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ABSTRACT
The objective of this paper is to define and validate a mathematical model that describes the physical and biological processes
occurring in a trickle-bed air biofilter for waste gas treatment. The model assumes a two phase system, quasi-steady state and one
limiting substrate. Experimental data from the biodegradation of toluene in a pilot system with four packed bed reactors, are used to
test the validity of the model. The unknown biofilter variables are estimated using a non-linear parameter estimation technique. Using
these parameter values, simulations were carried out for different operational conditions, and the model predictions were compared
to experimental data.
Keywords: trickle-bed biofilter, mathematical model, VOC, waste gas treatment, biofiltration.

INTRODUCTION
Biofiltration as a control technology for VOC laden exhaust gases continues to receive attention in research and development
arenas. A biofilter consists of a packed bed of organic or synthetic materials on which microbial films are supported. Degradable
pollutant species in a waste gas pass through a biofilter, diffuse through these microbial films and are then consumed. Since pollutant
degradation occurs at normal temperatures and pressures, biofiltration repres~nts a potential energy efficient technology in comparison
to traditional physical and chemical methods of control (e.g., thermal incineration, carbon adsorption). However, biofilters are
essentially living pollution control systems, subject to dynamic changes. This characteristic has hindered the widespread application
of biofiltration in the United States, where regulatory requirements typically stipulate continuous compliance with an emissions
limitation or destruction efficiency. To help develop biofiltration as a viable technology able to meet these regulatory constraints, much
research has focused on understanding their fundamental chemical and microbiological processes through the development of
theoretical models.
The development ofbiofilter models has occtn-red in two distinct stages. In the first stage, following the historical application
of biofiltration ideas to wastewater treatment, models of water-phase biofilm reactors were developed. In Bio.films, Characklis and
Marshall (1990) compiled the extensive body of research that has been published on biofilm models and provided detailed descriptions
ofthe processes involved. The first biofilter model, in which the processes of substrate degradation in a biofilm were coupled with
equations describing mass transport of pollutants through a packed bed filter, was developed by Jennings et al. (1976). However,
this model was developed for a submerged packed bed reactor. Ottengrafand Van der Oever ( 1983) were the first to adapt this liquidphase model by changing the transport phase to a gas, thus beginning the second stage of model development for gas-phase biofilters.
Since then, biofilter models of increasing sophistication have been derived for various system types and applications (Ottengraf, 1986;
Diles and Ottengraf, 1991 a and 1991 b; Hartmans and Tramper, 1991; Utgilcar et al., 1991; Ockeloen et al., I 992; Smith, 1993;
Shareefdeen et al., 1993; Deshusses et al., 1995a and 1995b). Ottengraf (1986) analytically calculated the efficiency of the biofilm
for the limiting cases of first and zero order kinetics for ditfusion and reaction limiting degradation. Diks and Ottengraf (1991 a and
1991 b) considered a simplified model with a three phase system and zero-order kinetics that was numerically solved. Utgilcar et al.
(199 I) used a similar model with first order kinetics expression. Hartmans and Tramper (1991) modeled a trickle-bed bioreactor
using a series of identical, ideally mixed tank reactors. Ockeloen et al. ( 1992) used the same approach as Diks and Ottengraf, but they
numerically solved the general model.
Recently, biofilter models have been introduced that accmmt for detailed representations of biofilm degradation mechanisms.
Shareefdeen et al. (1993) proposed a biofilter model for a single component waste stream that accounted for rate limitations of oxygen
in the biofilrns. Smith et al. (1993) developed a two phase trickle-bed biofilter model that incorporated decay and shearing effects
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to determine the distribution of biomass in each section of the biofilter. Deshusses et al. ( 1995a and 1995b) developed a model that

accounted for transient processes during start-up and shut-down. Their dynamic model also handles multiple substrate degradation
through the incorporation of both noncompetitive and uncompetitive reaction rate e::-q,ressions.

