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ABSTRACT

In this study, a novel bioreactor system using a diffuser type hollow fiber membranes (hollow fiber membrane diffuser,
HFMD) was applied to investigate the feasibility and biodegradation capacity for the treatment of a gaseous mixture
consisting of benzene, toluene and p-xylene (BTX). First, A mixed culture pre-acclimated to toluene effectively
biodegraded the BTX mixture at an overall removal efficiency of approximately 70% for a 20-day operational period. It
was found that the biodegradation of toluene was slightly inhibited because of the presence of benzene and p-xylene.
Second, the elimination capacity (EC) of total BTX increased up to 360 g/m’/hr, which was substantially higher than
maximum ECs for BTEX reported in the biofiltration literature. Consequently, the hollow fiber membrane diffuser was
considered as an alternative method over other conventional VOC-treating technologies such as biofilters.
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BTEX(Benzene, toluene, ethylbenzene, xylenes)™ 3]
o] W geleAs Ao} 7T 22 ARA|
F 5ol &3 TdsE Edold. AHA] AHAE
oj9joli= mhd S=iwt E 729 BTEX/F 7184 2
A5A, FERE, 3 AR T 98 FoERE F HA
AM2ETL QthHarwood and Gibson, 1997). wEhA X
3t A B, 98 AR, AL 9 Bl 5 g
APdollA] BTEX E20] AdeldA2SEal =, ol
S A ENAS FEe A3 B 2 Ak 290] Al
2& FHTAZ UFH Ut

dubg oz BTEXE tha$ollk] NAPLs(Non Aqueous
Phase Liquids) JENZE EAISH, BEQC] &3 9 A3l
o -g3l=lo] QAR vl H2 LS 7RI o]
SVE(Soil vapor extraction) 52 % 55 o83t A
& F= ot ol2ldt TR Y AL & EYASo|
Al BEEo] Ve wlivkke] Mert @90 E aTEE
o, @Alls 2o 47 5o Esley 3ol
2 AL ot 2 olE SBsEH FRe) 9y
o] A™=Ha o], B} ZAAF ol H3EAR] AESt
2 AeErge] thE tijle® AAEI et

A28 AMels F 7P tisEA<Q Aol biofilters}
2 BB, o] T vl 7 4
F JE Y 3 A DAl (mediayt TR Q= Hk
7] W2 99 3718 A Adlele 71eEA,
AE ZAGRE FF T Foele @ 2840
=2 202 g4EA Jot. 2y fdRskEe] =AY &

HEo] A%t ZHdME vAEY Ao Qg
1 @ (clogging), 8 &4 T EAI7F EAYS,
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Smith et al., 1996, Song and Kinney, 2000).

olgigt AEABFH] HHE FH3P] A tikke =,
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xylene(Jorio et al., 1998), BTEX(Strauss et al, 2004)
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(Ergas et al, 1999, Ergas and McGrath, 1997, Kim
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Table 1. Specifications of the hollow fiber membrane used in
this study

Items Specification

Material
Nominal pore size 0.4micron
0.D/1.D./Wall thickness 650/410/120 micron
Fiber length 03 m

Number of fibers in a module 775

polyethylene
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Fig. 1. Schematic of the Hollow-fiber membrane bioreactor
system.
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A4 RS AE gy F3A A% AEWRS
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X]=]o diffuser S —r?"ﬂ%]’ A== TASIAT (Fig.
1). ollojxze] o) ¥ frez f9d 37e EF4
3=

Hefo] FX syringe pump°ﬂ ol FYa ¥ 7
by fr1eEEn vhA =, 5

mixing chamber® AX[HA] F7|e} $E-3] 4lo|Al =t
29d e WY 4 RUNE B s =

ENRS7IE o835 7RV BTX AlA 27
B2 SY5o] =FAPe poreE E9| 1o whe7] U o
%%(liquid volume=3 L)O2 ZAHG AL}, o|FA H<)
B I ILEEe 1R EE FEAN ) 3 A

