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ABSTRACT

This research analyzed the effect of nitritation on the characteristics of recycle water, which is
the effluent of sludge treatment process from a municipal wastewater treatment plant (MWTP).
The laboratory-scale reactors were operated in various operation conditions for about 200 d.
Operation results of laboratory-scale reactors showed that stable nitritation was induced using
recycle water, and over 80% of nitrite conversion efficiency was obtained. The nitrite conversion
rate was 0.37 kg NO;-N/m? d for the anaerobic digester supernatant, 0.32 kg NO-N/m® d for
the sludge decanter effluent, and then 0.17 kg NO;-N/m® d for the sludge thickener supernatant
in order. These results showed that nitrite conversion rate was effected by ammonium nitrogen
concentration and chemical oxygen demand fraction. The limit of solid retention time (SRT) was
analyzed based on track study. Also, improvement of nitrite conversion rate was detected adjust-
ing SRT from reactor operation result. The result of this research can be used as an important
data for treatment of recycle water in MWTP, using nitritation.
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1. Introduction

The concepts of “Sustainable Development” and the
“Environmentally Sound and Sustainable Development
(ESSD)” were announced from “Club of Rome” in the
year 1972 and “World Commission on Environment and
Development (WCED)” in the year 1987. These concepts
were developed for the minimization of environmen-
tal pollution and for the effective use of energy resource.
Accordingly, many research groups have studied about
the wastewater treatment process with the advantage
of economy, environment, and energy. The focus of
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government attention is also increased regarding the same
[1]. For instance, in 2013, the “Korea Institute of Science
and Technology Information” (KISTI) announced the 10
future core technologies for social-issue solution through
“2013 Emerging Tech Seminar”, and the wastewater treat-
ment (ANAMMOX, anaerobic ammonium oxidation) was
included. This technology uses anaerobic oxidizing bacteria
with ammonium nitrogen and nitrite as a substrate under
anaerobic condition. This process requires the mainte-
nance of anaerobic condition and stable supply of nitrite.
Therefore, it means that not only the research and technical
development for anaerobic ammonium oxidation should
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be preceded but also the research for nitritation. As men-
tioned before, as the interest for nitrogen removal method
development that has the advantage of economy, environ-
ment, and energy has increased, the interest on nitritation
has increased as well [2,3]. Nitritation is the process of con-
version of ammonium nitrogen into nitrite by ammonium
oxidizing bacteria. Nitrification is that ammonium nitrogen
is converted into nitrate [4,5]. If the nitritation is applied
to biological nutrient removal (BNR), both oxygen and car-
bon source that are necessary for nitratation and denitri-
fication can be reduced. Especially, the electric energy by
supplying oxygen in wastewater treatment takes about
40% of municipal wastewater treatment plant's (MWTP)
total electricity consumption [6]. If oxygen can be saved by
nitritation, it will be advantageous for reducing the energy
and operational cost of MWTP. However, nitritation was
affected by many environmental and operational condi-
tions that pose the difficulty to induce nitritation stably
[7-9]. There are two methods to inhibit the conversion of
nitrite: the first is to accumulate nitrite using the difference
in activation energy (68 kJ/mol, 44 kJ/mol) of ammonium
nitrogen oxidizing bacteria (AOB) and nitrite oxidizing bac-
teria (NOB), and the second way is using the difference in
growth rate. Many researchers are using the second way
for nitritation, using the difference in growth rate of AOB
and NOB to accumulate the nitrite [8,9]. AOB and NOB'’s
maximum growth rate in high temperature (35°C) is about
1 and 0.5 d7 [10]. That is, operating in high temperature
for short retention time, NOB is discharged in effluent. On
the other hand, AOB stays in bioreactor, naturally leading
to its high-density growth. Due to this reason, AOB takes
the dominant position in bioreactor. The ammonium nitro-
gen entering the bioreactor is converted into nitrite by
AOB under aerobic condition. Converted nitrite by AOB
cannot be converted into nitrate by controlled NOB and
is accumulated in the form of nitrite [11,12]. The resulting
sludge in water treatment process of MWTP contains high
concentration of polluted materials, and hence untreated
release or reclamation can bring about serious water pol-
lution. Non-removal recycle water from sludge treat-
ment process is reported as one of the main problems of
MWTP [7].

