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ABSTRACT

Three kinds of seeding sludge, i.e. conventional activated sludge, anaerobic granular
sludge and the nitrifying activated sludge from the nitritation reactor treating aged
leachates were evaluated in batch mode to screen the optimized inoculum for the rapid
start-up of ANAMMOX reactor. The feasibility of the ANAMMOX process for the
treatment of aged leachates was also investigated in a modified upflow anaerobic sludge
blanket (UASB, 0.05 m®). The batch experiments revealed that the nitrifying activated
sludge from the nitritation reactor could respectively achieve the NRR (nitrogen
removal rate) of 0.0365 kg N/(m3.d) and the ARR (ammonium removal rate) of 0.013
kg N/(m>.d) on day 12, which were greatly higher than those of the other two tested
sludge samples. The mixture of the aforementioned nitrifying activated sludge and
anaerobic granular sludge was established as an effective inoculum for the prompt start-
up of ANAMMOX reactor. The maximum total nitrogen removal rate of 0.826 kg
N/(m>.d) could be obtained for the treatment of “old” leachates under NLR (nitrogen
loading rate) of 1.028 kg N/(m>.d). It is concluded that the N-removal performance of
ANAMMOX process is still to be improved for actual engineering application to aged
landfill leachates.
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1 INTRODUCTION

Leachate from “old” landfills are often rich in ammonium nitrogen and deficient in
biodegradable carbon source. Hence, conventional biological nitrogen removal
processes are always ineffective for the treatment of “old” leachates because of severe
nutritional imbalance and the toxicity of free ammonia (FA) [1]. The widely-used
ammonia stripping process is also unfeasible in treating “old” leachates due to its strong
buffering capability. Therefore, it becomes a big challenge to remove high-strength
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ammonium nitrogen economically and effectively for the long-term landfill
management.

Recently, the new processes based on partial nitrification of ammonium to nitrite
coupling with anaerobic ammonium oxidation (ANAMMOX) are considered a
promising option for treating ammonium-laden and low C/N ratio leachates, for the
combined process allows over 50% of the oxygen to be saved, no exogenous electron
donor is needed and less sludge is produced [2]. The feasibility of stable nitrite
accumulation from aged leachates has been confirmed [3].However, the main
limitations inherent to the ANAMMOX process are requirement of a long start-up
period and instability mainly because of slow growth rates and sensitivity of
ANAMMOX bacteria [4-7]. Therefore, appropriate seeding sludge must be selected and
cultured to facilitate the rapid start-up and stability of ANAMMOX reactor. Several
kinds of sludge samples, including conventional activated sludge[8-9],nitrifying
activated sludge[10],anaerobic granular sludge[11] and the mixed microbial consortium
from different sludge [4, 12], were mainly used as inocula for ANAMMOX process.
However, the ANAMMOX capacities of aforementioned sludge were not consistently
confirmed [6, 10-12]. Moreover, few relative researches on the treatment of “old”
leachates have been documented.

In this study, three kinds of seeding sludge, i.e. conventional activated sludge, anaerobic
granular sludge and the nitrifying activated sludge from the nitritation reactor treating
aged leachates were evaluated in batch mode to screen the optimized inoculum for the
rapid start-up of ANAMMOX reactor. The applicability of the ANAMMOX process for
the treatment of aged leachates was also investigated.

2 MATERIAL AND METHODS

2.1 Feeding media and seeding sludge

The raw leachates used in this experiment were drained from a 9-year-old closed
landfill compartment in Shanghai Laogang Refuse Landfill. The effluent from the
preceding nitritation reactor was diluted by tap water and the raw leachates to the
desired level of ammonium and nitrite, which was used as feeding media. The averaged
characteristics of the leachates are given in Tuble I. The activated sludge (AS) was
taken from Shanghai QuYang sewage treatment plant. The anaerobic granular sludge
(AnGS) was taken from a brewery wastewater treatment plant. The nitrifying activated
sludge (NAS) was collected from the nitritation reactor. Each seed sludge sample was
adjusted to approximately 3000mg/L VSS (volatile suspended solids). The seeding
sludge for the subsequent ANAMMOX reactor was the mixture of the nitrifying
activated sludge from the nitritation reactor and the aforementioned anaerobic granular
sludge. The sludge concentration in the reactor after inoculation was about 3500 mg/L.
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Table 1. Characteristics of the leachates.

