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Biofiltration  of  hydrophobic  and/or  recalcitrant  volatile  pollutants  is  intrinsically  limited.  In  the  present
study,  a  combined  ultraviolet-biotrickling  filter  (UV-BTF)  was  developed  to  improve  the  removal  of  these
compounds,  and  a single  BTF  as  the  control  was  operated  under  the  same  conditions.  The  experimental
results  showed  that the  UV-BTF  provided  higher  removal  efficiencies  than  the single  BTF  at  an  inlet
concentration  range  of  600–1500  mg  m−3 under  shorter  residence  times.  The  maximum  elimination
capacities  (ECs)  obtained  were  94.2  mg  m−3 h−1 and  44  mg m−3 h−1 in  the  combined  UV-BTF  and  sin-
gle  BTF,  respectively.  The  mass  ratio  of  carbon  dioxide  produced  to �-pinene  removed  in the  UV-BTF
iotrickling filter
-Pinene
emoval performance
icrobial structure

was  approximately  2.74,  which  was  much  higher  than  that  of  the single  BTF  (1.99).  Polymerase  chain
reaction–denaturing  gradient  gel  electrophoresis  (PCR–DGGE)  analysis  indicated  that  there  was  more
complicated  microbial  community  in the  UV-BTF  than  that  in  the  single  BTF.  In addition,  we investigated
the  effect  of  starvation  or stagnation  on  re-acclimation  and  removal  performance  from  an  engineering
standpoint.  The  results  showed  that  the  combined  UV-BTF  could  deal with  fluctuating  conditions  or
periods  without  any  flow  (air or liquid)  supply  much  better  than  the  single  BTF.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Alpha-pinene (�-pinene) is applied in various industries such
s pulp and paper industry, forest production, pharmaceutical
ndustry, color printing and paint process etc. [1–3]. Industries
hat produce or utilize �-pinene usually generate gaseous wastes
f this compound with variable concentrations ranging from a
ew hundreds to thousands of milligrams per cubic meter. Indis-
riminate release of �-pinene not only causes health problems to
umans, but also promotes the formations of secondary organic
erosols and photochemical smog [4,5]. Therefore, there is still a
onsiderable interest in developing innovative and cost-effective
pproaches for removal of �-pinene.

Biofiltration of VOCs provides an environmentally friendly
nd low-cost alternative to other physical and chemical treat-
ent technologies such as incineration, catalytic oxidation, and
dsorption [6,7]. Several researchers have demonstrated that a
arge number of VOCs, like benzene [8],  toluene [9] and styrene
10], could be successfully removed by biofiltration. However,

∗ Corresponding author. Tel.: +86 571 88320386; fax: +86 571 88320882.
∗∗ Corresponding author. Tel.: +86 571 88320365.

E-mail addresses: jchen@zjut.edu.cn (J.-M. Chen), jyf@zjut.edu.cn (Y.-F. Jiang).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.06.092
�-pinene’s hydrophobic property and high toxicity would impede
the application of this single purification technology. The
reported critical elimination capacities for �-pinene by the
bacterial-biofilters were only 3.9–60 g m−3 h−1 [11,12], which were
much lower than those soluble and biodegradable compounds
(methanol with 250 g m−3 h−1 [13] and methyl ethyl ketone with
174 g m−3 h−1 [14]). Alternatively, some researchers suggested
that the advanced oxidation process (AOP) could be utilized as a
pretreatment for the subsequent biological processes, since this
chemical technology converted some special compounds to several
simple intermediates, thus solving the mass transfer limits and the
bio-activity inhibition appearing in the biological facilities.

