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Abstract

Many mathematical models have been created in an effort to improve our understanding of biofilters, to guide experimentation, and to
improve design of biological treatment systems. The approaches used to model gas flow, phase transfer, diffusion within the biofilm, and
biological growth have become relatively standard. Further progress on these phenomena will come primarily from improved determinations
of important model parameters under various conditions. There is less unanimity and less certainty in the approaches that have been taken
to account for biofilm growth, the complex conformation of the biofilm takes within the porous packing, and the details of the processes by
which biofilters become clogged. Biofilter and biotrickling filter models have been useful for research purposes, but have not yet progressed
to the point of being reliable and generally accepted tools for design.
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. Introduction

Many investigators have created mathematical models of
iofilters and biotrickling filters in their efforts to understand
nd improve reactor performance. While there has been sig-
ificant success among investigators in describing and un-
erstanding laboratory results, no single model has become
generally accepted standard. Each research group has de-

eloped its own approach, often specific to the experiments
eing performed. Design of full-scale applications is still

argely done by rule of thumb, and application of biofilters
o effluents under previously untested conditions of concen-
ration, concentration fluctuation, and contaminant mix often
equires pilot-scale testing.

This work reviews many of the existing models in an ef-
ort to define the range of efforts and to identify trends in
he approaches. Results were organized in terms of the phe-
omena studied, rather than by investigators. Notation varies
idely in the literature, and has been converted here to a
ingle convention. Because the equations are primarily used
or description, the notation has been made as explanatory

as possible rather than brief. Some of the equations, su
those describing advection in the gas phase, are genera
cepted and widely used in models, so no effort has been
to ascribe them to individual investigators.

Biological air treatment may use either biofilters
biotrickling filters. By definition, biofilters are kept wet, b
there is no moving water phase, while water is consta
applied to biotrickling filters, producing a film of water th
flows over the packing and the biofilm. In practice, h
ever, biofilters are often washed with water at interval
ensure adequate biofilm water content. Some are wash
as much as 20 min in each hour. On the other hand, w
flow is inevitably interrupted from time to time in biotricklin
filters, and it is recognized that because unsaturated gr
tional flow in porous media is so irregular, biotrickling filte
are likely to include considerable volumes that are not b
washed. Thus, biological systems range from true biofilte
one extreme to true biotrickling filters at the other, and m
systems lie somewhere between. Many of the pheno
modeled apply equally to biofilters and biotrickling filte
Others, however, may be specific to one type.
∗ Corresponding author. Tel.: +1 213 740 0670.
E-mail address: devinny@usc.edu (J.S. Devinny).

The purpose of this paper is to describe the efforts that
have been made to create mathematical descriptions of biofil-
ters and biotrickling filter. Review on a model-by-model or
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Nomenclature

a fitted constant in equation for maximum evap-
oration rate

a0, abf specific surface area of packing, biofilm
A inverse width constant for description of pH

effects
b death rate constant for biomass
B pH of maximum biodegradation rate
c fitted constant in equation for maximum evap-

oration rate
Cads, Cadseq, Cair, Cbf, Cibf, Cjbf, Cbfbot concentration

of contaminant adsorbed on the medium, ad-
sorbed on the medium at equilibrium, in the air,
in the biofilm, speciesi in the biofilm, speciesj
in the biofilm, and in the biofilm at the bottom

CNbf, CO2bf, CRbf concentrations in the biofilm; of nu-
trient, oxygen, and reactant

d fitted constant in equation for maximum evap-
oration rate

Dair, Dbf, Dw diffusion coefficient for contaminant; in
air, biofilm, water

Dflow dispersion coefficient for air flowing through
reactor

DR diffusion constant for reactant nutrient in
biofilm

ECmax maximum reactor elimination capacity
FpH biodegradation rate multiplier for effects of pH
g acceleration of gravity
H Henry’s Law constant
HT height of biotrickling filter
�H heat of adsorption, contaminant on packing
Jbf, Jads flux of contaminant per unit area into the

biofilm from the air, to adsorption on the pack-
ing from the biofilm

kair–bf contaminant transfer rate coefficient, air to
biofilm

K0 equilibrium constant for Arrhenius adsorption
on solid

Kads linear adsorption constant for contaminant on
the packing

Kinh Haldane constant for inhibition between
speciesi andj

KS, KSR, KSO2, KSi, Kd Monod half-saturation rate
constants for contaminant, nutrients, oxygen,
contaminanti, and biomass death

