lm was performed using Congo red agar (CRA) method. Brain heart
infusion broth (BHI) was prepared according to the manufacturer’s instructions (Oxoid, UK). Colonies
turning black were regarded as bio�lm forming whereas those remaining white to pinkish were
considered bio�lm negative. Biochemical tests were performed according to Bergy’s manual. The isolate
was further identi�ed using Matrix-assisted laser desorption ionization-time of �ight mass spectrometry
(MALDI-TOF MS) mass spectra were acquired by Micro�ex MALDI-TOF MS (Bruker Daltonics, Bremen,
Germany) (Scienti�c Services). MALDI BioTyper 2.0 software was used for analysis and comparison with
the MALDI BioTyper database.

X-Ray Diffraction (XRD)
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Bacteria were grown for 24 h in LB media at 37oC and were centrifuged, washed with phosphate buffer,
and dried at ambient temperature for 24h. XRD patterns were recorded on a Shimadzu diffractometer XD-
D1 X-ray diffraction spectrometer with a copper target at an operating voltage of 40 kV and an electric
current of 30 mA.

Raman imaging

Bacteria were grown for 24 h in LB media at 37oC and were centrifuged, washed with phosphate buffer,
and dried at ambient temperature for 24h. The dried sample was scanned using Confocal laser
microraman microscope WITEC Focus Innovation Alpha 3000, Germany. The sample was excited using a
laser beam at 532 nm and collected in the 30-3000 cm-1 region at 15 mW for 5 sec x 20. Image was
collected using CCD camera.

Oxidation Reduction Reaction (ORR)

Cyclic voltammetry (CV) was used to identify the oxidation reduction reaction (ORR) of Bacillus sp. in the
presence of different nitrate concentrations. The electrodes were tested at scan rate 50 mV/s. The 3-
electrode set up consisted of 24h grown cells, 0, 0.1, 0.25, 0.5 and 1 g/l NaNO3 were added to cell. Carbon
rod was used as working electrode, Pt electrode as a counter electrode and an Ag/AgCl (saturated KCl) as
a reference electrode. Electrodes were connected to BioLogic science instruments
Potentiostat/Galvanostat (Germany) at NCRRT. The electrochemical cell was sealed and gassed with
nitrogen to ensure an anaerobic environment during the experiment. To determine catalytic activity and
electroactivity of bacterial bio�lm, cyclic voltammetry was measured in the potential region between -0.7 -
+0.1 V vs Ag/AgCl. , Scan rate 50 mV/s. 

Biochemical changes in Bacillus sp. cells exposed to different nitrate concentration

Bacillus sp. was incubated with different volumes of nitrates (0, 6, 12, 25 and 50 mM), the number of
colony forming units (CFU/ml) was obtained from the appropriate dilution and log count was calculated
and plotted. Bio�lm formation was detected using crystal violet method described by Allkja et al. (2020),
the changes in the density of the bio�lm were followed using ELIZA reader at NCRRT, readings were taken
at 595 nm in 96 well round bottom plate. Concavalin dye was used to measure EPS, methylene blue was
used to measure protein (Liu et al. 2010) and ethidium bromide was used to detect eDNA (Iyer et al. 2012)
in samples grown under different nitrate concentrations. Readings were taken using TECAN Spark
multimode reader at NCRRT.

Scanning Electron Microscopy (SEM)

Scanning electron micrographs of the isolated bacteria were captured using a JOEL JMS 5600 scanning
electron microscope, cells were centrifuged and �xed using different alcohol concentrations and placed
to dry on glass cover slip for 24 h. A suitable piece was cut using a clean sterile cutter then glued onto
brass stub using a double-sided adhesive tape and was coated with a thin layer of gold under reduced
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pressure. The images were captured at magni�cations of 7500 X using an electron beam high voltage of
30 kV. 

Fourier Transform Infrared Spectroscopy (FT-IR):

Fourier Transform Infrared Spectroscopy (FT-IR) was used to detect vibrational frequency changes of
bacteria grown under different nitrate concentration. The obtained spectra represent the peaks for
functional groups of the samples. Scanning was performed from 400 to 4000 nm using ATR-FTIR,
BRUKER VERTEX 70 device at NCRRT.  The analytical spectrum was then compared to library to identify
the functional groups.

