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ABSTRACT
A technique is presented that can be used to estimate the
changes in physical structure in a natural biofilter packing
medium, such as compost, over time. The technique ap-
plies information from tracer studies, grain size distribu-
tion, and pressure drop analysis to a model that estimates
the number of channels, average channel diameter, num-
ber of particles, and specific surface area of the medium.
Important operational factors, such as moisture content,
pressure drop, and sulfate accumulation also were evalu-
ated both in a conventionally operated biofilter and in
one operated with periodic compost mixing. In the con-
ventionally operated laboratory-scale compost biofilter,
hydrogen sulfide (H2S) removal efficiency decreased from
100% to �90% over 206 days of operation. In a similar
system, operated with compost mixing, the H2S removal
efficiency was maintained near 100%. Variations in media
moisture conditions and specific surface area can explain
the results observed in this study. Under conventional
operation, drying near the inlet disintegrated the com-
post particles, producing a large number of particles and
flow channels and increasing the specific surface area. At

the top of the column, where moisture was added, particle
size increased and specific surface area decreased. In the
column with media mixing, moisture content, particle
size, and specific surface area remained homogeneous.

INTRODUCTION
Compost-based biofiltration is one of the most important
biological processes applied to treat waste gases and to
control odors. This system is based on the interaction of
gas-phase pollutants in an organic media, such as com-
post. The degradation activity derives from microorgan-
isms that live and develop in the media. Undesirable
compounds in the gas are absorbed and degraded by the
microorganisms.

Three important general factors that determine com-
post biofilter performance are (1) the quality of the filter
media (including temperature, void fraction, particle size,
moisture content, microbial diversity, and nutrients), (2)
the prevailing conditions of gas flow inside the biofiltra-
tion unit (including superficial velocity, gas distribution,
and inlet pressure), and (3) the substrate solubility, de-
gradability, and loading rate applied. Research efforts
must be focused on the biofilter media to upgrade the
performance of compost biofilters. Biofilters are living
pollution control systems and are subject to dynamic
changes. Experimental data1–5 show an initial increase
and subsequent drop in contaminant removal efficiency,
especially in biofilters that are operated for a long time.
The initial improvement in performance can be explained
by growth and acclimation of the microbial population.6,7

Alonso et al.2 stated that the key reason for the subse-
quent drop in removal efficiency is the reduction in the
specific surface area of the biofilm caused by biomass
accumulation. However, in compost biofilters, the specific

IMPLICATIONS
Over long periods of operation, the removal efficiency of
conventionally operated compost biofilters decreases be-
cause of drying, channeling, and reduction in specific sur-
face area. The results of this research demonstrate that,
using media mixing, the removal efficiency can be main-
tained near 100%. To avoid channeling, as well as to
achieve constant media moisture content, particle size and
gas distribution, void fraction, and general homogeneity,
periodic media mixing with controlled water addition is
recommended.

TECHNICAL PAPER ISSN 1047-3289 J. Air & Waste Manage. Assoc. 53:1011–1021

Copyright 2003 Air & Waste Management Association

Volume 53 August 2003 Journal of the Air & Waste Management Association 1011



surface area can decrease, independent of biomass accu-
mulation, because of channeling, media compaction, dry-
ing, and particle agglutination. As the media undergo
these processes, there is a gradual decrease in the specific
surface area and a decrease in gas retention time. A num-
ber of studies have shown that media mixing can restore
biofilter performance in aged systems by decreasing chan-
neling, improving gas distribution, and by controlling
moisture.8–13

A number of mathematical models have been devel-
oped to describe the internal physical, chemical, and bi-
ological processes that occur in a biofilter. Some of these
models analyze substrate removal using first-order kinet-
ics under steady-state conditions.1,14,15 Other kinetic
models take into account the substrate mass transfer from
the gas phase to the biofilm, simultaneously considering
convection, diffusion, and reaction under either steady-
state or dynamic conditions.16 Other models have been
developed that consider the addition of activated car-
bon,17,18 the influence of oxygen concentration,19 and
substrate adsorption on bed particles.20,21 Zarook et al.10

presented a model that can be used under dynamic con-
ditions where gas axial dispersion effects, adsorption of
substrate onto the packing material, and the potential
limiting effects of oxygen were considered. These models
can be fit to substrate removal profiles and provide gen-
eral information about whether the reaction rate is zero or
first-order and whether the degradation process is kinetic
or mass transfer-limited. Models have also been devel-
oped that give information about the internal changes in
the biofilter media, such as substrate adsorption capacity,
formation of biolayers around solid particles, and biolayer
thickness.2,13,22 However, these models do not consider
parameters related to the internal physical structure, such
as the number of particles, particle size distribution, num-
ber of flow channels, and channel size.