Lbf thickness of the biofilm
MC, MR molecular weight of contaminant, reactant
n average number of contacts between spherical

packing particles
pij constants for inhibition of degradation of con-

taminanti by contaminantj
Qw biotrickling filter water flow rate

R gas constant
Re Reynolds number
RH relative humidity
Rp radius of packing particles, assuming uniform

spheres
Rν evaporation rate
Rνmax maximum evaporation rate
Sc Schmidt number
t time
T temperature
V, VA average axial interstitial air velocity, approach

velocity
Wbf, Weq, Wcrit water content of biofilm, at equilibrium

with the air phase, when the surface free water
phase just disappears

x coordinate for depth in biofilm, perpendicular
to biofilm surface

X, Xact, Xinact total biomass concentration in biofilm,
active, inactive

Y yield coefficient
z axial coordinate in the reactor

Greek letters
β inactive biomass formation constant
β1, β2, β3 functions describing effects of temperature,

water, and air-phase concentration on elimina-
tion capacity

Φ evaporation rate function
µ, µi, µmax, µimax Monod biomass growth rate con-

stants: general, for speciesi, maximum, max-
imum for speciesi

µw viscosity of water
νR, νC stoichiometric coefficient for reactant and con-

taminant in biodegradation
θ porosity of reactor packing
ρw density of water

and investigator-by-investigator basis would be impossibly
long, and because many models contain common elements,
it would be highly repetitive. We have instead chosen to or-
ganize the review in terms of the phenomena being modeled
and how they have been dealt with.

2. Biofilter and biotrickling filter mechanics

Among modelers there is general agreement on the mech-
anisms of biofilters and biotrickling filters (Fig. 1). Contami-
nants are carried into the biofilter by the air at such rates that
the flow is presumed to be laminar, although dispersion occurs
because of the tortuosity of the pores in the porous packing.
As the air passes through the packing, contaminants are trans-
ferred from the air to the water in the biofilm. The contami-
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Fig. 1. Phenomena involved in the operation of biofilters and biotrickling filters.

nants diffuse into the depths of the biofilm, and microorgan-
isms in the biofilm absorb the contaminants and biodegrade
them. Contaminants may also be adsorbed at the surface of
the packing. The great majority of reactors utilize aerobic
respiration, so that oxygen and nutrients must also dissolve
in the water or biofilm and diffuse to the microorganisms.
During operation at moderate-to-high concentrations of con-
taminant, the biofilm will gradually grow thicker. At some
point, diffusion will no longer provide all the needed com-
pounds to the deeper portions of the biofilm, and they will
become inactive. Because the pores within the packing are
highly irregular in shape, the growing biofilm will change the
pore size distribution.

The moving layer of water in biotrickling filters provides
operators with a greater degree of control. It ensures a high
water content in the biofilm. It is generally recirculated from

a storage tank, where pH and nutrient concentration can
be monitored and controlled. It may also encourage some
sloughing of biofilm, reducing clogging. Some modelers have
presumed that the water layer in biotrickling filters represents
a negligible barrier to contaminant transfer, and so have ig-
nored it. Others have included the layer of moving water
explicitly. Typically, the layer is presumed to be well mixed
because of its rapid flow. Mass transfer occurs from the air,
and again at the interface between the water layer and the
biofilm [1]. Other phenomena, however, may be significant:
the water carries contaminant downward (which may be ei-
ther co-current or counter-current to air flow) and if the water
is recirculated, any contaminant remaining in the water as it
exits the bottom of the biofilter may be returned to the system
at the top. In a system in which the air is flowing upwards,
contaminant may be transferred from the recirculating water
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to the outgoing air, causing some reduction in removal ef-
ficiency. The thickness of the flowing water layer has been
approximated by Alonso et al.[2] as:

Lbf =
(

Qw3µw

a0HTρwg

)1/3

(1)

whereQw is the water flow rate,µw the viscosity,a0 the
surface area of the packing,HT the height of the tower,ρw
the density, andg is the acceleration of gravity.

It is commonly observed, however, that in biotrickling
filters the flowing water does not produce a uniform layer, but
wets some of the packing surface while leaving other parts
exposed to the gas phase. Kim and Deshusses[3] modeled this
effect, using a previously developed empirical relationship to
predict the fraction of packing surface wetted.

3. Air flow

3.1. Advective transport in plug flow

Most biofilter or biotrickling filter models assume that air
flow within the reactor can be adequately modeled as “plug
flow”. Under these conditions, the effects of advection can
be modeled in one dimension as:[
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in biofilters and biotrickling filters the dominant process is
dispersion resulting from the tortuosity of flow.

