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Abstract—Biofiltration was performed for 101 days in a compost-packed biofilter (1.D. 5.0 cmxheight 62 cm) for
the removal of nine volatile organic compounds (benzene, tolumendene,o-xylene, styrene, chloroform, trichloroet-
hylene, isoprene, and dimethyl sulfide). Removal efficiency of the volatile organic compounds (VOCs) was dependent
upon the column temperature, gas flow rate, and incoming concentrations of VOCs. At an empty bed residence time
(EBRT) of 3 min and the incoming gas concentration of 66°guerall removal and efficiency increased up to 92.1
and 86.4% at 2% and 45C, respectively. Upon further increase of the incoming gas concentration to 83fgem
removal efficiency was 93.7% at Z5, but dropped to 73.1% at 5. At incoming gas concentration of 92 ¢ mand
EBRT of 1.5 min, the removal efficiency at Z5(91.6%) was comparable to 32 (95.5%). However, for 1 min of
EBRT removal efficiency was better (86.6%) at'G2as compared to at 25 (73.6%). The maximum removal rates
of VOCs were 3,561, 4,196, and 1,150 ghrhat 25, 32, and 4%, respectively. At an EBRT of 1.5 min and 82
the removal efficiency of individual component was highest for toluene (98.9%-anéne (97.6%), and lowest
for TCE (86.1%) and chloroform (89.4%). Aromatic compounds (benzene, toluene, and xylene) were removed by 97.1-
98.9%. After 101 days of operation profiles of pH and moisture content from the top to the bottom of the column were
7.2-6.3 and 53.8-67.2%, respectively, at@2olumn, and 67% of the incoming VOCs was removed in the first quarter
of the column. After 36 days of operation the cell concentration increased 108-fold from its initial valt@, a@n2b
reached a maximum of 1.08>xlls- (g of dry compost).
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INTRODUCTION formance of the biofilter. Commonly used packing materials are syn-
thetic materials such as ceramics, activated carbon, and polystyrene
Among volatile organic compounds (VOCs) emitted from indus- beads as well as natural materials such as soil, peat, compost, and
trial sites, benzene, chloroform, trichloroethylene, isoprene, tolueneyvood chips [Leson and Winer, 1991]. In the literature were reported
styrene andn-xylene are known to be carcinogenic. They are alsodegradation of VOCs using bicfiltration [Leson and Winer, 1991;
toxic to the liver and the kidneys, and paralyze the central nervéMohseni and Allen, 2000; Ottengraf and Van, 1983] and the use of
system even when exposed to low concentrations [Martin et al.packing materials such as compost [Mattea and Ramsat, 1997], peat
1998]. [Sorial et al., 1997] or a mixture of compost and perlite [Corsi
Removal of these VOCs by physical and chemical methods suchnd Seed, 1995].
as incineration, adsorption and ozonation is expensive and generatesBiofilter performance is affected by environmental factors such
secondary pollutants [Markovska et al., 2001]. On the other handas moisture content, pH, and temperature. Operating parameters
biological methods such as biofiltration are more economical, effecsuch as gas residence time, target compounds, and inlet concentra-
tive, and environmentally friendly processes that can degrade lowions of VOCs are important as well. However, comprehensive stud-
level of VOCs and malodorous gases [Joseph et al., 1999]. In thies considering both environmental factors and operating conditions
early stage of development, biofiltration was mainly used to removeéhave not been well reported in the literature. Also the number of
malodors from livestock and food processing wastes or gases frortarget compounds has been limited in the previous reports.
wastewater treatment plants. Recently, its application has been ex- In this work we studied the effects of column temperature, gas
panded to the removal of VOCs from petrochemical, chemical andesidence time, and inlet concentrations on the removal of nine VOCs
solvent using processes [Corsi and Seed, 1995; Mattea and Rar{benzene, toluenaxxylene,o-xylene, styrene, chloroform, trichlo-
sat, 1997; Sorial et al., 1997]. roethylene, isoprene, and dimethyl sulfide) in a compost-packed bio-
The basic concept of biofiltration is to remove the contaminantsfilter.
in the air by passing them through microbial layers established in a
packed bed. Since microbes are grown on the packing material, a MATERIALS AND METHODS
proper selection of the material is important to maintain a high per-
1. Inoculum and Cell Count
To whom correspondence should be addressed. A sludge (200 g) was taken from the Jangrim river at Pusan,
E-mail: chpark@khu.ac.kr Korea, and mixed with 600 ml of sterilized distilled water by vor-
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= 1 Table 1. Generation of VOC mixtures of different concentrations