In this paper, a new theoretical modeling approach is presented for a S)11thetic media trickle-bed biofilter. The two-phase
model developed by Smith (1993) is used as a basis. His steady state model describes the degradation of one limiting substrate (VOC
pollutant) in a homogeneous biomass by one type of microorganism species. This approach is enhanced by the addition of a quasisteady state term that accounts for dynamics ofthe system. The model has been developed in conjunction with four pilot-scale trickle
bed biofilters that use ceramic pellets as the packing medium (Smith et al., 1994). The model presented is assessed against
experimental data collected in four trickle-bed biofilters for a variety of operational scenarios. A first set of experimental data were
used to estimate the unkno\\-n parameters of the biofilter using a non-linear parameter estimation technique. Using these parameter
values, simulations were carried out for different operational conditions, and the model predictions were compared with a second set
of experimental data. The intent ofthe model is to facilitate the study of the effects and interdependence of key system variables, such
as initial substrate concentration, residence time, temperature, pollutant properties, and system geometry, on biofilter performance.
The model can be used for simulation and analysis of the biodegradation process, prediction of biofilter performance and assistance
in biofilter design.

METIIODOLOGY
Theoretical Model

The theoretical model is developed for a packed bed trickle biofilter
employing uniformly shaped solids. Due to the random packing, the flow
path for the waste gas is considerably tortuous, and the gas is assumed to be
well mixed radially across the biofilter cross section. Consequently, the
concentration ofcontaminant in the bulk gas is assumed to be uniform at any
given axial position. The packing solids are modeled as a bed of equivalent
spheres sized to have the same volume. All processes are assumed to be
uniform across the biofilter cross section, and reactor wall and end effects
are negligible. The model considers two phases, the gas phase and ~
biofilm. A liquid layer, present due to a small and intermittent nutrient
solution feed rate, has minimal mass transfer resistance and is disregarded.
The temperature in the biofilter and the physical properties of the gas and
VOC are assumed to be constant. The variables of interest are the voe
concentration profiles in the biofilm and gas phase, and the biofilm thickness
along the reactor. The model is solved for quasi-steady state conditions.
First, the biofilm thickness is considered constant to calculate the
concentration profiles, and then the biofilm thickness variation with time is
computed for a constant concentration profile.

Gas flow

L

Biofilm covering

Figure I. Biofilter system geometry.

In the formulation ofthe mass balance equations in the biofilter, the
following assumptions have been applied: the biofilm is a stagnant liquid; there is no convective transport; axial diffusion is negligible;
the microbial growth is described by Monod kinetics; voe is the only growth limiting substance; and all kinetic parameters and the
bacterial density are constant along the biofilter. The biofilter geometry is represented in Figure 1. The mass balance equation for the
biofilm phase, expressed in spherical coordinates to account for the curvature of the spheres, is:

DI [d2Cf + 2 dCI]
dr 2

r dr

= µ/2
Y

r~]
,Ks+cf

(l)

where er(M/L3) is the voe concentration in the biofilzn, D1 (L /t) is the contaminant di.ffusi\ity in the film, assumed to be a fraction,
D,,, ( D1 = rd* D.,), ~ (t" 1) is the maximum bacterial growth rate, Y (M biomass/ M VOC)
is the yield coefficient, K, (M/L3) is the Monod saturation constant, and~ (M/I}) is the film bacterial density.
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r,1 of the contaminant diffusivity in water,

Radially across the bed, the gas flow and the VOC concentration are uniform, so plug flow can be assumed for the gas phase.
As there is no contaminant degradation in the gas phase, the mass balance equation in the biofilm interface can be expressed as:
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(2)
where C, (ppmv) is the voe concentration in the gas phase, J (Mil} t) is the flux of voe into the biofilm, a1 (L· 1) is the surface area
of the bed with biofilm, and u0 (Ut) is the gas approach velocity, i.e., the gas flow rate divided by the total bed cross sectional area.
The surface area per unit volwne of the clean packing solids, a0 (L· 1), and with a biofilrn growth, a1 (L· 1) are given by:
a = 3(1-eo)
a = 3(1-E)
o
<PR ,
f
<J)(R+l)
(3)

where tis the packing solids sphericity, R (L) is the characteristic sphere radius, L1 (L) is the biofilrn thickness, and Er is the actual
porosity of the reactor bed with a biofilrn. The actual porosity is a function of the clean bed porosity Eo, the clean bed surface area,
and the biofilm thickness:

