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Abstract: Removal of nitrogen compound in wastewater has been successfully developed with
various activated sludge based processes. The microorganism immobilized on media enhanced
biological efficiency by increase in biomass concentration, however the microbial community
composition in the media was little revealed. A modified Ludzack-Ettinger (MLE) process was
operated with immobilized media with polyvinyl alcohol and polyethylene glycol. MLSS in aerobic
reactor was maintained at 50,000 mg/L and 40,000 mg/L in anoxic reactor by the media. 99% of
ammonium in influent was oxidized but organic nitrogen resulted from microbial growth reduced
total oxidation rate during the operation. Nitrate reduction rate increased by the addition of glucose
for C/N ratio adjustment to 4.5. Based on total nitrogen concentration, the removal efficiency of
nitrogen was 48.2% after C/N ratio adjustment, which showed the mid-range of nitrogen removal
efficiency in MLE. Microbial community composition was compared between aerobic and anoxic
media by NGS technique with V3-V4 region of 165 rRNA gene. Proteobacteria was the dominant
phylum both in aerobic and anoxic media, and the ratio was 39.7% in aerobic media and 65.9% in
anoxic media. Bacteroidetes was secondly largest phylum. The dominant genera in aerobic media
were Nitrospira and Povalibacter. Ratio of nitrification-related genera was 45%. On the contrary,
the dominant genera in anoxic media were Desulfomicrobium, Desulfobulbus, and
Methyloversatilis in sequence of dominance. Total genera related with denitrification, including
Dechloromonas and Flavobacterium amounted 63%. Population of microorganisms in each reactor
was compared in terms of diversity by QIIME 2 algorithm. The Chaol index values of a-diversity
were 606.05 and 415.53 for aerobic and anoxic media, respectively, which showed higher population
diversity in aerobic media than in anoxic. The microbiological community on the immobilized
aerobic and anoxic media would help future microbial studies in wastewater treatment process.

Keywords: MLE; nitrogen removal; immobilization; NGS

1. Introduction

Sewage and wastewater produced by population increase and industrialization has been treated
with advance in technology which mainly has been relied upon microbial activated sludge process
though precise operation was differently developed [1]. Nutrient removal, started from advanced
treatment, is nowadays considered into basic process for a design of plants [2-3]. Among the
nutrients, nitrogen is essential target of removal because of agricultural importance in over-nutrition
of soil and ecosystem conservation in terms of eutrophication [4]. Increased nitrogen load on water
and soil resulted from less-treated wastewater and sludge also has been negative impact with the
viewpoint of mitigation in climate change and attainment in the carbon-neutral [5-7].
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Techniques to remove nitrogen in the wastewater include physical adsorption, membrane
filtration, chemical precipitation, and biological treatment [8-10]. Among the techniques, biological
treatment has been widely adopted for its advantage that there needs no or less chemicals and
facilities and that it based upon ecological principle with an application of existing activated sludge
process [11-12]. One of the simplest biological treatment process for nitrogen removal is modified
Ludzack-Ettinger (MLE) process but it shows relatively low efficiency of nitrogen removal than
University of Cape Town (UCT) process or Virginia Initiative Plant (VIP) process [13-15]. High
concentrations of microorganism to overcome low removal efficiency and to reduce sludge
production could be reached by the addition of media for attachment of microorganism [16-17].
Materials frequently used for the immobilization were high molecular weight compound either of
natural origin or synthetically manufactured product, such as natural alginate, collagen, and gelatin,
or synthetic polyvinyl alcohol (PVA), polyacrylamide, and polyethylene glycol (PEG) [18-20].

Study on the nitrogen removal microorganisms has been mainly focused on bacteria divided
groups of ammonia oxidizer (AOB), nitite oxidizer (NOB), and denitrifier [21-22]. Simultaneous
ammonia and nitrite oxidizer and archaea (AOA and NOA) have been also discovered and studied,
which made the understanding of nitrogen metabolism broad and wide [23-24]. Rapid development
in the field of molecular biological techniques with bioinformatics made it possible [25-28].

Most of researches about nitrogen removal microorganisms in wastewater treatment process has
been done on the bacteria with suspended growth because of their advantage in sample preparation
step with easy. As processes with attached growing bacteria increase, however, the limited results
from suspended growth could not resolve the true nature of microbial community involved in the
nitrogen metabolism[29-30]. In this study, MLE process with the use of media and immobilized
microorganism was operated and phylogentic analysis of microorganism was performed in terms of
nitrogen removal with diversity in reactors.