Dielectric properties

The biophysical changes were assayed using dielectric measurements as described before (Gomaa et al.
2013). The bacterium was grown in LB supplemented with different nitrate concentrations (0, 5, 12, 25
and 50 mM) for 24 h at 37oC under static conditions. The cells were harvested by centrifugation at 6000
rpm for 15 min, washed twice with phosphate buffer saline (pH 7) and suspended in 50 ml distilled water
for dielectric measurements which were carried out over the frequency range of 40 kHz to 1 MHz using
LCR meter type HIOKI 3531, manufactured in Japan. The measured parameters are capacitance (C) and
conductance (G). The relative permittivity ε’, dielectric loss ε” ,area under loss peak and effective
capacitance (Ceff) of the bacterial cells, were calculated as previously discussed (Selim et al. 2010).

Bioremoval of Congo red dye

Congo red dye was added at initial concentration of 50 mg/l. Decolorization was followed at 497 nm
after 4 days at 37oC under microaerophilic conditions. Decolourization was calculated using the
following equation at:

Where I indicates the initial colour and F the absorbance at the end of the decolorization process.
Adsorptive capacity of bacteria to congo red its e�cacy was tested using different nitrate concentration.
Initial and residual dye concentrations were measured as previously described. The adsorptive capacity
was calculated by the following equation: 

Where Ci is the initial concentration, Cf is the �nal concentration, W is the weight of the bacteria after
incubation with different nitrate concentrations (adsorbent) in gm, V is the volume of the sample. The
data presented are the mean value of three triplicate experiments with 3% error.
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Bio�lm granule formation

Bacterial cell suspension supplemented with optimal nitrate concentration were left to incubate with
sterile granular activated carbon granules (size 200) for 24 h. The ACG were then carefully removed and
left to dry overnight 50oC and were used for SEM imaging to con�rm cell attachment and bio�lm
formation.

Statistical analysis

All experimental data indicated on the graphs and tables represent the mean value of triplicate
experiments; the error bars in the graphs represent the standard deviation of the mean (SD). Statistical
analysis of the data was conducted by one-way analysis of variance (ANOVA) using Microsoft Excel
statistics package.

Results And Discussion
Isolation, characterization and Identi�cation of nitrate reducing bacteria

The bacterial colonies grown under nitrate supplemented media were selected for puri�cation,
identi�cation and characterization. The isolate was identi�ed using MALDI-TOF-MS as Bacillus
subtilis ssp. subtilis DSM 10 with 2.12 score which is interpreted as high con�dence, NCBI identi�er
135461. The Bacillus morphology identi�cation, Mass Spectra and biochemical identi�cation are
reported in supplementary material (S1). This bacteria showed red and dry colonies on Congo red media
which con�rms the presence of �mbriae and indicates it has the ability to form bio�lm. Structural
characterization of Bacillus under study using X-ray diffraction showed peaks at 29 and 31 2  which
represents Fe-S and Mo (Fig. 1). Full Raman spectroscopy showed peaks at753, 1129, 1314 and 1583
cm-1 which correspond to cytochrome c subunit (Fig. 2), both suggest that this bacterium possess
cofactors for NaR subunits.XRD and Raman spectroscopy can be used to characterize bacteria in single
and bio�lm forms, they provide a fast non-invasive technique for structural identi�cation (Remoundak et
al. 2007, Strola et al. 2014). The obtained results of XRD and raman spectroscopy con�rm that a nitrate
reductase enzyme complex is located in the outer membrane of Bacillus sp DN, this nitrate reductase
consists of Mo cofactor as the alpha subunit, Fe-S cluster as the beta subunit, both are anchored to a
heme containing cytochrome which represents the gamma subunit. The later receives electrons from a
quinone pool and transfers them to the beta subunit and then to the electron acceptor (Coehlo et al.
2015). A previous study reported the structural shape of the membrane bound nitrate reductase
heterotrimer as a “�ower” (Balsco et al. 2001).

