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Effect of shutdown on styrene removal in a biofilter inoculated with
Pseudomonas sp. SR-5
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Abstract

Styrene gas removal was carried out in a biofilter inoculated with a styrene-degradingPseudomonas sp. SR-5 using a mixed packing material
of peat and ceramic under the non-sterile condition. More than 86% removal efficiency was obtained at styrene load of 5–93 g m−3 h−1 for 62
days operation period and 78% carbon of removed styrene was converted to CO2. Thereafter, three kinds of styrene shutdown experiments were
conducted: (i) air and mineral medium were supplied for 4 days, (ii) complete shutdown, namely no styrene, air and moisture supply was conducted
for 3 days, and (iii) only air was supplied for 11 days. When styrene gas was re-supplied after (i) and (iii) shutdown experiments, styrene removal
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fficiency rapidly recovered, but after (ii) shutdown, recovery of styrene removal was significantly delayed. Supply of air during shutdo
as found to be enough to resume microbial activity to degrade styrene.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Styrene is a widely used chemical, mainly in the manu-
acturing of plastics and synthetic resins. As styrene repre-
ents an important risk of environmental pollution as one of
olatile organic compounds (VOCs) and malodorous gases, air-
orne styrene exhausted from the industry causes a problem

o human health because of its toxicity and carcinogenicity
1,2]. Biological processes, such as bioscrubber, trickling filter,
nd biofilter, are used for the treatment of air stream polluted
ith VOCs and odorous gases. A biofilter carries a packing
aterial, which is surrounded by biologically active biofilm.
iofiltration offers several advantages compared to chemical
nd physical treatments of polluted air streams because of its
igh removal efficiency, low capital and operating costs, safe
perating conditions, and low energy consumption if proper
perational conditions are maintained. Biofiltration generates

east undesirable by-products and converts many organic and
norganic compounds into harmless oxidation products such as
ater and carbon dioxide[3]. Many studies have been carried
ut to find ways to improve the effectiveness of biofiltration

units in VOCs removal and to obtain the basic data for optim
biofilter construction by changing the operation factors, w
affect the biofilter performance. These factors are pH, moi
content, operation temperature, nutrient condition, selecti
inoculum and packing materials, flow rate and concentratio
the pollutant.

The removal of styrene from industrial waste gases and
can be achieved by the use of styrene-degrading microo
isms as biocatalysts as an economically feasible metho
the styrene removal by using biofilters[4–9], effect of nutri-
ent [5] and moisture content[7] and packing materials[8] on
the removal efficiency have been reported. In practical pro
operation is interrupted for a few days in the weekends or
idays, and sometimes for several weeks in the case of
maintenance or seasonal closures (shutdown), when no po
is loaded on the biofilter. Therefore, it is important to evalu
the effect of shutdown periods on biofilter performance w
the biofiltration unit is restarted. The times needed for rea
mation after shutdown varied, depending on the kinds of VO
microbial populations and inlet loads tested[10–13]. Few reports
have been published about the effects of styrene-shutdow
∗ Corresponding author. Tel.: +81 45 924 5274; fax: +81 45 924 5976.

the biofilter performance. In this study, the effect of three kinds
of shutdown on biofilter performance inoculated with a styrene-
degrading bacterium,Pseudomonas sp. SR-5[14] under open
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system was investigated, and microbial change before and after
the shutdown experiments was observed in relation to removal
efficiency.

2. Materials and methods

2.1. Inoculum

Pseudomonas sp. SR-5 isolated from soil as a styrene-
degrading bacterium was used as inoculum of styrene removal
biofilter. Styrene degradation characteristics by SR-5 was ana-
lyzed under sterile condition and described in the previous paper
[14]. SR-5 was cultured in nutrient broth (NB) containing 5 g
meat extract, 10 g peptone, and 5 g NaCl in the 1 l deionized
water (pH 7.0) at 30◦C at 120 strokes per minute (spm) for 15 h.
The cultured broth was centrifuged at 9200× g for 20 min (RS-
20BH, Tomy Seiko Co., Ltd., Tokyo, Japan) and the precipitate
was washed twice with sterilized deionized water.

