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Presence of anaerobic ammonium oxidation (anammox) process was investigated in low ammonium-fed
solid-phase denitrification bioreactor. A promising application of solid substrates for denitrification has been
appeared since last decade and this type of denitrification here termed as solid-phase denitrification.
Bioreactor was operated for 300 days in a temperature-controlled incubator. An immobilized biomass of
activated sludge and anaerobic granules was used as inocula in the bioreactor and solid biodegradable plastic
as a carbon source. Nitrogen mass balance showed that the average nitrogen removal efficiency in the
bioreactor was 80%. The combined results of nutrient profiles, *N-labelling techniques and qualitative
fluorescence in situ hybridization (FISH) probe confirmed that anammox bacteria were active in the
bioreactor. This clearly demonstrates that both anammox and denitrification processes work symbiotically in
low ammonium concentrations under the support of solid substrates. It revealed that solid substrates not
only serve as constant sources of reducing power for denitrification but also creates the favourable condition
for anammox process by utilizing dissolved oxygen during the degradation of solid substrates.
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1. INTRODUCTION

Freshwater often receives increased downward
fluxes of nitrogen from agricultural runoff and points
sources and upward fluxes from sediments by
degradation of organic matters. Several possible
processes such as simultaneous nitrification and
denitrification”, anaerobic oxidation of ammonjum
(ANAMMOX)?, SHARON”, and completely
autotrophic nitrogen removal over nitrite (CANON)
Y have been employed to reduce the nitrogen
concentration. However, some of these technologies
are still uneconomical and have many demerits.
Indeed, ANAMMOX process is promising and has
been extensively used in ammonium-rich wastewater
567 However, applications of the anammox process
in freshwater/drinking water have been still limited .
Moreover, anammox process converts 10% of the
influent ammonium nitrogen into nitrate nitrogen”
and thus post denitrification is required to eliminate

the mitrogen completly. A promising application of
solid substrates for denitrification has been appeared
since last decade and this type of denitrification here
termed as solid-phase denitrification. Therefore, the
aim of this paper was to examine the presence of
anammox processes in low ammonia-fed solid-phase
denitrification single bioreactor.

2. MATERIALS AND METHODS

(1) Biopellet fabrication

Biomass from the activated sludge of a domestic
wastewater treatment plant and anaerobic granules
from full-scale upflow anaerobic sludge blanket
(UASB) reactors treating brewery wastewater in
Japan were collected separately. Then the collected
activated sludge was entrapped in polyethylene
glycol (PEG) prepolymer gel as biopellets '. The
composition of the immobilized material was 10%
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(w/v) PEG prepolymer and 2% (w/v) activated
sludge. The size of the cubic biopellets was 3 mm and
was found to be stable under various hydraulic
conditions %, :
(2) Bioreactor setup and operation

Upflow bioreactor had an effective volume of 100
ml was designed (Fig. 1). The bioreactor was
inoculated with a mixture of biopellets and anaerobic
granules to 20% of the total volume. A 20 g aliquot of
poly-caprolactone (CgH,;oOz)n (solid biodegradable
plastic produced by Nishi Nihon Company Japan)
equivalent to 30% of the volume of the bioreactor
was supplied as an additional carbon source. The
shape of poly-caprolactone was hollow cylindirical
mesh. Water samples with a total nitrogen content of
1.47 + 1.00 mg/l (>95% in the form of nitrate
nitrogen) were retrieved from Shiokawa Reservoir
(Yamanashi, Japan). Ammonium nitrogen and nitrite
nitrogen (concentrations reported in the ‘Results and
Discussion’ section below) were added to understand
the nitrification and denitrification processes more
precisely under oxygen limiting conditions. The
modified water was supplied to all the bioreactors
continuously = using peristaltic pumps without
recirculation. All experiments were performed for
300 days in temperature-controlled bioreactor
(Eyelatron FL1-301NH) and the pH in all bioreactor
was 7.0 + 0.5. The inflow rate was 200 ml/day; the
hydraulic retention time was 12 hours and dissolved
oxygen (DO) in the influents ranged from 0.5 to 5.0
mg/l.
(3) Identification of nitrogen removal pathway

