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Biological Removal of a VOC Mixture in a Two-stage Bioreactor
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Abstract

A two-stage bioreactor, which consists of a biotrickling filter module and a biofilter module in series, was inves-
tigated for the enhanced treatment of a VOC mixture, toluene and methy! ethyl ketone (MEK). Throughout the
experiments, the overall inlet loading rate was maintained at approximately 43 g/m*/hr, but the inlet ratios of the
VOCs were modified. The experimental results showed that the different ratios of the VOC mixture resulted in
changes of overall removal efficiencies, elimination capacities (ECs) and microbial accumulation on the surface of
each packing material. The ratio of inlet toluene to MEK at 50 : 150 was found to be most effective in terms of the
overall removal efficiency, because, at this condition, MEK (i.e., the hydrophilic compound) was mostly removed
in the biotrickling filter module and the following biofilter module was used to remove toluene. It was also found
that when the inlet loading rate of the VOC mixture was serially increased stepwise within short-term periods, the
ECs for toluene dropped significantly but the ECs for MEK increased at the ratio of the VOC mixture. These
results implied that substrate interaction and/or substrate preferable utilization might have an effect on the biologi-
cal removal of each compound in the two-stage bioreactor; therefore, the bioreactor should be operated in the con-
dition where the substrate interaction could be minimized in order to maximize overall performance of the two-

stage bioreactor.

Key words : VOCs, Two-stage bioreactor, Biotrickling filter, Biofilter, Toluene, MEK

HHAM, VOCsE asxez AAT 4 e 7|€E

1. M = o] Atz 2 @7 MUH L et AAGA A ulZS]
 VOCsZ Ag3hr] st 718 &), &3,

71938 vo-  mEAls) Bl e - shaby Ayl F2 AME
g FAZF A3 Heo] $ton), f3 BARE A4 A 2 B8 S
*Corresponding author. %E]H] %‘9’] —,"T':X']]z‘j OI BH—‘TEHI %E}(Devmny et al.,
Tel : +82-(0)2-3408-3819, E-mail : songjh@sejong.ac.kr 1999). ufepr] FH ol 71E9 HPHEC] uls)] A

47] Foz wiEsE 3 3EA
latile organic compounds, VOCs)el]

B ARASHA A2 A6



Askrols] fA%e Blge] AA =t oIz
(biofiltration) 2o} FHASA A& Y=
(Kennes and Veiga, 2001; van Groenestijin and Hesse-
link, 1993).

AEAPH 3 A7 2 FY VOCE o4
sted uh-g-z A4 el a3l FA 9] A, F
A o gE A Fol AFH ek (van Groenestijin
and Hesselink, 1993). 121} Al @A A vl &5=
VOCE 5oz v&He A% £x gon, o
5] A7) b2 A4 o] H4¢ £¥ VOCs
Helz &3t geby VOCs A77lez A8

& 43k 79els £ VOCsE ez e
28 H 8% Fo| AAF ok ARL F ol oF £3
VOCsol W&t A3} FE45 Q= A& ok (Oscar
et al., 2004; 7]& 9 ¢} ]2 2003; Cox and Deshu-
sses, 2002; Collins and Daugulis, 1999).

£3% VOCsdl:= 444 (hydrophobic)3} *4~4]
(hydrophilic) 3gE, =+ A& A (biodegradability)
o] ¥7vt W 3ighEe] Hekgt v &2 Aegid
&3 VOCse] ARs) ube-2 A Abaglel o3&
)X #A-2of wle} 7] A 3 (substrate inhibition) 3
e AAA, AA 29E- AAES FaAAIS
dlE Eo], toluened} ethyl acetateE FAlol|l 2]3}
= nlo] e HE] | FAul 2]spH, ethyl acetate7} 7]
A E oA toluened] AAHEE F2AITNE A
#2 el el (Hwang et al., 2003; Deshusses et
al., 1999). =3k, tolueneel] $=3-A17) wIBE-& HFT
A E2hi-2-Zol benzene, toluene, ethylbenzene, xyl-
ene (BTEX) £3E& $%A]7]H benzeneo] 2]3)
toluene A| 7 &o] F43] A= o™, xylened]| £
3t 7[AA ] of3ke 2k Ao s vepdrl(Strauss ef
al., 2004; du Plessis et al., 2001). B3 o=z z3}
VOCs%E Aelahe 79 AEugz #HA 3z
Zde] A7) vz, wak ukg-zelA ZF VOCE| 23
&x7} AdA ez oefslr] die] ZE VOCsE
G Fee] AEAF whgzeA FAll 2T}
oo Ae o 4 9ls