Although AOPs based on the formation of reactive radicals in situ
are regarded as very promising methods for the complete removal
of the recalcitrant organic pollutants, one major drawback is the
relative high operating cost [15,16].  Recently, partial oxidation
is preferred by several researchers, owing to its relatively lower
cost and the produced biodegradable intermediates. Successes of
the combined AOP-activated sludge facilities not only proved the
technical possibility in wastewater treatments, but also expanded

the types of pollutants treated by the traditional biological facil-
ities [17–20].  Due to the special characteristics of subsequent
biofiltration, the ultraviolet (UV) technology is generally cho-
sen as the suitable pretreatment by researchers. UV oxidation

dx.doi.org/10.1016/j.jhazmat.2011.06.092
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jchen@zjut.edu.cn
mailto:jyf@zjut.edu.cn
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as demonstrated to convert some gaseous compounds (such
s chlorobenzene, toluene, etc.) into soluble and biodegradable
ntermediates, and the combined systems have been successfully
pplied in the removal of gaseous hydrophobic and recalcitrant
ompounds [21–24].  Moussavi and Mohseni [23] found that the
ombined UV-biofiltration system provided up to 60% additional
emoval for toluene and o-xylene mixtures, and the combined UV-
iofiltration system had a much lower pressure drop than the single
iofiltration reactor. Den et al. [24] used the combined UV-BTF
ystem for treatment of trichloroethylene and perchloroethylene,
nd demonstrated that all the photodegradation products were
ompletely removed in the subsequent BTF. Wang et al. [25]
lso reported the similar results for gaseous chlorobenzene treat-
ent, and suggested that the remaining O3 generated by UV could

ontrol the biomass overgrowth further to achieve longer runs
han the single biofilter. For gaseous �-pinene, some researchers
nly conducted the biodegradability assessments of photodegra-
ation intermediates [26]. Our previous studies showed that the
iodegradability of intermediates formed in the photodegradation
rocess was nearly 10 times more than that of the parent com-
ound (�-pinene), and provided a possibility for its removal by the
ombined system [27,28].  However, the studies on the continuous
reatment of �-pinene by the combined system are relatively rare.
ntegrated studies, which focused on the removal performance and

icrobial evolution in the combined UV-BTF, are therefore required
o better understand the UV-BTF process and to develop feasible

ethods for treating the hydrophobic and recalcitrant compounds.
In this study, the removal performance and microbial com-

unity were investigated using two BTF reactors, one of which
ossessed a UV reactor as a pretreatment. The comparison of
emoval performance between the two systems was conducted
uring the whole operation, and the differences of microorganisms

nhabited in the biofilters were analyzed by the denaturing gradi-
nt gel electrophoresis (DGGE). Finally, the responses of the single
TF and combined UV-BTF to the abnormal operations (starvation
nd stagnant) were also evaluated.

. Materials and methods

.1. Experimental set-up

Fig. 1 shows a schematic diagram of the combined UV-BTF sys-
em and the control BTF system. The spiral photoreactor (custom

ade) was made of quartz glass with an effective volume of 2.25 L,
n the center of which were installed special low-pressure mercury
apor lamps (36 W,  Electric Light Sources Research Institute, Bei-
ing, China), emitting 184.9 nm wavelength (0.206 mW cm−2 from

 m)  and producing ozone on line through the photolysis of oxygen.
ince 184.9 nm wavelength could penetrate through the quartz, �-
inene absorbed the UV light directly and was decomposed by the
ombinations of photolysis and photooxidation (ozone, hydroxyl
adical, etc.). More detailed description about the UV reactor and
he optimal photodegradation condition for the subsequent BTF
an be found in our previous study [27,28]. Considering the light
ntensity decay, the lights were changed twice during the whole
peration, on day 55 and day 110, respectively. The light intensity
as considered to be equal for the continuous operation of 55 d,

ince the intensity attenuation could be less than 20% within 84 d
ccording to the manufacture.

The 2 biofilters were made of Plexiglas and each consisted of
 equal sections of 12 cm in diameter and 55 cm in height. The

ther-based polyurethane foams (PU-foam) were utilized as the
iofilm-carriers (the mean size, the stacking density and the poros-

ty were 14–18 mm,  155 kg m−3 and 90.8%, respectively), and the
ffective volume of the packing materials in each section was 4.86 L.
 Materials 192 (2011) 1650– 1658 1651

Ports were placed along the biofilter column and used for gas
sampling, filter material sampling and temperature/pressure-drop
monitoring.

�-pinene contaminated stream was generated by passing air
through a sparger containing �-pinene (purity 97%, J&K Chemical
Company, China) and then mixed with the other flow of the ambient
air (purified by activated carbon to remove other background VOCs)
in the gas-mixer. Different ratios of these streams, which were con-
trolled by the mass flow meters and the humidifier, determined the
inlet concentration of �-pinene and the relative humidity of the mix
stream.

