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ABSTRACT

The influence of some hydrodynamic effects on the performance of biofilm in inverse
fluidized bed biofilm reactor (IFBBR) was studied with low-density polystyrene support
particles of various sizes (2.9, 3.5, and 3.8mm) using Pseudomonas fluorescens for the degrada-
tion of phenol. The biofilm reactor was operated under different superficial air velocities for a
fixed settled bed height of particles to study the effect of hydrodynamics on biofilm thickness,
biofilm dry density, bioparticle density, and attached and suspended biomass concentrations
for efficient biodegradation of phenol. There is evidence that the chemical oxygen demand
reduction and phenol degradation efficiency were found to be high at the optimized superfi-
cial air velocity with controlled biofilm thickness and for a stable and dense biofilm dry den-
sity. The results of the study revealed that with increase in superficial air velocity, the biofilm
thickness and bioparticle density decreases while the biofilm dry density and suspended
biomass concentration increases. However, above a critical superficial velocity (optimal
superficial velocity) the detachment force does not control the outgrowth of the biofilm any-
more and the thickness increases rapidly with decreasing suspended biomass concentration.
The optimal superficial velocity for better biodegradation of phenol was found to 0.240, 0.220,
and 0.230m/s for the particle sizes of 2.9, 3.5, and 3.8mm, respectively. The particle size of
3.5 mm has been found to be the optimal particle size for efficient biodegradation of phenol
in IFBBR with better hydrodynamic effects and biofilm morphology.

Keywords: Hydrodynamics; Superficial air velocity; Biofilm; Inverse fluidized bed;
Biodegradation

1. Introduction

Biofilm is a multispecies, immobilized cell commu-
nity, and can be found in a wide range of different
systems. The formation of biofilm is a multistep pro-
cess, and physicochemical and biological factors are
involved. None of the individual species in the biofilm

may be capable of completely degrading influent
wastes. Complete degradation of industrial waste
involves a complex series of interaction between the
resident species. The morphological characteristics of
biofilms (biofilm thickness, biofilm density, bioparticle
density, and concentrations) are very important for
the stability and performance of the biofilm [1]. These
factors strongly affect the biomass hold-up and mass
transfer in a biofilm reactor [2,3].
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Biofilm reactor has been frequently applied in
wastewater treatment. The feasibility and efficiency of
biofilm reactors for removing biodegradable matter,
nitrogen, and phosphate from municipal and indus-
trial wastewater have been shown [4–6]. Biofilm reac-
tors are desirable in biological treatment processes
because a very high number of highly concentrated
organisms can be maintained and treated in the reac-
tor which takes up a small amount of space. In biolog-
ical biofilm reactors, the detachment force resulting
from hydrodynamic shear and/or particle–particle col-
lision is a key factor that influences the formation,
structure, and stability of biofilms under hydrody-
namic conditions. The detachment force has significant
influence on the structure, mass transfer, production
of exopolysaccharides, and metabolic and genetic
properties of the biofilm [7]. In biofilm systems, a
higher detachment force would result in a stronger
biofilm, however, biofilm tends to become heteroge-
neous, porous, and weaker structure when the detach-
ment force is weak [8–11]. Moreover, thinner biofilms
obtained under higher shear stress are more stable
and have a higher active biomass concentration, lead-
ing consequently to higher biofilm activity that is the
key parameter for an optimized bioreactor operation
[12]. Thus, the performance and stability of the biofilm
reactor depends on the structure of the biofilm formed
around the support.

So far, it has been recognized that the detachment
force associated mechanisms are still unclear in the
formation of biofilm. In an engineering sense, the
detachment forces can be manipulated, as a control
parameter, to produce a more stable and compact bio-
film for use in wastewater treatment. Thus, optimiza-
tion of hydrodynamic conditions in relation to
detachment forces is necessary in future engineering
design of biofilm reactors. Therefore, this paper
attempts to study and optimize the effect of hydrody-
namic detachment force (superficial velocity) on the
structure and behavior of biofilm in degrading phenol
in a three phase inverse fluidized bed biofilm reactor
(IFBBR) and to discuss how biofilm respond to detach-
ment force under hydrodynamic conditions.