dubt oz AEgodd Wiz AU ot
v}o] ¢ A (biofilter)2} v}o] e &2 HE] (biotrick-
ling filte) 2 o] Xt vio] A= E|H], W57
Zl, polyurethane, T-gA) AMeb] 52 1A 3 g

nAEE B3 g AAAA gz fdHE

ojtu] A Bl gzl A £ VOCs9] A3 BA 759

VOCsE AEA 02 Atzlsict ulo] R WE o= gF
HeA 9 A RE x28E HasE] s ¢
FAF 3 ke SEuke FHIG. webA o
oz paAlel 7t f7133hEe] F4 B3 ub
Sl st & 4~ glck why, vlel e Bl EY
B nAEe] 343 dAae d4H oz FIAA
T Aoz 4 gA 2l AT fAH
B2, 3pA B ol anolet st o3t
- 2HE el A543 F8A VOCsE FA
o] A3 A= F oAk e HgxE
Adz 9288 28 e o|dn| A ERNS-Z (two-
stage bioreactor)E A48 FaAle] ¢t} Chitwood
and Devinney (1999)%= u}e] ¢ =2 Z=HEjQ} H}o]
2¥eE P2 473 g9 o|HAYENERE
A g3t stpA Al wiEEE AN 7713
E<l HS¢ &44 VOCsE FAl AIAT 978 4
g3t Aage =A FAAFG 28 VOCs
g AT ojdnPEuls2E Aoz A
A7} ol §- nlekshe, gt o]min| A Euh-g-Fol A 9
714 A# @Al dgt AAAQL o] o] £ 2]
42 Abef o]t

2 ATl vlo] e ER)F=YHE RE (biotrick-
ling filter module)& Hwte]], vlo] L HE] 2E (biofil-
ter module)& Ftell A=z MAT ojhn] P EukS-
Z2] VOCs +3 5L Frs B9 A &3
VOCsz¥ =4 FAA dubdoz A wi&H
+ toluene} methyl ethyl ketone (MEK)E 4148},
A og ApAdel MEKS f)ol o 444
E24l toluened} 7|AA s A4S wASHS =3t
&3 VOCs (toluene=} MEK)S- 747 o}2 891 X3}
Foz H4ste] ojdku]AEut-g-2] A A% (elimi-
nation capacity, EC)& &A3}a1, 2t 27dx9] 712
7o) AsA4-& M e FAF » oz} e

2. Az o WY

2.1 AEEA

AP Fr odu|EulszE ALY 2]
otzd MA=z Aztsigdonm, Akl FAA I vl
ol E|ERUE &S WXt el A
Ql wlel o dE RE-S AAAH (2 ). F 2E

4 od
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o] Balx s}z A2, =] 15,15, 40cmz £ 3
Azstd e, FA= 4 2Eed Fe] 30em¥y Z3
stel £ 1418 Y5l HA) seich Aek velee
2 EYUE 2Eel: #3EE vdE wiokde] HF
3 TEL FA3%= 0.025m =7]¢) plastic pall ring
(polypropylene 1 d)-& A m}afsle] A (packing
materials) 2. A}231¢] 0], Zc} vlo| ¢ HE] R Eof
E AN m R A feEldt dz A
2}2) 24 (Celite® R365, USA)S AH4-a13 et

Z7|%+27] (air compressor)ol| A 71td 27 8
of] dA=ke] toluene?} MEK &§94-2 syringe pump
(KD Scientific, USA)2 2% F3lgoen, U=
A VOCs= 315371 &5 WA 71818 & njo
eEggy 2F s FFH EF VOCs
2 294 e A HP°]£E313%%H g 9
GzolM dEez S ART T, F vhol o
B mgdME st Tia AR ez A=
Asste] N2H =% shelch