3.3. Detailed models of air flow

Only a few models have attempted to depict the flow field
in greater detail, including pore-level variations in flow speed
and direction. Nukunya et al.[6] produced a pore-network
biofilter model in which the pore space was modeled as a
cubic lattice of tubes, with various tube diameters chosen
according to a realistic pore size distribution and placed ran-
domly within the lattice. At each step in the calculation, the
air flow field was recalculated to reflect the effects of the
decrease in pore diameters as the biofilm grew. Flows per-
pendicular to the biofilter axis varied on a tube-by-tube basis
and possible wall effects were implicitly included because
the network was of limited extent.

Ozis et al.[7] used a model based on percolation theory
that specified the statistical characteristics of packing poros-
ity without specifying a geometry. However, it implicitly rec-
ognized that some portions of the pore network in the biofilter
could be blocked, producing reduced and irregular air flow.

4. Phase transfer

quid
o nce
w esis-
t m
i n is
t epted
t ase:
t ction
t tants
i ir
( , are
g der
o cen-
t ry’s
L t in
t the
b at
t

J

w ea,
C
t h is
z is
t han
t ame
f and
a ter.
dCair
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]
adv

= −V
∂Cair

∂z
(2)

here t is time, Cair the concentration of the contamina
n the air,V the interstitial flow velocity, andz is the axia
imension of the biofilter. Interstitial flow rates are hig

han approach velocities:

= VA

θ
(3)

hereVA is the approach velocity andθ is the porosity of th
edium. Flow in the non-axial dimensions is commonly c

idered negligible—models are typically one-dimension

.2. Longitudinal dispersion

Because there are typically no radial gradients in
entration, radial dispersion has no effect and is negle
xial gradients may be substantial, however so, a few mo
ave considered the possibility of axial dispersion. Hodge
evinny[4] produced such a model that modeled disper

n the form:

dCair

dz

]
disp

= Dflow
∂2Cair

∂z2 (4)

here Dflow is the dispersion coefficient. However, b
alculations and experiment indicated that axial dispe
as negligible except for biofilters operating at high fl

ates—with empty bed detention times of a few seconds[5].
hile dispersion occurs as a result of molecular diffus
Transfer of a contaminant from a gas to a stagnant li
r a biofilm can be viewed as limited by diffusion resista
ithin a laminar layer of gas near the interface and by r

ance within the liquid or biofilm. Water within the biofil
s presumed to be stagnant, so that molecular diffusio
he only transport mechanism. It has been generally acc
hat phase transfer is limited by diffusion in the water ph
he pores are relatively small, dispersion caused by adve
ends to mix the gas phase, and molecular diffusion cons
n water are on the order of 104 times lower than those in a
concentrations, and therefore concentration gradients
enerally higher in the biofilm, but usually only by one or
f magnitude). Typically, modelers presume that the con

ration at the surface of the biofilm is determined by Hen
aw equilibrium with the concentration of contaminan

he bulk air phase, and that the flux of contaminant into
iofilm is controlled by diffusion resistance in the biofilm

he surface:

bf = Dw

[
∂Cbf

∂x

]
x=0

(5)

hereJbf is the flux of contaminant per unit of surface ar
bf the concentration of contaminant in the biofilm, andx is

he coordinate perpendicular to the biofilm surface, whic
ero at the air–biofilm interface. In a biotrickling filter, it
ypical that transfer in the flowing water layer is slower t
ransport in the air and faster than in the biofilm. The s
ormulation is used for transfer from water to the biofilm,
parallel form is used for transfer from the air to the wa
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However, some investigators have observed mass transfer
resistance at the interface. This is most likely to occur where
contaminant solubility is high and biodegradation is rapid.
It is less likely in a biofilter treating volatile organic com-
pounds, but Kim and Deshusses[3] observed strong external
mass transfer limitation in laboratory and full-scale biotrick-
ling filters treating hydrogen sulfide. In such cases, models
presume that transfer is limited by diffusion resistance in a
laminar layer of gas at the surface, and transfer occurs at a rate
determined by the degree to which the gas–liquid interface
of the biofilm is below saturation:

Jbf = kair–bf

[
Cair

H
− Cbf

]

wherekair–bf is the gas transfer coefficient andH is the Henry’s
Law constant for the contaminant. Li et al.[8] further ap-
proximated the gas transfer coefficient for spherical packing
particles as:

kair–bf = Dair

2Rp
[2 + 1.1Re0.6Sc0.33]

whereDair is the gas-phase diffusion constant,Rp the parti-
cle radius,Re the Reynolds number, andSc is the Schmidt
number.

