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Removal of Gaseous Toluene in a Biotrickling Filter with
Zeolite contained PE media.

Chung-Sik Lee

Department of Environmental Engineering, Graduate School,

Puicyong National University
Abstract

Volatile organic compounds(VOCs) cause various environmental problems
such as ozone layer depletion and carcinogenesis. Biological treatment of
contaminants in air streams offers an economic alternative to conventional
technologies such as catalytic and thermal oxidation, wet scrubbing, ozonation,
and activated carbon adsorption.

Especially, biofiltration has been paid considerable attention due to its
advantages; 1) treating VOCs of low concentration in large quantities of air 2)
no waste stream production 3} relatively low operation and capital costs.
Biotrickling filter uses a well-specified inorganic packing material such as
ceramic, metal, or plastic and involves a liquid phase, which trickles through
the bed. This liquid phase provides additional nutrients to the biomass and
allows for pH control, which is very essential for the removal of hydrogen
sulfide and/or chlorinated compounds from air streams.

In general, the principal requirements of biotrickling filter media are; 1) a
adquate bulk density, 2) a high specific area, 3) a minimal pressure drop
across the bed, and 4) high microoganisms attached characteristics. In this
study, zeolite-contained PE media which have the characteristics described
above have been fabricated. An experiment for toluene removal from a gas
stream is carried out using a bench scale biotrickling filter system to
investigate the performance of this media. The experimental setup used in this
study consisted of biotrickling filter, reservoir, and VOCs generator. The

reactor was constructed from a @40cm X HI160cm stainless steel and packed

- vii -



with zeolite contained PE media to a height of 60cm. The operational
parameters investigated here were the empty bed residence time(EBRT),
toluene loading rate, and liquid recirculation rate. Various tests have been
conducted to evaluate the effect of toluene inlet concentration, EBRT and liquid
recirculation rate on toluene removal efficiency, elimination capacity and
pressure drop.

The results obtained from the experiment are as follows:

When inlet concentration of toluene increased from 200ppmv fto 530ppmv, the
removal efficiency was decreased from 98% to 80%, however, the elimination
capacity increased from 50g/mYhr to 107g/m’/hr as inlet loading increased
from 55g/mY/hr to 130g/m>/hr. When EBRT changed from Imin to 2min, the
removal efficiency increased from 96% to 9825 at concentration of 200ppmv,
whereas at inlet concentration of 300ppmv and 400ppmv the efficiencies
increased from 91% and 85% to 95% and 92%, respectively. Further, the
removal efficiency increased as the liquid recirculation rate increased until it
reached at 3.72m%/m’-reactor/hr. When liquid recirculation rate changed from
1.43m*/m®-reactor/hr to 2.86m3/m2~reactor/hr, the removal efficiency increased
from 75% to 95% at inlet concentration of 200ppmv.

Under the steady-state operation, the pressure drop has been maintained at
very low values (<2mmH;Q) for 166 days. However, the pressure drop rapidly
increased and the removal efficiency decreased when the microoganisms
attached on the filter media were excessively grown. In these circumstances,
the pressure drop and the removal efficiency were recovered to the steady

state by backwashing.
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Table 1 Comparison of waste gas control technologies(Lim, 2000)

Control ; ,
technologies Advantage Disadvantage
Large footprint requirement
Low operating and capital costs Medium deterioration will occur
Biofilter Lffective removal of compounds Less suitable for high
No further waste streams produced concentrations
Moisture and pH difficult to control
. . Clogging by biomass
Biological Medium operating and capital costs
o . More complex to construct and
trickling Effective removal of compounds
. . . . operate
filter Treats acid-producing contaminants
Further waste streams produced
Low capital costs
Effective removal of odors High operating costs
No medium disposal required Need for complex chemical feed
Bioscrubber| - Can handle high flow rates system
Can operate with a moist gas Does not remove all VOCs
stream Nozzle maintenance often required
Ability to handle variable loads
Effective removal of compounds High operating costs
Carbon Short retention time/small unit - Moderate capital costs
adsorption Suitable for low/moderate loads - Carben tife reduced by moist gas
Consistent, reliable operation stream
Effective removal of compounds ) ) .
. o High operating and capital costs
System is simple ] )
) ) ) High flow/low concentrations not
Incineration| - Small area required ]
. . cost effective
Suitable for very high loads .
) ) ) Creates a secondary waste stream
Performance is uniform and reliable
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Fig. 1 Applicability of various air pollution contrel technologies based on air