(4)
The boundary conditions necessary for equation (l) are derived by assuming that there is no flu.x of contaminant into the
surface of the packing solids, and that the concentration of voe in the biofilm and in the gas phase are in equilibriwn defined by
Henry's law:

dCt = 0

@r =R,

dr

(5)
(6)

Assuming a uniform voe gas concentration at the inlet of the biofilter, the initial condition for equation (2) is:
@z =O , Cg =CgO

(7)

where elf.I is the initial voe concentration in the gas phase. For equation (2), the flux of voe in the gas phase in equation (2) is equal
to the flux at the biofilrn surface:

@r

= R + LI'

P.\fv)
..
dC1
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(8)
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where Pis the system pressure, M. is the molecular weight of voe, R, is the universal gas constant and Tis the system temperature.
Since the biofilm thickness is not constant along the biofilter, another equation is needed to characterize its variation. The
variation of the biofilrn thickness with time is due to the net bacterial growth with steady-state voe concentration profiles. This
assumption of quasi-steady state is valid because the characteristic time of voe transport and reaction is smaller than the one for
bacterial growth. If b (r 1) is the specific combined shear/decay coefficient, this equation is:

dl ~= ( r,JJ..,~C
-1
dt
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(9)

Ljz,t) = L/0

The combined shear/decay coefficient, represents the effects of biomass loss, combining biomass decay and physical
shearing, following the formulation ofRittmann ( l 982). The specific decay coefficient, bd is assumed to be constant, and the specific
shear rate, b,, is assumed to be a function of the biofilrn thickness.

b=b,+bd

(10)

The different existing expressions to define the rate of biofilm detachment, suggest that this process is not very well
understood (Peyton and eharacklis, l 993). In this case, the shear rate is assumed to be proportional to the shear stress, 't, that is
proportional to the interpore gas velocity, u=u/Ei
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The proportionality constant, p, is chosen to be the default shear rate coefficient, b,°, corresponding to the default shear stress, -r0 , when
the bed is clean and there is no biofilm, then:
0

b, a

P(~}
e·

(12)

0

Eliminating the constants, the expression for b is:

(13)
The packed bed biofilter model is defined by equations ( 1)-(9), and ( 13). These equation can be written in dimensionless
form for mathematical simplicity and to reduce the nwnber of model parameters. The new dimensionless variables are:
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The governing equations in dimensionless form are:
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Equations (15) and (16) form a coupled set of
non-linear ordinary differential equations, which are
solved using the initial and boundary conditions given by
equations (17)-(20). Equations (21)-(22) define the
variation of the biofihn thickness, and equations (23)-(25)
are used to calculate the non-constant biofilter parameters.
There are eight dimensionless groups, A 1 to ~. that are
defined in Table l.
A variable of interest is the concentration of
biomass in the reactor, X, (M/1}), because it can be
measured and it is an indication of the biofilm thickness.
X, is mass of organic matter per volwne of reactor, so it
varies along the reactor depth, as opposed to biomass
density in the biofilm, which is considered constant. The
biomass concentration in the reactor can be calculated as:

X, = ~ a1 L1 = X1 R a0 aj Lj

(26)

Table I. Dimensionless groups.
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Numerical Solution
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Equation (16) is solved using an AdamsMoulton finite difference scheme. The solution is found by
marching axially through the biofi.Iter. At each axial step,
the flu.'<, biofilm concentration profile, biofilm thickness,
and packed bed characteristics are evaluated. Equation
(15) is solved with a second order two-point boundary
value problem direct method. Two levels of iteration are
required in each axial step, to handle the non linear term
of equation (15), and to calculate the biofilm thickness
given by the linearization of equation (21 ).
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The thickness of the biofilm has a physical limit when the bed is clogged. Close to clogging, the assumption of spherical
packing solids with a shell ofbiofihn is not valid. Thus, a minimum bed porosity is defined, that gives a maximum biofilm thickness:

(27)
Experimental Design
The mathematical model and its numerical solution have been derived in a general manner, so they can be applied to any
VOC and any trickle-bed air biofilter. The biofilter system used to validate the theoretical work consists of four 15 cm diameter
stainless steel reactors, packed with pelletized biological support media (6 mm R-635 Celite) to a depth of 122 cm, with a free board
of91.5 cm The pelletized medium was selected after initial screening revealed it to be superior to two other candidate media (Soria!
et al., 1993). The packing solids are represented in the model as equivalent spheres, with a characteristic radius of 3 mm and
calculated sphericity of 0. 857. The organic feed to the biofilter consists of a neat solution of toluene volatilized in a feed air stream.
The initial concentration oftoluene is 250 ppmv. Prior to the addition of toluene, the feed air is purified and contains only oxygen and
nitrogen. The biofilters are fed 20 L of an aqueous solution of nutrients per day. There are two possible nitrogen sources, nitrate and
ammonia The temperature ofthe reactors is maintained at 32 °C throughout the biofilter length and the outlet pressure is very close
to atmospheric. The empty bed residence time for both biofilters has been one and two minutes in two different sets of experiments.
The biofilters were operated in a co-current mode and backwashed once or twice a week. A more detailed description of the
experimental system and its performance can be found in Smith et al. (1994) and Soria! et al. ( 1995). Table 2 summarizes the values
ofthe system operational variables, biofilter size, packing media, operating conditions and VOC properties. There are two values for
the gas flow rate. The first value given in the table is for two minutes residence time and the second value for one minute. The units
of the parameters are the ones used in the equation and in the program.
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The value of the kinetic and shear
parameters (Monod constant, yield coefficient,
maximum specific growth rate, decay coefficient,
default shear coefficient and biomass density in
the biofilm), the biofilm/water diffusivity ratio,
and the initial biofilm thickness are not kno\\n a
priori and cannot be measured in this :.-ystem, so
they are estimated simultaneously with the
validation of the model. Assuming that the
unknown parameters depend on the nitrogen
source, two groups of estimates are calculated,
group A and B for the biofilters using nitrate and
ammonia respectively.

Table 2. System Parameters.

Eacking media
12ar!Yllete[:i

Q12erating 12ru:ameters

R

0.3cm

T

305.35 K

L

121.92 cm

•

0.857

p

1 attn

Ar

167.23 cm2

~

0.34

C,o

250 ppmv

e_

0.025

Q,

169.93 cm3/sec
339.86 cm3/sec

Biofilter size

VOe Q[OQerties

The experimental data used in the
validation of the model are:

D,.

10.8 10-.s cm2/sec

H

104.03 ppmv/(mg/L)

92.13 g/mol
M.
- The performance of the biofilter with
depth, which 1s obtained from
measurements of the
substrate
concentration in the bulk gas phase for
different depths. Data were collected from experiments where the residence time was maintained at one and two minutes.
The voe concentration was measured immediately and two days after the backwashing of the biofilter.
- The biomass concentration profile along the biofilter. This concentration profile was determined at the end of the
experimental run. Samples of the media were collected at different depth and analyzed for VSS content. The concentration
determined is mass of organic matter per unit volume ofbiofilter. Two sets of values for each biofilter were available: the
biomass concentration immediately after backwashing, and the biomass concentration nine or seven days after backwashing,
depending on the biofilter. The residence time was one minute in this experiment.
RESULTS AND DISCUSSION