2. Materials and Methods
2.1. Reactor Design and Immobilization of Microorganisms

A facility of modified Ludzack-Ettinger process was designed and constructed in laboratory-
scales. Sewage passed through screen in ] Wastewater Treatment Plant (159,000 m'/d of treatment
capacity; located in Seoul Metropolitan City, Republic of Korea) was introduced anoxic reactor (6 L)
followed by aerobic reactor (10 L). Rate of internal return from aerobic reactor to anoxic reactor was
the double of inflow rate (2Q) and hydraulic retention time (HRT) was 6 hours for each of the reactors.
Glucose as an additional carbon source for the adjustment of C/N ratio equals to 4.5 was added
continuously after 25 days of operation. The total operation was carried out by 50 days. Mean
concentrations of carbon (as Total Organic Carbon) and nitrogen (as Total Kjeldahl Nitrogen) were
15.7 mg/L and 31.2 mg/L, respectively (Table 1).

Table 1. Characteristics of influent wastewater.

Components Range(mg/L) Mean(mg/L)

Chemical Oxygen Demand (Cr) 67.0 —201.0 129.1
Total Organic Carbon 7.8 -26.1 15.7
Ammonium (NH4+-N) 15.0 - 31.6 24.8
Nitrate (NO3--N) 0.0-1.0 0.2

Total Kjeldahl Nitrogen 21.0 - 40.9 31.2
Total Nitrogen 21.0 - 40.9 31.4

Total Phosphorus 1.85-5.35 3.40
Suspended Solids 9.5 —158.6 64.1

Media for immobilization of microorganisms were constructed with polyvinyl alcohol (PVA)
and polyethylene glycol (PEG). Centrifuged activated sludge from ] Wastewater Treatment Plant was
mixed (20%, v/v) with PVA and PEG, and activated media after formation, cross-linking, and
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stabilization was introduced to anoxic and aerobic reactors (Table 2). Immobilized media was
suspended in each reactor during operation with the concentrations of mixed liquor suspended solids
(MLSS) at 50,000 mg/L for aerobic reactor and 40,000 mg/L for anoxic, and concentrations of mixed
liquor volatile suspended solids (MLVSS) were 4,300 mg/L and 5,800 mg/L for aerobic and anoxic
reactor, respectively.

Table 2. Immobilization process.

Process Method
Media preparation  Polyvinyl alcohol(20%, v/v) + Polyethylene glycol(15%, v/v)
Centrifugation of activated sludge from aeration reactor(10%,

Activated sludge mix

v/v)
Formation of media Addition of mixtures into Teflon mold((® 7mm, H 1 mm)
Drying 30°C, 2 hrs
oo Stirring 1 hr in 40~50°C of saturated boric acid with 2% of
Cross-linking
CaCl2
Stabilization Stirring 1 hr in 0.5 M of KH2PO4 solution
Washing With distilled water
Activation Incubation sequentially in LB broth, and synthetic
wastewater

2.2. Microbiological Community Analysis

Genomic DNA was extracted with PowerSoil DNA Isolation Kit (Mo Bio Laboratories, Carlsbad,
CA) after biomass was detached from media. Quantification of DNA with PicoGreen (Invitrogen,
Corvallis, OR) fluorescent dye and measurement of size with Agilient 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA) was done with quality control procedures. Microbial community
analysis by Next Generation Sequencing (NGS) was performed with Illumina 16S metagenomics
sequencing library protocol under MiSeq platform (Illumina, San Diego, CA). The target region of
16S rRNA gene was V3-V4, and PCR protocols with primers used were the same with a literature
[31]. Total number of base pairs sequenced were 160 Mbp and 119 Mbp from aerobic and anoxic
reactors, respectively. After paired-end sequencing, 531,188 bp from aerobic reactors and 396,844 bp
from anoxic reactor was confirmed. Confirmed base pairs were assembled after MiSeq platform
produced pieces of reads and sequencing bias from reads were removed through pre-processing.
Finally sequences without error were clustered and used for the production of Operational
Taxonomic Units (OTUs) based on sequence similarities. Total numbers of OTUs were 594 from
aerobic reactor and 375 from anoxic. Identification of each OUT was carried out under phylum- and
genus-level. Comparison of community diversity between aerobic and anoxic reactors were
performed by algorithms provided by QIIME 2 [32].