2.2. Microorganisms inoculation

The microorganisms for inoculation were made up of the
acclimated active sludge and the prepared �-pinene degraders
suspension (volume ratio = 6:1). The active sludge was originated
from a full-scale wastewater treatment plant (Hangzhou, China)
and acclimated by �-pinene as the carbon source to form a sta-
ble microbial consortium for nearly one month. The previously
isolated �-pinene degraders, Pseudomonas veronii PT (Genebank
no.: FJ169494) [29] and Pseudomonas fluorescens ZW (Genebank
no.: GU357489) [30], were large-scale cultured in a 4 L jacketed
tubular reactor controlled by an automatic control system equipped
with a feedback loop (monitoring the DO, temperature and pH).
2.3 mL  pure �-pinene liquid was  added to the mineral medium,
which dispersed in the form of droplet-like (its water solubility
was  2.49 mg  L−1) and was utilized by these strains as the carbon
source. After 48 h culture, the biomass increased from the initial
value of 10.9 mg  L−1 to the final value of 223 mg  L−1. These cells
were harvested by centrifugation at 9000 × g, 4 ◦C for 10 min  and
resuspended in 0.05 mol  L−1 phosphate buffer solution (pH 7.2) to
obtain a final biomass concentration of 510 mg  cell L−1.

The obtained inoculation was  re-circulated through the packed
PU foams using a peristaltic pump at a rate of 100 mL  min−1 for
24 h in order to allow the biomass attaching to the support mate-
rial. During the whole operation, the biofilters were equipped
with a sprayer for feeding a circulating mineral medium at a con-
stant flow rate of 180 mL  min−1, supplying the nutrient for the
microbial growth. 500 mL  of recycled liquid was  replaced with the
fresh mineral medium every 3 d (average liquid residence time
of 9 d).

2.3. Experimental procedure

Both the combined UV-BTF and single BTF were operated for
more than 5 months under the desired operational conditions
which are summarized in Table 1. �-Pinene stream with a relative
humidity of 35–40% was  firstly introduced into the photoreac-
tor. Through photodegradation of 18 s, the remaining �-pinene
together with more soluble and biodegradable intermediates [28]
entered into the subsequent BTF. The expected residence time (18 s)
was  achieved by changing the reactor volumes through the pho-
toreactors in series. Experiments were carried out by varying the
flow rates of streams to obtain different initial concentrations and
total empty bed residence times (EBRT), and the performance com-
parisons were processed by the calculated removal efficiency (RE),
the elimination capacity (EC) and the production of CO2 (PCO2 ).

2.4. Analytical methods

2.4.1. VOC and CO2 analysis

�-Pinene concentration was  analyzed on-line by an Agilent

6890N gas chromatograph (GC) with a flame ionization detector
(FID). The gas samples were collected using a six-way valve with
a gas sampling loop and then transferred into a silica HP-Innowax
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ig. 1. Experimental setup for the combined UV-BTF and the single BTF: (1) air pu
hotoreactor, (7) BTF, (8-1) carrier sampling port, (8-2) gas sampling port, (9) exha

apillary column (30 m × 0.32 mm × 0.5 �m,  J&W Scientific, USA).
he operating conditions of GC were as follows: injector: 250 ◦C,
ven: 140 ◦C for 3.5 min  and detector: 300 ◦C.

The sampling method of CO2 was similar to that of �-pinene, and
he analysis was  conducted on an Agilent 6890 GC equipped with

 thermal conductivity detector (TCD) and a silica HP-Plot-Q cap-
llary column (30 m × 0.32 mm × 20 �m,  J&W Scientific, USA). The
perating conditions were as follows: injector: 90 ◦C, oven: 40 ◦C
or 4 min  and detector: 100 ◦C.