The main characteristics of recycle water are repre-
sented as low flow and high concentration of polluted
materials. However, most of the domestic MWTP do not
possess the extra recycle water treatment process. Instead,
recycle water is returned to water treatment process com-
bining with incoming sewage leading to the increased
pollutant loads of water treatment process. Especially,

Table 1
Characteristics of recycle water in this research

nitrogen causes more pollution when compared with
other pollutants. In advanced research result, nitrogen
load of water treatment process in MWTP is increased
up to 47% because of recycle water [13]. This research
was operated in a laboratory-scale nitrite reactor using
sludge thickener supernatant, anaerobic digester super-
natant and sludge decanter effluent, which belongs to
recycle water. Based on the result, nitrite conversion effi-
ciency change was analyzed according to recycle water’s
characteristics.

2. Materials and methods
2.1. Characteristics of influent

The sludge thickener supernatant, anaerobic digester
supernatant and sludge decanter effluent from the sludge
treatment process sampled an MWTP in Seoul, South
Korea. Collected samples were moved to a laboratory
and combined in large-sized mother reactors for complete
mixed condition. The mixed samples were refrigerated at
4°C + 1°C to prevent the change of characteristics. Table 1
showed the characteristics of influent in this research.
Sludge thickener supernatant, anaerobic digester super-
natant and sludge decanter effluent contain high-density
of polluted materials. Also, large difference of pollutants
concentration was observed in recycle water. Anaerobic
digester supernatant and sludge decanter effluent con-
tained higher ammonium nitrogen than sludge thickener
supernatant. The analysis methods of water quality in
this research were conducted by standard method [14].

2.2. Laboratory-scale reactors

The laboratory-scale reactors used for nitritation were
made by acrylic cylinder and the operational volume of
each reactor was 8 L. The water bath to maintain the tem-
perature (35°C + 0.5°C) was installed outside of reactors to
minimize the effect of temperature. The source of inoculum
was aeration reactors of MWTP in Seoul, South Korea. The
reactors were operated in aerobic condition for nitritation,
and oxygenator and air-stone were installed for supplying
oxygen. The oxygenator was operated during overall oper-
ation days. Hence, the DO was maintained over 2 mg/L
during overall operation days. Reactors were operated at
the same hydraulic retention time (HRT) and solid retention
time (SRT). Mechanical mixer was installed at the top of reac-
tors to maintain the complete mixed condition. Fig. 1 shows
the schematic diagram of laboratory-scale reactor.

Parameter Sludge thickener supernatant Anaerobic digester supernatant Sludge decanter effluent
Range (mg/L) Median (mg/L) Range (mg/L) Median (mg/L) Range Median
Chemical oxygen demand  8,200~12,000 10,200 14,000~19,000 16,000 1,410~1,932 1,680
Biological oxygen demand 3,600~5,600 4,300 1,040~1,130 1,100 1,046~1,128 1,106
Total nitrogen 250~360 280 890~1,220 1,120 906~1,210 1,140
NH;-N 205~215 210 935~955 945 946~950 948
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3. Results and discussion
3.1. Results of reactors operation

The operating strategy for nitritation was to shorten
SRT step by step in this research. The operational results
of sludge thickener supernatant, anaerobic digester super-
natant and sludge decanter effluent are shown in Fig. 2,
Tables 2—4 show summaries of operation results. In Fig. 2a,
sludge thickener supernatant operated SRT was 4~0.5 d
and during Al, stable ammonium nitrogen was removed
and the removed ammonium nitrogen was accumulated
in effluent. A2 shows different result from period Al, to
observe nitrite in effluent. During A3, removal of stable
ammonium nitrogen and high concentration of nitrite in
effluent were detected because AOB dominated in reac-
tor, due to NOB wash-out through change of SRT in the
reactor [10]. During A4, concentration of ammonium nitro-
gen in effluent was rapidly increased because SRT was
too short for ammonium nitrogen oxidation [7,8]. Fig. 2b
shows the operation results of anaerobic digester superna-
tant. Reactor of anaerobic digester supernatant was oper-
ated SRT 8~1 d. The reason for longer operated SRT than
sludge thickener supernatant in Fig. 2a was to provide
enough time for ammonium oxidizing nitrification due
to the high concentration of ammonium nitrogen. During
B1, ammonium nitrogen was removed stably, the removed
ammonium nitrogen was converted into nitrite in effluent.
Removal of stable ammonium nitrogen and detection of
nitrite in effluent were taken in B2 similar to A2. During B3,
almost removed ammonium nitrogen was converted. B4
shows that operating conditions for ammonium oxidation
were not formed. Fig. 2c shows the reactor operation results
of sludge decanter effluent and the operated SRT ranged
8~1 d. Sludge decanter effluent was started with long SRT
considering high concentration of ammonium nitrogen
and organic compound. C1 shows the removal of stable
ammonium nitrogen and conversion to nitrate; C2 shows
the removal of stable ammonium nitrogen and detection