The study of the mathematical model was carried out in two stages, estimation of the parameters and validation of the model.
The validation process involves the test of the accuracy of the model predictions when the estimated values were used. Therefore,
two different sets of data were required. Four biofilters were available for this study and two series of experiments were conducted.
Initially, three biofilters were running, two using ammonia and one using nitrate as the nitrogen source, and afterwards, the four
biofilters were restarted with nitrate. For the first part of the analysis, the estimation of the parameters, the experimental data collected
from two biofilters of the first series of experiments were used, each with a different nitrogen source, nitrate in biofilter A, and
ammonia in biofilter B. The model was then tested for the two groups of calculated parameters, group A for biofilters using nitrate,
and group B, for biofilters using ammonia as a nitrogen source. Data from the four biofilters of the second series of experiments were
compared with the model predictions with the parameters of group A (nitrate). The four biofilters were operating at diffrent detention
time and initial voe concentration. The data used to validate the parameters of group B were collected from the other biofilter using
ammonia in the first series ofexperiments. These two different sets of data will be referred to as estimation data set and validation data
set in the discussion that follows.
The data ofthe estimation data set were non-homogeneous: For each biofilter there were two types of observations, removal
efficiency and biomass density. Measurements were taken at different sampling points along the reactor depth, and the value of the
variable in each point is considered an observation that can be predicted by the mathematical model. Observations are assumed to
be independent random variables. Efficiency was measured at four points in biofilter A, and five points in biofilter B. Biomass density
was measured at five points in both reactors. The data were taken when both biofilters were considered to be at steady state. For each
experiment the initial time, (time=O), is defined as the time immediately after the backwashing of the biofilter. The backwashing
technique was practically the same during the realization of all the experiments in the first series, so the state of the system depends
only on the time elapsed since backwashing, and therefore, experiments can be replicated.
Two experiments for efficiency measurements were conducted, at one and two minutes detention time. Each experiment was
replicated a different number of times, eight replications for one minute detention time and eleven for two minutes. As the reactor
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efficiency at each sampling port is assumed to be a random variable, its mean and variance can be calculated as those of the sample
generated with the set ofreplications. In each experiment, the efficiency was measured immediately and two days after backwashing.
The value of the initial efficiency has not been used in the validation of the model, because the quasi-steady state derivation of the
model is not enough to explain the variation of contaminant concentration profiles v.ith time. As a consequence, the number of model
variables corresponding to efficiency observations is eight for biofilter A and ten for biofilter B, (twice the number of sampling ports
in the reactor, for one and two minutes detention time).
Two sets of biomass concentration values were available: the initial concentration, and the concentration after nine or seven

days, depending on the reactor. There was only one set ofmeasurements for those variables, but as the initial concentration is assumed
to be constant along the reactor, we can presume that the five measurements along the bed are realizations of the same random
variable, the initial concentration, and therefore, we can calculate the mean and the variance of the variable. For the concentration
measurements after nine or seven days there was only one replication, so this value was taken as the mean, and the variance was
calculated from the other one adjusted to account for the difference in the number of observations.
Seven unknown parameters were estimated: the yield coefficient Y, that can have values from O to l; the biofilm/water
diffusivity ratio, rd, with values from Oto 1; the maximum growth rate, µ.· the Monod constant, Ks; the biofilm biomass density,.~;
the initial biofilm thickness, LJ(i and the default shear rate and the decay rate coefficients, which were assumed to be equal, and were
represented as b 0 . To solve the nonlinear parameter estimation problem the method of maximum likelihood was used. The
mathematical model can be expressed as:

Y

= [yl'... ~vm],

y = j{x) + e
f = [fi,... fm), X = [xp···,xn], e

(28)

= [e 1,...,em).

where y is the vector of the m observed variables, e is the residual vector,/ is the vector of the model predicted values, and xis the
vector of then parameters. Assuming independent and nonnally distributed errors, the maximum likelihood parameter estimate, x·,
is the one that minimizes the objective function given by:
<f>(x)

= "14

Ln-1

2

e,
2

a,

= "14
L..n-1

(y; -f,(x))2

(29)

2

a;

where a,, is the standard deviation of the ith residual, e;, the same as the one of the ith observation, x'. This is equivalent to the
weighted least squares method, with the inverse of the variances as weights. Some prior information, for example, preferred values
for the parameters similar to the published ones, was not included in the objective function.
The estimation process was done after a parameter sensitivity analysis. The problem was ill-posed, so conventional methods
were not very efficient. The diffusivity ratio, r"' couldn't be accurately estimated, because the other unknown parameters could be
adjusted to get the same reactor response when the value of rd was modified. Therefore, a typical value was chosen, rd=-0.85. For each
value oL~there was an optimum value ofthe initial biofilm thickness, Lp which was calculated from the initial biomass concentration
in the reactor that only depends on these two variables, (Xp LJ(i). When these three magnitudes were fixed (r"'
LJO), the number of
parameters was reduced to four. Then the reduced problem was solved for different values of and r"' until the optimum combination
was found. It should be noted that when K, was also fixed, the objective function had a very well-determined minimum, and the
optimum estimates for the three remaining parameters (µ,,. Y, b0 ) were well-defined. The problem was solved with an iterative
technique based on this information, using the estimation data set described before.