The objective of this project is to describe the changes
in media physical structure in compost biofilters treating
hydrogen sulfide (H2S). A model was developed that esti-
mates the number of particles, number of flow channels,
average channel size, and specific surface area in a packed
bed. Pressure drop, particle size distribution, and tracer
studies were performed periodically to calibrate the
model. In addition, the effect of media mixing on the
maintenance of media physical structure and biofilter
performance was evaluated.

THEORETICAL DEVELOPMENT
The flow channel model developed during this study es-
timates the number of particles, number of flow channels,
average channel size, and specific surface area in a packed
bed. The model assumes uniformly shaped solids that are
defined by particle diameter, sphericity, and bed void

fraction. The model does not take into account biomass
growth or particle arrangement in the bed. The flow chan-
nel model is based on four equations: two for specific
surface area; one that allows the estimation of channel
diameter based on a series of parallel, cylindrical channels
in the bed; and one for average and sieve particle diameter
as a function of sphericity. Pressure drop profiles and the
average retention time of an inert tracer were used to
estimate average particle diameter and void fraction, re-
spectively.

Flow Channel Model
This mathematical model is based on a conceptual model
of the packed bed as a series of parallel, cylindrical chan-
nels that carry the gas flow from the inlet to the outlet of
the biofilter. Assuming that the external area of the chan-
nels is equal to the area of the particles in the bed and the
void volume of the bed is equal to the sum of the volumes
of all the channels, the following equation can be used to
calculate dc (m), the diameter of the channels:23

dc �
2
3

�dp

ε
1 � ε (1)

where ε is the bed void fraction or effective porosity
(dimensionless), � is the sphericity factor for the packing
material (dimensionless), and dp is the average particle
diameter (m). The specific surface area of the channels, ac

(m2/m3) can be estimated by

ac �
n�dcL

AL
(2)

where n is the number of channels (dimensionless), L is
the bed height (m), and A is the cross-sectional area of the
biofilter (m2).

Estimation of Parameters
The specific surface area of the biofilter medium, a0

(m2/m3), can be estimated from the particle diameter, dp,
the void fraction, and the sphericity using the following
equation:24

a0 �
6�1 � ε�

�dp
(3)

Levenspiel25 proposed an experimental method to esti-
mate � using granulometry studies. The equation that
relates � to dp and the average wire sieve diameter, ds (m),
is

dp � �ds (4)
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where ds is determined from the granulometry data using
the following:25

ds � ��
i

m xi

di
�� 1

(5)

where di (m) is the average mesh size of the wire sieves
where a mass fraction xi (dimensionless) was caught.

The average particle diameter, dp, can be estimated
using pressure drop profiles and the quasi-empirical Ergun
equation, which takes into account the dependence of
viscous and kinetic energy losses on void fraction:26–28

�P
�

�
150�1 � ε�2�U0L

gcε3dp
2�

�
1.75�1 � ε�U0

2L
gcε3dp

(6)

where �P is the pressure drop across the bed (cm of water
[H2O]), gc is the gravitational constant (1 kg m/sec2 N), �

is the air absolute viscosity (1.83 	 10
5 kg/m sec), U0 is
the superficial air velocity (m/sec), and � is the air density
(0.927 kg/m3). To obtain dp, a pressure drop profile must
be fit to eq 6 with the void fraction specified.

The void fraction, ε, in a porous media can be esti-
mated using tracer studies with inert gases. The following
equation can be used for analyzing the retention time
distribution (RTD) curve for a step tracer input:29

tr �
� tiCti�ti�Cti�ti

(7)

where tr is the average gas retention time (sec); Cti is the
tracer concentration (mg/L) at a specified time I, and �ti is
the difference between ti and tI
1. Considering the defi-
nition of retention time, the void fraction can be calcu-
lated using the average time calculated from eq 7 as fol-
lows:

ε �
trQ
AL

(8)

where Q is the gas flow rate (L/min). This method has an
advantage over the H2O displacement technique in that it
allows estimation of the void fraction without affecting
the physical structure of the bed.

