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Abstract−The performance of two laboratory scale biofilters, packed with pressmud (BF1) and sugarcane bagasse

(BF2), was evaluated for gas phase ethylacetate removal under various operating conditions. Biofilters were inoculated

with mixed culture obtained from pharmaceutical wastewater sludge. Experiments were carried out at different flow

rates (0.03, 0.06, 0.09 and 0.12 m
3
 h

−1
) and inlet ethylacetate concentrations (0.2, 0.4, 0.6 and 1.2 gm

−3
). Maximum

removal efficiency (RE) of 100% and 98% was achieved at an inlet concentration of 0.2 gm
−3
 and gas flow rate of 0.03

m
3
 h

−1
 in BF1 and BF2, respectively. A maximum elimination capacity (EC) of 66.6 gm

−3
 h

−1
 and 64.1 gm

−3
 h

−1
 was

obtained in BF1 and BF2, respectively, at an inlet concentration of 0.8 gm
−3
 and a gas flow rate of 0.12 m

3
 h

−1
. The

kinetics of biofiltration of ethylacetate was studied by using Ottengraf and van den Oever model. The kinetic modelling

gives an insight into the mechanism of biofiltration. The modified Ottengraf model, which was also tested, demon-

strated good agreement between calculated and experimental data.
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INTRODUCTION

Volatile organic compounds (VOCs) are generally toxic gases emit-

ted from wastewater treatment plants and many industries, such as

printing and coating facilities, chemical industries, electronics, and

paint manufacturing. Legislation has already been introduced to

reduce their emissions due to their potential threat to the environ-

ment and human health. Conventional control technologies for VOCs,

including incineration, condensation, adsorption, absorption, ozona-

tion, and membrane separation, have been commonly utilized for

the elimination of VOCs from waste gases [1]. Activated carbon

has undoubtedly been the most popular and widely used adsorbent

in exhaust gas treatment throughout the world because of its high

surface area and pore volume [2]. Biofiltration, an effective and eco-

nomical method, has gained much attention in eliminating VOCs.

Compared with conventional physicochemical technologies, bio-

logical treatment technologies present the advantage of complete

degradation of the contaminants into less-contaminating products

[3]. However, biological processes rely solely on the capability of

specific microbial species to oxidize the targeted organic pollutants.

Biodegradation of organic contaminants to mineral products occurs

in steps, producing intermediate compounds. An overloaded biofil-

ter may result in high effluent concentration of untreated gases [4].

For these reasons, bioreactors are sensitive to surges in VOC load-

ings, and therefore biological methods are not suitable for treating

waste gases containing relatively high concentrations of VOCs [5].

As the polluted air stream passes through the filter bed, pollut-

ants are transferred from the vapor phase to the biofilm developed

on the organic substrate and are metabolized by the microorgan-

isms. Bohn (1996) reported the important physical, chemical and

biological characteristics to be considered while selecting a filter

medium are (i) large specific surface area, (ii) low bulk density, (iii)

a high void fraction, (iv) large number of different bacteria natu-

rally present in the carrier, (v) sufficient nutrients, i.e., N, P and K,

(vi) large Water Holding Capacity and (vii) a neutral or alkaline pH

as well as buffer capacity [7].

Recently, there has been an increasing demand for easily avail-

able and inexpensive raw material, to be used as solid support in

biofilters [8]. In addition, the possibility of using a waste as pack-

ing material for off-gases treatment is particularly attractive [9].

Sugar cane bagasse and pressmud are agricultural residues gen-

erated from industrial sugar extraction. Although utilized in the sugar

factories as fuel for the boilers, large quantities are accumulated in

the mills, creating environmental problems.

Ethyl acetate (EA) is the key pollutant present in the exhaust air

from printing and coating facilities and paint manufacturing. The

influence of the media and operating conditions on the biofiltration

of EA has been reported by several researchers. Chan and Zheng

(2005) [10] investigated elimination of EA in biofilters packed with

poly vinyl alcohol and pig manure compost composite beads and

reported a maximum elimination capacity (EC) of 0.71 kgm−3h−1.

