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Abstract

Solid-phase denitrification is one of the most promising methods for improving nitrate removal that relies on heterotrophic
denitrifiers, and the availability of organic carbon significantly influences the denitrification efficiency. Synthetic carbon
sources are often costly; on the other hand, natural carbon substrates are known for their abundant bioavailability. Select-
ing the right carbon source is crucial for achieving optimal denitrification efficiency. However, the underlying research on
elucidating the efficiency of natural substrates for denitrification are limited. Therefore, the present study evaluated the
denitrification potential of agricultural wastes, including rice straw (RS), wheat straw (WS), tender coconut shells (CS), and
a combination of these thereof under batch and continuous mode. The study revealed that the continuous flow mode yielded
the highest denitrification efficiency of 96.13%. This result outperformed the individual carbon sources’ efficiencies in batch
mode, which were 72.6% (WS), 60.3% (CS), and 58.6% (RS). The superior efficiency of the continuous mode was attributed
to factors such as increased biomass and stable biofilm formation. Physiochemical changes of lignocellulosic biomass in
terms of distorted surface morphology following microbe-based cellulose hydrolysis were observed through scanning elec-
tron microscopy (SEM). Increase in elemental carbon and decrease in oxygen content, as evident from energy dispersive
X-ray spectroscopy (EDS), further supported biofilm formation following denitrification. Changes in cellulose structure were
also observed through changes in surface functional groups and crystallinity via fourier transform infrared spectroscopy
(FTIR) and X-ray diffractogram (XRD) respectively. Initial visualization and microscopic identification of microbes from
the denitrifying column showed the bacterial strains to form opaque, red, and yellow colonies with characteristic rod-shaped
and gram-negative nature. Phylogenetic analysis through 16S rRNA sequencing identified the strains as Rhodococcus ruber
and Cellulosimicrobium cellulans. Overall, the findings provide insights into the effective utilization of agricultural waste
as a solid carbon source for enhancing denitrification efficiency in wastewater treatment processes.

Keywords Solid phase denitrification - Heterotrophic denitrification - Lignocellulosic biomass - Denitrifying organisms -
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1 Introduction

The rising population has led to a significant increase in
water pollution, with nitrogen levels spiked in domestic
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notable nitrate pollution [3]. The presence of nitrogen along
with phosphorus in water bodies enriches them with anthro-
pogenic nutrients and results in eutrophication [4]. While
there are naturally occurring levels of nitrate in groundwater,
quantities larger than 3 mg/L typically signify contamination
[5]. The maximum contamination limit for nitrate has been
set by the United States Environmental Protection Agency at
10 mg/L to prevent health hazards. But domestic discharge
ranges from 30 to 70 mg/L NO,™-N, which is above the per-
missible limit [6]. Therefore, it is a pressing issue to limit the
discharge of nitrates to the aquatic environment through the
wastewater route. By eliminating nitrate from wastewater,
the motto of “treat waste by waste” could be achieved [7].
Biological denitrification is the most economical and
effective method for nitrate removal [8]. It is an anoxic
process that requires organic carbon as an electron donor
in which nitrates are the terminal electron acceptors used
by denitrifying bacteria in place of oxygen [9]. Majority
of wastewater lacks considerable amounts of organic car-
bon necessary for nitrate removal. Therefore, there is a
need for an additional external carbon source to accomplish
the required denitrification performance [10]. The nitro-
gen removal efficiency is directly influenced by the carbon
source due to its chemical structure, dictating how electrons
are supplied for nitrate reduction. The efficiency of hetero-
trophic denitrification process depends on the types and
availability of organic carbons [11]. Although the denitri-
fication efficiencies by using pure chemicals like glucose,
methanol, or purified products of agricultural/industrial ori-
gin are significantly high, the high cost involved limits wide-
spread application. Solid-phase denitrification, employing
high-molecular-weight organic electron donors, has received
extensive attention in the context of removing NO;™~ from
groundwater and low carbon to nitrogen [C/N] ratio waste-
water. Although high N,O emissions from inadequate C/N
ratios and excessive sludge pose challenges for heterotrophic
denitrification, that can be resolved by a combined approach
of integrating both methods. This offers advantages includ-
ing lower sulfate/total organic carbon (TOC) in effluent, sta-
ble pH, and reduced N,O emissions. Mixed electron donors
exhibit better resilience to environmental changes [12].
Solid carbon sources used in the process of heterotrophic
denitrification can be artificially synthesized biopolymers
like poly (I-lactic acid) and polyvinyl alcohol [13] or in their
natural forms like wood chips and agricultural waste. Pri-
mary sludge formed in any wastewater treatment plant can
also be used as an external carbon source [14]. Agricultural
waste can be a good carbon source on a large scale because
of its enormous availability. It is a viable source due to its
natural cellulose composition, also containing a substantial
quantity of water-soluble compounds both on the surface
and within the materials. Consequently, it releases carbon
more quickly compared to artificial carbon sources [15, 16].
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Sanchez et al. analyzed the efficiency of different ligno-
cellulosic biomass during denitrification [17]. Similar to the
above-mentioned study, Long et al. reported corncob hydro-
lysate could remove 97% of total nitrogen. The authors also
identified potential microorganisms present in denitrifying
organisms [18]. Feng et al. studied solid-phase denitrifica-
tion in untreated and pre-treated rice hulls, rice straw, and
corn cob samples and revealed the presence of denitrifiers
and fermentative anaerobic bacteria [19]. Gao et al. and
Feng et al. reported that the release of carbon substrate from
lignocellulosic biomass declines with time-period [20, 21].
Zhang et al. and Sun et al. elucidated different pre-treatment
techniques to make cellulose and hemicellulose, etc., more
accessible to microbes, thereby increasing denitrification
efficiency [22, 23].