3. Results and Discussion
3.1. Nitrogen Removal Efficiency of MLE Process

Concentrations of nitrogen components during the operation period were varied as Figure 1.
Most of ammonium in influent was oxidized and showed 0.21 mg/L of mean concentration in the
effluent, which is 1% of the influent concentration. High oxidation rate of ammonia seemed to be due
to high concentration of mixed liquor suspended solid, mainly microorganisms attached to media.
Meanwhile concentrations of total Kjeldahl nitrogen, the sum of inorganic and organic ammonium
component, showed relatively higher values than those of inorganic ammonium. Mean TKN
concentration in effluent during the first 25 days when there was no adjustment of C/N ratio was 3.48
mg/L which was lower than 7.56 mg/L when C/N ratio was adjusted to 4.5. It was assumed that
organic ammonium resulted from biomass of attached microorganism was rapidly produced while
inorganic ammonium oxidation proceeded, so ammonium dissimilation seemed to be rate-limiting
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step in nitrification. In addition, the higher C/N ratio stimulated growth of media-attached
microorganisms, mostly nitrifying bacteria [33], so more rapid growth affected higher concentration
of TNK in effluent.

Nitrate, oxidized product of ammonium, were increased in the aerobic reactor with the mean
concentration of 18.45 mg/L during the first 25 days and decreased to 10.25 mg/L after C/N ratio
adjustment. The different nitrate concentrations between with and without C/N ratio adjustment
showed that denitrification activity in anoxic reactor was enhanced by increase of C/N ratio.
Comparison of total nitrogen concentration between the two periods (21.9 mg/L without C/N
adjustment vs. 17.8 mg/L with adjustment) supported these explanation. The mass balance of
nitrogen was as follows; 24.8 mg/L of inorganic ammonium and 6.4 mg/L of organic ammonium was
introduced into the reactors with 0.2 mg/L of nitrate, more than 48% of organic ammonium (with no
consideration of increase in biomass) was converted into inorganic ammonium and 63% of them was
oxidized to nitrate. Afterwards 30% of them, more than half of oxidized nitrate, was denitrified
during first 25 days (without C/N ratio adjustment). On the other hand, after running on C/N ratio
adjustment, more than 43% of nitrate was denitrified with no consideration of newly developed
biomass, which showed that addition of glucose as a raising method of C/N ratio stimulated
microorganism growth and activities both of nitrification and denitrification. The precise amount of
biomass increase and conversion of organic to inorganic ammonium and thereafter oxidation to
nitrate followed by denitrification needed to be analyzed. In this study, focus was made on the
microorganism community.
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Figure 1. Concentrations of NH4*-N (a), TKN (b), NOs-N (c), and T-N (d) during the operation time.
The closed and open circles represent influent and effluent, respectively.

The removal efficiency of nitrogen based on total nitrogen effluent to influent was calculated by
25.5% during first 25 days when there was no C/N ratio adjustment, and 48.2% after adjustment. MLE
process relies on the principle that nitrogen in wastewater with oxidation state of -3 (organic and
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inorganic ammonium) is firstly oxidized to +5 of nitrate in the aerobic reactor, then it is returned to
anoxic reactor expecting denitrifier to reduce nitrate into molecular nitrogen of 0 oxidation state [14].
Electron donors required to reduce nitrate should be provided with influent, however simultaneous
mixing of influent with internally recycled wastewater disturbs microbial metabolism both of nitrifier
and denitrifier. In spite of this drawback of not-high efficiency of nitrogen removal, simple and
economic aspects have been made the MLE process used widely spread [15]. Addition of extraneous
carbon source and control of internal cycling ratio can enhance efficiencies both of carbon and
nitrogen removal [13]. We could obtain 47% of increased nitrogen removal efficiency with the
addition of glucose within the limit of MLE process. High rate of inorganic ammonium oxidation was
another characteristics of the study. It was possible to obtain high rate of ammonium oxidation and
medium rate of denitrification with the maintenance of high microorganism concentrations through
media.

3.2. Microbial Communities in the Immobilized Media

Analysis of media surface whether microbial immobilization was stable could be visualized by
Scanning electron microscope (Figure 2). Large numbers of holes in media were observed (Figure 2a).