2.2. Biofilter setup and operation

A laboratory scale biofilter system used for this experiment
was the same as that in the previous paper[14]. However, in
this study a CO2 analyzer was set at the outlet of the biofil-
ter. Glass columns (5 cm inner diameter× 37 cm length) were
packed with 74 g dry weight of a mixed packing material of
p ramic
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Table 1
Experimental plans during biofilter operation

Operation periods
(days)

Contents

1–62 Supply of styrene gas and 100 ml day−1 mineral medium
63–66 Supply of 300 ml min−1 air and 100 ml day−1 mineral

medium (fist shutdown)
67–72 Re-supply of styrene gas and 100 ml day−1 mineral medium
73–75 No supply of styrene gas and mineral medium (second

shutdown)
76–84 Re-supply of styrene gas and 100 ml day−1 mineral medium
85–95 Supply of 300 ml min−1 air (third shutdown)
96–103 Re-supply of styrene gas and 100 ml day−1 mineral medium

medium for 3 days from 73 to 75 days (B period inFig. 4). The
third shutdown was carried out by supplying only air for 11 days
from 85 to 95 days (C period inFig. 4).

2.3. Analytical method

Inlet and outlet concentrations of styrene sampled with a gas-
tight syringe (MS-GANX00, Ito Co., Japan) were determined
by gas chromatography (GC) (GC-14A, Shimadzu, Japan)
equipped with flame ionization detector (FID) and a capillary
column (URBON HR-1, Shimadzu, Japan, 0.53 mm inner diam-
eter× 30 m length). Injection and detection temperatures were
150◦C, oven temperature was 60–120◦C by 2◦C min−1, and
a flow rate of He as carrier gas was 15 ml min−1. Removal
efficiency (RE) and elimination capacity (EC) of styrene were
calculated as follows:

RE (%)=
(

Cin − Cout

Cin

)
× 100

EC (g m−3 h−1) = (Cin − Cout) × F

V

where Cin, inlet styrene concentration (g m−3), Cout, outlet
styrene concentration (g m−3), F, gas flow rate (m3 h−1), and
V, column volume (m3).
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eat (Takahashi Peat Moss Co., Hokkaido, Japan) and ce
Kubota Co., Tokyo, Japan) at a ratio of 1:1 on dry weight b
o a height of 17 cm. The physical and chemical propertie
eat and ceramic were described in the previous paper[14].
he reason for use of a mixed packing material of peat
eramic is to take advantage of a high removal efficiency o
eat and a lower pressure drop of ceramic[14]. Peat was neu

ralized with 0.4 mol Ca(OH)2 (kg dry peat)−1 before use. Th
nitial moisture content was adjusted to about 64%. To m
ain moisture content, and pH, and supply nutrients in biofi
00 ml of mineral medium was supplied daily from the top

he column using a peristaltic pump. The mineral medium
ists of 1.55 g of K2HPO4, 0.85 g of NaH2PO4·2H2O, 2.0 g of
NH4)2SO4, 0.1 g of MgCl2·6H2O, 10.0 mg of EDTA, 2.0 mg o
nSO4·7H2O, 1.0 mg of CaCl2·2H2O, 5.0 mg of FeSO4·7H2O,
.0 mg of Na2MoO4·2H2O, 0.2 mg of CuSO4·5H2O, 0.4 mg o
oCl2·6H2O, and 1 mg of MnCl2·4H2O in 1 l of deionized wate

pH 7.0).
Styrene gas was supplied to the biofilter by passing air

compressor through a broad-neck bottle in which a rea
ottle containing 15 ml of styrene was set. Inlet styrene
as changed from 5 to 93 g m−3 h−1 by adjusting styrene co
entration (0.5–2.6 g m−3) and space velocity (10–57 h−1). The
xperiment was performed at room temperature of 16± 4◦C.