In order to con�rm the electron transfer mechanism, cyclic voltammetry was used. The bacterium under
study showed redox activities as indicated by the presence of anodic peaks at 0.18 mA and cathodic
peak at -0.35 mA for the bacteria in PBS, while 2 anodic peaks were observed at 0.11 and 0.085 mA and
cathodic peak of -00.114 mA when the bacterial culture �ltrate was added to the bacteria (Fig.
3a). Electrochemical impedance spectroscopy (EIS) showed that the activation resistance (Rct) of the
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bio�lm of the bacteria in the presence of the bacterial culture �ltrate was less than that for the bacteria
alone(Fig. 3b).This result con�rms that Bacillus sp. DN possesses bacterial electron transfer mechanisms
that depend on direct attachment to a substrate, this contact dependent mechanism is attributed to the
multiheme cytochrome c proteins (MHCs) that shuttles electrons from the electron transport chain to the
insoluble electron acceptor. This result is in agreement with Wringhton et al. (2011), Pankratova et al.
(2018), Paquete (2020) who reported direct electron transfer in gram positive bacteria. In addition to the
direct electron transfer, the presence of a soluble mediator in the media might have been the reason
behind the second anodic peak and the decrease in activation resistance. 

Biochemical and structural changes of Bacillus sp. in the presence of different nitrate concentrations

Fig. 4 represents the effect of nitrate on Bacillus sp. bio�lm and three of its major components, EPS,
proteins and eDNA. The bio�lm components were stained using �uorescence dyes and were followed as
�uorescence intensity. The use of concavalin A was used to identify carbohydrate moiety of the bio�lm,
this bio�lm component showed an increase in the presence of nitrate that reached 2.16 fold when 12 mM
nitrate were added to the media, however, the concavalin A decreased again at nitrate concentrations
above that. Concavalin A is a �uorescent conjugate that binds with carbohydrate moiety, speci�cally
glycoprotein (Drake et al 2006). This indicates that glycoprotein in the bio�lms was affected by the
nitrate concentration during bio�lm formation. Methylene blue was used to follow the protein content (Liu
et al 2010) as another bio�lm component, the results showed an increase in protein that reached about
1.6 fold when the highest nitrate concentration was used. Ethidium bromide was used to detect the eDNA
content in the bio�lm in response to the nitrate concentrations used, the results showed almost no
change in eDNA. (Iyer et al. 2012) described their work that eDNA and other components contribute to the
formation of bio�lm. On the other hand, when crystal violet was used to detect the overall bio�lm, the
crystal binding to bio�lm increased and reached 2.5 fold when 50 mM nitrate was added. This result
indicates that there is another component in the bio�lm that was not detected using the abovementioned
�uorescence dyes but is present and participates in the bio�lm formation of the Bacillus sp. in the
presence of nitrate. Shao et al. (2019) reported variation in polysaccharide and protein ratios of
extracellular polymeric substances during a nitri�cation process. This con�rms that nitrate presence
modulates bio�lm components.

SEM images shown in Fig. 5 represent all the samples at 2 magni�cations, 750X and 5000X. The images
re�ect an increase in matrix binding the cells together, this matrix increases with the increase in nitrate
concentration, consolidating the crystal violet result in Fig. 4. 

The structural changes that took place when Bacillus sp. DN under study was incubated with different
nitrate concentrations are shown in Fig. 6. FTIR spectra showed increased peaks as the concentration of
nitrate increased, the evident peaks at 3247, 2972 cm-1 belong to CH2 and CH3 stretching, peak at

1735cm-1 belongs to ester carbonyl bond, while peaks located in the range from 1650 to 1000 cm-1belong
to carbohydrate. A glucan or glycan, peak at 1542 cm-1 belong to protein in carbohydrate. Peaks in
�ngerprinting region below 1000 cm-1 belong to nucleic acids (Gieroba et al. 2020). The results indicate
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that a surface bound glycoprotein is present. The glycoproteins were reported as responsible for cell-cell
recognition. The FTIR �ngerprint for EPS highly resembles that obtained by Saravanan and
Jayachandran (2008) except the peak at 1735 cm-1 that represents the ester carbonyl bond indicates the
presence of para hydroxyl-butyrate compound (Tugarova et al. 2017).

