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Abstract: A one-stage partial nitritation/anammox (PN/A) process with intermittent aeration is
possible under sidestream conditions, but implementation in a mainstream is a challenge due to
increased Carbon/Nitrogen (C/N) ratios in domestic wastewater. This study investigated the effect of
C/N ratios on process efficiency and the effect of narrowing non-aeration time on process improvement
at high chemical oxygen demand (COD) load. An increase in TN removal efficiency was achieved in
both series with gradual change of C/N ratio from 1 to 3, from 65.1% to 83.4% and 63.5% to 78% in 1st
and 2nd series, respectively. However, at the same time, the ammonium utilization rate (AUR) value
decreased with the increase in C/N ratio. At a high COD (C/N = 3) concentration, the process broke
down and regained productivity after narrowing the non-aeration time in both series. Shifts in the
system performance were also connected to adaptive changes in microbial community revealed by
data obtained from 165 rRNA NGS (next-generation sequencing), which showed intensive growth of
the bacteria with dominant heterotrophic metabolism and the decreasing ratio of autotrophic bacteria.
The study shows that deammonification is applicable to the mainstream provided that the C/N ratio
and the aeration/non-aeration time are optimized.
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1. Introduction

Ammonium is the main form of nitrogen (N) presented in the municipal wastewater. The most
commonly applied method of biological ammonia treatment to date is a conventional method involving
the combination of nitrification and denitrification processes. The conventional process is considered to
be effective, however, it has high operational costs due to high oxygen demand and commonly requires
the addition of an external carbon source to support the denitrification step [1,2]. Thus, alternative
solutions are intensively searched and investigated.

One of the most perspective technologies seems to be partial nitritation combined with the
anammox process (PN/A), mainly due to theoretically about 60% lower oxygen requirement compared
to the conventional process [3]. Moreover, demand for carbon sources could be reduced up to 100%,
excessive sludge production by about 90% and greenhouse gas emissions limitation is possible to
gain [4].

PN/A consists of two stages, where during the first, ammonium oxidizing bacteria (AOB) oxidize
around 50% of initial ammonium to nitrite under aerobic conditions, while during the second stage,
anaerobic ammonium oxidizing bacteria (AnAOB) oxidize residual NH4-N produced in previous
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step to NO,-N, under limited dissolved oxygen (DO) concentrations. In consequence, around 90% of
ammonium is converted to nitrogen gas (N;) while the remaining 10% to nitrate (NO3-N) [5,6]. One of
the most important challenges connected to PN/A implementation is the inhibition of nitrate oxidizing
bacteria (NOB) activity to prevent a full nitrification pathway which leads to nitrate production. While
in case of the side stream applications, under high N loads, NOB inhibition is possible due to presence
of free ammonium and/or nitrous acid, and in mainstream treatment, a novel strategies have to be
developed [7]. Periodic aeration is considered as a perspective approach in order to suppress NOB in
mainstream wastewater treatment, due to their inability to trigger appropriate metabolic pathways
in a relatively short time during the variable transition from anaerobic to aerobic conditions [8,9].
Variable aeration frequency benefits also AnAOB activity, especially for wastewater with a low C/N
ratio and large loads of ammonia [10,11]. However, oxygen supply has to be provided with attention,
on the one hand DO concentration has to be sufficient for partial NHy-N oxidation to NO,-N under
aerobic conditions, on the other hand its overdose leads to full nitrification and inhibits AnAOB
metabolism [12].

One of the examples of PN/A is the deammonification process, which has been widely applied for
the treatment of high-strength ammonium wastewater and reject water (sidestream application) with
low C/N ratios and elevated temperatures. Mainstream application of deammonifiaction i.e., to treat
domestic wastewater seems to be attractive due to relatively low operational costs and slow excessive
sludge production, however, unlike highly loaded wastewater, two issues have been identified. One
issue is connected to NHy4-N loads specified for domestic sewage, which is not sufficient to ensure NOB
inhibition with free ammonia (FA). The second issue is related to C/N ratio, while deammonifiaction
process efficiency relying on autotrophic bacteria activity (AOB and AnAOB); presence of elevated
organic compounds concentration is known inhibitor of their metabolism [11]. The second issue could
be solved by maintaining limited growth of heterotrophic denitrifies (HET) by applying effective
oxygen supply for decomposition of organic compounds. On other hand, by exceeding the threshold
of C/N ratio of organic matter loading rate, the intense growth of HET can lead to the wash-out of
AnAOB from the system, the growth rate of which is very slow [12]. The doubling time of AnAOB
ranges from 10 to 11 d at the maximum specific growth rate of 0.0027 h~!, thus, a long reactor start-up
time is required [13]. Another problematic issue over mainstream deammonifiaction is susceptibility
of AnAOB to external factors, such as DO and nitrite concentrations. By considering this, more
often, the deammonifiaction process is run in sequencing batch reactors (SBR), which contributes to
AnAOB cultivation due to easy and efficient biomass retention control, as well as reliable operation
and configuration simplicity.

