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ABSTRACT

Surfactants can be used to enhance the mass transfer rate of hydrophobic compounds into the biologically active liquid
phase, resulting in an increase in biodegradation rate of toluene. In this study, the mass transfer rate and the
biocompatibility of toluene in the presence of various surfactants were evaluated. Four anionic and nonionic surfactants
were tested: sodium dodecyl sulfate (SDS), TritonX-100, Tween 80, and BYK-345 (silicone surfactant). Experimental
results showed that BYK-345 at the critical micelle concentration (CMC) enhanced the solubility of toluene. However,
there was no increase in the solubility of toluene by SDS and TritonX-100 at their CMCs. With the addition of each
surfactant into deionized water the mass transfer rate became faster than that of the case with no surfactant. A bottle study
using toluene-degrading microorganisms showed that SDS seriously reduced toluene removal presumably due to the
toxicity of the anionic surfactant and/or the substrate competition between the surfactant and toluene. In addition, the
degradation rate of toluene was decreased in the presence of BYK-345, indicating that BYK-345 adversely affects the
activity of microorganisms. However, TritonX-100 and Tween 80 did not decrease the degradation rate of toluene
significantly. Rather, at the low concentration of TritonX-100 toluene degradation rate was even increased. Overall the
experimental results suggest that TritonX-100 be the appropriate surfactant for enhanced biological degradation of toluene.
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FM0] : AR, AR, 74 83l=, =2RGE

1. M g

ARgAARE AddgelM SFAZ ARSEAY, AF
YIABA], de-emulsifiers, penetrants 502 AFEH7|% gk
ThH(Muligan and Gibbs, 1993). £3), 415818} Lol A
E R sdleE 27A f5 35EE ST
dlol] ARSAAE AME Soh(Falatko, 1991). 37, &
F3}t Hopollde B 3RAET column AYPE FS
AAgAdA7F 28k Well £A)8k= PAHs (poly aromatic
hydrocarbons)®] -Ba|=e} B2 SVIAZ 02N Eh)
2] PAHsE BEYOZHE ojd & Sltke Zlo] ¢l
Folle 299 B Al AWEIAE Bol o|&3}
3 QtK(Deshpande et al., 1999 Muligan et al, 2001;
Chang et al, 2000; Huang et al, 2001; Edwards et
al, 1991). °1xE T3 RolollA ARTYAE Bol
AR AL ARSAAPT AY B3i% 7 BEAE
7, AETAY 59 58 wEojt(Muligan et al,
2001).

olgigt AHEAdAe] EAE 12| volatile organic
compounds (VOCs)E PIYES Fafisiiat & Wx a3
Hog ol§E < itk Iy B3] FE|of & A
2] B3 AF e E 83lx F7lelth(Maurice,
1994; Chang et al., 2000; Huang et al, 2001; Deshpande
et al, 1999). AlAEAA0] ofs) wAE AEFS gt
7V Alele) ERAEG wl§- STMAIA 7VdF Adteld]
EAAGASK 2% S/} AT Muligan et al, 2001).
weba] 7Pl EAskE VOCsE e s o WEA A
9N % Sick A%, 71l VoCsE Ao o gel
A7 emH plagel o Be gol EsEAl & %
ek,

o r

=

Table 1. Chemical properties of sufactants used in this study

38, B8 =7 critical micelle concentration (CMC)
ol ¥rrl = AWEAAAI} micelles B
micelleiie] 2pAd Fitol F718S FH6l] frlee
S=E ZTM7Ie Aol AWEgAY o 42s
o} g3l 7P VOCsE: oz 1 Bo) E3AA HA
Bol| o8 BalisA & & ok

o)} Zo} VOCsE mAE-S AN Ealrale o8
o] ANEAAE ARagto 2N o E8AQ1 X AlxH
o] =2 W, UA YollA Ttk AREEA 2 F
Foll we} ojwdt A4S 7X1 Jow, vEY] B4
o= gupt gaks vixjex]d] tia)] golrolol st
wehd B dFeMe o] 79 AHEAAE o83l
ol ztz}e] AHEAA) A FASS gopral, vk
3 Exe] AREAAAV} rIES] 4w ofudt JF
& )R] dopEual Fo), i o] A AFE vt
102 toluene S VOCSE 1AIE9) s Ea)A)7)
b AR S Qe FHAER AUZAAE 7St
312} gtk