Parameters CODer BOD NH,- NO,-N  NOs- pH  Alkalinity
5 N N
Raw leachate 2200 250 2900  negligibl 50 8.1 12000
e 5
The nitritation 1750 102 1080 1560 80 6.9 420
effluent 2

Notes: the unit of the above parameters is mg/L (pH is exceptional); the alkalinity is expressed as mg/L
CaCO;

2.2 Batch tests procedure

Each sludge sample was diluted to approximately 4000 mg/L MLSS with the feeding
media, and 450 mL of the mixed liquid was transferred into 600 mL brownish glass
bottles with gas-tight butyl rubber stoppers. 50 mL of the designed feeding media was
added to each bottle to ensure about 50 mg/L of NH4*-N and (NO;-N + NOj-N),
respectively. The air of the headspaces in the bottles was replaced by helium. To each
bottle, one glass tube connecting one modified perfusion tube and one air duct
immersing into a bottle filled with saturated NaCl passed through each butyl rubber cap
for effluent discharge and gas discharge, respectively. Each sample was incubated at
35°C in the biochemical incubator covered with aluminum foil. The conditioned water
phase was mixed moderately by a magnetic stirring apparatus. Water samples were
periodically taken from the water phase in the bottles by siphoning. The concentration
of NH4"-N, NO;-N and NOs-N were periodically monitored during the incubation. The
media in the bottles was exchanged with a fresh one using a syringe, without allowing
air to enter.

2.3 ANAMMOX reactor setup and operation

A UASB reactor with an effective volume of 0.05 m® was used as the ANAMMOX
reactor. This cylinder reactor was of 180cm height and 20cm diameter. The reactor
temperature was controlled by recirculating thermostated water through a tube placed
around the reactor. The UASB reactor was covered with a gobo and gas production was
measured using a wet-type gasmeter.

2.4 Analytical procedures

All chemical analyses were performed in accordance with standard methods [13]. Daily
measurement of pH was conducted with a portable electrode. The main nitrogen
speciation was mainly inorganic nitrogen (ammonium, nitrite and nitrate) and organic
nitrogen was negligible by analysis of raw leachates and effluents. Therefore, the total
nitrogen (TN) and COD were only monitored periodically.
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3 RESULTS

3.1 Screening of seeding sludge

As for the nitrifying activated sludge, the simultaneous removal of ammonium and
nitrite and nitrate was clearly observed on day 12, indicating occurrence of the
ANAMMOX reaction.The nitrogen removal rate (NRR) and ammonium removal rate
(ARR) were respectively 0.0405 ng/(m3.d) and 0.016 ng/(m3.d) on day 14 (see
Figurel).During 14 days of operation, the ANAMMOX activity of the activated sludge
could be neglected(ARR was 0.0053 kg N/(mé.d)). In the case of the anaerobic granular
sludge, strong ammonification and denitrification occurred and no ANAMMOX
reaction was detected within 14 days of incubation. Taking into account the best
ANAMMOX capacity of the nitrifying activated sludge and easy granulation, the
mixture of nitrifying activated sludge and anaerobic granular sludge was thus used as
inoculum for following the ANAMMOX reactor experiments.

3.2 Start-up of the ANAMMOX reactor

The ANNAMOX reactor was started-up by inoculating 0.014 m” of the nitrifying
activated sludge from the nitritation reactor and 0.021 mé& of the aforementioned
anaerobic granular sludge. The operational condition was set at HRT of 2 days and
35&C. The nitritation reactor effluent at steady stages was diluted by tap water and the
raw leachates according to the designed influent level of ammonium and nitrite of the
ANAMMOX reactor. In the first five stages, the influent nitrite/ammonium ratio of the
ANAMMOX reactor was around 1 and the inlet concentrations of ammonium and
nitrite were increased stepwise from around 50 mg/L to 250 mg/L (Level 1: 50 mg/L;
Level 2: 100 mg/L; Level 3: 150 mg/L; Level 4:200 mg/L; Level 5: 250 mg/L). In the
sixth stage (Level 6), the inlet ammonium concentration was elevated at around 500
mg/L to facilitate the growth of ANAMMOX bacteria and inhibit the activity of
denitrifying bacteria. The inlet nitrite concentration was still kept at about 250 mg/L
considering the inhibitory effect of high-level nitrite on the ANAMMOX process [14].
The influent concentration of nitrate was negligible compared with the level of nitrite
and thus was not assigned quantitatively.

3
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Figure 1. Comparisons of N-removal performance of the activated sludge (4S),
anaerobic granular sludge (AnGS) and nitrifying activated sludge (NAS) during 14 days
of incubation.

The concentration profiles of soluble nitrogen compounds during start-up of the
ANAMMOX reactor are depicted in Figure 2. Figure 2 shows that the N-removal
performance was improved rapidly in the initial 21days and then the corresponding
elimination efficiency of ammonium and nitrite were kept at about 80% and 90%.
Following the stepwise increase of the inlet concentration in latter stages, the removal
efficiency of ammonium and nitrite in each steady stage were up to 80% and 90%,
respectively. The nitrate removal percentage was kept at about 60% in the first three
levels and then decreased to about 40%. However, when the inlet concentration of
ammonium was increased at about 500 mg/L, the N-removal performance of the reactor
became worsening.