Air pump

of nitrite. Stable ammonium nitrogen was removed and
high concentration of nitrite was accumulated during C3,
and the high concentration of ammonium nitrogen was
observed during C4. Also, similar results were shown in
same operated conditions, it seems that operated results
were verified.

3.2. Effects of ammonium nitrogen load

Fig. 3 shows the ammonium nitrogen removal efficiency
and rate according to ammonium nitrogen load in the
period that showed the maximum nitrite conversion effi-
ciency of sludge thickener supernatant, anaerobic digester
supernatant and sludge decanter effluent. Ammonium
nitrogen load is estimated based on the ammonium nitro-
gen concentration in influent and it is 0.21~0.22 kg NH;-N
for sludge thickener supernatant, 0.88~0.94 kg NH;-N for
anaerobic digester supernatant and 0.94~0.95 kg NH;-N
for sludge decanter effluent. Nitrite conversion efficiency
was more than 80% because the ammonium nitrogen load
was analyzed using data of A3, B3, and C3. However,
there was a rate difference between ammonium nitrogen
removal rate and nitrite conversion rate [nitrite mass in
effluent/(volume of reactor x retention time)] according
to ammonium load. When the ammonium nitrogen load
is high in influent, ammonium nitrogen removal rate and
nitrite conversion rate were higher compared with low
ammonium nitrogen load. Therefore, anaerobic digester
supernatant and sludge decanter effluent can be expected
to have high nitrite conversion rate than sludge thickener
supernatant.

3.3. Comparison of ammonium nitrogen removal rate and
nitritation

In Fig. 4, the ammonium nitrogen removal rate and
nitrite conversion rate is compared during the maximum

Cooler———,

Heater\\

Alr stone

Air stone

Alr stone &

Fig. 1. Schematic diagram of laboratory-scale reactor.
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Fig. 2. Operation results of recycle water in laboratory-scale reactor. (a) Sludge thickener supernatant, (b) anaerobic digester super-

natant and (c) sludge decanter effluent.

Table 2
Summary of operation result in sludge thickener supernatant

Period HRT =SRT Removed ammonium Nitrite in effluent Ammonium nitrogen  Nitrite conversion
(d) nitrogen (mg L) (mgL) removal efficiency (%) efficiency (%)
Range Median Range Median Range Median Range Median
Al 4 105~212 187 0.1~56 18 51~91 80 0~27 7
A2 2 105~202 168 98~143 109 51~94 78 53~80 66
A3 1 158~206 194 122~186 167 74~94 85 69~92 89
A4 0.5 114~150 124 20~70 33 48~65 54 16~47 26

HRT: hydraulic retention time; SRT: solid retention time.

nitrite conversion efficiency period in sludge thickener
supernatant, anaerobic digester supernatant and sludge
decanter effluent. In case of ammonium nitrogen removal
rate in Fig. 4a, sludge thickener supernatant 0.20 kg NH;-N/
m?® d, anaerobic digester supernatant 0.42 kg NH;-N /m’ d
and sludge decanter effluent 0.39 kg NH;-N/m® d were
shown on the basis of median value. In Fig. 4b, nitrite

conversion rate is 0.17 kg NO,-N/m*d, 0.37 kg NO;-N/
m® d and 0.32 kg NO;-N /m*d on the basis of median. The
maximum ammonium nitrogen removal rate and nitrite
conversion rate was shown in anaerobic digester super-
natant. Especially, it shows higher rates for about 50%
compared with sludge thickener supernatant, and about
10% compared with sludge decanter effluent. It is judged
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Table 3
Summary of operation result in anaerobic digester supernatant

