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Abstract—The purpose of this research is to find out the effects of free ammonia concentration and dissolved oxygen
on nitrification and nitrite accumulation in a biofilm airlift reactor. Free ammonia serioudly inhibited the activity of
nitrite oxidizers at the concentration higher than 0.1 mg NH,-N/L and it was very effective for nitrite accumulation.
Dissolved oxygen limitation in the biofilm also caused nitrite accumulation. Long term inhibition decreased the growth
rate for nitrite oxidizers, and ammonia oxidizers were the dominant nitrifiersin the wastewater nitrification. Sdective
accumulation of ammonia oxidizers in the biofilm could be another reason for nitrite accumulation. Free ammonia
inhibited nitrite oxidizers immediately, and adaptation to free ammonia was not observed. Therefore, the optimum con-
trol of free ammonia and dissolved oxygen concentration is critical for nitrite accumulation and the strategy can be
used for selective accumulation of ammonia oxidizersin a bioreactor system.
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INTRODUCTION

Microbid nitrification, the sequentia oxidation of ammonium
(NH3) via nitrite (NG;) to nitrate (NO;), followed by denitrifica
tion under anoxic condition is the key process in the removd of
ammonium from wastewater. In an integrd nitrogen removd sys
tem, it is beneficid if ammonium is only oxidized to nitrite rather
than nitrate and theresfter denitrified for four reasons 1) an gpprox-
imately 25% lower consumption of oxygen in the nitrification Sage,
2) an approximately 40% lower eectron donor requirement in the
denitrification stege, 3) higher denitrification rete, and 4) lower dudge
generation [Abdlling et d., 1992, Garrido et d., 1997; Kua ¢t d.,
1998).

Nitrite accumulation can be obtained by disequilibrating the num-
bers or activities between the ammonia oxidizers and nitrite oxidiz-
ers. The disequilibrium in numbers occurs when ammonia oxidiz-
ers prevall nitrite oxidizers in mixed culture nitrification system.
Differences of the oxidation activities can be mainly imposed, for
example, by an inhibition of the activity of the nitrite oxidizers by
the presence of free ammonia, disolved oxygen limitation in the
nitrifying bacteria[Goreau et d., 1980; Hdlinga et d., 1998; Joo et
d., 2000; Kim et d., 2003; Kual et d., 1998; Nam et d., 2004; Turk
and Mavinic, 1989, b; Villaverde et d., 1997; Wolfe et d., 1990].
SHective inhibition of free ammonia (NH;) on nitrite oxidizers usu-
dly occursat 0.1 to 10mg NH,-N/L [Randdll and Buth, 1984], while
ammonia oxidizers are inhibited a 10-150 mg N/L [Anthonisen &
d., 1976]. Nitrous acid (HNQO,) is dso known to inhibit nitrite oxi-
dizersat 0.22-2.8 mg N/L [Anthonisen et d., 1976].

Low dissolved oxygen dso limits nitrite oxidation Snce the oxy-
gen saturation coefficients (K,) of ammonia oxidation and nitrite
oxidation are known to be 0.3 and 1.1 mg/L, repectively. Nitrite
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was known to accumulate most highly a 1.5 mg/L of dissolved oxy-
genin bicfilm reactor [Antoniou et d., 1990; Garrido et d., 1997].
The above gudies observed those effects separately on nitrite ac-
cumulation.

The purpose of this study isto determine the combined effect of
both the free ammonia and oxygen limitation on nitrite accumula-
tion. Hydraulic retention time (HRT) of the wastewater and am-
monia load was adjugted to obtain different free ammonia concen-
trations in the reactor, and the biofilm system was used to achieve
dissolved oxygen limitation due to oxygen trandfer resstance within
the biofilm. Both freshly deveoping biofilm and fully saturated bio-
film were compared for this purpose.

