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Abgtract—The transent behavior of ahybrid system composed of biofilter and photo-catalytic reactor was observed at
the height of each sampling port to treat waste-air containing ethanol. The biofilter packed with mixed media (of
granular activated carbon and compost) was inoculated with a pure culture of Burkholderia cepacia G4 and Pseudomo-
nas putida, while a photo-catalytic reactor was composed of 15W UV-A lamps and annular pyrex tubes packed with
glass beads coated with sol type of TiO, before calcination. The maximum elimination capacities of toluene and ethanol
turned out to be 130 g/m*h and 230 g/m*h, respectively, which were greater by 40 g/m*h and 130 g/m®/h, respectively,
than those from the experiments performed with a biofilter only. Thus, the maximum elimination capacities for toluene
and ethanol increased by 44% and 130%, respectively, by use of a hybrid system. The photo-catalytic process con-
tributed to the maximum eimination capacities of hybrid system on toluene and ethanol by 30.8% and 56.5%, respec-
tively, which contributions for the elimination capacities on toluene and ethanol were alocated indirectly by 25.4%
and 44.3% as well as directly by 5.4% and 12.2%, respectively. Direct contributions of photo-catalytic process were
17.5% and 21.5% to the increments of the eimination capacities on toluene and ethanol, respectively, while its indirect
contributions were 82.5% and 78.5% to those on toluene and ethanol, respectively.
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INTRODUCTION

Biologicd processes have increasingly been used to control unde-
srable compounds in different kinds of wastes. Among these pro-
cesses, hidfiltration has emerged as a promising air pollution con-
trol technology. Bidfiltersexcd in two main domains in the removd
of odoriferous compounds [Hiral et al., 1990; Eckhart, 1987; Lee
et d., 2000; Idander et d., 1990; Oyarzun et d., 2003; Cho et d.,
2000; Wani et d., 1998; Chung & d., 19963, b, 2001] and in the
dimingtion of volatile organic compounds [Ottengraf, 1986; Deshus:
s et d., 1995; Deshusses and Dunn, 1994; Deshusses and Ham-
mer, 1993; Lim and Leg, 2003; Buchner, 1989; Leson and Winer,
1991; Sorid et d., 1995; Leson and Smith, 1997; Swanson and Lodhr,
1997, Ottengraf and van den Oever, 1983; Zarook and Bdtzis, 1994;
Mohseni and Allen, 2000; Tang et d., 1995; Jorio et d., 1998; Hodge
and Devinny, 1994, 1995; Shim &t d., 1995; Arulneyam and Swa
minathan, 2000; Auria et d., 1998; Chridine et d., 2002; Lim and
Park, 2004, 2005], primarily solvents from wadte ar. It has been
known that the performance of bidfilter tregting waste-air contain-
ing VOCs depends on their solubility in the bio-layer of abidfilter
[Ottengraf and van den Oever, 1983; Zarook and Bdtzis 1994]. It
was reported that removd efficdency of hydrophobic VOC (o-pinene)
dropped more sgnificantly up to 74% as the concentration of hy-
drophilic VOC (methanal) increasad for the Smultaneous bidfilter-
trestment of hydrophobic VOC (o~pinene) and hydrophilic VOC
(methanal) than that for the sole trestment of hydrophobic VOC

"To whom correspondence should be addressed.
E-mail: khlim@daegu.ac.kr

70

(c-pinene) of 91.2% [Mohseni and Allen, 2000]. Thus utilization
of abidfilter has been limited in case that 1) vapors of hydrophobic
VOC and hydrophilic VOC are trested Smultaneoudy, 2) the opti-
mum operating conditions of cultures of different microorganisms
inoculated on packing media of hidfilter are quite different from
esch other, or 3) air-palluting VOC of target is very toxic to micro-
organisms or is recdcitrant and non-biodegradableUnlike ozone
trestment AOP (Advanced Oxidation Process) reportedly facilitetes
bio-trestment by the way that it degrades non-biodegradable solu-
ble organic compoundsinto small BDOC (biologically degradable
organic compounds) by generating OH radicds[Fehmi e d., 2002,
Scheck and Fimmd, 1995]. Sincethe bidfilter isareactor in which
ahumid polluted air-stream is passed through a porous packed bed
on which pollutant-degrading microbid cultures are naturdly immo-
bilized asliquid-bio-layer and dissolve soluble organic compounds,
AOP may be gpplied to treet polluted wagte-air S0 asto convert norn-
biodegradable organic compounds into BDOC or to convert bio-
degradable organic compounds into more biodegradable ones and
to enhance the removd efficiency and eimination capecity of tra-
ditiond bicfilter.

The photo-catdytic process is a very popular one of AOP, and
its photo-catalys means the catalys that acoderates photo reaction
by oxidation and reduction of organic and inorganic materidsto be
removed. Thus it provides other paths of reaction mechanism than
photo-reaction does in order to accderate the rate of reection. Ina
photo-cataytic reaction the surface of the catdyst can be activated
and oxidation occurs by pasitively-charged holes, as eectron accep-
tors, generated by exiting an dectron, only if energy higher than
band-gap energy is provided. In addition, the pogtively-charged hole
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reacts with water molecules or OH' to generate strong oxidant OH
radicds. Titanium dioxide (TiO,) has been used as photo-catayst
that can be activated by externd energy higher than band-gap energy
in order to generate the hole and exited eectrons for oxidative and
reductive reections, repectively. As the source of externd energy,
UV-light isbroadly used in the study of photo-cataytic processes.