Number of Particles and Channels
The number of channels in a packed bed, n, with particles
whose form and arrangement are established by ε, �, and
ds can be estimated by rearranging eqs 1, 2, 3 and 4 to
yield

n �
9
4

�1 � ε�2

ε�4 �dT

ds
�2

(9)

where dT is the biofilter diameter (m) considering that it is
a cylinder. The number of particles (N) in a bed can be
estimated by dividing the volume of the solids by the
average volume of a particle (Vp):

N �
AL�1 � ε�

Vp
(10)

where Vp is calculated using the equation for the volume
of a sphere and eq 4. From this, the following equation is
obtained to estimate the number of particles in a bed:

N �
3
2

�1 � ε�L
�3

dT
2

ds
3 (11)

Linking Model Approaches
Internal changes in biofilter media physical structure that
affect system performance occur over time. The proposed
channel flow model can be used to estimate the changes
in the number of particles, number of flow channels,
average channel size, and specific surface area in a biofilter
over time. The procedure is outlined in Table 1. Void
fraction is determined both by tracer studies and by H2O
displacement only before biofilter operation to avoid sat-
urating the bed while it is in operation.

EXPERIMENTAL METHODS
Experimental System

A system consisting of four identical bench-scale biofilter
columns was used to treat H2S in a moist air stream, as
shown in Figure 1. Each of the columns (polyvinylchlo-
ride [PVC] columns, 0.101 m in diameter and 1.2 m in
height) was filled to a height of 1 m with compost media.
Each column had five gas and compost-sampling ports
spaced 20 cm apart along the height of the media. The
airflow rate was maintained at 10 L/min, which provided

Table 1. Relation among models for characterizing filter media.

Time Step Method Parameter

Initial 1 Tracer studies (eqs 7, 8) �, tr
2 Water displacement method � (confirmed)

3 Pressure drop studies with the Ergun equation (eq 6) dp

4 Sieve tray analysis (eq 4) ds, �

5 Flow channel model (eqs 1, 3, 9, 11) dc, a0, n, N

Final 1 Tracer studies (eqs 7, 8) �, tr
2 Pressure drop studies with the Ergun equation (eq 6) dp

3 Sieve tray analysis (eq 4) ds, �

4 Flow channel model (eqs 1, 3, 9, 11) dc, a0, n, N
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a superficial loading rate of 74 m3/m2/day with an empty
bed residence time (EBRT) in each column of 50 sec. The
air supply for the columns was controlled using a Cole
Parmer mass flow controller and calibrated rotameters.
The columns were operated in upflow mode. Compressed
air (using a HAGEN-100 diaphragm compressor) was
passed through three PVC humidification columns (0.15
m in diameter and 1.2 m in height) packed with 0.9 m of
Rashig rings. The humidification columns provided close
to 100% relative humidity.

A small controlled flow of H2S from a gas cylinder was
mixed with the main humidified airstream, which then
was fed to the bottom of two of the columns (I and II),
resulting in an H2S concentration of 50 parts per million
volume (ppmv) or 4 g H2S/m3/hr. A low loading of H2S
was chosen to avoid inhibition caused by sulfate (SO4

2
)
accumulation. The third and fourth columns (III and IV)
were used as controls. Only a humidified air stream was
fed to column III. Neither H2O nor gas was fed to column
IV. The biofilter columns were located in a plastic enclo-
sure on the roof of the Environmental Engineering Labo-
ratory building at the barometric pressure of Mexico City
(585 mm Hg) and at ambient temperature (20 � 5 °C).

The biofilter media used was mature compost derived
from food, leaf, and yard waste as well as horse manure.
The compost was provided by the National University
Compost Plant and was prepared in outdoor windrows.

The compost used for filling the biofilters was analyzed at
the beginning of the experiment. Columns I, II, III, and IV
were analyzed at the end of the experiment. Columns I
and II were operated for 141 and 206 days, respectively,
using conventional operating criteria. Media moisture
content was controlled using H2O addition at the top of
the columns. Column I continued its operation for an
additional 65 days (from day 142 until day 206), with
media mixing every two days. Compost mixing was ac-
complished by removing the entire bed from the column,
manually homogenizing the media, and then reincorpo-
rating it into the biofilter column. Less than 15 min was
required for this operation. For the last 65 days of the
experiment, H2O was added to column I during the bed
mixing procedure. The H2O addition rate was based on a
recommended H2O-air ratio of between 1.5 and 3 mL H2O
per m3 of gas.30 This resulted in a H2O addition rate of 60
mL tap water every other day.

