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a b s t r a c t

Biological degradation of methane by an adapted consortium in steady state was compared in two reactor
configurations (stirred tank, STR and trickling bed, TBR) with and without 10% (v/v) silicone oil. Silicone oil
addition increased the methane average volumetric elimination capacity by 41% in STR up to 106 g m−3 h−1
ccepted 7 April 2009
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and by 131% in TBR up to 51 g m−3 h−1. Specific elimination capacities showed higher degradation (69%
in STR and 98% in TBR) suggesting increased bioavailability. The elimination capacities obtained in both
reactors with oil addition exceed most of experimental reports for methane biofiltration.

© 2009 Elsevier B.V. All rights reserved.
tirred tank bioreactor

. Introduction

Methane is an important greenhouse gas; it has 21 times more
reenhouse impact on the atmosphere than CO2 at the same con-
entration. It represents approximately 23% of the total worldwide
reenhouse emissions and atmospheric methane concentration has
een reported to increase twice as fast than CO2 [1]. Therefore, the
ontrol of methane release is a relevant issue of the global warming
roblem.

An important source of methane emissions is the biogas gener-
ted from landfills [2]. Utilization of methane from biogas emissions
or energy production is only possible when methane concentra-
ion in the biogas and the overall biogas quantities are important,
.e. more than 30% (which occurs during the first 25 years of a
andfill) and 50 m3 h−1, respectively [3]. For biogas streams over
0–15 m3 h−1 and methane concentrations greater than 20% [3], it is
ossible to remove methane by burning it in flares. However, biogas
ombustion requires concentrating methane if the flow and/or con-
entration are below those values, which is not economically viable,
s in the biogas emissions from small or old landfills, anaerobic
igestors, sewer emissions, etc.

Biological oxidation is a good alternative to reduce atmospheric

missions of methane if its gas concentration is below its explo-
ion limit in air (5%) [2,4]. These methods are based on a group of
erobic bacteria called methanotrophs which can use methane as
arbon and energy source [5]. Biofilters have been already used for

∗ Corresponding author. Tel.: +52 5558046408; fax: +52 5558046408.
E-mail address: srevah@xanum.uam.mx (S. Revah).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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methane removal, Nikiema et al. [2] published a complete review
on the topic. The main disadvantage of biofiltration for methane
abatement is the required high gas residence time, which ranges
between several minutes to hours [2,4], while the typical resi-
dence times for the removal of VOCs are between 30 and 120 s
[6]. The long residence times are due to the low water solubility
of methane which has a dimensionless Henry constant at 30 ◦C of
33.5 [7].

Two-phase partition bioreactors have been proposed as an alter-
native to improve the removal of low solubility compounds [8,9].
This technology is based on the addition of an organic phase with
more affinity for the target compound than water. Two-phase biore-
actors have shown to improve toluene [10] and hexane removals
[11], oxygen transfer rate [12] and to improve performance under
transient conditions. The most used organic phases are silicone
oils, long chain hydrocarbons (hexadecane, tetradecane, etc.) and
fluorocarbons such as C10F8 [9]. The non-biodegradable silicone
oil has consistently been shown to favor the elimination capacity
of hydrophobic compounds [9,11] without toxic effects. Never-
theless, silicone oil has certain drawbacks as transfer vector, as
it is relatively expensive and its recovery may increase process
costs. Alternative organic phases, including solid polymers, have
been proposed for the degradation of poorly soluble compounds
[13].

The aim of this work is to evaluate, under steady state conditions,

methane abatement by a mixed bacterial culture in stirred tank
and trickling bed bioreactors with two liquid phases as compared
to an aqueous system. Volumetric and specific methane uptake
rates will be evaluated to determine the direct influence of oil
addition.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:srevah@xanum.uam.mx
dx.doi.org/10.1016/j.cej.2009.04.028
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most of methane biofiltration experiments reviewed by Nikiema et
al. [2].

