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In the work described here, a biotrickling filter with Thiobacillus thioparus (ATCC 23645) immobilized on
polyurethane foam is proposed for the removal of hydrogen sulfide contained in air. The effect of surface
velocity of the recirculation medium (5.9–1.2 m/h), sulfate concentration inhibition (3.0–10.7 g/L), pH
(6.0–8.2), empty bed residence time (EBRT) (150–11 s) for constant loads of 11.5 and 2.9 g S/m3/h, and
pressure drop of the system were investigated.

The total amount of biomass immobilized on the carrier was 8.2 ± 1.3 � 1010 cells/g. The optimal values
of the operating variables were: pH between 7.0 and 7.5, surface velocity of 5.9 m/h and sulfate concen-
tration below 5 g/L. The critical EC value was 14.9 g S/m3/h (removal efficiency of 99.8%) and the ECmax

was 55.0 g S/m3/h (removal efficiency of 79.8%) for an EBRT of 150 s. For loads of 2.89 ± 0.05 and
11.5 ± 0.1 g S/m3/h, the removal efficiency was higher than 99% for an EBRT over 90 s.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogen sulfide (H2S) is a colourless, toxic and flammable gas
that has a characteristic odour of rotten eggs.

Both natural and anthropogenic sources contribute to the total
emission of hydrogen sulfide. Hydrogen sulfide occurs naturally in
the gases from volcanoes, sulfur springs, undersea vents, swamps,
stagnant bodies of water in crude petroleum and natural gas and as
a product of the biological degradation of organic matter (Lomans
et al., 2002). Considerable amounts of hydrogen sulfide are also
emitted from industrial activities such as petroleum refining, pulp
and paper manufacturing, wastewater treatment, food processing,
livestock farming, and natural gas processing.

The concentrations of hydrogen sulfide in gas emissions are
usually very dilute and traditional physical–chemical technologies
such as incineration, adsorption or chemical scrubbing tend to be
costly and are associated with their own pollution problems. As a
result, based on the cost of the equipment and operation, biological
treatment is believed to be the most economical option for the re-
moval of hydrogen sulfide.

Many microorganisms have been used for H2S removal, princi-
pally Acidithiobacillus and Thiobacillus. In these groups are acido-
philic bacteria such as Acidithiobacillus thiooxidans (Aroca et al.,
2007; Sercu et al., 2005), neutrophilic bacteria such as Thiobacillus
novellus (Cha et al., 1999), Thiobacillus thioparus (Chung et al., 2000;
ll rights reserved.
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Cox and Deshusses, 2002; Oyarzún et al., 2003) and Thiobacillus
denitrificans (Ma et al., 2006). Other bacteria such as Pseudomonas
putida CH11 (Chung et al., 2001), Hyphomicrobium sp. (Sercu et al.,
2005) and haloalkaliphilic consortium (Gonzalez-Sanchez et al.,
2008) have been used for the removal of H2S.

The major biological reactors for the treatment of dilute gases
are biofilters, biotrickling filters, and bioscrubbers. These systems
differ in the presence or absence of a carrier material, the phase
of the biomass (suspended or fixed), and the state of the liquid
phase (flowing or stationary).

In biofilters the most commonly used carriers are compost and
peat, although some authors add other materials such as perlite
and/or wood chips in an effort to avoid compaction of the bed
(Wani et al., 1999). Activated carbons have also been used to re-
move H2S and these give very good performance (Chung et al.,
2005; Ma et al., 2006). The active carbon allows the combination
of adsorption and biological degradation.

The use of bioscrubbers to remove H2S is very unusual because
the solubility of H2S in water is very low.

In biotrickling filters the most commonly used carriers are pro-
pylene rings (Jin et al., 2005), ceramics (Ruokojärvi et al., 2001) and
lava rocks (Chitwood et al., 1999). However, some investigations
have been carried out with polyurethane foam (Gabriel et al.,
2004; Gabriel and Deshusses, 2003), but using active sludge as
inoculum.