Bibeau et al. (1997) [11] reported a maximum EC of 70 g m−3h−1

for an inlet load (IL) of 100 g m−3h−1 in a peat biofilter. Tang and

Hwang (1997) [12] obtained maximum EC of 58, 60, and 97g m−3h−1

in three biofilters packed with mixtures of chaff/compost, diatoma-

ceous earth/compost and granular activated carbon/compost, respec-

tively. In this paper, biofiltration of EA was carried out using two

agro wastes as packing material, and the kinetics of biofiltration

was studied by Ottengraf model and modified Ottengraf model.
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MATHEMATICAL MODELING WITH

OTTENGRAF-VAN DEN OEVER MODEL

Most of the studies conducted on biofiltration utilize bacterial

strains, either pure or isolated from the filtering media, suspended

in liquid growth media [13-20]. The drawbacks of these methods

are that (1) they necessitate prior operations for the conditioning of

the biomass; (2) they do not necessarily represent the real growth

media (the solid bed pellets), which more likely contain consortia

of interacting micro-organisms, among them the degrading species;

and (3) they do not reflect the mass transfer constraints that exist in

a biofilter. To date, only a few works have focused on the experi-

mental protocols for application to solid growth media [21]. Since

many different phenomena contribute to the effectiveness of the

biofiltration process, the model must comprehensively foresee biore-

actor performance. Ottengraf and Van den Oever (1983) [22] made

the first attempt to develop a model for the biofiltration of toluene.

This model simply deals with a conventional biofilter at the station-

ary state. In spite of its simplicity, this model has been widely used

by others [23-25]. Ottengraf’s model considers the different phe-

nomena ruling biofilter performance: mass transfer and biological

reaction. At low inlet concentrations, the driving force ruling the

mass transfer is limited. Therefore, the amount of pollutant which

passes into the liquid phase is moderate and, as pollutant comes in

contact with the biomass, it is completely degraded. In these condi-

tions, diffusion is the rate determining step. With higher gas concen-

trations, mass transfer is inversely promoted. The amount of pollutant

transferred in the aqueous phase is greater and biomass could not

be able to completely degrade this amount. In such conditions, the

reaction limits the process rate. Ottengraf proposed equations to

represent what occurs in the water film in these two opposite situa-

tions.

1. Mass Balance

Pollutant concentration in the gas phase can be expressed by the

following expression:

(1)

where Ug is the superficial gas velocity (mh
−1), h is the reactor height

(m), N is the flux of substrate from the gas to the solid (gm−2h−1)

and As is the specific surface area (m
2m−3).

A mass balance in the gas/biofilm can be written as follows:

(2)

where D is the diffusion coefficient (m2h−1), x is the direction perpen-

dicular to the gas-solid interface and k0 the zero-order constant (gm
−3

h−1). Such equations can be solved considering the different boundary

conditions in reaction limitation and diffusion limitation assumptions.

2. Zero-order Kinetics with Reaction Limitation

In this condition, introducing ‘m’ as the dimensionless gas-solid

partition coefficient, the following boundary conditions can be used:

x=0, C=Cg/m (3)

x=δ, dC/dx=0 (4)

and Eq. (2) has the following solution:

(5)

Where Thiele number σ=x/δ is the dimensionless length coordi-

nate in the biolayer, and m(=(Cg/Cl)equilibrium) is the distribution coef-

ficient.

(6)

Then, N can be written as

(7)

Substituting Eq. (7) into Eq. (1) using the boundary condition Cg=Cg,

in for h=0, the solution becomes:

where H is the height of the tower. Assuming Askoδ=K to be con-

stant, it follows that

(8)

(9)

Elaborating Eq. (8), and solving as function of the elimination

capacity, the following expression can be obtained [25]

EC=ECmax=Askoδ (10)

A critical point can be determined, supposing that C=0 at the

water-solid interface, or when x=δ Substituting this value into Eq.

(5), the critical Thiele number can be determined:

(11)

When ϕ<Φ cr, reaction is the rate determining step of the process.

3. Zero-order Kinetics with Diffusion Limitation

The mass balance into the (air/biofilm) phase should be now solved

using different boundary conditions. Defining λ as the distance from

the interface gas/liquid at which C=0, boundary condition (4) can

be substituted by the following:

x=λ dC/dx=0 (12)

Obtaining a new equation for the water phase:

(13)

λ can be easily determined with Eq. (13), fixing C=0 for σ=λ/δ :

(14)

With this new condition, N=k0λ and pollutant concentration in the

gas phase can be calculated:

(15)

EC is now a function of the mass loading rate and the correlation

is represented by the following expression:
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Table 1. Physical and chemical characteristics of packing material before biofiltration