2.2 jME i U HE

A E vk Rl I FA
<2 & o| 43} tolueneel] +5-H S5 v|AE F
FE Relsled A3} Teflon-coated septum©)
}aE 250 mL fesell »)AE FF 1 mLa} o3k
Lo 50mL2 ¥ 3 toluene 100 L& 3 7+4
FY3te toluene £ H3o] ¥ v|WE F

_]

e AdgH oz Aduiek st ofH WRlow

s

°hl

Mixing chamber
|

|
I
v

vjoky) E§w| A E-(mixed-culture) & Axt Hlo] 2 E

Jeduy e < vlolodE g A
A7 4LA proden BZg o4 £UAA
ZeiA A E3Ns

Ad 2706 PAESE AFF Tl = vAE vk
N} FodF £AE FTIHez 7k mEO FAd
TFHAT o) L ER I gl EVB% Ll
FAE W7 AFel AA P 2z o] =52 B3
A4Hoz Ax - £IAA FHoH, F upe| e
e 2gollE 3kl & A 2870 nAE vk g
SHAA FAT A wbex st vjAE vk
el A RI)e] 138 &AL M2 Uy
8oz mesTh & AFNA o] 43 A4
F 899 xA-L Na,HPO, 1.42 g/L, KH,PO, 1.36
g/L, KNO; 3.03 g/L, (NH,),S50, 0.5 g/L, CaCl, - 2H,0
1.5 mg/L, MgSO, - 7H,0 3.3 mg/L, FeSO, - 7TH,0 2.5
mg/L, MnCl, + 4H,0 1.8 mg/L, CuCl, - 2H,0 0.2 mg/
L, ZnSO, - 7TH,0 0.4 mg/L, CoCl, - 6H,0 0.4 mg/L,
NiCl, - 6H,0 0.2 mg/L, H;BO, 0.2 mg/L.¢] %} c}.

2.3 Al-ﬁx?-l

Rl EeE A TAHFERARAL
183 0587 VOCse] §5ss %;E}Alﬂmi 4
WA 27M S ERom, JF {73l
A 43g/m’hre] =g FASGTHE 1 7&—:—) H}—
22§45 EFVIAY v)gel] o= Ad2E
phase A, phase B, phase C, phase D&. F-83}¢] o,
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Fig. 1. Schematic and photo of the two-stage bioreactor used in this study.
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Table 1. Experimental conditions in each experimental phase.

ojstm] A Erb-g- oAl E3F VOCso] ARs 54 761

Inlet toluene Inlet MEK

Phases

Total inlet Gas residence time  Actual inlet loading

concentration (ppm,)  concentration (ppm,) concentration (ppm,) (min} (g/m3/hr)
A 100 100 200 1 43.0
B 50 50 100 0.5 443
C 150 50 200 1 42.8
D 50 150 200 1 43.0

247t 1597 +A3HA} 7 phase 7] A)=F ghA ol
Me A3 Azxd FAE ezl FHsT gellA
71 Aoz okl mAE= HEdgled, o
A Z+ AYe U3 2ANAM Aztsle] Abs w)
W& f gl=g sk

2.4 YUY

7134 A8 viel2 e8] E3gE 2EF uleol e
B g I AXHE 479} T, &7
A] gas-tight syringeZ o]-4-3le] AT ¥ gas chro-
matography (HP 6890, USA)e] F413le toluenez}
MEK %8 %439 7 &7 FID (flame ion-
ization detector) & AM&-3lg] on, $Hl7lAE AFE,
GC column2 2 HP-5 capillary column-g A}-8-3}ed
B P

7} phase®] A4 713ke] Et Foll VOCs ¥-
Se W10 Aoz 4EA7 VOCs AR
(elimination capacity, EC)& ZA 39t AlAS &4

HHA1L, VOCs $9) 3k 2412 59Hd Ao,

2 A F fYRe 529 528 SA3
Ayt

=3 w2 ) nAE A gls] $1st
o, o] e Ee]FHHE] T EF] ulo] 9 HE HFoA
A AH3E 7 FA 2o Beldle vAEFE
28l o] A2 HA| Z2F(dry weight) o2
st om | AEH ) My weigh /Epacking >
2 vepi it