In this study, the hydrodynamic characteristic
influence on biofilm performance in IFBBR for the
degradation of synthetic phenolic wastewater using
Pseudomonas fluorescens is examined. The characteris-
tics of biofilm attached to solid support particles of
various sizes and its performance studies at different
hydrodynamic conditions are evaluated for efficient
phenol degradation. The biofilm characteristics (bio-
film thickness, biofilm dry density, and attached dry
biomass concentration) have been studied as a func-
tion of superficial air velocity (detachment force) and

phase hold-ups. Hydrodynamic effects with better
biofilm morphology have been optimized for efficient
biodegradation of phenol in IFBBR.

2. Materials and methods

2.1. Micro-organism and culture medium

The micro-organism P. fluorescens (MTCC103) was
chosen for biofilm development over the support par-
ticles in IFBBR which has the potential to degrade
phenol using it as the sole carbon and energy source.
The preliminary stage of upstream processing work
started with reviving the host by subsequent streaking
of a mother culture of P. fluorescens on a Pseudomonas
agar slant and keeping it for incubation at 28˚C for 2 d
[13,14]. A primary culture was prepared by transfer-
ring two loops full of micro-organisms having concen-
tration of 4.1 × 104 colonies/ml from the agar slant into
100ml of feed medium containing 20ml of mineral
salt medium [15] and 80ml of phenol (substrate) of
concentration 1,200mg/l in four 250ml conical flasks.
They were kept in a shaker incubator at a temperature
of 28˚C and agitated at a speed of 120 rpm until it
attained an exponential increase in the concentration
of cell mass during its log phase (steady state growth).
Once the microbe has attained a steady state of
growth, 10ml of the primary culture was transferred
into four 250ml conical flasks, each containing 100ml
of the feed medium, and the incubation process was
repeated. These were the secondary cultures used as
inoculum for biofilm development over the support
particle in IFBBR before the biodegradation process
and was done to adapt the microbe to that particular
substrate concentration. Air was supplied at superfi-
cial air velocity ranging between 0.216 and 0.244m/s
which was sufficient for biomass growth. The initial
pH of the feed medium was 6.5 and the temperature
was at 28˚C.

2.2. Support particles

Low-density non-porous polystyrene beads of
various sizes were used as support media (support
particle). Some physical characteristics of the support
particles are summarized in Table 1.

2.3. Experimental setup and reactor configuration

IFBBR is a tubular reactor constructed from the
Duran glass with height to diameter (H:D) ratio of
10:1. The overall height of the reactor was 105 cm and
the diameter was 10 cm. The height of the inner draft
tube was 70 cm long and fixed at a height of 15 cm
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from the bottom of the reactor. The diameter of the
draft tube was 5 cm. A mesh was placed at a height of
10 cm from the bottom of the draft tube to improve
phase mixing. A converging–diverging conical insert
was placed just above the draft tube to eliminate dead
zones near the reactor wall and to avoid particle accu-
mulation above the liquid level. The working volume
of the reactor was 5.6 l (Fig. 1). The ports were pro-
vided at the top and bottom of the reactor for liquid
recirculation and air inlet, respectively. Two spargers,
one at the bottom (to prevent settling of particles) and
the other at the side of the conical bottom (for fluidiz-
ing the bioparticles) were connected to their respective
air pumps (Model HS1), and a valve to control the air
flow rate. A peristaltic pump (Model RH-120S) was
used for controlling the recycle liquid flow rate.

2.4. Experimental procedure

IFBBR was operated with 5.6 l of feed medium
having phenol concentration of 1,200mg/l as synthetic

effluent for different experimental runs of varying
superficial air velocities. Polystyrene support particles
of various diameters (3.8, 3.5, and 2.9mm) were
immersed into the feed medium inside the reactor
during different experimental runs. The support parti-
cles were weighed accurately and filled inside the
reactor for a fixed ratio of settled bed height volume
to reactor working volume, (Vb/Vr)opt of 0.2 which
has the settled bed height (Hs)opt value of 17.87 cm in
the reactor [16].