S. no Parameters Sugarcane bagasse Pressmud

Physical properties

01. Particle diameter (cm) 1-2 2-4

02. pH 6.24 6.2

03. Moisture content (at field capacity) (%) 65 80

04. Specific gravity 1.45 1.29

05. Wet filled weight (g) 180 210

06. Dry filled weight 121 150

07. BET surface area (m2·g) 4.146 5.3

08. Total pore volume of pores (cm3·g) 0.0041 0.0067

09. Average pore diameter (Ao) 39.429 32.13

10 Maximum pore volume (cm3·g) 0.009 0.013

11 Median pore diameter (Ao) 4887.11 5208

Chemical properties (%)

12 C 43.22 47

13 H 6.097  2.8

14 N 0.006 0.009

15 S 0.81 0.99

16 O* 43.52 44

17 Ash 5.7 5.49

O*=100− (C+H+N+S)−Ash

Fig. 1. Schematic diagram for biofilter for the removal of ethylacetate using pressmud and sugarcane bagasse as packing material.
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MATERIALS AND METHODS

1. Biofiltration Equipment

An upflow mode biofilter was employed in this study that con-

sists of two columns: (i) pressmud based biofilter (BF1) and (ii)

sugarcane bagasse based biofilter (BF2). The characteristics of pack-

ing materials are given in Table 1. The biofilter was equipped with

additional auxiliary units like flow meters, manometers, nutrient

recirculation peristaltic pump, compressor and nutrient storage vessel.

2. Packed Columns

The two columns used in this study were made of acrylic material.

A detailed sketch of the packed bed biofilter isshown in Fig. 1. Both

columns were 100 cm high with an internal diameter of 5 cm. A

fully packed column had three sections: a 12.5 cm high empty space

at the bottom (gas distribution section and leachate collection), fol-

lowed by a 75 cm height of packing medium and a 12.5 cm height

of empty space at the top (nutrient distribution system and outlet

collection). The filter bed had three layers and each layer had a height

of 25 cm. The packing material was mixed with berl saddles and

packed into the column. The berl saddles were used to prevent bed

compaction for organic packing media. The volume of packing media

was 1.47 L. Each column had three ports for measuring outlet con-

centration of ethylacetate.

3. Operating Conditions and Experimental Control

The activated sludge obtained from a pharmaceutical industry

plant was used as inoculum. The biofilter was operated continuously

for more than 160 days. A nutrient solution containing 10.0 g L−1

of NaNO3, 0.7 g L
−1 of Na2HPO4, 0.5 g L

−1 of KH2PO4 and other

trace elements was added into the filter bed from the top of the bio-

filter periodically to supply the nutrient for the growth of microor-

ganisms.

The operation of biofilter was divided into four stages (Table 2).

In each stage, the biofiltration of ethylacetate was performed at dif-

ferent inlet concentrations (0.2-1.2gm−3) and gas flow rates (0.03m3h−1

to 0.12m3h−1).

4. Analytical Methods

Ethylacetate concentrations were analyzed by a gas chromato-

graph (Nucon5655, Amil Limited, India) with an FID detector. The

carrier gas selected was nitrogen and the temperature of column

oven, injector and detector was 150, 250 and 250 oC, respectively.

The CO2 concentrations were analyzed by the same gas chromato-

graph with a TCD detector and a stainless steel column (3mm×

2m). The carrier gas was nitrogen and the temperature of the column

oven, the injector and the detector was 130, 150 and 100 oC, re-

spectively. The results obtained were given in terms of removal ef-

ficiency. The inlet load (gm−3h−1), elimination capacity (gm−3h−1) and

removal efficiency RE (%) were calculated by using the following

equations [2]:

(17)

(18)

(19)

(20)

where RE is the removal efficiency (%), Cgi is the inlet toluene con-

centration (g·m−3) ,Cgo is the outlet toluene concentration (g·m
−3), V

is the volume of the reactor (m3) and Q is the volumetric flow rate

(m3 h−1).

RESULTS AND DISCUSSION

1.Biofiltration of EA Using Pressmud and Sugarcane Bagasse

as Packing Material

The biofiltration of gas stream containing EA was carried out

for 160 days at various operating conditions in an up flow mode

pressmud (BF1) and sugarcane bagasse (BF2) based biofilters. Each

biofilter was operated in four stages, and each stage was divided

into four phases.

