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ABSTRACT

Toxicity estimation of three nonionic surfactants (Brij 30, Tween 80, Triton X~100)
and their effect on the biodegradation of polycyclic aromatic hydrocarbons (PAHs) in
the aqueous phase and soil slurry phase were investigated. Brij 30 was found to be
the most biodegradable among the surfactants tested, and showed no substrate
inhibition up to a concentration of 1.5 g/L. It was definitely utilized as a carbon
source by the microorganisms. Naphthalene and phenanthrene in the aqueous phase
were completely degraded by phenanthrene-acclimated cultures within 60 hours, but
a substantial amount of naphthalene was lost due to the volatilization. The limiting
step in the soil slurry bioremediation was bioavailablity by the microorganisms in the
sand slurry and mass transfer from a solid to aqueous phase in the clay slurry. TOC
analysis revealed that most of substrates including surfactant in the reactor were
degraded. pH transition indicated that phenanthrene was metabolized into inter-
mediates containing acid function.
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A 7¥R} Blo] A AHEA A (Brij 30, Tween 80, Triton X-100)¢] =4 379} polycyclic
aromatic hydrocarbons(PAHs)9l A##lol vl J & A8 AHEE Al 7HA) AR &
A Zo)A Brij 30°] 714 A&7 2 He A2 JvEgen, 1.5 ¢/L7kA] oFd 713 A
& &7 JERIA gttt ole ALSE ABEAAI v EY LYo R olfEtdE A&
vebdth, 489 4ol A naphthalene® phenanthrene 60A13F <toll @43 Eafsj A et
naphthalene® 7% 4% %o] 3w o3 £4EE ¢ & AU e BdolA AoidAe
2 <o A vy B o JRHAD, HE €2i2)9 F4e FARPANN F8Ye=
o] 23 Ago|Aitt. TOCEA & £&8 ARVAAE XU A 2E 7|Zo] EAHEL ¢ F
A2t} pH ¥3E phenanthrenee] 4t #4718 7HAe FUIEE #3€E el

FHof © 4 B}, vlol&AH AREAA, PAHs, YEH

1.4 &

EgL YuE dyel & o LH 8] AF
Ao g gy HEe AFLZAM AEF R A¢
49 egol AHAHA 9L vl F - 4L &
P AL F3 sich EF YA © {3 e
o] 2R dyg 2 FFHFLY £& & A
Hog EYYS FEA7IY 3o 2 FAe 4
Yoo 29sn Yo 53, AUlARER I
g0l FFAFLY F&2 U3 EU] 285
¥ polyeyclic aromatic hydrocarbons(PAHs)<
ztz Tt E A EoA ¢& FLANTE F AR 5
A& zte BAE gix U 28, EG 24
¥ PAHs® %2 &35 73 33 o A
7+ 44 @t} ARBAYAE PAHse 8328 34
A7122'? PAHsE 0 9E EFY A3l o] 47}
4ol Ada & # Ut wEA, & dFdMEe
ARZAA7 g Ege] viXe E4E Hrisn
PAHso| A3 Foll wlale G s zAlstA
FF 59 #7188 298 EF Fel oA
ARG o] g4t ZAFATY

2. dEMz Y Uy
2.1, AZ % Al

Phenanthrene, naphthalene® H]o] & A¥
E4AQ Brij 302 Aldrich®] Alek& Algstsla,
Tween 803 Triton X-100% SigmaAle]A
reagent-grade A 2F& A& & AFelA A}
£% 29 HEE R71EE 47 0.57~1.2%%
0.1~0.5% ¥A3Ah A& PAH, ARRGA
A4 Bage Table 1o VEMIAT, Aceto-
nitrile® HPLC-grade Al9}-& Al83ldon 2E
Algk AXE Y8 Z2E5(ultrapure  system,
Barnsterd, USA)& AM&3tt},