The reactor was allowed to run for 3–4 d with feed
medium having phenol concentration of 1,200mg/l for
the effective formation of biofilm over support particles.
The biofilm formed on the support particle was identi-
fied by the conventional staining techniques. The gram’s
stain was used to identify the formation of biofilm by
gram negative rod shaped bacteria (P. fluorescens). The
viability check was performed using trypan blue stain-
ing . After the formation of biofilm onto support parti-
cles, a fresh supply of the feed medium having phenol
concentration of 1,200mg/l was fed into IFBBR for the
biodegradation process. During the biodegradation
process, pH was slightly increased from 6.5 to 6.8 with
the degradation of phenol, since it is a weak acid
and tends to become slightly alkaline due to the
formation of base phenoxide ion in its hydrolytic
pathway reaction mechanism. The pH of the feed
medium was thus maintained and self-controlled within
the optimal growth limit of the organism in the reactor
[17].

Recycling of liquid was brought about with a mini-
mum flow rate of 40ml/min which increases the
homogenization of the solution and prevents stagnant
regions inside the reactor [18]. The reactor began
foaming at the initial hours of biomass inoculation
into the reactor. A similar type of foaming has been
observed by other researchers during biodegradation
of phenol [19]. The foam was very thick and dense
and did not collapse, and it entrapped some bioparti-
cles (particles covered by biofilm). Eventually, it was
determined that foaming greatly decreased if the bio-
mass at the bottom of the reactor was not allowed to

Table 1
Physical characteristic of the support particles

Physical properties

Particle diameter (mm)

2.9 3.5 3.8

Mass of single particle, mg 6.5 17 20
Volume of single particle, 10−3 cm3 10.45 19.7 21.6
Density of particle, kg/m3 619 863 926
Surface area, cm2 0.2463 0.3631 0.4071
Surface area to volume ratio, cm2/cm3 20.68 17.14 16.60

Fig. 1. Schematic representation of IFBBR setup.
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settle [20]. An air sparger connected with an air pump
at the bottom of the reactor prevents the settling of
bioparticles and reduces foam formation in the IFBBR.
The reactor was operated with continuous gas (air)
flow and with batch liquid and solid phases under
non-sterile conditions.

2.5. Flow regimes

Phase mixing was studied visually by observing
the solid, liquid, and gas phases in IFBBR [21]. Once
the low-density solid support particles were fed to the
reactor, they form a packed bed like appearance at the
top of the column. As the gas velocity is increased,
first, the bottom layer of the packed bed starts fluidiz-
ing. With further increase in gas velocity, the rest of
the bed fluidizes and the bed begins to expand down-
wards. When the gas velocity reaches the minimum
fluidization velocity, the pressure drop across the bed
attains the maximum. At this point, the entire bed is
in fluidization condition but the concentration of solid
particles is not uniform throughout the bed. With fur-
ther increase in gas velocity, there will be uniform
concentration of solid particles throughout the reactor
and the velocity is termed as critical fluidization veloc-
ity [22]. Experiments were carried out at various
superficial air velocities, Ug, which are just equal to or
larger than the critical fluidization velocity below
which the fluidization of particles was not uniform
throughout the reactor.

2.6. Measurement and analysis

Experiments were carried out to determine the
effect of hydrodynamic characteristics on the perfor-
mance of biofilm and biomass for the degradation of
phenolic effluent. Support particles of varying diame-
ter (2.9, 3.5, and 3.8mm) were used in different exper-
imental runs for various superficial velocities, Ug, and
the optimum size of the support particle was deter-
mined for the better hydrodynamic effects and higher
degradation efficiency of phenol. Superficial gas
velocity was varied as 0.236, 0.240, and 0.244m/s for
2.9 mm, 0.216, 0.220, and 0.224m/s for 3.5 mm, and
0.226, 0.230, and 0.234m/s for 3.8 mm diameter sup-
port particles and the optimum superficial velocity
was determined for each media (support particle) size
for effective biodegradation of phenol.