5

2 MEME ¥

2.1 HEME

2.1.1. AEEAA

A3 g ANEAE 718 EEel ridES
ol&3t 9= B3jlo] BUR =E-S EURE Bo| AR
Ho] 9w AL $MFos AL B Aol A
Ask AWBAE SDS (Sigma-Aldrich Co.) (Chang et
al., 2000; Huang et al, 2001; Deshpande et al, 1999),
TritonX-100 (Sigma-Aldrich Co.) (Chang et al, 2000;
Hiller and Wandruszka, 1995; Edwards et al., 1991),

Critical micelle

Surfactants Properties Molecular formula Molecular weight concentration (CMC) Reference
Heyder er al., 1997; Hill,
SDS Anionic CH;3(CH,);0S0;Na 288 g/mol 82 mM 1999; Hiller and Wandruszka,
1995
. .. CoHy7CeH4O(CH,CH,0)5 5 Heyder er al.,, 1997; Huang
TritonX-100 Non-ionic H 628 g/mol 0.25 mM er al,, 2001: Kim et al,, 2001
Tween80 Non-ionic C3SEOx0 1310 g/mol 0.012 mM Goudar, 1999
BYK-345 Non-ionic Polyether modified 2700~4700 g/mol L5 mM Deeb and Alvarez-Cohen,

(silicone surfactant) poly-dimethyl-siloxane

1999; Falatko, 1991

EO = ethylene oxide group
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28 anga .

Tween 80 (Sigma-aldrich Co.) (Yeh et al, 1999),
BYK-345 (silicone surfactant, BYK-Chemie) (Hill, 1999;
Maurice, 1994)% 25 47}x)o]c}, o] Z4ze] AHE/3
Aol ek JEE Table 191 YERASIT.

2.1.2. HAE S

e A Bk SEAlE AFHS o ele
ZF HE A2A1Z H, g g9t toluene— R /ol 2]
oz wddaoz Flsle wjddt 2E& oA 6L
22 AEERS7oA HiFslETHSong, 2001; Yang and
Zhu, 2004). olu} AMSE FIAFY 242 136 gL
KH,PO,, 142 g/L NaHPO,, 05 gL (NH,SO;, 3.03 gL
KNO; 7} v|Z4 &9 | mL/Leloh v]Eelds g9
ZA4Le 50 g/ MgSO,7H,0, 14.7g/L  CaClL,2H,0,
286 gL H;BO;, 154 gL MnSO;H,0, 2.5 gL
FeSO,7H,0, 0.027 g/L CuClL2H,0, 0.044 g/L
ZnSO47H,0, 0.041 g/L  CoCL6H,O, 0.025 g/L
Na;MoO2H,0, 0.02 g/L NiCL6H00lth &4 A&
Hhe-7]e] AFAES 20801, EFAS FUEES 200
ppm,°I AT,

2.2, AMEM K| S0 UE 0|ME 324
250 mLe} LHE7]o] Badele] v 45 mLE B

Table 2. Surfactant concentrations used in this study

Surfactant

SDS
CMC:0.242 wt%

Concentration range (%o)

0.1 0.15 0.2 0.25

TritonX-100

CMC : 0.0141 viv% 0.005 0.01 0.015 0.03

Tween80

CMC : 0.00148 v/v% 0.0005  0.001 0.0015  0.003
BYK-345

(silicone surfactant) 0.1 0.2 0.3 0.4

CMC : 0.385 v/v%

L 3 Ok w59 AW %"‘“ﬂ-‘z} FRTE A ¥
Z el Bujyl 50 mLo] H=E 3Tk 7ol gas-
tight AUAE ©]&3} ]”_E tolueneS H ¥
stirrer bars AMES] 1827 whEA] RIAAT 71T
Bke] tolueneo] HBAENE olFA L, 1 Fol= A