2.2. Master Culture Reactor(MCR)

28 YEE 4¥E master culture reactor
{MCR)°l 4} phenanthrenec] «3}¥ mixed cul-
ture® AL&8A T Cultures % 67149 B¢ &
AlFen] MCRe %3 10L, HRT 20¥4¥ 7IA&
semi-continuous type®] ¥H&715tt. wiF MCR
cultures] 4elE& <otB7] 3 total organic
carbon(TOC), pH, MLSS, MLVSS & &%33
A3 2E 4¥-& MCRe] steady-state’dejel 3l
< o JAE
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Table 1. The chemical structure and molecular weight of the selected PAHs & surfactants

PAHs & surfactants Molecular formula Molecular weight
Naphthalene CioHs 128.19
PAHs
Phenanthrene CiusHio 178.24
Brij 30 Ci2Ha5(OCH2CHg) 4OH 363
Surfactants Tween 80 CisH378"6(0C2H4) 200H 1309
Triton X~100 CsH17CsH4(OC2H4) 100H 625

S% : a sorbitan ring CsHeOs

2.3. AlHEYH e YRt =4 oY

ARgd=le] YEeet 54 H4YL respiro-
meter(Challenge Environment Sys., Aer-200,
USA)€ o} &8 A4 FE o= PHA
o}, o8 Hee 4 AVEHA e = (0.25, 0.5,
1. 1.5 g/L)& nutrient/mineral/buffer(NMB) $
A3} A 200 mL serum bottledteol W& o}&
master culture& A F3Act. g Fo LAYste
o)At gteri ¥ serum bottle $ B le 50%
KOH& el o8] =28 3ot ARgd=irt
AEHEE B A E ¥ FaEHe AaFS
Al Ztell we} 24FAH 2 & monitoring H ATt

2.4, +8Y dojM2| PAHs2| HE sl

i w29 AWGAYA (0.25, 0.5, 1, 2 ¢/L)
9} thEFe] PAHsE $& thd 20T, 4843 B¢
125 rpmellA shakingAlZtt. 0.2 um filter paper
& Abgste] 83lEX] %2 PAHsE AAE o,
ZAl NMB&43} £318 culture® Wol g2 <l
¥ PAHse £4€ =gttt 43 $ Adel ot
sampling 92 2 sample® T4 filtering® ©
2 HPLCE ©|&38ld ‘dolgle PAHsY Fx& &
A3ttt Naphthalene®} phenanthrene ¥4&
918 AH&% HPLCE C18 NovaPak @& A&
Pov gelAo 2 acetonitrile®t 2EFE 75:25
2 o} AHgE%ith 34 EF =€ naphthalene?
3% 274 nmolA, phenanthrene®l 4%& 254
nm& AH&-3HA T

2.5, EY w32 doiM 2] PAHs2| dE 3l

9k ¢l dolre] PAHs ¥ d¥lMe
g9 4N 743 Qe 3 Ha vgEd 5
dE3 Qe e Jebd Brij 30 1.0 g/L& ©]
£33t E%l 91 ¥4 22 phenanthrene® &
2A)7171 18lA HA phenanthrene® dichloro-
methaned] &34 ohF E%] 1 FEoA4
HEAzl o 7Y ¢ WA 1 L gl
phenanthrene® #3% E%3I MNB £4&
1:10(w/V)22 ¥3 MCREZRH cultured@ A%
&t ¥rg7)e 140 rpme $E2 shakingAl7)
A YAY A 3P 2 sampled AdATH
&3 sampled 22 B¢ 0.2 ym WEHA ¥H
E AHgdA oY Eeltdn HES] A centri-
fuge ¥ ¥e2 Edidc 1 9dg A44F
phenanthrene® HPLCE Al88td 52§ #£43
Aot E%¥ol F2¥ PAHse] F&°l¥ sonication
#H<l EPA Method # 3550A¢ AH&-8tget.y &
2 B 2 AE 79(22.9)% 3= AES
Hyjov] HEe B¢ o 50(£3.5)% A= AE
€ HYu. JEH EYGA & B0 E& AL
HES /718 % WEU Aoz Al5dY. Solid
phase$} liquid phase®| phenanthrene ¢l €¢
2] ¥hg719]A phenanthrene®| &3 ¥&-& 9
& DO(DO meter, YSU model), pH(pH meter,
Fisher Scientific), TOC(TOC analyzer, Rose-
mount Inc.) & ¥4IUT RE UYL F W
ol A WHE AdYIAiUL.
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3. €3t 3¢ uH
3.1, AlHEYH e dEsHA | AH

