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Anaerobic biofilm behavior on polyethylene and Extendosphere™ supports was evaluated during start-
up of an inverse fluidized bed reactor using methane yield and microscopic observation as parameter 
monitoring techniques. Two anaerobic inverse fluidized bed reactors were used, one filled with 

triturated polyethylene as solid carrier material (diameter = 380 m, density = 926 kg/m
3
) and the other 

with Extendosphere™ (diameter = 147 m, density = 700 kg/m
3
). Each support material was used at up 

to 25% of its working volume (polyethylene = 1.2 l, Extendosphere™ = 1.9 l). Both reactors were started 
up in sequencing batch mode, applying organic loading rates of 0.5 to 14 g COD/l.d. Both supports 
exhibited rapid biofilm growth during start-up. Maximum surface colonization was 46% with the 
polyethylene and 100% with Extendosphere™. Both supports had a methane yield of 0.298 l CH4/g COD

 

at 10 and 14 g COD/l.d, respectively. Digital microscopic observation results coincided with methane 
yield results, confirming each to be viable for parameter monitoring of biofilm growth. Data generated 
by these two techniques is different and complementary, and in conjunction they constitute a highly 
effective monitoring method of biofilm growth. 
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INTRODUCTION 
 
Use of inverse fluidized bed reactor (IFBR) technology in 
anaerobic wastewater treatment has a number of 
advantages over traditional methods (Buffière et al., 
2000; García-Encina and Hidalgo, 2005; Cresson et al., 
2007).   Biofilm   provides   interesting   assets   such   as  
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Abbreviations: IFBR, Inverse fluidized bed reactor; OLR, 
organic loading rate; TCD, thermal conductivity detector; HRT, 
hydraulic retention time; ITBR, inversed turbulent bed reactor; 
VFA, volatile fatty acid. 

separation of treated water from biomass, increased solid  
retention time, greater surface contact between organic 
matter and biomass, and a compact system design 
(Garcia-Calderon et al., 1998; Sowmeyan and 
Swaminathan, 2008a). A serious disadvantage is the long 
required start-up period due to low biofilm growth rate 
(Zellner et al., 1997; Alvarado-Lassman et al., 2010). 
Traditional biofilm growth characterization methods 
involve periodic observation and biomass sampling for 
external analysis to determine solids, proteins, poly-
saccharides, and phospholipids contents. 

The methane yield (YCH4) defined as the amount of 
methane produced per organic matter removed, is 
another anaerobic biofilm behavior monitoring parameter 
(Michaud et al., 2005). Theoretically, maximum  YCH4  in  a  
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Figure 1. Batch course of methane yield (YCH4) and colonization with the polyethylene support during start-up 
phase. 

 
 
 
methanogenic biomass is 0.395 l CH4/g COD at 35°C. In 
the initial start-up phase, bacteria use carbon mainly to 
build the initial biofilm matrix, producing no methane. YCH4 
varies according to the biofilm formation phases (lag 
phase, log phase, and plateau). During the lag phase, 
biomass attachment for support surface colonization is 
reversible, and biofilm growth is made manifest as 
increased thickness. During the log phase, carbon is 
used for cell growth and maintenance, resulting in low 
methane production. Once steady-state conditions are 
reached, biofilm production may still occur to compensate 
for biomass losses from friction, but organic carbon is 
primarily converted to CH4 near the theoretical maximum 
value. The present study aim is to evaluate anaerobic 
biofilm behavior on polyethylene and Extendosphere™ 
supports during start-up of an inverse fluidized bed 
reactor using methane yield and microscopic observation 
as monitoring parameters. 
 
 
MATERIALS AND METHODS 
 

Two anaerobic IFBRs were used, each reactor consisting of acrylic 
tubular columns (internal diameter = 4.48 cm; height = 112 to 137 
cm) with a settling zone at the bottom. These were connected to a 
Marriott flask system to measure volumetric methane production. 
Liquid in the reactors was recycled at a constant flow velocity (6.8 
m/h), and both were maintained at 35°C and pH 7.0. One reactor 
was filled with triturated polyethylene as a solid carrier material 

(particle diameter = 380 m; density = 926 kg/m3) (Figure 2A) and 
the other with Extendosphere™ (Figure 6A) (glass granules 
including  an  air  bubble,  supplied  by  PQ  Hollowsphere   Limited, 

England) (particle diameter=147 m; density=700 kg/m3). The 
carrier (support) materials were loaded at 25% of their working 
volume (polyethylene=1.2 l; Extendosphere™=1.9 l) as described in 
previous study (Alvarado-Lassman et al., 2008, 2010). Both 
reactors were inoculated with anaerobic granules from a UASB 
reactor treating paper wastewater, and fed with brewery 
wastewater. Initially, the reactors were started up in sequencing 
batch mode, applying an organic loading rate (OLR) of 0.5 g 
COD/l.d and then operated in continuous mode, with OLR 
increasing to 10 g COD/l.d. A batch was considered finished at 80% 
chemical oxygen COD removal. Routinely assayed system per-
formance parameters included COD, and solids analysis in influent 
and effluent samples (Michaud et al., 2003). Biogas composition 
was analysed using gas chromatography (BUCK 310), with a 
thermal conductivity detector (TCD) equipped with a Packed Buck 
CTR-1 column, with the Peaksimple software for data acquisition 
and control (APHA, 1995). A digital microscope (Intel® Play™ 
QX3™ Computer Microscope) was used to view the support 
materials. Gram coloration was applied to the colonized 
polyethylene support, and surface colonization biomass was 
estimated by direct observation of digital images.  