Recently, the Simultaneous partial Nitritation, Anaerobic ammonium oxidation and Denitritation
process (SNAD) has also been developed, which is a combination of partial nitrification, anammox and
denitrification; it is successfully used to remove N and organic carbon in the single reactor [14]. Such
an approach was also successfully used for the treatment of industrial wastewater with a low C/N
ratio and high NH4-N concentration [15]. The desired SNAD system performance can be achieved at
DO concentration and a C/N ratio of 0.2-0.4 mgO,/L and 0.2-1.0 respectively at the same time [16].

There are many factors determining the technology used to remove N from wastewater, including
existing infrastructure, required level of N removal and sewage properties, especially the ratio
of C/N. The C/N ratio of wastewater usually ranges from 1:1 to 10:1, depending on the type of
pre-treatment processes [17,18]. It seems that the deammonification process has better performance
when biodegradable C/N ratio is lower than 0.5 [19]; however, there is a successful study which
revealed that long-term biomass adaptation enables one to obtain N removal up to 95% when the C/N
biodegradation ratio increased from 0.5 to 1.7 [9].

Moreover, the effectiveness of N removal in the deammonification process is influenced by the
three most important factors related to aeration: DO concentration, aeration strategy (continuous vs.
intermittent), aerobic to anaerobic phase duration ratio (R) and cycle length. For instance, a study [20]
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reflected that while at R = 1/3 and DO = 4 mg/L the highest N removal efficiency (69.5%) was obtained,
significantly lower N removal rates were observed at R = 1 and R = 3 despite DO concentration.

The influence of the C/N ratio on the PN/A process has been widely tested, but it has not been
associated with such factors as temperature and aeration strategy. The aim of this study was to examine
the impact of differential C/N ratios and differential intermittent aeration strategy on enhancing the
deammonification process rate at 20 °C. It was hypothesized that narrowing the non-aeration phase
at high C/N ratio (C/N = 3) would improve the efficiency of the deammonification process. Because
experiments were carried out over a period of more than 150 days, microbial community analysis
based on 16S rRNA next-generation Sequencing (NGS) were performed in order to assess the biomass
adaptation process in relation to the increased organic compound loads.

2. Materials and Methods

2.1. Laboratory Set-Up

The deammonification process was examined in a bench-scale sequencing batch reactor (SBR)
with a working volume of 10 dm?® during two series, where the 1st series lasted for 90 days, while
the 2nd series 64 days of the continuous system operation. The reactor was inoculated with biomass
derived from the previously performed long-term experiment on side stream reject water treatment
via the deammonification system. Reject water applied in previous studies were synthetic without
carbon source addition. The system was equipped with a thermostatic jacket to maintain a constant
temperature of 20 + 1 °C in both series. The aeration was controlled with an aeration system consisting of
an air pump (Mistral 200, Aqua Medic, Germany), DO probe (COS22D, Endress+Hauser, Switzerland),
and an electromagnetic valve. The pH was controlled in the range of 7.3-7.9 with a programmable logic
controller (PLC) connected with a pH probe (CPS471D, Endress+Hauser, Switzerland) by dosing 1 M
solution of NaOH. In order to eliminate errors due to the variability of influent composition, the reactor
was fed with the synthetic wastewater supplemented with medium as suggested by Dapena-Mora et
al. [21] on a regular basis (once a week). The process was carried out in two series, during which the
C/N ratio and the aeration strategy were changed. Both series were divided into five phases, each
phase was established when C/N ratio was modified, the ratio was changed in a range from 1 to 3.
Intermittent aeration mode was applied in all series with variable on/off phase duration in ranges from
3/3 to 3/15. Detailed experimental design with the all main parameters set are shown in Table 1.

Table 1. Operational parameters, C/N ratios and aeration strategies during following series of
deammonification experiment.

1st Series 2nd Series
Parameters Unit  phase Phase Phase Phase Phase 5 Phase Phase Phase Phase Phase 5
1 2 3 4 1 2 3 4
D“ra;f;sgf the Gays 4 5 51 3 27 6 23 3 4 18
C/N ratio - 1 2 1 2 3 1 15 2 25 3
oermitient 3/9 3 312 39 39 312 36 315 36 33
DO set point g mof 0.7
Temperature °C 20
pH _ 7.3-79
NH4-N con. in
the synthetic &1 60-70
reject water
NH,-N load in gN
the reactor nid 2732
Initial NH4-N
con. in the g%l 27-35

reactor
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2.2. Microbial Analysis

Biomass samples for microbial analysis were collected during the first (Deammon_INI) day of
the 1st experimental series and the end of the last day (Deammon_END) of the 2"¢ experimental
series. During sampling, 40 mL of the biomass sample were collected from the reactor, transferred
to 50 mL tube and left for sedimentation. After supernatant removal, fresh 40 mL of the biomass
were added, and the sedimentation step was repeated. Then, 150 mg of the concentrated biomass
were subjected for total genomic DNA extraction with FastDNA™ SPIN Kit (MP Biomedicals, Santa
Ana, CA, USA) in accordance to manufacturer protocol. After quality control by spectrophotometry
with a 260/280 ratio, genomic DNA at a standardized concentration of 100 ng/uL was applied for
Illumina next-generation sequencing (NGS) of 165 rRNA gene V3-V4 region amplified with 341F and
785R primers pair (Klindworth et al. 2013) in order to establish microbial community composition
of the analyzed samples. Sequencing reactions were carried out with MiSeq sequencer by external
executioner. Paired end reads were initially joined with FASTQ joiner and subjected to quality control
with the FASTQ/A (at quality cut-off value = 20). Both tools are available at the Useqalaxy server
(https://usegalaxy.org). Classification of the reads on each taxonomical level was carried out with
Silva NGS server (http://www.arb-silva.de) by the use of database release version 132 at the species
similarity level of 90% and OTUs (operational taxonomic units) clustering at 97%. Taxonomic and
functional differences between metagenomes were analyzed using Statistical Analysis of Metagenomic
Profiles (STAMP v. 2.1.3) [22].