At 25z wukslaA Al W2 71439 toluene F
=2 233519k 7o e AHE toluened FIDZF A%
= HP6890 GCO| manual injection 3} F2]3}%ch.
o) ZAYSH= toluene®) FEE Purge & Trap®] 2}
g GC/FIDE ol&sl 73lgut. Aol AMgd 7 A
AAY F% WM Table 207 YERAATE

&

K

3.4 o

3.1, HiHEMH| 2 QI toluene?] ST HS}

ARSGAE= CMC OV\J_CA FEo)A micelleS 433}
T micelle LIRS §7]8-8 Ex 7 o02H |78 &
A=E Z7MIE & Sivk ety B dyeae A
AA7} A toluened] &3EE drh} ZTHAA 4 3
A #elsled ®elh. 7P RIS 200 mL, e
DE 50 mLZ S olmle] 7t ARBAAL] FTt &
Fof} AAE CMC7t HEE 3 & o7 AU
toluene® 71O R 05K st 71439] tolueneo] B
g olFA s ﬁﬂf‘ﬂ“ﬂkﬂ Tgd T Wt Vg

o] ZABL= toluened] EEE &30 .00, EF | AA|
so] gl= AFd (1-1) (Deeb and Alvarez-Cohen, 1999)
7} (1-2) (Staudinger and Roberts, 2001Y5 283l 7|
ARE 3l gkt mlasiit).

H(atm0m3/mol) = MED (-1

H(atm) =10“"%D (1-2)

A(1-1DelA toluene®] 7 AZLS 5.1330]1 BEE

Table 3. Toluene concentrations in the liquid and the gas phase using surfactants

Liquid phase

Liquid phase conc. (mg/L) Liquid phase conc. (mg/L)

.T (.)lue.ne Gas pha.s'e €OC- onc. measured calculated by H (equation, 1-1) calculated by H (equation, 1-2)
Surfactant injection  at equilibrium Y
at equilibrium

(ppm,) (ppm.) (mg/L) deviation(%) deviation(%)
Deionized water 365.3 143.7 22 22 0 2.4 +9.1
SDS 3614 152.5 2.5 2.4 —4.0 2.7 +8.0
TritonX-100 3614 153.7 2.5 24 —4.0 2.7 +8.0
BYK-345 3614 124.8 2.7 2.0 -25.9 22 -185

(silicone surfactant)
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Toluene?] AE-3}x B35

30240]8 T Htjexolth 212914 toluened] -5
AZLS 52710)3 BE 1745019 Te Aulxo|th
Table 3014 ZF5ol 3t AFL 22°ColA o FAR
a1 olw A1-1F (123 ol&sl 7 dlY] e 4
7} 0.0153 mg/L/am¥} 0.0166 mg/L/atm®]{C}. Table 32
Uz AR BF 21°CHA) o}Foiom ojm H(1-1)
7 2(12)F B3 73 e FFe 42 00158 my/l/
atm¥} 0.0175 mg/L/amo]th. o] A¥S 53 BH 3
A1) 714 toluene®] FEE VIECE ES4HE Hte]
toluene =59} el Ea) Alxkd BAko] toluene?]
Ewryl 285} SDS, TritonX-1002 3 Ao &
=7} JEAGE o83 AR WA FEETH A
A<l Hl&=gh -8 YeRT. 313k, BYK-3459] 739l
= 239 9o st s AMSS AR H
TA B9 248 A et AIFE 59 A
AR el EExjolrt AMeAle] gal St At
o 93 Z7FE A4 toluened] o] Bt wEtA £ 4
o= SDS9} TritonX-100& 3= S71e] &7 A
9] {17, silicone AIREAIAQ BYK-345% &3i% ST}
o] g7} o= A% Jthe A& ¢ F Yok F, SDS
1} TritonX-1002 831% 371 &do] dojupr] sir=
2 557 cMcE AR 3ok it AT £ AT
A AHESE ABREAEAIY FEE CMCE ¥R &Sttt
71 ol AWMBAAE cMCcolt AMEBl] B3l 7t
7} =4 oI A toluene®] micelleii-2k Z38HA A3t
o] mAE 23] o857 oJHYE 5 U] WECI