The objective of the work described here was to study the fea-
sibility of treating air contaminated with H2S using a biotrickling
filter packed with cubes of polyurethane foam inoculated with
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pure culture (T. thioparus). T. thioparus was selected because this
bacteria can oxidize other sulfur compounds and the optimal pH
is neutral and therefore the hydrogen sulfide solubility will be
greater.
2. Methods

2.1. Microorganism and cultivation medium

A pure culture of T. thioparus (ATCC 23645) was obtained from
the American Type Culture Collection. The composition of the
ATCC290:S6 mineral medium was (in grams per litre): 1.2 g of
Na2HPO4, 1.4 g of KH2PO4, 0.1 g of MgSO4�7H2O, 0.1 g of (NH4)2SO4,
0.03 g of CaCl2, 0.02 g of FeCl3, 0.02 g of MnSO4 and 10.0 g of
Na2S2O3 and the final pH was adjusted to 7.0 using 2.0 N NaOH.
Prior to preparation of the medium the iron solution was filtered
(0.22 lm filter) and the basalt salt solutions were autoclaved at
121 �C for 20 min and cooled. The two solutions were then mixed
together.

2.2. Characteristics of the carrier material

Polyurethane foam cubes of 1 cm3 were used as the carrier.
Polyurethane foam is an inert material with good scale-up possibil-
ities and a very low commercial cost. The principal relevant prop-
erties of this material are density (20 kg/m3) and porosity (96%).

2.3. Growth kinetics and inoculum preparation

The propagation of T. thioparus was carried out in a liquid cul-
ture (100 mL of ATCC290:S6 medium) using a rotary shaker at
150 rpm and 30 �C (optimal temperature). The cells were collected
and concentrated by centrifugation at 15,000 rpm (4 �C for
15 min). The pellet was resuspended in 5 mL of fresh culture med-
ium. A volume of 100 mL of ATCC290:S6 medium was inoculated
with 2 mL of the resuspension of cells and used for growth and
inoculation of the biotrickling filter.

2.4. Experimental configuration

The experimental set up is illustrated in Fig. 1. A PVC tube with
an external diameter of 63 mm and a thickness of 1.5 mm was used
to build the biotrickling filter, which had a working volume of 1 L.
Fig. 1. Schematic diagram of the biotrickling filter. (1) Compressed gas cylinder (H2S/syn
humidifier and water trap; (6) expansion tank; (7) air filter; (8) system for H2S generati
spheres; (8.3) discharge tank; (8.4) Na2S tank; (8.5) HCl tank; (9) biotrickling filter; (10)
biocontroller; (14) NaHCO3 tank; (15) H2S sensor.
The air was supplied by an industrial compressor. Before
entering the system, the air was passed through filters of silica
gel, activated carbon and glass wool (diameter of 32 mm; packing
height of 30 mm). The flow rates of each stream were regulated
by mass flow rate controllers (Bronkhorst F-201C). A PVC desorp-
tion column packed with 5 mm glass spheres, with a packing
height of 25 mm, was fed from the top of the column with two
solutions of Na2S and HCl to generate high hydrogen sulfide
loads. An expansion tank with a capacity of 2.5 L was used to
homogenize the input stream, and a 0.45 lm filter was used at
the end of the system to sterilise the input stream to the biofilter
(Millipore Filter SLG05010). A solution of similar composition to
ATCC290:S6 medium, but without the energy source (thiosulfate),
was recirculated (centrifugal pump EHEIM 1046). The pH of the
medium was controlled (only in the hydrogen sulfide gas removal
study) by the addition of NaHCO3 (2.0 M) using a pH controller
(Biocontroller ADI 1030, Applikon) and an electrode with a sleeve
diaphragm (CRISON 5221). The temperature was maintained at
30 �C by heating the recirculation tank using a temperature con-
troller (Heidolph EKT 3001) and an agitator (Agitamic-N agitator,
J.P. Selecta).

2.5. Method for the immobilization and adaptation of Thiobacillus
thioparus

The biotrickling filter was packed with 10 g of polyurethane
foam in 1 cm3 cubes and the initial volume of the packing was
1 L. The biomass was immobilized by attached growth (Cohen,
2001). A suspension of T. thioparus cells was fed onto the top of
the column at a constant flow rate of 18.5 L/h (surface velocity of
8.6 m/h). The volume of the recirculation medium was 1 L, the
temperature was controlled at 30 �C, and the medium was agitated
at 200 rpm. In the first stage, 1 L of ATCC290:S6 medium was inoc-
ulated at 10% v/v with a culture of T. thioparus in the exponential
growth phase. The culture was recirculated and the pH, thiosulfate
concentration, sulfate concentration and biomass in suspension
were monitored. When the thiosulfate concentration decreased
to below 1.0 g/L, a total of 90% of the recirculation medium was
drawn off in the first cycle (100% in subsequent cycles) and fresh
medium was added. Successive cycles were performed until the
maximum immobilized biomass was achieved.