2.3. Analytical Methods

The deammonification system performance was evaluated during 6 h tests by analyzing the
behavior of NH4-N, NO,-N, NO3-N and COD concentrations. The samples of mixed liquor were
filtered through 1.2 um pore-size nitrocellulose membrane filters (Whatman, Kent, UK). Nitrate, nitrite
and ammonia concentrations were determined spectrophotometrically by cuvette tests (Hach Lange
GmbH). As an additional control to the conventional nitrogen forms concentrations measurements, total
N were measured by a TOC analyzer (TOC-VCSH) coupled with a TN module (TNM-1) (SHIMADZU
Corporation, Kyoto, Japan). In case of samples in which imbalance of nitrogen concentrations were
detected, evaluation of the particular nitrogen forms was repeated. The biomass concentrations
were determined as a volatile suspended solids (VSS) fraction of the total suspended solids (TSS) in
accordance to Standard Methods (APHA, 2005). Based on the obtained results ammonium utilization
rate (AUR) and nitrate production rate (NPR) were calculated to evaluate the deammonification process
rate. In case of the AUR, total N (TN) and COD removal rates basic statistics (average, standard
deviation) were determined (supplementary data Figures S1 and S2) in order to compare PN/A process
performance between particular phases.

3. Results and Discussion

The application of the PN/A process in the mainstream is incomparably more difficult than in
sidestreams due to high C/N > 2 ratios in domestic wastewater, which can lead to a decrease of AUR
or accumulation of nitrates [23]. Therefore, it is important to introduce an effective strategy for COD
removal during the first stage of municipal wastewater treatment. This can be achieved, for example,
by a High Rate Activated Sludge (HRAS) process, the main objective of which is to increase the
recovery of organic matter from wastewater [24]. The efficiency of COD removal in the HRAS process
is usually >50%, however, such technology is not dedicated for nitrogen removal [25,26]. Alternatively,
chemically enhanced primary treatment (CEPT) can be introduced prior to the biological reactor,
which involves coagulation and flocculation to achieve a significant decrease of organic compounds
concentrations presented in colloids and suspended solids fractions, however, such an approach
generates chemical sludge and high operational costs [27]. Another solution to the problem of high
C/N ratios is the adaptation of the optimal aeration strategy in the PN/A process. Studies on the
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influence of aeration on the PN/A process have been carried out [16,28-30] However, none of them
have analyzed the impact of the reduction of non-aeration time during intermittent aeration on process
performance at high C/N ratios. Our study, apart from determining the influence of C/N ratios on
PN/A process performance, has been extended by this analysis and verified the hypothesis that the
narrowing of non-aeration time has a positive effect on the nitrogen removal. Additionally, microbial
analysis of the total bacterial community was performed to assess adaptive changes in its quantitative
and qualitative composition under the influence of changes in operational conditions.

3.1. Microbial Analysis

From the initial (Deammon_INI) and adapted for 90 days (Deammon_END) biomass samples,
186,479 and 168,484 raw 16S rRNA gene sequences reads were obtained, from which 126,510 and
113,998 passed quality control, respectively (Table 2). Data output obtained from the Silva NGS server
showed diversity increase of the microbial community after introduction of the carbon source measured
as the number of the unique operational taxonomical units (OTUs) per specified reads number. From
the initial 125 OTUs per 1000 reads, their number has increased by 150% to 188 OTUs. Phylogenetic
composition and share of the particular physiological bacterial groups in biomass samples before and
after 90 days of carbon addition is presented in. Figure 1 and Table 3.
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i 17.8% ]
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Planctomycetes —2Z% 134% )
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Figure 1. Percent abundances of the quantitatively important (percentage >0.7% of the total bacterial
community) bacterial phyla in the initial biomass (orange) and biomass after 90 days of continuous
carbon addition (blue) (A). The graph (B) obtained with the STAMP software (below), shows the
differences between the proportions of sequences in each sample with a confidence interval of 95%.
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Table 2. Summary of the 16S rRNA gene Illumina NGS analysis.