Even though quite a number of studies have been done on
denitrification process, the use of lignocellulosic biomass, as
carbon substrates for denitrification under different modes
of operation and its subsequent use as biofilm carrier, is
limited. Thus, the present study aimed to evaluate the per-
formance efficiency of three lignocellulosic biomass, i.e, rice
straw (RS), wheat straw (WS), and coconut shell (CS) as
well as their combination thereof in terms of nitrate removal
from wastewater. Preliminary experiments were performed
under batch mode followed by continuous mode to analyze
their effect as biofilm carriers for heterotrophic denitrify-
ing microorganisms. The study also identifies the potential
microorganisms along with their biochemical characteristics
to explore their underlying mechanism of action. Overall,
the study portrays a cost-effective application of agricultural
residues which are otherwise burnt, causing air-pollution
and chronic diseases. The research would act as guideline
for stakeholders to establish sustainable waste to resource
recovery-based circular bio-economy.

2 Materials and methods
2.1 Organic carbon sources and nitrate solution

Agricultural wastes like rice straw (RS), wheat straw (WS),
and tender coconut shells (CS) were collected from fields
of villages like Rakhra and Dadhera near Patiala, which
were then thoroughly washed, dried, and cut into smaller
pieces prior to their use as the primary carbon sources for
denitrifying bacteria. These specific carbon sources were
chosen owing to their different degrees of biodegradation.
A proper mix of easy and tough degrading substances was
chosen for longevity in carbon supply for the denitrification
process. Synthetic nitrate stock solution of 1000 ppm was
prepared by dissolving 1.631 g of potassium nitrate (KNO;)
to 1 L of water. Working volumes of 75 ppm nitrate was pre-
pared by further diluting the stock solution. Since domestic
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wastewater contains 30 to 70 ppm nitrate, a slightly higher
nitrate concentration was selected for denitrification experi-
ments. The reason for selecting the specific nitrate concen-
tration could furthermore be corroborated with the positive
correlation between nitrate content and the abundance of
denitrifiers, accompanied by a simultaneous decline in the
population of nitrifying microorganisms as observed by Nair
et al. [24].