In the present work, the combined effect of the ethylacetate inlet

concentration and the gas flow rate on the biofilter performance

was investigated by two packing materials, BF1and BF2. Figs. 2

and 3 show the RE and outlet concentration of EA for various inlet

EA concentration (0.2-1.2 g·m−3) and gas flow rates (0.03-0.12m3

h−1) in BF1 and BF2, respectively. Figs. 4 and 5 present the elimi-

nation capacity as a function of the inlet load for each gas flow rate

in BF1 and BF2, respectively.

At a gas flow rate of 0.03m3 h−1 and inlet concentration of 0.2

gm−3, the removal of ethylacetate was 100% in BF1 and 98% n BF2.

The RE decreased to 80% and 75% in BF1 and BF2 when the inlet

concentration increased from 0.4 gm−3 to 1.2 gm−3. The results are

shown in Figs. 2 and 3. At this gas flow rate, for an IL of 16gm−3h−1,

(corresponding to inlet concentrations of 0.4gm−3), EC was observed

to increase with IL. But at higher IL (100gm−3h−1), the EC decreased.

EC = L 1− 1− As

koD

2m
---------

V

QL
--------⎝ ⎠

⎛ ⎞
2

⎝ ⎠
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RE = 

Cgi − Cgo

Cig

-------------------- 100×

IL = 

QCgi

V
-----------

EC = 

Q Cgi − Cgo( )
V

-----------------------------

EBRT = 

V

Q
----

Table 2. Operating conditions of the biofilers for the biofiltraion

of ethylacetate

Phase
Operating

days

Average inlet

concentration (g·m−3)

Flow rate

(m3h−1)

I 00-10 0.2 0.03

11-20 0.06

21-30 0.09

31-40 0.12

II 41-50 0.4 0.03

51-60 0.06

61-70 0.09

71-80 0.12

III 81-90 0.8 0.03

091-100 0.06

101-110 0.09

111-120 0.12

VI 121-130 1.2 0.03

131-140 0.06

141-150 0.09

151-160 0.12
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At a gas flow rate of 0.06m3 h−1, with ethylacetate concentra-

tions varying from 0.2gm−3 to 1.2 gm−3, the RE decreased from 94%

to 82% in BF1 and 92% to 80% in BF2. This is clearly depicted in

Figs. 2 and 3. At this gas flow rate, the EC of ethylacetate increased

Fig. 2. Experimental results of continuous ethylacetate removal using pressmud as packing material - gas flow rate - (a) 0.03m3h−1 (b)

0.06 m3h−1 (c) 0.09 m3h−1 and (d) 0.12 m3h−1.

Fig. 3. Experimental results of continuous ethylacetate removal using sugarcane bagasse - packing material. Gas flow rate - (a) 0.03m3h−1

(b) 0.06 m3h−1 and (c) 0.09 m3h−1 (d) 0.12 m3h−1.
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up to an IL of 16gm−3 h−1 and 30gm−3 h−1 in BF1 and BF2, respec-

tively, and then decreased.

It was inferred from Fig. 2 that at a gas flow rate of 0.09m3 h−1,

the removal of ethylacetate decreased for inlet concentrations rang-

ing from 0.2 gm−3 to 1.2 gm−3 in both the biofilters. For loads smaller

than 60 gm−3 h−1, EC increased with IL to a maximum of 41 gm−3

Fig. 4. Elimination capacity of ethylacetate at various ethylacetate inlet loads and different gas flow rates for pressmud based biofilter.

Fig. 5. Elimination capacity of ethylacetate at various ethylacetate inlet loads and different gas flow rates for sugarcane bagasse based

biofilter.
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h−1 and 35 gm−3 h−1 in BF1 and BF2, respectively, and decreased

for higher ethylacetate loads. Similar trend was observed for the

gas flow rate of 0.12m3 h−1. A maximum elimination capacity of

66.6 gm−3 h−1, in BF1 and 64.1 gm−3 h−1, in BF2 was achieved at

inlet concentration of 0.8 gm−3 and a gas flow rate of 0.12m3 h−1.

In both the biofilters, nearly 100% removal was achieved at a gas

flow rate of 0.03m3 h−1. When the gas flow rate was increased, the

EC at constant IL and RE at constant ethyl acetate inlet concentra-

tion were found to decrease. This is because of decreased contact

time between the pollutant and the microbial population at higher

gas flow rate. EC was found to increase with IL up to a certain value

55 gm−3 h−1 and decreased with further increase in inlet concentra-

tion. The increase in EC with the increase of the ethylacetate inlet

concentration is due to enhanced transfer rate of ethylacetate from

the gas phase to the biofilm, so that more microorganisms participated

in the biodegradation activity. This behavior can be described as a

diffusion limitation regime. As IL increased above the upper limit

of the diffusion limitation regime, EC decreased. Other studies re-

ported similar behavior for EC of 225 gm−3 h−1 [26] and 120 gm−3

h−1 [ 27].

