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Nutrient Remove by Using Nitrite as an Electron
Acceptor in Sequencing Batch Biofilm Reactor
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Abstract

Simultaneous nitrogen and phosphorus removal by denitrifying polyphosphate accumulating
organisms (DNPAOs) can take place in the biofilm system. Nitrite was utilized as an electron
acceptor in this study. The lab-scale sequencing batch biofilm reactors (SBBRs) were used to
investigate the performance of the system by control hydraulic and solid retention times of 16 hours
and 12 days, respectively. Two SBBRs were operated under alternating anaerobic-anoxic-aerobic
condition, in which nitrite and mixed nitrate-nitrite were added respectively. The synthetic wastewater
with acetic acid as a carbon source was supplied at the concentrations of 400 mg COD/I. The
phosphorus and ammonia concentration in the synthetic wastewater were 15 mg P/l and 100 mg
N/l, respectively. The results showed that phosphorus could be removed under anoxic condition by
DNPAOs utilizing nitrite as an electron acceptor. However nitrate was more favorable than nitrite.
The simultaneous nitrogen and phosphorus removal could be also occurred under aerobic condition.
Under the condition of nitrite supplying at 60 mg N/I of reactor volume, the ammonia and phosphorus
removal rates were 0.51 g N/m’.d and 0.048 g P/m>.d, respectively. The high ratio of mole phosphorus
uptake to mole electron utilization of nitrite of 0.11 mole P/mole electron in the batch experiment

indicated that the major group of denitrifiers which can utilize nitrite was DNPAO.
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1. Introduction

Several researchers have reported that high removals of nitrogen and phosphorus can be
achieved in a single sludge system when a sequencing bath reactor (SBR) is applied. Moreover,
the problem of COD limitation can be solved by introducing denitrifying polyphosphate accumulating
organisms (DNPAOSs) in the system [1-5]. The DNPAOs have capability on utilizing nitrite or nitrate
instead of oxygen as an electron acceptor for phosphorus uptake that results to simultaneous
nitrogen and phosphorus removal. Nevertheless, it has been reported that the nitrite accumulation
in the system can inhibit phosphorus removal process. The phosphorus uptake activity is completely
suppressed at nitrite concentration of 8 mg N/I or greater [3]. In comparison to anoxic phosphorus
uptake activity, the aerobic one is more sensitive to nitrite. Moreover, the presence of nitrite can
be one of the factors affecting to the competition between glycogen accumulating organisms
(GAOs) and polyphosphate accumulating organisms (PAOs) [6]. In the batch experiment, Ahn et al.
[5] showed that the phosphorus-uptake activity was observed when nitrite concentration of 40 mg
N/I was applied, while Hu et al. [7] reported that nitrite concentration less than 115 mg N/I did not
inhibit phosphorus uptake. Then, nitrite is an alternative electron acceptor besides oxygen and
nitrate, if the concentration is not excess the critical inhibiting one. Therefore, in this study, the
effects of nitrite on nitrogen and phosphorus removal in sequencing batch biofilm reactor were

investigated.

2. Materials and method

2.1 Reactor operation
The cylindrical vessels with working volume of 8 | and containing commercial ring-lace
type fibrous media of 0.6 m (media surface area of 3.4 m?m) were applied as sequencing batch
biofilm reactors (SBBRs). Two reactors were operated under alternating anaerobic-anoxic-aerobic
condition by using Program Logical Controller (PLC). The cycle time and solid retention time were

maintained at 16 hours and 12 days, respectively.

The operational conditions of system were summarized in Table 1. The nitrite of 2,460
mg N/I was supplied with the flow rate of 50 ml/h in SBBRNO,L through the whole period under
anoxic condition, while the only nitrite and mixed 1:1 ratio of nitrite and nitrate of 4,100 mg N/I
were supplied with the same flow rate in SBBRNO,H and SBBRNO,H, respectively. In each run, the
steady state concentrations of COD, phosphorus and nitrogen in the effluent as well as in the

samples collected from SBBRs in a range of time until the end of cycle were measured.
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Table 1 The operational conditions of system

Conditions SBBRNO,L SBBRNO,H SBBRNO,H
Anaerobic (h) 4 4 4
Anoxic (h) 4 4 4
NO,’ loading (mg N/I-cycle)® - - NO, = 50°