In order to perform experiments for the Smultaneous trestment
of hydrophobic and hydrophilic VOCs, toluene and ethandl are de-
sgnated as hydrophobic and hydrophilic VOCs, repectively, since
they have been emitted very frequently from variousindustries and
their emisson has been under regulatory control. As previous inves-
tigetions comparable to thiswork, Lim and Park [2004] performed
experimentsto observe the trandent behavior of abidfilter, tregting
wadte-air containing ethanol, packed with mixed media (of granu-
lar activated carbon and compost) inoculated with Pseudomonas
putida (KCTC 1768) for five stages of biofilter-run &t the height of
each sampling port of bidfilter. Later, Lim and Park [2005] investi-
gated the trangent behavior of the bidfilter in the smilar manner to
the previouswork of Lim and Park [2004] for the Smultaneous treat-
ment of both hydrophobic VOC and hydrophilic VOC from waste-
ar. They investigated toluene and ethanol as hydrophobic VOC and
hydrophilic VOC, respectively, in the same manner asin thiswork.
In this present work the authors chose a photo-cataytic reactor (as
AOP) combined with a bidfilter to form a hybrid sysem. The tran-
sSent behavior of the hybrid sysemis observed for the Smultaneous
trestment of both toluene and ethanol from wadgte-air, which has
never been reported o far, and is compared to that of the previous
works [Lim and Park, 2004, 2005] for the evaluaion of the per-
formance of this hybrid system.

MATERIALSAND METHOD

1. Design of Hybrid Sysem Composed of Bidfilter and Photo-
catalytic Reactor

An experiment to treat waste-air containing hydrophobic tolu-
ene and hydrophilic ethanol was performed to observe the tran-
dent behavior of a hybrid sysem composed of a photo-cataytic
reactor and a bidfilter. The photo-catalytic reector was annular type
of 8cm (outer radius of annular region)x4 cm (inner radius of an-
nular region)x47 cm (length) pyrex tubes and 1I5W UV-A lamp
(437 mm (length)x28 mm (¢)) was inserted into inner pyrex tube.
Glass beads (¢=10 mm) were packed in the annular region of pyrex
tubes. The wadte-air contacting surfaces of the annular region of
the pyrex tube and packed glass beads were tregted by dip-coating
with sol type of photo-cadys (TiO,) purchased from Nano-pec,
weredried for 10 minutes a ambient temperature and were cacinated
a 450°C for more than 30 minutesin afurnace (Dong-ll Eng.). The
processes of dip-coating and calcination were repested three times.

The bidfilter reactor was manufactured in a way that feed ges
entered from the top of the bicfilter composed of two acryl tubes
(diameter: 5om, length: 25 cm) connected in series. Upper and lower
reactor tubes were packed up to 18 cm and 20 cm from their bot-
tom with media, respectively, so thet totd effective height of bio-
filter was adjusted to 38 cm. Among four sampling ports of the bio-
filter, the 1t one, 2nd one and 3rd one were postioned a 10cm
below top surface of the upper media, 2 cm below top surface of
the lower media and 12 cm beow top surface of the lower media,

repectively. The fourth one was postioned & the exit of the bio-
filter. Therefore, theratios of effective height to totd were 0.26, 0.53,
0.79 and 1.0 for the 1 one, 2nd one, 3rd one and 4th one, respec-
tively. In the bidfilter, a mixture of equd volume of granular acti-
vated carbon and compogt with the average radius of 3mm and 0.6
mm), repectively, was usad as the packing media of bidfilter. Gran-
ular activated carbon chosen as supporting materid of the packing
media has shortcomings of frequent channeling and short circuit-
ing with increased pressure drop resulting from micrasoma growth,
while it has the advantage of high buffer capacity againg sudden
shock loading owing to high adsorption capacity. Nutrition neces-
say for the growth of microorganism was provided by organic pack-
ing media, i.e, compos. In addition, buffer solution was intermit-
tently provided from the top of the bidfilter in order to maintain the
optimum pH and moisture condition.

Air provided by ablower (Young Nam Yasunnaga, outlet pres-
sure=0.12 kgi/cn?, maximum flow rate=43 L/min) passed through
as=iesof three humidifier columns maintained at 40-50 °C by ther-
modat (Jal Science, JPW B2) and itsrelative humidity was main-
tained a 95-99%. Varioudy adjusted amount of ethanol was con-
tinuoudy injected by syringe pump (KD Sdentific, Modd: KDS200)
into a heated conduit of 140 °C through which humidified air passed.
Wedte-air containing ethanol of varioudy designed concentration
was atificialy manufactured in this way and was provided to the
top of the bidfilter. Tygon tube was usad to convey purear and viton
tube was used to trangport manufactured wadte-air containing etha:
nol asfeed gasto the bidfilter. Temperature of biofilter column was
maintained near 30 °C by hegting band and temperature controller
and swagd ok fitting was used for dl fittings. A schemetic diagram
of the bidfilter processisshown in Fg. 1.

2. Microorganism, Mixed-inoculum Preparation, Bacteria
Count

Burkholderia cepacia G4 from Inje University was incubated
according to the procedure as follows. The solutions, as shown in
Table 1, were mixed in such afixed proportion as [sdt stock solu-
tion (100 ml)+CaCl,-2H,0 (20 ml)+MgSO,-7H,0 (10 ml)+gerilized
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Fig. 1. Schematic diagram of hybrid system.
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Table 1. Compositions of buffer and mineral solution.