Moreover, to compare both systems, the volumetric elimina-
tion capacities were expressed per unit of gas volume contained
in the reactors (considering a measured gas hold up value of 0.15

Table 1
Performance variables in both systems with and without silicone oil addition during
stationary operation.

STR TBR

Control Added Control Added
90 J. Rocha-Rios et al. / Chemical En

. Materials and methods

.1. Microorganisms and culture conditions

A methanotrophic consortium obtained from a sample of
ctivated sludge from the waste water treatment plant of UAM-
ztapalapa (México City). One liter of activated sludge was filtered
hrough a filter paper (8 �m particle retention; Whatman, UK), the
ltrate was centrifuged and the cells were resuspended in 0.5 L of
aline mineral medium described by Aaronson [14]. A gas stream
ith 1% (v/v) of methane was bubbled through the culture during
weeks with weekly medium change before using it to inoculate

he reactor.
The mineral medium used for the culture contained (g L−1):

aNO3, 2; MgSO4·7H2O, 0.2; FeSO4·7H2O, 10−3; Na2HPO4,
.2; NaH2PO4·H2O, 0.09; CoSO4·5H2O, 5 × 10−6; H3BO3, 10−5;
nSO4·5H2O, 10−5; ZnSO4·7H2O, 7 × 10−5; MoO3, 10−5; KCl, 0.04;

aCl2, 0.015. The final pH of medium was 7.

.2. Chemicals

Methane gas at 99.9% was from Praxair (Mexico). Silicone oil
polydimethylsiloxane, 200 fluid) was from Sigma–Aldrich (USA).
n organic fraction of 10% (v/v) was chosen based on previous
eports [9,11]. Silicone oil was shown not to be biodegraded nor
oxic for the microorganisms [11].

.3. Partition coefficient of methane in silicone oil

Glass serological bottles (0.125 L) sealed with mininert valves
Supelco, USA) were added with 10 mL of silicone oil and 1, 2, 3, 4
nd 5 mL of methane. Bottles by triplicate were placed in a rotary
haker at 30 ◦C and once the partition equilibrium was attained
when headspace concentration was constant in two consecutive
njections with two hours difference), 0.1 mL of headspace were
sed for methane quantification by chromatography. The methane
artition coefficient was determined by mass balance.

.4. Stirred tank reactor (STR)

A 3.5 L fermentor (Bioflo III New Brunswick, USA) with an oper-
tion volume of 2 L and an agitation system with two Rushton
urbines operated at 800 rpm was used for methane degradation
n suspension. The gas flow through the system was 0.42 L min−1

corresponding to 0.21 vvm or empty bed residence time, EBRT, of
.8 min) and the average methane load was 200 g m−3 h−1 (aver-
ge methane concentration of 15.9 g m−3). Mineral medium was
ontinuously added with a dilution rate of 0.1 d−1 (0.2 L day−1).

.5. Trickling bed reactor (TBR)

This system consisted of a glass cylindrical column of 1 m with
n inner diameter of 0.08 m packed with 1 L of polyurethane open
ore foam (EDT, Germany) with a porosity of 0.97, a specific area of
00 m2 m−3 and a density of 35 kg m−3. A magnetic stirring system
t the bottom of the column allowed continuous mixing of the liquid
volume of 0.3 L) prior to recirculation. The inlet gas flow in system
as 0.21 L min−1 equivalent to an EBRT of 4.8 min and the average
ethane load was 140 g m−3 h−1 (average methane concentration

f 11.1 g m−3). As in the STR, mineral medium was continuously

dded with a 0.1 d−1 dilution rate. Steady state was considered
or both STR and TBR when constant EC and biomass values were
btained for 10 days.