Nutrient profiles, *N-labelling techniques and
fluorescently labelled rRNA probes were used to
identify the nitrogen removal pathway as described
by Schmid et al. 1.
a) Nutrient analysis
Grab samples of influents and effluents were
collected twice a week from the bioreactor for
chemical analyses. Samples were filtered wusing
Whatman GF/F filters (0.45 pm) and ammonium
nitrogen (NH,—N), nitrate nitrogen (NO;—N) and
nitrite nitrogen (NO, —N) = concentrations were
measured colorimetrically as described in APWA 2
Nitrification performance was calculated based on
the change in ammonium concentration in the
influents and effluents with respect to the initial
NH, ~N concentration, Summation of the differences
in NO;—N and NO,™N in the influents and effluents
was used to determine the denitrification. The
nitrogen removal efficiency was calculated as
(Nin—Nout), where Nout and Nin are the nitrogen
concentrations (mg/l) in the effluent and. influent
respectively. The nitrogen removal rate (g-N/m® day)
was calculated as the daily nitrogen load removed.
[daily flow rate x (Nin—Nout)] per unit volume of
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Fig.1 Schematic setup of an upflow bioreactor, PCL
indicates the poly-caprolactone

reactors. Dissolved organic carbon (DOC)
concentration in the effluent was measured using a
total - organic carbon analyser (Shimadzu -
TOC-VCSH). Available DOC inside the reactors and
effluent DOC could be different, however, at
equilibrium, it is expected that effluent DOC and
available DOC would be nearly the same and
comparable.

b) *N-Iabelling techniques

To identify the nitrogen removal pathway in the
bioreactor, influent samples retrieved from the
reservoirs were modified using 99% NO,—N
(Cambridge Isotope Laboratories, USA) and native
NH,"—N in equal concentrations. The modified water
was applied to the bioreactor for t = 266-296 days.
The gas produced in the bioreactor was collected
using a syringe and  transferred to a bottle fully
containing saturated NaCl. Saturated NaCl solution
prevents contamination of samples by atmospheric
gases. The bottle was sealed and kept in an inverted
position in a refrigerator until delivery to the
laboratory at Shoko Co. Ltd (Saitama, Japan). The
concentrations of NN, NN and “N"N were
determined wusing a Hitachi RMI1-2 mass
spectrometer and atmospheric air was used as
standard. The experiments were repeated three times.
¢) Microbial analysis using florescence in situ

hybridization (FISH)

Granules as well as biopellets samples were
collected at t = 300 days. The oligonucleotide probes,
their target groups, formamide concentrations of the
hybridization buffer and relevant references used in
this study are given in Table 1. The combination of all
EUB338 probes was mixed in equal proportion with
ARCO15, Amx820, and Pla46 separately. All of the
probes were complementary to regions of
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Table 1 Oligonucleotide probes for the detection of anammox and other organisms.

Probes Specificity Formamide (%) Ref.
AMX820  Anammox bacteria 40 15
Plad6 Planctomycete 25 16
EUB338  General Bacteria 35 17
EUB338I1 Bacterial lineages not covered by probes EUB338 35 17
EUBII Bacterial lineages not covered by probes EUB338 and EUB338II 35 17
ARC915  Methanogens 20 18

the small subunit of 16s fRNA molecules and were
conjugated with the fluorescent dyes, fluorescein
isothiocyanate (FITC) and Cy3. The synthesized and
purified probes were purchased as Cy3 and
FITC-labelled derivatives from Takara Bio Inc.
(Shiga, Japan). Granules and biopellet sample
fixation, slice preparation and hybridization were
performed as reported by Amann and Saiki et al. 13.14)
Hybridized slices were viewed immediately under an
Olympus FLUOVIEW FV300 laser microscope
equipped with an Ar/HeNe laser unit and IX70
microscope (Olympus, Tokyo).

3. RESULTS AND DISCUSSIONS

(1) Nitrogen removal activities in the bioreactor
Influent NH,—N, NO; N and NO,—N were 2.3
+0.38, 1.47 £ 1.00 and 2.1 £ 0.63 mg/l, respectively.
Nitrogen mass balance showed that the average
nitrogen removal efficiency was 80% and the
nitrogen removal rate was 9.3 + 1.7 g-N/m’.day.
Nitrification and denitrification efficiencies were
75% and 92%, respectively. NO, =N was almost
completely removed (97 + 6 %) and NH,'-N and
NO;—N removal efficiencies were 75 +21 % and 67

+ 25 %, respectively. This clearly showed that
NO;—N removal efficiency was lower than NH,—N
removal efficiency. Moreover, effluent NO;—N was
always less than influent nitrogen (Fig. 2) and neither
accumulated nor was eliminated entirely despite its
low influent concentration (1.47 + 1.00 mg/l). This