2.2 Batch and column mode experimental design
for denitrification

Five flasks were prepared with different quantities of RS,
WS, and CS, and two flasks were taken with the mixture
of these mentioned agricultural wastes as represented in
Table 1 for batch-mode experiments. Twenty-five milliliters
of collected sludge from a domestic sewage treatment plant
was used as starter inoculum. Finally, 100 mL of working
solution of 75 ppm nitrate solution was added in the whole
mixture. The flasks were incubated at 120 rpm and at 37 °C.
Similar experiments were replicated in closed wash bottles
by adding 6 g of each agricultural wastes and 100 mL of 75
ppm nitrate solution under anoxic conditions. All the experi-
ments were conducted in triplicates. In case of continuous
mode of operation in column reactors, 27-g CS, 13-g WS,
and 10-g RS were packed in a polyacrylic column to up to
10-cm height of total 50-cm length column having 10-cm
diameter. Two hundred milliliters of sludge with mixed liq-
uor suspended solids (MLSS) and mixed liquor volatile sus-
pended solids (MLVSS) of 143.8 and 30.04 g/L respectively,
were added to the column. It was left undisturbed to get
acclimatized for 2—3 weeks for microbial growth and attach-
ment to the solid carbon sources. The column was operated
in up flow mode with a flow rate of 1 mL/min, resulting in
a hydraulic retention time (HRT) of approximately 20 h.
All the experimental set-ups are displayed in Fig. 1. Sam-
ples were withdrawn every 5 days and filtered prior to the

analysis of residual nitrate concentrations. Nitrate removal
efficiency (RE) was calculated using Eq. (1):

RE (%) = ((C, - C.)/C,) ey

where, Cj and C, are the influent and effluent nitrate con-
centrations (mg/L), respectively.

2.3 Isolation, identification, and characterization
of denitrifying bacteria from column reactor

At the end of the continuous operation, partially degraded
waste organic solid samples were collected from the col-
umn for analysis of inhabitant denitrifying microorganisms
present in the biomass. After centrifuging a 10 mL sample
at 10,000 rpm for 10 min at room temperature, appropri-
ate dilution of the sample was spread plated using selective
denitrifying media (HiMedia Nitrate Broth SKU- LQO083)
and were incubated for 24—48 h for further growth. Colo-
nies exhibiting most dominant presence were selected,
and pure culture was established. Finally, pure culture of
isolates was used for further biochemical characterization
and molecular identification. Genomic DNA was extracted
by using HiPurA Bacterial DNA purification spin column
kit (MB505-250PR, HiMedia, India) and checked on 1%
agarose gel electrophoresis. PCR amplification of bacte-
rial specific 16s rRNA gene (1500 bp) was carried out by
using primers F27 (5’AGAGTTTGATCMTGGCTCAG 3')
and 1492R (5' GGTTACCTTGTT ACGACTT 3') [17]. The
PCR reaction was performed in 25 pL volume containing
12.5 pL EmeraldAmp GT PCR Master Mix, 2Xx (Takara Bio
USA), 1 pL DNA template (50-100 ng), 1.25 pL (10 pM) of
each primer (forward and reverse), and 9 pL of free-nuclease
water. PCR amplification was performed using Applied Bio-
systems Veriti Thermal Cycler as follows: denaturation at
94 °C for 5 min followed by 34 cycles of 94 °C for 30 s,
55 °C for 30 s, and 72 °C for 1.30 min, and a final cycle at

Table 1 Details of experimental

. i £ Objects Solid carbon sources Sludge Nitrate solution  Redox condition

design for denitrification under

batch and continuous mode WS CS RS
Flask 1 8g -- -- 25 mL 100 mL Aerobic/anoxic
Flask 2 -- 8g -- 25 mL 100 mL Aerobic/anoxic
Flask 3 10g - -- 25 mL 100 mL Aerobic/anoxic
Flask 4 -- 10g - 25 mL 100 mL Aerobic/anoxic
Flask 5 S5¢g S5¢g - 25 mL 100 mL Aerobic/anoxic
Flask 6 35g 35g 35g 25mL 100 mL Aerobic/anoxic
Flask 7 - -- 8g 25 mL 100 mL Aerobic/anoxic
Wash bottle 1 6¢g -- - Liquid contents of flask 1 100 mL Anoxic
Wash bottle 2 -- 6g - Liquid contents of flask 1 100 mL Anoxic
Wash bottle 3 -- -- 6g Liquid contents of flask 1 100 mL Anoxic
Column 13g 27g 10g 200 mL Upto 10 cm Anoxic
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(b)
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Fig. 1 Batch experiments carried out in a flasks, b wash bottles, ¢ column experiment with continuous supply of 75 ppm nitrate solution