The internal hoe size was measured from 6 um to 15 um. It was announced that dominant growth of

bacteria was easier than that of protozoa or metazoans in the pore size less than 15 pm [33]. Highly
distributed small pore made it possible to transfer oxygen and substrates hence to stimulate growth
of microorganisms [34]. More magnified images showed growth of coccus (Figure 1b) and rods
(Figure 1c), which supported media constructed with polyvinyl alcohol and polyethylene glycol
could successfully enhance immobilization and help regional colonization of various microorganism.
The metabolic activities for each microorganism visualized only could be confirmed by cultivation
but it is impossible because each microorganism has different requirement in nutritional component
or growth condition for isolation and cultivation. Molecular approach is the most available method
to identify lots of microbial community, rapidly and simultaneously [35]. Immobilized media was
taken from each reactor and DNA extraction was done followed by NGS analysis to compare
microbial community composition.
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Figure 2. Scanning Electron Microscope (SEM) images with x 500(a), x 3,000(b), and x 5,000(c) of
media.
3.3. Microbial Community Analysis Using NGS

Fully sequenced and aligned taxonomic units (OTUs) by NGS were firstly classified in phylum
level (Figure 3). Proteobacteria was the dominant phylum both in aerobic and anoxic media, and the
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ratio was 39.7% in aerobic media and 65.9% in anoxic media. Bacteroidetes was secondly largest
phylum. Mostly different characteristics between the two reactors were Nitrospirae which had
relatively larger percentages of 17.9% in aerobic media than that of 0.13% in anoxic. In addition,
Verrucomicrobia showed more percentage of 7.8% in aerobic media than anoxic media of 0.63%.
Though true nature of microbial metabolism is incomplete with only phylum-level classification,
relative abundance of nitrifying group in aerobic media and of denitrifying group in anoxic could
explain different colonization phenomena. Large group of the ammonia oxidizing bacteria (AOB)
and nitrite oxidizing bacteria (NOB) are contained in either phylum of Proteobacteria or Nitrospirae,
whereas large species of denitrifying bacteria are classified in Proteobacteria or Bacteroidetes [36].
Phylum-level diversity was also higher in aerobic media microorganisms which showed
heterotrophic bacteria also colonized in aerobic condition.

B Acidobacteria
B Actinobacteria
Bacteroidetes
Anoxic media 22.54 B Chlamydiae
B Chloroflexi
B Cyanobacteria
B Firmicutes

B Gemmatimonadetes

W Nitrospirae
Aerobic media 2027 WRVAL B Planctomycetes
B Proteobacteria

B Spirochaetes
B Synergistetes
0% 25% 50% 75% 100% M Verrucomicrobia

Composition ratio M etc.

Figure 3. Composition of microorganism phylum immobilized to anoxic and aerobic media.

Genus-level classification could give more information to the community composition. Further
comparison of microbial genera between aerobic and anoxic media was performed with same OTUs
with phylum-level analysis (Figure 4). The dominant genera in aerobic media were Nitrospira and
Povalibacter (Figure 4b). Nitrospira is one of the representative genera of nitrite oxidizing bacteria
[37], and Povalibacter is a heterotrophic bacteria of nitrogen oxidation in aerobic environment and
was reported to involve in denitrification [38]. Other nitrogen oxidizing microorganisms reported
were also found in aerobic media as follows; Nitrosomonas is representative ammonia oxidizing
bacteria [39], Steroidobacter is nitrifying, denitrifying, and phosphorus-accumulating organism [40],
both Azoarcus and Geobacter are simultaneous nitrogen and phosphorus removal bacteria [40],
heterotrophic Lewinella and Chitinophaga can remove both COD and ammonium in 10 °C of low
temperature [41], Sphingomonas involves nitrification under low DO condition [42], Flavobacterium
announced as heterotrophic nitrifier [43], Dechloromonas [44], Paracoccus and Thauera [45] have
metabolic activities both of nitrification and denitrification, Rhizobium fix molecular nitrogen to
organic ammonium [46], and Methylobacterium also has similar metabolism with Rhizobium [47].
The total percentage of these nitrification-related microorganisms was 45% though each contribution
was small.
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On the contrary, the dominant genera in anoxic media were Desulfomicrobium, Desulfobulbus,
and Methyloversatilis in sequence of dominance. The firstly (19.3%) and secondly (14.0%) dominant
genera reported widely as a sulfate reducer were also actor as a nitrate reducer when nitrate existed
with sulfate in anaerobic condition because nitrate is better electron acceptor [48]. Methyloversatilis,
another dominant genus (12.0%), is also announced to involve in denitrification. Total genera related
with denitrification, including Dechloromonas and Flavobacterium,[49] amounted 63% of the total
genera analyzed.