~showed the apparent sink of NH,*-N and the method

of NH,~N loss had to be explored. In order to
explore the loss of NH,-N, evidence for the
anammox process in the bioreactor was considered
based on its stoichiometry. The ratio of NO, N/
NH4'-N conversion was 1.29, which was very close
to the stoichiometric relationship between nitrite and
ammonium in the anammox process™ (Fig. 3). The
ratio agreed well with values obtained in a previous
study . However, this ratio could be similar even in
normal  denitrification and requires further
verifications using conventional techniques. It
revealed that solid substrates not only serve as
constant sources of reducing power for denitrification
but also creates the anacrobic condition by utilizing
DO during the degradation of solid substrates.
Moreover, the role of solid carbon substrates on
nitrogen removal was evaluated by the authors .in

another study ',

Concentration (mg/l’

150 200
Operation days

Fig.2 Nitrogen concentration in the bioreactor, effluent NH,'-N (white circle), effluent NO; N (Black Square), effluent NO, —N
(White diamond), average influent NH,"—N (solid line), and average influent NO, N (dotted line).
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Fig.3 Ratio of NO; N / NH¢"~N converted (white circle) in the
bioreactor, stoichiometry of anammox process (NO2 —N /
NH4"-N =1.31) as reported by van de Graaf * (dotted line).

(2) "*N-labelling techniques

In order to examine the nitrogen removal pathway,
the bioreactor was fed with °’NO,—N and native
NH,-N. Anammox produced NN and N"N
whereas denitrification produced “NN, NN and
NN through random isotope pairing when
unlabelled "N and labelled N were applied >
Because the anammox process combines 1 mole of
(**N) nitrite and 1 mole of (**N) ammonium to form 1
mole of single-labelled dinitrogen gas (**N'°N), the
isotope fraction of MN'N with reference to
atmospheric air expresses the anammox potential
activity. The “N'>N observed in this study was higher
than in atmospheric air and production of "N*N as a
result of coupling of NO,-N/’NO,-N via
denitrification was one third of “N'>N (Table 2). This
suggested that the anammox process is possible and
further analysis using a FISH technique is required to
confirm the existence of anammox bacteria.

Table 2 Isotope fractions of N3 (%) with mass 28 (“*N'*N), 29
(**N"N) and 30 (**N"N) in the bioreactor afier the addition of
N0, N compounds, compared with reference atmospheric N,
The results are mean values of three replicate.

Ttems NN (%) UNBN (%) PNPN (%)
Bioreactor = 98.35+0.25 125+0.14 040%0.12
Air 99.16 £0.15 0.83+0.10 0.01£0.00

(3)Distribution of microorganism in the biopellets
and granules

The characterization of the microbial community

in the bioreactor was examined using FISH

technique.No signal was detected when granule slices

taken from the bioreactor were hybridized with the

- ARC915 probe (pictures not shown). This may be

due to the low oxidation reduction potential (ORP)
condition inside the reactor which may be insufficient
for methanogens. Furthermore, hybridizing cells of
the biopellets taken from the bioreactor with
AMX820 produced a bright signal and were active.
Anammox bacteria mainly grew in the central part of
the biopellets (200 pm from the surface) (Fig. 4).
This indicated the unfavourable growth conditions
for the anammox bacteria either due to the presence
of dissolved oxygen or the production of methanol
from anaerobic granules. Dissolved oxygen and
methanol are inhibitors of anammox bacteria as
reported by Third et al. and Guven et al. 2", In
addition, cell hybridization with Pla46 probe showed
weak signal, indicating the presence of low

population of planctomycetes. Other bacteria were
present in lower amounts on the surface and central
part of the biopellets.

Fig.4 Fluorescence in situ hybridization of a biopellet with Amx820 probe (labelled with Cy3; red) and EUB probe mix'” (FITC
labelled; green), arrow indicates the position of anammox bacteria.
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4. CONCLUSIONS

The presence anammox process in low
ammonium-fed solid-phase denitrification bioreactor
was assayed for 300 days in the laboratory. Nitrogen
mass balance showed that the average nitrogen
removal efficiency was 80%. The composition of the
effluents generated in an upflow oxygen limited
bioreactor was highly dependent on the solid carbon
substrates. The combined results of nutrient profiles,
*N-labelling techniques and FISH probe confirmed
that anammox bacteria were found to be active. This
clearly demonstrates that both anammox and
denitrification processes work symbiotically in low
ammonium concentrations under the support of solid
organic substrates. Finally, nitrogen removal based
on a mixture of an immobilized biomass of activated
sludge and anaerobic granules under the support of
solid carbon substrates elucidates a positive response
to freshwater and drinkingwater.
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