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Abstract: The objective of this study is to improve knowledge on the IFAS system designed for 
nitrogen removal. Biofilm growth and its contribution to nitrification was monitored under 
various operating conditions in a semi-industrial pilot-scale plant. Nitrification rates were 
monitored in biofilms developed on free-floating media and in activated sludge operated under a 
low sludge retention time (4 days) and at an ammonia loading rate of 45 to 70gNH4-
N/kgMLVSS/d. Operational conditions, i.e. oxygen concentration, redox potential, suspended 
solids concentration, ammonium and nitrates, were monitored continuously in the reactors. High 
removal efficiencies were observed on carbon and ammonium at high loading rate. The 
contribution of biofilm to nitrification was determined as 40% to 70% of total NOx-N production 
under the operating conditions tested. This study was able to define optimal conditions to 
optimize process compacity. The tested configuration responds especially well to winter and 
summer nitrification conditions. These results help provide a deeper understanding of how 
autotrophic biomass evolves through environmental and operational conditions in IFAS systems. 

Keywords: Biofilm; Nitrogen; Nitrification; IFAS; Kinetics; Municipal wastewater treatment 

INTRODUCTION 
Over the past decade in Europe, the growth of urban area and the discharge limits imposed on 
nitrogen effluent concentrations have made it necessary to upgrade or retrofit many wastewater 
treatment plants. Many plants denitrify municipal wastewater via activated sludge systems 
designed with a mixed liquor solid retention time (MLSRT) of about 10-15 days at 10°C (Henze 
et al., 1996). When footprint is limited, more compact processes are required, and among the 
options available, the Integrated Fixed-film Activated Sludge (IFAS) system offers an interesting 
solution for retrofitting activated sludge plants to achieve nitrification at affordable cost 
(McQuarrie et al., 2004, Randall and Sen, 1996, Stricker et al., 2009). The process uses free-
floating media fluidized in activated sludge mixed liquor. The IFAS process maintains 
suspended culture by recirculation from the clarifier. Nitrification at low SRT is made possible 
by the growth of autotrophic biomass in the biofilm that developed on the carriers (Sriwiriyarat 



et al., 2008, Onnis-Hayden et al., 2011). In fact, biofilm containing attached biomass has a much 
higher retention time than freely suspended cells in the mixed liquor, which prevents total 
washout of slow-growing biomass such as nitrifiers.
  
Increasing nitrification efficiency necessarily involves increasing denitrification as well, which is 
dependent on carbon source, the ability to maintain anoxic conditions, and recirculation flow 
(Naidoo et al., 1998). 

Biofilm culture responds to specific conditions that affect its microbial community. Diffusional 
limitations mean that the mixed liquor requires higher oxygen and substrate levels to ensure 
sufficient concentrations in the biofilm. Even with a low SRT, biofilm detachment still feeds the 
mixed liquor with autotrophic biomass (Morgenroth and Wilderer, 2000, Elenter et al., 2007). 
Compared to MBBR processes, IFAS presents the same biofilm characteristics, but the presence 
of the mixed liquor lends it specific behaviour in terms of substrate utilization, oxygen demand 
and kinetics (Germain et al., 2007). 

Most IFAS processes are located in North America, such as Broomfield (Colorado) and 
Lakeview (Ontario), where IFAS upgrades have proven well compatible with their specific 
operating conditions such as 4-5 days MLSRT, low MLTSS concentration (1.5-2.5 g/L) and high 
F/M ratio (0.25-0.4 kgBOD5/kgMLVSS/d). However, there is a need for further work on a wider 
range of operating conditions, since few studies have been led at pilot-scale (Boltz et al., 2009, 
Di Trapani et al., 2011) to test IFAS process limits and nitrification kinetics over different 
condition-sets. 

There is little information available to describe how the biofilm contributes to nitrification 
according to applied operating conditions such as temperature, SRT and loading rate. To provide 
an improved understanding of the process and guidance on upgrading activated sludge plants to 
IFAS, we have conducted semi-industrial pilot-scale experiments over two years. The aim of this 
study is to find the limits of the process, assess the contribution of biofilm, identify where 
autotrophic biomass is located, and investigate the nitrification and denitrification rates. 