NO, = 50°
NO, loading (mg N/I-cycle) NO, = 60° NO, = 100° -
Aerobic (h) 8 8 8

% The ratio of mixed nitrite and nitrate was 1:1

ml 11 mg N h

b (50 —)( )(2,460 )4 )/(8 | of reactor volume)
h 1000 ml | cycle
ml 11 mg N h

c (50 —)( )(4,100 )(4 )/(8 | of reactor volume)
h 1000 ml | cycle

2.2 Batch experiments

The aerobic and anoxic phosphorus uptake rates of SBBRNO,L sludge were conducted
in batch experiments. Sludge at the end of anaerobic condition was transferred to the batch
reactor added synthetic wastewater with phosphorus of 30 mg P/l and specific nitrogen but
without organic carbon. In an anoxic test, nitrogen gas was purged into the batch reactor (1,000
ml) and nitrate of 50 mg N/I was applied. In case of using nitrite as an electron acceptor, nitrate
was replaced with nitrite while other operating parameters were the same. On the other hand,
there was no nitrogen in synthetic wastewater in aerobic test and air was supplied continuously to
maintain the dissolved oxygen not less than 2.0 mg/l. Samples of mixed liquor were collected in a
range of time. The phosphorus uptake rate was calculated from the slope of the tangent line at the

initial of phosphorus uptake curve for both anoxic and aerobic conditions.

2.3 Microorganism identification
Only the microorganism of SBBRNO,L sludge was identified by fluorescence in situ
hybridization (FISH) technique. The microorganisms which could utilize nitrite as an electron
acceptor such as Nitrobacter, denitrifier and anammox microbe were identified. The fixation
solution and the hybridization method were following to Ahn et al. [8]. Other groups of microorganisms,
Nitrosomonas which oxidized ammonia to nitrite and PAO which could remove phosphorus have

been detected too. The probes of these microorganisms were shown in Table 2.
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Table 2 The oligonucleotide probes with used in the experiment

Probes Sequence (5’ to 3’) Target groups %Formamide References
Nsm156 tattagcacatctttcgat Nitrosomonas 5 9]
NIT3 cctgtgctccatgcetceg Nitrobacter 40 [10]
PAO846 gttagctacggcactaaaagg PAO 35 [11]
PAR1457 ctaccgtggtccgcetgece Denitrifier 35 [12]
Amx820 aaaacccctctacttagtgccc Anammox 25 [13]

2.4 Synthetic wastewater

Acetic acid was used as carbon source in synthetic wastewater which contained COD
of 400 mg/l, phosphorus of 15 mg P/l and ammonia of 100 mg N/I. The fresh synthetic wastewater
was used by prepared day by day. The compositions of synthetic wastewater consisted of 0.37
ml/I CH,COOH, 0.049 ¢/I K,HPO,, 0.028 g/I KH,PO,, 04 g/ NH,CI, 0.6 g/ MgSO,.7H,0O, 0.07 g/l
CaCl,.2H,0, 0.02 g/l yeast extract, 0.01 g/l EDTA and 2 ml/l of trace mineral which contained 1.5
g/l FeCl,.6H,0, 0.15 g/l H;BO, 0.03 g/I CuSO,5H,0, 0.03 g/ KI, 0.12 g/l MnCl,.4H,0O, 0.06 g/l
Na,Mo0,.2H,0, 0.12 g/ ZnSO,.7H,0 and 0.15 g/l CoCl,.6H,O. The synthetic influent wastewater
was controlled to a pH of 7-7.3 by using NaHCO,.

2.5 Analytical methods
The samples withdrawn from the SBBRs were filtered through 0.45 Um filter paper to
remove suspended solids before analysis. Standard methods [14] 5220 C, 4500-NH, C, 4500-NO, B,
4500-NO, E, 4500-P C, 4500-H" B, 2540 D and 2540 E were used for chemical oxygen demand
(COD), ammonia, nitrite, nitrate, phosphorus, pH, suspended solids (SS) and volatile suspended

solids (VSS) analyses, respectively.

3. Results and discussion

3.1 Nutrient removal under different nitrite loading
Fig. 1 shows profiles of COD, phosphorus and nitrogen in SBBRNO,H with high nitrite
loading. The results showed that COD was removed and phosphorus was released under the
anaerobic condition. During the anoxic period, phosphorus was taken up but not completely. The
residual of nitrite after stop feeding was 27 mg N/I lower than supplying load and still gradually

decreased under aerobic condition.
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For ammonia, it slightly decreased under the anaerobic and anoxic conditions and was
removed by being oxidized to nitrite and nitrate under aerobic condition. As the generated nitrite
and nitrate were lower than the loss of ammonia, phosphorus was also reduced. This phenomenon
implied that nitrite and nitrate might be used as electron acceptors in the process of denitrification
and phosphorus uptake. However, nitrite was utilized incompletely, the accumulation of nitrite was
higher to 21.5 mg N/I and the effluent concentrations of phosphorus and ammonia were 8.4 mg
P/l and 40 mg N/I, respectively. The average removal efficiencies of COD, phosphorus and

ammonia in SBBRNO,H were 93%, 44% and 60%, respectively.
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Fig. 1 Profiles of COD, phosphorus (a) and nitrogen (b) in SBBRNO,H with supplied only nitrite of 100 mg N/I

