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! ORP measurement can be used for nitrate supply control.
! Biogas desulphurization was achieved without a reduction in methane concentration.
! A high ECCRIT of 120 g S m"3 h"1 can be achieved using polypropylene Pall rings.
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a b s t r a c t

Hydrogen sulphide (H2S) is one of the most problematic contaminants in biogas. In this study, a biotric-
kling filter with a working volume of 2.4 L and packed with polypropylene Pall rings was tested for its
ability to remove H2S from biogas under anoxic conditions. The influence of the H2S inlet concentration,
nitrate feeding regime (manual and controlled) and liquid flow rate on the elimination capacity of the
biotrickling filter was studied. The results indicate that 99% of the H2S was removed for H2S inlet loads
lower than 120 g S m"3 h"1 when using controlled nitrate feeding by ORP.

! 2013 Elsevier B.V. All rights reserved.

1. Introduction

The use of biogas, generated in anaerobic digesters, as an energy
source contributes to the reduction of greenhouse gas emissions.
However, biogas often contains hydrogen sulphide (H2S) at high
concentrations (0.1–2%), and this concentration depends mainly
on the raw material used in the digester. H2S has the potential to
cause corrosion damage to combustion engines and can have ad-
verse environmental effects due to the sulphur oxide emissions it
produces [1].

Biogas purification methods can be classified into two generic
categories: those involving physicochemical phenomena (reactive
or non-reactive absorption, reactive or non-reactive adsorption)
and those involving biological processes (H2S biodegradation by
microorganisms to give less harmful forms) [2].

The physicochemical methods for H2S removal are expensive
and generate waste, so biological processes have become a viable

alternative from both economic and environmental points of view.
Current biological processes for the removal of H2S present in gas-
eous effluents are generally based on aerobic methods. However,
there are few studies concerning anoxic single-stage processes
for H2S removal from biogas. Typically, an aerobic biological pro-
cess requires a stoichiometric oxygen level (approximately 5%
depending the H2S inlet concentration). For safety reasons, it is
necessary to control the oxygen dosage in order to avoid reaching
high oxygen concentrations because the lower and upper explosive
limits for methane are 5% and 15%, respectively [3]. In aerobic pro-
cesses air is mixed with the biogas and this leads to a dilution of
the methane concentration [4,5]. Anoxic systems, in comparison
with aerobic systems, do not suffer from the two aforementioned
operational problems.

Studies on the elimination of H2S under anoxic conditions in
gaseous effluents have started to appear in the literature in recent
years [3,6,7]. This process is based on autotrophic denitrification, in
which specific denitrifying bacteria carry out a dual process re-
ferred to as ‘disimilatory nitrate reduction’ in the presence of sul-
phide, as shown in the global Eq. (1) [7].
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15NO"
3 þ 12H2S ! 9H2Oþ 6S0 þ 6SO"2

4 þ 5NO"
2 þ 5N2

þ 2OH" þ 4Hþ ð1Þ

Previously, we studied a biotrickling filter packed with open
polyurethane foam (OPUF) using nitrate-reducing and sulphide-
oxidizing bacteria (NR-SOB) as the inoculum. In this process a re-
moval efficiency (RE) of 99% was obtained when working under
the following conditions: inlet loads below 130 g S m"3 h"1, a pro-
grammed nitrate feeding regime, temperature of 30 "C, pH be-
tween 7.4 and 7.5 and trickling liquid velocity (TLV) between 5
and 15 m h"1 (data not published). The main advantages of anoxic
biotrickling filters versus conventional aerobic biotrickling filters
are that the biogas is not diluted with nitrogen and there is no oxy-
gen mass transfer limitation (nitrate is dissolved in the medium).
Therefore this technology is highly feasible as a pre-treatment for
H2S removal from biogas for biogas pipe grade quality depuration.

In the study described here, OPUF was replaced with polypro-
pylene Pall rings to test the feasibility of this carrier as a packing
material. Pall rings are commonly used as supports in chemical
scrubbers [8] due to their low pressure drop values with high flows
of gas and liquid. Pall rings have a smaller surface area than other
conventional carriers used in biotrickling filters, such as OPUF [9],
so they are less susceptible to pressure loss related to the accumu-
lation of sulphur (formed by the incomplete oxidation of sulphide)
and biomass.