3. Z# 3 nE
3.1 olcto| MBS xe| VOC HAHEE

Phase AdlAM = A)FA)7F 1%, toluenem MEK 7+

100 ppm Fdg= 2AAM odm|AENEEE F

1597 $Ask.00 (A VOC #4) 33kg 430
gm/h), 23 2(a)$} (b)ell 2+ VOC A|A &< vie}
Wgict. Phase A £ %7]¢] toluene2 Axt Hjol Q.
EFYIE M oF 60%, T vlo] 2PE] B E
A YA 40%7F AAE ] Aoz 99% o) 42
AAEEES Fepiget 22y ojihibex 3o
R &HWA] Actel A9 toluene A| A& L] k7t 7
&3k A Yehle] #HEH oz oF 40% £
AAEEE Bgon, A4 AAEZLEE 80~90% 5
F& Yl g)o} ulH Phase A 7oA MEK A)A
EEL oF 30% £EAAM Assle] 29 o]FRE|:
At vlo] 2 =2)F3PE] 2EA >98%2] MEK
AA &L FAZH e AR 2 Fe] 2 MEK
AAEZEE, 270l toluenes] &&H n|AYE vl oY
€ AFAFom2 WEE WM WA Eo] MEKe|
53R 717kl Ho3tgl]) woletn .
T2} vpo| 2 E 2] E¥IE]e] AHEH v Eo] MEK
of 88 o]FolE Y% MEK 5] A 4
Al ZEA AAF

Phase B 7} VOC?| BAAY adts FAH o
2 Fofalr] g8 s, f-95818 @43 g/
m’/hr)2- phase A%} U3 fA5HAM 27 AF
AlZHO0.58)5 &A1 Z o) Phase BellA] MEK$S] A
A &E2 phase A9t FAFEE AeFE viellle] (0¥
2(b)e} (d)), A o= g3 =7} Z MEKe] &lA
+ AFAZ G& &2t A9 vehdA] sk ub
Y phase B 27 |A] toluene A] 7] &-8&-2 phase Aol
vle] Barzsiger Felagx Hubdoz A
et} £3] phase BollA tolueneo] At wlo] o
ENZRLENA L3/ EalFHe) AARD oFe] phase
Aol Bls] &3] el ed), ol f<re] Wt
24 f8=rl e 2dEAa toluened] HEEA
o] AMgtgel] wtE Aoz No Ao A o=
A% A4 AE WS HAT ojdv]| B
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Fig. 2. Changes in toluene and methyl ethyl ketone (MEK) removal efficiencies over the experimental period in each
experimental phase.
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SxAME P AFAZLE 2504 BA AAE
Zaz ololAl 4 glowm, ulehr BAAEe] o3k
FHAispslmA o|du|yEutgze] A Ao
5 e AR H47] vlw dFE oo & A
o|t}.

Phase ColAl&= HlFA)17F 1808 toluene?} MEK
E 150ppm3} 50 ppmoz FYAF|HAM (F HYR
B8 42.8 g/m’/hr) o] u] A BRF-S-2 2] 7} VOC A&
=g W3kE gdaiadsh 29 2 (O A=
Aol o3, &4 AlF ¥ 3 el MEK A
A AAHEE] 6% ¥HH toluene?] A AEEL of
100% 2 velget o] AgAz A B34 %
A7l mAEE T ASAIRl ez veRd ¥
doz B 4 glvk 2By o] ¥ toluene A ALEL
AxA oz 7rAaste 44%74A] otz ow, HbH
MEK: Az} =748k 100%744] =284} Phase
C A FuAAANAN o|du| Y EuHS-Z nlo] 2WH
2E2] toluene A AFE AAbsind 21.6 (£1.06)
g/m*hr© 2, phase A9 toluene A A3 21.2(0.73)
gim’/hrz} fARsIeh &, 2 Q7oA Al Agdt o
e ez I 2R Ak A
vlo] 2 WE] WEQ toluene A AL A= oF 21y
mhretz & 4 o wEid oldm| A EuEE2E
AN pexd] A 2 (S B3
o tE ¥ NEEE 97 YT 2] Hle)
29 zge] @A RIg g9 AAE dert il
o}