4[. = ] : b4 - Feed rate of VOC Airflow rateto VOC concentration
-u- =d Ll:i:i.: = solution to VOC  the mixing tank  in the feed gas
o mixing tank (ml h?) (ml min™) (g m?)
! | 0.3 320 5
' i 15 320 65
] 2.0 320 83
EHES 2.5 640 92

3.0 960 92
A
T —'_ %3
= A each VOC in the VOC reservoir was 200 kg

Variations of pH and moisture content in the column were mini-
mized by supplying buffer solution (0.1 M )D,) to the top of
the column at a rate of 2 mirhrThe moisture content was deter-
mined by drying the compost for 12 hrs at XDHAPHA, 1998].
Initial pH and moisture content of the compost were 7.1 and 61%,
B 1 T respectively. The columns were coiled with tygon tubings to con-
. trol the temperature by circulating water from constant-temperature
:—:L } | i * water baths. One column was operated &C2Broughout the 101
'r':. o [ 1 | days of operation. The other column was operated & #6m
Hn:et::r.n' mmE R day 1 through day 79, and switched t6@GZom day 80. Inlet con-
| | centration of VOCs was increased from 5 to 93%gmfour steps
i Sfirrer ) | (Fig. 2). Gas flow rate was increased in three steps (320, 640, and
; mﬁl — 960 ml min®), and corresponding empty bed residence time (EBRT)
Miing Tark was 3, 1.5 and 1 min, respectively.

Fig. 1. Schematic diagram of the laboratory scale biofilter system 3. Analysis of VOC
9. (not to scale). 9 Y Y The concentrations of VOC at the inlet, outlet and the four sam-

MFC: mass flow controller; sp: sampling port; VOC: volatile pling ports of the column were determined by a gas chromatograph
organic compound (HP 5890 series I, U.S.A.) equipped with flame ionization detec-

MFC

texing for 3 min. After 30 min of settling, 40 ml (viv) of the sup- “émo-
ernatant was taken by a sterilized syringe and inoculated into th &5 so
compost of the column. The number of bacteria was determine:S 60
by the Acridine Orange Direct Count (AODC) method. A forma-
lin-treated (5% v/v) specimen was filtered throughuBr2polycar-
bonate membrane (Nuclepore Co., U.S.A). The membrane was €
amined under a fluorescence microscope (Olympus, BH-2, Japar
after staining by Acridin Orange, and the number of microorgan-
isms was determined by counting 20 to 30 fields in a slide [Hobbie
etal., 1977]. 901
2. Biofilter Design and Experimental Set Up

The bidfilter system consisted of two bicfilter columns, a humid-
ifier, a VOC reservoir, and VOC mixing tanks (Fig. 1). The biofil-
ter column (1,020 cirempty volume) was made of cylindrical glass
column (I1.D. 5.0 cmxL 62 cm), and packed with compost (Kellogg,
Co., U.S.A) up to 52 cm of height. A sieve plate (0.1 mmx0.1 mm) &
was placed at the bottom of the column to hold the compost. Fou g 3°]
sampling ports sealed with rubber septa were located at 13, 26, ¢ 207
and 52 cm from the bottom of the column (spl, sp2, sp3 and sp 10
in Fig. 1, respectively). Membrane-filtered (1 pore size) air 0
was sparged through VOC solution of the VOC mixing tank. The
gas flow rate was maintained by a mass flow controller (Tyran Co., Days of operation
U.S.A). The relationship among the feed rate of VOC solution t0Fig. 2. Removal efficiency and total input VOC concentrations of
VOC mixing tank, gas flow rate, and the resulting concentrations the biofilter at different operation temperatures. EBRT:
of VOC:s in the feed gas is shown in Table 1. The concentration of empty bed residence time.
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tor (FID) and a 50 m-long Ultra-I capillary column (HP). The oven the 45C column. Removal efficiency for the &2 column (95.5%)
temperature was maintained at@®r 3 min and raised to 100 was higher as compared to°€5column (91.6%) at an EBRT of

by 10°C min™. Nitrogen (99.999%) was used as a carrier gas at dl.5 min and inlet VOC concentration of 92 g.ripon further de-
flow rate of 30 ml miit. One hundregll of the sample was injected  crease of EBRT to 1 min at the same inlet VOC concentration, it
by using a 25@I gas-tight syringe (Hamilton, U.S.A.). Retention was clear that removal efficiency at"82(86.6%) was much better
time was used for material identification, and the amount of VOCthan that of 28C (73.6%).