Either of the flux terms must be multiplied by the surface
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biological materials in the biofilm would adsorb the contam-
inant, causing an initial delay in transport but not affecting
the steady-state rates of transport. They also found that in
biological films, but not in abiotic films, enzymatic reactions
rapidly convert�-pinene to a secondary product that is far
more soluble, greatly increasing the effective solubility and
degradation rates over those predicted for the parent com-
pound.

6. Adsorption on the solid phase

Contaminants that diffuse to the bottom of the biofilm,
particularly during the early stages of treatment when the
biofilm is thin, may be adsorbed on the surface of the pack-
ing. Adsorption capacities vary widely with packing mate-
rial. For biofilters using activated carbon packing, for ex-
ample, modeling adsorption is necessary for accurate de-
scription of treatment of waste streams in which the con-
centration varies with time. Some modelers have also as-
sumed that the particles are porous and contain significant
amounts of water that can absorb contaminant[11–13]. For
biofilters using lava rock, at the other extreme, adsorption
of contaminant is negligible. For all of the packing ma-
terials, biofilm exopolysaccharides and other biofilm com-
pounds may compete for adsorption sites, reducing adsorp-
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. Diffusion within the biofilm

Diffusion of the contaminant into the biofilm is presum
o follow Fick’s Law:

∂Cbf

∂t

]
diff

= Dbf
∂2Cbf

∂x2 (6)

hereDw is the molecular diffusion constant of the co
aminant in water. While there is general agreement on
orm of the equation, there is less certainty about the ap
riate values for the diffusion constant. Molecular diffus
onstants have been measured in pure water for most
ounds, but diffusion within biofilms may be different. T
bundance of cells and exuded polysaccharides reduc
ross-section of water actually available for diffusion and
tricts the contaminant to diffusion along tortuous pathw
ome investigators have used the empirical equation d
ped by Fan et al.[9] that relates the diffusion coefficient

he biofilm to the diffusion coefficient measured in water
he total biomass density in the film (in g/L):

bf = Dw

[
1 − 0.43X0.92

11.19+ 0.27X0.99

]
(7)

iller and Allen [10] noted that additional complicatio
re possible. In biofiltration of�-pinene, they showed th
ion of the contaminant. Finally, adsorption has no ef
n steady-state conditions: the adsorbed material is
ly an inactive reservoir that has no influence on treatm
fficiency.

Adsorption and desorption have been included in n
teady-state models, where it is generally presumed th
ass of material adsorbed per unit surface area at equilib

s linearly proportional the concentration of the contamin
n the biomass at the bottom of the biofilm,Cbfbot.

adseq= KadsCbfbot

hereKads is an empirically determined constant. Ran
nghe et al.[14] took this approach but further modeled
dsorption constant as having Arrhenius-type dependen

emperature:

ads= K0 exp

[−�H

RT

]
(8)

here�H is the heat of adsorption,R the gas constant,T the
emperature, andK0 is a constant.

Zarook et al.[12] and Ranasinghe et al.[14] also consid
red non-equilibrium adsorption, assuming the flux from
iofilm to the surface occurred at a rate proportional to
egree to which it was below equilibrium. Their formulatio
ere equivalent to:

ads= kads(Cadseq− Cads)

hereJadsis the flux per unit surface area,kadsthe rate con
tant, andCadsis the concentration adsorbed.



192 J.S. Devinny, J. Ramesh / Chemical Engineering Journal 113 (2005) 187–196

7. Biomass growth and biodegradation

7.1. Monod equation

Biodegradation rates are a fundamental controlling factor
for the effectiveness of biofilters. Most commonly, Monod
kinetics are assumed for growth as a function of existing
concentrations of biomass and the concentrations of contam-
inant:

dXact

dt
= µXact, µ = µmaxCbf

KS + Cbf
,

dXact

dt
= Y

dCbf

dt
(9)

whereXactis the biomass density,µ the growth constant,µmax
the maximum value of the growth constant,KS the Monod or
half-saturation constant, andY is the biomass yield. For high
values ofC, the growth rate is constant, and some modelers
have presumed that growth follows zero-order kinetics. For
low values ofC, growth is linear with contaminant concentra-
tion, and some modelers have presumed first-order kinetics.
However, when the model includes sufficient detail to show
biodegradation rates as a function of depth within the biofilm,
concentrations will range from the Henry’s equilibrium value
at the surface of the biofilm to zero at the maximum depth
of penetration, so it is likely that both regimes will be en-
countered and the full form of the Monod equation will be
n
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whereD represents diffusion constants,ν represents stoichio-
metric coefficients, andR represents molecular weights.