72 °C for 7 min. PCR products were detected by staining
with GelRed Nucleic Acid Gel Stain on 1% agarose elec-
trophoresis gel in (1x) TBE buffer and visualized under UV
transilluminator (Protein Simple Red Imager SA-1000). PCR
product was purified using Exonuclease I and Shrimp Alka-
line Phosphatase Purification Kit (New England Biolabs,
Inc) and cycle sequenced using the BigDye Terminator v.3.1
Cycle Sequencing Kit (Applied Biosystems, USA) with con-
ditions as follows: denaturation at 96 °C for 1 min followed
by 28 cycles of 96 °C for 1 min, 50 °C for 5 s, and 60 °C
for 4 min. Cycle sequenced amplicons were purified using
sodium acetate ethanol method (Thermo Fisher Scientific)
and sequencing reactions were run on a 3500XL Genetic
Analyzer (Applied Biosystems, USA). Sequencing files
(.abl) edited using BioEdit and further analyzed by Basic
Local Alignment Search Tool (BLAST) with closest culture
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sequence retrieved from the National Center for Biotechnol-
ogy Information (NCBI) database that finds regions of local
similarity between sequences [25]. Finally, phylogenetic tree
was constructed using neighbor-joining method in MEGA
2.0 software. The biochemical characterization of the pure
isolates was done by KB002 HiAssorted™ Biochemical test
kit (Himedia).

2.4 Analytical techniques

Nitrate measurement was done by sodium salicylate
method in which 10 mL sample was taken and mixed with
1 mL of freshly prepared 1% sodium salicylate solution
followed by evaporation at 100 °C. The residues were dis-
solved by adding 1 mL of concentrated H,SO, followed by
addition of 7 mL 10 M NaOH. The final volume was made
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up to 50 mL, and after 10 min of incubation time, optical
density of the samples were measured at 410 nm using a
UV-visible spectrophotometer [26, 27]. Surface elemen-
tal distribution/analysis of solid organic carbon sources
before and after denitrification was monitored using
field emission scanning electron microscope (FESEM),
equipped with EDS at an accelerating voltage of 15 KV.
The functional groups were analyzed via Fourier trans-
form infrared spectroscopy (FTIR) spectra of potassium
bromide (KBr) pellets containing organic carbon sample
(2 mg sample in 200-mg KBr) in FTIR spectrophotom-
eter by setting the scanning range of 500-4000 cm™" with
resolution of 4 cm™! and a scanning rate of 64 scans per
minute. The X-ray diffraction (XRD) analysis was carried
out in the 260 range of 15-70° in an X-ray diffractometer
at room temperature, with Cu Ka radiation operated at
40-KV voltage, 40-mAmp current, scan speed of 3° min~!
and step size of 1 s.
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3 Results and discussion

3.1 Denitrification assessment under batch mode
of operation

3.1.1 Denitrification studies in flasks

Nitrate concentrations in the flasks were monitored for 95
days, primarily at intervals of 5 days as shown in Fig. 2.
On the days indicated by an asterisk (*), 75 ppm of nitrate
solution was added because these flasks were operated in
batch mode. All the waste solid carbon sources effectively
reduced nitrate concentration in the first 25 days; RS had
the highest efficiency of nitrate removal corresponding to
a value of 94.9%. In contrast to RS, WS is a delayed car-
bon release waste organic source. Despite the presence of
sufficient carbon sources, the smooth surface of WS hin-
dered the attachment of hydrolysis and denitrifying bacteria,
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Fig.2 a Variation of nitrate concentrate in flasks 1, 2, and 7. b Variation of nitrate concentrate in flasks 3 and 4. ¢ Variation of nitrate concen-