The ANAMMOX process indubitably occurred in the reactor by analysis of the
experimental results (shown in Table 2). All data listed in Table 2 refer to the mean of
each steady stage. The maximum total nitrogen elimination rate of 0.229 kg N/(m’.d)
was obtained at Level 5. The relatively high influent nitrate significantly affected the
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ratios of ANO;-N/ANH,"-N and (ANO;-N +ANO;-N)/ ANH,4"-N due to low influent
concentration of ammonium and nitrite at Level 1. Therefore, the corresponding average
ratios of ANO;-N/ANH4"-N and (ANO;-N +ANO;-N)/ ANH4'-N were calculated as
1.12 and 1.24 during start-up of the ANAMMOX reactor (Level 1 was exceptional).
However, the exact percentage of nitrite and nitrate utilized by the denitrifying process
is needed for further study.

Table 2. Conversion of soluble nitrogen compounds during start-up of the ANAMMOX
reactor.

Level | 2 3 4 5 6

Tolalnilrogenremovalrale(ng/(m3.d)) 0.052 0.097 0.140 0.197 0.229 -
Ammoniumremovalrate(ng/(m3.d)) 0.021 0.043 0.062 0.084 0.104 .

Nitrite removal rate (kg N/(m®.d)) 0.025 0.048 0.070 0.094 0.117 _
Nitrate removal rate (kg N/(m’.d)) 0.006 0.006 0.008 0.009 0.008
ANO, -N/A NH,"-N 1.19 1.12 1.13 1.12 1.12
(ANO, -N+ANO;-N)/ ANH,"-N 1.48 128 1.26 123 1.20

3.3 N-removal performance of the ANAMMOX process

Based on the research on the partial nitritation with “old”landfill leachates, a high
nitrite/ammonium ratio of 1.40-1.68 was obtained [3]. The nitrite surplus in the effluent
of the preceding nitritation reactor can be balanced by adding raw leachates directly to
the ANAMMOX reactor. Therefore, the ANAMMOX process becomes bottleneck for
the potential of nitrogen removal of the combined process. The N-removal performance
of the ANAMMOX reactor was thus mainly evaluated.

Following the above start-up, the operation of the ANAMMOX reactor was restored by
adding 0.002 m2 of the nitrifying activated sludge from the nitritation reactor and 0.003
mé of the above-mentioned anaerobic granular sludge. The operational condition was set
at HRT of 2 days and 35°C. The inlet concentrations of ammonium and nitrite were
increased stepwise from around 100 mg/L to 250 mg/L. Enough time was allowed to
achieve a stable operation at each stage. The results were similar to that of the above
start-up period (data not shown). After the restoration of the ANAMMOX reactor, HRT
was reduced in steps to investigate the N-removal performance of the ANAMMOX
reactor at the influent concentrations of ammonium and nitrite of about 250 mg/L.
When the HRT was reduced to 0.3 d, the N-removal efficiency of the reactor decreased
rapidly. The removal efficiency of ammonium and nitrite decreased respectively to 28%
and 40% after 8 days of consecutive operation. Figure 3 presents the N-removal
performance of the ANAMMOX reactor at HRTs of 2 d (Level 1), 1.5 d (Level 2),1.0d
(Level 3) and 0.5 d (Level 4). All data listed in Figure 3 refer to the mean of each
steady stage.
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Figure 2. Profile of nitrogen removal during start-up of the ANAMMOX reactor seeded
with the mixture of the nitrifying activated sludge and the anaerobic granular sludge.

As shown in Figure 3, the total nitrogen elimination rate increased from 0.236 kg
N/(m3.d) to 0.826 kg N/(m3.d ywith the stepwise reduction of HRT from 2 d to 0.5 d.
However, the optimal HRT was 1.5 d in terms of the removal efficiency of ammonium
and nitrite. The corresponding removal efficiency of ammonium and nitrite was 90.3%
and 96.5% at Level 2. To sum up, the operation of the ANAMMOX reactor was almost
stable in terms of nitrogen removal efficiency during the stepwise reduction of HRT
from 2 d to 1.0 d. The averaged removal efficiency of ammonium, nitrite and nitrate
was 86.9%, 94.7% and 40.1% in the first three levels. The removal efficiency of
ammonium, nitrite and nitrate decreased to 76.1%, 81.6 % and 19.5% at HRT of 0.5 d.
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Figure 3. N-removal performance of the ANAMMOX reactor at HRTs of 2 d (Level 1),
1.5d (Level 2), 1.0d (Level 3) and 0.5 d (Level 4). Error bars represent. average+S.D.