Where oxygen, for example, is determined to be the lim-
iting compound, the Monod rate constant can be defined as
[15,18]:

µ = µmaxCO2bf

KSO2 + CO2bf
(11)

whereCO2bf is the concentration of oxygen in the biofilm
and KSO2 is the Monod half-saturation constant for
oxygen.

In some regimes, two species may be simultaneously lim-
iting (or limiting at different times and places within a single
simulation). Alonso and Suidan[19] have used a double-limit
Monod formulation, where N is the nitrate concentration:

µ =
[

µmaxCbf

KS + Cbf

] [
µmaxCNbf

KSN + CNbf

]
(12)

whereCNbf is the concentration of nutrient in the biofilm.
Zarook et al.[12] used Haldane kinetics to describe the

effects of inhibition by high concentrations of substrate:

µ =

 µmaxCbf

KS + Cbf + C2
bf

Kinh
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eeded. Often the appropriate values forKS andµmaxare un-
ertain. Both values are strongly dependent on the cond
nder which they are determined and most data in the
ture are from experiments performed on microorganism
tirred, well-aerated suspensions, rather than in biofilms
re highly variable even so). Thus, these parameters are
tted to the biofilter data developed in the experiment b
odeled.

.2. Oxygen and nutrient limitation

Because the solubility of oxygen in water is low – of
uch lower than the solubility of the contaminant – it is so

imes determined that oxygen concentrations, rather
ontaminant concentrations, will limit the rate of biodegra
ion. Nutrients, especially for systems using inert media
e limiting if the amounts supplied by operators are not
uate. Shareefdeen et al.[15] from work by Williamson and
cCarty [16,17] have provided criteria that are appropr

or determining when such limitation occurs. First, the r
f the diffusive power (concentration× diffusion constant

or the secondary compound (R, oxygen or a nutrient) to th
ontaminant must be smaller than the ratio of stoichiom
equirements for the reaction. Second, the ratio of conce
ions must be smaller than the ratio of Monod constant
hat rapid degradation of the more abundant compound
ot change the limitation.

CRbfDR

CbfDbf
<

νRMR

νCMC
and

CRbf

Cbf
<

KSR

KS
(10)
hereKinh is the Haldane constant for inhibition of degra
ion of speciesi in the presence of speciesj.

In applications, it is frequent that biofilters are used
reat mixed effluents, and it is possible that they will in
ct. Deshusses et al.[13] tested three models of interacti
nd decided that for methyl isobutyl ketone and methyl e
etone, the best was a modified Michaelis–Menton equ
quivalent to the Monod form:

i =
[

µi maxCibf

KSi + Cibf + pijCjbf

]

here the subscriptsi andj refer to two contaminants bein
reated simultaneously, andpij is the inhibition constant.

Nguyen et al.[20] have described the inhibition amo
arious contaminants in general using inhibition consta
ij, for each pair of contaminants, and including oxygen

tation:

i =
[

µi maxCibf

KSi + ∑
pijCjbf

] [
CO2bf

KSO2 + CO2bf

]

herepii = 1.
In some cases, factors other than nutrient availability

imit biofilm activity. In particular, temperatures may be
ow or too high, and the biofilm water content may be
ow. Morales et al.[21] made experimental determinations
iofilter performance over a range of temperature and w
ontent conditions and proposed an empirical formula
verall performance:

limination capacity= ECmaxβ1(T )β2(Wbf)β3(Cair)

(13)
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Fig. 2. Effects of temperature water content and gas-phase concentration on biofilter performance. Vertical axes are values ofβi.

whereT is the temperature,W the water content,Cair the
gas-phase contaminant concentration, andβ1, β2, andβ3 are
functions fitted to the data (Fig. 2).

Thus, activity rises with temperature to an optimum range
between about 25 and 33◦C, and rises linearly with water
content above a critical value until it reaches an optimum.
While the formula applies to overall biofilter performance
rather than a point within the biofilm, the effects of contam-
inant concentration have a form much like Monod kinetics.

Okkerse et al.[22] also included a biodegradation rate
multiplier that indicated the effects of pH:

FpH = exp
⌊
−A(pH − B)2

⌋
(14)

whereB is the pH of maximum activity andA is a constant
that is inversely proportional to the range of pH over which
the organisms can be active.