Reactor performance is described for both systems by the vol-
metric methane load L = CGinQV−1

R ; the volumetric elimination
ing Journal 152 (2009) 289–292

capacity EC = (CG in − CG out)QV−1
R ; the volumetric CO2 production

rate RCO2 = (CCO2 in − CCO2 out)QV−1
R ; the percent removal efficiency

%RE = 100 × {(CG in − CG out)/CG in}; and the gaseous elimination
capacity ECg = EC/˛. Where CG in, CCO2 in, CG out and CCO2 out are the
inlet and outlet methane and CO2 concentrations (g m−3); Q is the
gas volumetric flow (m3 h−1), VR is the operation reactor volume
(m3) and ˛ is the gas hold-up (STR) or the porosity (TBR).

2.6. Analytical procedures

Methane concentrations in the gas phase were measured using
a gas chromatograph (Agilent Technologies 6890N, USA) equipped
with an AT-WAX 25 m × 0.25 mm × 0.2 �m column (Alltech, USA)
and a FID detector. CO2 concentrations were measured using the
same chromatograph with a Porapack Q 80/100 6′ × 1/8′′ column
and a TCD detector. The volumetric CO2 production rate (RCO2 ) con-
sidered the concentration difference between inlet and outlet. The
helium (carrier), H2 and air flows were 7, 25 and 250 mL min−1

respectively; and temperatures of injector, oven and both detectors
were maintained at 200, 70 and 250 ◦C, respectively. Measurements
in each system were carried out daily by triplicate.

Biomass in liquid of both reactors was calculated from the
protein content using Lowry’s method (BioRad kit, USA) and a pro-
tein content of 50% which was experimentally obtained through
independent dry weight measurements. Triplicate samples were
centrifuged at 13000 rpm for 10 min to separate biomass from the
culture medium prior to protein determination. At the end of TBR
operation, the biomass attached to the package was dissolved in
NaOH solution (0.5 M at 70 ◦C) during two hours using an ultrasonic
cleaner. The obtained solution was homogenized and the protein
content was determined with Lowry’s method.

3. Results and discussion

The partition coefficient (KO = CG eq/CO eq) of methane in silicone
oil at 30 ◦C was found to be in 3.2 ± 0.3, which is approximately 10
times lower than the value in water of 33.5. This partition coeffi-
cient and the fact that the oil was neither toxic nor degraded by the
methanotrophic consortium confirmed its suitability as a transfer-
ence vector for methane. Table 1 shows the performance results for
the steady state operation in both experiments.

The increase in volumetric elimination capacities with silicone
oil addition (10%, v/v) were 41% and 131% for STR and TBR respec-
tively with corresponding improvements both in the %RE and CO2
production rates, despite the fact that the average loads were
slightly lower for the experiments with oil addition. The average
surface elimination capacities (expressed by reactor cross-section)
were calculated for the STR and TBR with oil addition and found
to be 344 and 214 g m−2 d−1, respectively, which were superior to
L (g m−3 h−1) 209 ± 26 187 ± 11 157 ± 15 131 ± 9
EC (g m−3

reactor h−1) 75 ± 6 106 ± 7 22 ± 3 51 ± 7
RCO2 (g m−3 h−1) 80 ± 8 109 ± 12 36 ± 2 69 ± 5
%RE 34 ± 5 57 ± 4 15 ± 3 40 ± 4
ECg (g m−3

gas h−1) 500 ± 40 707 ± 47 24 ± 3 57 ± 8
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n STR and a bed porosity of 0.9 in TBR) similarly to Arriaga et al.
11]. Gaseous elimination capacities (summarized in Table 1), which
re equivalent to the global transfer rates under steady state, were
uch higher for the STR than for the TBR (21 and 12 times higher

or the control and with oil addition, respectively). This impor-
ant difference can be explained considering the agitation energy
pplied in the STR that promotes both the transfer coefficients and
he gas–aqueous interfacial area. Furthermore, in STR the agita-
ion reduces the coalescence of the oil particles and the consequent
ecrease of the aqueous-organic interfacial area. In TBR, despite the

onger retention time, mass transfer may be reduced by clogging or
hanneling of gas flow in the support due to heterogeneous biofilm
ormation [11]. To evaluate the specific rates, biomass was mea-
ured in each reactor and correlated to the volumetric rate values.
ig. 1 shows biomass values and the specific methane elimination
apacity and CO2 production rates for steady state operation in each
xperiment.