2. Application of the Theoretical Model

According to Eq. (11), the outlet concentration of EA, in the situa-

tion of diffusion limitation, can be described by the following equa-

tion:

(20)

Hence, in the case of diffusion limitation, the validity of the theo-

retical model can be checked by plotting  versus the range of

inlet concentrations ( ) for which the EC is less than the ko. Ac-

cording to Eq. (20), the theoretical diffusion model can be judged

to be appropriate if the experimental points are on a line with a slope

equal to 0.6. By knowing the gas flow rate and the filter bed volume,

the constant of the line equation enables one to estimate the parame-

ter k1. The reaction limitation behavior is attained at a level of pollut-

ant load that corresponds, at a given gas flow rate, to the critical

inlet concentration at which the biofilter behavior is in transition

between the diffusion and the reaction limitation. Therefore, the criti-

cal concentration of EA can be estimated from the following relation-

ship:

(21)

Hence,

(22)

The model is tested for the biofiltration of EA using pressmud

and sugarcane bagasse based biofilter. For each packing material,

the plot has a portion displaying increasing elimination capacity

with pollutant load, which can be identified by the diffusion limita-

tion behavior, and a portion displaying constant elimination capac-

ity, which is attributed to the reaction limitation behavior. Thus, dif-

fusion limitation is valid for low concentrations, and the theoretical

reaction limitation model seems to be valid for high concentrations of

EA in both BF1 and BF2. The values of model parameters, kinetic

constants and maximum EC for at different operating conditions

are tabulated in Table 3.

The biofilm thickness was also calculated for different phases us-

ing Eq. (11) by taking the values of effective diffusivity of biofilm (D)

and Henry’s constant (m) for EA as 1.026×10−6m2 h−1 and 0.00235,

respectively [28]. The values of biofilm thickness are reported in

Table 3. An increasing trend was observed for the biofilm thick-

ness for different phases.

3. Modified Ottengraf Model

In the Ottengraf model, two different equations are proposed:

reaction limitation area and diffusion limitation area. The transition

between the two conditions is ruled by the Thiele number. This model

gives a mathematical continuity to the two Ottengraf equations. In

this way, the contribution of both phenomena can be considered

simultaneously. We tested the modified model with experimental

data obtained in this study and also used the modified Ottengraf

model. This new model considers both diffusion and reaction limi-

tations as a single equation.

4. Fundamentals of the New Model

Ottengraf’s model individuates two different phenomena, ruling

and determining the rate of the biofiltration process. At low load

values, diffusion is the rate determining step and, in such condi-

tions, the elimination capacity is given by the following equation:

(23)

where the index dl stands for diffusion limiting. Otherwise, at high

loads, the removal of the EA is mainly influenced by the biological

reaction and the elimination capacity is load-independent.

Ci = Co − k
1

V

Q
----

Ci

Co

EC = 

Q

V
----Co Crit,

L 1− 1− k
1

V

Q
----

1

Co crit,

----------------
⎝ ⎠
⎛ ⎞2

⎝ ⎠
⎛ ⎞

 = ko

Co Crit,
 = 

1

4
---
ko
k
1

----- + 

k
1
V

Q
---------

⎝ ⎠
⎛ ⎞

2

ECdL = L 1− 1− As

k
0
D

2m
---------

V

QL
--------⎝ ⎠

⎛ ⎞
2

⎝ ⎠
⎛ ⎞

Table 3. Model parameters and kinetic constants at various operating conditions for both packing materials for the biofiltration of EA

Packing material
Ci

(gm−3)

GF

(m3h−1)

IL

(gm−3h−1)

k1

(gm−3h−1)

kd

(gm−3h−1)

k0

gm−3h−1

CCritical

(gm−3)

ILCritical

(gm−3h−1)

δ

(µm)