Description of pilot-scale plant 

A semi-industrial IFAS pilot-plant (Figure 1) treating 5-9 m3/d was built by IRSTEA at the La 
Feyssine (Lyon, France) treatment facility. The plant consists of a pre-anoxic reactor of 1150L 
(41%), a first aerobic suspended-culture zone of only 766 L (27%), and an IFAS aerobic reactor 
of 930L. This configuration was designed to promote autotrophic biomass growth on carriers by 
limiting competition with heterotrophic biomass in the last reactor due to carbon substrate 
removal in aerobic basin 1. The IFAS zone is filled fluidized floating carrier BMX1, cylindrical 
shape (10mm diameter, 7mm length) with cross inside made of high-density polyethylene and 
with a specific area of 545 m²/m3. Fill fraction is about 43% bulk media. For process aeration, 
the coarse bubble diffuser was set up in aerobic basin 2 and a fine bubble diffuser was set up in 
aerobic basin 1. The pilot was run operationally for about 2 years. 



The separation of treated wastewater and sludge is performed by a 350 L secondary settler 
equipped with a sludge return loop proportional to influent flow (150%). A sludge return loop 
from the IFAS aerobic reactor (200-250%) was integrated to perform denitrification in the pre-
anoxic zone. 

Figure 1 Schema of the IFAS pilot-scale process (ML: mixed liquor culture)  

Influent monitoring 
From June 2012 to February 2014, proportional 24h-flow composite samples were collected by 
refrigerated automatic samplers two times a week, and standard chemical analyses (COD, BOD5, 
N-NH4

+, TKN, N-NO3
-, N-NO2

-, TSS) were carried out on dissolved and particulate fractions 
according to standard methods (APHA, 2012). This approach was designed to characterize the 
influent and the global performances of the installation. Wastewater influent characteristics 
during the period were about 215 mgTSS/L (±54, 42 values), 433 mgCOD/L (±88, 42 values), 
55 mgTKN/L (±13, 36 values). COD:TKN ratio was about 8.1 gCOD/gN (±2.2, 36 values), 
which was below the typical French reference ratio of about 10 gCOD/g N, thus qualifying the 
influent as high nitrogen-loaded.  

Operating strategy 
Two organic loading rate conditions (F/M) were applied to the pilot as described in Table 1. The 
first period was obtained with an inflow rate of 5 m3/d, which was increased in periods 2 and 3 
with an inflow rate of 9 m3/d. Organic load expressed as F/M ratio during these three periods 
was 0.9 and 1.5 kgCOD/m3/d, respectively, corresponding to a 9 d and 4 d MLSRT. Periods 2 
and 3 were operated in summer and winter, respectively, to observe the impact of temperature 
variation on high organic load and reach the autotrophic MLSRT limit by temperature change.  

Table 1 Applied operating strategy 



 Unit 
Période 1 

Nov. 2012-Mai 2013 

Période 2 

Juin 2013-        
Nov.2013 

Période 3 

Dec. 2013- Mars 2014 

Influent 
Flow 

m3/j 5.0 9.0 9.0 

Aerobic 
HRT

h 8.1 5.1 5.1 

F/M gBOD5/kgMLVSS/d 0.18 0.29 0.27 

Organic 
Load 

kgCOD/m3/d 0.85 1.41 1.51 

NH4-N Load NH4-N/kgMLVSS/d 44 71 69 

MLSRT d 7-9 4-5 4-5 

emperature °C 16 22 16 

SRTlimit
(1) d 2.0 1.3 2.0 

(1)SRT limit: Threshold SRT value under which autotrophic biomass should be washed out. This 
value was calculated based on growth (μa,max=0.8 j-1) and decay rates (ba= 0.15 j-1), assuming 
non-limiting substrate and oxygen concentrations. 

Reactor monitoring 
The reactors were equipped with Hach Lange sensors to instantaneously record key data such as 
TSS, dissolved oxygen concentration, redox and air flow. All sensors were connected to a 
monitoring system. Continuous measurement of NO3-N and NH4-N in anoxic and aerobic tanks 
1 and 2 were measured continuously by AN-IS sc Hach Lange sensors re-calibrated each week. 
These measurements gave instantaneous dynamic readings of nitrate production (nitrification) or 
consumption (denitrification) rates and made it possible to assess nitrogen balance in each basin. 
A typical pattern of inflow rate was programmed to feed the reactor with dynamic hourly flow 
variation. Wastewater flow, return activated sludge (RAS), mixed liquor circulation (MLC) and 
extraction flow were recorded instantaneously, with RAS and MLC being regulated. 

Treatment performances monitoring 

Mass balance to assess nitrification rate (in-situ determination) 

In-situ nitrification was measured in the pilot under stabilized treatment conditions using a mass 
balance. We assumed that the assimilation of nitrogen was about 5% of the BOD5 removed 
(Henze et al., 1996). 