Results in Fig. 1 indicate that the specific methane elimination
apacity increased around 70% for the STR and 100% for the TBR
hen oil was present. The specific methane elimination capaci-

ies obtained were superior to most of values reported in literature
hich are in the order of 10−6 to 10−2 g g−1

biomass h−1 [15–20]. Con-
urrent specific CO2 production rates increased with the higher
pecific methane uptake. The CO2 yields were 1.04 ± 0.02 gCO2

g−1
CH4

0.378 gC g−1
C ) and 1.35 ± 0.1 gCO2

g−1
CH4

(0.491 gC g−1
C ) for the STR

nd TBR respectively, these values are similar to others reported
or metanotrophic bacteria [16,21].

Considering the partition coefficients mentioned previously and
as methane concentration in STR added with silicone of 6.6 g m−3

average effluent concentration and perfect mixing), the concen-
ration in the aqueous phase would be 0.197 and 2.06 g m−3 in the
il phase with 3.5 × 10−4 g of methane dissolved in 1.8 L of water
nd 4.1 × 10−4 g dissolved in 0.2 L of silicone oil. Therefore, in 10%
v/v) of silicone oil there is about 10 times the concentration and
.2 times more methane available for cells than in 90% of water. The
teady state mass balance in STR indicates 1.4 times more methane
vailable for cells in the oil added reactor and 2.3 times for TBR.

The enhancement in performance of two-phase partition
ioreactors can be attributed to improved methane availability
riginated by (a) better transfer of the pollutant and oxygen from
he gaseous phase to cells and, (b) possible direct substrate uptake
rom the organic phase. With respect to the mass transfer increase,

o consistent relation has been found between the volumetric mass
ransfer (kLa) and organic phase addition as reported by Clarke and
orreia [22]. For silicone oil, Morao et al. [23] reported that there

s a “critical fraction” from which an improvement in kLa may be
btained. The net effect of organic phase on mass transfer is the

ig. 1. Biomass, specific elimination capacity and specific CO2 production rate in the
TR and TBR during steady operation with and without silicone oil addition.

[

[

ing Journal 152 (2009) 289–292 291

result first of the film coefficient (kL) which is affected on one hand
as there is a new resistance to the methane transfer from the gas
phase to cells and by an increase in the liquid viscosity, and on the
other hand, this coefficient is benefited by an increase in the driving
force caused by the more favorable substrate partition coefficient
in the liquid phase. Secondly, oil addition reduces gas-liquid sur-
face tension favoring smaller air bubbles and consequently a higher
specific mass transfer area (a). As a result of these effects, the max-
imum increase reported for kLa has been lower than 20% which is
significantly inferior to the increase in methane EC in our study of
41% in the STR and 131% in the TBR. These considerations suggest
that direct methane uptake from the cells adhered to the oil drops
may be improving the overall EC as the higher methane and oxygen
concentration in the oil drops, tentatively up to ten times based on
the partition coefficient, foster higher specific growth and methane
uptake rates.

4. Conclusions

Ten percent (v/v) silicone oil addition augmented significantly
the biodegradation performance in a stirred tank and trickling
bed reactors, making two-phase partition bioreactors a promis-
ing alternative to improve methane removal in bioreactors with
shortcomings in mass transfer to cells. A mass balance and the fact
that specific elimination capacities (per gram of biomass) in both
systems were increased, suggest that a direct uptake of methane
and oxygen with higher rates cells adhered to oil drops adds to
the dissolved methane uptake from the aqueous phase. Elimi-
nation capacities obtained in this paper are superior to most of
methane biofiltration experiments reported in literature and cur-
rent research is being pursued in alternative organic phase selection
and mass transfer coefficients determination.
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