MATERIALSAND METHODS

For biofilm airlift reactorstwo (reactors A and B) laboratory scde
concentric tubes equipped with a three-phase separator were used.
Their height, riser diameter and down comer diameter are described
in Teble 1 and a schematic experimental sst-up is shown in FHg. 1.
The pH was contralled a 7.5 by the supply of 1M NaHCO,. The
temperature of the reectors was maintained a 20-28 °C. Basdt with
ameen diameter of 200 um wasthe carrier materid for biofilm for-

Table 1. Geometry of the applied biofilm airlift reactor

Reactor A Reactor B
Total reactor volume (L) 5 33
Total reactor height (cm) 7 102
Internal separator diameter (cm) 4 4
External separator diameter (cm) 18 10
Riser diameter (cm) 4 4
Downcomer diameter (cm) 7 7
Riser to bottom distance (cm) 1 1
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Fig. 1. Schematic of the nitrification experimental set-up of bio-
film airlift reactor.

mation. The initid carrier concentrations in the reactors A and B
were 16 and 23 g/L, repectively. The reactors were inoculated with
the dudges from a nitrifying wastewater trestment plant. The reac-
tor A was aerated at 4 L/min, and the reactor B was aerated a 1
and 25 L/min a low load (0.15kg/m®-d) and high load (1.9 kg/m?-d),
respectively. Other operating conditions of reactors A and B are
saummarizedin Tebles2 and 3. The atificid wastewater compostion
isshown in Tade4. The andyticd methods were based on the Stan+
dard Methods [APHA, 1992]. NH,-N was meesured by the Nesder-
ization method by reading absorbance a 425 um by UV-Vishle
spectrophotometer (UV 1601, Shimadzu). Both NO,-N and NO,-
N were measured by ion chromatograph (DX 500, Dionex). The

Table 2. Experimental conditions of biofilm airlift reactor A

Phase Operation HRT NH,-N Load
(days) () (mgL)  (kg/m’-d)
@ 1-31 10.2 450 16
(b) 32-74 280
(o 75-145 6.0 391 23
(d) 146-160 243 15
G 161-185 12.2 225 0.7

Table 3. Experimental conditions of bicfilm airlift reactor B at low
(0.15kg/m?.d) and high (1.9 kg/m®-d) NH N load

Operation HRT NH,-N Nitrification

Phase

(days) (h)y (mg/L) (%)

Lowload (d) 156 165 103 92
(b 5776 1 69 99

(© 771119 82 52 97

(d 120133 66 a1 100

(6 134148 46 29 100

Highload (a) 149213 132 1,045 91
() 214276 83 653 92

(C) 277291 55 435 87

d) 292-312 41 326 81

(¢) 313329 28 218 80
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Table 4. Composition of the synthetic wastewater used for nitrifi-

cation
Component  Concentration Component Concentretion
CaCl,-2H,0 7 mg/L NaHPO,-12H,0 29 mg/L
FeCl;-6H,0 ImglL  NaHCO, (asCaCO;)3.57 g/g NH,N
KCl 7mgL  (NH,),SO, 29-1,045 mg-N/L
KH,PO, mg/L  pH controller 1M NaHCO,
MgSO,-H,0O 5mg/L - buffer soln.

degree of nitrite accumulation was expressed by the fraction of nitrite
among nitrite and nitrate (NO,-N/(NO,-N+NO,-N)). Biofilm thick-
ness was examined by microscopic messurement. Saturated bio-
film thickness was between 100 and 150 um. Other detailed experi-
mental methods can be found dsawhere [Kim et d., 2003].

RESULTS AND DISCUSSION

1. Nitrification and Nitrite Accumulation in a Freshly Devd-
oping Nitrification Biofilm Reactor

Reector A was operated at five different consecutive geps. From
period (a) to (e), the ammonium loads to the reactor A were varied
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Fig. 2. Time dependence of nitrification and nitrite accumulation
in the bicfilm airlift reactor A ((0: NH,-N; &: NO,-N; @:
NO,-N; @: nitrification (%); A: nitriteratio; O: freeam-
monia).
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16 (@aand b), 23 (¢), 1.5 (d) and 0.7 (e) kg/m’-d. Fig. 2(A) shows
the effluent concentrations of nitrogen compounds and nitrification
efficiency of reactor A. Fig. 2(B) shows free anmonia concentra:
tion and nitrite retio of the effluent.