In most models, it is presumed that reactor operators con-
trol nutrient concentrations, and the purpose of modeling the
effects of nutrients is simply to determine what supply rates
are appropriate. In a few cases, the effects of nutrient re-
generation during the oxidation of dead biomass have been
included with consumption[23]. In such cases, nutrients are
presumed to be released at a rate proportional to biomass
d ent-
i
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f

8. Biofilm growth

Biomass growth produces a corresponding thickening of
the biofilm. This thickening means that deeper portions of the
biofilm receive less contaminant and oxygen, and become less
efficient. In one case, it was shown that biofilm farther than
75–100�m from the surface was no longer active[7]. The
thickening biofilm reduces pore sizes, and beginning with
the smallest pores, plugs them. The surface area available for
mass transfer from the air phase declines. Pressure drops will
increase. Thus, long-term biofilter models must recognize the
phenomenon of biofilm growth. Biofilm growth is frequently
ignored in modeling for moderate or short duration, as this is
adequate for understanding phenomena not related to clog-
ging, and greatly simplifies the models.

Growth of the biofilm as a whole is equal to net growth of
the film throughout its depth:

dXact

dt
=

∫ Lbf

0

(
YµmaxCbf

KS + Cbf
− b + βb

)
Xactdx (15)

where b is the death rate constant (presuming that death
rates are proportional to the amount of biomass present) and
β is the inactive biomass accumulation constant (assuming
a constant fraction of dying biomass is preserved as inac-
tive material. Song and Kinney[24] approximated this in-
t ach
l rew
i rate
p con-
t tore
o eeded
a tward
c

rate
w nod-
t

b

w

egradation, with the constant of proportionality repres
ng the nutrient content of the biomass.

Where oxygen limitation is assumed, it is necessar
now the oxygen concentration profile within the biofilm.
hese cases, oxygen concentrations are calculated just a
aminant concentrations are: equilibrium with the gas ph
s presumed at the surface, and concentrations within
iofilm are controlled by diffusion through the film and
onsumption in biodegradation.

Okkerse et al.[22] modeled a system degrading dichlo
ethane and producing hydrochloric acid. They assumed
H also controls biodegradation rates and, in turn, pH is

rolled by biogeneration of acids and the buffering capa
f the biofilm. Acid production was proportional to biodeg
ation rates and buffer concentrations were controlled by

usion and equilibrium chemistry.
-

egral by dividing the biofilm into layers and treating e
ayer as a cell in a cellular automaton model. Biomass g
n each cell according to Monod kinetics, died at a
roportional to the amount of biomass present, and

ributed a constant fraction of the dying cells to the s
f dead biomass. When the total biomass present exc
preset value, the excess was pushed into the next ou

ell.
Okkerse et al.[22] assumed that the biomass death

as also dependent on oxygen concentration with a Mo
ype relationship:

= kd
CO2bf

KSd + CO2bf
(16)

herekd andKSd are constants.
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8.1. Evaporation

Sufficient water content is necessary for biofilm activity,
and failures of biofilters have frequently been ascribed to the
difficulty of keeping water content high and uniform within
the packing material. Water is removed by evaporation if the
incoming air is at relative humidities less than 100%, or if the
metabolic activity of the biofilm releases heat that raises the
temperature of the air as it passes through the packing. The
dynamics of evaporation have been little studied, but Morales
et al. [21] created a model for predicting local evaporation
rates. They found that the instantaneous evaporation rate,Rν,
could be described as an empirical function of the maximum
rate,Rνmax:

Rν = ϕRνmax (17)

where the maximum rate depends on air velocity,V, temper-
ature,T, and relative humidity, RH, and the fitted constants
a, c, andd:

Rνmax = aV cT d [ln(RH)] (18)

andϕ is a function of the degree to which the biofilm wa-
ter content,Wbf, exceeds the water content,Weq, that would
be in equilibrium with the gas phase and on the critical wa-
ter content,Wcrit, at which a surface free water phase just
d

ϕ
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duction of heat in the biofilter packing, and heat produced by
biological activity. When all of these factors were accounted
for, evaporation rates and the water content of the biofilter
packing could be predicted.

Both the Mysliwiec et al.[23] and Ranasinghe et al.[14]
models predicted that biofilters operated without vigorous
water input would be subject to drying, as is often seen in
practical experience.