flow rates and concentrations to be treated(Devinny et al, 1999).
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Fig. 2 Companison of relative costs of several waste gas purification technologies:
gas flow 40,000 m’/hr. A) thermal incineration (incl. heat recovery); B)
catalytic incineration (incl. heat recovery); C) activated carbon adsorption
{(no regeneration); D) activated carbon adsorption (incl. regeneration); E)
adsorption with thermal carbon incineration; F) adsorption in water; G)
chemical oxidation; H) bioscrubber; 1) compost biofilter{Don and Feenstra,
1984).
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Table 2 Biodegradability of Various Contaminants in a Biofilter(Denvinny et af., 1999)

Contarminant Biodegradability Contaminant Biodegradability
Aliphatic hydrocarbons Sulfurcontainingb
Methane 1
Propane 9 carbon compounds
. pé ; Carbon disulfide 2
Putdne ] Dimethyl sulfide 2
Ie“ta“e i Dimethyl disulfide 2
sopentane 2 Methyl mercaptan 1
Hexane - P 1
: 1 Thiocyanates
Cyclohexane 1 Oxygenated carbon
Acetylene
) compounds
Aromatic hydrocarbons 9 Aleohols 3
gﬁgﬁi?a 3 Methanol 3
Toluene 3 gt}zanoll 3
Xylene - . Htano 3
. 2 2-Butanol 3
Styren 3 1P I
Ethylbenzene FOpang 3
Chiorinated  pandl 3
hydrocarbons F ¢ ,Sidefl d 3
Carbon tetrachloride | ermatdenyde 3
. Acetaldehyde 3
Chloroform 1 ; )
. Carbonic acids (esters) .
Dichloromethane 3 o 3
X Butyric acid 9
HromodTthoromethane 7 Vinyl acetate
1,1.1-Trichloroethane ? Ethyl acetate 3
I,1-Dichloroethane ? Buty! acetate 3
Tetrachloroethene 1? Isobutyl acetate 3
Trichloroethene 1 Ethers 1
1,2-Dichloroethane 2 Diethyl ether 1
1,1-Dichloroethane ? Dicxane 1
Vinyl chloride 1 Methyl tert-buty! ether 1
1,2~Dichlorobenzene ? Tetrahydrofuran 3
Chlorotoluene 1 Ketones 3
Nitrogen—containing Acetone 3
carbon compounds Metyl ethyl ketone 3
Amines 3 Metyl isobutyl ketone 3
Aniline 3 Inorganic® compounds
Nitriles 1 Ammonia 3
Acrylonitrile ? Hydrogen sulfide 3
Pyndine 1 Nitrogen oxide 1
a: Indicates that cometabolism or anaerobic treatment has been identified within a biofilter.
b Indicates that a change in filter bed pH may occur with treatment of these compounds.
This change may negatively affect performance
Note: 1 = some biodegradability; 2 = moderate biodegradability; 3 = good hiodegradability; ? = unknown
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2o, A3

ALH oz o5 dog g Fiy g 2ASE

Ll

Ao 4 AHVan
Groenestijin et al, 1995). 7= Fig. 67 #om mvjetz Feo] A5 &

'ﬂ.ﬂ-T’

clay, stoneware ring, sintered glass raschig ring, activated carbon
pellets S0] BEwv], 2ol Zetad, setolel, FATA T Fd Jd o
vitjelrt NEs R ok o2l F 2 v A g RdAg
o) A% dehbe clogging 4¢ %7 A8 94 24 =dste Aol 7bE
ste] FHtol oleh #uE W AT JaAsa i