In order to adapt the biofilm, the recirculation medium was
replaced with a medium of identical formulation to ATCC290:S6
but without the energy source and, at the same time, the feed of
thetic air); (2) mass flow controllers; (3) air pressure regulator; (4) air prefilters; (5)
on by chemical reaction; (8.1) peristaltic pumps; (8.2) PVC column filled with glass
recirculation tank; (11) nutrient recirculation pump; (12) base addition pump; (13)



Fig. 3. Evolution of the immobilized biomass (A; B each sample) and consumption
substrate rate in the immobilization process (x).
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H2S in air was initiated. The empty bed residence time (EBRT) of
the gas was 30 s, the surface velocity of the recirculation med-
ium was 5.9 m/h, and the pH was controlled between 6.5 and
6.6.

2.6. Operation parameters effects

In the study of the operation parameters effects the initial val-
ues for the variables operations were as follows: surface velocity
of the recirculation medium 7.9 m/h, EBRT 30 s, pH 7.0, inlet load
11.5 ± 0.1 g S/m3/h and sulfate concentration < 5 g/L. The perfor-
mance was monitoring during 112 days.

The experiments were carried out in the following sequence
with the same biotrickling filter after the biofilm adaptation: effect
of surface velocity of the recirculation medium, effect of pH, deter-
mination of the maximum elimination capacity, effect of EBRT and
study of the pressure drop. The effect of the liquid velocity on the
biotrickling filter performance was assessed varying the recircula-
tion flow to obtain: 5.9, 3.5 and 1.2 m/h superficial velocities.
Afterwards, the effect of sulfate concentration was evaluated from
3.0 to 10.0 g/L. Then the effect of pH on the removal efficiency was
determined from 6.0 to 8.2. The maximum elimination capacity
was obtained at EBRT of 150 s, and the effect of the EBRT from
150 to 11 s was studied at two H2S inlet loads of H2S of
2.89 ± 0.05 g S/m3/h and 11.5 ± 0.1 g S/m3/h.

2.7. Analytical techniques

A specific sensor from Crowcon (GASFLAG model, TXGARD-IS)
was employed to analyse the H2S concentration in the gas phase.
Sulfate concentration was analyzed by the turbidimetric method
according to Standard Methods (APHA, 1998) and thiosulfate and
H2S in the recirculation medium were determined by iodometric
titration (Rodier, 1998). The quantity of immobilized biomass in
the cells per gram of dry carrier was determined by counting the
number of bacteria on a unit of the carrier material and dividing
the total quantity of biomass by the weight of the polyurethane
foam (Gomez et al., 2000).

The colony forming units (CFU) were measured by the Spread
Plate method on ATCC290:S65-agar plates (1.5% w/v of agar) using
serial 10-fold dilutions.

A U tube with a scale in mm was filled with water and this was
used to measure the pressure drop.
Fig. 2. Kinetic of Thiobacillus thioparus. pH (4) and concentration of: b
3. Results and discussion

3.1. Growth kinetics

As can be observed in Fig. 2, the initial biomass concentration
was 1.6 � 107 cells/mL, with a growth maximum of
5.7 � 108 cells/mL at 46 h. The substrate concentration decreased
to zero at 70 h with a decrease in pH from 7.2 to 3.8. When the sul-
fate concentration was above 4.0 g/L, the elemental sulfur concen-
tration increased (elemental sulfur measured by mass balance). A
maximum specific growth rate (l) of 0.0971 h�1 with a linear
regression coefficient of 0.993 was obtained.

3.2. Biomass immobilization

A total of 11 immobilization cycles were performed with a total
duration of 310 h. The samples were taken in duplicate (A and B,
Fig. 3) at the mid-point of the bed. The total quantity of biomass
immobilized and substrate consumption rate in each cycle are
shown in Fig. 3. The carrier material presented a wide variation
in the number of bacteria immobilized. As a consequence of this
heterogeneity in the immobilization, when the 4th cycle was com-
pleted it was decided to flood the column for 1 h before replacing
the medium. The objective of this flooding was to homogenize the
iomass (�), thiosulfate (h), sulfate (d) and sulfur (+) versus time.



Fig. 4. Biofilm adaptation. Inlet load (5), removal efficiency (+) and concentrations of sulfate (s) and biomass in the recirculation medium (�) versus time.
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system as a means of accelerating the immobilization process. This
operation was repeated in the subsequent cycles.