Fehe Vgﬁ"ﬂ o3, 2xpHeEE ‘i’l”é‘ﬂ o] o
A Bt sl vlAlEel] osl Eal - AAEH, A
H 37le whe7) el X3 fEFE viEEA doh
A7 rAEe] Malse ¥ iR A dEE 2
05%4 LS e f=slr] sl HEE Tl o
(6 Lmin)o 2 FEAIAFTIIT. 3 v]E] <
715 a7 HA] A o]FARES 3] 9
0}0‘1 WhE7] R s mid Y78FH0.3 Liday) mAISH
o} olHE WF- He) wAle Ay, ) T IS v
ABEA $23] SFIHE v ooz HQ o]
AE 37FE Alolsh, ¥hg7] Wiiel tia} FibEo] 5
Aglo] A = e oy dFFE APl SHS 7t
A ETY =
Hk37] 23 WhgT| el FEg 4| riES &
R3}7] 9314 toluenes T LFEAE HL3t phase
1 A8}, o] & benzene, toluene, p-xylene(BTX)S] &
3 SFEAS 83l 78 phase 2 AFOE Lo
Re¥51590}. Phase 1 717 =& toluene FYF3}0]
71& biofilter WM ) Esleoz <HT 100
g/m’/hr §550] HES FRU 1, SE3 el vjAdEo]
FHEUTH B 6UAIFE] benzene, toluene, p-
xylene®] Bt QHEZE 83 phase 2 APS A2ket
At} Phase 2 AdoA B3 9 dEZQ BTXE Z&
FIH|Z 4]0}, phase 1 7IKF 5% FUE toluene®} &
dgt °k91 o] FYHEE st o] W HEH
ARSI benzene, toluene, p-xylene Z¥Z} 41, 32, 28
gm’hro 2, F FYFe] guirt 5 F=H4=
toluene Y FYFHEFI 100 g/m’/hed AL 2A 3
Frt. oo IR B KUE, FERY L= d
TE A4S 33 AYESS BB, iF ds o
5 AFsk 2R3 mAEY w28 S5
ope "e— O]ﬂ"ﬂ HFMDS] S| 368 Yotei,

=
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F2 Fol 20Me] LEEH Aol AHTAE Pt
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syringe valve(Supelco, USAYS &3t 500 pl Gas tight
syringe(Hamiltion #1750, USA)E ©]83la] 7Jog A
& A28l 23 A8 FID 2 HPS5 column®]
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& syringeE o83l FHEZo| AA" N AEE
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VOCs &3l PIAES] vhg7] W A HA=E dokir]
A3t Ui Ade] CODE S48t CoD S4E 9
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ANHE FH, AL 7EEE o83l e EFE AAS
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Reagent vialsdll A& 2 mLE Y3k 150°CollA] 24
IFE<t digestion A2, ©]F 600 nmold] SFE=E
ZA3 CoD T2 It
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HFMD Al 43S S5 oo 27) vide 58
grsia, 9l 29Ed gk ¥e71Y ATE Helsp]
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QHFEAE FAlol| AH83F phase 22 YFOIZITh. Phase |
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Fig. 2. Changes in (a) BTX removal efficiencies and (b) biomass
concentration in the diffuser-type HFMB.

ghe YRkEQl didale olve 23E Usiit. o
215 Ao} dRloE B Whgrle]l BN AT 4 9l
= BAHG Al (Mass transfer limitye] dojule 38S
s E 4 3irk ol iE 49 Aok 5 em A=
2 g wlol AA FEAM BEA 2EH F7E0]

A AA BEE719] head space® W27l 7R, &
71Pde] QAEHe] Hfog o] WETR] HEo
olFAAA] AFAR ] vt F7] whol] sk
RAoZ AHHJTt AR ¥h87] WiF2e] A4 toluene®]
e Ao SAEA BRARE, FEFAA 7V toluene
FEE G AEHR e ACE Hol fEE 7
2Fol ©PEo] BE doz HLE|d= Wt A

]