Salt stock solution Mineral solution
Na,HPO, 70 g/L CaCl,-2H,0 15¢gL
KH,PO, 30g/L MgSO,-7H,0 246 g/L
NaCl 50 g/L
NH,CI 10g/L

ditilled water (880 ml)] to make 1 liter of the buffer and minerd
medium. Then 22 uL (5Mm) of phenol wes added. Smdl quartity
of the medium was poured and agar was added to attach solid-me-
dium on the surface of petri-dish where Burkholderia cepacia G4
was smeared. Microorganism on the petri-dish was taken by loop
transfer needles, was dropped into a prepared medium in a flask
was incubated under the condiition of 30°C and 200 rpm et by shak-
ing incubator. Pseudomonas putida (KCTC 1768) was a0 incu-
beted in the following way. Eight grams of nutrient broth pur-
chasad from Merck was dissolved in deminerdized water of pH 7
and Serilized a 121 °C for 15 minutes by autodave to meke liquid-
medium. The procedure to incubate Psedomonas putida (KCTC
1768) was the same as that of Burkholderia cepacia G4 except for
the incubation temperature of 26 °C. Mixed culture of Psedomonas
cepada G4 and Pseudononas putida (KCTC 1768) was inoculated,
when the absorbance of each medium representing optica density
meesured in every 3 hr at the wave length of 600 nm by UV-spec-
trometer exceeded 0.8, on the packing media of bidfilter by recy-
cling the mixture of bath incubated microorganiams with the mixed
medium into bidfilter & therate of 0.4 mi/min for 48 hrs.

Microbia count fixed on packing media was determined in the
following way. One gram of packing mediawas vortexed with 5 ml
of gerilized deminerdized water and it was ground in 5% peraform-
adehyde solution for 48 hrs. The ground sample was 10 times dil uted
and wasfiltered with polycarbonate membranefilter (pore Sze=0.2
um, 6=25mm) by 1 ml & atime and thefilter was dried. The dried
filter was placed on dide glass and was sained by 10ul of DAPI
(4'-6-diamidino-2-phenylindole, 0.33 mg/ml) for 1 hr in dark box.
After the sained filter waswashed and was dried, each drop of fluoro-
guard-antifade-reagent was dropped on each sde of the gained filter.
It was covered with cover glasses and was observed by fluorescence
microscope (Axiolab, Xeiss, Germany) UV filter (G365, LP395,
FT420). The totd bacterid number (TBN) wes cdculaed by the
formulaasbeow:

. _AXF;

TBN (total bacterial number) “E<F,
A, : average cdl number infied
F, :filter aea
F, :fiddaea
F; : filter samplevolume

2. Analytical Methods

Concentrations of ethanol were measured in the following way
a the pogtions of feed and four sampling ports A gas chromato-
graph (Shimazu, GC-17AAFw Ver.3) equipped with flame ioniza:
tion detector (FID) and SUPELCO WAX™-10 fused silica capillary
column (30 mx0.53 mmx2.0 m) was cdibrated with Sandard gas
(24.8 ppmv of toluene and 515 ppmv of ethanal) purchased from
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RIGAS. After eech 100 uL of trested ges wastaken by 250 L gas
tight-syringe (Hamilton, USA) from feed or each sampling port, it
was injected through the injector. Then concentrations of toluene
and ethanol were caculated a the pegk of its retention time. Nitro-
gen (99.999%) was used &s carrier gas and itsflow rate was 4 mi/
min. Operating temperatures of injector, oven (column) and detec-
tor were 200 °C, 90 °C and 250 °C, respectively.
3. pH, Density, Moisture

The optimum control of pH and moisture of the packing media
in the bidfilter reactor is definitdly necessary for adequate operation
of bidfilter. Buffer solution was intermittently supplied at the rate
of 0.4ml/min by perigdtic pump (Masflex) to maintain the opti-
mum pH of packing media Each twenty gram of media sample
was taken from each sampling port to place in vacuum dry oven
(Sam Heung) for 24 hrs a 150°C and to measure dried weight of
the sample. The moisture content of the media was caculated by
the difference of its weight between before and &fter drying. Den-
Sty of the mediawas measured on the basis of equa volume mix-
ture of granular activated carbon (25 ml) and compost (25 ml).
4. Biofilter Experiment
4-1. Process Condition

For 4 days (8 times) of bidfilter operation (i.e,, 1s stage of oper-
ation) air was supplied at the rate of 0.25L/min and toluene and
ethanol wereinjected by two syringe pumps (KD Scientific, Modd!:
KDS200) into air passing through preheated conduit &t the rete of
0.29 uL/min and 0.83 uL/min, respectively. Theoreticd toluene and
ethanol concentrations of manufactured wadte-air were 278 ppmv
and 1,450 ppmv, respectively, assuming it was ided gas At 2nd
gtage of bidfilter operation (9-26 times) the same toluene and ethar
nol concentrations were maintained as that of 1g sage of opera
tion. However, ar supply rate and the injection rate of toluene and
ethanol were increased by factor of two to be 0.5 L/min, 0.58 uL/
min and 1.67 pL/min, respectively so that the inlet loads of toluene
and ethanol were doubled. During 3rd dage (27 times-42 times)
ar-supply rate was kept the same as 0.5 L/min and ethanal injec-
tion rate was increased, by factor of 1.5, up to 2.5 uL/min, while
toluene injection rate was the same as thet of the 2nd stage. There-
fore, the theoretica ethanol concentration was increased by afactor
of 1.5 to be 2,180 ppmv in the same way asinlet load was, while
the theoretica toluene concentration remained the same. At the 4th
sege of operation (43 tims-58 times) toluene injection rate wasin-
creasd by afactor of two up to 1.16 uL/min with the same air-sup-
ply rate S0 that the theoretical toluene concentration was doubled
to be 556 ppmv, while process conditions on ethanol maintained
the same as those of the 3rd stage of operation. At the 5th Sage of
operation (59 times-77 times) the injection rate of toluene and etha
nol and air supply rate were increased by factor of two to be 2.32
pL/min, 5ul/min and 1 L/min, respectively. Therefore, the con-
centretion of toluene and ethanol remained the same as thet of the
4th gage of operation to be 556 ppmv and 2,180 ppmv, respectively.
However, the inlet loads of toluene and ethanol were increased by
a factor of two. The operating conditions on toluene and ethanol
and temperature schedule of bidfilter are shown in Table 2, Table3
and Fg. 2 where the temperature was maintained neer 30 °C, respec-
tivey.
4-2. Buffer Solution