In period (a), the reactor was operated a 1.6 kg NH,-N/m®-d and
a an HRT of 10.2 hoursfor 31 days. Mot of the ammonium was
converted to nitrite after 10 days Asthe HRT was reduced to 6 hours
in period (b), nitrification efficiency decressed to 70% initidly but
it was recovered to higher than 95% in 2 weeks. Interestingly, only
avey low nitrate concentration was found in the periods of (a) and
(b). During the periods (8) and (b) free ammonia(NH,-N) was main-
tained a lessthan 1.0 mg/L, and the average dissolved oxygen con-
centrations were 5.9 and 3.7 mg/L, respectivey. In addition, the ni-
trite ratio was kept a 0.9-1.0. From the results, nitrite oxidation ac-
tivity was supposed to be very low even though mogt of the am-
monium was oxidized to nitrite.

In period (¢) anmonium load was increased to 2.3 kg/m®-d while
HRT was kept condant & 6 hours as in (b). Despite the increassed
load, ammonium was completdy oxidized so that free ammonia
concertration decreased nearly O for 70 days a an average dis
s0lved oxygen of 5.2 mg/L. On the other hand, the activity of nitrite
oxidizerswas dowly increased for 70 days from thefact of increased
nitrate leve in thisperiod. In terms of nitrite ratio it decreased from
09t00.36.

In period (d) nitrite ratio decreased dradticdly to 0 asthe ammo-
nium load decreased from 2.3 to 1.5 kg/m®-d. When comparing the
nitrite oxidation rates a period (€) and (d), they have dmost the
same vaue of 147 and 146 kg NO,-N/m®-d, respectively. There-
fore, the sudden decrease of nitrite ratio in (d) was due to the fact
that just gppropriate amount of nitrite was supplied by oxidation of
ammoniawhich can be further oxidized to nitrete by nitrite oxidiz-
ers. Nitriteratio in period (€) was 0 and it can dso be explained by
the insufficient supply of nitrite.

The phenomena of nitrite accumulation in periods (a)-(b) and
dow recovery of nitrite oxidizers activity for 70 daysin period (c)
were very interesting. The cause of these phenomena can be ando-
gizedin four possible ways.

Fird, free ammonia might inhibit nitrite oxidizers to cause lag
time to their activity. Yoo et d. [1999] showed thet nitrite oxidizers
hed lower activity than that of control when nitrite oxidizers were
exposed to free ammonia. And it needed a lag time to recover ni-
trite oxidetion activity fter theremova of inhibition by free ammo-
nia In addition, the lag time effect of nitrite oxidizers was propor-
tiond to the free ammonia concentration and exposure time [Yoon,
2002]. However, it is speculated thet the dow recovery of nitrite
oxidizers attivity in period (c) of Fg. 2(B) did not follow this mech-
aniam because batch inhibition results showed that the lag time effect
lasted less than severd hours.

Secondly, nitrous acid (HNO,) has been known to inhibit nitrite
oXidizers from the concentration aslow as 0.2 mg N/L [Anthonisen
et d., 1976]. In period (c) the average HNO, concentration was ca-
culated to be 0.03 mg N/L, which is one order of magnitude lower
than the inhibition level. Therefore, it can be assumed that HNO,
hed little effect on nitrite accumulation.

Thirdly, low dissolved oxygen could be a cause for nitrite ac-
cumulaion due to higher Ko vaues of nitrite oxidizers than thet of
ammonia oxidizers [Haneki et d., 1990; Lauddout, 1974; Love-

less and Painter, 1968; Pecters et d., 1969). In periods (a) and (b),
however, nitrite ratio was dose to 1 even though the dissolved oxy-
gen was maintained at leedt three times higher than the K, (1.1 mg/
L) of nitrite oxidizers. From the results we can assume that factors
other than low dissolved oxygen were responsible for the nitrite
accumulaion. On the other hand, it could be thought thet the dis-
solved oxygen concentration in the biofilm might be lower than
the K, vaue due to masstrander redstancein the biofilm [Ficioreanu
et d., 1997]. However, recent results from Vogelsang et al. [2002]
showed that biofilm thickness hed increased more then 80 days dur-
ing nitrification, and it meant increasing oxygen limitation in the
biofilm astime goes. If low dissolved oxygen in the biofilm caused
nitrite accumulation, nitrite retio should have increased from low
vaue to high va ue during the experiment but the result did not co-
incide with the hypothesis In addition, Garrido et d. [1997] obtained
a nitrite ratio of 0.5 a 1.5mg/L of disolved oxygen as the maxi-
mum nitrite accumulation in biofilm, but we could achieve nitrite
ratio of about 1 a much higher dissolved oxygen concentretion.
Noguera et d. [2002] dso reported thet no nitrite was observed a
dissolved oxygen leve between 2.0 and 5.0 mg/L. under Smilar nitri-
fication condition. Furthermore, dow recovery of nitrite oxidizers
adtivity in period (c), which takes about 70 days, cannot be explained
by low dissolved oxygen hypathesis because oxygen transfer ratein
thebiofilm isavery fagt phenomenon which take only afew minutes.
From the above results and examples from former studies we can
rule out low dissolved oxygen from the main factors for nitrite ac-
cumulation in this study.