Pressmud 0.2-1.2 0.03 4.16-25.02 0.741 0.252 16.45 0.931 21 267

0.06 12.48-50.040 0.735 0.312 30.25 0.931 38 289

0.09 18.72-75.060 0.727 0.202 66.61 0.898 55 346

0.12 24.96-100.08 0.680 0.235 72.20 0.920 76 401

Sugarcane bagasse 0.2-1.2 0.03 4.16-25.02 0.884 0.322 15.22 1.078 22 260

0.06 12.48-50.040 0.807 0.199 29.12 0.808 33 275

0.09 18.72-75.060 0.761 0.171 64.10 0.849 52 321

0.12 24.96-100.08 0.513 0.047 66.60 0.906 74 361
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ECrl=ECmax=Ask0δ (24)

But, having the use of one equation, only that can continuously

connect the different expression of ECdl and ECrl which can be very

useful for biofiltration design. The following equation can satisfy this

condition:

(25)

where L* is the load at which the transition between reaction and

diffusion limitation occurs: for L<L*, conditions of diffusion limiting

area are verified, while for L>L* the bioreaction is the rate deter-

mining step. For L<<L*, the denominator of the second term on

the right side becomes equal to 1 and in such conditions, EC≡ECdl.

Similarly, for L>>L*, all the second term on the right side becomes

zero, and therefore EC≡ECrl. Parameter p was calculated by fitting

of the experimental data. Its value specifies the rate at which the

passage between the two different limiting conditions occurs. Hav-

ing a sole equation has many advantages, including the possibility

to correlate directly the removal efficiency to the load and to the

inlet concentration. Indeed,

(26)

With some arithmetical steps and using the definition of L and EC,

it is also possible to write efficiency and Co as a function of Ci:

(27)

(28)

where C* is the inlet concentration at which load is equal to the L*,

at constant flow rate and volume. This simple modification of Otten-

graf’s model is not merely an algebraically expedient way to give

mathematical continuity to Eqs. (27) and (28). Indeed, it is expected

that, inside a biofilter, diffusion and reaction limitation conditions

simultaneously occur. This may be due to the progressive reduc-

tion of pollutant concentration along the reactor, to the presence of

some areas with different superficial velocities and to changes in

the thickness of the (biomass/solid) film. However, in the new model,

as inlet load increases, limitations caused by diffusion reduce and

the ones caused by reaction become stronger. The original Ottengraf

model and the modified model were compared with the experimental

data and are depicted in Figs. 6-9. It was noticed that for this parame-

ters set, the modified model individuates an area with efficiency

higher than 100% at very low load values. The arbitrary choice of

the parameter p could also cause this anomaly.

5.Modified Ottengraf Model - Advantages and Limitations

Since it is based on Ottengraf studies, the model has the same

limitations. First, it is restricted to stationary conditions. The response

of the system to external variations is thus not considered. How-

ever, it can be used for a first attempt or to evaluate how parame-

ters vary during the operation. In addition, the degradation rate fol-

lows a zero-order kinetic. This assumption may be valid for high

inlet concentrations and for very soluble pollutants. Indeed, it has

been demonstrated that for certain types of contaminants, first-order

kinetic prevails [22]. Oxygen limitations are also not considered in

the kinetic model. Stratification of the biofilm along the reactor and

the contribution of the moisture level are also not included in the

model. In addition, the Ottengraf model deals with conventional

EC = ECmax + 

ECdl − ECmax( )

1+ 

L
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Fig. 6. Comparison of ottengraf model and modified ottengraf

model with experimental values for ethylacetate removal

in a pressmud based biofilter.

Fig. 7. Comparison of ottengraf model and modified ottengraf

model with experimental values for ethylacetate removal

in a sugarcane bagasse based biofilter.
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biofilters; hence it does not consider the effects of the biofilter on

the removal efficiency. Anyway, the Ottengraf-modified model fur-

nishes one equation for the entire range of mass loading rate and,

thereby, many equations can be written to relate loads, concentra-

tion, elimination capacity and efficiency.

6. Data Fitting

Experimental data are fitted by using the modified Ottengraf model.

This model relates the elimination capacity and the mass loading

rate by the following equation:

(29)

and the calculation of the removal efficiency can be easily obtained

by using the definitions of EC and L:

(30)

EC and L data used for data fitting are obtained during the test to

assess ECmax. Fixed and calculated parameters are reported in Table

3 for BF1 and BF2. The value of L* for the initial set was deter-

mined by using the definition of the critical Thiele module as referred

by Ottengraf,

(31)

Indeed, as previously described, the transition between the reaction

and the diffusion limitation area occurs at Φcr=Φ or at Ci=C*.