10 ml of buffer and minerd solution was provided intermittently
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Table 2. Theoretical values of operating condition on toluene from each stage of hybrid system-run
Stage (times)
1st stage (1-8) 2nd stage (9-26) 3rd stage (27-42)  4th stage (43-58) 5th stage (59-77)
Theoretica value
m (ul/min) 0.29 0.58 0.58 116 232
Q (L/min) 0.25 05 05 05 10
Cy (ppm) 278 278 278 556 556
Cyp (@/m?) 1 1 1 2 2
7 (min) 2.98 1.49 149 1.49 0.75
Inlet load (g/m¥h) 20.13 40.27 40.27 80.54 160
¥ m: toluene injection rate at a syringe pump
Q: air flow rate
C,,. feed concentration
7. EBCT (effective height: 0.38 m)
Table 3. Theoretical values of operating condition on ethanol from each stage of hybrid system-run
Stage (times)
1st stage (1-8) 2nd stage (9-26) 3rd stage (27-42) 4th stage (43-58) 5th stage (59-77)
Theoretica value
m (ul/min) 0.83 167 25 5.0
Q (L/min) 0.25 05 05 05 1.0
Cy (Ppm) 1,450 1,450 2,180 2,180 2,180
Cy (g/md) 262 2.62 3.93 3.93 3.93
7 (min) 2.98 149 149 149 0.75
Inlet load (g/m¥h) 52.75 105.50 158.26 158.26 316.51
¥ m: ethanol injection rate at a syringe pump
Q: air flow rate
C,,. feed concentration
7. EBCT (effective height: 0.38 m)
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Fig. 2. Temperature schedulefor the operation of hybrid sysem.

a the rate of 0.4 ml/min to the bidfilter during its operation by peri-
ddtic pump (Maderflex). Microbes were from time to time pro-
vided to the bidfilter when the activity of microbes attached to media
turned out to be decreased, which may be measured with the con-
centration of carbon dioxide.
5. Experiment of photo-catalytic reactor

Wadte-ar containing ethanol was trested by photo-catdytic reac-
tor, shown asadotted linein FHg. 1, isolated from bidfilter by manipu-
lating on-off valves. The same operating condition was applied as
shown in Table2. At each stage of photo-cataytic reactor run, the
ethanol-removal efficiency of photo-catdytic reector was measured

1 1 21 3 H 51 61 Kl
Times

Fig. 3. Feeding schedule of buffer solution to a biofilter.

after adsorption on the wagte-ar-contacting surfaces of annular region
of pyrex tube and packed glass beads coated with TiO,, reached
equilibrium due to saturating the waste-air-contacting surfaces by
letting waste-air pass through photo-cataytic reactor for more than
30 minutes, 0 that only a photo-catalytic process may be consd-
ered neglecting the effect of adsorption. Relative humidity of feed-
ing wagte-air to photo-catdytic reector was maintained at more then
95%, which isthe same humidity condition asthet of the bidfilter.

RESULTS AND DISCUSS ON
Korean J. Chem. Eng.(Val. 22, No. 1)



74 K.-H.Limetd.

1. Time Evolutions of Toluene Concentrations at Four Sam-
pling Ports

The trandent behavior of toluene concentrations meesured & the
position of feed inlet and four sampling ports of hybrid sysem com-
posed of the photo-catadytic reactor and the bidfilter is shown asin
Fg. 4, when the bidfilter where the mixed culture of Burkholderia
cepacia G4 and Psaudomonas putida was inoculated, was run neer
30°C under various operating conditions as shown in Tables 2 and
3for 39 days (totd 77 times with measuring frequency of two times
per day). The concentrations of toluene measured a the position of
fead inlet and 1t sampling port, and 2nd, 3rd and 4th sampling port
(exit) are shown asin Figs. 5 and 6, respectively. Time-evolutions

Toluene
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Fig. 4. Various toluene concentrations of hybrid system at each
sampling port ver sus experimental times.
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Fig. 5. Varioustoluene concentr ations of hybrid sysem at feed inlet
and 1st sampling port
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Fig. 6. Varioustoluene concentrationsof hybrid sysem at 2nd, 3rd
and exit sampling ports.
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Fig. 7a. Removal eficiency, inlet and exit concentrations of hybrid
system versustimes.
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Fig. 7b. Removal eficiency, inlet and exit concentrations of bio-
filter sysem without photo-catalytic reactor versustimes
[Lim and Park, 2005].

of theremova efficiency and the dimination capecity of the hybrid
system with the inlet load on toluene are shown as in Figs. 7aand
8, repectively, while time evolution of its removad efficiency of
the bidfilter system without photo-cataytic reactor from the work
of Lim and Park [2005] isshown asin Fig. 7b.