Samples were collected at regular intervals to esti-
mate the phenol concentration, biomass concentration
(suspended and attached), biofilm dry density, biopar-
ticle density, biofilm thickness, chemical oxygen
demand (COD), gas hold-up, and pH. The reactor was

allowed to run continuously till the analytical tech-
niques showed that phenol was completely degraded.
All determinations were performed according to
standard procedures and methods [23]. Phenol con-
centration was analyzed using the standard amino-
antipyrine method with absorbance measurements at
510 nm spectrophotometrically [24]. Suspended bio-
mass concentration was determined by dry weight
[25] whereas the attached biomass concentration was
measured by the increase of attached volatile solids on
polystyrene support particles. The particles covered by
biofilm (40–50 bioparticles) were taken out from the
top portion of the reactor; air dried at 110˚C for 2 h
and their dry weight (the attached volatile solid) was
found out. The difference between the initial weight of
support particles and the bioparticles was considered
as the attached biomass weight and was expressed as
(gAVS/gsolid) [26,27]. The biofilm dry density and thick-
ness of the biofilm were determined as calculated by
Rabah et al. and Zhang et al. from the net dry biomass
weight of the bioparticle [27,28].

The following equations have typically been used
to determine the volume fraction (hold-up) of all
phases and pressure drop per unit height in the three
phase inverse fluidized bed [29].

ðeg þ es þ elÞ ¼ 1 (1)

es ¼ Ms

ðHsAesÞ (2)

where εg, εs, and εl are gas, liquid, and solid hold-ups,
respectively, ρg, ρs, and ρl similarly represent densities,
g is acceleration due to gravity. From Eq. (1) it is evi-
dent that high-density particles lead to high-pressure
drop causing increase in power consumption. Thus,
the application of low-density particles in IFBBR with
draft tube arrangement can minimize this tendency
[30].

The average phase hold-ups are measured by the
following relation:

es ¼ Vs

Vr

� �
(3)

eg ¼ ðZf � ZiÞ
Zf

(4)

where Vs and Vr are volume of solid particles and
working volume of the reactor, respectively, Zf and Zi

are the aerated liquid level in the reactor column after
fluidization and the initial liquid level before aeration,
respectively.
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3. Results and discussion

The degradation of phenol was carried in an IFBBR
using P. fluorescens. Experiments were conducted to
study the hydrodynamic effects on biofilm performance
for better biodegradation of phenol with various parti-
cle sizes for different superficial air velocity. The opti-
mum superficial velocity has been found out for each
media size for better biofilm morphology and higher
biodegradation effect. Optimum particle size was iden-
tified for better hydrodynamic effects on biofilm perfor-
mance. All the experimental runs were done in
triplicate and the error analysis was found to be 0.03%.

3.1. Biodegradation effect on various particle sizes at
different superficial air velocities

Experiments were conducted for the support
particles of various sizes at different superficial air
velocities. Because of low density (619 kg/m3) of the
support particle compared with the liquid phase, the
media size of 2.9 mm requires high-superficial air
velocity for the inverse fluidization process when com-
pared with other particle sizes in the reactor.

The biodegradation effect was determined by the
COD values and phenol concentration measured at
regular time intervals. Fig. 2 shows the variation of
COD values with respect to biodegradation time for
the particle sizes 2.9 mm (Fig. 2(a)), 3.5 mm (Fig. 2(b)),
and 3.8mm (Fig. 2(c)). The time taken for complete
reduction of phenol was found to 32, 48, and 52 h for
the particle sizes 2.9, 3.5, and 3.8mm, respectively. It
was inferred that for smaller size particles, the surface
area of the bioparticles increases thereby degrades
phenol in lesser degradation time of 32 h. For larger
particle sizes, the effective surface area of contact
decreases and hence, overall time taken for phenol
degradation increases. For a given media size, there
exists one superficial velocity (optimum superficial
velocity, Ugm) which facilitates more substrate diffu-
sion in biofilms favoring higher biodegradation effect
on phenol and COD removal efficiency.

From the Fig. 3, it is observed that optimum super-
ficial velocity (Ugm) for 2.9, 3.5, and 3.8mm of particles
was found to be 0.240, 0.220, and 0.230m/s, respec-
tively for better biodegradation of phenol and the final
COD removal efficiency was found to be 98.7, 98.5, and
97.8%, respectively. Fig. 4 shows the variation of COD
removal efficiency (%) at the optimized superficial
velocity (Ugm) for various particle sizes. The media size
suited well for the industrial application should
require low-superficial air velocity resulting in higher
biodegradation efficiency. Experimentally, it was
identified that particle size of 3.5 mm diameter was

found to be the optimum media size which required
lower optimal superficial air velocity of 0.220m/s for
degrading the synthetic phenolic effluent from the

Fig. 2. Variation of COD with biodegradation time for the
particle size 2.9 mm (a), 3.5mm (b), and 3.8mm (c).
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initial COD value of 2,830–42mg/l with 98.5% removal
efficiency.