Fourth, the rdatively lower number of nitrite oxidizers then that
of ammonia oxidizersin the reactor could be a cause for nitrite ac-
cumulation. Long term selectiveinhibition on nitrite oxidizers could
lower its pecific growth rate and population number in the bio-
film. In periods (a) and (b) the amount of produced nitrate was neg-
ligible when conddering the oxidized ammonium. Congdering that
nitrite oxidizers are obligatory autotrophic bacteriawhich obtain dl
the necessary energy for biomass synthesis and maintenance from
the oxidation of nitrite to nitrate, and considering the low yield of
nitrite oxidizers [Beccari et d., 1979; Wiesmann, 1994] and little
oxidation of nitrite, very few nitrite oxidizers are present at the ni-
trifying biofilm in periods (a) and (b). The rdaively low number
of nitrite oxidizers than ammonia oxidizers can accumulate nitrite
in periods (a) and (b). In the absence of free ammoniainhibition on
nitrite oxidizers, nitrite was further oxidized to nitrate to provide
energy for the synthesis of nitrite oxidizers. The dow recovery of
nitrite oxidizer activity in terms of nitrite ratio in period (c) could
be explained by the increasing number of nitrite oxidizers under no
inhibition condition by lowering ammonium load.

The above results showed the possbility of selective growth of
ammoniaoxidizers during wastewater nitrification under the presence
of gppropriate free ammoniainhibition. Nitrification dudge enriched
with ammonia oxidizers dectivey oxidizes ammoniato nitrite with-
out further oxidation to nitrate, and it can make the nitrogen removd
via hitrite pathway more feesibleto achieve.

2. Nitrification and Nitrite Accumulation in a Nitrification Bio-
film Reactor with Balanced Ammonia Oxidizers and Nitrite
Oxidizers

In the second part of this experiment the possibility of nitrite ac-

cumulation was investigated when nitrite oxidizers were fully grown
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Fig. 3. Time dependence of nitrification in the biofilm airlift reac-
tor B at low ammonia load (0.15kg/m®-d) ((J: NH;-N; <:
NO;-N; €: NO;-N; @: nitrification (%)).

in equilibrium with anmoniaoxidizers. For this purpose the biofilm
airlift reactor B was operated & low ammonium load (0.15 kg/n-
d) to obtain complete nitrification from ammonium to nitrate for 5
months. After the balanced growth of ammonia oxidizers and nitrite
oxidizers, ammonium load was increased to 1.9 kg/m®-d to exam-
ine the effect of free ammonia on nitrite accumuletion (Teble 3).

Fg. 3 shows the nitrogen compounds in the effluent and nitrifi-
cation efficiency under the low load operation. Nitrification effi-
ciency reached dmogt 100% during the operation except for the
initid 15 days as a gart-up period. HRT reduction did not give any
adverse effect on nitrification efficiency and nitrite accumulation
during the period. The average dissolved oxygen concentration was
about 7 mg/L. and free ammonia concentration was maintained d-
most 0 except for the Sart-up period.