During 4 days (8 times) dter Sart-up of the hybrid system, the
trandent behavior of al bregkthrough curves except for the 1<t sam-
pling port showed that toluene was continuoudy adsorbed on the
media and adsorption of ethanol was under way since the theoreti-
cd inlet load of the 1t Sage operation was the lowest of 20.13 ¢/
m*/h. At the 2nd stage of hybrid sysem-run (9 times-26 times), both
rates of toluene injection and air supply were increased by a factor
of two that toluene concentration remained same. In Spite of reduced
retention time due to incressed rate of air-upply, removd effi-
dency remained dmog the same of 100%, as shownin Fg. 7-1, &s
that a the 1t stage of operation. Increased inlet load was attributed
to the fact thet increased rate of air supply with same ethanol con-
centration resulted in reduced retention time. For the period of the
2nd gagetheinlet load and removal efficiency of toluene was con-
tinued a 40.27 g/m*%h and 100%, respectively, while its remova
efficiency was 80% from the experimentd result of Lim and Park
[2005] where wagte-air containing toluene and ethanol wes trested
by abidfilter only. At the 3rd Sage of operation (43 tims-58 times),
process conditions of toluene were maintained as the same as those
of 2nd Sage of operation. However theinlet load of ethanol co-feed
was increased by 1.5 times As a result the removd efficiency of
toluene was gill maintained at about 100% while it was 90% from
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the experimentd resuit of Lim and Park [2005]. During the 4th stage
(43-58 times) of the run, retention time was maintained as the same
as that of the 3rd stage and both feed concentration and inlet load
of toluene were increased by a factor of two. Consequently, each
breskthrough curve a each sampling port showed rgpid increase
and maintained new Steady-date concentration, which suggested
that it gpproached new date of saturation. It is shown in Fg. 4 that
the order of saturation by adsorption from each unsteedy behavior
of bregkthrough curve wasin such way as 1€, 2nd, 3rd and 4th sam+-
pling port were in the 1<, 2nd, 3rd and 4th place, respectively. The
sooner a breskthrough curve reached the status of saturation by ad-
sorption, the higher its toluene concentration of waste-air passing
through the pogtion of its sampling port was. The removd effi-
ciency of toluene ill remained a 100% for the whole period of
4th gage with the inlet load of 80.54 g/m?/h, while it was dso till
maintained a& 90% from the experimenta result of Lim and Park
[2005].

At the 5th stage of hybrid system-run, the feed concentration of
toluene was the same as that a 4th sage of run and its retention
time was reduced by haf so that itsinlet load was increased by fac-
tor of two. During 9 days of the 5th stage the inlet 1oad and removd
efficiency continued to be 160 g/m?/h and 90%, respectively, while
its remova efficiency was about 60% according to the experimen-
td results of Lim and Park [2005)].

Intime-evolution of the removd efficiency on toluene asin Hg.
7-1, it maintained dmogt 100%. However, it began to decrease to
90% when inlet load surpassed, asin Fig. 8, 130 g/m/h consigtent
with maximum eimination capacity shown asin Fg. 9. At theend
of the hybrid system-run, the removd efficiency was decreased and
maintained a 90%.
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1 n 21 3 4 51 61 I
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Fig. 8. Elimination capacity (¢/m*h) and inlet load versustimes.
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Fig. 9. Elimination capacity (¢/m*h) versusinlet load of toluene.

2. Time Evolutions of Ethanol Concentrations at Four Sam-
pling Ports

Trangent behavior of ethanol concentrations measured a the po-
stion of feed inlet and four sampling ports of the hybrid system, is
shown asin Fg. 10. The concentrations of ethanol measured a the
position of feed inlet and 1s sampling port, and 2nd, 3rd and 4th
sampling port (exit) are shown in Fgs 11 and 12, respectively. Time-
evolutions of the remova efficiency and the eimination capacity
of the hybrid system with the inlet load on ethanol are shown asin
Figs 13aand 14, repectively, while time evolution of its removal
efficiency of the bidfilter sysem without photo-cataytic reector from

Ethanol
| Q(L/min) ethanol(mifhr) —=—feed —s— 1st —a— 2nd 3rd —e—exit]
2500 : - 12
E 2000 T
= it ik b
= ; %08
§ 1500 : e
® 4 06 o
£ 1000 e
8 404
g 500 {02
1 1 21 31 41 51 61 71
Times

Fig. 10. Various ethanol concentrations of hybrid sysem at each
sampling port ver sus experimental times.
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Fig. 11. Various ethanol concentrations of hybrid sysem at feed
inlet and 1st sampling port.
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Fig. 12. Various ethanol concentrations of hybrid sysem at 2nd,
3rd and exit sampling ports.
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Fig. 13a. Removal efficiency, inlet and exit concentrations of hy-
brid system versustimes.
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Fig. 13b. Removal efficiency, inlet and exit concentrations of bio-
filter sysem without photo-catalytic reactor versustimes
[Lim and Park, 2005].

the previouswork of Lim and Park [2005] isshown in Fig. 13b.

During 4 days (8 times) after gart-up of the hybrid sysem, the
trandent behavior of al breskthrough curves except for the 19 sam-
pling port showed that ethanol was continuoudy adsorbed on the
media and adsorption of ethanol was under way since the theoreti-
cd inlet load of the 1t sage operation was the lowest of 52.75 g/
m*/h. At the 2nd sage of hybrid sysem-run (9 times-26 times), both
rates of ethanal injection and air supply were increased by afactor
of two that ethanol concentration remained same. However, reduced
retention time due to increased rate of ar-supply resulted in less
remova efficiency, as shown in Fig. 134 than that a 1t dage of
operation. Increasad inlet load wes attributed to the fact thet increased
rate of ar supply with same ethanal concentration resulted in reduced
retention time. For the period of the 2nd stage the inlet load and
remova efficiency were continued a 105.5 g/m*h and more than
85%, respectively, while the remova efficiencies a the same inlet
load from Lim and Park [2005] were 65% with only bidfilter. It is
shown in Fig. 10 that the order of saturation by adsorption from
each ungteady behavior of breskthrough curve was in such way as
14, 2nd, 3rd and 4th sampling port were in 1<, 2nd, 3rd and 4th
place, respectively. The sooner a breskthrough curve reached the
datus of saturation by adsorption, the higher was its ethanol con-
centration of wadte-ar passing through abidfilter postion of itssam-
pling port.