.4.2. Biofilm morphology analysis
Scanning electron microscopy (SEM) was used to visualize the

orphology of biofilms in the biofilters. The samples were gently
ashed with 0.1 M phosphate buffer (pH = 7) and fixed with 2.5%

lutaraldehyde and 1% osmic acid for 12 and 2 h, respectively. The
xed samples were dehydrated by successive passages of 30, 50,
0, 85 and 95% ethanol solutions and absolute ethyl alcohol. The
ehydrated samples were dried with a CO2 Critical Point Dryer,
nd were observed by the scanning electron microscopy (Model
L30 ESEM, Philips Eindhoven, The Netherlands) after their spray-

ng treatments.
.4.3. 16S rRNA gene PCR and denaturing gradient gel
lectrophoresis

DNA was extracted from the biofilms using a Fast DNA SPIN
it for environmental samples (V2.2, Shennengbocai, Shanghai,
2) flow meter, (3) �-pinene sparger, (4) deionized water, (5) mixing chamber, (6)
rt, (10) peristaltic pump, and (11) Nutrient solution.

China) according to the protocol described by the manufacturer.
The primer set 341F (containing a GC clamp CGCCGGGGGC GCGC-
CCCGGGCGGGGCGGGGGCACGGGGGG) and 534R (Escherichia coli
numbering system) described by Muyzer et al. [31] were used to
amplify the V3 region of bacterial 16S rRNA gene sequences. The
polymerase chain reaction (PCR) cycling was performed in a PTC-
200 DNA Engine Thermal Cycle (BioRad, Hercules, CA, USA), and
the denaturing gradient gel electrophoresis (DGGE) was performed
using a D-Code 16 cm × 16 cm acrylamide gel system (BioRad, Her-
cules, CA, USA) according to our previous study [8].

3. Results and discussion

3.1. The comparison of 90-day operation between the 2 systems

3.1.1. Start-up
�-Pinene inlet concentrations together with the RE for every

day at each EBRT are illustrated in Fig. 2. For the single BTF, the
removal of �-pinene increased gradually after 6 d, indicating that
the biofilm began to form. The overall RE reached 90% and was sta-
ble at this level on day 13. When the inlet concentrations increased
to 850 and 1000 mg  m−3 on day 14 and day 21, the nearly stable

RE was achieved around 80% and 66.75% after a short adapta-
tion period, and the maximum ECs were respectively 26.72 and
25.51 g m−3 h−1. When the identical inlet stream was introduced
into the combined UV-BTF, the performance was much better than
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that of the single BTF under the same total EBRTs and the maxi-
mum  EC arrived at 39 g m−3 h−1on day 14. These results indicated
that the combined system performed satisfactorily after a start-up
period of only 16 d, which shortened a third of the one relative to
the single BTF.

In order to demonstrate the biofilm formations in both BTFs,
the packing materials with attached biomass were collected after
25 d and subjected to SEM analysis (figures not shown). Through
the comparison of SEM photos, the apparent microbial colony mor-
phology in the combined UV-BTF was richer than those in the single
BTF. Although the photolysis of air would produce ozone, the previ-
ous study indicated that the O3 content detected in the outlet of the
photoreactor was  below 0.04 mg  m−3 when the residence time was
controlled at 27 s [27], which implied that most produced ozone
reacted with �-pinene. Meanwhile, the circulating spray liquid in
BTF could also absorb the remaining ozone in the stream (its solubil-
ity in water was  1372 mg  L−1 at 1 atm and 0 ◦C, 13 times more than
that of oxygen), further avoiding the inhibition to the subsequent
bacteria.

Some photodegradation intermediates such as aldehydes,
ketones, and volatile fatty acids, which were detected in our previ-
ous study [28], were directly introduced into the subsequent BTF.
The biodegradable components not only accelerated the develop-
ment of the stable microbial consortium but also improved the
mass transfer of the parent compound. Tsang et al. [32] indicated
that the volatile fatty acids were easily biodegraded by microor-
ganisms and the period for biofilm formation was  shorter than that
of hydrophobic and recalcitrant compound (�-pinene, BTEX, etc.).
Mohseni and Allen [33] also reported that the RE for �-pinene was
nearly 100% on day 18 in the presence of gaseous methanol, which
was  much higher than that of the single �-pinene. It was proposed
that the presences of biodegradable compounds would promote
the start-up of the subsequent BTF.