6URRE] benzene, toluene, p-xylene?] B3 2HE2
S Z83 phase 2 AFES AlASIRL MEA THEE
benzene, p-xyleneo] W3k 8- 7]7H(acclimation period)
S TEAEA gkom, 1Mo A FFEo MRS
S doj ¥ T YibE oz Ejfe dEAel oigt
HAE B3l A B ., EAlske vIAEY] 5 T
of wel ZZA(induction), A3l (inhibition), ZTHAHcometa-
bolism) 5] &3 WAUFC] doju= A= g4 A
Th(orio et al., 1998). ZS|E2 QAL 23 FAd
w2} BTX A453te] JaadAlol os) a7t =AY
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A= TY @] TAY Aoz AgEAG £ A
TolME E3] toluene ©Y QA=A HgA)9 FUR3}
3} benzene, toluene, p-xyleneS 25 283 33 &
GEHe] F YRl 2] wiol 2 fURstE
of ojgt HALHEAT] Bt dEHe] A4 AE H
e S AT

EIQ HEAS A88E B AFURE ¥-5497 vAy
59 7%t TR BF8la #aladoe] FUIsA
o= B2 ARt Aio] o], Al v W
5 W] = 54 27 BTX B20] vi§- @A HE

= AL IRNT 5 ). SFEE Hi Balas
2)R3tes AHET benzene®] - B 73%2] £
F89) 30 gm¥hee] eSS toluene®] AF 72%
of B3 23 gm¥hee] ARalES Jeplon,
p-xylene2] 7% 71 & 60%2] Ela83} 168 g
m¥/hre] XeFetEs Rt or)ela AR,
BIEE 55 ol8std ¥ EFMLAR Z20)A|L
BTX 7 £49] Ao zo] EddGET ¢ 2 AE3|
=5 IRE R UolE = S Aotk 1 A7} benzene,
toluene®] 7% FAKGE B3 E8-8 AR BlS3F 52
418 2 AEEE UL gle AoE Adstq]
o} 22y} pxylene®] AS- TRE T EZo] Hls) JhH
o7 EFAYEETE ey, AR 9A] Holxl= A
o7 BAEQITE B3 dEA A8 tiE f) Fal
2 AYAAE Table 20 eI

oA xylene®] #3EE0] 2 o= xylene®] &
qxrt o T 244 HlE diiEoz v il &
AAGA ¥ & ARRS ¥ glow vluE AFes
2 #4 #eE /AT sla, F A ZE87190 -CHel
oJs] FxRAHOE AR whEo] Wl wr] wjEelt

Table 2. Summary of BTX mixture experiments

(Jorio et al, 1998). o]&fst FHH o X xylened]
ol %R 71| BTEXY] £l &80l vigh A7l
T AR Folz YA BARIF 4 AT (Kennes et
al, 1996, Jorio et al, 1998, Deeb et al, 1999, Strauss
et al). Table 39| benzene, toluene, p-xylenc®] THEZ|
?l Eejslely 545 Jehigi.

DU AEH AE Ao}t BEF2HEEZ A& Al toluene
o] &3 H=7} ofmgt Xjo|7t AsA] YokEr] sl
phase 13} phase 29| AFZAAE Hlws|RAYT} 4 &
Yo dEdo] H8E phase 19149 toluene E3le 75%
T YA FAEHNoH, EFHAERDE A8
phase 201X Z710l= phase 19} E3EEC| FAHA
Tk, benzene, p-xyleneo] X|&H o T FRAEA} A4 A7k
olF AM|EE0] 70% TR Thadhe AES Yeh)
Atk 2 Apele o ATt oleldt EdE-E] TiAhE
toluene®] w37} T2 F B4 93] As) v vk
2 HoiFe Aot o9 22 ERQAEA A8A
toluene 312] A3l= 7]1& biofilter 3 ATl = &
A3 E 4 =Hl, 53] toluene’} xyleneS FAol| 3
43 A= ATRE Jorio, et al. (1998)2] Il
xylene A8 & toluene®] AHB|&E&°] 20% o) 74ast
31, Strauss et al. (2004)2] AFANME GA] toluened]
HHE-E0) 10% AL 7HAshe 5 B d3dn Hr) v
WA & AYEE Aolg HAFS & & Uk