Phase DX A F A7 1264 toluenezt MEK 2]
FUE=E S0ppmat 150ppmez 2H(E 3 ¥
g 43.0 g/m/hn)ste] oUW ENFSZE A
A2 299 () ol AFES nprkA =,
phase DA = R F& tolueneel] B8] MEK$] A
Azgo) Yoyl W &Sxz Z718lgch. MEK:
=2 §Y5EYod= EF8T >99%2 A B
84 VEhigion, 9% MEK®) djiio] Mgk
ulo] ¢ Ee]a)hE ZEA A A= Toluene
8 A @ fidvzmdE et A £ =2
oM AAxEL AdHoz Wgto, §4€
toluene®] 70% o]/}o] F=b 714} wlo] LU R Eo]
A AAH, A B E L] >99%E HeEPH AT
ool AAAE FI3E @R A ENSEM
A og Yrsj=rl B2 toluened] AAE F5

ojstu] A Eub-g-Fo A £3 VOCs2] A3 54 763

ulo] @ FEjol| M F2 WAse, ol 7|E #d 2
3} (Chitwood and Devinny, 1999)¢} =)} 2 )2
o= ogm Atz 4 &4 F95}A7)7]
AN E At $4 ZEANM A4 Ealo] ¢
AR F, T vio] 0 FE] REME AP B2
& Aslel 7 wEY) PYE A 4 U 2
E|ojof ek 2 AlY FollA] Phase D AP AZE 7
wEe QT tel A1 AHstY Ae vehiw
Sl

3.2 DjHE B4

FA3 A 25& P2 92T oxtulg =4t
SxoA Fds wIlFez HYHLE toluenedt
MEKS) A7 4 7 VOCe) 4= 9 Agsl=
adw ogE A% DHY Ade) Ak 7+ A
QAN 1397 $AT T, 9 =He) $H A
At wAE oF& SANAHE 2). ZE Az
oA SAR-E9 #9) MEK$} 9329 tolueneo] 3
@ nlele e Edy REoA B AR
o fol], At 2EY EAd AT vAE Sl
AR ez wsreh

£ Ao e vhez A Al A AF Az
& FAel tolueneo]] 8- wiFR PlAEL AFAZ
o1}, MEK7} toluene®t 3 §41% Fo|x MEK
2ol vgFo] WE &z 25 MEK 4%
o] &2 phase D (toluene : MEK=50: 150)el]A] 2]
g HA wAE o] 7 B3 v phase C &
ZelA EAF B o]l HeH, o) £44
MEK®} =7} o} MEK 3-8 vl E9] 24 A%
s A omn toluene Al HEo] TAH 9le] toluene
AAv) B AAFAF w3 Yoky] dielot o
R o2 ketone BFHEL WS 33HEel] HlE] o)
A5 2)3 84w} w2 (Deshusses and John-
son, 2000), & AP A9} o] EFm|YEL HFT

Table 2. Biomass quantities determined on day 13 in

each phase.
Ph Biotrickling filter module Biofilter module
ases
(mg/g) (mg/g)

A 47.2 17.0
B 38.6 10.1
C 325 8.5
D 63.0 19.4

J. KOSAE Vol. 22, No. 6(2006)



764 228

3 RS} e $710GEE o18T 4 9
o] whE L£xz2 ZA3d AAgxoen 2
Folxl R4S 74 AP 2E #go) et

A4t olaE 24 =0 Aelrh Bysiact
2 a7 APPHess WeE Heln 24

}&l toluene Eal|v|AE <k} MEK Esju]yE

bg A ow PsE Zokch

&

o |4 o R l‘lf‘ o}L

o B oMe {4
L

o\

3.3 VOC H| A% (Elimination Capacity, EC)

7—} Az A 1547t °IDPU1*B€HP 28 A
g 3 16~17Y Alele] VOC Haleks wtr)7k @A
751—& FeAA 7 VOC AAS & %‘—é }93‘4. 2
AL ojdu| g Bl 2o W7t 1pER F-95
= EgeqEde Ba A 7 VOCY *JE’E}
45 Frishr] A8 pPEHAA 18 @)} (b)els
A A7k =) §-9l8Eleka) toluene : MEK B])&