3.1.2. Steady-state
Following the successful start-up, the performance of the sys-

tems was  investigated at different EBRTs (58, 41 and 35 s) and
different inlet concentrations (600–1500 mg m−3), both of which
were known to affect the REs significantly. As shown from Fig. 2
during the stable operation of nearly 2 months, the REs of the sin-
gle BTF were between 25% and 76%, much lower than those of the
combined UV-BTF (57–98%) under the same conditions. At concen-
trations below 650 mg  m−3 and an EBRT of 58 s, 76% of the incoming
�-pinene vapor was  removed by the single BTF. With a higher
inlet concentration and a shorter EBRT applied, the performance
of the single BTF was  worsening. In the later operation, with the
increase of inlet load (IL) to 130 g m−3 h−1 at an inlet concentra-
tion of 1500 mg  m−3 and an EBRT of 41 s, the RE dropped to about
25%. Note that with this increase in �-pinene loading, the perfor-
mance of the combined system initially dropped less and ultimately
recovered better than the single BTF. The comparisons of the perfor-
mance revealed that that the combined UV-BTF was more suitable
for the purification of higher inlet concentration at a short EBRT
from an engineering standpoint.

Since high-concentration VOCs fed into the bioreactor would
inhibit the bacterial growth, the biofiltration was generally
regarded as a suitable treatment for the low-concentration VOCs
removal. Rene et al. [34] and Zilli et al. [35] reported that high-
concentration VOCs would inhibit biological activity strongly, and
thus had a negative effect on the removal performance. In the com-
bined UV-BTF system, high-concentration VOCs could be converted
to relatively low-concentration VOCs by the photodegradation

process, thereby reducing the inhibition to the subsequent microor-
ganisms. Our previous study indicated that UV photodegradation
could remove about 15% of �-pinene at the inlet concentration
varied from 600 mg  m−3 to 1500 mg  m−3 [27]. The introduction of
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ig. 2. Performance of the combined UV-BTF (a) and single BTF (b) during the start-
p  and stable operational periods.

elatively lower �-pinene together with some biodegradable inter-
ediates into the BTF resulted in a better performance, not only

educing the inhibition but also promoting the activity restora-
ion of some microorganisms. Wang et al. [25] indicated that the
V pretreatment could reduce the inhibitory effects to the bac-

erial in the subsequent BF for the removal of high-concentration
horobenzene.

.2. ECs and PCO2 under different ILs

The degree of pollutant degrading capacity for a treatment sys-
em is commonly quantified as a function of pollutant loading by
etermining the EC values. It is evident from Fig. 3 that the relation-
hip between IL and EC was linear until a critical value, after which
he EC approached to a maximum value asymptotically. Though
uctuations were found in the ECs, a relationship between EC and

L was observed in both BTFs. In the single BTF, the maximum ECs
f 37.2, 42.2 and 44 g m−3 h−1 were observed at EBRTs of 51, 41 and
5 s, respectively. From Fig. 3a, it can be seen that 75% RE could
e maintained up to an IL of about 40 g m−3 h−1 at EBRT of 51 s,
hile it dropped to nearly 25% at the EBRT of 35 s under the IL of

50 g m−3 h−1. In the combined UV-BTF, the maximum ECs of 66.1,
4.5 and 94.2 g m−3 h−1 were achieved at the same EBRTs (Fig. 3b). A
early complete RE could be maintained up to an IL of 40 g m−3 h−1

t EBRT of 51 s, while it dropped to 60% with a much higher IL

pplied. Excluding the EC induced by the photodegradation pro-
ess, the ECs of the subsequent BTF increased 31.2%, 20.6% and 15.2%
espectively at each designed EBRT. These results suggested that the
V pretreatment had a positive effect on the subsequent biodegra-
Fig. 3. Elimination capacities and CO2 productions of the combined UV-BTF (a) and
single BTF (b) at different inlet loads.

dation, and the combined removal was higher than the sum of the
removal induced by the single UV plus the single BTF.