The total quantity of biomass immobilized at the end of the cy-
cles was 8.1 ± 1.3 � 1010 cells/g dry carrier [1.1 � 1010 CFU/g dry
carrier].

In light of the results obtained, the substrate consumption rate
could be taken as an indicator of the degree of immobilization and
it could therefore be considered that, after 5 cycles (7–8 days), the
maximum number of bacteria immobilized by this technique was
reached.

3.3. Biofilm adaptation

High removal efficiency was achieved by replacing the energy
source by H2S from the initial time (Fig. 4). The biological removal
of H2S caused an increased in the sulfate concentration in the recir-
culation medium. When the sulfate concentration increased the H2S
removal efficiency decreased. The sulfate concentration increased
to constant values of 5.9 ± 0.1, 8.0 ± 0.2 and 10.7 ± 0.3 g/L. At these
constant sulfate concentrations the removal efficiency did not de-
crease and it should therefore be considered that the total oxidation
was to elemental sulfur, which is an intermediate oxidation product
(Buisman et al., 1990). In fact, this behaviour is evident from Fig. 5 as
the bacteria oxidized hydrogen sulfide to elemental sulfur within a
short period and then the sulfate concentration increased.

Although the bacteria do achieve the oxidation of H2S to sulfate,
even at high sulfate concentrations, the removal efficiency de-
creased as the sulfate concentration increased. It was therefore very
important to control the sulfate concentration in the recirculation
Fig. 5. Removal efficiency (N) and elimination capacity (j) versus load. The lines
represent the data predicted by the model.
medium by replacing it with fresh medium (changed at 525 h).
The biomass in the recirculation medium decreased with time.

3.4. Effect of surface velocity of the recirculation medium

The recirculation of the medium in a biotrickling filter enables
the oxidation products to be removed easily. It also allows the
thickness and humidity of the biofilm to be controlled and facili-
tates the absorption of the contaminant from the gas. The biotric-
kling filter was operated with a constant surface velocity of the
recirculation medium of 5.9, 3.5 and 1.2 m/h (24 h for each surface
velocity). The removal efficiency was 83 ± 1%, 79 ± 2% and 73 ± 2%,
respectively. Thus the surface velocity was not a critical variable.

3.5. Effect of sulfate concentration

The recirculation medium was not changed during 12 days. In
this period the sulfate concentration increased from 3.0 ± 0.1 to
10 ± 0.2 g/L and the removal efficiency decreased from 78 ± 4.9%
to 54 ± 2.8%. This drop was more marked on decreasing the sulfate
concentration from 5 g/L. As a result it was decided to use 5 g/L as
the sulfate concentration limit for the subsequent experiments.

Koe and Yang (2000) maintained the sulfate level between 2
and 5 g/L; Jin et al. (2005) avoided concentrations above 1.9 g/L
and Ruokojärvi et al. (2001) and Sercu et al. (2005) set a higher
level of 15 g/L.

3.6. Effect of pH

The effect of pH on the H2S removal was studied in the range
from 6.0 to 8.2 (24 h for each value of pH). T. thioparus has an opti-
mum growth at 28 �C at a pH between 6.6 and 7.2 (Kelly et al.,
2005). H2S can be removed from air by adsorption in the recircula-
tion medium or by biological degradation. The elimination per-
centage due exclusively to the metabolism of the bacteria was
calculated using the following equation, which was obtained from
the H2S mass balance of the system:

Accumulation¼ In�Out
�ReactionðRate of H2S removal by biodegradationÞ

ð1Þ

Accumulation ¼ ðAÞ ¼ D�CL

Dt
VL ð2Þ

where �CL (g S/m3) is the H2S concentration in the recirculation med-
ium and VL (m3) is the volume of the recirculation medium.
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In� Out ¼ ðIÞ � ðOÞ ¼ Qð�C0 � �CSÞ ð3Þ

Where Q (m3/h) is the gas flow rate, �C0 (g S/m3) is the inlet H2S con-
centration and �CS (g S/m3) is the outlet H2S concentration.