For SBBRNO,L, the total nitrite supplied in the reactor was 480 mg N (60 mg N/l x 8 I) and
added continuously through anoxic period. Although, the profiled of COD, phosphorus and ammonia
remaining in SBBRNO,L were similar to the SBBRNO,H with high nitrite loading, nitrite was not
accumulated as shown in Fig. 2. The results showed that phosphorus could be removed under the
anoxic condition when volumetric nitrite loading was 60 g N/m’. The same as in high loading
experiment, the results clearly indicated that nitrite was used as an electron acceptor in denitrification
process by denitrifiers and partially by DNPAOs. The average efficiencies of COD, phosphorus and
ammonia removal in SBBRNO,L were 95%, 53% and 84%, respectively. Comparing to the SBBRNO,H
(Fig. 1), phosphorus and ammonia removal efficiencies in SBBRNO,H in which nitrite was accumulated
were lower than in SBBRNO,L. It indicated that low phosphorus and ammonia removal in SBBRNO,H
may be caused by the inhibition of high nitrite concentration on phosphorus uptake and nitrification

processes.
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The phosphorus and ammonia removal rates of SBBRNO,L were 0.048 g P/m’.d and 0.51 g
N/m’d, respectively. The ratio of COD utilization to phosphorus removal was 46 g COD/g P which
was higher than other reports (17 g COD/g P using anaerobic-aerobic system [15] and 26 g
COD/g P using anaerobic-anoxic system [1]). It is possible that COD may be competitively used by

ordinary denitrifiers under anaerobic condition.
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Fig. 2 Profiles of COD, phosphorus (a) and nitrogen (b) in SBBRNO,L with supplied only nitrite of 60 mg N/I

3.2 Consumption of electron acceptors under anoxic condition

In case of SBBRNO,H, nitrate supplied under anoxic condition was used almost completely
as shown in Fig. 3, while nitrite was slightly utilized. The accumulation of nitrite was observed
throughout the anoxic period. It was accumulated higher to 344 mg N/I at the end of anoxic
period. The results indicated that nitrite and nitrate could be utilized as electron acceptors for
DNPAOs to uptake phosphorus, but nitrate has been selected first. However, nitrite-acclimatized
denitrifiers could utilize nitrite as well as nitrate that was concurrent to the other works [4, 5].
These researches reported that nitrate was preferably consumed while nitrite was consumed at
lower rate when supplied the mixture of nitrite and nitrate, but nitrite started to be rapidly utilized

as the same rate as nitrate when the nitrate concentration decreased below 1 mg N/I.
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Fig. 3 The phosphorus uptake and the utilizations of nitrite and nitrate

under anoxic condition in SBBRNO,H

Although, the amount of nitrogen in nitrate-nitrite mixture supplied in SBBRNO,H was the
same as in nitrite-nitrogen supplied in SBBRNO,H, the amount of mole electron acceptor in mixture
was higher. Moreover, nitrite-acclimatized denitrifiers in SBBRNO,H may utilize nitrite better than
denitrifiers in SBBRNO,H. Consequently, more accumulation of nitrite in SBBRNO,H than in SBBRNO,H
was observed. Fig. 4 shows the utilization of electron acceptor and phosphorus uptake under
anoxic condition in SBBRNO,H and SBBRNO,H. The results showed that the electron acceptor in
SBBRNO,H was consumed higher than in SBBRNO,H, but phosphorus was taken up lower. Low
phosphorus removal and high accumulation of nitrite in SBBRNO,H indicated that the high nitrite

concentration may suppress the phosphorus uptake process.

