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Highlights 
• Biofilter is proposed for high nitrogen concentration wastewater treatment. 
• Both denitrification and anammox are discussed for total nitrogen removal. 
• Gravel-woodchips could be a good compromise between treatment and structural stability. 

 

Introduction 
Over past decades, rapid population growth and fast-growing industrialisation allow civilisations to grow and 
thrive, but in the meantime the overwhelming stress it brings on the water system presents a formidable 
global issue (Vlachos and Braga, 2001). It is thus imperative to adopt sustainable wastewater treatment 
technologies. Among these, anerobic membrane bioreactor (AnMBR) is an excellent choice for decentralised 
wastewater treatment. It occupied small space and can process wastewater with low energy consumption. 
However, AnMBR effluents contain high concentration of nitrogen (TN, ≈ 65 mg/L, NH4

+, ≈ 60 mg/L) which 
might damage downstream water system and cause eutrophication. It is therefore important to introduce 
other sustainable technology such as biofilter as post-treatment to address this issue.  
 
Biofilter also known as bioretention basin is a nature-based system that can improve water quality by filtering 
water through biologically influenced media (Payne et al., 2015). Also, it provides urban greening space and 
is very flexible in application and design. Although biofilter is remarkably efficient in removing a wide range 
of pollutant such as TSS, heavy metal and phosphorus(Bratieres et al., 2008), its poor nitrogen removal has 
been criticised a lot. While aerobic nitrification occurs in most filter media, the lack of anerobic denitrification 
has usually been considered as the main cause for ineffective nitrogen removal in standard biofilter. Despite 
many studies have successfully demonstrated that nitrogen removal in biofilter can be improved by 
optimising design or operational conditions, e.g. Zinger et al. (2013) introduced retrofitted saturated zone to 
promote anaerobic conditions inside biofilter, and thus enhance denitrification; they all put their attentions 
on stormwater treatment where the level of nitrogen concentrations are relatively low (e.g., ≈ 2.13 mg/L, 
(Taylor et al., 2005)), and the adoption of biofilters for treating wastewater with a high level of nitrogen has 
never been discussed. To explore the potential of it, in a preliminary study, we observed that complete 
nitrification was achieved with a total biofilter unsaturated zone depth of 700 mm. However, high levels of 
nitrate (e.g., 45.57 mg/L) was remained, and therefore, the aim of this current study was to optimise the 
denitrification in the saturated zone by investigating different carbon donors. In addition, the possibility of 
anammox process in removing nitrogen was explored for the first time, in the case of incomplete nitrification 
in the unsaturated zone (which gave a NH4/NO2 ratio of around 1 which is ideal for the anammox process (Jin 
et al., 2013)). It is expected that by optimisation of different aspects of biofilter, the complete design will 
successfully lower the total nitrogen concentration to an acceptable level for disposal. 
 

Methodology 
Experimental set-up 
Eighteen biofilter columns were constructed; each had an inner diameter of 35 mm, and a total height of 900 
mm. Each column consisted of 5 layers: 40 mm freeboard on the top, 10 mm distribution layer (gravel), 800 
mm filter layer consisted of different carbon sources, 10 mm coarse sand transition layer and a 40 mm gravel 
drainage layer. All the outlets of the columns were elevated to the same level of the filter media surface to 
create an anaerobic condition inside the column, mimicking the saturated zone in biofilter, for enhancing 
denitrification. Furthermore, all columns were sealed at the top to promote anaerobic environment. A 
peristaltic pump connected with a water tank is used to dose the columns (Fig.1). We divided the columns 
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into six groups of three replicates, based on their media types: walnut shell (WAL), hardwood chip (HWC, 6 
replicates in total, 3 for denitrification analysis and another 3 as sacrificial column for microbial media 
analysis), softwood chip (SWC), 50/50 mix of gravel and hardwood chips (MIX), and gravel (G, as no carbon 
source ‘control’). Synthetic wastewater was used instead of municipal wastewater to ensure consistent water 
quality. Two types of synthetic wastewater were prepared based on preliminary nitrification results: (i) 85% 
NO3, 5% NH4, 10% NO2 (in case of close to complete nitrification), for standard nitrification-denitrification 
process, (ii) 50% NH4, 50% NO2 (in case of half-complete nitrification), for promoting anammox process.  

 
Figure 1 Left: standard biofilter column design. Right: biofilter columns in the glasshouse. 

Experimental procedures 
The experiments lasted for twenty-two weeks: two weeks establishment (i.e., 250 mL water source from a 
nature wetland was dosed into each column every weekday to inoculate the system), nine weeks standard 
denitrification phase (i.e., type i synthetic wastewater), three weeks drying periods, and lastly eight weeks 
anammox phase (i.e., type ii synthetic wastewater). We tested whether the nitrogen removal of biofilters 
could be impacted by different operational conditions (e.g., long or short retention time, different DO values). 
Total of nine sampling runs were taken, six for denitrification study and three for anammox study. For each 
sampling run, 15 effluent samples plus 2 inflow samples (1 from water tank and 1 from sample bottle directly 
connected to pump) were collected for nitrogen species analysis. For microbial community analysis, soil 
samples were collected from 3 sacrificial columns at the beginning of the experiment, after the denitrification 
phase, and after anammox phase at the end of the experiment. 
 