AR AFGGA 53] Pol2A ABVEGA ] 7
S g B4 2L dckes Re A g9 A
Aolt}, U] & u|o] A AUGGA L ol AWE
AA R §4< 9 7Hdn d3A AT 2%F
T e B4 ANE FolE7] A respiro-
meterg o] 83t AY3Act. Fig. 12 Brij 30,
Tween 80, Triton X-100€ #4% @4goz §
€ o PAHel <319 w8l ofsix Lvde 4
429 %& Vel etk Al 7kx] ARGAA Fof
A} Brij 300] nlA&e 8 71F & ALAHAE
TE Bm 87l olel® dadolr A&
ZE € lag phase® HolR @ttt welAd, & 4
ol A ALE-¥ A A Yo A AREAYA FolA
Brij 30°] 71¢ &8t & Ha £4 A Ay
Holx] okttt Tween 808 A, F2 & 1ty
FE Ho|3 I A¥E Brij 307 viwaAw 4H
&% Brij 3001 vis) &zt @A deinict. o
Tween 802 A$% V| B ojuist 54 AHE
Holx gn w©agez A o€ 5 YA
Brij 309 ¥lgi & GEHEE =W A2 g
wieh. o] Tween 808 AE&|4 =71 Brij 309
ujg) @A velhd 22 Tween 809 Ha B0l
1309 g/mol2 Brij 309 363 g/molel ¥ & &7
g &2 Aoz AlR€ch olef W3 Triton X-100
9] 7% ’3%% lag phase® B ¢ Triton
X-100°] w] &l inhibition A& JeEd R
2 M8 & 3ic v 3 B8 Asade
Triton X-1009] benzene ring® Eg3te 724
TS BAF Wi Aoz g€, oA dFl
¥ 979 e HLB(Hydrophile-Lipopile Bal-
ance)”#& 7t& Brij 309 2% PAHs9 $3%
A 71 L AEE BYR 1:10(w/v)e] B3
22| ¢#lg] 4HoA phenanthrene® 3% =
HAGo2RE FEAFo o] SR YAMTE
B2 EEE BV WREo £ Aol ALEE A
7t Hlo| A ARFAA Fel4 Brij 30°] slurry
el M £kl Fie PAHE Aeldtrld M A

800
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Fig. 1. Oxygen uptake of Brij 30, Twsen 80,
and Triton X-100 using respirometer.

e Aoz Alms.

3.2. T8 olM2l PAHs2| HE3H

8 AolA 22 naphthalene® phenan-
threne] A4&3 49 Z3E Fig. 2~4°] Jeh
At Hgolut abiotic ¥-3fe] o & PAHS &4 &
23817] A3t control 4¥E WP P phe-
nanthrene®l 7% @A &3 &4do] A gled ¥
8] naphthalene®] 4% 3¢= A7 &4o] 43¢
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—e— Control

O |.5g/L, Brij 30+N

g 0.5g/L. Brij 30+N

—o— 0.25g/L Brij 30+N

Naphthalene Concentration (mg/L)
2

Time (hr)

~a-= Control
~O~ 1.0g/L. Brij 30+P
—v— 0.5g/L Brij 30+P
—o— 0.1g/L Brij 30+P
—8— 0 g/L Brij 30+ P

Phenanthrene Concentration {mg/L)
g &

Time (hr)
Fig. 2. Naphthalene and phenanthrene bio-
degradation in the aqueous phase
using surfactants Brij 30.