9. Surface morphology of the packing and biofilm

9.1. The flat plate model

Some of the most difficult aspects of biofilter modeling
are associated with the shape of the biofilm. Early models
considered the biofilm a flat layer of uniform thickness, with
a surface area equal to the surface area of the porous pack-
ing. Real biofilter biofilms are quite different. At the small-
est scale, they have a complex shape resulting from their
internal dynamics. Picioreanu et al.[25] developed three-
dimensional models of biofilms in water showing that initial
irregularities are magnified because protuberances reach into
regions of higher contaminant concentration, grow faster and
become ever more protuberant. A biofilm of closely spaced
“fingers” developed, looking much like the morphology seen
i lms.
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ysliwiec et al.[23] created an elaborate model for heat
ass transport in biofilters that included evaporation of w
nd its movement in unsaturated flow. Heat was modeled

erms for air and water advection, conduction of heat thro
he biofilter packing, water evaporation, and biological
uction. The liquid water content of the packing change
esponse to gravitational water flow, water movement by
aturated flow, biological water generation, transfer of w
rom the biofilm to the water phase, and evaporation. Tol
as-phase concentrations were controlled by advection
ersion, transfer to the liquid phase, and changes in the
mes of the gas and liquid phase. The model include
ffects of nitrogen as a limiting nutrient, and how the c
entrations were affected by advection and dispersion i
iquid phase, biological consumption, transfer from the
er to the biofilm, release of nutrient by biomass decay,
utrient additions.

Ranasinghe et al.[14] developed another model for w
er and energy dynamics within a biofilter. It presumed
he water content of the air was in equilibrium with tha
he biofilm, but determined the amount of evaporation
ssary to maintain that equilibrium from an energy bala
quation. The change in heat content reflected in chang
iofilter temperature was assumed to result from heat ca
y advection of warm air, the latent heat of water evapora

he heat transport by water moving by unsaturated flow,
n scanning confocal microscope photographs of biofi
owever, they also showed that contaminant concentra

n the spaces between the fingers tend to be depleted, s
ost activity is confined to the fingertips, and this may m

hat the flat layer approximation is still appropriate.
Even if the biofilm can be approximated as a uniform la

owever, the packing particles have rough surfaces, the
ormed between the particles of the packing are highly ir
lar in shape, and the pores occur in a huge range of
iofilm growing in the corners and crevices has less ac

o the air flow than biofilm growing on the surface of a la
ore. The smallest pores of the packing will fill rapidly w
iofilm, excluding the air. Because the numerous small p
ccount for a substantial fraction of the surface area, this
ing immediately begins to reduce the surface area ava

or mass transfer and the volume of near-surface biofilm,
ong before clogging becomes noticeable through its e
n head loss.

All models attempting to deal with realistic biofilm co
ormations are hampered by the difficulty of obtaining d
escribing the surface of the packing. The size distribu
f the packing grains may be known, and there are exi
ethods such as mercury porosimetry that can measur

ize distribution, but it is difficult to translate this to a
cription of the shapes and connectivity of the pores. W
ost models assume spherical particles, most packing

ials are strongly non-spherical. Further, the biofilm does
row in a uniform layer. Thus, progress in this area aw
etter tools for characterizing the conformation of the p
nd the biofilm surface.
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9.2. Irregular biofilm growth

Baltzis et al.[26] observed that biofilms often grow irreg-
ularly on the packing material, in “patches” of biofilm that
formed as colonies developed around cells from the inoculum
and grew laterally. They created a model that assumed dif-
fering patches of biofilm devoted to degradation of different
compounds in the contaminant mixture. Within each patch,
the biofilm was presumed uniform.

Schwarz et al.[27] and Nukunya et al.[28] explicitly con-
sidered the changes in air flow regime caused by accumulat-
ing biomass, and in turn, the effects of the altered flow on
biofilm growth. They imagined a cubic lattice of pores, and
chose pore diameters randomly from an assumed pore size
distribution. A typical biofilm model, assuming Monod ki-
netics, was used to determine how the biofilm grew in each
pore. Consumption of the contaminant by the biofilm in each
pore was used to determine how much the concentration was
reduced as the air passed through the pore, and the outputs
from each pore were presumed to mix completely at the pore
intersections, determining the input concentrations for the
subsequent pores. At each time iteration, the new pore di-
ameters (reduced by biofilm growth) were used to calculate
a new air flow field for the entire network. Pores that were
clogged (the remaining diameter became so small that air
flows were negligible) were removed from the calculation,
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biomass, making them useless for treatment. Others may re-
main unfilled but be surrounded by filled pores, again iso-
lating them from the air phase. Shariati et al.[30] and Ozis
et al.[18] developed a model utilizing the principles of per-
colation theory. In this approach, which has been applied to
flow of oil in subsurface reservoirs, the domain is presumed
to consist of pores with connecting pathways. No specific ge-
ometry was presumed, but the pore size distribution and av-
erage connectivity between the pores were utilized. As some
pathways closed, flow was restricted, and as closed pathways
become numerous, the probability rose that volumes within
the domain will be isolated by the closure of surrounding
pores. In the biofilter model, an initial pore size distribution
is determined[18] or assumed. As the biofilm thickness in-
creases, all of the pores are reduced in size. The pores of
radius smaller than the thickness of the biofilm are clogged,
and functions dependent on the connectivity of the distribu-
tion and functions developed from computer simulations are
used to estimate the number of pores surrounded by clogged
pores.