4 DISCUSSIONS

In the literature different kinds of sludge are used as inocula for ANAMMOX reactor
and fairly disparate observations are found concerning the ANAMMOX performance of
seeding sludge. Pathak’s experiments [12] show that ANAMMOX bacteria were absent
in the bioreactor inoculated with anaerobic granules, whereas [11] indicates the
opposite.[10] report that it is feasible to start up ANAMMOX bioreactor seeding with
the nitrifying sludge, whereas Tsushima’s work [6] demonstrates the bad AMAMMOX
potential of the nitrifying sludge. Our research shows that compared with the nitrifying
activated sludge and conventional activated sludge, anaerobic granular sludge is not an
ideal inocula in terms of rapid start-up of ANAMMOX reactor. These reported
disagreements in the ANAMMOX activity of different seeding sludge can be attributed
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to the differences of operating conditions, e.g. biomass concentrations, the
acclimatization of the microorganisms and wastewater characteristics.

ANAMMOX is defined as the concomitant decreases of nitrite and ammonium in the
anaerobic conditions. Based on the experimental results, the existence of the
ANAMMOX reaction in the modified UASB was well validated and the start-up period
is reduced significantly when seeding the mixture of the nitrifying activated sludge from
the preceding nitritation reactor and the anaerobic granular sludge. It is well established
that ANAMMOX bacteria share many physiological characteristics common to
nitrifiers. Some nitrifiers like Nitrosomonas europaea and Nitrosomonas eutroha that
oxidize ammonia to nitrite aerobically, can perform ANAMMOX activity, and oxidize
ammonia using nitrite as electron acceptor under anaerobical conditions [15].
Additionally, many nitrifiers have been detected in ANAMMOX sludge [16]. The
metabolic diversity of ammonia oxidizers offers a possibility to use nitrifying activated
sludge as seeding sludge for ANAMMOX reactor [10]. The experimental results
showed that the mixture of the nitrifying activated sludge and anaerobic granular sludge
could be used as inoculum for ANAMMOX reactor and also accelerate the start-up of
the reactor, which further confirmed the diversity of metabolic pathway of ammonium
oxidizers.

Although the N-removal performance of the reactor became worsening at the inlet
ammonium concentration of 500 mg/L, the total nitrogen elimination rate could be
increased by the reduction of hydraulic retention time, i.e. the increase of hydraulic
load. The operation of the ANAMMOX reactor was almost stable in terms of nitrogen
removal efficiency during the stepwise reduction of HRT from 2 d to 10 d. The
decrease of the nitrogen removal efficiency at HRT of 0.5 d and the worsening N-
removal performance at HRT of 0.3 d may be interpreted by the fact that the total
nitrogen load rate exceeded the specific ANAMMOX capacity. When the maximum
specific ANAMMOX capacity was exceeded, some granules broke apart and thus the
settleability properties of the sludge became worsening. The gas bubbles inside the
granules or stuck to their surfaces induce the flotation of the biomass and the
consequent biomass washout occurred due to the deteriorated sludge settling properties,
which could account for significant fine sludge scraps observed in the effluent at HRT
of 0.3 d. Therefore, the destabilization of the ANAMMOX reactor was observed due to
the notable loss of biomass. The factors affecting the stable operation of the
ANAMMOX reactor as well as the nitrogen conversion mechanism in this reactor are
still to be studied with the aid of other techniques such as molecular biology methods.

5 CONCLUSIONS

This paper aimed to establish the protocol of rapid start-up of ANAMMOX reactor and
investigate the feasibility of the ANAMMOX process for the treatment of “old” landfill
leachates. Based on the experimental results, some specific conclusions might be drawn
as follows:
(1) The nitrifying activated sludge from the nitritation reactor could achieve the
nitrogen removal rate of 0.0365 kg N/(m>.d) and the ammonium removal rate of
0.013 kg N/(m’.d) on day 12, which were greatly higher than those of the
activated sludge and anaerobic granular sludge.
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(2) The mixture of the nitrifying activated sludge from the nitritation reactor and
anaerobic granular sludge was established as an effective inoculum for the
prompt start-up of ANAMMOX reactor.

(3) The maximum total nitrogen removal rate of 0.826 kg N/(m*.d) could be
obtained for the treatment of “old” leachates under nitrogen loading rate of 1.028
kg N/(m*.d). The optimal HRT was 1.5 d in terms of the removal efficiency of
ammonium and nitrite.

(4) Further research is necessary to increase the N-removal capacity of the
ANAMMOX process and avoid the washout of the biomass for actual
engineering application to aged landfill leachates.
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