The goal of this study was to evaluate the feasibility of using
polypropylene Pall rings as carriers for NR-SOB immobilisation in
anoxic H2S removal processes. The influence of H2S inlet concen-
tration, nitrate feeding regime (manual and controlled) and liquid
flow rate in anoxic biofiltration were considered.

2. Materials and methods

2.1. Nutrient solution

The mineral medium employed was adapted from ATCC-1255
Thiomicrospira denitrificans medium. The mineral medium con-
tained (g L"1): KH2PO4, 2; NH4Cl, 1, MgSO4&7H2O, 0.8; NaNO3, ran-
ged between 5 and 10; iron solution, 1 mL; trace element solution
(SL-4), 2 mL. The iron solution was prepared dissolving 0.2 g of
FeSO4&7H2O in 100 mL of H2SO4 solution (0.1 N). The SL-4 compo-
sition was (g L"1): EDTA, 0.5; FeSO4&7H2O, 0.2; trace element solu-
tion (SL-6), 100 mL. The SL-6 composition was (g L"1): ZnSO4&7H2O,
0.1; MnCl2&4H2O, 0.03; H3BO3, 0.3; CoCl2&6H2O, 0.2; CuCl2&2H2O,
0.01; NiCl2&6H2O, 0.02; Na2MoO4&2H2O, 0.03. The pH was adjusted
to 7.0 with NaOH (2 N). This medium was referred to as modified
mineral medium (M3).

2.2. Inoculum and carrier materials

The inoculum was obtained from biomass immobilised in OPUF
units that were previously used in biotrickling filter studies [4,10].

Ten OPUF cubes measuring 8 cm3 were submerged in 1 L of M3 and
then given ultrasonic treatment for 15 min to achieve microorgan-
ism desorption. The biomass concentration after the desorption
process was 2.44 ± 0.05 ' 108 cell mL"1. This previous inoculum
was mixed with 1 L of M3 (NaNO3 concentration of 5 g L"1) and
the 2 L sample was inoculated in the biofilter.

Polypropylene Pall rings, measuring 5/800 in diameter (Pall Ring
Company, UK), were used as the carrier material (a total weight of
220.2 g). This carrier had a density of 110 kg m"3 and a specific sur-
face of 320 m2 m"3.

2.3. Experimental setup and methodology

The experimental setup is shown in Fig. 1. The biotrickling filter,
which had a working volume of 2.4 L, was built from a 110 mm-
diameter PVC column. A PVC end cap with small perforations
was used as the liquid distribution system. The biogas was pro-
duced on site from two 200 L upflow anaerobic sludge blanket
(UASB) reactors and the H2S concentration was increased with an
H2S generation system [11]. A Digital Multimeter 44 (CRISON,
Spain) was used for pH control (7.4–7.5) with the addition of NaOH
(2.0 N) and oxidation–reduction potential (ORP) measurement. The
room temperature was controlled between 28 and 30 "C.

The liquid flow rate of the nutrient solution and biogas flow rate
were controlled by variable area rotameters, with the liquid flow
rate maintained between 20 and 180 L h"1 (ABB D10A11 model,
Spain), and the biogas flow rate was maintained between 8.4 and
60.0 L h"1 (ABB A6131 model, Spain).

Two regimes for nitrate supply were tested: manual dosage be-
fore nitrate depletion (manual regime, from day 0 to 27) and auto-
matic dosage by ORP measurement (controller regime, from day 27
to 104). In the manual regime the nitrate concentration was mea-
sured ex situ according to the analytical procedure described in
Section 2.5. 50% of the recirculation volume (1 L) was changed
for M3 medium with 10 g L"1 of NaNO3 when the nitrate concen-
tration fell below 20 mg L"1. In the controlled regime the ORP
was measured on-line. Sulphide accumulation produced a signifi-
cant decrease in the ORP [12,13] and M3 solution (NaNO3 concen-
tration of 5 g L"1) was added between the following setpoints:
"260 and "250 mV for an IL lower than 80 g S m"3 h"1 and be-
tween "320 and "300 mV for higher ILs. The recirculation volume
was kept constant with a siphon.