3.2, HlHErME o] it SEMEH S WSt

Toluene® 7+ VOCsZ FIUE-S 0|83 A=)sled
ol#gt §715S Jhsd waA Wt AA HY
B oJ3) BIHEE gof g} 3R] AgelA 7V
T} g Aleld] dojube VOCse) EARES e 4
@), 3), @pll 28] AHE 4 ArkHeyder et al, 1997).

—+V,—£=0 2
Tdr & dr @
dc
ﬁ=—OKLa-(Cl -C) 3)
. _C )
-8
o 7

g7\ EAAGAGT (K ays HI 7Prlele] EAA
AIS=(1/hr), Cre WAl EARBIE LH3E9] F(ug/l),
C'le AT 7o) HENEE ol W] A F=

AggAel 44 29

N
2
o — e
:\? S T ST TR
g -~ /—--/“— ..........
S ' TG i
£ / /O’ v C o
g -
() . / @ no surfactant
) //‘ O sDs
s v TritonX-100
// m  BYK-345
.. / no surfactant
/A
/ —— -~ TritonX-100
' e - BYK-345
0 . ' | ’
0 10 20 - " -
time(min)

Fig. 1. Changes in toluene concentration in the liquid phase dur-
ing the abiotic bottle teste The symbols represent experimental
data while lines illustrate simulated results.

Table 4. Mass transfer coefficients (K;a) determined using the
experimental data from the bottle studies and the nonlinear
regression

Surfactant Kia (1/hr)
Deionized water 3.308
SDS 3.621
TritonX-100 3.649
BYK-345 4.077

(silicone surfactant)

(ng/L), CE 7V S9% FTE(ppm), Vi Ao ¥
H(mL), Va= 7V B3(mL), He N3t 7PdAe]9
2314 ARGt HEElelr 9 71 o
o) BEE o]&3) 7 20 MPEe HE 7L F 3
o}, ARG &5 Q@89 sEAl| vlEsiy v
g el Kiaol Fhol EAXEY Jels 3=
7} "o}, wgd Zzte] AMEAAE AHRRS A9 &
AAGAGF(Ka) S TN AWBEA ALgeR
Wslg EAAY 55 golE 5 Qlth

B dos 7 200 mL, 4 50 mLE AP,
AMHE 7 AREAAY TEE 73 AXE CMCE
AL 7o Z EUS 4l tolueneS FUT T 28°C
oM QAT Ex= ksl Akl wet 7] =
ZA%o e WO olFH toluene® FE T3
t}. o] nigoZ ARl WE dAe] T WEE T
Fig. 191 VFER) Rer 538 Fig. 1] Vet 9 &
= W3l A2EL uigke g 2(2), (3), (HE °18s) Hid
3 3y|EA o2 BEARNGAL(K ) kS TIIHRS
o], AxlE BRAGASE ghe o183l At toluened =
wd=Ech. 7 A= Fig. 13} Table 40 VR