The H2S concentration was measured in the inlet and
along the length of the columns using electrochemical
cells (SRII-U-100, BW Technologies). The cells were cali-
brated every 3 months using a known concentration (25
ppmv H2S) quality calibration/test gas (Lumidor calibra-
tion kit). SO4

2
 concentration, moisture content, and
alkalinity were measured by removing small samples
(�1 g) of compost from each sample port. The SO4

2


concentration in the filter media was measured by the

Figure 1. Experimental setup, tracer studies, and biofiltration system.
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photometric method using Merck Spectroquant equip-
ment (25 300 mg/L, 180 tests No. 114791). The moisture
content of the compost was determined gravimetrically.31

Alkalinity, sieve analysis, and pH of the biofilter media
were measured using the method reported by Klute.32 The
sieve analysis was conducted using wet compost as ob-
tained from the columns.

Tracer Studies
Butane gas was used as tracer for determining the RTD
curves because it has very low solubility (1.26 mM at
298 K)24 and can be easily measured by the monitoring
system. The tracer was injected into the columns using a
pulse injection technique.29 A continuous sample was
collected, using a gas sampling pump, from the gas sam-
pling ports of the biofilter to a carbon dioxide (CO2)
detector (Beckman Industrial total organic carbon [TOC]
analyzer, Model 915B). A CO2 trap (potassium hydroxide
[KOH], 1 M) in the tubing (located between the gas sam-
pler and the TOC analyzer) was used to avoid interfer-
ences caused by CO2 contained in the air. An automatic
data recording system (Peaksimple II for SRI chromato-
graphs) was connected to the TOC analyzer to reproduce
the RTD curve on a screen and printer. Three tracer injec-
tions (1 mL each) per tracer study were performed, and an
average RTD curve was determined. Mathematical analy-
sis was performed using an Excel spreadsheet program to
determine average gas retention time (eq 7). Each tracer
study was carried out using an airflow rate of 10 L/min. To
assure minimum interaction between the tracer input and
compost, the compost was saturated with butane before
each tracer study. This was carried out using a constant
butane input into the inlet airstream until a constant
butane concentration of 1.5 mg/L was reached in the
biofilter outlet. This technique resulted in almost 100%
recovery of the tracer when the RTD curves were ana-
lyzed. Saturation of the compost with butane also allowed

the calculation of a desorbtion curve. The butane loading
was suddenly stopped, and the resulting desorbtion curve
was used to calculate the quantity of butane sorbed to the
compost. The difference between this value and the the-
oretical bed sorption capacity provided an additional es-
timate of the working void fraction in the bed.

Pressure Drop
A profile of pressure drop versus gas flow rate for the
biofilters was fit to the Ergun equation (eq 6) to determine
the average particle diameter of the biofilter media as a
function of height. The biofilters were subjected to air-
flows from 10 to 70 L/min in 10 L/min increments to
obtain plots of pressure drop versus gas flow rate. An H2O
differential manometer was used for pressure drop mea-
surements. The effect of the fine screen and other equip-
ment at the bottom of each column was corrected for by
subtracting the pressure drop provided by those elements
from each pressure drop measurement.

RESULTS AND DISCUSSION
H2S Removal and SO4

2� Control
H2S removal efficiency and compost media SO4

2
 con-
centration for columns I and II are shown in Figure 2.
Initial H2S removal efficiency approached 100% and de-
creased to �90% over 206 days of operation. Column I
had practically the same behavior as column II during the
first 141 days. However, after compost mixing was initi-
ated, the H2S removal efficiency was maintained at close
to 100% in column I.

Media SO4
2
 concentration stabilized at 10 and 21

mg SO4
2
-S/g dry compost for columns I and II, respec-

tively. SO4
2
 accumulation in the bed was caused by H2S

oxidation to sulfuric acid (H2SO4). During the first 25 days
of operation, the pH decreased from 7.5 to a stable value
of 4.5 in both columns I and II. Degorce-Dumas et al.33

Figure 2. H2S removal efficiency and SO4
2
 accumulation (mg SO4

2
-S/g dry compost) as a function of time with and without media mixing.
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reported that this pH range is
adequate for high H2S removal
efficiencies. Similar observa-
tions were made by Wada et
al.,34 who reported H2S removal
close to 100% using a peat bio-
filter at a controlled pH of 3.5.