trate in flasks 5 and 6. d Variation of nitrate concentrate in wash bottles
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resulting in inadequate nitrate removal efficiency [28]. Due
to this, flasks 1 and 3 maintained removal efficiencies that
were significantly greater, at 75.2% and 68.6%, respectively.
RS exhibits a greater total organic carbon (TOC) release
than WS, signifying a more rapid carbon release. This leads
to the gradual detachment of carbon-containing small mol-
ecules adhered to the material’s surface and the release of
easily soluble small molecules. As the carbon-containing
small molecules within the carbon source materials decom-
pose further and leach into the water, complex decompos-
able compounds such as hemi lignin and lignin accumulate.
Consequently, this decreases the decomposition rate over
time [29]. For the first 15 days, flask with all three substrates
removed nitrate more effectively than the flask with just two
substrates, but after that, the trend reversed. Because WS
and CS were present in higher concentration in flask 5 for
the remaining days, and bacteria probably only relied on
them after the carbon supply from RS was exhausted, flask
6 eliminated nitrate more effectively. When batch modes of
identical solid carbon sources (SCS) were examined, one
with the higher concentration was more effective. Because
of this, flasks 3 and 4 (Fig. 2b) both attained their maximum
efficiency of 91.8% (WS) and 89.9% (CS). In a comparable
investigation conducted by Yuan et al. it was demonstrated
that the utilization of Ca(OH),-pretreated rice straw facili-
tated the denitrification process in the treatment of swine
wastewater. This enhancement significantly improved the
nitrogen removal efficiency of the reactors. The applica-
tion of Ca(OH),-pretreated rice straw resulted in a notable
increase of 13.54% in the removal efficiency, reaching up
to 96.39%. This was in stark contrast to the untreated rice
straw, which exhibited a denitrification efficiency of 82.85%
[30].

3.1.2 Denitrification studies in wash bottles

Under anoxic condition, WS demonstrated the best sustained
nitrate removal capability, with a maximum efficiency of
72.6%. After day 13, the addition of nitrate solution causes the
nitrate concentration to rise. The highest levels of efficiency
that CS and RS could reach were 60.3% and 58.6%, respec-
tively as demonstrated in Fig. 2d. Because the breakdown of
the carbon source gives the nitrate solution a dark appearance,
greater optical density (OD) values were observed. Since RS
degrades more quickly than the other two agricultural wastes,
a greater OD value was seen, which corresponded to a higher
concentration of coloring substances produced during biodeg-
radation of RS. Likewise, in a study conducted by Feng et al.
alkali-treated rice straw systems were employed to enhance
the performance of NO5-N removal. The research revealed
a consistently stable operational phase with nitrate removal
efficiencies exceeding 90%. However, it was observed that the
use of alkali-treated rice straw had detrimental effects on the
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long-term operational performance for nitrate removal, leading
to a decline to below 80% over time [19].

3.2 Denitrification assessment under column mode
of operation

The continuous mode of experiment was continued over
a period of 40-45 days. In the first 10 days, denitrifying
efficiency of the column was very low, with the effluent’s
nitrate concentration being 46.7 and 33 mg/L on day 7 and
day 10 respectively. On day 20, a maximum denitrification
efficiency of 96.13% was achieved as shown in Fig. 3. This
demonstrates that continuous operation improves nitrate
removal because of the stable biofilm establishment inside
the column. A considerably higher nitrate concentration in
effluent was seen whenever the process stopped. However,
after the first 10 days, an efficiency of more than 90% was
achieved in maintaining nitrate concentrations lower than 10
mg/L throughout the following 41 days.