Ao 2 eyt ©ebA, naphthalene® 22 #
wAo] g PAHE A2l¥ 72 Huse R
Ui Hele gad 2oz AlREY. F89 A
A ztzte] AARAA FEo] %€ F e Hde
phenanthrene® =& %] 80 hrs ¢ell 25 &3
ik, &3], Brij 308 A% 1 =A 438
phenanthrene2] 2E %] 60 hrs ¢t 25 £3)
s|ic}. ool ¥l Triton X-1009] A% ot& AR
FA A9} 22 phenanthrene ¥&] A& BYA
ook =¥ Bl $58 29 o2 Ae A
wPAdAe 54 4 28z AP} Fig. 4
2 29 X3 oF 30 hrs B9 423 ¥ gL e
Bed ole B4 49dME < 40 hrsel lag
phase AlZta} vzl o 5 A¥ADe] A3}
ol& respirometer2] serum bottle F&5£2 4t
a7t AvlE ed dele Algel7] W 2 AItE
143 FH Ao zZtin ¥ 4 ). Phenan-
threne2.2 £319 culture® ©] &3 F84/do 4
9| naphthalene®] Q&8 d¥AX = 60 hrs el
g35lo] 2l 2E naphthalenec] E#i=lE

L)
<y ~a~ Control
§ [ O 1.5/L Tween 804N
= 80 ~—w— 0.5g/L Tween 30+N
§ = 0.25g/L. Tween 80+F
£
‘g 1
4

0 ® g s

¢ 20 @ L] 80 100 120
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—o— Control
e 2.08/L Tween 80+P
g 1.0/L Tween 80+P
e 0.5g/L Tween 80+P
—tp— 0.25g/L Tween 80+P

Phenanthrene Concentration (mg/L)
B

Time (hr)
Fig. 3. Naphthalene and phenanthrene bio-

degradation in the agueous phase
using surfactants Tween 80.

—o— Control

e 1.SR/L Triton X-100+N
—p— 0.5g/L Triton X-100+N
g 0.25g/L, Triton X-100+N

Naphthalene Concentration (mg/L})
8

Time (hr)

—e— Control
O 2.0¢/1 Triton X-100+P
—w— 1.0g/L Triton X-100+P
g 0.Sg/L Triton X-100+P
—a— 0.25g/L Triton X-100+P

Phenanthrene Concentration (mg/L)
8
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Fig. 4. Naphthalene and phenanthrene bio-
degradation in the aqueous phase
using surfactants Triton X-100.
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o]+ phenanthrenedl &3d v|YEo] E§H
naphthalene® Z& X4 & o] &8l ¥ &= 3l
=

3.3. EY¥ #2{2] &ollMel PAHs| HE sl

AR@gA el B4 48T F89 Joxe] £
AYE FM 714 e EEE YW Brij 30&
Abgdld EoF €82l A9lA phenanthrenes] &
& 4¥& syt Fig. 58 EY &g 9kgr]y
2443 Aol e phenanthrene ¥ 2HE
vehd ek, Rl &ejal wgrle S ANy
9] phenanthrene®] ¥%7} F7138te A< 12 hrs
ot Aol E 90% H =9 phenanthrene©]
g3, ole Bl &8y wgre A% 94
2o o AR A4 wNeE AWEtn LS
Bo|Foh ytde] HE &gl A9 Ao
phenanthrenes =7} §HAIZHES Ag) 23 5A
Foked ol nAgEe o3 PRI EASE
Br} @sl7) qfog A gy, HE £
2 AedAe o] AA wEHEE At
B £ JE el gse £501 22
Ae HEAD EYS 52 A7 EHF g2 Al
9c}+.9 Phenanthrene 8134 $ J4€dn @
&3 1-hydroxy-2-naphthoic acid®] A$.” 23
A g ded 488 g2iz] HErldA edAY
o] ZaF i AlgA & A& BEY F Ut