=

A 1597 A8 3, 77 55 RspiE A
& 55l 2A T AASE delisieh 271 ¥
B3hA3 AY A3} phase AolA] toluene} MEK
3 AA VOC F WA A% (maximum EC,
ECmax)-& 120 g/m*hro)gl o™, phase B2 A A
VOC HHYA A% 78 g/mhre|¢jc}. B3], phase Bell
M MEK 9133138 oix AAEe] o o4
Ae3lR] g @Akl vpEhd, B2 3] AFAIZe
A MEK 249 At os] u]ly8uk-gz2] A
Aol A =233 st

28 3(c)9} (D& phase A} FUT AFAIZH
g-olxzlel A A, toluenem MEK<S] w|g-& B
i]"‘]ﬂ AS Y 7] 54 Ry A9 42
B o] Fr}. Phase C¢} phase Dol|A] £33t AjA
S 7]2H o2 phase A%} A oFAFE tER 9]
214, toluene A A%} A VOC WA A% 2

o X % rlo

aﬁa

160 160
o 140 {a) Phase A 140 4 (b) Phase B
=
E 1204 120
£
> 100 100
3
= 80 80
g 60 60 -
£ 40 )'\v\v 404 —e—9
E —v—— v
o 204 20 1

0 T T 0

160 160
= 140 (¢c) Phase C 140
=
B 1201 1204 (d) Phase D
&
= 100 100
S
g 80+ 80 4
3
£ 60 60
E 40 N 40
T 204 20 Y

0 T T 0 T T
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Fig. 3. Comparisons of elimination capacities (a) phase A (toluene+MEK=100+100 ppm) and (b) phase B
(toluene+MEK=50+50 ppm) (c) phase C (toluene+MEK=150+50 ppm) and (d) phase D (toluene+MEK=50+150

ppm).
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Table 3. Elimination capacity results obtained with each

phase.
EC (elimination capacity)
Phase Toluene? MEK? Total?  Maximum®
(gmhr)y  (gm¥hr)  (g/m¥hr)  (g/m¥hr)
A 51 67 81 120
B 32 41 70 78
C 40 65 63 117
D 27 81 88 148

YECs determined from Fig. 3 in which the inlet loadings were 100 g/
m*/hr
YThe maximum EC for overall VOCs (toluene + MEK)

=215 2lo] & vepligleh 2+ 2AeA 9] FH oA A
=2 1, phase CollA] 117 g/m’/hro & phase A$}
$-2}8tgl o, phase Dol Al 148 g/m¥/hrz 714 &

2 A ASE Bk Phase DA 71 2 A
AsE Bl olf= 1547 AHA 4 717}

MEK £3ln) & e EHol) 743 whe] 12 4%
sted, B4 HahiE APM=E ¥ MEK 23i¢

2ol AF8 FHA A% $2%= toluenest MEK 7}
747) 92 u)ER ojuv|YEutsFe H=EE A
el A 235 Az, 72+ VOC 7] Asae-g 3
7¥sh7]E ¥k w2 ATl e FYRsE
o] 100 g/m*hrel A2 71 ste] (2 3 AA), o]
o} 7} VOC A A%5& 2= oA AAsIH(®
3) Phase Aol toluene §-213-3}2Fo] 100 g/m*/hrd
o AASL 51 g/m’/hr, MEK $-3J8318F0] 100 g/
mhrdd] AA %L 67 g/m’hr, AA VOC §-¢]E3)
2ol 100 g/m*hrdo] A A% 81 g/m/hro| g}
Toluenes} MEK -§-918]&-0] 3:10]9%l phase Col|A]
L 7} g-qlmEleFe] 100 g/m/hrel A el A toluene
£ 40 g/m’/hr, MEKE 65 gim’/hrd] A7l B4
o}. vk toluene’t MEK §-Ju]&o] 1:30]9d
phase Dol AJ+= toluene’= 27 g/m’/hre] AlA %2 v}
ehgl e}, MEK A A% 81 g/m*hrog A 2=
7rated et

o] "t W44 B4 MEKZ} A whol o=
2 EHUE 289 Ao LH F A Ze] s
27 HslHo) pAE] 714 e (= Az 9
3 @A e HedFr)(Hwang ef al., 2003). =3 &
alwmzl-g 100 g/m’/hrol| A phase C 7| 7kel] -§-31u]7}

ojtu] A EuEEZ= N EF VOCso A B4 765
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