3.2. Bdlls A8 (Elimination capacity tests, EC tests)
HFMDS] BTXd| tigh A #8lls 58 ¢olra,
TUAEA A8 Aot B AEH H8- A9 toluene
23l AEF Aol, & toluene®] w3l Al BFS Fe

R} 2N AN ET] I8l phase 13} phase 2]

Chemicals Inlet loading rate Degradation Elimination loading rate Liquid concentration
(g/m’/hr) rate (%) (g/m*/hr) in the bioreactor (mg/L)
Benzene 41 73 30 0.00256
Toluene 32 72 23 0.00253
p-xylene 28 60 16.8 0.03338

Table 3. Physical and chemical properties of benzene, toluene and p-xylene at 25°C

Chemicals Formula Molelcular Vapor pressure  Water Solubility Octanol-\fvater partition Henry's law
Weight (mmHg) (g/L) coefficient (log P)  constant (kPa/mol/m?)

Benzene CesHs ' 78.11 94.5 1.78 2.13 0.557

Toluene C;Hs 92.14 28.1 0.531 2.73 0.660

p-Xylene CsHip 106.17 8.8 0.181 3.15 0.690
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Fig. 3. Elimination capacity (EC) curves for toluene (single
compound) and mixture (benzene, toluene and p-xylene).
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A A2 Bals AEe 93T B3le AEe B4
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FUTEE AIHE AFollMe= 2717 B §43] &
7R F AASEE LE8EHEe ¢S S5 Aotk
(Deshusses and Johnson, 2000). ©] A&e] Axl= &4
23} W% (dynamic loading condition)41] ¥k&-719] &
AEGE dolE 4= 1o, HUEsles 15l vk
719) F8 AARAIZE ol8E F Utk & Aelxe &
A o8] AE7)7F52t toluened)] TSk EC tests: 473
3l G e iRt Edllss dopEgtal, e
2 B AR Belas % Al 383 39 vt
7R 2o BIpR 419l BIXE o83l EQedE
Ao ozt Balle-g BAEIRATE. Fig. 3o 2] Eaf
T AY 29E el

dukx oz ¢ oPdel FYF3t ST M7 Rt St
2 o]ojx]A] ¢k Ul Bl5(ECn.)S ERIskE el
A Bils AgE AT, £ dFolxe we =&
B3l oz 3k nAEe] A% A} dldEe] H
fEES o U] ol ARS TR HETHe
2 83 BTX §A H313RS oF 700 g/m’hrZ benzene,
toluene, p-xylene ZHz}h 286, 216, 188 g/m’/hr F=<F0|H,
H2)d B3 benzen, toluene, p-xylene 22} 151,
121, 89 g/m*hrZ 360 g/m*hr =59 BTX Al H3}
25 Jehich

B Ao dojrl Ay Filo] o= Ax FEe
Bals9x] drisl] 95l V& A7AAE AERE
t], membrane bioreactor SITOAE= 012 BTXE B4l
o) &35 ARlZ} ¢l7) wlEol biofilter 28 AlElE =
A}l Bkch, 2 A3} Tahraoui et al. (1994)= BTX 3

A
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Ak A=k B Aol ol 360 gmhrd] Eile
7189 A ENE B 953 9% A9els ki
4 Atk ol TPl WFoz Hd®E S FEZo]
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q5g JANAAT, pxylenet & A& Aol 80
gm’hre] B Eallsg dojulo] 1 Rpo|7t B dA7E
e} vjwsle wlg Aok Ag BRI F, & 3T
ox 283 HFMDS] 79 BEReAE4 A& Alx
Ealag, B3l 5 whgr] &3 A jolz} vH|
o] epgoz A7RE AE3710) 7IE biofiler THE.
o fElskt & 4 ok

E A AEA 443 HFMDe B EEZd &
Al A2 QFEA0 g Wxe] 237|F BHAs)
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2271 71E biofilter T} Blasle] @ 5
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© AL 429 F714 ke Fol 7FsEted
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