3.3 Characterization of waste organic solids
before and after denitrification

3.3.1 Surface morphology analysis by scanning electron
microscopy (SEM)

The development of biofilm is significantly impacted by
waste organic solid’s surface properties. Analyzing the vari-
ations between a carbon source’s surface before and after
denitrification reveals information about the solid carbon
source’s degradation, porosity, microbial proliferation, and
evenness [10]. Untreated RS’s smooth surface signifies
lignin coverage, while a sample from a column’s rough sur-
face denotes the breakdown of lignin walls, which enhances
the porosity of RS fibers (Fig. 4a). Broken cellulose and
pores in cell walls were visible in treated WS’s images
(Fig. 4b). In such damaged WS cells, further magnification
revealed the presence of microorganisms. The presence of
roughness on the surface of the RS leads to an increase in
its outer surface area, hence facilitating the production of
bacterial biofilms. When comparing fresh straw with bio-
film-detached straw, it was observed that the latter had a
rough and uneven surface, characterized by the presence of
dents and hollows resulting from the deterioration caused by
microorganisms. The findings of this study indicate that both
materials exhibit favorable characteristics as biofilm carriers
for the development and utilization of microorganisms [31].

3.3.2 Energy dispersive X-ray spectroscopy (EDS)
characterization of surface elemental content

As evident from Table 2, the results revealed that the car-
bon content increased in both RS and WS samples after
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Fig. 3 Variation of nitrate con- 1
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denitrification as compared to the samples before denitrifica-
tion. The carbon content of rice straw-raw (RSR) and wheat
straw-raw (WSR) was measured to be 24.63% and 43.19%,
respectively whereas the corresponding carbon content of
rice straw-column (RSC) and wheat straw-column (WSC)
was observed to be 45.69% and 49.8%, respectively. The
observed trend is obvious since the formation of biofilm
on the surface of waste organic sources contributed to the
overall carbon content of the substrates [32]. This increased
carbon content of the RSC and WSC is further supporting
the biofilm formation as evidenced from the SEM images.
Unlike the carbon content, both RSC and WSC displayed a
reduced mass percentage of potassium (K), suggesting that
the potassium within the biomass utilized would likely be
released into the water during the immersion process [33].

3.3.3 Functional group analysis through Fourier transform
infrared (FTIR) spectroscopy

The diverse molecular bending and stretching of chemi-
cal groups in the lignocellulosic biomass before and after
denitrification are represented by different FTIR peaks. In
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WS, the peaks between 2900 and 2850 cm™" represent ali-
phatic groups; the difference in intensities of these peaks
indicates either pure or amorphous cellulose [34]. Peak at
1640 cm™! corresponds to different concentrations of car-
boxylates. Peaks around 1500 cm™! indicate lignin content.
O-H stretching of hydrogen bonds is represented by a broad
band of tiny peaks between 3200 and 3400 cm™! [35, 36].
C-N bond stretching has been attributed to the peak near
2920 cm™! [37]. These bands signify modifications to the
cellulose structure. Peak 1445 cm™' is associated with CH,
bending. In RS, lignin is seen towards the peaks of 1300

m~!. Sharp peaks around 1000 cm™' as shown in Fig. 5
imply glycosidic interactions [38]. Peak at 1630 cm™" indi-
cates formation of carboxylic acids and esters, and a sig-
nificant rise in that peak is observed on treated RS. These
results show the utilization of the lignin and hemicellulose
from the RS and WS fibers. Microbial biomass deposition
has the potential to elevate specific FTIR peaks in lignocel-
lulosic biomass. As microorganisms utilize the lignocellu-
losic biomass as substrates and generate their own biomass
during solid-phase denitrification, the resulting microbial
biomass introduces unique composition and functional
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Fig.4 SEM images of RS a before and b after denitrification. SEM images of WS ¢ before and d after denitrification

Table 2 Elemental composition of organic carbons before and after
denitrification

Element At. no. Mass %

RSR RSC WSR WSC
C 6 24.63 45.69 43.19 49.80
(0] 8 44.99 40.14 46.21 39.79
Na 11 0.64 0.74 0.18 0.07
Si 14 21.37 8.39 3.36 3.72
K 19 1.24 0.84 4.10 0.59
N 7 1.85 0.00 2.68 2.89
S 16 0.09 0.24 0.28 0.19
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groups, leading to additional peaks in the FTIR spectrum.
Consequently, when analyzing FTIR spectra of lignocellu-
losic biomass post solid-state fermentation, it is essential
to consider both the original biomass composition and the
supplementary peaks arising from microbial biomass. This
comprehensive approach allows for a better understanding
of the overall changes occurring during the solid phase deni-
trification process.