23

Period HRT =SRT Removed ammonium Nitrite in effluent (mg L) Ammonium nitrogen Nitrite conversion
(d) nitrogen (mg L) removal efficiency (%) efficiency (%)

Range Median Range Median Range Median Range Median

B1 8 899~916 905 2~8 4 35~92 87 0~1 0.4

B2 4 830~911 886 124~488 151 93~97 96 12~59 16

B3 2 790~900 830 54~832 732 90~97 94 61~92 84

B4 1 234~316 282 76~96 87 25~33 30 26~39 31

Table 4

Summary of operation result in sludge decanter effluent

Period HRT =SRT Removed ammonium Nitrite in effluent (mg L) Ammonium nitrogen  Nitrite conversion
(d) nitrogen (mg L) removal efficiency (%) efficiency (%)

Range Median Range Median Range Median Range Median
C1 8 500~819 780 34~85 61 53~86 82 4~12 8
C2 4 756~816 788 208~287 269 79~86 83 26~37 35
C3 2 750~816 782 568~692 650 79~86 83 74~89 83
C4 1 208~279 261 82~114 112 22~29 27 31~55 41
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Fig. 3. Comparison of ammonium nitrogen removal rate and efficiency, and nitrite conversion rate and efficiency according to ammonium

nitrogen load.

to be effective for applying nitritation to anaerobic digester
supernatant. In case of sludge thickener supernatant, SRT
was shorter than anaerobic digester supernatant; however,
low ammonium nitrogen removal rate and low nitrite con-
version rate were effected by low ammonium nitrogen
concentration. Also, in case of sludge decanter effluent,
low rate is judged from low nitrite conversion efficiency
even with the same SRT of anaerobic digester super-
natant and similar ammonium nitrogen concentration.

3.4. Organic matter and chemical oxygen demand fraction

The nitrite conversion rate of recycle water was each
0.17 kg NO,;-N/m® d for sludge thickener supernatant,

0.37 kg NO,;-N/m* d for anaerobic digester supernatant
and 0.32 kg NO;-N/m® d for sludge decanter effluent.
The major reason for difference of nitrite conversion rate
was the difference in concentration of ammonium nitro-
gen. However, considering influence by organic matter of
nitritation, the chemical oxygen demand (COD) fraction
was analyzed based on microbial oxygen utilization rates.
Fig. 5 shows the results of the COD fraction in the sludge
thickener supernatant, anaerobic digester supernatant
and sludge decanter effluent. COD fraction showed clear
difference in each wastewater. In case of sludge thickener
supernatant, S, (soluble substrate) took most parts of 45%,
in case of anaerobic digester supernatant, 75% of S (solu-
ble inert) and in case of sludge decanter effluent, 46% of
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Fig. 5. COD fraction of sludge thickener supernatant, anaerobic digester supernatant and sludge decanter effluent.

X, (soluble inert) took most parts. Also, in case of biode-
gradable organic matter (substrate organic matter, summa-
tion of S; and Xj), sludge thickener supernatant was about
60%, anaerobic digester supernatant was about 15%, and
sludge decanter effluent was about 65%. In the anaerobic
digester supernatant, the ratio of biodegradable organic
matter showed less than other ratio of recycle water. This
could be analyzed to have less amount of organic matter

that can be decomposed by heterotrophic bacteria, which
is competitive to AOB for oxygen. Generally, heterotro-
phic bacteria are dominant to AOB for oxygen, and pref-
erentially consume the initial reaction component, S, [13].
Therefore, low S, ratio in influent, ammonium nitrogen
oxidation was started faster than similar condition influent.
Ratio of S; is effect to reaction time for ammonium nitro-
gen removal and nitrite production. Also, it seems to occur
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the difference of rate due to the organic oxidation before
ammonium nitrogen oxidation caused by a mass of S in
sludge thickener supernatant and sludge decanter effluent.