 
 
RESULTS AND DISCUSSION  
 
Polyethylene support 
 
During IFBR sequencing batch start-up, using the 
polyethylene carrier, a total of 38 batches were applied 
during a period of 225 days. During the first 26 batches, 
YCH4 decreased from 0.3 to 0.15 l CH4/g COD, then 
reached a constant value < 0.2 l CH4/g COD (Figure 1). 
This indicated rapid support colonization during the  initial 
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Figure 2. Microscopic image of polyethylene support during start-up phase: (A) Batch 16; (B) batch 34. 

 
 
 
batch, and predominant CH4 production, followed by a 
progressive decrease in CH4 production and bacterial 
growth. Similar results have been reported previously in a 
study using synthetic wastewater (Hidalgo and García-
Encina, 2002). The virgin polyethylene support was 
rapidly colonized, reaching 40% of the area during batch 
16 (Figure 2A), followed by a regular decrease in surface 
colonization in batch 34 (Figure 2B). This behaviour 
coincided with methane production, confirming rapid 
initial biofilm growth during the first period (before batch 
16) using the batch mode (Figure 1). Pressure generated 
by permanent change in the So/Xo ratio during the batch 
cycle may have caused this response. During a second 
period, high hydraulic retention time (HRT) favoured 
bacterial growth in the liquid phase associated with 
reversible biofilm detachment. 

During the steady-state phase on the polyethylene 
carrier, OLR increased to 10 g COD/l.d, HRT decreased 
to 6 h, and consequently YCH4 increased gradually to the 
theoretical maximum value (0.395 l CH4/g COD) (Figure 
3A and B). Until the 30th day, the majority carbon was 
used for biofilm formation, and then methane produced. 
Support surface colonization and YCH4 profiles correlated 
well; for example, surface colonization stopped 
(maximum value=46 %) when YCH4 reached the 
theoretical maximum value at 10 g COD/l.d (Figure 3B). 
However, when this change was made, the YCH4 

decreased to 0.298 l, and the surface colonization 
remained constant. This could indicate an increased 
thickness of the biofilm due to increasing YCH4 and not 
increase of solids in the effluent. (Figure 3B). Moreover, 
COD and pH values were maintained in 180 ± 5 mg/l and 
7.1 ± 0.1, respectively, in all the assays (Figure 3A and 
B).  

As shown in Figure 4, polyethylene supported 
colonization efficiency differed according to support bed 
depth, with the higher portions exhibiting low colonization 
efficiency and the lower portion a maximum value of 
46%. This gradient was observed throughout the 
experiment, suggesting that biofilm loss on the bed’s 
upper portion may have  resulted  from  the  shear  stress 

generated by water flowing down the support. The use of 
the two monitoring parameters provided different and 
complementary data. Direct microscopic observation 
produced data on support material colonization efficiency 
and biofilm growth, but no biofilm metabolism data. In 
contrast, YCH4 values produced biomass growth and 
metabolism data but no colonization quality information. 
The combination of these two monitoring techniques 
provided excellent parameter data when using the 
polyethylene carrier material. 
 
 
Extendosphere™ support 
 
The reactor with extendspohere support was operated in 
mode batch during 10 batches, with a duration of 10 days 
for each one. YCH4 was of 0.25 l CH4 /g COD at the first 
batch, suggesting the immediate support colonization 
(Figure 5). This was confirmed by observation of initial 
biofilm growth at the end of batch one (Figure 6B). 
Michaud et al. (2005) observed similar biofilm growth only 
after 40 days, using a continuous mode during the start-
up phase. Introduction of fresh support material during 
batch two provoked an immediate reduction in YCH4, a 
characteristic of new biomass production (Figure 5). After 
batch seven, a thin biofilm had covered the entire surface 
of the Extendosphere™, and by batch eight, OLR had 
increased to 1 g COD/l.d (Figure 6C). This renewed 
biomass production was manifested in decreased YCH4. 
Biomass production in the liquid phase did not occur until 
batch ten. As was observed with the polyethylene support 
material, initial biofilm growth on the Extendosphere™ 
was rapid during the first batch cycle. The operating 
conditions increased biofilm development during all 
assays. 

Increases in OLR were correlated with YCH4, which 
reached a maximum of 0.35 l CH4/g COD (Figure 7A and 
B). Similar result was obtained by Michaud et al. (2002) 
with Extendosphere™ support in an inverse turbulent bed 
reactor. With an OLR of 14 g COD/l

.
d and HRT of 6 h, 

free  cells  were   completely   washed   out   and   biofilm  
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Figure 3. (A) Time course of OLR, pH, and COD; (B) time course of methane yield 
(YCH4). Volatile suspended solids (VSS) and percentage of area colonization 
support with the polyethylene support during steady-state phase. 