Sample Name DeammonC_INI DeammonC_END
Sampling day 1 90
Total number of the reads 186,479 168,484
Total number of the reads after QC 126,510 113,998
Avg. length 444 496
Number of the OTUs per 1000 reads 125 188

Table 3. Phylogenetic affiliation and percent abundances of the dominant representatives of basic
physiological bacterial groups in the initial (INC) and biomass after end of the experiment with carbon

dosage (END).
Physiological Affiliation to the Specific Abundance [%]
Function Taxonomic Level DeammonC_INI DeammonC_END
Proteobacteria >
AOB Be'tﬂproteohacterm > 20 08
Nitrosomonadales >
Nitrosomonas
Nitrospirae > Nitrospira >
NOB Nitrospirales > Nitrospiraceae > 0.7 0.2
Nitrospira
Planctomycetes >
Planctomycetacia >
Anammox Planctomycetales > unclassified 8.1 1.8
Planctomycetales > Candidatus
Brocadia
Actinobacteria 7.5 7.8
Acidobacteria 42 2.0
Chlorqbt > Ignuvtbacterm > 70 11.0
Ignavibacteriales
Chloroflexi > Anaerolineae 25.0 26.0
Chloroflexi > Thermomicrobiales 4.0 5.0
Fzrngutes > Bllclllll > Bacillales 21 13.0
> Bacillaceae > Bacillus
HET! Firmicutes > Clostridia > 04 Total HET 12 Total HET
Clostridiales ’ 57.0 ’ 75.3
Patescibacteria 0.8 3.0
Proteobacteria >
Gammaproteobacteria > 17 0.1

Pseudomonadales

Proteobacteria >

Gammaproteobacteria > 2.0 2.0
Burkholderiales

Proteobacteria >

Alphaproteobacteria > 3.0 4.0
Rhizobiales

! Predominant heterotrophic metabolism.

The composition of the microbial community was subjected to significant changes during
the experimental period. One of the trends was intensive growth of the bacteria with dominant
heterotrophic (HET) metabolism which increased their abundance from 57.0 to 75.3%. However, it
should be noted that this trend was limited to selected heterotrophic bacteria such as members of
Bacillales (2.1-13%) and Clostridiales (0.4-1.2%) families from Firmicutes phylum or Ignavibacteriales from
Chlorobi (from 7.0 to 11.0%), while others tend to remain at similar abundances. Chloroflexi was the
most abundant HET organisms in both samples at avg. 25% share. From HET microorganisms only in
terms of Pseudomonadales (1.7-0.1%) and Acidobacteria (4.2-2.1%) representatives some reduction of
participation was noticed. Carbon dosage reduced numbers of representatives of all main autotrophic
groups approx. by 60-75%. AOBs represented manly by Nitrosomonas genus decreased from 2.0 to
0.8%, NOBs predominated by Nitrospira from Nitrosprae Phylum has dropped from 0.7 to 0.2%, while
anammox Candidatus Brocadia reduced their abundance more than four times from 8.1 to 1.8%.
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3.2. Effect of C/N Ratio on N Remouval

In the first series of tests as well in the 2nd series, there were five phases that differed in the process
control parameters and showed different dependencies. The phase division is shown in Figures 2
and 3.

1 2 3 5
120 ¢ 3.0

-

C/N 3.0
—#— COD Removal P .
5\:100 —&— TN removal . = ; 25
é 80 /‘ 2.0 . é,, 2.0 o
< 60 - ma—i L5 5 #1s o
S ~ = 9 =
& g o g
é 40 - Lo & 1.0 5
20 0.5 gos
<
0 0.0 0.0
0 15 30 45 60 75 90 Y 15 30 45 60 75 90
Days Days
(A) (B)

Figure 2. C/N ratio, COD (chemical oxygen demand) and TN (total nitrogen) removal efficiencies (A)
AUR (ammonium utilization ratio) and NPR (nitrate production rate) (B) values in each phase of the
1st series.

3.0 3.0
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Figure 3. C/N ratio, COD (chemical oxygen demand) and TN (total nitrogen) removal efficiencies (A)
AUR (ammonium utilization ratio) and NPR (nitrate production rate) (B) values in each phase of the
2nd series.

The main goal of the presented experiments was to characterize nitrogen removal processes
in PN/A systems under increased C/N ratios during following experiment phases. In agreement
with phase 1 where C/N = 1 total nitrogen removal reached 79%, after increasing the C/N ratio to 2
within 4 days, the TN removal efficiency decreased to about 40%. Averaged AUR values (approx. 1.2
N-NH;4 mg/gyss-h) for the 1st and 2nd phases were comparable (supplementary materials Figure S1),
however, continuous carbon dosage at C/N = 2 decreased AUR twice at the end of the 2nd phase. This
indicates that increased carbon load inhibits AOB activity, but that the response occurs with a delay.
Due to the fact that AUR decrease was stepwise, a sudden drop in the TN removal of efficiency was
rather connected to inhibition of AnAOB. This supposition is supported by the behavior of NO3-N
concentration (Supplementary Materials Tables S1 and 52). On the 1st day of the study, the increase in
NO3-N was small, but on subsequent days, an increase in NO3-N was observed (about 12% larger on
the 4th day compared to the 1st day), which negatively affected TN removal efficiency, which in the
2nd phase fluctuated between 20% and 45%. Reduction of NO,-N increased accordingly, ata C/N =1
NO;- N was reduced by 0.93 mg/L, while at a C/N = 2 by 1.71 mg/L. It could also have been caused
by decrease of NOB activity. During the following phase, it was decided to re-apply a C/N ratio of 1.
Moreover, the addition of NO3-N together with COD in the 2nd phase of the 1st series was provided
to assess NOB activity based on the increase in NO3-N and to induce activity of the heterotrophic
denitrification process.