3.3.4 Surface crystallinity through XRD (X-ray diffraction)
analysis

The change in crystallinity or amorphous nature of the
waste organic solids before and after denitrification was



Biomass Conversion and Biorefinery

Fig.5 FTIR spectra of solid
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monitored via X-ray diffraction. The diffractograms of
RSR and RSC exhibited two major reflections at 260 around
22 °C and 35 °C as depicted in Fig. 6 [39]. Similarly, the
X-ray diffractograms of WSR and WSC also exhibited two
major reflections at 260 around 22 and 35 °C. The peak at
22 °C indicated the higher exposure of cellulose in both
the samples whereas the broad hump appeared around 35
°C might be due to amorphous cellulose [40]. The varia-
tions in the crystal structures of the waste organic solids
might be attributed to the microbial enzymatic mediated
biodegradation of the lignocellulosic biomass [41]. When

Wavenumbers (cm™)

microbial biomass is deposited on lignocellulosic biomass,
microbial communities can produce various enzymes, such
as cellulases and hemicellulases, that can degrade the lig-
nocellulosic components. The enzymatic degradation can
lead to the removal of amorphous regions, breaking down
hemicellulose and lignin, and exposing more crystalline
cellulose. As a result, the crystallinity index of the ligno-
cellulosic biomass may increase [42]. This finding further
supports the utilization of the waste organic solids as car-
bon sources for heterotrophic denitrification.
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Fig.6 XRD spectra of solid
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3.3.5 Isolation and characterization of denitrifying
microorganisms

Two dominant colonies were isolated during the sampling

from column bioreactor. Both isolates can be seen visibly
based on their colony pigmentation as shown in Fig. 7. One

@ Springer

Diffraction angle (20)

isolate was found to be of yellow color whereas the other
was of red color. Testing for the generation of hydrogen
sulfide, methyl red, citric acid consumption, and carbohy-
drate fermentation were performed. The yellow color iso-
lates exhibited nitrate reduction and carbohydrate utilization
ability (Table 3). Likewise, the red color isolate exhibited
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Fig. 7 Isolation of bacterial colonies from denitrifying column

Table 3 Biochemical analysis of red and yellow bacterial colonies

Yellow
colony

S. no. Test Red colony

Citrate utilization -
Lysine utilization -

+ +

Ornithine utilization -

Urease -

Phenylalanine Deamination -
Nitrate reduction

+
+

H,S production
Glucose
Adonitol
Lactose

O 00 N N Lt AW N~

==
+ + +
|

Arabinose - +
Sorbitol - —

—
[\

(a) = { NR 115251.1 Cellulosimicrobium cellulans strain ATCC 12830
NR 119095.1 Cellulosimicrobium cellulans strain DSM 43879
L— NR 029291.1 Cellulosimicrobium cellulans strain DSM 43879