Details of the biofilter operation are shown inTable 1. Shut-
own experiments were carried out after operation of bio

n open system was stabilized in 62 days. The first shutd
xperiment was carried out by supplying only air and min
edium to maintain the moisture content for 4 days from 6
6 days (A period inFig. 4). The second shutdown was carr
ut by completely stopping supply of styrene, air and min
t

The amount of CO2 evolved in the biofilter was analyz
y an infrared CO2 analyzer (EX-1562-1, ABLE, Japan) at
utlet of the biofilter. Viable cell numbers in biofilter were m
ured as follows. Ten grams wet weight of a packing mat
as homogenized (EX-3 homogenizer, Nihon Seiki Ltd., Ja

n 90 ml of sterilized distilled water at 9200× g for 20 min. The
omogenized solution was diluted with sterilized distilled wa
hen, the suspended solutions were spread on nutrient aga
late. After incubation at 30◦C for 48 h appeared colonies we
ounted and cell numbers were represented as colony fo
nits (cfu) per gram dry packing material. NA plate is co
osed of NB medium and 15 g l−1 of agar. The homogenize
uspension was also used for pH measurement (Φ300 pH meter
eckman, USA). Moisture content of the packing material
etermined by weighing the change of water in the packing m
ial after drying for 12 h at 105◦C.

Organic compounds in drain water in biofilter were extra
ith diethyl ether after centrifugation at 9200× g for 20 min,
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and then the solvent was evaporated. The residue was dissolved
with ethyl acetate and analyzed by GC. Analytical condition of
GC was identical with that described above.

2.4. Carbon mass (C-mass) balance of styrene degradation

C-mass balance was determined to evaluate the characteris-
tics of styrene degradation by SR-5 in the biofilter for 2 weeks
from 47 to 60 days. During the period, styrene load to biofilter,
the amount of styrene detected at the outlet, increased amount of
the cell mass in biofilter, the amount of metabolic intermediates
accumulated in the drain water and the packing material, and
the amount of evolved CO2 were measured and calculated on a
carbon basis.

3. Results and discussion

3.1. Biofilter performance

Styrene removal in the biofilter using a mixed packing mate-
rial of peat and ceramic inoculated withPseudomonas sp. SR-5
under non-sterilized condition is shown inFig. 1. The 100%
removal efficiency observed at the start-up of the experiment
was attributed to the physical and chemical interactions between
the wet packing materials and styrene vapor. Then, the 100%
r ting
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Fig. 2. Relationship between styrene load and elimination capacity. Dotted line
shows 100% styrene removal.

ciency was 86 g m−3 h−1 and completely elimination capacity
which guarantees 100% removal of styrene was 43 g m−3 h−1.
The maximum elimination capacity obtained in this study was
similar to the values of 79 and 62 g m−3 h−1 by Exophiala
jeanselmei [4,7], and 63 g m−3 h−1 by R. rhodochrous NCIMB
13259[15].

3.2. Kinetic analysis

In the steady state operation periods after the end of acclima-
tion, kinetic analysis of the biological removal of styrene was
conducted using the following equation by assuming a plug air
flow and homogeneous distribution of styrene-degrading bac-
terium in the filter[16,17].

Cln

R
= Cln

Vm
+ Ks

Vm

where Vm, maximum removal rate (g-styrene/kg-dry
packing material/day); Ks, saturation constant (ppm);
Cln = (C0 − Ce)/ln (C0/Ce); C0, inlet concentration of styrene
(ppm); Ce, outlet concentration of styrene (ppm);R = SV
(C0 − Ce)/β; SV, space velocity (day−1); β, conversion coef-
ficient ((kg-dry material) (g-C)−1). Fig. 3 shows the result
of kinetic analysis of styrene removal by using the equation.
The maximum removal rate (Vm) obtained was 121 g m−3 h−1
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emoval efficiency lasted even in increased inlet load, indica
hat the inoculated SR-5 effectively worked to shorten the a
ation time, which generally last a few weeks to a few mon
he non-biological styrene removal capacity of the mixed p

ng material of peat and ceramic mainly due to adsorptio
tyrene on the packing material was estimated to be 115 g−3