was determined by peak area analysis using HP Chemstation pro- This work showed that gas residence time is one of the impor-
gram [Yoon and Park, 2002]. VOCs used in this study were reagertant operating variables, and optimum EBRT was 3 min for th@ 45
grade (Aldrich Chemical Co., U.S.A.) benzene, toluereylene, column (inlet VOC concentration of 66 g3nand 1.5 min for the
o-xylene, styrene, chloroform, trichloroethylene (TCE), isoprene, 25°C and 32C columns (inlet VOC concentration of 92 ¢)mit

and dimethyl sulfide. Removal efficiencies of VOC were calcu- is presumed that this decrease of removal efficiencies for a shorter

lated as follows. EBRT was due to limited microbial activity on the VOCs. An in-
B crease in VOC concentration is also known to decrease the re-
Removal efficiency o —Couy 100% moval efficiency [Wiggins and Alexander, 1988; Kim et al., 2002].
Ci,
3.VOC Removal Rate
Where, G=incoming gas concentration, £outgoing gas concen- VOC removal rate per unit time and the unit volume of the bio-
tration. filter was calculated from the difference between the inlet VOC con-
centration and outlet VOC concentration, residence time and bio-
RESULTS AND DISCUSSION filter volume (Fig. 3). At all three temperatures VOC removal rate in-
creased along with VOC input rate. However, linear relationship held
1. Overall Biofilter Performance up to 1,251 g m h* at 45°C, and removal efficiency was 86.4%.

Biofiltration was performed for 101 days using variables such Removal efficiency decreased to 73.1% at the input rate of 1,571 g
as gas residence time, inlet VOC concentration, and column temm™ h™*. At 25°C and 32C the removal rate was proportional to
peratures (Fig. 2). During the 32 day initial period, removal effi- the input rate up to 3,486 ghin* and removal efficiencies were
ciencies of VOCs for the 26 and 45C columns steadily increased 91.6% and 95.5%, respectively. Removal efficiencies decreased to
up to 85.0% and 82.0%, respectively, when the inlet concentratior73.6% and 86.6%, respectively, at VOC input rate of 4,850 g'in
of VOCs was increased from 5 to 30 & at an EBRT of 3 min. VOC removal rate increased in proportion to VOC input rate prob-
When inlet concentration of VOCs was raised to 66°grom 35" ably because a higher VOC input rate increased the transfer of VOCs
day, removal efficiency of the 26 column (92.1%) was better as to the biofilm. However, when VOC input rate was higher than the
compared to the 48 column (86.4%). At a higher inlet VOC con-  critical value for each temperature, the removal rate could not reach
centration of 83 g Mremoval efficiency of the 4& column dropp-  the value predicted by a linear relationship. This result indicates
ed to 73.1%, while the 2& column maintained high removal ef- that the biofilter had a limited VOC removal capacity specific at
ficiency (93.7%). This indicates that @5 can possibly be used as each temperature. The maximum removal rate was 3,561, 4,196,
an operating temperature if the feed VOC concentration is below
66 g nT°.

From this point the temperature of thé@xolumn was switched 5000 O 25°
to 32°C. When VOC input rate was increased further on tfie 84 O 32°C
day (inlet VOC concentration of 92 ghand EBRT of 1.5 min), V 45°C
VOC removal efficiency of the 3Z column (95.5%) was better
as compared to the 25 column (91.6%). Upon further decrease —~
in EBRT to 1 min at the same inlet VOC concentration, VOC re-
moval efficiency for the 3ZC column (86.6%) was better as com-
pared to 25C column (73.6%).

We showed that VOC removal efficiency was best &3and
lower at 45C as compared to 26 and 32C. This result was sim-
ilar to the literature reports that the temperature range for good mi
crobial activity was 20 to 4C [Leson and Winer, 1991; Yoon and
Park, 2002], and that the optimum temperature was 30%0, 35
and near 3@C for aromatic compounds (benzene, toluene, ethyl-
benzene, and-xylene) supplied at 52 and 143 g**, respec-
tively [Lu et al., 1999].
2.EBRT and Inlet VOC Concentration