Biofilm formation was performed in situ in the biotrickling filter
under the manual regime. During the first 15 days the H2S inlet
concentration was zero in order to remove the elemental sulphur
added with the inoculum (sulphur cleaning period).

The biogas flow rate, H2S concentration, H2S inlet load (IL) and
TLV ranged from 8.4 to 60.0 L h"1, 1400 to 14,600 ppmv, 9 to
201 g S m"3 h"1 and 2.28 to 20.56 m h"1, respectively. Three shut-
downs of the recirculation flow were programmed on days 61, 78
and 89 in order to check the effect on RE and recovery time.

Nomenclature

lG viscosity of gas phase (kg m"1 h"1)
lL viscosity of liquid phase (kg m"1 h"1)
at total surface area of packing material (m2 m"3)
aw wetted surface area (m2 m"3)
DG diffusivity in gas phase (m2 h"1)
DL diffusivity in liquid phase (m2 h"1)
Dp nominal size of packing material (m)
g gravitational constant (m h"2)
G superficial mass velocity of gas (kg m"2 h"1)

kG gas film mass transfer coefficient in the Onda correla-
tion (kmol m"2 h"1 atm"1)

KL liquid film mass transfer coefficient (m h"1)
L superficial mass velocity of liquid (kg m"2 h"1)
R gas constant (m3 atm"1 mol"1 K"1)
T absolute temperature (K)
qG density of gas phase (kg m"3)
qL density liquid phase (kg m"3)
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2.4. Estimation of mass transfer coefficients

The Onda equation [14] was used to calculate the gas film mass
transfer coefficient (KG) and liquid film mass transfer coefficient
(KL) as follows:

KGRT
atDG

¼ 5:23 G
atlG

0:7 lG

qGDG

1=3

ðatDpÞ"2:0 ð2Þ

KL
qL

lLg

1=3

¼ 0:0051 L
awlL

2=3 lL

qLDL

"0:5

atDp
0:4 ð3Þ

The wetted surface area (aw) and total surface area (at) were
considered equal. The Table 1 shows the values used.

The viscosity of the biogas was estimated according to the pro-
cedure 11B2.1 for gaseous mixtures at low pressure [15] and the
diffusivity of H2S in the biogas (DL) phase was calculated according
the theory of diffusion in binary gas mixtures at low pressures con-
sidered the ideal gas law [17].

2.5. Analytical methods

The quantity of immobilised biomass was measured according
to the counting method described by Gómez et al. [19]. The con-
centration was expressed as cells per gram of carrier and 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 Pall ring. The sulphate, nitrate and nitrite concentra-
tions in the recirculation medium were determined daily. The sul-
phate concentration was measured using the turbidimetric method
(4500-SO2"

4 E) [20], and the nitrite and nitrate concentrations were
analysed using a Spectroquant# Pharo 300 spectrophotometer
(Merck, Darmstadt, EU) by the colorimetric method (4500-NO"

2
B) and ultraviolet spectrophotometric screening method (4500-
NO"

3 B), respectively [20]. The sulphide concentration was obtained
with the 1–88 NANOCOLOR# kit (Macharey-Nagel, Germany).

A specific digital sensor (GasBadge# Pro, Industrial Scientific,
UK) was used to measure the H2S concentration from 0 to
500 ppmv. A GA2000Plus gas analyser (Fonotest Instruments S.L.,
Spain) equipped with an external electrochemical H2S gas sensor
was used to measure the H2S concentration from 500 to
5000 ppmv and CH4 and CO2 concentrations by infra-red absorp-
tion (measured daily). H2S concentrations greater than 5000 ppmv
were analysed using a gas chromatograph (450-GC, Bruker, Spain)
equipped with a thermal conductivity detector (TCD).