Results and discussion 
For denitrification study, columns with hardwood chips performed the best for TN removal (68.66%, Fig.2). 
The other three carbon source (WAL, SWC & MIX) had relatively similar TN removal rate (e.g., 39.62%, 52.34% 
and 44.21% relatively), and are better than the gravel control (only 8.29%). Significant COD leaching was 
however observed from SWC, HWC and WAL columns, with average 187.2, 136.2, and 144.1 mg/L in effluent, 
comparing to average 25.15 mg/L in influent. Therefore, mix gravel-hardwood is suggested as it also could 
provide stronger physical stability compared to other carbon donor, which could mitigate media shrinkage 
overtime. For NO3-N removal, it had a similar trend with TN removal, which was expected given that the 
nitrate was the dominant nitrogen species in influent.  
 
The nitrogen removal in denitrification was also impacted by different operational conditions. The TN 
removal rates varied greatly in first 3 sampling runs which had different retention time. It was expected as 
retention time controls the contact time (i.e., the time that denitrification process needs to take place). Short 
retention time will lead to incomplete denitrification process, and eventually resulting in poor TN removal, 
and vice versa. DO concentration, however, did not have significant impact on nitrogen removal based on 
the results, e.g., the differences between low DO and STD were only around 10%. 
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Figure 2 mean total nitrogen removal rate with stand deviation for all electron donors (G, SWC, HWC, WAL and MIX). Sampling run 1-
6 is denitrification study and sampling run 7-9 is anammox study. S – standard operational condition (2-days retention time, DO<3 
mg/L), LRT – long retention time (4-days), SRT – short retention time (1-day), Low DO – Low dissolved oxygen (< 1mg/L). 

Total nitrogen removal in anammox phase had shown promises (average 62.35% removal for MIX media), 
but the performances were decreasing overtime. One likely reason could be that the extended dry period (3-
weeks) before the first anammox experiments had provided sufficient time for anammox bacteria to grow 
and reproduce themselves, while there was no long drying period before sampling run 8 and 9. NO2-N 
removal is highly effective especially in SWC and HWC media with an average of more than 90%, while NH4 
removal rate dropped in performance overtime (e.g., it was declined from 88.23% in sampling run 7 to 
37.53% in sampling run 9 for MIX media) .We also noticed that the removal rate was less variable between 
different carbon sources compared to their denitrification counterparts, which might indicate that carbon 
sources did not played an important role in anammox process. Anammox had a better performance in terms 
of total nitrogen removal when compared to denitrification and given that the anammox process only 
required a short unsaturated zone and did not need extra carbon sources, and thus is a favourable option.  
 

Conclusions and future work 

The results of this study suggest that both carbon source types and retention time could impact the standard 
nitrification-denitrification biofilter nitrogen removal performance. Hardwood chips were considered as the 
best filter media for standard biofilter in terms of treating high nitrogen concentration wastewater. However, 
for structural stability, gravel-hardwood chips should be considered. Overall, standard nitrification-
denitrification biofilter is a sustainable solution to address high level of ammonium in pre-treated wastewater 
(e.g., AnMBR effluents), and further study on the possibilities of anammox for enhancing nitrogen removal 
will be explored. It can be assumed that introducing plants to biofilter will further enhance the nitrogen 
removal. Future study will include investigation of different plants species on the system performance.  
 

References 
BRATIERES, K., FLETCHER, T. D., DELETIC, A. & ZINGER, Y. 2008. Nutrient and sediment removal by stormwater 

biofilters: A large-scale design optimisation study. Water research, 42, 3930-3940. 
JIN, R.-C., XING, B.-S., YU, J.-J., QIN, T.-Y. & CHEN, S.-X. 2013. The importance of the substrate ratio in the 

operation of the Anammox process in upflow biofilter. Ecological Engineering, 53, 130-137. 
PAYNE, E., HATT, B., DELETIC, A., DOBBIE, M., MCCARTHY, D. & CHANDRASENA, G. 2015. Adoption guidelines 

for stormwater biofiltration systems—Summary report. Cooperative Research Centre for Water 
Sensitive Cities: Melbourne, Australia. 

TAYLOR, G. D., FLETCHER, T. D., WONG, T. H., BREEN, P. F. & DUNCAN, H. P. 2005. Nitrogen composition in 
urban runoff—implications for stormwater management. Water research, 39, 1982-1989. 

VLACHOS, E. & BRAGA, B. The challenge of urban water management.  Frontiers in urban water management: 
Deadlock or hope, 2001. IWA Publishing, London, 1-36. 

ZINGER, Y., BLECKEN, G.-T., FLETCHER, T. D., VIKLANDER, M. & DELETIĆ, A. 2013. Optimising nitrogen removal 
in existing stormwater biofilters: Benefits and tradeoffs of a retrofitted saturated zone. Ecological 
Engineering, 51, 75-82. 

-20

0

20

40

60

80

100

1-S 2-LRT 3-SRT 4-Low DO 5-S 6-S 7-S 8-S 9-S

TN
 R

em
o

va
l (

%
)

Sampling run G SWC HWC WAL MIX

Denitrification Anammox 

D
ry

p
er

io
d