n the control experiment without SR-5 for 2 days. After accli
ion period, a steady state removal of the biofilter was obse
or 62 days. More than 86% styrene removal efficiency
btained in the range of 5 to 93 g m−3 h−1 styrene load. Plot o
tyrene load versus elimination capacity (Fig. 2) revealed tha
he maximum elimination capacity at in the 92% removal

ig. 1. Biofilter performances inoculated withPseudomonas sp. SR-5 unde
on-sterile condition. Closed circles, inlet styrene concentration; open c
utlet styrene concentration; closed triangles, removal efficiency.
,

nd saturation constant (Ks) was 111 ppm.Vm corresponds t
he extrapolated value of elimination capacity (EC), nam
aximum elimination capacity, inFig. 2. In the previou
aper where styrene removal was conducted under s
ondition using the same packing materials[14], the maximum
limination capacity of styrene by SR-5 was 170 g m−3 h−1.
hus, in this non-sterile operation, the value was only 3
educed compared with that in sterile operation.

.3. C-mass balance

The result of C-mass balance in the biofilter for 10 days f
7 to 56 days of biofilter operation is shown inTable 2. Inlet
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Fig. 3. Kinetic analysis of styrene removal in the biofilter inoculated withPseu-
domonas sp. SR-5 using a mixed packing material of peat and ceramic.

styrene load to the biofilter was 18,176 g-C m−3 and 1594 g-
C m−3 was detected at the outlet. Phenylacetic acid and 2-
phenylethanol which are the intermediates of styrene degra-
dation by SR-5[14] detected from the drain water and pack-
ing material were 3.4 g-C m−3 and 1.4 g-C m−3, respectively.
561 g-C m−3 of styrene was converted to the cell mass of SR-5.
Produced CO2 from styrene degradation was 14,260 g-C m−3.
Theses results indicate that 78.5% of inlet styrene was converted
to CO2, less than 3.12% of styrene was used for cell growth and
degradation products, and 9.66% of styrene was transformed
into unknown carbon compounds. This result was similar to the
report, showing that 75% of inlet styrene was converted to CO2
in the perlite biofilter inoculated with fungus[7]. The high con-
version of styrene to CO2 is effective to delay the increase in
pressure drop caused by growth of the cell mass during a long-
term operation of biofilter.

3.4. Effects of shutdown on styrene removal

The effect of shutdown was investigated after about 2 months
steady removal operation under non-sterile condition described
above. Removal pattern and removal efficiency during the three
kinds of shutdown experiments are shown inFig. 4. For 4 days
from 63 to 66 days, the first shutdown experiment was carried
out by flowing only the air at 300 ml min−1 without styrene and

T
C aterial
o

I
O
D )

B
C
U

Fig. 4. Effect of shutdown in the biofilter inoculated withPseudomonas sp.
SR-5 using a mixed packing material of peat and ceramic. (A) Shutdown of
styrene; (B) shutdown of styrene, air, and moisture; (C) shutdown of styrene
and moisture. Closed circles, inlet styrene concentration; open circles, outlet
styrene concentration; closed triangles, removal efficiency.

supplying 100 ml mineral medium per day (Fig. 4, A period).
After A period, 115 g m−3 h−1 of styrene was re-supplied to
the biofilter. This level of styrene load was about three times
higher than 36 g m−3 h−1 which was supplied before the shut-
down. Styrene removal efficiency was restored quickly and 90%
removal efficiency was observed in 1 h after re-supply of styrene
and 95% removal was attained within 1 day. One hundred and
twelve grams per cubic meter per hour maximum elimination
capacity was obtained in the 95% removal efficiency after the
first shutdown experiment.

For 3 days from 73 to 75 days, the second shutdown exper-
iment was carried out by stopping supply of styrene, mineral
medium and air (Fig. 4, B period). When re-flow of air contain-
ing styrene and re-supply of mineral medium were started, 82%
removal at 82 g m−3 h−1 styrene load was observed after 1-day
operation. However, 100% of removal efficiency was observed
only by the decrease of inlet styrene load to 21 g m−3 h−1.
Eighty-eight grams per cubic meter per hour maximum elim-
ination capacity was obtained at the 86% removal efficiency
after 9 days of the second shutdown experiment.