This resulted in an improved process and increased TN removal efficiency by over 20%. AUR
increased to 1.3 mg/L/d on the 9th day and reached 1.5 mg/L/d after the stabilization of the 3rd phase
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on the 60th day. NPR in the 3rd phase oscillated around 0 mg/L/d. The increase in NO3-N did not
change significantly, but there was also an increase in NO,-N concentration at the end of the test by
about 95% compared to the start of the test. Until the 62nd day, TN removal efficiency ranged from 65
to 75%, growing steadily. The NH4-N removal efficiency was almost 100% at the end of this phase.
These circumstances confirm an improvement in process efficiency after returning to a smaller C/N
ratio of 1. The longer adaptation time allowed the C/N ratio of 2 to be re-used. This time it increased
the TN removal efficiency by about 10%. The NHy4-N removal efficiency remained unchanged at >99%.
The change in ratio did not affect the increase in NO3-N production in this case. AUR decreased from
1.5 to 1.2 mg/L/d. NPR invariably oscillated around 0 mg/L/d. Again after 3 days, i.e., without using a
longer adaptation, the C/N ratio was changed to 3 at the beginning of the 5th phase.

This reduced the TN removal efficiency from 84% to 14%. At such COD concentration, the number
of AnAOB decreases, which adversely affects the long-term stability of the process [31]. Furthermore,
the organic compound in high concentration was an ammonium monoxygenase inhibitor (AOB
enzyme). Therefore, in the discussed phase, its presence inhibited the activity of nitrifying bacteria.
AUR also fell to 0.2 mg/L/d. Similarly, NH4-N removal efficiency decreased by approximately 85%.
This also resulted in negligible NO3-N production and a reduction in NO,-N production compared
to the 63th day. However, the next day, TN removal efficiency returned to 84% again and slightly
changed until the end of the study. NH4-N removal also regained efficiency up to about 100%. NOz-N
production was around 96%. In turn, the NO,-N concentration increased to 0.94 mg/L on the last day of
the study. AUR eventually increased to 0.7 mg/L/d at the end of the process. The NPR value in the fifth
phase was approximately 0.1 mg/L/d until the end of the study. It turns out that heterotrophs reduced
COD, which enabled an increase in AOB activity. Microbial data analysis proved the mentioned
suppositions. Elongated carbon dosage at increased C/N ratio was responsible for the washout of
main autotrophic bacteria (Table 1) from the system. While AOB and NOB decreased their abundances
at around 55%, in case of AnAOB their share reduced over 80%. On the other hand, after 90 days
of continuous carbon dosage, HET bacteria constituted 75% of the total bacterial community which
reflects that main mechanism of the nitrogen removal in our system was switched from the anammox
to denitratation and basically denitritation processes. The main mechanisms of nitrogen removal in
biomass before and after adaptation to the organic carbon along with microorganisms responsible for
them were visualized in Figure 4.

/‘org.c /‘org.c

H = oz
(A) : i B (B) g 8
~ 2! IEE 25 &g
SV EBL IEE oL E8 EE
oS g2 EE Oy, o g2 EE O,
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Figure 4. Key microbial groups involved in nitrogen metabolism and postulated nitrogen removal
mechanisms in the biomass before (A) and after adaptation to the carbon source (B). AOB—ammonium
oxidizing bacteria; AnAOB—anaerobic ammonium oxidizing bacteria; NOB—nitrite oxidizing bacteria;
HET—heterotrophic denitrifiers.

Similar observations were obtained in the second series of tests. The C/N ratio in this series was
increased gradually by 0.5 from 1 to 3. Changing the C/N ratio from 1 to 1.5 resulted in an increase of
TN removal efficiency from 42% to 66%. This may be due to an increase in activity of AnAOB, which
increased exponentially at C/N ratios from 1.1 to 1.5 in Miao et al. [28]. In the 3rd phase, TN removal
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efficiency was 79.6% at a C/N ratio of 2, and then fell to about 70% in the 4th phase at a C/N ratio of 2.5.
NH4-N removal efficiency did not change significantly during the test at C/N < 2.5 ratios and oscillated
around 98-99%. As in the first series, the change in the C/N ratio to 3 caused the process to collapse,
and the TN removal efficiency and NH4-N removal efficiency dropped sharply to 0.7% and 2.4%,
respectively. Only after 7 days did TN removal regain efficiency at 63%, similarly NHy-N removal
efficiency —99.8%. After adaptation, regeneration followed and TN removal efficiency returned to 63%.
AUR gradually decreased in the following days of the process from 2.4 mg/L/d on 8th day at C/N =1
to 1.1 mg/L/d on 46th day at C/N = 2.5. After increasing the C/N ratio to 3, AUR fell to 0 mg/L/d and
then increased to 0.9 mg/L/d on 64th day.

Our research has shown that increasing the C/N ratio to some extent improves the efficiency of
TN removal. This indicates an increase in heterotrophic bacteria that denitrificate nitrates formed in
the anammox or/either nitrification processes, while reducing the N concentration in wastewater [9].
This enables simultaneous partial nitration, anammox and denitrification, known as the SNAD
process [32]. However, the presence of excessive COD promotes the proliferation of heterotrophs that
compete for NO,-N with AnAOB and oxygen with AOB bacteria, which reduces the efficiency of N
removal [33]. The effect of this phenomenon is a decrease in the AUR value in this study proportional
to the increase in the C/N ratio.