According to the low phosphorus uptake was observed in high nitrogen oxide loading, GAOs
in SBBRNO,H was possible to compete with PAOs on utilizing nitrogen oxide. The pervious
research [16] also showed that, the lower phosphorus was uptaken when slug load of nitrate was

performed.
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Fig. 4 The utilization of electron acceptor and phosphorus uptake under anoxic condition

in SBBRNO,H and SBBRNO,H

3.3 Microorganisms community

When the steady state was reached, the aerobic and anoxic phosphorus uptake rates
of SBBRNO,L sludge (supplied nitrite of 60 mg N/I of reactor volume) were investigated in the
batch experiments. The specific phosphorus uptake rate of SBBRNO,L sludge when using nitrite as
an electron acceptor was higher than those using nitrate and oxygen as shown in Table 3. The
results showed that SBBRO,L sludge could utilize not only nitrate but also nitrite for phosphorus
uptake similar to the work of Hu et al. [7]. The specific phosphorus uptake rates under using nitrite
and nitrate as electron acceptors were nearly to those reported in the literature (16.8 mg P/g
VSS.h for nitrite and 15.4 mg P/g VSS.h for nitrate [7]) when using sludge from anaerobic-anoxic-
aerobic SBR. High specific phosphorus uptake rate under anoxic condition suggested that SBBRNO,L
consisted of both facultative and strictly anoxic DNPAOs. Moreover, the proportion of DNPAOSs,
which strictly utilized nitrite and nitrate, may be more than PAOs, which strictly utilized oxygen.
The FISH technique was used to identify the microorganisms in sludge of SBBRNO,L as shown in

Fig. 5, the microorganisms community of PAOs was 16.5% (Table 4).

However, the partial of PAOs could be repeatable counted when identifying denitrifiers
due to denitrify capability in some PAOs (PAO846 probe could identify DNPAOs [8]). The proportion
of denitrifiers was 19.3%. For specific nitrogen utilization rate, it showed that denitrifiers could
utilize nitrate with higher rate than nitrite. However, the ratio of mole phosphorus uptake to mole
electron utilization of nitrite was higher than nitrate. Moreover, the ratio was nearly the same as

reported in the work of Shoji et al [17] that used enriched-DNPAOs anaerobic-anoxic SBR system
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(0.14 mole P/mole electron). In case of nitrate, the ratio was two times lower than in the previous
work (0.12 mole P/mole electron [17]). These values confirmed that denitrifiers which utilized nitrite

were DNPAOs, while nitrate was competitively used by ordinary denitrifiers.

Table 3 Specific phosphorus uptake and nitrogen oxide utilization rates of SBBRNO,L sludge in batch experiments

Activities 0, NO, NO,
Specific P uptake rate (mg P/g VSS.h) 3.7 12.3 16.3
Specific NO, utilization rate (mmole e/g VSS.h) - 7.0 4.8
P uptake NO, utilization (mole P/mole e) - 0.06 0.1

The Nitrosomonas and Nitrobacter were the other group of microorganisms which were
identified by FISH technique. The activities of Nitrosomonas and Nitrobacter resulted to remove
ammonia in aerobic period (Fig. 2). The proportion of Nitrosomonas of 20.8% was three times
higher than Nitrobacter. The low proportion of Nitrobacter indicated that nitrite which was substrate
of Nitrobacter may be competitively used by denitrifiers. Moreover, anammox microbes could be
detected but low proportion of only 3 %. The reduction of ammonia in anoxic period (Fig. 2) could

be uptake by the anammox microbes as followed equation [18].

NH, +1.26NO, + 0.085C0, +0.02H" —> 0.017C_H,NO, + 0.24NO_ + N, +1.95H,0

Table 4 Proportion of microorganisms in SBBRNO,L

Microorganisms Range of proportion (%) Number of sample

PAO 165 + 3.8 13
Denitrifier 193 + 5.2 13
Nitrosomonas 208 + 40 13
Nitrobacter 66 + 22 13

Anammox 24 + 12 13
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Denitrifier

Nitrosomonas Nitrobacter Anammox

Fig. 5 FISH images of SBBRNO,L sludge; gray is hybridized with DAPI and white is hybridized

with target probes

4. Conclusions

This work was conducted to study the effect of nitrite on nitrogen and phosphorus removal
in SBBRs operated under anaerobic-anoxic-aerobic system. The results showed that nitrite could
serve as an electron acceptor for phosphorus uptake process as effectively as nitrate. However,
high accumulation of nitrite was observed in high nitrogen oxide loading and low phosphorus
uptake occurred under this loading due to the inhibiting effect of nitrite. The removal efficiency in
SBBRNO,L applied only nitrite (60 mg N/I of reactor volume) was 95% for COD, 53% for phosphorus
and 84% for ammonia removal. The activity test results indicated that amount of denitrifiers that
could utilize nitrite (DNPAOs) were predominant. Nitrosomonas, denitrifier and PAO were high
proportion in system, while Nitrobacter were about three times lower than Nitrosomonas. Low
Nitrobacter and no accumulation of nitrite in low nitrite loading system implied that nitrite may be

competitively used by denitrifiers.
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