In any biological treatment process, some biodegradable VOCs
are easily degraded to carbon dioxide, water and biomass aero-
bically without any second pollution generated [36]. Hence, it is
important to monitor the profile of CO2 in the inlet and outlet
gaseous stream to acquire valuable information on the mineral-
ization extent of the pollutant. It was  observed that there was a
linear relationship between PCO2 and the observed ECs (Fig. 2).
For complete chemical oxidation of �-pinene to CO2 and H2O, the
ratio of CO2 produced to the parent compound removed should
be 3.24 on a mass-basis. The slopes of lines fitted by the exper-
imental results were approximately 1.99 and 2.74 for the single
BTF and the combined UV-BTF (Fig. 3), respectively, indicating that
the two systems could mineralize 61.4% and 84.6% of the incom-
ing �-pinene vapor under all the test conditions. Results from the
comparisons of the EC and PCO2 indicated that UV  pretreatment
contributed more to the conversion of �-pinene, while the sub-
sequent BTF accounted for over 50% of the entire CO2 production
(Table 2). Raymond et al. [37] reported that some simple organic
compounds could be easily mineralized by the microorganisms. Jin
et al. [38] also showed that over 80% of methanol could be min-

eralized by the biofiltration, completely. Therefore, through the
photodegradation, most �-pinene were converted to some simpler
intermediates, which would provide a possibility for their complete
mineralization by the subsequent BTF. The difference between CO2
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Table  2
Contribution percents of each unit to the removal and mineralization.

EBRT(s) Parameters Contribution percents (%)

Combined Sole

UV Downa Upb Down Up

57 EC 47.30 20.01 32.69 68.24 31.76
PCO2 14.88 63.84 21.28 43.28 56.72

41 EC 35.93 27.55 36.52 62.14 37.86
PCO2 10.45 55.52 34.03 45.21 54.79

35 EC  34.68 32.66 32.66 58.34 41.66
PCO2 9.73 51.45 38.82 48.24 51.76

a The down section of the BTF.
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biofilms collected before and after starvation were conducted, and
b The up section of the BTF.

roductions could also provide an evidence that the mineraliza-
ion role was much strong in the UV-BTF than that in the single
TF.

.3. Microbial analysis

Changes in the microbial community structure present were
evealed by 16S rRNA PCR-DGGE of microbial samples taken from
he single BTF and the combined UV-BTF in different operational
hases (Fig. 4). Obviously, both of the microbial community struc-
ures tended to become stable with the operation, and there
ere no significant variations. With the introduction of gaseous
hotodegradation intermediates and �-pinene into the subse-
uent BTF together, the microbial structure tended to become
ifferent from the one in the single BTF. In the combined UV-
TF, it was speculated that several strains, which appeared and
radually became the predominant species with the operation,
ight be the degraders of carbonyl intermediates. Therefore,

he numbers of discriminable bands in Fig. 4 were 27 and 17
espectively for the combined UV-BTF and the single BTF on
ay 90. It seemed that there was more complicated microbial
ommunity in the combined system than that in the single
ne.

To better understand the differences in microorganisms among
amples, some brighter bands were excised and sequenced
Table 3). The most dominant strains in all the bacterial communi-
ies were �-pinene degraders (P. PT and P. ZW,  Band B/C for single
TF and Band M/N  for combined UV-BTF in the DGGE images),
hich were inoculated in the biofilters during the start-up period

nd existed throughout the whole operation. Sequence analysis and
LAST searchers revealed that there were six other bacteria (cor-
esponding to Band F, H, I, J, K and O, respectively), which were
lassified as the members of four different groups, inhabiting only
n the combined UV-BTF. We  found that many of them were closely
elated to the bacteria that had the biodegradability for carbonyl
ompounds (data shown in Table 3) [39–43].  These sequenced
esults indicated that the photodegradation intermediates mainly
onsisting of organic acids (which made the surrounding turning
nto weak acid of pH value at 6.1–6.2) and aldehydes provided
ood conditions for these bacterial growths. The Shannon index
f general diversity H [44] was also calculated to evaluate the
icrobial diversity, and they were 0.79 and 1.39 respectively for

he samples taken from the single BTF and the combined UV-BTF.
wing to microbial diversity and more stable community present

n the subsequent BTF, the photodegradation products and remain-

ng �-pinene could be completely removed by the biofiltration,
hus producing a higher RE and a larger PCO2 observed from this
tudy.
 Materials 192 (2011) 1650– 1658 1655