(c}h) Bioscrubber

Fig. 791 Mg % eEbd bioscrubbers A8 74 =7 2
o4 9l:=dl, scrubbing #HE7IolME vlAEe] XE ] Y 3
obx A Z YR FAZo Eabste]l VOCse HAH o] HES T3 VOCsE

A 2 % aze] 45 VOCsye 84 A AE7e] A" bioreactor

32,
>
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= olmate] a7 Yolvtm, Aale oA Aweslo] BARETHVan Groenestijin,
et al, 1995). 2} & G EE 74z VOCsol di#sfjAMs A2 F55
olal 2 HERHL R FsA Ho] scrubbing W79 2717 AAE EIF WE
2 93174 o] bioreactord] FEE 71X A #Ach webrd ¥ VOCsel &

]
A@H e gl

Waste Air

Discontinuous

Water Addition |
SRR X 2R LY

Mutrients, Buffer

(Discontinuous)
Biofliter
Watar Influent Reactor
Humidifier Y.
Waste .
A Particulate,

Temp., and
Load Controd

Clean Alr
N
i Blower
- ‘ Leachate
. .

Fig. 4 Schematic diagrams of above-ground closed biofilter.
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l

Hurmiditier

Waste
Alir

Particulate,
Temp., and
Load Gontrol

Clean Alr

Blower

Bicfilter Reactor

Waste Air

P AT TR Y

Fig. 5 Schematic diagrams of below—ground open biofilter.
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Bufter Biotrickling
Filter Reactor

Water Influent

Pumpg
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Waste \ )
Air Particulate, . — Clean Alr
Temp., and Blower : S .
Load Control Waste water Purge

()

R

Fig. 6 Schematic diagram of biological trickling filter.
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Fig. 7 Schematic diagram of bioscrubber
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223 d=t8 Hel7lze 2L

(7h) ojd 2
Bt A B FelA vAEe] 48 VOCsE Fald 2dr daA)7)

= 0 el tEk Hre AL oo Al zr)

-l

VOCs + 0, -Microorganisms, o 4 6 4 Heat + Biomass

VOCs #AAd F= AMgsio]A = v]ME S bacteria, actinomycetes 22 1
fungi”b F5 AL&5Y 25 Chemoheterotrophs® ¢&d 91 o]a]sh v A2
of S EdolA ddse AR FAECH Compost, peat 59 474

Mrjobel A= VOCsE Hefshs thdkdt ngBo] Aadzow 3g50] 9lon B

FolAnch A we o4 WEE wvh wey AEe] T ALE o)
ot whek At Ak SR A E AL gt

o Al 4 vk
*7} WTHOttengraf et al, 1983). o]& ke Lejxo] #
VIAES REEta la ek slAgiabe) A
of #& HFTYlnoculum)el d F gt EAHEL X2 YU
VOCs7h dzdtdeg Fa7l 3 w2 @51 9bgr) gife] gl vl o] VOCs
2 wdfatslol HAAd ogEo] old AL dgIA VOCsE & B
Ao e Fa] - gFste] A A £ ) %
= A Eel o] HA FAHE VOCse] AS 2 7te o 109" s aad
HOttengraf. et al., 1986).

Al A4 B4 AR uRe] ol 3 das] Ede ARFoz
3

—

[
|

1

ome YA/ Hb AR 8ol Avh FAHLUE HS 289
#Alolth. Ottengraf (1987)9] 7o) elaly vl 42 e) F4o] Assix g of

2
FURET AEL 5 Avkn wustd o ghoko] FEF ol wgr]
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of EAYPA o 29 D ABe HES AL 5 A

(4) oicjot
Muebs AEeHE Aeid QoA glold hE FAS TAL4EN IR T3
ol Agg FAHUA Tl Zrle] YR o] FHEEE stejof g} wrlole