3.2. Biofilm characteristics on various particle sizes for the
optimized superficial air velocity

3.2.1. Biofilm thickness and biofilm dry density

The maintenance of biofilm thickness could have
been the crucial factor for the complete degradation of

phenol. Biofilm thickness and biofilm dry density
were evaluated for the optimized superficial velocity
of various particle sizes. Figs. 5 and 6 show the bio-
film development and biofilm dry density at different
time intervals. Biofilm dry density is a function of bio-
film thickness. Biofilm development was found to be
increasing initially due to the attachment of biomass
on to support particles and then decreases due to the
detachment of biomass during its dispersion stage.
Increase in biofilm thickness shows less dense biofilm
due to the formation of loose filamentous organisms
resulting in decrease in biofilm dry density [9]. Biofilm

Fig. 3. Effect of superficial velocity, Ug, on COD removal
efficiency (%) for various media sizes.

Fig. 4. Variation of COD removal efficiency (%) at the
optimized superficial velocity (Ugm) for various particle
sizes.

Fig. 5. Variation of biofilm thickness (Lf) development with
time for various particle sizes at the optimized superficial
air velocity Ugm.

Fig. 6. Variation of biofilm dry density (Xf) with time for
various particle sizes at the optimized superficial air
velocity Ugm.
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thickness decreases with media size. For smaller
media size, the maintenance of thinner biofilms in
IFBBR offers advantage of preventing biomass carry-
over at high-superficial velocities. Thinner biofilm in
IFBBR contributed to higher COD removal efficiency
since they are more stable and dense whereas thicker
biofilms are less stable and have low-biofilm dry
density.

3.2.2. Suspended and attached biomass concentration

Suspended biomass is the free microbial cells
grown on bulk substrate liquid and those which
detached from the biofilm during its dispersion stage.
Attached biomass is the dry weight of the biofilm
attached over the bioparticle per unit weight of the
support particle. Figs. 7 and 8 show the relationship
between biomass (suspended and attached) concentra-
tions for various sizes of support particles and time
for the optimized superficial air velocity.

From Fig. 7, it was found that suspended biomass
concentration increased for short time duration due to
the adaption of the environment and then it started
decreasing in the bulk liquid due to the attachment
and formation of mature irreversible biofilms over
support particle. It then again increased due to the
attrition of biofilm in its dispersion stage of biofilm
formation. The average suspended biomass concentra-
tion was found to be 0.778, 0.462, and 0.357 g/l for 2.9,
3.5, and 3.8mm particle sizes, respectively. Thus, the
suspended biomass concentration decreased with
increasing support particle size which had thicker bio-
films, whereas it increased for smaller particle size

having thin biofilms. It was found that even with the
decrease in suspended biomass concentration over the
period of the biodegradation process (from time
t = 5–20 h), the COD values decreased proportionally
with decreasing phenol concentration in the reactor
which could only be due to the well adapted,
constantly thickness maintained, and highly tolerated
biofilm culture to higher concentration of phenol [31].

Attached biomass decreased initially due to the
formation of less dense biofilm onto support particles
and later on it increased due to the formation of stable
and dense biofilm. Attached biomass concentration
was found to be high for smaller particle size as it
had thin stable dense biofilm and was found to be
low for larger support particle sizes having thick but
less stable biofilm (Fig. 8).

3.3. Effect of superficial velocity (detachment force) on
biofilms

3.3.1. Biofilm thickness and biofilm dry density

The major detachment force present in a biofilm
reactor results from the superficial velocity (fluidizing
shear force) or particle–particle attrition; and has been
considered as one of the most decisive factors in the
formation of biofilm under hydrodynamic conditions.
Fig. 9 shows the effect of superficial velocity on bio-
film thickness (average of the sample points) for vari-
ous particle sizes. Biofilm thickness decreases with
superficial velocity due to high-detachment force
exerted on the bioparticles until it reaches the opti-
mum superficial velocity which produce compact and

Fig. 7. Variation of suspended biomass concentrations with
time for various particle sizes at the optimized superficial
air velocity Ugm.