3.4. Responses of BTF to UV residence time and the non-use
periods

3.4.1. Effect of UV residence time on the performances of the BTF
Our previous study showed that the photodegradation resi-

dence time affected the types and amounts of the intermediates,
and resulted in different biodegradability [28]. The responses of the
subsequent BTF to the various photodegradation reaction times (9,
18 and 45 s) are investigated under the same �-pinene concentra-
tion of 1500 mg  m−3 (Fig. 5a). When a shorter UV residence time
(such as 9 s) was applied, the RE and mineralization rate produced
by photodegradation only were 16% and 11.2%, respectively. Most
intermediates were hydrocarbons, the properties of which were
similar to that of �-pinene, and the performances of the subsequent
BTF were not improved much more. But with the UV residence
time extended to 45 s, about 75% of �-pinene was  removed by the
photodegradation, and the organic acids accounted for a large pro-
portion in the formed intermediates, making the sub-surroundings
of the biofilter more weak acid. Since some �-pinene degraders
grow well in the neutral condition (about pH 7) [29,30],  an acidic
environment would inhibit their bioactivities and thus had a neg-
ative effect on the biological removal performance. In order to
investigate the UV residence times on the microbial community,
changes in microbial community structure of the biofilm samples
on day 90, 95, 104 and 110 were revealed by 16S rRNA PCR-DGGE
(Fig. 5b). Box 1 represented the �-pinene degraders, Box 2 was
the organic acid degraders, and Boxes 3–4 was the carbonyl (alde-
hyde or ketones) degraders. The bands belonging to the carbonyl
and organic acids tended to become faint on day 95, for that some
carbonyl or acid intermediates were not formed under a relative
short photodegradation residence time. With the extended resi-
dence time, these types of intermediates appeared again in the
outlet from the UV reactor, and thus Bands F and H–J gradually
appeared in the DGGE images. With a residence time extended
to 45 s on day 110, the microorganism named as Acidovorax caeni,
which could biodegrade organic acids, gradually became the pre-
dominant strain among the inhabitants, and the intensity of Band
K was  brighter than those of Band F and H–J. These results indi-
cated that the types and amounts of intermediates would have a
significant effect on the microbial evolution.

3.4.2. BTF responses to the non-use periods
Performance of biotrickling filters is usually studied under rela-

tively ideal situations, such as steady-state operation, well-supply
operation, etc. However, operational problems undetected in the
laboratory may  burst out when the pilot- or full-scale biofilters
were operated in industrial settings. Therefore, in this study, both
the single BTF and the combined UV-BTF were operated under the
mimic  practical shutdown from day 111 to 165, in order to compare
their responses and re-acclimations to the starvations (no VOC sup-
ply, no liquid supply and no flows supply). For each BTF, starvation
was  continued for 7 d, after time which the standard operation was
resumed. The effects of starvation are determined by comparing the
REs before and after different operations, and the re-acclimation
profiles are shown in Fig. 6. It could be seen that, for the Starva-
tion I, a relatively high RE for the combined UV-BTF appeared soon
after a re-start of 2 d, which was  shorter than that of the single BTF
(the RE arrived to 26% after 7 d). A probable explanation for the
different responses was  that the biofilm rapidly switched from a
highly active metabolism (growth) to a lower metabolism (endoge-
nous respiration) when the carbon source supply was discontinued
[45]. Determination of the oxygen consumption rate (OUR) by the
their values respectively decreased from 0.89 mg  to 0.34 mg of O2
(mg  of dry cell weight) −1 h−1 and 1.16 to 0.78 mg  of O2 (mg  of dry
cell weight)−1 h−1. Such results indicated the bacterial inhabited in
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Fig. 4. DGGE profiles of the bacterial communities in the combined UV-BTF (a) and single BTF (b) during the whole operation.

Table  3
Nucleotide sequence similarity and the biodegradation characteristics of bacteria.

Band Phylogeny Closest relatives (accession nos.) Similarity (%) Biodegradability by Ref.