Miao et al. [28] showed an improvement in the PN/A process efficiency as the C/N ratio increased.
The TN removal efficiency increased from 31% to 77%, and the NH4-N removal efficiency from 54% to
83% after a gradual change in the C/N ratio from 1.1 to 2.5. Above this value, the PN/A process has
deteriorated. It turns out that a slight increase in the C/N ratio from 0.01 to 0.13 improves the efficiency
of TN removal from 78% to 84% [32]. Similar observations took place in our study.

Bi et al. [34] also showed an increase in TN removal efficiency from 61% to 99.5% with an increase
in the C/N ratio from 1 to 1.8 and a decrease in the efficiency to 74% with a ratio of 3.5. Our results are
therefore confirmed in the literature, although a completely different impact of the C/N ratio on the
PN/A process was also described [32]. An increase in TN removal efficiency from 62% to 70% and
NH4-N removal efficiency was found from 52% to 79% after a reduction of the C/N ratio from 0.75
to 0.5.

Therefore, it is necessary to know the response of the microbial community to various C/N ratios.
In one study [30], the activity and number of AnAOB increased when the C/N ratio increased from 1.1
to 2, and at 2.5 this activity stopped growing. On the other hand, their growth rate oscillated around
0.034/d at C/N of 1.1-1.5, and with C/N to 2 increase, AnAOB showed a lower growth rate, which may
be the result of limited nitrite production [30].

In Zhang et al. study [11], a high C/N ratio suppressed bioactivity and biodiversity of both AOB
and AnAOB. This resulted in a reduction in N removal. It is also worth noting that the indicated tests
and ours were carried out at a temperature of 20-35 °C, while De Clippeleir et al. [34] obtained the
best TN removal efficiency of 45% at a C/N ratio of 1, and increasing the C/N ratio no longer allowed
an increase in yield at the tested temperature of 15 °C. A comparison of the obtained TN removal
efficiency and NHy4-N removal efficiency at different C/N ratios in other studies is shown in Table 4.
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Table 4. The comparison of the obtained TN removal efficiency and NH4-N removal efficiency at different C/N ratios in other studies.

10 of 17

Removal Efficiency [%]

Lp. C/N Temperature [°C] DO [mg/L] Remarks Reference
NH4-N TN
1 0.75 35 04-06 52 62 In this SNAD process is the bioreactor bioreactor biological reactor (NRBC). On [31]
0.5 e 79 70 day 27. the dose of COD was lowered with 150 mg/L per 100 mg/L.
11 54 38.9
15 773 63.1 The C/N ratios in SBR were gradually increased. Above C/N of 2.5, the
2 2 30 0.8-12 799 735 efficiency of the process decreased. 32]
2,5 83.4 77.3
>2,5 failure
Continuous aeration
DO = 0.27 (P1) >70 588
Cor];té)n 110(1;1 i; ?Ir)e;t)lon >60 14.7 The process was carried out in SBR using real wastewater. Alternating aeration
3 11 32 o . was used as a way to reduce the production of nitrates. In phase IV, SRT from [28]
Intermittent aeration >50 56.8 50d to 80d was increased
DO = 0.5 (P3) ’ ’
Intermittent aeration
DO = 0.5 (P4) >70 >50
0.01 95 77.88
0.13 - 83.69
4 0.22 » 1-15 - 85.1 Raw sewage containing mainly refractory materials. The process was carried [33]
0.15 _' - 82.59 out in SBR. PN/A was used to process the supernatant from anaerobic digestion. o
0.22 - 68.62
0.35 - 88.85
5 1 30 05 - 61 The SAD process was carried out in two series with different XH/XAN ratios. [34]
1.8 <0 - 99.5 The values given refer to the series A with the ratio XH/XAN = 0.4. :
0.1 ) 68 Process in a granule-based reactor. The effect of C/N ratio. DO value and
6 1 25-30 0.1-1 - <70 le si he SNAD . iated [16]
3 B 73.6 granule size on the process was investigated.
0.5 2.9 - 36
1 25 - 45
7 15 15 24 - 23 The OLAND process at RBC has been used. The research also concerned the [35]
2 3 - 28 influence of temperature. which was gradually adjusted from 29° to 15°. -
2 3.6 - 23
2 32 - 42
8 1.2 - - 99 84-95 The process was conducted in two identical SBBRs. [36]
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11 0of 17

., o
Lp. C/N Temperature [°C] DO [mg/L] Removal Efficiency [%] Remarks Reference
NH;-N TN
<0.5 - 80 The laboratory scale reactor was started with the suspended biomass from the
9 30 0.07 nitriding/anammox reactor to process the supernatant from the sludge [9]
1.4 - >95 digestion chamber. SRT was adjusted to improve bacterial activity.
1 100 79
& 2 76 359
3 1 20 - 78.8 68.7
g 2 999 836 The TN and NH4N I effici Iues gi lues. A
e TN an removal efficiency values given are average values. Apart
10 3 85.7 71.3 from the C/N ratio, their value is affected by changes in the aeration method in ~ [our study]
8 1 98.6 674 individual phases.
RS 1.5 97.8 76.8
& 2 20 - 99.9 84
2 25 99.9 86.7
s 51 39
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3.3. Effect of C/N Ratio on COD Removal

Effective removal of COD required a sufficiently long start-up period to HET. This can be achieved
by a gradual increase in the C/N ratio in the inflow.