Fig. 8. Variation of attached biomass concentrations with
time for various particle sizes at the optimized superficial
air velocity Ugm.
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stable biofilm structure, then again increases where
the detachment force does not control the outgrowth
of biofilm anymore and the growth of the biofilm was
found to be higher than the detachment from the sur-
face [32]. The higher detachment force removes fluffy
and less dense newly grown biomass on the outer lay-
ers of the particles [33]. Small size particle produces
high-collision frequency due to more number of parti-
cles loaded inside the reactor for a fixed bed height.
This resulted in lesser biofilm thickness coated onto
small size particles whereas it increases for larger size
particles [34]. There exits an optimum superficial
velocity where the biofilm thickness was found to be
less irrespective of particle sizes and the equilibrium
biofilm thickness and biofilm dry density can be
attained at an optimal superficial velocity. The
optimum superficial velocity (Ugm) for 2.9, 3.5, and
3.8mm of particles was found to be 0.240, 0.220, and
0.230m/s, respectively, where the average biofilm
thickness was found to be less and have smooth, sta-
ble, and denser biofilm. The average biofilm thickness,
Lfavg, was found to be in the range of 133–151 μm for
the media size of 2.9 mm, 176–195 for the media size
of 3.5 mm, and 198–206 for the media size of 3.8 mm.

Fig. 10 shows the effect of superficial velocity on
biofilm dry density (average of the sample points) for
various particle sizes. The biofilm dry density is a
function of biofilm thickness. Bioparticles with lesser
biofilm thickness produce more stable and highly
dense biofilm (higher biofilm dry density) due extra
biomass growth (in the form of microcolonies) in the
base biofilm whereas the bioparticles with thicker bio-
film have lower biofilm dry density. The average bio-
film dry density, Xfavg, was found to be increasing

with superficial velocity, Ug, then again decreases.
Smaller the particle size produces highly dense biofilm
than larger particle size due to the maintenance of
thinner biofilm. The average biofilm dry density, Xfavg,
was found to be in the range of 0.6472–0.7886 μm for
the media size of 2.9 mm, 0.3949–0.4885 for the media
size of 3.5 mm, and 0.3324–0.3579 for the media size of
3.8 mm.

3.3.2. Suspended and attached biomass concentration

Biomass concentrations were measured in terms of
suspended and attached biomass concentrations. Sus-
pended biomass is the free microbial cells grown on
bulk substrate liquid and those which detached from
the biofilm during its dispersion stage. Figs. 11 and 12
show the effect of superficial velocity on suspended
and attached biomass concentrations (average of the
sample points) respectively. The suspended biomass
concentration increases with superficial velocity (the
detachment force on bioparticles) till the optimum
superficial velocity where most of the biofilm gets at-
trite from the bioparticles and gets suspended in the
reactor and then decreases. The increase in suspended
biomass concentration with increasing superficial
velocity is far more significant when the biofilm is
thinner [35]. The smaller diameter particle having
thinner biofilm resulted in more suspended biomass
concentration whereas the concentration decreases for
larger size particles. The average suspended biomass
concentration, [X]sus.avg., was found to be in the range
of 1.229–1.271 g/l for particle size of 2.9 mm,
0.7245–0.8853 g/l for particle size of 3.5 mm, and
0.5219–0.7409 g/l for particle size of 3.8 mm (Fig. 11).

Fig. 9. Effect of superficial velocity on biofilm thickness
(average of the sample points) for various particle sizes.

Fig. 10. Effect of superficial velocity on biofilm dry density
(average of the sample points) for various particle sizes.
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Attached biomass is measured from the dry mass
of attached volatile solids per dry mass of the support
particle, (gAVS/gs)avg. It increases with superficial
velocity till the optimum and then deceases. Increase
in superficial velocity produce thinner biofilms which
are more stable, dense, and have higher dry density of
the biofilm, which results in more dry mass of
attached volatile solids. Smaller media size with thin-
ner biofilm has more dry weight of attached solids
than larger media having thicker biofilm. Attached
biomass concentration was found to vary from 0.4402
to 0.4676 g/g for particle size of 2.9 mm, 0.1816 to
0.2005 g/g for particle size of 3.5 mm, and 0.1422 to
0.1462 g/g for particle size of 3.8 mm (Fig. 12).