The complete DNA of the biomass was extracted using an Ultra-
Clean Soil DNA Isolation Kit (Mo Bio Laboratories Inc., USA) accord-
ing to the manufacturer’s instructions. The V3–V5 region of the
bacterial 16S rRNA gene was PCR-amplified using VELOCITY™
DNA Polymerase and primers GC-338F and 907R (Bioline, Spain).
The 25 lL reaction mixtures contained 5 lL of 5X Hi-Fi Reaction
Buffer (Bioline, Spain), 0.5 lL of each primer (10 lM), 2.5 lL of
10 mM dNTP mix, 2 lL of DNA, 0.75 lL of DMSO and 0.125 lL of
2 U/lL VELOCITY™ DNA polymerase# (Bioline, Spain) in
13.625 lL of DNase- and RNase-free sterilised water (Promega#,
Spain). The PCR products were analysed by electrophoresis on 1%
agarose gels in 0.5X TBE buffer (100 mM Tris, 90 mM boric acid,
0.001 mM EDTA) stained with SYBR# Gold nucleic acid gel stain
(Bioline, Spain) to confirm the product size and estimate the DNA
concentration.

The PCR products were evaluated with DGGE using the Dcode™
Universal Mutation Detection System (BioRad, USA). The DNA sam-
ples were loaded onto 8% (w/v) polyacrylamide gels and run in 1X
TAE (40 mM Tris, pH 8.0, 20 mM acetic acid, 1 mM EDTA). The
polyacrylamide gels were made with a denaturing gradient from
30% to 60% (where 100% denaturant contained 7 M urea and 40%
formamide). Electrophoresis was performed at 60 "C and 75 V for
17 h. After electrophoresis, the gel was stained with SYBR# Gold
nucleic acid gel stain (Bioline, Spain) according to the manufac-
turer’s instructions. The Gel Documentation Systems Imagen-
Quant 100 GE Healthcare# was used to document the gels.

Fig. 1. Experimental installation setup. (1) Na2S container, (2) Peristaltic pump, (3) HCl container, (4) H2S generation tower, (5) nutrient solution container, (6) NaOH
container, (7) Gas rotameter, (8) Multimeter 44, (9) pH electrode, (10) ORP electrode, (11) liquid rotameter, (12) biotrickling filter, (13) siphon, and (14) MP-15R magnetic
water pump.

Table 1
Parameters used to calculate the mass transfer coefficients.

Parameters Value Refs.

lG (kg m"1 h"1) 6.79 ' 10"2 [15]
lL (kg m"1 h"1) 2.87 [16]
at (m2 m"3) 320 Supplier
aw (m2 m"3) 320 Supposed
DG (m2 h"1) 1.49 ' 10"5 [17]
DL (m2 h"1) 7.45 ' 10"6 [18]
Dp (m) 5.12 ' 10"3 This study
g (m h"2) 1.27 ' 108 [16]
G (kg m"2 h"1) 6.97 This study
L (kg m"2 h"1) 2247–20472 This study
R (m3 atm"1 mol"1 K"1) 8.20 ' 10"5 [16]
T (K) 303 This study
qG (kg m"3) 1.02 This study
qL (kg m"3) 995.65 [16]
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A Quanta FIE 200 electron microscope (Philips) coupled to a
qualitative Energy Disperse X-ray analyser (EDX) was used to ob-
tain scanning electron microscopy images (SEM) and elemental
analysis of the biofilm was performed at the end of the experiment
(day 104). The samples were fixed with glutaraldehyde and dehy-
drated by immersion in increasing concentrations of acetone solu-
tion (50–100%). The samples were then dried with CO2 to a critical
point to remove the acetone and metallised with gold (at 15 mA,
120 s, and a distance of 35 mm).

3. Results and discussion

3.1. Biofilm formation

The average RE was 99.5 ± 0.6% throughout the experimental
period, except for the following days: 61 (93.9%), 78 (88%), 89
(97.3%), 101 (94.9%), 103 (96.6%) and 104 (93.3%). The RE was high
from the beginning, even immediately after starting the H2S feed-
ing (day 16), and this can be attributed to previous inoculum accli-
mation because the sample came from a biofilter with similar
operational conditions. The biomass activity was high since the
inoculation gave a nitrate consumption rate of 6 mg N–NO"