At

At,

lbe resulting estimated parameters are presented in Table 3 for both biofilters, and the observed and predicted values of the
model variables are in Figure 2 for biofilter A and in Figure 3 for biofil.ter 8. The error bars shown in the removal efficiency graphs
correspond to the 95% confidence value for the mean. The values are plotted against the relative reactor depth, that is, the depth
divided by the total length of the reactor, L. The value of z is the axial coordinate, so z=O, corresponds to the inlet of the reactor.
Although the optimum parameter values for biofilter B are those of set number 1, in Figure 3 the results corresponding to a different
set of parameters, set number 2, are shown. The values are given also in Table 3. The reason to consider this new set is that the fit
for the efficiency observations is much better. The fit for the biomass is worse, though. We have more confidence in the efficiency
observations because there are various replications of the experiment, and, on the other hand, the measurements of biomass can be
inaccurate, due to the presence of inactive biomass that is not included in the model. It is possible then, to prefer parameter set 2 as
the optimum, although the objective fi.mction does not reach a minimum in this point. This arises the problem of defining an objective
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Table 3. Biofilter parameter estimates.
Xf

L,.

K.

y

(mg/L)

(cm)

(mg VOC/L)

(mgVSS/
mg VOC)

10,000

0.0345

0.5

0.15

Set l

10,000

0.041

0.1

Set 2
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0.041

5.0
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Figure 2. Performance ofbiofilter A using nitrate as the nitrogen source. A) Biomass concentration
in the reactor with depth, the detention time is I minute. 8) and C) Removal efficiency with depth,
the detention time is 2 minutes in 8) and 1 minute in C).
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function that would include all the
prior information. Here the solution
is considered non-unique, and more
objective information is needed to
select a set. When the model is used
for prediction, set I gives slightly
better results. This problem \Vas not
found in biofilter A, but although the
optimum value is h0=0. l 2 • 10·1 sec· 1,
another value of h0 is considered for
comparison.
Overall, the model is close
to the observed values. The fit is
much better for the removal efficiency
than for the biomass reactor
concentration, although the efficiency
in the points closer to the reactor inlet
is consistently underpredicted. Toe
overall predicted efficiency is very
close to the observed value, in fact,
this is the point with less variability in
the measurements. The initial biomass
is also very close, but not the rest of
biomass values.
Most of the parameters
found are in the typical range.
Arcangeli and Arvin (1992) reported
a set ofkinetic parameters for toluene
degradation in a bioreactor: rd=O. 9;
K,=-0.6 mg COD/L=0.19 mgVOC /L,
and .-Yr= 12000 mg/L. The rest of the
kinetics values in the mentioned paper
are referred to the two bacterial
species considered in their model, so
they are not compared with the ones
here. Ottengraf (1986a) calculated the
maximum growth rate for toluene
degradation as: ~=0.6d· 1 • All these
values are in good agreement with the
ones computed here. The value of h0