Fig. 62 ¥8 %2 TOC ¥ & Yehd Aoz
©4 Y 2 2 phenanthrene, Brij 30%% ole} 2t
Zte] ZUYHYES THPE ot} nifol HE &
g 2% w4 TOC ¥3E Bied HE 60
hrs < 271307t 1 ol 333 Zadte 7
&g 59, A&l TOC7H F719 A& UV pro-
moted-KeS:0s & AF2HA| 2 AL&-3te TOC analyzer
7} #EH o2 ul$ ¢4 & phenanthrened 413}
A71A Z{Tizt v el o FAALER W
ol itk 248 4 A =HU7 fEol}. F2 F
9] phenanthrened Zefel HED EF F2A
AA T A &ejele 271 TOC/ 2e &
Hg] doidez @A Jdehd A& HEA EY
F718 FRFol Wol £3id ARYYAE FHY
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Fig. 5. Phenanthrene concentration in the
aqueous and solid phase of the soil
slurry reactor.
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Fig. 6. The concentration of the total orga-
nic carbon versus time in soil slurry
reactor.

7] HEolth, 149 ol ¥ wgr)E nlYEY EF
& AANHE W @A FHHUE BAY & AN
£l Brij 302 o] Y U4 AHE ehy
£ A3 v @ Brij 300] & EeHE <+
UATh. pHel Z$ WHEE HAPTIL YRE
7180 Ba¥gle W Al A& pHE B2
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AAELT AA =AY E A& el

4.8 B

A4 Aol 9l ot e FEE AN,

1) 2 248 A8 A A AdgdA FelA
Brij 30°] PAHel «3¥® v|yEo <%
respirometer A @A 71 ¥ AthihvE
ZE B 1 lag phase’t A9 g7 W&ol
7V AR & He AR Uy, o)
g Triton X-1009] 7% @& Aihi&
¢ 2 lag phase2 "4 &9 inhibition &
#& /HAe Aoz Ueted ole Triton
X-1009] &2 £2%3 benzene ring& 714
E 7 4Ed ALz AgEc

2) F&d FolA Zzte AVEHA FEo =
£ 4 9l& 399 naphthalene® phenan-
threne® 2E& o] 242} 60 hrs, 80 hrs ¢
of 2% 35 A} Control ¥4 naph-
thalene®l 2% 43% %9 3w A
ed wely dal Azle AS HesHe 28
of Ui Xelx Wislojol & Aog AlEH
¢}, Brij 30014 PAHS 713 & RHA&
€ HY3 Triton X-10090 2% respiro-
meter A¥2 lag phases}t ¥|&§ A|HE
we BEed Hyo.

3) EYol §4% phenanthrene® Hdle &
gle] dygeld nay sejele] F$ vy g
o BE&mrt AA NEE&EE Auisa,
BE €29 A% EF228E phenanth-
rene?] @o] A WE&TE Aidle A
°.2 Jeyttl TOC 443 PAH &5 ¥
o] & phenanthrene ¥3 ol AAg
gAQl Brij 307+4 €A Eddle AoE v
ehsich, E=3 pHel wrgrle] ME& FEA
phenanthrene®] 419 28718 7IX& 3
FEZ AE AT} BEEe 2E o 5 3
Fel=g

AHER Al 71 AlE@/4A FolAM Brij 300

HAY Aol e 7MY w2 L= A& EY
o #2¥ PAHS €3¥A&¢ Hin & AgdA
13 w2 AEH A%E B2 B8 slurry 4
N EY Fa€ PAHE AMasirid 213 A}
ok & 4 Uk, ol AVELAE o] §TF E
& €8] W 237X 4¥ANE TN 1
= PAHZ 299 EYE ex-situ Mejo] vj$- &
A wgelet € # sl
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