VOC removal rates were compared when EBRT was shortene: 0
stepwise from 3 min to 1.5 min and to 1 min, and when inlet VOC
concentration was increased from 83¢tm92 g . At an EBRT Total VOC input rate (g m™*h")

of 3min and inlet VOC concentration of 83 g°'OC removal  Fig. 3. Dependence of the VOC removal rate on the VOC input
efficiency was 93.7% for the 26 column as compared to 73.1% for rate.
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and 1,150g M h* at 25, 32 and 4%, respectively. The removal  Table 2. Profiles of pH and moisture content in the columns

rate at 32C was 4,196 g mh™ at 1.5 min of EBRT and 92 gn Height Moisture content
of VOC input concentration, which was one order of magnitude =~ Days _Of (wt %) pH
larger than the literature values [Jorio et al., 2000; Zill et al., 2000]. operation— . . . . .
The maximum removal rate in this study was 4,196'dviawhich bottom (cm) 25°C 32°C 45°C  25°C 32°C 45°C
was 17 times higher as compared to the toluene removal rate (242g 13 40 633 na 655 71 na 69
m h™) reported in the literature [Zilli et al., 2000]. Higher removal 80 633 na 663 6.7 na 65
rate of our study can be explained if we compare the VOC inlet load 101 626 672 n.a. 6.5 6.3 na
and residence time. The inlet load of our study (92% was 23 26 40 601 na 614 69 na 7.0
times higher as compared to the literature value (¥y EBRT 80 622 na 633 6.8 na 6.7
of our study (1 min) was longer than the literature value (28 sec). 101 618 642 n.a. 6.9 65 na
Since our biofilter removed more than 90% of the incoming VOC, 39 40 563 na 574 70 na 7.1
we can see that 17 times higher removal rate was obtainable. 80 582 na 547 70 na 68
4. Removal Efficiencies of Individual VOC Component 101 575 553 na 70 6.6 na.
A mixture of aromatic and chlorinated compounds could be re- 5o 40 553 na 555 7.1 na 7.0
movgd simultaneously. The removal efficiency of the a'romatic and 80 532 na 534 70 na 6.9
chlorinated compounds was 97.5% and 87.7%, respectivel§Gt 32 101 521 538 na. 72 67 na

Removal efficiency of each VOC was compared &C2&nd 32C

at the inlet VOC concentration of 92 g*mand the EBRT of 1.5
min (Fig. 4). Inlet concentration of each component in the VOC
mixture was as follows (g M benzene 4.5, toluene IBxylene cies of TCE and chloroform were low. These results were the same
15, 0-xylene 15, styrene 15, chloroform 7.5, TCE 10, isoprene 4.5as that of Todd et al. [1996] stating that aromatic compounds were
and DMS 5. For the 2& column, removal efficiency was the lowest degraded better as compared to chlorinated hydrocarbons. VOC
(77.5%) for TCE, and highest farxylene (97.6%) and isoprene degradation speed is known to be dependent upon chemical char-
(97.1%). Aromatic compounds (benzene, toluene, and xylene) weracteristics, cometabolism [Alexander, 1994; Cox et al., 1998], bio-
removed by 92.0 to 97.6%. For the’@2Zcolumn, removal efficien-  availability of the compounds [Rasiah, 1992], and interaction of the
cies increased especially for chloroform (89.4%) and DMS (90.1%)substrates [Alvarez and Vogel, 1991]. In our work VOC degrada-
Removal efficiencies of aromatic compounds also increased to 97.1%on tendency was similar to the literature reports [Wiggins and Al-
for benzene, 98.9% for toluene, 97.6%rfexylene, 95.9% foo- exander, 1988; Cox et al., 1998] even though the number of target
xylene, and 96.2% for styrene. Higher removal efficiencyrfor ~ compounds was larger.

Xylene as compared tBxylene was consistent with the report of 5. Moisture Content and pH in the Column

Jorio [2000] on xylene isomers. Our result at@%or benzene, Initial moisture content of the compost was 61% throughout the
toluene,mxylene was equal to that of Barker et al. [1987]. How- column. After 40 days of operation moisture content went up to
ever, at 32C toluene showed the highest removal efficiency like 63.3% at the bottom (spl) and decreased to 55.3% at the top (sp4)
the reports of Corsi and Seed [1995] and Lu et al. [1999]. for the 25°C column (Table 2). After 101 days of operation water

In general, in our work the removal efficiencies were excellentcontent at the top and the bottom was changed to 52.1 and 62.6%
for toluenemxylene, and isoprene. However, the removal efficien- for the 25°C column and 53.8 and 67.2% for the’GZcolumn,
respectively. Even though the moisture content of tHE 3l-
umn was relatively high (67.2%) after 101 days of operation, this
value was within the optimum level (50-70%) reported in the litera-
ture [Ottengraf and Van, 1983].