I

— NR 042937.1 Cellulosimicrobium funkei strain W6122

% | go { NR 146008.1 Cellulosimicrobium aquatile strain

Cellulosimicrobium sp. PRM-1

NR 180946.1 Cellulosimicrobium composti strain BIT-GX5

NR 115102.2 Krasilnikoviella flava strain CC 0387

3 NR 044070.1 Cellulosimicrobium terreum strain DS-61

L NR 112891.1 Luteimicrobium subarcticum strain R19-04

NR 146662.1 Cellulosimicrobium marinum strain RS-7-4

Fig.8 Phylogenetic tree of the isolated bacteria. a PRM-1. b PRM-2

amino acid utilization, nitrate reduction, and carbohydrate
utilization ability as shown in Table 3. The nitrate reduc-
tion ability of both the strain further supports the experi-
mental evidence of denitrification of this study [43]. Both
strains were subjected to DNA extraction and amplification
in this study using the universal primers 27F and 1492R. The
resulting PCR products were used to construct phylogenetic
trees, presented in Fig. 8. By performing BLASTN homol-
ogy searches on the NCBI database, it was found that strain
PRM-2 exhibited a close relationship with Rhodococcus spe-
cies, while strain PRM-1 was closely related to Cellulosimi-
crobium species. Further analysis using BLASTN revealed
that strain PRM-2 had a 99.93% homology with Rhodococ-
cus ruber (Accession no. NR_026185.1). A distinct linkage
between strain PRM-2 and Rhodococcus electrodiphilus
(Accession no. NR_179575.1) with 99.86% homology was
also observed. On the other hand, strain PRM-1 exhib-
ited 99.59% homology with Cellulosimicrobium cellulans
(Accession no. NR_119095) according to BLASTN search
results. The phylogenetic tree analysis indicated that strain
PRM-1 showed a close evolutionary relationship with Cel-
lulosimicrobium aquatile, with 99.45% homology. Phyloge-
netic tree has been commonly used in detecting homology
between different evolutionary-related microbial species
[44]. Rout et al. showed a close linkage of the identified
Bacillus cereus GS-5 strain for heterotrophic nitrifica-
tion and aerobic denitrification (HNAD) with Bacillus
cereus PNA-2 using phylogenetic analysis [45]. 16s rRNA
sequencing and maximum likelihood analysis resulted in the

(h) NR 115082.1 Rhodococcus phenolicus strain DSM
NR 041775.1 Rhodococcus zopfii strain DSM 44108
— NR 025208.1 Rhodococcus aetherivorans strain 10bc312

— '— NR 118619.1 Rhodococcus aetherivorans strain DSM 44752

— NR 026185.1 Rhodococcus ruber strain DSM 43338

— NR 179575.1 Rhodococcus electrodiphilus strain JC435

NR 118602.1 Rhodococcus ruber strain DSM 43338

NR 181751.1 Rhodococcus electrodiphilus strain JC435

Rhodococcus sp. PRM-2
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identification of Chryseobacterium haifense from abbatoir
wastewater with capacity of simultaneous heterotrophic
nitrification and aerobic denitrification [46].

4 Conclusions

Agricultural residues like rice straw, wheat straw, and
coconut shell have potential to act as promising carbon
substrates and biofilm carriers during solid phase deni-
trification in batch and continuous mode. Under aerobic/
anoxic conditions in flasks under batch mode, the nitrate
removal efficiency varied from 89.9% (CS) to 94.9% (WS).
The efficiency was found to decline further in wash bottles
under anoxic mode with sludge being replaced with efflu-
ent from shake flasks, owing to decline in organic load or
inoculum amount. Maximum nitrate removal efficiency of
96.13% was achieved under continuous mode of operation in
denitrifying column. Increased efficiency could be attributed
to the presence of more biomass, stable biofilm formation,
and the presence of both difficult and easy to degrade car-
bon sources, which ensure the immobilized microbes the
access to both fast and slow released carbon. The existence
of mixed waste organic solids, a favorable C/N ratio, and the
development of a stable biofilm of denitrifying bacteria man-
dated nitrate removal in both early and later days, contrib-
uted to the experiment’s longevity in the column. The bio-
degradation of lignocellulosic biomass resulting in biofilm
formation was further confirmed through changes in surface
morphology and microbial deposition as observed in SEM.
Increased carbon and decreased elemental content of carbon
and oxygen in EDS also corroborated the development of
biofilm during denitrification. Changes in surface functional
groups and crystallinity of cellulose analyzed via FTIR and
XRD also revealed hydrolysis of biomass, thereby promoting
microbial growth favoring denitrification. Microbial analysis
of the column after the completion of experimental period
revealed the involvement of limited consortium of active
denitrifiers (red and yellow isolates). Biochemical analysis
revealed the nitrate reduction potential of both red and yel-
low isolates, thereby confirming the experimental evidences
of denitrification of this study. Microbial sequencing and
phylogenetic analysis showed the presence of Rhodococ-
cus ruber and Cellulosimicrobium cellulans. The study
establishes the use of waste agricultural residues to act as
a low-cost solid state carbon substrate for promoting deni-
trification, thereby facilitating easier scale-up of efficient
wastewater treatment strategies.
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