Finally, the shutdown was carried out by flowing only
air without styrene and no supply of mineral medium for
11days from 85 to 95 days (Fig. 4, C period). After restart-
up of styrene supply, more than 90% removal efficiency was
rapidly recovered. Thereafter even in increase in styrene load to
132 g m−3 h−1, stable removal efficiency was observed.

oc-
u tely
r lled.
H ation
o post
b -
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t tively.
W uired
able 2
arbon balance of styrene degradation biofilter using a mixed packing m
f peat and ceramic inoculated withPseudomonas sp. SR-5 for 7 days

nput styrene 18176 (g-C m−3)
utput styrene 1594 (8.77%)a

egradation productsb 2-PE; 1.4 (0.01%
PAA; 3.4 (0.02%)

iomass 561 (3.09%)
O2 emission 14260 (78. 5%)
nidentified carbonc 1756.2 (9.66%)

a Percentage against input styrene.
b PAA: phenylacetic acid, 2-PE: 2-phenylethanol.
c Unidentified carbon presumed extracellular product and polymer.
In the first and third shutdown experiments in biofilter in
lated with SR-5, styrene removal efficiency was comple
ecovered within 1 day, when the load was carefully contro
owever, in the second shutdown experiment, the deterior
f the styrene-removal activity was significant. In the com
iofilter to treat benzene, toluene, andp-xylene[12], the shut
own with air supply was lasted for 90 h and 2 weeks,

he reacclimation periods needed were 9 and 43 h, respec
hen no air supply lasted for 40, 90, 11 and 24 h were req
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Fig. 5. Change in the total viable cell number in the biofilter before and after
shutdown experiments. A, B and C periods correspond to those inFig. 4.

for reaching a steady removal of styrene again, respectively. In
fungal biofilter to treat VOCs, a long-term shutdown required a
longer time interval to recover its high removal efficiency, but
after 9-day VOCs loading shutdown, only 3.5 h was needed to
reach 100% removal efficiency for some VOCs[13]. In styrene
removal in this study, at least supply of air and moisture was nec-
essary to minimize the reacclimation period. These indicate that
microbial species and the properties of VOCs are closely associ-
ated with the recovery of the biofilter after shutdown experiment.

In this biofilter, three shutdowns had no serious adverse effec
on the biofilter performance mainly because that (i) strain SR-
5 can degrade a high concentration of styrene (0.5–10%, v/v
which is inhibitory to most of microorganisms, (ii) the doubling
time of strain SR-5 in styrene medium was 2 h which was signif-
icantly shorter, compared with 19 h ofXanthobacter sp. 124X
[18] and 10 h ofRhodococcus rhodochrous NCIMB 13259[15]
and (iii) the mixed packing material of peat and ceramic was
appropriate for the stable activity of SR-5. This was reflected in
the data that the maximum elimination capacities under sterile
and non-sterile conditions did not show remarkable differences

3.5. Changes in cell number in shutdown experiments

Before the shutdown experiment, the operation was con
ducted in open system and the stable removal of styrene i
Fig. 1 suggests that SR-5 played an important role for degra
d be
o um-
b
fi s
w ll
n
m pply
o y of
s afte
t d
t
( t-
s vival

of styrene-degrading microorganisms including SR-5. However,
the cell number gradually increased to 2.8× 109 cfu (g-dry
packing material)−1 by re-supply of styrene, air, and mineral
medium in 10 days. In the third shutdown operation (C period in
Fig. 5), the cell number decreased to 1.8× 108 cfu (g-dry pack-
ing material)−1 mainly due to dried packing material. However,
it increased again to 2.8× 109 cfu (g-dry packing material)−1

by re-flow of air with styrene and re-supply of mineral medium.
These results indicate that at least supply of air and moisture
is essential to keep the activities of aerobic microbes including
Pseudomonas sp. SR-5, which are supposed to be responsible
for styrene-degradation.
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