is too low, because typically it is reported to be around 0.1d· 1. In Figure 2, the biomass concentration profile is shown for two values
of bo, the optimal value and bi,=0.01 d· 1, with the rest of the parameters unchanged. The concentration profile is the same for both
values. It can be seen that the profile has the same shape but the magnitudes are lower, and the fit is worse. This is another reason to
prefer parameter set 1 in biofilter B, because the value of the decay coefficient is higher. One possible explanation for this low shear
and decay rate can be that we are considering all biomass as active, when it is not, so the model should be modified to account for nonhomogeneous biomass. In fact, the model asswne that the inactive biomass produced by decay is lost, and this may not be true. The
observed net yield coefficient calculated from experimental data, the VSS lost and removed with backwashing and the amount of
toluene constm1ed, is 0.23 mg VSS/ mg TOL for biofilter A. and 0.27 mg VSS/ mg TOL for biofilter B. This values are close to the
estimated yield coefficients.
The model was tested in the prediction of the removal efficiency of biofilters fed with nitrate and ammonia, operating at
different conditions. As mentioned before, the validation data set was used. The new set of observations contains six subsets of data.
Four of them will be compared with
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CONCLUSIONS
A mathematical model to describe the biodegradation of a waste gas in a trickle-bed reactor has been proposed and validated.
The model considers a two phase system, one limiting substrate and quasi-steady state. In the model analysis the unknown reactor
parameters have been estimated and the model has been validated. Two sets of observations have been employed. For the estimation
of the parameters, the biofilter removal efficiency profiles and the biomass concentration in the reactor have been calculated and
compared with experimental data from two different reactors, one using nitrate as a nitrogen source and the other one using ammonia.
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These parameters are the kinetic constants: biomass density in the film, Monod constant, ma.'\imum growth rate, yield coefficient and
decay and shear rate coefficients; and the initial biofilm thickness and the ratio between the voe diffusivity in the biofilm and water.
Once the values of the parameters are known for both systems, the model has been tested in the prediction of the biofilter efficiency
for the same type ofreactors operating in different conditions. The detention time and the initial voe concentration were the varied
parameters.
The fit of the model is reasonably good for the efficiency values and some\\nat worse for the biomass concentration
measurements. There is a systematic underprediction of the efficiency observations close to the reactor inlet. The values of the
estimated parameters are close to the typical values reported by previous investigators, except for the decay coefficient that is unusually
low. The model was tested with different sets of observations of biofilter efficiency profiles, for different scenarios. The results
conclude that the model is valid and can be used for prediction with acceptable accuracy, e:.-pecially in the overall biofilter efficiency
value.
Some problems in the mathematical model have been identified. First, it cannot predict the variation of the contaminant
concentration profiles with time, a dynamic model is necessary, it has to account for time variations in the concentration and in the
biomass distribution. Second, the prediction of the biomass concentration is not very good, nonhomogeneous biomass, active and
inactive microorganisms, should be considered. The calculated decay rate coefficient is very low, this value should be verified with
a more accurate model or with more observations. Some operational parameters should be included in the model, as oxygen and
nutrient limitations, and backwashing technique effects. This will be done in future work
There are also problems in the parameter estimation technique. The objecti,·e function does not include all the prior
information and thus, the selection of the optimum parameter set is subjective in some cases. Also the problem is ill-posed and
conventional algorithms do not give good results. A careful study of the problem is needed to determine what parameters can be
accurately estimate, what is the most suitable method to approach this problem and what kind of experiments should be carried to
obtain the more valuable information.

APPENDIX
Notation
a0 (cm·'), surface area per unit volume
a1 (cm· 1), surface area per unit volume accounting for biofilm in bed
A 1- ~ , dimensionless groups
b (sec· 1), shear/decay rate coefficient
b0 (sec· 1), default shear/decay rate coefficient
bd (sec· 1), decay rate coefficient
b0 (sec· 1), decay and shear rate coefficient for the parameter estimation
b, (sec- 1), shear rate coefficient
b 0, (sec· 1), default shear rate coefficient
C1 (mg/L), biofilm voe concentration
C, (ppmv), gas phase voe concentration
C,o (ppmv), inlet gas phase voe concentration
D1 (cm2/sec), voe diffusivity in the biofilm
D,. (cm2/sec), voe diffusivity in water
H ( ppm/(mg/L) ), Henry's law constant
J ( ppm cm/sec ), voe flux in gas phase
J1 ( mg cm/L sec ), VOe flux in biofilm
K, (mg/L), Monod saturation constant
L (cm), biofilter packing media length
L1 (cm), biofilm thickness
L1 ,,_ (cm), maximum biofilm thickness
M. (g/mol), voe molecular weight
r (cm), radial coordinate
rd, ratio between voe diffusivities in biofilm and water
R (cm), characteristic packing sphere radius
R 1 (cm3 atrn/mol K), universal gas constant
t (sec), time
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T (K), system temperature
u0 (cm/sec), approach velocity to the biofilter

X1 (mg/L), biomass density

Y (mg biomass/ mg VOC), yield coefficient
z (cm), axial coordinate
Greek letters

p, stress proportionality constant
Eo, clean bed porosity
e,, porosity in bed with biofilm
e,_, minimwn porosity allowed in packed bed

•, sphericity of packing solids
~ (sec· 1), maximwn growth rate

t (d}ne/cm2), shear stress

8 (min), and detention time.
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