In many biofilm systems, oxygen (electron acceptor), other than
nutrient substrates (eectron donor), has been regarded as the limit-
ing factor in the aerobic process because of its low solubility and
mass transfer resgtance in the biofilm. In thislow load experiment,
however, overdl nitrification rate was governed by ammonium be-
calise ammonium concentration was maintained nearly Oin the reec-
tor. Therefore, both ammonia oxidizers and nitrite oxidizers could
grow in baance without oxygen limitation and free ammoniainhi-
bition to reach equilibrium in their activities and population num-
bers

Fg. 4(A) and (B) show the effluent nitrogen concentrations, nitri-
fication efficdency, free ammonia and nitrite ratio with decressing
HRT as ammonium load was increased to 1.9 kg/m®-d in reactor
B. In the periods (d)-(€¢) HRTs were 13.2, 8.3, 55, 4.1, 28 h, re-
spectively, and the influent ammonium concentrations were 1045,
653, 435, 326, 218 my/L, respectively, to keep the ammonium load
congant as shown in Table 3. In contrast to low load condition, ni-
trification efficiency was decreased and nitrite was accumulated as
HRT decreased. Detailed nitrification results of each periods are
given asfollows

Nitrite ratio was maintained 1 throughout the period (d) even
though free ammonia concentration decreased to O after 200 days
due to complete nitrification. In period (b") as both the HRT and
influent ammonium concentration decreased to 8 h and 653 mg/L,
average nitrite ratio decreased to 0.82 with average nitrification effi-
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Fig. 4. Time dependence of nitrification in the biofilm airlift reac-
tor B at high ammonia load (1.9 kg/m®d) ((J: NH;-N; <:
NO3-N; @: NO;-N; @: nitrification (%); A: nitriteratio;
O: freeammonia).

ciency, average free ammonia and dissolved oxygen about 95%,
0.66 and 3mg/L, respectively. In periods (), (d) and (€)) average
nitrite ratios were 0.81, 0.91, 0.89, regpectively, with free ammonia
concertrations of 0.47, 0.58, 0.59 mg/L., respectively. Free ammo-
nia seems to be the main cause of nitrite accumulation in this high
ammonium load condition, but the contribution by oxygen limita-
tion in the biofilm might not be excluded. Rdlatively high concen-
tration of ammonium than oxygen caused oxygen limitation and it
can further deteriorate nitrite oxidizer activity. In consequence, nitri-
fying biofilm has an advantage over suspension system to accumu-
late nitrite by naturd oxygen gradient formed in the biofilm in the
presence of ammonium.

From the above results, nitrite can be highly accumulated by ap-
plying high ammonium load, and we can dso conclude that nitrite
accumulation was obtained by the following pathway. Long term
inhibition of free ammonia and oxygen limitation decressad nitrite
oxidizer activity and their growth rate, but not ammonia oxidizers
to have unbdanced overwhelming growth of anmonia oxidizersin
the nitrifying system. Nitrite oxidizers cannot oxidize enough nitrite
which is provided by ammonia oxidizers even though their inhibi-
tion and limiting factors do not exist any more because of ther limited
populaion. Nitrite oxidizers grow dowly due to their dow nitrite
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oxidation and low yield and thet is why it took more than 70 days
to have aufficient nitrite oxidizer population without nitrite accu-
muletion as shown in Fg. 2. In addition, nitrite oxidizer adaptation
to free ammonia could not be observed in this experiment during
330 days of operation.

CONCLUSION

In abiofilm airlift reactor wastewater nitrification under low am-
monium load and high dissolved oxygen condition did not accu-
mulate nitrite. At high ammonium load condition, residud free am-
monia effectivey inhibited nitrite oxidizers to have nitrite retio higher
than 0.8 whether the nitrite oxidizers were fully developed or not.
Dissolved oxygen concentration (2-5mg/L) did not show strong
effect on nitrite accumulaion. Therefore, free ammonia has more
direct and grong inhibition effect on nitrite oxidizers than oxygen
limitation.

Ammonia oxidizers became dominant nitrifiers by long term
wastewater nitrification under the condition of selective inhibition
on nitrite oxidizers In this case nitrite could be accumulated even
though there is no inhibition or limiting factors to nitrite oxidizers
because of smdler number of nitrite oxidizers than that of anmonia
oxidizers. Long term westewater nitrification for 330 days showed
that nitrite oxidizers did not show adaptation to free ammonia and
nitrite could be accumulated by sdective inhibition on nitrite oxidiz-
ers even though nitrite oxidizers were fully developed and in equi-
librium with ammonia oxidizers
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