In the 1st series, there is the trend of increasing COD removal efficiency along with the C/N ratio
increase. On the first day of the study, COD removal was 0.27% at C/N = 1, while at the of the 1st series
when C/N ratio of 3 was applied COD removal rate improved up to 88%. It turns out that a slight
change in the C/N ratio from 1 to 2 caused an increase in COD removal efficiency by approximately
34%. The return to the C/N ratio = 1 did not cause a decrease in efficiency, contrary to expectations,
and even caused its subsequent increase by another 30% to 60%. The change in C/N ratio from 2 to 3
had a significant impact on COD removal. This caused the process to break and improve again after
14 days of adaptation. This is because in the case of too high concentration of COD (C/N = 3), bacteria
stop reducing NO3-N as a result of reducing their activity. COD is therefore not used for denitrification.
COD removal efficiency recovers after narrowing the non-aeration time, as shown in Figure 5.

13 100
IR
]
= -3
£ s - & =
F _AUR 0
= - =
Z 1 . aw g
# =
. E
[ ’ 0
."J
NPR . 4
S ik S £ 1
] ]
T I &E
z e &
i
L8 =
E 1= b 2
. 3 £y
£ ""3EH ¥
=1 P
3 o Fa
/f -
0-1‘ o 0
- PR .r'/
& p &
& & J
0 Za g 0
©rN: 1 2 2 15 ] 3 3
On'Om: 39 3 19 36 T 30 36 Y18 33

Figure 5. Influence of C/N ratios and aer/non-aer times on TN removal efficiency and COD removal
efficiency in both series.

Similar relations were obtained in a 2nd series of tests. COD removal efficiency increased with the
increase of the C/N ratio from 18.4% at C/N equal to 1 to 75.5% at C/N equal to 2.5. Ata C/N value of 3,
the process collapsed and caused COD removal efficiency at 2.9%. It then recovered 70.13% efficiency
after 7 days.

The highest COD removal efficiency value obtained during the test is 88% in the 1st series at a
C/N ratio of 3. This is an unsatisfactory value compared to [32] who achieved COD removal efficiency
of 94% at C/N ratio equal to 0.5, as well as Jia et al. [35] with TN removal efficiency of about 90% with a
C/N ratio of 1.2. In summary, a high C/N ratio should be used to obtain a high COD removal rate,
however, it should be noted that at higher values, TN removal efficiency breaks down.

The variability of TN removal efficiency and COD removal efficiency depending on the C/N ratio
during the whole test in series 1st and 2nd is summarized in Figures 2 and 3.
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3.4. The Influence of the Aeration Strategy on the Improvement of N Removal

Miao et al. [27] achieved in their research different values of the indicated parameters with a
similar C/N ratio of 1.1 and with different aeration strategies. They studied the influence of the DO
value and continuous and intermittent aeration on the PN/A process. It turns out that a decrease in the
DO value from 0.27 mg/L to 0.17 mg/L reduced the TN removal efficiency by about 44%. In the next
step, they used intermittent aeration, which restored the value of TN removal efficiency to its original
value. The concentration of nitrates then decreased from 30.8 to 2.1 mg N/L. It has already been stated
that intermittent aeration is an effective method of preventing the accumulation of nitrates [5,36].

In our research in the first series of tests, the first 4 phases maintained constant aeration with
an aer/non-aer ratio of 3 min/9 min. The change of the aeration strategy was decided in phase 5th,
when the C/N ratio of 3 significantly reduced TN removal efficiency to 14%. Either the heterotroph
activity was not yet adapted to such a high C/N ratio and required adaptation, or the amount of oxygen
was not enough. The narrowing of the non/aer phase also increased the frequency of changes in the
aer and non/aer phases. This resulted in both improved TN removal efficiency and NH4-N removal
efficiency. This indicates an increase in heterotroph activity, which also translated into a reduction
of organic compounds and enabled partial nitration in the next step. Importantly, both NO3-N and
NO,-N production increased significantly, by 92% and 8%, respectively. On day 73th, aer/non-aer
times changed to 3 min/12 min. This caused an initial small reduction in TN removal efficiency of 3%,
which, however, returned to its original value of 84% after 10 days. NH4-N removal efficiency was
not significantly different. There was a slight increase in NO3z-N production and a decrease in NO,-N
production. On the last day, the non-aeration phase was shortened to 9 min, which resulted in a much
more pronounced increase in NO3-N production and a decrease in NO;,-N production as compared to
the previous change in aeration strategy.

Similar relations were obtained in a 2nd series of tests. TN removal efficiency increased from day
1 to day 19 from 36.7% to 79.9% with an aer/non-aer ratio of 3 min/9 min. A change of aer/non-aer
ratio to 3 min/12 min on day 22 resulted in a decrease in TN removal efficiency to 53.4%. Narrowing
the non-aer phase to 6 min increased TN removal efficiency to 79.6%. However, when we extend the
non-aeration time, we can expect NO3-N to multiply as a result of the anammox process, which is
then reduced by HET. This situation can be observed in the second series, when on the 42th day the
aer/non-aer time was changed from 3 min/6 min to 3 min/15 min. Production of NO3-N increased by
around 19%.