Sl AR, 1A B % EE, #0835, EANARe ¥
j=—=g

D Ple 4gel Bash g R pH So] BAE) glojof o),

@ W3 vadgeor AEete] HAS Fgsd 5 glojok sn] o] gle

@ F2H e 2 N FACE AY 4 glojok dy AAD Ag A
ol videl el whE wEed F7h A FAHactual empty bed
residence time)®] ZHAE WA G 4= glojof dir}

@ PAE dAdstel] SlolM AAAQ QA FE HHEo] Zolot )

@ 713 FAde] Fob §Y AXAFALAN AAFANE 27 & 5 glof
°f st F71e] EE4S Hasls)ok st}

AW7HA compost7t APEn oy EFo| wABE wesn gon EHg
WEFE ATt T4 $58u F¥e E85712 AUz Qo] 713 2ol
AHEF AL QAo olele) A Hesid gywo

+ Algkel A, polyurethane foam, A7 ERE

i =d Fel "4 E videtz AHEHE A
SE BuE glow oo e ApE F¢s AP 9lv) Table 3 & &7
AbEEQl doe] S dalM YEG

polystyrene, glass wool 2=+ 7]} 4
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Table 3. Summary of important properties of common media materials

. A C, perlite
media .
) and Synthetic
Compost Peat Soil )
: other inert material
properties
matenals
Indigenous .
) ) ] Medium .
microorganisms High | High None None
- low
popular density
) Low .
Surface area Medium High ) High High
- medium
) . . ) Medium .
Alr permeability Medium High Low , Very high
- high
Assimilable ) Medium .
i High ) High None None
nutrient content - high
Pollutant sorption ) ] None to high,
) Medium Medium Medium Low-high” i
capacity very high®
Life time 2~4 year ; 2~4 year [> 30 yearsb > 5 years > 15 years
Medium _
Cost Low Low very low Very high
~ high®
Medium, .
Easy, Needs nutrient| Prototype only
General Easy, cost water . . L
o ] low-activity may be or biotrickling
apphcability effective control R i
biofilter expensive’ filters
probiems

a4 activated carbon, b Bohn (1988, 1996), ¢: Synthetic coated with activated carbon
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= Ak dedg gy o] ez FFHUL A4S nEHo
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= OPEES Zav A AEE ASHA|W AEute] AT e

A sl webs Lot ZsbEAl W zizbe) naE =

0 ol Bed LHskA ek Al goen gal SHEE 348 ety
A=

of A== Ap2aEl Hn R 2xrt AsEd Az g

e Aasgs o

VOCs ol mAE e o Zo] 37ba &5 FRo] 9li=t 20T o3 &%
el4 & Atgh= Psychrophilic microorganisms, 20~40T of A & Agh=
Mesophyllic microorganisms, 45°C ©]4e A Z= e} Thermophilic microorgan-

smsE FE . ARk 2 2 biofilter?] TR OlRR 20~45T 9 FLolA s}
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axnHel} b ge argfste] fd7kae] 2EAF 40T oldolw TR 8]4s
71t pre-humidification chamber tellA] 348 Z3) Wzhe Alzity, =3 10 C
olate]l A7k Fhzof A vl B A BRI Wl g e g 7EE 2xw
taE CHEANIEE Fi

(ah) pH

ol de S8 2o 9 AH pH WA 23 golA o] W E Hojd 3
T WA AP A A Aok #HF pHe WE AR Fo g o 4xn
U WE FE AW AR WAZES ¥ pHl 4, ® 02 ungrse
w2 pHel HEs7|E s R e] Ao FA pHOﬂ et §4%