A= =
sEs

=
=

=
=
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—— SDS(0.1%whw)
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—v— no surfactant
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0.0 T
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1.2 1
(c)
—&— TweenB0(0.0005%v/v)
10 ¢ O TweenBO(O 001%viv)
—w— TweenB0(0.0015%viv.CMC)
S —7 -+ Tween80(0.003%v/v}
= -~ no surfactant
£ 08
o
@
Q
<
8 06
o
@
N
£ 04
S
-4
0.2
0.0 T
o 2 4 6 8 10 12 14 16
time({min)
Fig. 2.
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Table 4914 E9 tolueneo] 7VdollA] Aoz olzd
) silicone AAEFAL] BYK-3459] E2AGASG 3ol
7F¢ =3 TritonX-1002} SDSS] BAMGAG gk vls:
3 7AgkS EO]" S5 BAAGAS 3ol 7 ‘%‘3

2& & & Aok wEtA] AREEA Y] AReZ ZPl
A 0—1}\0}—& tolueneo] o15E= £%v Zrleita 4d
A

3.3. 0|44 20f 2fE} toluene2| 23H0 H|HEMX|Z} O|X|
= gE

ABEAAAZ 2183 7139 tolueneo] HFo= v
olsHA T F, olRE vAES o83l ezl 3
o 71 83 AL HISH AHEEAl] el wdE
o] ATy} g3 x| glolot itk Aot} AHgA
A7F vl RGPS golRy] 93] nAES Al
WA FFHSEE A A 97 50 mLeo] HA
Bk 7o) 27} 200 mLo]l HA g &, 7)o 71
9] toluene FH3 A7l W = WH3E A3
o}, Zh AraggAel] s A8 uf mho A5 et

=2na
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—&— TritonX-100{0.005%viv)
O+ TritonX-100{0.01%v/v)

—y TritonX-100(0.015%v/v,CMC)
—=z-- TritonX-100(0.03%v/v}

"\ —&— no surfactnat

0.8 4

06 4

0.4

Normalized concentration

0.2

0.0

time(min)

—8— BYK-345(0.1%viv)
O BYK-345(0.2%vN)
~ay- BYK-345(0.3%vN)
\ — - BYK-345(0.4%v/v,CMC)

o —#— no surfactant

0.8

0.6

04 4 T

Normalized concentration

e
—
~—

0.2

0.0

time(min)

Biological toluene degradation in the presence of (a) SDS, (b) TritonX-100, (¢) Tween 80, and (d) Silicone surfactant.

<7104 BBE-S samplingS o2 AF ot AH
A0 disiMe $YE GAES] nEe] A EES
3199a1, ZF el AMEE s TEe 5% Y%
skA| frRlgte] FAct.

B AFoME UA AREHAE HreHA
X mjAIE] 2% toluene EHEEE SA3IAT. Fig
2(a)~(d)ell AAEE R, AHEGGA7} F A 22 e
M wie B S22 71A toluenee] AAFICH,
AL toluene 8155 oF 36 mg/L/hrolATt o] ¥
HAase 8T 58 Y uAE(pure culture)?]
toluene 34 =2} FAFSI)(Deeb and AlvarezCohen,
1999), Wetr] 2 Atolla] AMGSE EmAES] S48
7F vl =28 ERIE 5 Utk

AAgAdAz SDSE AMESIHS ZA9ole Fig 20
A B AN AGPE ARG T FellM 7P
e FEQ 01%w/wg AF&%}%I— UH *Ehj 3_7101] o]

O -

v}

O

oFe g

o
=

T Aot =g —ﬁioﬂ xﬂ%l% SD&J CMCS1 0.25%wiw
qr% 22 Fite] Yehte AL ERig & Qo) &,
AwgdAz SDSE AFRSPA p|AE] 23t toluened