Using the definition of mass loading rate, L* can be thus expressed

as follows:

(32)

Fitting was carried out for IL vs EC for BF1 and BF2, shown in

Figs. 6 and 7, respectively. The final parameter set was successively

used to calculate the dependence of the removal efficiency on the

inlet loading rate. Figs. 8 and 9 report the model fitting for RE vs

inlet loading rate for BF1 and BF2, respectively. There is good agree-

ment between experimental and calculated data. The transition val-

ues between diffusion and reaction limitation (critical inlet load) area

are given in Table3. In spite of all the limits encountered and dis-

cussed, the new model has a good agreement with the experimen-

EC = Askoδ + 

L 1− 1− As
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2m
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----------------------------------------------------------------------------------
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 2
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2DV
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Fig. 10. Biofilm morphology of microorganisms on the surface of

pressmud by SEM: (a) at the beginning of biofiltration (b)

after 160 days operation (100×).

Fig. 8. Comparison of experimental and model predicted values

for RE of ethylacetate using pressmud based biofilter.

Fig. 9. Comparison of experimental and model predicted values for

RE of ethylacetete using sugarcane bagasse based biofilter.
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tal data. 

MICROSCOPIC OBSERVATIONS

The scanning electron micrograph (SEM) can provide informa-

tion about the microbial community on the biofilter media. The bio-

mass of an individual particle can be mapped. From such preci-

sion, important factors such as filter media coverage, thickness and

activity can be determined. The SEM of microbial growth on various

types of media before and after experiment has already been shown

by some researchers [29,30]. A comparison of the scanning elec-

tron microscopic images of sugar cane bagasse and pressmud before

and after experiment is shown in Figs. 10(a) and 10(b) and Figs.

11(a) and 11(b), respectively. Compared to the initial packing mate-

rial, a biofilm on the surface of the packing material was observed

clearly after 160 days of operation. Even growths of microbial com-

munity on the surface of the pore of the packing materials are clearly

visible. Initially, the degree of acclimatization was found to be depen-

dent on the adaptive capacity of the microorganism in the packing

material, substrate concentration and its availability and on other

necessary environmental conditions. Several groups of microorgan-

isms are involved in the degradation of air pollutants in biofilters

including bacteria, actinomycetes and fungi [31].

CONCLUSION

The performance of the biofilter was investigated for 160 days.

The effect of EA inlet concentrations and gas flow rates on RE and

EC was tested. Ottengraf-van den Oever model and modified Otten-

graf’s model were tested, and fitting demonstrated a good agree-

ment between calculated and experimental data. The modified model

has many advantages, including the possibility to have a simple ana-

lytical solution. The new model shows good agreement between

calculated data and the physics of the process, so it could represent

a good mathematical mean for a preliminary process design.

NOMENCLATURE

As : specific surface area [m2m−3]

BF1 : pressmud based biofilter

BF2 : sugarcane bagasse based biofilter

C* : pollutant concentration in the gas flow at which passage be-

tween reaction and diffusion limitation area occurs [gm−3]

Cgo : outlet pollutant concentration [gm−3]

Co, Critical : critical concentration [gm
−3]

Cg : pollutant concentration [gm−3]

Ci : inlet pollutant concentration [gm−3]

D : diffusion coefficient [m2h−1]

ECdl : elimination capacity referred to reaction limitation area [gm−3

h−1]

ECmax : maximum elimination capacity [gm
−3h−1]

ECrl : elimination capacity referred to diffusion limitation area [gm−3

h−1]

H : distance from the bed [m]

k1 : first-order kinetic constant [h−1]

Kg : microbial growth rate

Km : saturation (Michaelis-Menten) constant (gm−3) in the gas

phase

ko : zero-order kinetic constant [gm−3h−1]

L* : load at which the transition between reaction and diffusion

limitation [gm−3]

Lc : critical mass loading rate [gm−3h−1]

N : flux of substrate from the gas to the solid [gm−2h−1]

P : parameter of the Ottengraf-modified model

PCO2 : carbon dioxide production rate [gm
−3h−1]

Q : volumetric flow rate [m3s−1]

R : overall reaction rate [gm−3h−1]

rmax : maximum biodegradation rate per unit biofilter volume [gm−3

h−1]

T : operation time [h]

V : volume of the reactor [m3]

Ug : superficial velocity [m s−1]

X : number of viable cells per unit volume
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