pHe 3= difie] vl o] GdsFe oA a2, fAE S0 o= A
AN e 1 FR7F Godslnz ozhe) plie] Wale] ulsld: uly pHel H 3§
G UlBEEe] FEE o F “1 AAA ez HgstA Aok dF£2 biofilters &
pH 7 Ao d FHAHEE HAHEY o) pH 7o i nAE S 3t
B Ao A4 el Ty vAEe 1 E2Hs A$ ggstelA pH
7 oot olstel M FdE #EFY £ v AS WAl s} o)A
o2s B phel AR oA AE 4
sioF shAIRE, W7l vl gde] FAZ A9 %A aA @eoh $4H9 1Y o)
A AT A4 dolge ALdE F2F A 3L £ gon Mgz
Al=del b= F4 ol9e] pHAME 7H4 & g9 4 gloh(el, 2000).
Ut 0% compostE AHEBHE biofilterd] A9 pHE 7~89 ZAow 3L
st Aol APl ubel pHO AHelrl #RH T B8 A, 3 183 G4
sharE el Adste Ao T3 B4 ez A4 pHAF AStEOHE S, 2000). pH
b AdEel wel ol AR YL el FAaH: Aoz wumm glow
(Ottengraf et al, 1983) pH 63~8 Atolel M & zbo|7t glxlwh 53050 A=
FEE AHEE aE Raud FAeE gl

oleg WFE sty s e

%% % (buffer capacity)Z 2zt utjo} & A}
831} sodium bicarbonate £ 93 22 pH buffering solution® 44 ££& 3
AR 2§ 3hF 2FEte] vdole] ay AL MAGE WY So] gtk o
e ol @ e ool Zo] dicjol Alo|B FEIA TeA @] o

Ha
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Low load biafilter

Contaminant input

Y

Steady state biomass

Cutput CO,, and H,0

Nutrient recycle

High load biolilter

Contaminant input

Steady state biomass

Output CO,. and H,O

N

ya

Nutrient recycle

o
Lot

Nutrient
Additicns

Biomass
washing {with biomass)

Fig. 8 Comparison of biofilter operating regimes.
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el VOCs fFdlelv @aad e S0l vjdEe] A3 dads
A 4 v detd ez =49 Z2AL Henry AF7F 22 2dEdA o &
g A g (Deshusses et al, 1997). ol& Eic AL plAEe] Hdd S4&

ThAE AL ohJA g Bl Al TR F %A wEeldh

H
Fol Fob Wb Ral WEG e FYHE 3R/ 348 e 5EY
A A8 che gael SR Aeld Asels vARe Y38 Hiuse

o AAE P F 7] Lolok ok

(o) Biomass clogging

e Aol WA SEHFE st nAEE 3o 57 AlApgt), vbef
gbE7lel Farkel A1 ¥l gEel FEsttwl mAded AmstA Ao
drjobel FE A "Heh olyig WS bEdste] Frlek 4 channeling©)
WAste] H57]19 Fof B Ad AMRREE FIHAZICE 2 vAEe 35§ A
A& melote] EAES THEAIA &Il FI1A Aol Bt HAfrh L
HF 245 AdsvI e @ ek A4 EHE e g e

e Algels Rl WA o

QAA e DTEC 45¥ EEY 49T A5k FIY UgE 24
B4 ogdv wde 2] g dasel gl @A 39 BRe =dss) Sl
AARY HY7 EE e B FUsE 39 71RAY HEY 9uF 55
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Tlofo A gt AR 5ol ok &t (Sorial e al, 1997) F714 widlote] A4 st A

&, 371 29 #% 9 olfE HEskA 9u. 8 biotrickling
filtere] 2% w2 Fxg dFoz A =9 43 B4 FA & Yl
ol ofe] 7kA] We] AvHEI slew vgEe] e oAty sl JFE

S Ao} ste= W (Holubar et al, 1995, Weber and Hartmans, 1996), & # %+ 9

%113]

el sodium chloride® RFxE2 FAANA F W (Diks et al, 1994), 78
Mo #Hr7tAE Fgste W (Famer et al, 1995), QA5 E S o]&3le w1y

(Cox and Deshusses, 1997), S 4218 o] &3 ¥ (Sorial ef al, 1995; Smith et
al, 1996) Fol d7tg v ek sAIsk ol ML | MEY #AY Aste] w
¢ 2EEH BT A E AL widole] dAR Qg FARAR e S
o ddEE] A9E 93 gkl FHEd 2He ofdw 2ear H4AH e
394 =2 §59 ¥ FAE frEske f8 wEr] FuEd 40% Ak 2