In these simulations, removal efficiency initially grows
rapidly as the biofilm thickens and more active biomass
becomes available. Relatively quickly, however, the film
reaches the thickness equal to the deepest penetration of the
contaminant (or the needed oxygen). After this, further thick-
ening of the biofilm produces no further improvements in
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o the model included the effects of local clogging and is
ion of some regions surrounded by clogged pores. How
he pores were modeled as cylinders to provide needed
lification for the calculation.

While both of these approaches reflect the observation
iofilm growth rates may be different in different pores, t
till assume biofilm uniformity within a pore or patch.

.3. Packing surface and biofilm morphology

Alonso et al.[2] developed a model in which biofilm gre
t a constant rate on the surface of packing that was pres

o consist of regularly packed spheres of equal size. A
oint where the spheres are in contact, the surfaces o
iomass on each sphere were blocked by the biomass

ng on the other. As the biofilm grows, these occluded a
ncrease, recognizing that biofilm in corners and crevices
ose it effectiveness. The area remaining was calculated
unction of the radius of the spheres and the thickness o
iomass:

bf = a0

2

(
1 + Lbf

Rp

) [
(2 − n)

Lbf

Rp
+ 2

]
(20)

hereabf is the biofilm surface,a0 the surface area of th
pheres,Lf the thickness of the biofilm,Rp the radius o
he spheres, andn is the average number of contacts
ween spheres. This approach has been adopted by Mo
agastume et al.[29] and Song and Kinney[24].
The growth of the biofilm reduces pore sizes and eve

lly fills some. Additionally, some pores may be filled w
-

ontaminant removal because microorganisms are dyi
ast as they are growing, and the net effect is just to ad
ctive biofilm beneath a surface active layer. From this p
n, removal efficiency declines as the pores grow smalle

he smallest pores are plugged, until near the end whe
umber of isolated pores grows suddenly and the bio
logs.

0. The current state of modeling and future
hallenges

Current models for mass movement in the air and w
imple biofilms seem adequate. The major remaining u
ainty is in determination of appropriate diffusion consta
or various contaminants that reflect conditions in biofi
ather than water.

Biodegradation rates and biofilm growth models rem
omewhat uncertain because of the lack of knowledg
onod constants and maximum growth rate constants fo

ual conditions in biofilters. It has become clear that biofi
re a special and peculiar environment for microorgani
ith conditions much different from those in suspended

ures, where the constants can be easily measured.
We have also learned that even biofilms growing on a

urface are not masses of uniform thickness and consis
nstead, recent studies with confocal laser microscopy
hown that biofilms are lumpy and irregular and filled w
hannels that allow water to flow through. Modeling of
rue conformations has only just begun, and currently
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produce results no better than those that assume a flat layer
of uniform consistency.

Some significant steps forward have been made in consid-
ering the complex geometry of the pores. Investigators still
assume a biofilm of constant thickness and consistency, but
are beginning to deal with the obvious fact that it must be
wrapped around packing grains with various shapes, that it
thickens with time, and that pores decrease in size and be-
come blocked.

Overall, biofilter modeling remains primarily a research
tool. Published models vary in the phenomena they include
and the parameters they utilize and they tend to be applicable
primarily to the systems studied by the investigator. It is still
common that parameters are fitted to results. Such efforts may
demonstrate that we understand the phenomena, but they do
not allow us to say what will happen in the next biofilter. The
ultimate objective of modelling – a single approach that can
fit most cases and accurately predict results in advance – is not
yet available. Models are not sufficiently reliable for detailed
design of a system being applied to a new effluent. Instead,
we use the “rules of thumb” gained through experience or,
for greatest reliability, a pilot test.
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