The media components and addition of some compounds can affect the structural bio�lm development
(Pamp and Neilsen 2007). Nitrate in speci�c is very ubiquitous, it has been known to inhibit bio�lm
formation in Burkholderia pseudomallei, nitrate inhibited the secondary signaling compound c-diGMP
which affected the bio�lm formation through a signaling process through a nitrate transporter, Nar-K1
(Mangalea et al. 2017). This indicates that nitrate acts as a signaling molecule. An association between
nitrate reduction and bio�lm extracellular matrix was established in bacteria colonizing urinary tract
highlighting the role of NarL, a response regulator in modulating the bio�lm regulator CsgD in Escherichia
coli (Martín-Rodríguez et al. 2020). Despite that the abovementioned information is for bacteria different
than the one under study, yet it proves that nitrate can act as a signal transducer in Bacillus as well since
Bacillus possesses a two-component system (Fabret et al. 1999) and this is what they all have in
common.

Biophysical changes of Bacillus sp. in the presence of different nitrate concentrations

The cells are surrounded by cell wall with different layers each with different compositions and porous
structure to allow exchange small molecules with their surroundings. The cell wall contains large
amounts of polysaccharides and other natural polymers, which are charged groups that give the wall
their electrical properties (Markx & Davey1999). The dielectric properties of cells' suspension represent a
tool to investigate the behaviour of the membrane as a whole under different treatment conditions. They
can provide a description through membrane conductivity and membrane permittivity about the dynamic
and steric properties of membrane structure. These two parameters (membrane conductivity and
permittivity) are important in investigating any occurring modi�cations in the overall membrane structure
as a results of external treatment. The relative permittivity decreases as a function of frequency giving
the well-known dispersion curve. The dielectric loss factor expresses the rate of conversion of electric
energy to heat in the sample and appears as guassian curve all over the frequency range considered in
this study. The area under the loss curve is proportional to the total concentration of dipoles in the
material (Pethig, 1979). The relative permittivity, dielectric loss and conductivity at 1 kHz decreased from
the control sample for 6, 12 and 25 mM nitrate concentration, then increase as the nitrate concentration
increased to 50 mM (Fig. 7 a, b and c). The capacitance determines the amount of charge that can be
stored across the membrane when the cell is exposed to an electric �eld, and depends strongly on the
structure of cell wall and membrane. Each subunit of these structures acts as capacitor, their effective
capacitance (Ceff) is determined by their relative positions. The response of the cell membrane to different
concentration of nitrate treatment varies according to the nitrate concentration. In this study the effective
capacitance (Ceff) showed decrease as the nitrate concentration increase up to 12 mM, and then increase
to reach 3.8 fold the control value for the 50 mM nitrate concentration as shown in Fig. 7d.
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The effect of nitrate on the decolorization of congo red

The choice of this strain was based on its ability to form bio�lms, decolorize dyes in the presence of
nitrate. The presence of nitrates affected the decolorization of congo red by Bacillus under study. Results
in Fig. 8 shows that the ratio of biodegradation to adsorption was 80:20 in the absence of nitrates and
75:25 in the presence of 6 mM nitrates but shifted to 50:50 at 12, 25 and 50 mM nitrate concentration.
The results show that azo reduction is at its best at low nitrate concentrations, whereas high nitrate
concentrations affected the biodegradation, this result is in agreement with Cirik et al. (2013) who
reported an adverse effect on azo dye reduction at high nitrate concentrations. Competition between
nitrate and another electron acceptor compound such as azo dyes have been reported (Gomaa et al.
2017). The same competition was reported for a co-polluted media containing nitrate and perchlorate
suggesting that nitrate has a lower energy barrier for proton and electron transfer (Lv et al. 2020). This
electron competition affects the biodegradation performance of the bacteria. In the present study, this
competition was compensated with an increase in bio�lm formation that varied in thickness and
components, providing functional groups that act as an adsorptive matrix, making, at the end, the treated
wastewater clear.