TS Baw i LA QomE ofdd ¥R hy AT ARE AHo]
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2 dtS A% biotrickling filter 4842 = 2 hiotrickling filter
reservoir, VOCs 2472 F4=le] glos, A¥2x9 BALE Fig 9o L}e)
WHRleh Biotrickling  filter #27)3= 1% 8  stainless steel (W74 40cm, o)
160cm) = Alstsiglom WRels A4 254cm, ¥o] 23cm 379 A Lejojes
G PE vitjobz wkg7] &% 30em Eolel Al delA 60cm TolZ Yt
1"’ Hrfob7t G 2ol 20em wolutgk FHEER W A= AH I} tE RS
& WHE 2™ micromanometer(FCO12, Bexbill, England)& A x| a}o] ofal
< SAsAT g Giels £R JRFE Qo] wolol Mo DEA BALE
e Ao ) dRdM o] 0cm A A7 EFde] o=
P FUA FEETFE A2sety) 99 2§ chambers® 4 A5t}

=3

ol wWiEEE 85 £ 9 pH 4, a9y 9ok

W

7],

ole

M
ol

I

= FHEE] A8t reservoirg A4l Reservoirs A A 40cm, = o]
lem 2719 polypropylene A& Azdlon, 4xo)s A7 S0cm, ol
S0cm 2719 polypropylene Aol 9]0z 73 T Alo]B ofo]ia] &=
TEAGLEZN 2xo) Qe HALT gy wdl pH meter(ORION, model370,
USAE dAste #3459 pHE d&3 oz 2489,

VOCs A3 = VOCs #4719 mixing tank® TAEHo 9o 22t pylex
glass A2 A4 30cm, #o| 30em 27|19 £7)2 A=At VOCs A7 of
= NA EFAL gel air compressord B2 E7|AA BEEA a2 WHE of
mixing tanke] &F33}31 = 2 air compressor 7] mixing tank®l A1 #A

MEZ EF 8 ¥ 94 358 erld §9H52 sau.
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Fig. 9 Schematic diagram of biotrickling filter.
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1985; Fatty, 1949; Clayton, 1981).

=FAE WV e g FYES S AT $AY MaAg BL So] ow
e Fodatde A% TEU ByAA AgurEs sj9ad aby) s
d Erst AARRE dodn] 19900 vlZe CAAA(Clean Air  Act
Amendments)®] 1897} fraltp7l e 98 4% stz $250 9=(Chou and
Wu, 1999) 2g=dolx|gt oA Ee) os) 4A FE&7 S22 oo g e
A7F 1A= 37 vk Table 45 799 2¢ - 58l =40 e T Figs.
10, 112 dA7A dejz) S5de g2 420 tis] Yebulgthzl, 1999),

clobe]  kEAmE EH4Er] A8 AEAE =422 (Universal Testing
Machine; AG-10TG, Shimadzu, Japan)& A}&-3lslom wtjele] FwA 4 =
A& AWA A7) Z47(Surfeorder SE-40D, Japan)& Al8atd om. mcjole] 2
TS dehle ®RdERe W& 537 (Kriss contact angle measuring
system G10)& ol&8tich E3 wtjel e Ay e d4e &r Aqus] 2
#3171 fd  AAEMAGEM)IS  AMgsgon, mwe sady =48
EDX(Energy Dispersive X-ray Spectroscopy)& 27 &9t}

& AT E AEetelESE %3 PE mgolrt 23R biotrickling filter ¥t
S71E ol&dte] EX AAENS A¥Ruz dgon WA vz 2k

|

28



As)7] SlalA ultlol xule] g gel 88 Hasiolo} frr ¥R

of WFze] dvets Fd F ovl4EE dFHT ahTl dW £ Iml 2

BaUe WA %R 250mLE FYstol wriel Ewle] MEvhe] AN
o

stk ol FFE Yo A4S Table 59 ZoHKinney et al, 1996). 4%

FAAHANA =&E HAE T

EFd ML a7 2384 inletx} outlet®] 7}12~& 1L teflon bagel =4 %
gas tight syringe(Hamlton. USA)E o] &3sle] 150445 FID(Flame Ionization
Detector)?} %4 21 ¥l gas chromatography(HP 5890 seriesII. US.A)dl A A a5k%]
o™ Gas chromatography ¥4 %71-& Table 6 YeR A