pH was initially 7.1, but changed to 7.2 at the top (sp4) and 6.5
at the bottom (spl) after 101 days in thé@2solumn (Table 2).
pH was also high at the top and low at the bottom for the 8al-
umn after 101 days and for 45 column after 80 days. pH dif-
ference between the top and the bottom was 0.4. For all the experi-
mental conditions pH was 6.3 to 7.2, which was within the opti-
mum pH (6-8) reported in the literature [Cox et al., 1993; Joseph
etal., 1999; Oh et al., 1998].

Literature reported that it was important to maintain proper mois-
ture content in the biofilter because low moisture content decreased
microbial activity and VOC removal rate, and too much moisture
content caused pressure loss, anaerobic environment, and a decrease

Input VOC concentration (g m*) in contact area between the VOCs and the packing material [Cox

Fig. 4. Removal efficiency of individual VOC component at the in- €t &, 1993]. In this work moisture content could be maintained at
let VOC concentration of 92 g/m. Symbols: 25C ([1), 32 a proper level by simply supplying the buffer solution for pH con-

°C (). trol. However, moisture content was higher at the lower part of the

n.a. means not available.
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Fig. 5. Profiles of residual VOC (%) along the compost columns  Fig. 6. Changes of the cell number in the compost columns.
after 27 and 91 days of operation. Symbols: 28, 27th day
(@); 25°C, 91st day (O); 32°C, 91st day ().

umns. When the inlet VOC concentration was 66%fior exam-

ple, on the 36th day), the number of microorganism in tH€ 25
column because of the gravitational force. Therefore, it is presumedolumn was 13.8 times larger as compared to the 46lumn. At
that at the bottom part of the column microbial growth was morethe inlet VOC concentration of 83 ghifor example on the 70th
active, more acids were produced, and subsequently pH was loweday) the number of microorganisms at the two temperatures was
6. Concentration Profiles of VOCs in the Column similar. However, VOC removal efficiency increased from 92.1%

VOC concentration profile in the 26 column was relatively  to 93.7% for the 28C column, whereas the efficiency decreased

linear along the column on the"a¥ay (EBRT 3 min). Twenty nine  from 86.4% to 73.1% for the 46 column. This was possibly due
percent of VOC was removed in the first quarter of the column (040 higher substrate inhibition at 45 or a decrease in cell viability
13 cm), and the residual VOC concentrations were 50, 35, and 19%pon extended exposure to°€5
at 26, 39, and 52 cm, respectively (Fig. 5). VOC concentration pro-
files along the column supported the notion that microbial growth CONCLUSION
was more active at the bottom part of the column. On thde§1
the removal rate increased regardless of the location in the column, The biofilter performance was best af@G2and VOC removal
but VOC concentration profiles were exponentially decreasing berate (4, 196 g M h™*) was one order of magnitude larger than the
cause VOC removal at the inlet portion (0-13 cm) increased to 63%iterature values.
in the 25°C column and 67% in the 32 column. This increase Our work also showed that aromatic and chlorinated compounds
of VOC removal efficiency in the first section was probably due to in a VOC mixture could be removed simultaneously at 97.5% and
enhanced microbial growth at higher moisture content. ResiduaB87.7%, respectively.
VOC at 26, 39 and 52 cm locations were 29, 20 and 9%, respec- Comparing the four sections of the column, VOC removal was
tively, for the 25C column, and 25, 15, and 3%, respectively, for most active at the bottom part of the column presumably because
the 32°C column Our results were similar to the reports on VOC higher moisture content and higher VOC concentration promoted
profiles in the literature [Zill and Converti, 2000; Cox et al., 1998; microbial activity. Accordingly, the pH was lowest at the bottom

Ergas et al., 1994]. part of the column.
7. Changes in Cell Counts
Initially, the number of microorganisms in the’@scolumn (7.32 ACKNOWLEDGEMENT
x10' cells/g-dry compost) and in the %5 column (6.83x1(zells/
g-dry compost) were similar. On the"28ay the cell number in- This work was supported by Korea Research Foundation (KRF-

creased by 108 times (7.94%t6lls/g-dry compost) for the 26 99-005-E00024).

column, and 66 times (4.53>1lls/g-dry compost) for the 46

column. After 36 days of operation cell number reached a maxi- REFERENCES
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