Proposed model for sustainable bioremediation

Fig. 9 represents the SEM images of Bacillus sp DN growing on carbon granules and glass beads in the
presence and absence of nitrates. The images show that the cells can form granular bio�lm using 12 mM
nitrate which was optimal for production of EPS (Fig. 4). EPS has been reported to be responsible for
facilitating cell adhesion and cell-cell recognition for bio�lm formation. 

Bio�lms are known to form with a thickness, the structure of the bio�lm usually consist of 1) distal region
which is the outer layer and its exposed to oxygen, and is suitable for nitrate reduction 2) medial bulk
region which has less oxygen and can be termed anoxic, it is very suitable for microaerophilic dye
decolorization and 3) proximal region which is located closest to the substrate on which the bio�lm
grows, the latter is anaerobic and is very suitable for butyrate or any other SCFA production or
 biopolymer (such as PHB), and would provide energy source for bacterial cells. This con�guration of
bacterial growth in the 3 layers would make the same bacteria act as nitrate reducing, azo dye reducing
and butyrate producing, rendering the bio�lm granules as a complete system suitable for textile
wastewater bioremediation and ensure longevity of performance. Butyrate was produced by Bacillus
subtilis under anaerobic fermentation (Rahimi et al. 2020). The spherical architecture proposed has been
previously stated as an acceptable conceptual model for aggregates used in bioremediation under
different oxygen levels (Aqeel et al. 2019). Fig. 10 represents the proposed model. This proposed model is
currently the focus of undergoing investigation and work will be published soon. 

Conclusion
Excessive discharge of nitrogen into the environment leads to interference with natural bioremediation
processes. Azo dye containing wastewater treatment is speci�cally affected since both nitrates and azo
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dyes are electron acceptors, this results in an either/or situation when it comes to biodegradation. In our
work, we studied the impact of nitrate on bio�lm of nitrate reducing/azo dye reducing bacteria. Our
results demonstrate that nitrate manipulates bio�lm formation Bacillus sp. DN affecting the bio�lm
components. We can propose that Bacillus sp. can grow in thick bio�lm composed of multi-bacterial
layers, each would possess different oxygen levels that would induce a speci�c response. We propose for
future work to utilize this modulation to obtain 3 bio�lm layers, the outer “oxic” layer exposed to oxygen
would activate the nitrate reduction, while the middle “microaerophilic” layer containing moderate oxygen
would be responsible for dye reduction, �nally, the inner “anoxic” layer with limited oxygen would be
responsible for biopolymer production (preliminary data obtained), this would provide protection and
sustainability for the granular bio�lm. In addition to the formation of bio�lm granules for nitrate and azo
dye removal, the proposed granular model can be used in other bio�lm-based applications such as
bioelectrochemical systems or bio�lm-based reactors.
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Figures

Figure 1

XRD for Bacillus sp. DN representing co-factors for nitrate reductase enzyme
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Figure 2

Confocal Raman Imaging for Bacillus sp. DN representing outer membrane cytochrome

Figure 3

Cyclic voltamogram (a) and PEIS (b) for Bacillus sp. DN with and without its culture �ltrate (CF)
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Figure 4

Assay for Bacillus sp. DN bio�lmand its components in the presence of different nitrate concentrations
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Figure 5

SEM images for Bacillus sp. DN grown under different nitrate concentrations
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Figure 6

FTIR spectrum for Bacillus sp. DN grown in different nitrate concentrations
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Figure 7

The conductivity at 1 kHz (a), area under loss peak (b), relative permittivity (c) and membrane effective
capacitance (d) for control and treated groups.
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Figure 8

Congo red decolorization and adsorption in the presence of different nitrate concentration by Bacillus sp.
DN
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Figure 9

Granular Activated Carbon (GAC) before incubation with Bacillus sp. DN (a) and after 24 h incubation
with the bacterium in the absence (b) and presence (c) of nitrate in the cultivation medium, Glass beads
before incubation with Bacillus sp. DN (d) and after 24 h incubation with the bacterium in the absence (e)
and presence (f) of nitrate in the cultivation medium.

Figure 10

Proposed structure for bio�lm carbon granules to be used in bioremediation of co-polluted wastewater
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