Batch tests to assess nitrification rate (ex-situ determination) 



Maximum nitrification rates of both sludge (liquor) and biofilm (carriers) were determined for 
each operating condition via a lab-scale batch protocol (Vigne et al., 2011). Carriers were 
collected on the surface in the third stage of the IFAS process and put in a 5 L reactor. Oxygen    
(up to 7.0mgO2/L) and alkalinity was maintained in excess, and pH, temperature and nitrogen 
species were monitored. The test was performed on the composite sample (mixed liquor+carrier) 
and on carriers only; and the nitrification rate of mixed liquor was determined by the difference. 
These data were used to calculate nitrite and nitrate production rates (NPR) tied to autotrophic 
biomass concentration (Xb,a) as: 

NPR=maximum nitrate production rate by autotrophic biomass (gN/L/d) 

Xb,a=autotrophic biomass (mgCOD/L) 

μa,max=maximum growth rate of autotrophic biomass (d-1) 

Determining Ex-situ and In-situ allow estimating limitation operate in process for nitrification. 
When many difference is in-situ nitrification in lower than ex-situ 

Biofilm characteristics 
The biomass attached on carriers was determined using a protocol inspired from di Trapani et al. 
(Di Trapani et al., 2011) and was measured twice a month. Fifty carriers were removed from the 
IFAS tank, dried at 105°C for 24 h, and then weighed. Carriers were stripped of their biofilm by 
exposing them to ultrasound for 30 minutes, washing them with distilled water then re-drying at 
105°C, and then weighed. 

RESULTS AND DISCUSSION 

Removal performances vs. operating conditions 

Figures 2a and 2b present applied and removed volumetric loading rates in the total reactor 
volume for total chemical oxygen demand (TCOD) and Kjeldahl nitrogen (TKN). The pilot 
showed high TCOD removal efficiencies (>90%) during period 1 when applying volumetric 
loading rates up to 1.0 kg TCOD/m3/d (Figure 2.a) but lower TCOD removal (80%) at higher 
loading rates (periods 2 and 3). During periods 2 and 3, no difference was observed with regards 
to the temperature (from 16°C in winter to 22°C in summer) even if the applied organic loading 
rate was three times higher than typically applied in activated sludge processes. However, the 
pilot effluent showed high TCOD at concentrations between 18 to 26 mgBOD5/L during periods 
2 and 3. 



(a)

Figure 2 T
reactor (an
ammonium

Total Kjeld
Figure 2b.
effluent co
10.0 mgTK
increase of
removal ef
been reach
efficiencie
study conf
N/m3/d wit

Ammonium
effluent co
effluent co
180 gN/ae
less result 

TCOD (a) a
noxic + aero
m concentrat

dahl Nitrog
. Throughou
oncentration
KN/L in pe
f TKN, we 
fficiency su
hed. The re
s for 90 to
firms these 
th 85% amm

m load rate
oncentration
oncentration
robic m3/d.
about 150

and TKN (b
obic volum
tion (c)

en (TKN) v
ut the expe
ns of 2.0–5

eriods 2 and
deduced tha

uggested tha
esults from

o 120 gNH4

observatio
monium rem

s removed 
n. The patte
n of 4 mgN
 This repre
gN/aerobic

b) volumetr
me), and aer

volumetric l
eriment, the
5.0 mgTKN
d 3 (TKN r
at the proce
at the hydra

m the Broom
4-N/m3/d at
ns while in

moval effici

in the aerob
ern of remo

NH4-N/L. Up
esentation w
c m3/d at 1

(b)

ric loading r
robic loadin

loading rate
e pilot dem
N/L in peri
removal > 
ess did not r
aulic retenti
mfield WW
t 13-22°C (
nvestigating
iency.

bic zone ar
oval rates c
p to this va

was made b
11.5°C. A m

rates (appli
ng rates rem

es on the tot
monstrated h
iod 1 (TKN
85%). As 

reach its SR
ion time lim

WTP are ab
(Rutt et al.,
g a higher 

re presented
corresponde
alue, remov

by di Trapan
more recen

ed and rem
moved as co

al reactor vo
high TKN 
N removal 
the effluent

RT limit. Th
mit for pollu
out 99% am
, 2006) and
ammonium 

d in Figure 
ed to a high
val rate seem
ni et al. (20
t study inv

moved) on th
orrelated to 

volume are s
removal, w
> 90%) a

nt showed n
his slow dec
utant treatm

ammonium 
d 4.0 MLSR

m load at 15

2c as a fun
h increase u
med to be 
011) which 
vestigating 

(c) 

he entire 
effluent 

shown in 
with low 
and 4.0–
no brutal 
crease in 
ment had 

removal 
RT. Our 
50gNH4-

nction of 
up to an 
stable at 
observe 

a higher 



ammonium load of 250 gNH4-N/aerobic m3/d at 14°C as a limit of 95% removal rate (Di Trapani 
et al., 2013).  