Rb3-718] AA RS e] 33 o) Fdstd Afez 4] HAH AHdHE 7]
Aot o] el FEE, AFAL AAEHFS A NHEA AALE D Al
g ZAI}AT FYEEE 200ppmol A 400ppm7HA] ©A A o7
1

SrA Ao 7t fdE el AFATE W, 158, 2802 FUMAIH e ¢
° A48

=

Aot a2a FEBEI F4E S A=Az e mstA Ay
=2 AAstd o, A " Fo ¥k diddolE A F 3] wtfe
Fxlo] A= B ES AV H(SEM; Hitachi, S-2400, Japan)o = #+3
o e 9 FAYHE FIsAY ke A4 T AdHN 4, FE
& s

g BAslel AAEgel dHe sed 2asE 52

__’ .

H‘d
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Table 4 General characteristics of toluene{Verschueren, 1983)

CH
Formular and -
o CoHsCHs ( \j
tructure o
m.p. b.p. V.. solub. |sat. conc.| sp. gr.
m.W. a, q, L7
Properties T C  |mm(20T) | mg/(20T) | g/m*@20°C) | (207C)
921 | =951 1108 22 515 110 0.8669
Manufacturing o o
Petroleum refining, coal tar distillation
Source
Toxicity threshold (cell multiplication inhibition test) :
bacteria (Pseudomonas putida) 29mg/L
algae (Microcystis aeruginosa) : 105mg/L
green algae {(Scenedesmus quadricauda) : >400mg/L
o protozoa (Entosiphon sulcatum) 456mg/L
Biological
protozoa (Uronema parduczi Chatton-Lwafp) @ >450mg/L
Effects
Man :
severe toxic effects : 1,000ppm = 3,830mg/m3, 60min
symptoms of illness : 300ppm = 1.149mg/m’
unsatisfactory : >100ppm = 383mg/m®
m.w. = molecular weight; mp. = melting point; b.p. = boling point; v.p. =

vapor pressure; solub = maximun solubility (in water); sat. conc. = saturation

concentration (in air); sp. gr. = specific gravity
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Fig. 10 Toluene biodegardation pathways {(type A).
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toluene

toluene toluene
2- monooxygenasel 3-monooxygenase dioxygenase
CH3 3
é«w @L o]
- ﬂ . o o dihydrodiol

l toluene J toluene-cs-
3-monooxygenase dihydrodiol
dehydrogenase

toluene
2-MONaoXygenase

@: [3-Methylcatechal |

catechol
2 3-dioxygenase

¢, 048 2-Hydroxy-
E-oxohepta-2 4-dienaste

l 18, ¢Js 2-hydroxy-
6-oxohepta-2 4-dienoste|
hydroiase

H._H ;0. .
| o ¢is-2-Hydroxy-
o OH perta-2 4-dienate
20 -
0 4-Hydroxy-2-0%0-
o aH valerate

cis-2-hydroxyperta-
2,4-dienate hydretase

4.-hydroxy-2-oxo-
vaierate aldolase

Q
CH3COCH + CH3C(I3|OO'
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Fig. 11 Toluene biodegardation pathways (type B).
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Table 5 Composition of nutrient solution

Solution components Concentration (g/L)
K:HP(, 4.3
KH2PO,4 3.5

KNOs3 18.1
FeS04 0.001
Mg504 - TH:0 0.5
CaCl, - 2H.0 0.02

Table 6 Analytical condition of gas chromatography

Item Analvtical condition
Detector Flame ionization detector (FID)
Column Ultra 1 (25m X 0.3Zmm X 052 film thickness)
Carrier gas Helium
temg:g};ure 45T
tegfjtgrce?ére 200C

Injecton port

temperature 150°C
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41 dicjotel £4