3 L"1 -
h"1 even without H2S from the inlet (sulphur cleaning period).

The image obtained at the end of the experiment (day 104) by
scanning electron microscopy (Fig. 3a) shows a carrier colonised
by bacteria and sulphur. Sulphur formation was observed from
the beginning of the H2S feed (day 16). This sulphur formation
may have promoted the immobilisation of bacteria on the carrier
and sulphur was the main component (Fig. 3b). The biomass con-
centration was 1.23 ± 0.21 ' 1010 cells (g dry carrier)"1 at 11 days.
This result is quite difficult to compare with those obtained by
other authors due the different properties of the packing materials
(density, specific surfaces, etc.). In any case, the biomass concen-
trations reached in anoxic biotrickling filters were 2.4 ' 105 cells
(mL of carrier)"1 with a plastic fibre carrier [6] and
1.4 ± 0.14 ' 109 cells (g dry carrier)"1 with OPUF [10].

3.2. Influence of nitrate feeding regime

Both nitrate feeding regimes studied (manual and controlled)
showed high H2S REs of 99.5 ± 0.6%, with empty bed retention

times (EBRT) between 2.4 and 17.0 min. When the manual regime
was used, the nitrate added was consumed quickly and caused ni-
trite accumulation in the medium. Nitrate is reduced faster than
nitrite, and thus, nitrite can be accumulated as an intermediate
in the reduction to elemental nitrogen. Under the controlled re-
gime nitrite and nitrate were not accumulated in the recirculation
medium except on the shutdown days (Fig. 2). The controlled re-
gime therefore allows a better performance because the biotric-
kling filter works under steady state conditions.

Shutdowns caused a small decrease in RE and nitrate and nitrite
accumulation in the recirculation medium. The system quickly
recovered to its maximum RE (99.5%) when the recirculation flow
was turned back on. The instability of the system observed (RE de-
creased to 94.4% on day 101) was due to foam formation, which ap-
peared when the system operated at its highest IL and TLV values.
The foam was removed by the addition of a few drops of antifoam-
ing agent. The foam formation could have resulted from the release
of proteins by cell lysis under these conditions (high IL and TLV).

The use of the ORP for the nitrate supply allows optimal nitrate
use, but it has the disadvantage that it is impossible to ascertain
whether the H2S accumulation in the medium (measured by the
ORP decrease) was due to nitrate depletion or H2S overload
(Fig. 2, day 102).

The mean values for methane and carbon dioxide were 68 ± 3%
and 26 ± 2%, respectively. Thus, reductions in methane or carbon
dioxide concentrations in the biogas were not observed. This ab-
sence of a reduction in methane concentration is a significant
advantage compared to usual aerobic biotrickling filters. As a rule,
in aerobic biotrickling filters air is mixed with the biogas stream to
provide oxygen for the biological oxidation. Montebello et al. [4]
worked with an aerobic biotrickling filter and reached a dilution
factor for biogas from 6% to 32%. Chaiprapat et al. [21] used a bio-
gas–air ratio of 1:4 to achieve an RE of 94.7%. The control of oxygen
in an aerobic biotrickling filter is very important because a lack of
oxygen increases clogging problems (elemental sulphur formation)
and an excess of oxygen means that the biogas is severely diluted
and undesired residual oxygen can be found in the biogas outlet
[5]. However, the oxygen mass transfer could be improved by
jet-venturi [22]. An aerated liquid recirculation at low pH was re-
cently proposed by Charnnok et al. [23] in order to solve biogas
dilution problems. The RE achieved by Charnnok et al. was 97.3%

Fig. 2. Biotrickling filter evolution over the course of the experiment. (1) Manual regime for nitrate feeding, (2) controller regime for nitrate feeding.
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(EBRT 180 s, TLV 4.7 m h"1, pH 4) without methane reduction. This
is an interesting option, but more information about elemental sul-
phur formation and long term operation is required.