SO4
2
 accumulation could

be an important factor in the
decrease in H2S removal. Smet
and Van Langenhove35 noted
that protons produced in a bio-
filter displaced nutrient cations
(e.g., sodium [Na], potassium
[K]) from the cation exchange
sites on the compost material.
The authors found that 95% of
the SO4

2
 was leached as the
corresponding SO4

2
 salts and
not as H2SO4. As a result, essen-
tial nutrients were leached and
the pH of the biofilter media
remained low. As shown in Fig-
ure 2, the SO4

2
 concentration
in both biofilters was always
lower than the inhibitory level
of 25 mg SO4

2
-S/g dry com-
post reported by Yang and
Allen.36 Routine washing of the
compost and compost mixing,
in the case of column I, effec-
tively mitigated SO4

2
 accumu-

lation.

Between days 74 and 102, operation was suspended

because of a failure in the H2S flow control, and neither

H2S nor H2O were supplied to the bed. Biofilter perfor-

mance was practically unaltered even though the gas feed

was stopped for 30 days. The biofilters recovered their

normal H2S removal efficiency after 3 days, demonstrat-

ing the versatility of the biofilters under shutdown situa-

tions. This operational capacity of biofilters has also been

reported by Zarook et al.10

Changes in Physical Structure
The values determined for moisture content, dp, ε, �, and

a0 for the initial compost sample as a function of biofilter

height for all columns are shown in Table 2. The ratio

between the values estimated by the flow channel model

for the number of particles, number of channels, channel

diameter, and specific surface area, and the initial com-

post characteristics for columns I, II, and III are shown in

Figure 3.

Particle Size. Based on the average particle diameter (here-

after termed particle diameter) estimated by the pressure

drop studies, there appeared to be an overall agglutina-

tion of particles in columns I, II, and III. Column I (under

conventional operation) had an increase in particle diam-

eter of �73% (0.5–1.9 mm) over 141 days. The increase in

particle diameter observed in column II (conventional

operation) was close to 80% (0.5–2.5 mm) after 206 days.

In both cases, a lack of media mixing resulted in a particle

size distribution where the largest particles were located at

the top of the column (gas outlet with H2O addition) and

the smallest particles were at the bottom (gas inlet). The

particle size distribution was closely associated with the

moisture distribution. Dry compost with small particle sizes

was located at the bottom of the columns and wet compost

and large particle sizes were located at the top. The addition

of H2O to the top of the column did not adequately control

media moisture.

The constant distribution of particle size along the

height of column I with media mixing is shown in Figure

Table 2. Experimental values for dp, �, �, a0, and moisture content.

Distance
from Gas

Inlet
dp

(mm) � �

Compost
Moisture

(%)
a0

a

(m2/m3)

Initial compost sample 1.9 0.4 0.81 65 2880

Column I Conventional operation over 141 days 20 0.5 0.38 0.81 31 11,300

40 0.7 0.37 0.80 35 8400

60 1.2 0.34 0.81 40 5020

80 1.4 0.49 0.82 51 3250

100 1.9 0.44 0.81 71 2690

Operation with compost mixing over 65 days 20 1.8 0.38 0.82 51 3070

40 1.9 0.38 0.82 50 2910

60 1.7 0.38 0.82 51 3250

80 1.8 0.38 0.82 50 3070

100 1.9 0.38 0.82 51 2910

Column II Conventional operation over 206 days 20 0.5 0.39 0.81 30 11,150

40 0.6 0.38 0.8 33 9680

60 1.1 0.36 0.82 39 5190

80 1.7 0.49 0.82 51 2670

100 2.5 0.5 0.81 70 1820

Column III Compost column with humidified air and water flow 20 0.5 0.39 0.82 31 10,880

40 0.6 0.39 0.81 32 9290

60 1.2 0.4 0.82 41 4460

80 1.7 0.48 0.81 55 2790

100 2.4 0.51 0.81 71 1860

Column IV Compost column with no flow 20 2.1 0.39 0.81 51 2650

40 2 0.4 0.82 52 2670

60 2.1 0.39 0.82 51 2590

80 1.9 0.38 0.82 50 2910

100 1.9 0.38 0.82 50 2910

aa0 was determined using eq 3.
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3. In this case, an average particle diameter of 1.82 � 0.08

mm was obtained, in contrast to the wide range obtained

for conventional operation. Columns II (conventional

operation) and III (H2O  humidified air) had similar

particle size, moisture, and void fraction distributions.