Azehs Aejel SlolM vitoks pldEe] FEatun FHF) Slolr FaF
A2 Foh ddol AAA xsjol & Ao A VJAFHA, GEHEA,
Miciel abAlel #71E T FoE, EXvAES @ pH, A5l atelF oo}
st wicjopst zhaojol & zpowE W vEUAY FRAH 94, FiT
o A, FEEF $574, VAR ¢4, w2 4 E
1999). Table 7 ¥ @FolA AHEE wicjele] 23 54& vehgisled
Table 82 @A biotrickling filter Aol A8 ¥ & vcjole] Zu]l4 549 & el

rlo

2 Ao AlgE wtjelel bulk density® 291kg/m’e]l 2 ¥l W AL 500mYm’
o7 HwA H{& uRdHe 7}7‘11 glen] AERLEE 250kg/omPE Bl WA =
2 UEATE YE o FEEE 7T7~82%2 A vyt g2 ool

3 5A4E s B oo 2 el A4 didele HE s)E Aoy
w& 22 berl saddle, raschig ring, Hy-Pak®2t} bulk densityz} w1z ¥ EH
Ho] wlom, Fet2¥ 249 pall ring? ¥& A bulk density® %o B EH
H}E o8y @A vewth =9 ~EA g9 polyurethane foamdt & sf B
o} bulk density ¥ WEHHL v&zEAY $& AL el polyurethane
foam®] 7t 15~205kgidem® A% A& 74 w 2 Aol ALgd w|t)o}

b oA 5% o ek o)

e B Ao AgAdel #E polyethylened) v A Ee] Bz g =x9 =
7EA1 71 7] gt AlgetelEE Efsidon vivets) EUS ARA 7] 99

2

7+

23 Y AgE FYsdd. TH 42 F ZuARINE Tmel A 30mz F7)

ghdon EHAESZIE 85 olA 817 2 Tadte ZHHol e AFAL A A

Hglon] FAo] ZHe AgetelEr £F Holvh 2 A7 AgeoleEg &

T oldrm AETEFL A Sl vAg v)Fel FaH Rl s

olFola] glo] Algrdrel wlmHA o] 1000mYge) ] 2u 742 F%
3

0 E—g-
T F57He WS Hojur] wiF ol polvethylene® &£33 A2 4548

er
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Table 7 Physical characteristics of zeolite-contained PE media

[tem Value
Size © 254mm X L 23mm
Bulk density 291kg/m®
Specific surface area 500m*/m®
Compressive strength 250kge/cm?
Surface roughness 30m
Contact angle 81°
Void fraction 0.77~0.82

Table 8 Physical characteristics of seven filter-bed materials

Bulk density Specific surface area Void fraction

Material (kg/m?) (/) (%) Reseacher
Ceramic Berl - 465 69 Farmer, 1994
Saddle
; Warren et al,
Ceramic 675 190 74
raschig ring 1993
Metal Warren et al.,
304 177 96
Hy-Pak 1993
; Warren et al,
Plast.lc pall 38 507 90
ring 1993
Warren et al,
Polyurethane U 620 85
foam 1993
Polyurethane 29 497 92 Mun, 2003
foam
PE media 291 500 7782 This study
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Valuelwet %)

Elements 1 5

0O 45.58 39.20

Na 145 1.59

Al 11.11 31.13

Sl 38.72 22.99

K 1.01 0.72

Ca 161 1.06

Fe 0.53 3.30

(B)
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Fig. 12 SEM image and EDX analysis results of zeolite-contained PE media.
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Fig. 13 SEM image of the biofilm formed after 30 days of biotrickling filter
operation.
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Fig. 20 Relation between inlet loading rate and elimination capacity in the
various EBRT with concentration of 200ppmyv.
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Fig. 26 Effect of licquid recirculation rate on removal efficiency at inlet concentration
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(A)

(B)

Fig. 31 SEM images of biomass attached PE media before backwash{A) and
biomass attached PE media after backwash(B) which taken from
biotrickling filter.
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