The sulphate concentration was lower than 8 g L"1 throughout
the test period. A sulphur mass balance was performed by sub-
straction [24]. It is known that the ratio of N-NO"

3 supplied versus
H2S removed affects the S-SO4/S0 ratio produced [4,25]. Partial H2S
oxidation to elemental sulphur is carried out at an N/S ratio of
0.4 mol mol"1 and complete H2S oxidation to sulphate at an N/S ra-
tio of 1.6 mol mol"1 [7]. The biotrickling filter was running under
nitrate limiting conditions at a low N/S ratio
(0.77 ± 0.32 mol mol"1), so elemental sulphur was the main oxida-
tion product (68.4 ± 15.7%), with an S-SO4/S0 ratio of 0.46. Similar
results were obtained by Soreanu et al. [6], who observed that
65% of the H2S degraded was oxidised to elemental sulphur. On
day 65 the N/S ratio was increased to 1.52 mol mol"1 and the ele-
mental sulphur production diminished to 25.1%, meaning that it is
possible to control the oxidation ratio by altering the N/S ratio.
Montebello et al. [4] achieved an elemental sulphur production
of 14% using OPUF at a similar high N/S ratio of 1.46 mol mol"1.

3.3. Effect of increasing TLV

Six liquid flow rates (20, 40, 80, 120, 160 and 180 L h"1) were
studied and these correspond to TLVs of 2.3, 4.6, 9.1, 13.7, 18.3
and 20.6 m h"1, respectively. The H2S RE values for the three con-
stant H2S IL values are shown versus the TLVs in Fig. 4. The EBRT
was set at 144 s during the test period. As expected, it can be seen
from Fig. 4 that the H2S RE increased when the TLV was increased,

although the RE remained constant at 99.5 ± 0.7% for H2S IL values
of less than 78 g S m"3 h"1. When working with an H2S IL of
201 g S m"3 h"1, the RE began to decrease for TLVs lower than
15 m h"1, falling to less than 80% for a TLV of 2.3 m h"1. As a result,
15 m h"1 was fixed as the TLV minimum value.

The optimal TLV value in this study (above 15 m h"1) is higher
than the values obtained previously by other authors in the aerobic
biofiltration of H2S from biogas using Pall rings [26], OPUF (1–
5 m h"1) and HD Q-PAC# (2.4 m h"1) [5], a 1:8 mixture of plastic

Fig. 3. (a) Image from scanning electron microscopy. (b) EDX analysis.

Fig. 4. Influence of TLV on H2S removal efficiency (RE).
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rings and coconut fibre (range 2.4–7.1 m h"1, optimal 4.0 m h"1)
[23] and coconut fibre (3.6 m h"1) [21] as carriers.

Poor water dispersion was observed at low TLV (below 5 m h"1)
due to the liquid distribution system used. This indicates that the
mass transfer between the gas phase and the liquid/biofilm phase
was deficient. It is very likely that on an industrial scale the use of
an efficient liquid distribution system, such as a tray distributor,
would allow operation at lower TLV values without RE loss.

The pressure drop in this study was constant at 1 mm of the
water column, even with a TLV value of 21 m h"1. In contrast,
Fernández et al. observed a pressure drop of 12 mm of the water
column at a TLV of 21 m h"1 when the filter was operated with
OPUF under the same conditions (data not published). The low
pressure drop observed in this study represents a major advantage
of this packing material for an industrial application, because the
pressure drop is directly related to efficient blower operation and
energy costs [27].

3.4. Estimation of mass transfer coefficients

The biogas composition used in these calculations was 68 ± 3%
v/v CH4 and 26 ± 2% v/v CO2, and the recirculation medium was as-
sumed to be pure water.

Fig. 5 shows the proportional increase in KL with an increase in
TLV up to KL values of 4.98 ' 10"5 m s"1 for the maximum TLV
used in the study (21 m h"1). The value of KG was 2.78 K mol
m"2 h"1 atm"1.

Dorado et al. [28] used a TLV value of 2 m h"1, i.e. similar to the
lowest TLV used in this study (2.3 m h"1), and obtained KL values of
a similar order (1.06 ' 10–6 m s"1) to those reported here
(1.15 ' 10"5 m s"1) using lava rock as a carrier (with a similar
superficial area of 377 m2 m"3) and the Onda equation to estimate
KL.