Rearrangement and substitution into Eq. (1) gives the rate of
H2S removal by degradation:

ðRÞ ¼ ðIÞ � ðOÞ � ðAÞ ¼ Qð�C0 � �CSÞ �
D�CL

Dt
VL ð4Þ

The biological removal efficiency will be the fraction of the H2S
removed by the biotrickling filter and this was expressed as a
percentage:

ðRbÞ ¼ ðRÞðEÞ ¼
Qð�C0 � �CSÞ � D�CL

Dt VL

�C0Q
� 100 ð5Þ

For pH values greater than 7.5 the H2S was accumulated in the
recirculation medium as HS� and the biological removal efficiency
decreased. The values of biological removal efficiency was of
88 ± 2.0, 76 ± 1.4, 72 ± 1.8, and 61 ± 2.1 for pH of 7.5, 8.2, 8.5 and
9.0, respectively.

3.7. Maximum elimination capacity

An experiment was performed at a constant EBRT of 150 s in or-
der to minimize the mass transfer resistivity. The H2S inlet load
was increased from 2.89 ± 0.05 to 54.98 ± 0.7 g S/m3/h (Fig. 5).
Each concentration was kept constant for at least 6 h. The stea-
dy-state was reached after 40 times the EBRT. The critical EC value
was 14.9 g S/m3/h (removal efficiency of 99.8%) and the ECmax had
a value of 55.0 g S/m3/h (removal efficiency of 79.8%). The experi-
mental data can be modelled by the following equation (Cho
et al., 1991; Chung et al., 2000; Wani et al., 1999):

EC ¼ Vmax � Cln

Km þ Cln
ð6Þ

where EC = [(Co�Ce) � Q/V � b] (g S/m3/h) is the elimination capac-
ity, Vmax (g S/m3) is the maximum elimination rate; Km (ppmv) is
the saturation constant; Cln = [Co�Ce)/ln(Co/Ce)] (ppmv) is the log
mean concentration; Q (m3/h) is the gas flow rate, Co (ppmv) is
the inlet H2S concentration; Ce (ppmv) is the outlet H2S concentra-
tion; V (m3) is the biofilter bed volume; b = [(M � 10�3)/
[22.4 � (273 + T)/273]] is a conversion factor; M is the pollutant
molecular weight and T the operating temperature (�C).

Rearrangement and multiplication by Cln:

Cln

EC
¼ Km

Vmax
þ Cln

Vmax
ð7Þ

From the linear relationship between Cln/EC and Cln/Vmax, Vmax

and Km were obtained from the slope and the intercept,
respectively.

Plots of the elimination capacity and removal efficiency of the
biotrickling filters versus inlet load are shown in Fig. 5. A good lin-
ear regression coefficient of 0.984 between experimental data
Table 1
Kinetic constants.

L 2.89 (g S/m3/h)

h (m) Vmax (g S/m3/h) Km (ppmv) r2

0.060 172.4 369.2 0.9
0.130 14.9 23.6 0.9
0.205 12.8 22.2 0.9
0.275 5.2 5.2 0.8
0.354 3.5 2.4 0.9
points and the predicted curves was found. The maximum elimina-
tion rate (Vmax) was 56.7 g S/m3/h and the saturation constant (Km)
was 295.7 ppmv.

T. thioparus has been used in biotrickling filters and the follow-
ing EC values were obtained; 20 g S/m3/h (91.3%) by Cox and Des-
husses (2002) and 14 g S/m3/h (47%) by Aroca et al. (2007).
Oyarzún et al. (2003) worked with a biofilter and obtained a max-
imum elimination capacity of 55 g S/m3/h (removal efficiency of
70%).

3.8. Effect of the EBRT

The effect that EBRT values of 150, 120, 90, 60, 30, 20 and 11 s
had on H2S removal was tested for two inlet loadings (2.89 ± 0.05
and 11.50 ± 0.15 g S/m3/h). Each EBRT was kept constant for at
least 6 h. The H2S concentration was measured throughout the
bed in the sampling ports at bed heights of 0.060, 0.130, 0.205,
0.275 and 0.354 m. For these inlet loadings and EBRT values the in-
let H2S concentration ranged from 7 ± 0.2 to 94 ± 1.1 ppmv for
2.89 ± 0.05 g S/m3/h and from 27 ± 0.4 to 372 ± 3.7 ppmv for
11.50 ± 0.15 g S/m3/h.

From Eq. (6) the values of the constants Vmax and Km can be ob-
tained for each biofilter height (Table 1).