During the 3rd stage (27-42 times) of hybrid sysem-run, the re-
tention time was maintained the same as that of the 2nd sage of
run, and both feed concentration and inlet load of ethandl werein-

January, 2005

creased to 1.5 times. Removd efficiency remained at 90% for the
period of the 3rd sage with the inlet load of 158.26 g/m*h. The
vaue of 90% was much more enhanced than that of 40% from the
work of Lim and Park [2005].

At the 4th stage of operation (43 tims-58 times), process condi-
tions were maintained the same as those of the 3rd stage of oper-
ation, except thet the inlet load of toluene co-feed was increased by
factor of two. The ethanol concentrations at 1<, 2nd and 3rd and
4th sampling ports remained almogt the same as in the 3rd dage.
At the end of the 4th stage the remova efficiency was alittle bit
decreased to 85%, while that was about 40% from the result of Lim
and Park [2005)].

At the 5th stege of operation the feed concentration of ethandl
was the same asthat a the 4th sage of arun and itsretention time
was reduced by haf so that itsinlet load was increased by factor of
two. Consequently, each breskthrough curve a each sampling port
showed alittle bit of increase and maintained alittle bit higher steedy-
date concentration like thet from the previouswork of Lim and Park
[2005]. During 9 days of the 5th stage the inlet load and remova
efficdiency continued to be 316.51 g/m*%h and 75%, respectively,
while those were 316.51 g/m*h and 40%, respectivey, from the
previouswork of Lim and Park [2005].

In early time-evolution of removd efficiency as in FHg. 133, it
maintained amost 100%. However, it began to decrease when inlet
load surpassed, asin Fig. 14, 230 g/m*h condstent with maximum
eimination cagpacity shown asin Fig. 15.

3. Performance of Photo-catalytic Reactor

Removd efficiencies of toluene and ethanol turned out decressed

asthe gage-number of the photo-cataytic reactor run became higher
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Fig. 14. Removal effidiency, inlet and exit concentrations versus
times.
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Fig. 15. Elimination capacity (¢ym%h) versusinlet load of ethanal.
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Fig. 16. Performance of photo-catalytic reactor for smultaneous
treatment of ethanol and toluene at each stage.
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Fig. 17. Elimination capadity (¢ym¥h) of photo-catalytic reactor,
for smultaneoustreatment of ethanol and toluene at each
stage.

asshown in Hg. 16. The removd effidencies were about 33%, 24%,
22% and 20% a 1<, 3rd, 4th and 5th Sages of the photo-catalytic
reactor run, respectively, while removd efficiencies of toluene were
25%, 20%, 20%, 19% and 11% at 1<, 2nd, 3rd, 4th and 5th Sages
of the photo-cataytic reactor run, repectively. Elimination capeci-
ties of ethanol weredirca 7.3 g/m'/h, 15.2 g/m*h, 14.6 g/m/h, 14.1
g/m*h and dirca 28¢g/m*h a 1<, 2nd, 3rd, 4th and 5th stages of
photo-cataytic reactor run, respectively, while imination capacity
of toluene continuoudy increased linearly from dirca 2.6 g/mh of
1« stage-runto circa 7 g/m’/h of 5th stage-run as shown in Fig. 17.
4. Performance of a Hybrid Sysem Composed of Photo-cat-
alytic Process and a Bidfilter

The maximum dimination capacities of toluene and ethanol be-
came greater by 40 g/m*h and 130 g/m’/h than those from the ex-
periments performed with abidfilter only. Thus, the maximum dim-
ination capacities for toluene and ethanol increased by 44% and
130%, respectively, by use of ahybrid sygem. At the end of ahybrid
sysemrun the remova efficiencies for toluene and ethanol were
decreased and maintained a 90% and 75%, respectively, whilethey
were maintained at 60% and 40%, repectively, from the previous
work with a bidfilter only. Consequently, the use of a hybrid sys-
tem improved the remova efficiencies, a the end of hybrid sys-
tem-run, for toluene and ethanol by 50% and 87.5%, respectively,

when those remova efficiencies measured from the experiments
with a bidfilter only were taken as controls. On the other hand, at
the last stage of a photo-catdytic reactor run, the dimination capaci-
ties of toluene and ethanal were 7 g/mh and 28 g/m*/h, respec-
tively, while the removd efficiencies of toluene and ethanol were
11% and 20%, respectively. Therefore, it may be concluded that
the photo-catalytic process contributed to the maximum dimina
tion cagpadities of hybrid system on toluene and ethanol by 30.8%
and 56.5%, respectively, which contributions for the eimination
capedities on toluene and ethanadl were dlocated indirectly by 25.4%
and 44.3% aswdl asdirectly by 5.4% and 12.2%, respectively. Di-
rect contributions of the photo-cataytic process were 17.5% and
21.5% to the increments of the dimination capacities on toluene
and ethanal, regpectively, while itsindirect contributions were 82.5%
and 78.5% to those on toluene and ethanol, respectively, as shown
in Teble4.
5. Analyss of Packing Media

The dengty of an equd volume mixture of granular activated
carbon and compogt was 0.40. The pHs of packing mediafrom 2nd
and 4th sampling ports were the same, 7, as a the beginning of the
bidfilter experiments. However, they changed to 5.65 and 6.20 & the
end of bidfilter experiments. respectively. Dried weghts of the media
from 2nd and 4th sampling ports were 9.50g and 9.11 g (weight
of the media before drying was 20 g), by which moisture contents

Table 4. Contribution of phototocatalytic process to the perfor-
mance of the hybrid system
Elimination capacity Toluene (¢/m?/h) Ethanol (¢ym*h)

Maximum of the hybrid process 130 230
Maximum of the biofilter 0 100
[Lim and Park, 2005]

Increment by integration of 40 (100%) 130 (100%)
photocatalytic process
Direct contribution of 7 (17.5%) 28 (21.5%)
photocatalytic process
Indirect contribution of 33 (82.5%) 102 (78.5%)
photocatal ytic process

Fig. 18. Microbes observed by fluorescence microscope (16x100)
(Axiolab, Xeiss, Germany).
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of the media from the 2nd and 4th sampling ports turned out to be
52.50% and 54.45%, respectively.