Aa Actinobacteria Mycobacterium terrae (M29568) 96 –
B  �-Proteobacteria Pseudomonas veronii (AF064460) 100 �-Pinene [29]
C  �-Proteobacteria Pseudomonas fluorescens (AJ308308) 100 �-Pinene [30]
D �-Proteobacteria Comamonadaceae bacterium (EF018197) 97 –
E  �-Proteobacteria Pseudomonas grimontii(AF268029) 98 –
F �-Proteobacteria Ralstonia pickettii(AY741342) 95 Toluene etc. and metabolites [42,43]
G  �-Proteobacteria Pseudomonas frederiksbergensis(AJ249382) 100 –
H  �-Proteobacteria Sphingomonas paucimobilis (AM237364) 97 Aldehyde [40]
I  �-Proteobacteria Pseudomonas stutzeri(AJ308315) 94 Aldehyde [41]
J  �-Proteobacteria Pseudomonas fragi(AF094733) 100 Aldehyde [41]
K �-Proteobacteria Acidovorax caeni (AM084006) 98 Organic acids [39]
L  Actinobacteria Mycobacterium terrae (M29568) 97 –
M �-Proteobacteria Pseudomonas veronii (AF064460) 98 �-Pinene [29]
N  �-Proteobacteria Pseudomonas fluorescens (AJ308308) 100 �-Pinene [30]

O  �-Proteobacteria Alcaligenes faecalis (D88008) 

a The bands are designated as shown in Fig. 4.

Fig. 5. Effects of UV reaction times on the removal performance
99 Toluene etc. and metabolites [42,43]

s (a) and bacterial communities (b) of the subsequent BTF.
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ig. 6. Re-acclimations after the starvations for the combined UV-BTF (a) and single
TF  (b).

he subsequent BTF went into the endogenous respiration later and
heir activity did not lose much more, owing to the water-soluble
hotodegradation products accumulating previously could serve as
he carbon source when the carbon source did not supply. Although
he specific types of products remaining in the liquid were failed
o be analyzed, the differences of CO2 concentrations in the outlets
etween the single and the combined BTF (−242 mg  m−3) could
lso indirectly explain the above phenomenon. Cox and Deshusses
46] indicated that the re-acclimation of BTF after starvation was
ot a major problem for easily biodegradable pollutants, and the
e-startup period was usually shorter than those for recalcitrant
ompounds. Therefore, the introduction of �-pinene and its pho-
odegradation intermediates in the biofilter would make the lower
ctivities restore soon, and the removal capability increased to the
ormal level after the standard operation. In Starvation II, �-pinene
as introduced in both reactors but no nutrient liquid was sup-
lied. Both of the performances were gradually worsening (the REs
ere respectively 18.74% and 53.17% 7 d after the stop of nutri-

nt supply), but the combined UV-BTF re-acclimated soon after
he nutrient liquid provided again as compared to the single one.

ithout any liquid or carbon supplies in Starvation III, an anaerobic
nvironment would form in the biofilters [47], which affected the
icrobial structure and the subsequent re-acclimation. Although

he performance of combined BTF did not recover to the normal
evel, the RE could be 55%, much higher than that of the single one
below 25%).
Comparison of the different starvation experiments demon-
trated that the presence or the absence of the gas flow or the
iquid recycling did not greatly affect the re-acclimation time for
he combined UV-BTF. Therefore, an important implication of our

[
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results for industrial BTF operation was that the additions of some
biodegradable compounds (e.g., some photodegradation products)
during the non-operation and early re-start phase could shorten the
re-acclimation period, and this method would maintain the biofilm
in an active state [46].

4. Conclusions

This article focused on the comparisons of �-pinene removal by
the single BTF and combined UV-BTF systems. Results showed that
the REs and ECs of the combined system were higher than those of
the single one, especially for the treatment of high-concentration
VOCs (600–1500 mg  m−3). PCR–DGGE analysis provided valuable
information on the effects of photodegradation and correspond-
ing residence time on the microbial structure in the subsequent
BTF. In addition, comparison of the different starvation experi-
ments demonstrated that the combined UV-BTF required a shorter
re-acclimation after non-operation than the single BTF, which was
important for actual application of BTF from an engineering stand-
point. The combined UV-BTF described in this study could provide
a better removal capability for hydrophobic and recalcitrant air
pollutants.
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