 
 
 

 
 

Figure 4. Time course of colonization with polyethylene support during continuous 
phase at different bed depth. 
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Figure 5. Time course of methane yield (YCH4) with the Extendosphere™ support during start-up 
phase. 

 
 
 

 
 

Figure 6. Microscopic observation of extendosphere. A: Fresh support, B: batch number. 1, C: batch 
number. 7, D: continuous O.L.R. 10 g COD/l.d. 
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Figure 7. (A) Time course of pH, COD and OLR; (B) time course of methane yield (YCH4), 
VSS and OLR, with the Extendosphere™ support during steady-state phase. 

 
 
 
metabolism was dedicated completely to CH4 production. 
This occurrence was associated with a decrease in the 
VSS concentration to a value of 0.053 g/l (Figure 7B). 
However, support surface colonization (100%) and 
excellent biofilm maturation were observed using the 
Extendosphere™ support material (Figure 6D). Indeed, 
after 115 days, attached biomass reached was of 0.21 g 
VS/g support. Similar results were reported by Garcia-
Calderon et al. (1998) in IFBR and by Buffière et al. 
(2000) in an inversed turbulent bed reactor (ITBR). Each 
time OLR was raised,  especially  between  days  60  and 

70, as well as days 95 to 110, YCH4 and COD removal 
rate exhibited the same behaviour profile; an initial 
reduction corresponding to an adaptation period, followed 
by an increase to a constant value when the balance was 
reached between biomass growth and methane 
production. This pattern was observed until reaching the 
maximum YCH4 value (0.35 l CH4/g COD), when the 
carbon flux was used for anaerobic respiration rather 
than biopolymer synthesis. During this period, pH and 
soluble COD do not present significant variations (Figure 
7A), an outcome of the non-accumulation of  volatile  fatty 
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acid (VFA) and COD removal efficiency of over 90%. This 
behaviour was similar in the polyethylene support assay. 
Considering that observed specific activity reached 
maximum levels, biofilm growth was apparently the best 
treatment option for organic overload in the studied 
wastewater.  

With Extendosphere™ support, YCH4 reached was of 
0.298 l CH4/g COD at 35°C when OLR was raised to 14 g 
COD/l.d. Similar result was obtained when using the 
polyethylene support to 10 g COD/l.d, since steady state 
for a colonized support corresponds to equilibrium 
between biofilm growth and detachment by hydrodynamic 
forces such as shear (Michaud et al., 2003, 2005). Opti-
mum methane yield can be used as a parameter to 
compare the capacity of different supports to fix biomass 
and generate biofilm thickness at similar OLRs. 
Furthermore, constant YCH4 values measured under 
steady state conditions could also function as an indicator 
of biofilm detachment rate. Overall, Extendosphere™ 
support promoted more desirable biofilm behaviour than 
the polyethylene support. Of the two carrier materials, 
surface colonization and biofilm growth reached complete 
levels only on the Extendosphere™, allowing for greater 
OLR removal. Variation in surface colonization versus 
support depth was observed, but the generally excellent 
biofilm adhesion levels with Extendosphere™ resulted 
only in differences in biofilm thickness; thinner at the top 
and thicker at the bottom (Sowmeyan and Swaminathan, 
2008b). 

As described above, the complementary analyses of 
YCH4 (biofilm growth and detachment rate, and meta-
bolism data) and microscopic observation (support 
colonization and biofilm thickness data) proved an 
effective biofilm monitoring method in IFBR. For example, 
support biomass adherence generates data on mass 
loading rate, but no other parameter is measured, 
whereas the surface or volumetric loading data collected 
here are more informative for IFBR. In fact, the basic 
principles of this technology are based on a particle 
density < 1, which allows support flotation and liquid 
down flow without particle loss. Support density in the 
present study (polyethylene = 926 kg/m

3
; 

Extendosphere™ = 700 kg/m
3
) changed as biofilm 

thickness increased. This change in density was 
calculated using support diameter and apparent density, 

and biofilm width. The polyethylene (d = 380 m) reached 

a 1 kg/m
3 

density when biofilm thickness was 80 m, 

while the Extendosphere™ (d = 147 m) reached this 

density when the biofilm was 260 m thick. Loss of 
support material due to sedimentation can occur under 
these conditions. When polyethylene supports of different 

densities are used (380 and 4000 m), particle diameter 
becomes the principal variable affecting changes in 
density, since larger particle diameter allows for greater 
biofilm thickness. Therefore, measuring biofilm thickness 
is more informative than biomass quantity when sampling 
particles. Using microscopic observation, horizontal and 

 
 
 
 
vertical diameter can be easily measured, particle 
diameter subtracted, and biofilm width and apparent 
density calculated. For instance, Extendosphere™ 

particle diameter was 147 m, meaning average biofilm 

thickness could be calculated as 95 m with no 
anticipated particle sedimentation (Arnaiz et al., 2003).  
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