The impact of the non-aer phase on improving the process stability at its breakdown after changing
the C/N ratio to 3 turns out to be significant. Then, thanks to the narrowing of the non-aer phase
from 15 min to 3 min, TN removal efficiency improved by about 63%. This procedure results in more
frequent oxygen phases that allow the accumulation of nitrites due to AOB activity. The earlier anoxic
phase causes the inhibition of NOB activity for the duration of the aerobic phase, thanks to which
partial nitrification and further use of nitrites in the anammox process is possible. Thanks to this
modification, faster depletion of COD was achieved, which established favorable conditions for AOB
and AnAOB.

Liu et al. [16] have very widely studied the simultaneous effect of the C/N ratio and the value of
DO on PN/A. They showed that the highest TN removal efficiency can be obtained in C/N conditions in
the range of 0.2-1 and DO in the range of 0.2-0.4 mgO,/L. With our DO at 0.7 mg/L, the most favorable
C/N ratio indicated by them is in the range of 2.5-3, which is in line with our results.

The impact of individual aeration strategies in both study series is shown in Figure 5. Both series
follow a similar tendency: TN removal efficiency, COD removal efficiency, AUR and NPR reduce to
values close to 0, then recover their values after narrowing the non/aer phase from 9 to 6 min and from
15 to 3 min in the 1st and 2nd series, respectively.
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3.5. Other Methods of Increasing the Efficiency of PN/A

In one study [34], the TN removal efficiency was improved after a sharp decrease in the C/N ratio
of 2 by changing the feeding regime. Instead of two pulses of 10 min per hour, one 20 min period was
introduced within one hour. This increased TN removal efficiency from 28% to 42%. The change also
affected the reduction of NO3-N production.

However, Jenni et al. [9] showed that SRT has a significant impact on the PN/A process. When
anammox activity decreased with increasing COD concentration, it was increased by increasing the
SRT with 160 mg NH4-N/L/d to 220 mg NHy4-N/L/d. In turn, NOB has the opposite effect of SRT and
with its increase, the NOB activity decreases. AOB did not show any reaction to change in SRT. It
therefore appears that at high C/N ratios, a high SRT should be maintained so that AnAOB can co-exist
with heterotrophic bacteria.

It is also important to remember the optimal DO values for each C/N ratio, as described in detail
by Miao et al. [31].

It would also be worth examining the increase in the efficiency of PN/A by changing the
temperature and pH during the process. Also important for the PN/A process in the mainstream is
to examine all the parameters at the same time and to determine the most favorable conditions for
conducting the process for wastewater with high concentrations of the influencing COD. The research
to improve PN/A efficiency with the use of intermittent aeration could also be extended to process
optimization in terms of both process efficiency and aeration economics, as well as to investigate the
effect of changes in aeration time.

4. Conclusions

The single-stage partial nitrification/anammox/denitritation process was developed to investigate
the effect of the C/N ratio on process efficiency. The impact of changing non-aeration times has also
been tested. An increase in TN removal efficiency was achieved in both series with gradual change of
C/N ratio from 1 to 3 from 78.96% to 82.92% and 36.7% to 63.3% in 1st and 2nd series, respectively.
COD removal efficiency also clearly increased during the tests from 0.27% to 87.94% and 18.39% to
70.13% in the 1st and 2nd series, respectively. However, at the same time the AUR dropped from 1.5 mg
N/g VSS/h with a C/N ratio of 1-0.2 mg N/g VSS/h with the C/N ratio equal to 3. Critical C/N ratio for
process efficiency was ratio 3 with the TN, NH4-N and COD removal efficiencies significantly reduced
in both series. System performance was connected with the microbial community structure, which
was affected by continuous increased of the carbon load. Autotrophs, especially AnAOB, reduced their
abundances, which was accompanied by decrease of AUR along with increased C/N ratio. In parallel
HET bacteria were on the rise and over dominated total bacterial community. Thus, PN/A system
was rather redirected to the nitrification/nitritation followed by denitritation/denitrification processes.
Despite relatively high abundance of the potential denitrifying bacteria system performance was
systematically disturbed by C/N ratio manipulation. Either the HET activity was not yet adapted to
the elevated C/N ratio and required acclamation period, or the aeration conditions were not optimized.
The reduction of non-aeration time from 9 min to 6 min in 1st series and from 15 to 6 min in the 2nd
series definitely improved the process. This indicates an increase in heterotroph activity, which also
translated into a reduction of organic compounds and enabled partial nitration in the following step.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/11/2270/s1,
Table S1. Operational log of the experimental PN/A system under different C/N ratio (selected days of operation).;
Table S2. N-NOj3; and N-NO; concentrations at the beginning and end of the SBR operational cycle during
following days of the experiment.; Figure S1. Basis statistics (average and standard deviation (S)) over the AUR,
TN and COD removal rates during following experimental phases in frame of 1st series.; Figure S2. Basis statistics
(average and standard deviation (S)) over the TN and COD removal rates during following experimental phases
in frame of 2nd series.
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