Thetotd becterid numbers (TBN) for the 1<, 2nd and 3rd sam-
pling ports tumed out to 1.72x10°/g, 9.08x10°/g and 6.15x1C/g, re-
spectively. Thus, the microbid digtribution in the bicfilter wasin the
way thet totd bacterid number (TBN) was decreased asthe effective
height of the postion of sampling port was increased. Microbes
were obsarved by fluoresoence microsoope (16x100) (Axiolab, Xdss,
Germany) UV filter (G365, LP395, FT420) as shown in Fg. 18.

CONCLUSION

In early stage of hybrid sysem-run the remova efficiencies of
toluene and ethandl maintained dmost 100%. However, they began
to decrease when their inlet loads surpassed 130 g/m*h and 230 ¢/
m/h, respectively, consistent with the maximum elimination capac-
ities of toluene and ethanol, which became grester by 40 gm*h ad
130 g/m?/h, respectively, than those from the experiments performed
with abidfilter only. Thus, the maximum elimination cagpecitiesfor
toluene and ethanol increased by 44% and 130%, respectively, by
use of ahybrid sysem. At the end of the hybrid sysem-run there-
movd effidendiesfor toluene and ethandl were decreased and main-
tained a 90% and 75%, respectively, while they were maintained
a 60% and 40%, respectivey, from the previous work performed
with a bicfilter only. Conseguently, the use of a hybrid sysem im-
proved the removd efficiencies, a the end of the hybrid system-
run, for toluene and ethanal by 50% and 87.5%, respectively, when
those removd efficiencies measured from the experiments with a
bidfilter only were taken as controls On the other hand, & the lagt
dage of photo-cadytic reactor run, the dimination capacities of
toluene and ethand were 7 g/m*h and 28 g/m’/h, respectively, while
the remova efficiencies of toluene and ethanol were 11% and 20%,
respectively. Therefore, it may be conduded that the photo-cataytic
process contributed to the maximum diminaion capacities of the
hybrid system on toluene and ethanol by 30.8% and 56.5%, respec-
tively, which contributions for the dimingtion capacities on toluene
and ethanol were dlocated indirectly by 25.4% and 44.3% as well
as directly by 5.4% and 12.2%, respectively. Direct contributions
of the photo-cataytic process were 17.5% and 21.5% to the incre-
ments of the eimination capacities on toluene and ethanal, respec-
tively, while its indirect contributions were 82.5% and 78.5% to
those on toluene and ethanol, respectively, as shownin Teble 4.

ACKNOWLEDGMENT

Thisressarch was supported by grant No. KRF2003-041-D20327
from Korea Research Foundation.

REFERENCES

Arulneyam, D. and Svaminathan, T., “Biodegradetion of Ethanol Vgpor
inaBidfilter; Bioproc. Eng., 22, 63 (2000).

Auria, R., Aycaguer, A. C. and Devinny, J. S,, “Influence of Weter Con-
tent on Degradation Rates for Ethanal in Bidfiltration, J. Air Waste
Manag. Assoc., 48, 65 (1998).

Buchner, R., “Auswirkungen Verschiedener Betriebszugtande in der
Biologischen Abluftreinigung am Beispid von Bidfiltern Ph. D.

January, 2005

Thesis, T. U. Wien, Audtria (1989).

Cho, K-S, Ryu, H.W. and Leg, N.Y., “Biologica Deodorization of
Hydrogen Sulfide usng Porous Lava as a Carrier of Thiobacillus
thioxidants Journal of Bioscience and Bioengineering, 90, 25
(2000).

Chriging, P, Domenech, F, Michdena, G., Auria, R. and Revah, S,
“Bidfiltration of Volatile Ethanol using Sugar Cane Bagesse Inocu-
lated with Candida utilis’ Journal of Hazardous Materials, B89,
253 (2002).

Chung, Y.-C., Huang, C. and Tseng, C.-P, “Biodegradation of Hydro-
gen Sulfide by a Laboratory-scae Immohilized Pseudomonas putida
CH11 Bidfilter; Biotechnology Progress, 12, 773 (1996a).

Chung, Y.-C., Huang, C. and Tseng, C.-P, “Operation Optimization of
ThiobadillusthioparusCH11 in aBidfilter for Hydrogen Sulfide Re-
moval; Journal of Biotechnology, 52, 31 (1996b).

Chung, Y.-C., Huang, C. and Tseng, C.-P, “Biologicd Elimination of
H,S and NH, from Waste Gases by Bidfilter Packed with Immobi-
lized Heterotrophic Bacteria] Chemosphere, 43, 1043 (2001).

Deshusses, M. A., Hamer, G. and Dunn, . J,, “Behaviour of Biofilters
for Weste Air Biotreatment. 1. Dynamic Modd Devepement, Envi-
ron. Sci. Technal., 29, 1048 (1995).

Deshusses, M. A. and Dunn, 1. J,, “Moddling Experiments on the Ki-
neticsof Mixed-solvent Remova from Weste Gasin aBidfilter; Pro-
ceedings of the 6th European Congress on Biotechnology (L. Al-
berghing, L. Frontai and P. Sens eds), Elsevier Science B. V., pp.
1191-1198 (19%4).

Deshusses M. A. and Hamer, G., “The Removd of VoldileKetoneMix-
turesfrom Air in Bidfilters) Bioprocess Engineering, 9, 141 (1993).