3.4. Effect of superficial velocity on phase hold-ups

Figs. 13 and 14 show the effect of superficial veloc-
ity on gas and solid hold-ups for different particle
sizes. As the superficial velocity increases, the gas
hold-up increases. Solid hold-up was found to be con-
stant for a particular media size due to the occupancy
of same volume of support particles in the fixed set-
tled bed height. More number of particles has been
utilized for smaller media size for a fixed settled bed
height volume to reactor working volume ratio (Vb/
Vr) whereas less for larger particle size. This results
the solid hold-up decreasing with media size [36].

Fig. 11. Effect of superficial velocity on suspended
(average of the sample points) for various particle sizes.

Fig. 12. Effect of superficial velocity on attached biomass
concentrations (average of the sample points) for various
particle sizes.

Fig. 13. Effect of superficial velocity on gas hold-up for dif-
ferent particle sizes.

Fig. 14. Effect of superficial velocity on solid hold-up for
different particle sizes.
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3.5. Effect of media size on fluidized bed porosity

Fig. 15 compares the effect of media size on
fluidized bed porosity (ε) and solid hold-up (εs) at the
optimized superficial air velocity. Smaller media size
requires more number of particles for a fixed bed
height to reactor volume ratio resulting in higher solid
hold-up in the reactor. Fluidized bed porosity is the
solid free volume occupied in the reactor and is inver-
sely proportional to solid hold-up and it increases
with media size [37].

4. Conclusions

Hydrodynamic characteristic performance of the
three phase IFBBR has been studied for the phenol
concentration of 1,200mg/l and fixed bed height
(Vb/Vr = 0.20) of various particle sizes (2.9, 3.5, and
3.6mm). The superficial gas velocity (Ug) was varied as
0.236, 0.240, and 0.244m/s for 2.9 mm, 0.216, 0.220,
and 0.224m/s for 3.5 mm, and 0.226, 0.230, and
0.234m/s for 3.8 mm diameter bioparticles. The influ-
ence of operating parameters, such as phase hold-up,
aspect ratio, settled bed height, and superficial air
velocity on biofilm performance was analyzed. The par-
ticle loading was varied in order to determine the effect
of phase hold-up on bed homogeneity. The ranges in
which particle loading and Ug affect fluidization, and
consequently COD reduction, were determined for bet-
ter biofilm performance characteristics. By varying the
diameter of the support particles and the corresponding
superficial gas velocities, the optimum Ug for 2.9, 3.5,
and 3.8mm bio particles was found to be 0.240, 0.220,
and 0.230m/s, respectively, for effective degradation of
phenol. Complete degradation of phenol was achieved
in 32, 48, and 52 h for 2.9, 3.5, and 3.8mm diameter sup-
port particles, respectively. The optimum media size

was found to be 3.5 mm operated with low-superficial
velocity resulting in better biofilm performance for
effective degradation of phenolic effluent.

Nomenclature
A — cross-sectional area of the column, m2

gAVS — mass of bioparticle (in terms of attached
volatile solid), g

gsolid — mass of solid support particle, g
Hs — height of settled bed, m
Lf — biofilm thickness, μm
Ms — mass of solid particles, kg
S — substrate concentration, mg/l
Vb — volume of settled bed height, m3

Vr — working volume of reactor, m3

Xf — biofilm dry density, kg/m3

Xsus — suspended biomass concentration in bulk
liquid, mg/l

Zf — aerated liquid level in column after
fluidization, m

Zi — initial liquid level in column before aeration, m
ρb — bioparticle density, kg/m3

ρs — density of solid phase (support particles), kg/m3

ε — fluidized bed porosity
εg — gas hold-up
εs — solid hold-up
IFBBR — inverse fluidized bed biofilm reactor
COD — chemical oxygen demand, mg/l
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