It was reported that the community composition and dominant microorganisms varied with
growth status either attached or suspended, type of media if attached growth was prevalent, and
characteristics of substrate. Hence new processes could be developed with use of these different and
distinct microorganisms. Giraldo et al. [50-51] reported nitrification process with ammonium
oxidizing archaea (AOA) in a MBR process. Study on an aerobic granular sludge (AGS) process
showed that microorganisms growing in aggregated consortium structure had high resistance to
toxic compound and stress on load [52]. They also found genera of Leadbetterella, Thiotrhix, and
Acetoanaerobium were dominant the structure. However there was little studies on the attached
growth microorganisms, therefore this research on the immobilized aerobic and anoxic media would
help future microbial studies.
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Figure 4. Genera of microorganisms in anoxic(a) and aerobic(b) media.

3.4. Diversity of Microorganisms Immobilized to Media

rints202411.0085.v1

The QIIME 2 (Quantitative Insights Into Microbial Ecology) provided many open source
software to analyze sequencing data including a-diversity. The analysis use various index for

quantifying scores adequate to user’s purpose. Among the 18 measuring algorisms, pre-processing
was performed to select best-fit measures by comparison of correlation and normality. After
minimizing measures through EFA (Exploratory Factor Analysis) with z-score normalization,


https://doi.org/10.20944/preprints202411.0085.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 November 2024 d0i:10.20944/preprints202411.0085.v1

10

diversity index was calculated (Figure 5). The chaol index values of a-diversity were 606.05 and
415.53 for aerobic and anoxic media, respectively. These showed that total number of different
microorganisms in aerobic media exceeded more than 30% in anoxic media [53]. Other index,
Shannon and Inverse Simpson, also showed higher diversity of microorganism in aerobic media than
anoxic. Index imply that value of index number proportionally increase as increase in total number
and distinctiveness of microorganisms for both index Shannon and Inverse Simpson; Shannon index
was 5.87 in aerobic media, and 4.76 in anoxic media. Inverse Simpson index was 0.93 in aerobic and
0.91 in anoxic.

0.935

0.93
Anoxic media

0.925
0.92

Shannon

o B N W R OO N

0.915

Inverse simpson

Aerobic media
0.91

0.905

0 100 200 300 400 500 600 700 Anoxic media Aerobic media
Chaol Shannon —Inverse simpson

(b) Shannon and inverse simpson in
(a) Chaol index
dex

Figure 5. a-diversity analysis of microorganisms in anoxic and aerobic media.

4. Conclusions

Modified Ludzack-Ettinger process with microorganisms immobilized on media were operated.
Most of inorganic ammonium was oxidized to nitrate and denitrification efficiency was 48%.
Addition of external glucose for adjustment of C/N ratio to 4.5 showed increased rate of nitrification
and denitrification. Microbial communities were analyzed with NGS to compare microorganisms
attached to aerobic and anoxic media. Phylum-level identification showed that Proteobacteria and
Bacteroidetes were dominant both in aerobic and anoxic media. Nitrobacter and Povalibacter were
dominant genera in aerobic media with the proportion of 17.9% and 17.7%, respectively. Both genera
were known as nitrification. Other nitrogen oxidizing microorganisms including Nitrosomonas,
Flavobacterium, and Nitrobacter contributed to 45% of total identified genera in aerobic media.
Composition of Desulfomicrobium, Desulfobulbus, and Methyloversatilis in anoxic media was
19.3 %, 14.0 %, and 12.0 %, respectively. Other denitrification-related genera covered 63% of the total
microorganisms in anoxic media. The enhanced efficiency of nitrogen removal related with increase
of biomass in reactor primarily due to immobilization and most of increase proportion attributed to
nitrifying microorganism in aerobic and denitrifying microorganisms in anoxic media. Diversity in
microorganisms were higher in aerobic media than anoxic with the value of Chao1 of 606.05, Shannon
index of 5.86, and Inverse Simpson of 0.93 in aerobic than anoxic media.
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