Eckhart, A., Proceedings of Biological Trestment of Indudtrid Weste
Gases, Dechema, Heideberg, Germany, Mar. 24-26, 2pp (1987).

Fahmi, Nishima, W. and Okada, M., “Improvement of DOC Remova
by Multi-stage AOP Biodegradation Process’ Proceedings of IWA
World Weter Congress, Mdbourne Austrdia, April, €21075a(2002).

Hirai, M., Ohtake, M. and Shoda, M., “Removd Kinetics of Hydrogen
Sulfide, Methanethiol and Dimethyl Sulfide by Peat Bidfilters, J.
Ferment. Bioeng., 70, 334 (1990).

Hodge, D. S. and Devinny, J. S, “Bidfilter Trestment of Ethanol Vapors'
Environmental Progress, 13(3), 167 (1994).

Hodge, D. S. and Devinny, J. S, “Modeding Remova of Air Contami-
nants by Bidfiltration, Journal of Environmental Engineering, 121
(D), 21 (1995).

Idander, R. 1., Devinny, J. S., Mansfield, F, Postyn, A. and Shin,
H., “Microbid Ecology of Crown Corrogons in Sewers’ J. Envi-
ron. Eng., 117, 751 (1990).

Jorio, H., Kiared, K., Brezenski, R, Leroux, A., Vid, G. and Heitz, M.,
“Treatment of Air Polluted with High Concentrations of Tolueneand
Xylenein aPilot-scde Bidfilter; J. Chem Technal. Biotechnadl., 73,
183 (1999).

Leg T.J, Kwon, O.Y.and An, S. J, “Removd of Odor Causng Com-
pounds using Adsorption of Crushed Refused-tire and Phenal Oxi-
dizing Bacteria, Cryptococcus Terreus AY J. KEE, 22, 1601 (2000).

Leson, G. and Winer, A. M., “Bidfiltration: An Innovative Air Pollu-
tion Control Technology for VOC Emissions’ J. Air & Waste Man-
age. Assoc., 41, 1045 (1991).

Leson, G. and Smith, B. J,, “ Petroleum Environmental Research Forum
Feld Sudy on Bidfiltersfor Control of Vlatile Hydrocarbons' Jour-
nal of Environmental Engineering, 123(6), 556 (1997).



Hybrid System-behavior Treating Mixed Solvent Containing Waste-air 79

Lim, K. H. and Leg E. J, “Bidfilter Modding for Waste Air Tregtment:
Comparisons of Inherent Characteridics of Bidfilter Moddls) Korean
J. Chem. Eng., 20, 315 (2003).

Lim, K. H. and Pak, S W.,, “The Trestment of Weste-air Containing
Mixed Solvent using a Bidfilter; 1. Trandent Behavior of Bidfilter
to Trest Waste-air Containing Ethanol; Korean J. Chem Eng., 21,
1161 (2004).

Lim, K. H. and Pak, S W.,, “The Trestment of Weste-air Containing
Mixed Solvent using aBidfilter; 2. Trestment of Weste-air Contain-
ing Ethanal and Toluenein aBidfilter; Korean J. Chem Eng., 22,in
print (2005).

Mohseni, M. and Allen, D. G., “ Bidfiltration of Mixtures of Hydrophilic
and Hydrophobic Volatile Organic Compounds’ Chemical Engi-
neering Science, 55, 1545 (2000).

Ottengraf, S. P P, Exhaust Gas Purification, Biotechnology (H. J.
Rehm, G. Read, eds), VCH, Weinheim, Germany, Vol. 8, pp. 426-
452 (1986).

Ottengraf, S. P P, and van den Oever, A. H. C., “Kinetics of Organic
Compound Removd from Waste Gases with a Biologica Filter;
Biotechnology and Bioengineering, 25, 3089 (1983).

Oyarzun, P, Arancibia, F,, Candes, C. and Aroca, G. E., “Bidfiltration
of High Concentration of Hydrogen Sulfide using Thiobacillusthio-
parus’ Process Biochemistry, 00, 1 (2003).

Scheck, C. K. and Frimmd, F. H., “Degradation of Phenol and Sdlicylic
Add by Ultraviolet Rediation/Hydrogenperoxide/Oxygen, Water
Res, 29(10), 2346 (1995).

Shim, J. S, dung, J. T., Sofer, S, and Lakhwada, F, “Oxidation of Ethe-
nol Vapors in a Spird Bioreactor; J. Chem Technol. Biotechnal.,
64, 49 (1995).

Sorid, G. A., Smith, F L., Suidan, M. T. and Biswas, P, “Evauation of
Trickle Bed Bidfilter Media for Toluene Remova; Journal of the
Air & Waste Management Association, 45, 801 (1995).

Swanson, W. J. and Loehr, R. C., “Bidfiltration: Fundamentds, Design
and Operdions Principles, and Applications! Journal of Environ-
mental Engineering, 123(6), 538 (1997).

Tang, B., Hwang, S. J. and Hwang, S, “ Dynamics of Toluene Degrada:
tion in Bidfilters; Hazardous Waste & Hazardous Materials, 12(3),
207 (1995).

Wani, A. H., Branion, M. R. and Lau, A. K., “ Effects of Periods of Star-
vation and Huctuating Hydrogen Sulfide Concentration on Bidfilter
Dynamics and Performance’ Journal of Hazardous Materials, 60,
287 (1998).

Zarook, S. M. and Bdtzis, B. C., “ Bidfiltration of Toluene Vapor Under
Steady-gtate and Transgent Conditions: Theory and Experimenta
Results! Chemical Engineering Science, 49, 4347 (1994).

Korean J. Chem. Eng.(Val. 22, No. 1)