3.5. Estimate of optimal SRT and rate change based on track study

In Fig. 6, according to the reaction time of sludge
thickener supernatant, anaerobic digester supernatant
and sludge decanter effluent sludge thickener superna-
tant, a track study was taken to analyze the concentration
of ammonium nitrogen and organic compound change. It
was operated in the period of high nitrite conversion effi-
ciency. The ammonium nitrogen oxidation by autotrophic
bacteria occurred after the organic matters oxidation by
heterotrophic bacteria. However, Fig. 6 shows that ammo-
nium oxidation in anaerobic digester supernatant starting
time was relatively faster compared with sludge thickener
supernatant and sludge decanter effluent. This result was
shown for the reason of lower ratio of S,. Ammonium oxi-
dation in anaerobic digester supernatant started faster
than sludge thickener supernatant and sludge decanter
effluent. Change concentration rate of ammonium nitro-
gen and nitrite nitrogen decreased after the retention time,
this point could be decided as the optimal SRT. Through
the track study, the estimated optimal SRT was shown as
14 h (0.59 d) of sludge thickener supernatant, and 30 h
(1.25 d) of anaerobic digester supernatant and sludge
decanter effluent. This optimal SRT based on track study
can be obtained high nitrite conversion efficiency even
operating with shorter optimal SRT based on track study.

Fig. 7 compared the ammonium nitrogen removal rate
and nitrite conversion rate using the SRT based on track
study and SRT based operated result of reactor. SRT based
on the track study result was shorter than the SRT based
on the operated result of reactor, therefore the increased
ammonium nitrogen removal rate and nitrite conversion
rate could be confirmed. First of all, in case of ammonium
nitrogen removal rate, 0.13 kg NH;-N/m?®d, 0.25 kg NH;-N/
m® d and 0.26 kg NH;-N/m® d were increased in sludge
thickener supernatant, anaerobic digester supernatant
and sludge decanter effluent, and the nitrite conver-
sion rate was 0.12 kg NO;-N/m® d, 0.22 kg NO;-N/m® d

(@)

06 o

0u | ==

T T T T T T
Experiment Optimal Experiment Optimal Experiment Optimal

Sludge thickener
supernatant

Anaerobic digester Sludge decanter
supernatant effluent

Ammonium nitrogen removal rate (kg NH,'-N/ m’ day)

and 0.20 kg NO;-N/m? d. Especially in case of anaero-
bic digester supernatant, when operating in SRT based
on track study, more than 0.7 kg NH;-N/m® d of ammo-
nium nitrogen removal rate and more than 0.6 kg NO;-N/
m?® d of nitrite conversion rate can be expected. Besides
the reactor operation results, estimating the optimal
SRT for nitritation using track study can be offered for
proper SRT estimating methods in various waste waters.

4. Conclusions

® The stable nitritation was led for a long term in sludge
thickener supernatant, anaerobic digester supernatant
and sludge decanter effluent. According to the influent,
nitrite conversion efficiency showed difference however
it showed more than 80% in SRT 1 d or SRT 2 d.

e According to ammonium nitrogen load, ammonium
nitrogen removal and nitrite conversion showed a
difference in rate, which anaerobic digester super-
natant (0.42 kg NH;-N/m® d, 0.37 kg NO-N/m’ d)
and sludge decanter effluent (0.39 kg NH;-N/m® d,
0.32 kg NO;-N/m® d) are faster than sludge thickener
supernatant (0.2 kg NH;-N/m?d, 0.17 kg NO,—N/m? d).

* In the case of anaerobic digester supernatant contained
less S, compared with sludge thickener supernatant and
sludge decanter effluent. Start time of ammonium oxi-
dation in the anaerobic digester supernatant was shorter
than others. Also, applying the estimated SRT based on
track study, 0.7 kg NH;—N/m? d of ammonium nitrogen
removal rate and 0.6 kg NO;-N/m? d nitrite conversion
rate can be expected.

¢ Due to the difference between ammonium nitrogen
concentration and COD fraction in recycle water, the
nitritation was influenced. When applying treatment
of recycle water to nitritation, it is judged to be advan-
tageous in order of anaerobic digester supernatant —
sludge decanter effluent — sludge thickener supernatant.
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