3.5. Influence of increasing H2S inlet concentration

The RE decreased to 85% when the H2S IL was greater than
180 g S m"3 h"1. This decrease in RE could be due to inhibition
caused by substrate accumulation in the recirculation medium.
However, the ORP values were higher than "173 mV and a limita-
tion caused by biological capacity or H2S mass transfer to the bio-
film is therefore more feasible. The sensitivity of NR-SOB to the
higher H2S inlet concentration was previously reported by McCo-
mas et al. [29]. The use of an H2S IL of less than 120 g S m"3 h"1

was suggested to maintain RE values over 99% (Fig. 6). The critical
EC reached in this study (120 g S m"3 h"1) was similar to the value

obtained by Montebello et al. [4] on using OPUF and the same bac-
teria population (100 g S m"3 h"1). Fernández et al. [10] found crit-
ical EC values that were two times lower with the same bacteria
population immobilised in OPUF and a manual nitrate feed. An-
other study on the anoxic biofiltration of H2S from biogas in a bio-
trickling filter gave an ECmax of 50 g S m"3 h"1 [30]. These
differences could be explained by the process being more stable
and less sensitive to overloads when using a controlled nitrate
feeding regime.

Tomas et al. [26] employed the same carrier (polypropylene Pall
rings) and obtained similar maximum EC values (170 g S m"3 h"1)
during the aerobic biofiltration of H2S from biogas with an EBRT of
3 min. However, similar studies performed by Fortuny et al. [5]Fig. 5. Plot of KL versus TLV.

Fig. 6. Influence of H2S inlet load (IL) on biofilter elimination capacity (EC).

Fig. 7. DGGE banding patterns. Lanes 1 and 2: pure strains of Sulfurimonas
denitrificans (DSM 1251) and Thiobacillus denitrificans (DSM 12475), 3: recirculation
medium, 4: sample carrier from bottom, 5: carrier sample from top.
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gave greater maximum EC values of 280 and 250 g H2S m"3 h"1 for
two different lab-scale reactors, with OPUF and HQ-PAQ used as
carriers and EBRTs of 2.8 and 3 min, respectively, although the crit-
ical EC values were comparable to those achieved in this study
(140 g S m"3 h"1). The results obtained by Charnnok et al. [23]
were also similar to those obtained in this study, with EC values
of 150.3 ± 21.2 g S-H2S m"3 h"1 (97.3 ± 4.2%) at an EBRT 3 min,
TLV 4.7 m h"1 and pH 4.0. However, Chaiprapat et al. [21] obtained
a higher maximum EC (220 g S m"3 h"1) than in this study,
although the RE was lower (RE ) 40%).

3.6. DGGE analysis

The sample obtained from the recirculation medium (lane 3) in
DGGE gel showed three highlighted bands (3A, 3B and 3D), similar
to the samples obtained from the carrier at the bottom (4A, 4B and
4D) and the top of the biotrickling filter (5A, 5B and 5D) (Fig. 7).
One new highlighted band was also observed in the carrier (4C
and 5C), which suggests the presence of bacteria populations that
grew only in the biofilm. The similarity between the bands of the
samples taken from the bottom and top of the biofilters (lanes 4
and 5) suggests the establishment of the same populations
throughout the packed bed.

Pure cultures of Sulfurimonas denitrificans ATCC 33889 and Thio-
bacillus denitrificans DSM 12475 were analysed in lanes 1 and 2.
These cultures were chosen as they have previously been reported
in similar ambient conditions [6,31,32]. The biofilter samples (lines
3, 4 and 5) did not have bands similar to those of the pure cultures
of lines 1 and 2. This finding indicates that other NR-SOB cultures
are present in the biofilm. Further investigations will be required
to determine the strain types by DNA sequencing.

4. Conclusions

It has been shown that Pall rings can be used as a packing mate-
rial in an anoxic biotrickling filter to remove H2S from biogas with-
out a reduction in methane concentration. Thus, for methane
pipeline grade quality production the anoxic biofiltration is a more
feasible technology as a pretreatment for H2S removal than the
more commonly used aerobic biotrickling filters.

Nitrate solution can be added efficiently by ORP measurement
and, this control mode allows the anoxic biotrickling filters to be
controlled efficiently and at low cost.

The low pressure drop (constant at 1 mm of the water column)
allows a significant reduction in the energy cost of the blower. An
RE of 99% was achieved for H2S IL values lower than 120 g S m"3 -
h"1 using a controlled nitrate feeding regime and a TLV of
15 m h"1. The maximum EC achieved under these conditions was
170 g S m"3 h"1.
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