Limitations of nitrification in aerobic reactors 
The actual and maximal nitrification rates obtained with in-situ and ex-situ protocols, 
respectively, were determined on sludge sampled in aerobic tanks 1 and 2 during the three 
periods. These nitrification rates were compared to conclude on the kinetic limitations in the 
aerobic reactors. The in-situ and ex-situ nitrification rates over the three periods are presented in 
figure 3. 
In period 1 (lowest loading rate), nitrification was mainly performed by the mixed liquor. There 
was a significant difference between in-situ and ex-situ nitrification in aeration tank 2. In-situ
nitrification in reactors 1 and 2 were very similar, at 3.5 and 4.7 mgNO3-N/L/h, respectively. The 
process SRT was significantly higher (7-10days) than the SRT limit and allowed autotrophic 
biomass to grow in the mixed liquor. 

In period 2, nitrification was still dependent on mixed liquor. In-situ and ex-situ results were 
similar for reactor 1, showing no limitation of nitrification, whereas in-situ removal rate was 
about 57% lower than ex-situ nitrification rate, showing limited nitrification in reactor 2. Ex-situ
nitrification rates obtained in reactor 2 were high, at 13.6mgNO3-N/L/h, which is consistent with 
Regmi et al. (2011) who measured 12.8 mgNO3-N/L/h on IFAS system at 21°C and 4.8 days 
MLSRT. 

Nitrification rates in aerobic tank 2 are promoted by higher volumetric ammonium loading rates 
in period 3. In-situ nitrification in aerobic tank 2 increased significantly from 6.0 to 8.8 mgNO3-
N/L/h, whereas in parallel, the ex-situ and in-situ nitrification rates in aerobic tank 1 decreased 
from 7.0 to 4.0 mgNO3-N/L/h. Ammonium concentration was higher in aerobic reactor 2 (i.e. 
periods 1 and 2 involved very low ammonium concentrations at night). Duration of nitrification 
was thus about 5 and 8 hours per day for periods 1 and 2 compared to almost 19 hours in period 
3.  
Our results suggest a limitation of basin 2-nitrification by the first aerobic basin. Compared to 
ex-situ nitrification rates, the in-situ nitrification rates in aerobic reactor 2 were just 43% in 
periods 1 and 2 and up to 65% in period 3 when there was higher ammonium input into aerobic 
tank 2. The same case was reported from the Broomfield facility, with ex-situ nitrification at 11.5 
mgN/L/h in first aerobic IFAS reactor but decreasing to 5.3 mgN/L/h at the second aerobic IFAS 
basin due to substrate limitation (Onnis-Hayden et al., 2007). 
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anoxic basin. The optimal ratio was about 4.0 gFCOD/gNO3-N to remove 80% of nitrates 
produced in the reactor. Compared to a FCOD/NH4-N ratio in the influent of 3.0 gFCOD/gNH4-

N, denitrification may be limited by poor organics substrates coming into the anoxic zone to 
reach the 80% denitrification removal rate.  

CONCLUSION 
This study gained significant data on an IFAS process: 

- The IFAS technology employed here enabled high removal efficiencies (>85%) for 
carbon and nitrogen at carbon loading rates of 0.3 kgBOD5/kgMLVSS/d, thus performed 
about three times better than conventional nitrifying/denitrifying activated sludge plants.  

- Nitrification rates appeared to reach a peak of 180gN/aerobic m3/d at a loading rate of 
70 gN/kgMLVSS/d at 16-22°C.  

- The SRT limit was not reached, and the mixed liquor continued to achieve nitrification 
even at a 4-day SRT. Aerobic reactor 1 achieved 25% to 60% of nitrification during the 
three periods depending on winter and summer temperatures. Ex-situ tests showed that 
the mixed liquor contains a significant quantity of autotrophic biomass. 

- Autotrophic biomass is widely present on biofilm that contributes 67% of total 
nitrification rates. Biofilm performance varied from 0.62 to 0.92 gN/m2/d and is directly 
linked to the ammonium load applied to reactor 2.  

Our pilot-scale configuration specifically designed for nitrogen removal points to the 
following conclusions:  

- The pre-anoxic tank-based denitrification process was ill-adapted to these high loads due 
to limited available soluble carbon in influent. Denitrification rates could be enhanced by 
adding an external carbon source, such as methanol.

- This IFAS configuration is able to nitrify at high organic loads. Aeration in reactor 1 
could be decreased to promote a higher biofilm contribution to nitrification. Process 
optimization depends on ammonium load on aerobic tank 2 and residual nitrification in 
aerobic tank 1.  

The next step planned is to model the IFAS removal efficiencies to confirm these 
experimental results and obtain a calibrated model.  
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