This shows that biomass growth and elemental sulfur (S)

accumulation did not influence the physical structure of

compost as much as did airflow and humidification.

A small change was observed in particle diameter in
the lower part (from 1.9 to 2.1 mm, 9.5%) for the biofilter
column with no airflow (column IV) because of bed com-
paction by the bed weight itself. The difference between
the initial and final column height was 6 cm. A similar
amount of compaction was observed in columns II and
III. Compaction in column I was completely avoided by
media mixing.

Sphericity. The sphericity of the particles remained nearly
constant (�0.81 � 0.01) throughout the experiment in all
of the columns, as shown in Table 2. Neither particle
agglutination nor particle disintegration changes the geo-
metric form of the particles. This result is in agreement
with Karamanev et al.,37 who investigated the fractal
structure of peat moss particles. They reported that a
compost particle under magnification had a certain shape
and when the magnification is increased, and one ob-
serves now a fragment of the first picture, the same shape
can be observed, and so on. Because sphericity did not
change significantly in compost, the granulometry test
can be omitted from the procedure outlined in Table 1
after the initial characterization of the media.

Void Fraction. The initial void fraction of the compost was
determined using both tracer studies and the water dis-
placement method. The void fraction determined by the
tracer study and water displacement method were 0.40
and 0.44 (9% difference), respectively, indicating that the
void fraction estimated using tracer studies is the working
void fraction rather than the entire void fraction available
in the bed. The nonworking void fraction is the difference
between the void fraction estimated by water displace-
ment and tracer studies. The void fraction values reported
in Table 2 were determined using tracer study measure-
ments. The void fraction increased by 14 and 22% for
columns I (conventional operation) and II, respectively.
In column I with media mixing, the void fraction re-
mained homogeneous at 0.38. The change in void frac-
tion was closely related to changes in particle size, espe-
cially for the upper parts of the columns where H2O was
added.

Pressure Drop. A decrease in pressure drop was observed in
column II (from 4.5 to 2.5 cm of H2O), probably because
of the development of flow channels inside the filter
media. Similarly, Allen and Phatak1 and Allen and Yang6

treating H2S and methyl mercaptan emissions in compost
biofilters, respectively, stated that the buildup in pressure
drop may be suddenly released by channeling. Pressure
drop distribution profiles showed a linear relationship of
pressure drop with height in column I when compost
mixing was carried out. For each 20 cm of column height,

Figure 3. Ratio between the values estimated by the flow channel
model for the number of particles, N, �; number of channels, n, F;
channel diameter, dc, Œ; specific surface area, a0, �; particle diameter,
dp, E; and the initial compost characteristics for columns I (both conven-
tional and with media mixing), II, and III. Based on experimental dp, �, and
� (see Table 2), it was calculated that N � 510,000, n � 13,400, dc �

0.55 mm, and a0 � 2880 m2/m3 for the initial compost.
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an average pressure drop of 0.89 � 0.16 cm of H2O was
measured.

Number of Particles, Number of Flow Channels, and Specific
Surface Area. The initial compost sample and column IV
(no airflow) had similar internal characteristics compared
with the major changes observed in columns I and II, as
shown in Figure 3. As discussed previously, under con-
ventional operation, compost drying disintegrated the
compost particles, producing a large number of particles
and flow channels. The greatest difference was observed
in the first section of column I (20 cm height, 0.101 m
diameter). In this section, the number of particles was
estimated at 29 million, with an average diameter of 0.5
mm. There were 218,000 flow channels with 0.13 mm
diameter. The original compost had 510,000 particles
with a diameter of 1.9 mm and 13,400 flow channels with
0.55-mm diameter. As expected, the specific surface area
had a huge increase, from 2880 to 11,300 m2/m3. The
moisture profile in column I indicates that it was operated
under a drying process. Similar behavior can be observed
(see Figure 3) for column II until the fourth section, which
had 65 more days of conventional operation than column
I. Even if the specific surface area was increased because of
particle disintegration, the potential increase in H2S deg-
radation was limited by a lack of moisture and microbial
activity.