In Eq. (6) a Monod-type substrate consumption rate is
supposed:

ð�rbÞ ¼ �
Vmax � C
Km þ C

ð8Þ

Vmax and Km in Eq. (7) are intrinsic constants of the microorgan-
ism. Approximate values of these constants can be obtained in sub-
merged culture when the substrate concentration is homogeneous.
In this study the H2S concentration measured did not correspond
to the H2S concentration in the biofilm and therefore the values
of the constants obtained using Eq. (6) were apparent constants.
The values of these constants are strongly influenced by the hydro-
dynamic conditions on the biotrickling filter.

Vmax and Km decreased through the bed medium because the
H2S concentration decreased with increasing bed height and there-
fore the H2S concentration gradient and the mass transfer also
changed. The values of theses constants allow us to predicted the
hydrogen sulfide at any height of the bed.

The experimental data and the predicted curves are plotted in
Fig. 6 for both loadings. For high EBRT the removal efficiency at dif-
ferent heights was very similar. So, the reduction in the removal
efficiency as the flow rate increases, was not due to an insufficient
contact time between H2S and the biomass but is thought to be a
problem related to gas diffusion and the low solubility of H2S in
the liquid phase. Sublette and Sylvester (1987) reported that H2S
can be metabolized by a pure culture of Thiobacillus within 1–2 s.
Therefore, if the gas–liquid transfer can be improved the decrease
in the removal efficiency will be less marked.

The biotrickling filter employed had some shortcomings in
terms of hydrodynamic design and these lead to an increase in
11.50 (g S/m3/h)

Vmax (g S/m3/h) Km r2

86 100.7 179.2 0.992
87 71.7 168.8 0.998
67 50.6 125.2 0.994
99 37.0 90.0 0.990
92 34.5 95.8 0.989



Fig. 6. Experimental data (icons) and data predicted by the model (lines) for loadings of 2.89 g S/m3/h (a) and 11.50 g S/m3/h (b).
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mass transfer resistivity. Some of these shortcomings concerned
the sprinkler system and the small diameter of the biotrickling
filter.

3.9. Study of the pressure drop

The pressure drop in the biotrickling filter was measured before
and after the immobilization in the study of the effect of the EBRT.
The pressure drop increased from 5.65 to 6.50 cm H2O/m column
for an EBRT of 11 s, and from 1.98 to 2.54 cm H2O/m column for
an EBRT of 20 s for the system without and with biomass (biomass
concentration in the middle of the bed of 1.4 ± 0.15 � 1011 cells/g
dry carrier), respectively.

As can be appreciated, the pressure drop per metre of column
was increased slightly by having biomass present, according to
the Ergun equation (1952):

DP
h mg

¼ aþ b mg ð9Þ

where DP (Pa) is the pressure drop along the bed length, h (m) is the
bed height, mg (m/h) is the superficial gas velocity, and a (Pa/h/m2)
and b (Pa/h2/m3) the linear regression parameters.

Each surface velocity of the recirculation medium will have dif-
ferent values of the constants alpha and beta from the equation,
since the Ergun equation is only applicable to the movement of a
fluid phase (Ergun, 1952). Of the two constants (alpha and beta)
the beta value had the greatest influence on the increase in the
load loss since it is the slope of the line. The values found for the
beta constant were 0.038 and 0.029 Pa/h2/m3 for the biotrickling
system with and without biomass, respectively (surface velocity
of the recirculation medium of 5.9 m/h). The beta constant values
obtained are comparatively much lower than those obtained with
other carrier materials, as reported by Ramirez et al. (2003): 0.128,
1.642, 2.271, 4.167, 4.931 Pa/h2/m3 for peanut shells, coconut husk,
rice husk, maize stubble and bagasse, respectively.

4. Conclusions

The results obtained lead us to conclude that the parameters
with the most influence on the performance of the biotrickling fil-
ter are the pH (optimal pH between 7.0 and 7.5) and the sulfate
concentration (optimum < 5 g/L).

The critical EC value was 14.9 g S/m3/h (removal efficiency of
99.8%) and ECmax was 55.0 g S/m3/h (removal efficiency of 79.8%)
for an EBRT of 150 s. For loadings of 2.89 ± 0.05 and 11.5 ±
0.1 g S/m3/h, the removal efficiency was higher than 99% for an
EBRT over 90 s.
The performance can be modelled by a Monod-type equation
but the constants of the model should be considered apparent con-
stants because these values are highly influenced by the hydrody-
namic conditions.

Polyurethane foam has been shown to be a carrier material with
a high capacity for the immobilization of T. thioparus and it also of-
fers low resistance to the flow of gas, with the latter factor reduc-
ing the need for compression of the feed and the costs associated
with this.
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