Toluene®] &84 Ball's

Ba7} 423 Asjg isith 1 olfie T U xR
AgE 4 Qed, 3R SDS7F F|AEL] cell membrane
oL} FQ enzymeS HAAIA HIIES] BAEE Hox
7] W7ol toluene®] E3l7} o]FARA] ¥& 4 Utk
(Cserhati et al., 2002). E#), SDS9} #o] A& 9
& A B2 & = AVEXRAE toluene? A0l
ZA A% nBEo] SDSE F 71AR AMESP] Wil
toluene®] &=} wold 4= It Goudar et al.,, 1999).
TritonX-1002 AlASAAZ AHE3F 790l Fig 2(b)
o Vet AXE M2 g2 AWEAAY s= tis)
u)AYE-2] FAe7} =25 | 33k kx| X PAR=Y i_}o]a E
AT} TritonX-100S FE7t He2 ME E&E=E
HolAgk wAHET Q= A9} A 27t gl7] v
TritonX-1000] &3+ vAE A E Qi & &
=g
Tween 805 AHUEAAZ A3 A¢E Fig 2(c)llA
He AXE M2 tE AUEAY s=d disi ”Vﬁa
o] GATsF FA 9F wA % AL FIT £ I
o} Tween 80 PIMET Qe 7399 vlws) V@E"ﬂ
ot toluene Ea&e] Xole AY gAY, &7t &
7FFA TritonX-100 BTHE toluene®] E3i7F @ o]5o]
A= RS & F Aok o]AL Tween 807} TritonX-100
BT} Bxjego) Fo} mlEo) os o A 71AE o8
= 4 gl7] wjEolglar dkEH(Kim et al,, 2001).
Silicone AHEAIA) BYK-3455 A1-8-3F 73-9-<ll=
719l 71°39] toluenes =/} WREA] FHadhtrt 44 7h/t
sl &5} Zoj=r}. &7l 7139 tolueneo] WHEA
2% 2L nAEd 9% EalzlriRce BYK-34500
&) 7Pl A3 toluene®] HFoE wol o]FHS]
7] wjFolct, ko] EAAEAS S AHANA BYK-345
= 2 AUIZAARTRE 7149 toluened Ao Z o
ol 19 F = Aog veRdth AR X7l Y
©F toluenee| Bo| olFHIE At AEF 71
toluene®] FEZAT}F WEX] 282 22 BYK-34500 <JaH
g Awrt Aagr] WiEolgl dgEd. &,
silicone AIHEAAAIY BYK-3455 tlEe] A=
S mlA vAEe] o3k Eauke-S Al 5 St

.8 B
Toluene?} € VOCsE MRS o}83) Bsists A

"o Ags AEgAE sk sl Ve 2
28 B3l 2 7E Adgstart. aElal AddE 24 Al

S 93l A EAdAle) A 31

HedAEe] Sol= SVt T SEHRSEE 57
go)) s gokry, ARTGAT} vBES] BAE)
e G| dEiMe Lol F tgd 22 dES
{ict.

1) 2 AagAle] =71 cMC]l 7% silicone Al
A9 BYK-345% toluene®] S3=Z F7HAIHA
SDSY TritonX -10091 2J&t toluene®] &3l F7= 7
o] it

2) 7132] toluene®] WAOE olEEHE L Sulrt

TFe FRTY HHEEP A gzt 2gE 75l o
““}371 | VPt EAdY £ 5US wunkEEe) 2
oM BYK-345, TritonX-100, SDSS] A HAT gk
o] Aol AA| F¥rh

3) SDSE PIAES BAEE H3IAA mlAEC] gt
toluene®] 37} AL o)FA\A|A] ekt silicone AW
ZAA|Ql BYK345%E HAES FHEE ASHAA
toluene Ba|&EE 7HAAZTE TritonX-1003 Tween80
= EF B g4=E 74—/] TAAFIA] ko™,
TritonX-100 22 3%+ w2 =o)X 23] toluene
st S7lshe AAE io%%sgm_ ,

by AHEGAE 0183 toluenc TS VOCsE
He)st7 1908 AlzEoll M= AAEAdA 2Jgt toluene]
L3 Z7}e] ZRME silicone AMEGAI] BYK-
3457} 7V At AmSAdA AT Ee] GAEE A
3A7)E ©-o] e B & TritonX-1000] ©S- Astct
LI i=

e o o

rE g

a0 d
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