The fifth section of column II shows an inverse pro-
cess may be occurring because of excess H2O addition. In
this case, the particle diameter increased by 31% over the
initial value. The number of particles and number of
channels were 180,000 and 4300, respectively. In this
case, the moisture content is higher than in the lower
parts of the column; however; the specific surface area
available for mass transfer decreased (1820 m2/m3). This
specific surface area obtained by the flow channel model

agrees with the specific surface area estimated by Baltzis et
al.38 of 1900 m2/m3 for a peat biofilter.

The effect of specific surface area reduction on biofil-
ter removal capacity was quantified using the following
first-order kinetic model based on convection-diffusion-
reaction (CDR) phenomena presented by Ottengraf and
Van den Oever:16

Cge

Cg0
� exp�


Da0LRT
HeU0�

� Tanh���� (12)

and

� � �k�2

D
(13)

where Cge is the effluent H2S concentration (mol/m3), Cg0

is the H2S concentration in the inlet gas stream (mol/m3),
D is the diffusion coefficient in liquid phase (m2/sec), He

is the Henry constant (m3/mol), T is the temperature (K),
R is the ideal gases constant (Pa m3/mol/K), � is the bio-
film thickness (m), k is the reaction rate constant (sec
1)
and � is the Thiele number. This model was fit to the
experimental data obtained from column I on day 206,
when the column was working well under media mixing
conditions, as shown in Figure 4. A biofilm thickness (�)
of 40 �m was assumed based on the range of 20–50 �m
reported by Baltzis et al.38 for a peat biofilter treating
volatile organic compounds (VOCs). The H2S diffusivity
in H2O is 1.61 	 10
9 m/sec and the Henry constant is
880 m3/mol, both at a temperature of 20 °C.24 The height
of the bed was 1 m. The average specific surface area used
was 3042 m2/m3 based on the average of the five sections
of the column. The reaction rate constant (k, sec
1)
was calibrated based on the value, which minimized the

Figure 4. Experimental data from columns I and II on day 206 of operation as a function of biofilter height. Data from column I were fit to the C-D-R
model.16 Cge � outlet H2S concentration; Cg0 � inlet H2S concentration.
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residual sum of the squares of the error between the
experimental and the model predicted concentrations.
Under these conditions, a reaction rate constant of 0.26
sec
1 was calibrated with a correlation coefficient of
0.998. With this calibration, eq 12 predicted a removal in
each section of �54%, which was in agreement with the
experimental results obtained.

As shown in Figure 4, the H2S removal profile in
column II was quite different from that in column I. Both
media drying and changes in specific surface area can
explain the changes in the removal profile. In the lower
parts of the bed, the specific surface area increased; how-
ever, lack of moisture limited microbial activity, resulting
in low H2S removal rates. In the upper parts of the bed,
the moisture content was adequate for H2S degradation;
however, channeling and the decrease in the specific sur-
face area caused by particle agglutination limited re-
moval. The presence of channels in the upper part of the
column was observed visually. Deshusses and Cox39 also
observed channels in regions close to the walls of a col-
umn that were produced by airflow through a column
media consisting of compost and wood scrap. In column
I, H2S removal efficiency was maintained at close to 100%
because compost mixing destroyed channels that were
formed. The gas flowed through a wider conduit network
with smaller diameter channels, which improved the in-
teraction between the gas and the filter media, improving
biofilter performance. This is in agreement with Schwarz
et al.,40 who found similar results applying a pore network
model. The greatest removal efficiency (69%) was ob-
served in the center of column II, at approximately the
same loading rate as the first section of column I, which
was in agreement with the theoretical result obtained by
eq 12 (74%). This high removal efficiency can be ex-
plained by both the large specific surface area (5190 m2/
m3) and the adequate moisture conditions (39%) in this
section. This indicates that the best biofilter performance
can be obtained in systems with high specific surface area
and adequate moisture content.

Gas Distribution. The gas distribution in the biofilter me-
dia was quantified using tracer studies. The axial disper-
sion model response29 for columns I, II, III, and IV and the
initial sample are shown in Table 3. Figure 5 shows the
RTD curves obtained for columns I and II at the end of the
study. The RTD curves show plug flow behavior, which
was analyzed using the following axial dispersion model:

��
2 � 2� Dg

U0L
� � 2� Dg

U0L
�2

�1 � e � �1/�Dg/U0L��� (14)

where Dg is the molecular diffusivity in the gas phase
(m2/sec), and ��2 is the normalized variance (dimensionless).

Eq 7 was use to calculate the average retention time, tr, and
the following expression was used for the variance:29

�2 �
� ti

2Cti�ti�Cti�ti

� tr
2 (15)

The normalized variance (��2) was calculated by dividing
the variance (eq 15) by the square of the average time, tr
(��2 � �2/tr

2).29

The term Dg/U0L in eq 14 is called the axial dispersion
number and is the inverse of the Peclet number. It can be
used to access the dispersion intensity within the system.
A widely accepted value for the axial dispersion number
to define plug-flow or well-mixed behavior is not avail-
able in the literature. However, complete mixing can be
expected as the axial dispersion number increases.29

In columns I, II, and III (see Table 3), a decrease in the
axial dispersion number was observed at the end of con-
ventional operation, which implies reduced gas mixing.
This can be explained by channeling and consequent
dead zone formation. The term dead zone accounts for
the portion of the medium where the fluid is stagnant.
The average residence time for columns I and II were 19.1
and 17.6 sec, respectively, indicating a dead zone in col-
umn II of �8%.

Gas channel formation is influenced by gas flow rate,
moisture content, and type of biofilter media used. Pres-
sure drop, as well as gas distribution and media moisture,
can be controlled when media mixing is used. As shown
in Table 3, when media mixing was performed in biofilter
I, gas distribution remained constant, avoiding channel
formation. The axial dispersion number at the end of the
operations in biofilter I remained constant and close to
the initial value.

Information about gas interaction inside the media
was also provided by the butane desorption curves. At the
end of each tracer study, the butane dosage was suddenly
interrupted. The butane concentration at the column
outlet decreased slowly because absorbed butane was
desorbing. The sorbed quantity of butane was calculated

Table 3. Axial dispersion number model response.

Column Description

Axial Dispersion Number,
Dg/U0L 10�3

(dimensionless)

Sample Initial compost 10.7

I End of conventional operation 8.5

I End of study, with media mixing 10.8

II End of study, conventional operation 8.4

III With humidified air and water flow 8.4

IV Neither water or air-H2S 10.7
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by integration of the area under each curve and multiply-
ing by the gas flow used (10 L/min). Taking into account
the solubility of butane in H2O (1.26 mM), the bulk den-
sity of compost (0.59 kg/L), and the moisture content
(50%), the quantity of butane that could be sorbed in the
8.01 L of compost was estimated at 172 mg. The mass of
butane sorbed was 151 and 171 mg for conventional
operation and compost mixing, respectively. This shows
that there is a dead zone of �12% in column II that was
not in contact with the tracer. This value is similar to the
dead zone found using tracer studies, which was 8%. The
desorption curve also showed the importance that media
mixing has on gas distribution in the medium.

CONCLUSIONS
An analysis technique was proposed to estimate the
changes in physical structure that a biofilter medium,
such as compost, undergoes as a function of time in a
biofiltration system. This experimental technique applied
information from tracer studies, granulometry, and pres-
sure drop analysis to a model that estimates number of
channels, average channel diameter, number of particles,
and specific surface area. The H2S initial removal effi-
ciency for a conventionally operated biofilter decreased
from 100 to 90% over 206 days of operation. Column II
had practically the same behavior as column I over the
first 141 days; however, when compost mixing was car-
ried out, the H2S removal efficiency was maintained at
near 100%. Variations in moisture content and specific
surface area can explain experimental results that show
this decrease in H2S removal as a function of time.

The internal changes that occurred in the biofilters
over time are closely related to moisture conditions inside
the biofilter. The conventionally operated biofilters
had significant internal changes, especially in the lower
part of each biofilter, because of the compost drying.
Compost drying resulted in a large number of disinte-
grated compost particles and flow channels. The greatest

difference was observed in the first section of each biofil-
ter, where the gas inlet was located. To avoid flow channel
formation, as well as to achieve constant media moisture,
particle size and gas distribution, void fraction, and gen-
eral homogeneity, it is recommended that media mixing
be carried out with controlled H2O addition. Routine
washing of the compost and compost mixing effectively
mitigated SO4

2
 accumulation and kept the compost at
an adequate moisture content of �50%.
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