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ABSTRACT

The simultaneous biodegradation between MTBE (Gasoline additives) and BTEX (Benzene, Toluene, Ethyl-benzene, o-
Xylene, m-Xylene, p-Xylene) was achieved within a competitive inter-relationship, with not only electron accepters such
as nitrate, sulfate, and iron(IIl) without oxygen, but also with electron donors such as MTBE and BTEX. Preexisting
indigenous microorganisms from a domestic sample of gasoline contaminated soil was used for a lab-scale batch test. The
result of the test showed that the biodegradation rate of MTBE decreased when there was co-existing MTBE and BTEX,
compared to having just MTBE present. The growth of indigenous microorganisms was not affected in the case of the
MTBE treatment, whereas the growth of the microorganisms was decreased in combined MTBE and BTEX sample. This
may indicate that an inhibitor related to biodegradation when BTEX and MTBE are mixed will be found. This inhibitor
may be found to retard the anaerobic conditions needed for efficient breakdown of these complex carbon chain molecules
in-situ. Moreover, it is also possible that an unknown competitive reaction is being imposed on the interactions between
MTBE and BTEX dependent on conditions, ratios of mixture, etc.

Key words : Gasoline oxygenate additives, Natural attenuation, BTEX, Anaerobic degradation, Gasoline contaminated
soil
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TKeRle] SRV T RAILRE U] AT B
©F MTBE(methyl tertiary butyl ether)S AFE-HIL 3]
o1} MTBE?] 91314, B0l Aoz EAsitel= 2
& % Sl o W, Asrolie] we Sk 9 b
2 ARs|Hez Qlle] MAHeE =3o] Hal 3l
(Park et al., 2002; An and Chang, 2004). $-2]uyz}ell
= 1993 SR oJsie] MTBES] 3 Higo]
ojFslElom, Aol Fifol HhEo] ARAE
AL AREE k. Slellx AvlEE 3
MTBEY] TS 6.6~11.6% FEg Fihfol] E3sa
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o] Ffds AR 2HSlel| We FRAEEAe] S
I8t FRAPdRa Y EY RSk BTEXS
MTBEZ 294 7Fs/do] a1, AA) =] 29do] %
FEAckarL oddt 4= UthPark et al, 2002; An and
Chang, 2004; An et al, 2010a, Black and Fine,
2001; Kolb and Puttmanna, 2006).

340 +=% BTEX(Benzene, Toluene, Ethylbenzene,
Xyleney= a3 Wil 85541} Non-Aqueous Phase
Liquids(NAPLs) JEZ B F2t=]o] o3 AI7F o4
do=z EAISHA Ert. AT MTBE= BTEXe] HI3]
TN (5.2~5.4 gLyt o) BEoll Aol SR gdof

Aol FHLT AeE Ui AThAn et al,
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2010b; Hutchins et al, 1992).

MTBE®} BTEXS] P o 2= Y<=312](Pump and
Treatment)2} 3}8}4 2F8H(Chemical Oxidation)¥} 72
=ity Aeibiat A= Aol ey oA
Aol FHAT Aol EY B Aol EAlske E
e AT LaEde] AAATS BUEHSH
AESH Al #g Ags =R A7t
(Natural Attenuation)®} L GX|¥e] AlFAS sl <l
oz ERmAIES] A4S TIESIAIA EsA H| 9l
= 7R RS £ZA)7)= Biostimulations 2
83l L AASS EA5H Erk(An et al, 2010b; Yeh
and Novak, 1994). BiostimulationS |l EZ0|AE
o] RS S FHR] FYEAFEATEA 2 Ay
Ay FHstA PAES] FAAFOEN ARLEE
< AEsirzl oz AsHlgo] A-slal 2af o FS
ez ofe S skl ARoE WE FES W
JTHKim et al, 2003; An et al, 2010b; Pruden and
Suiden, 2004).

MTBES] A3} (biodegradationy= BTEX Ad&E-d=
2] ether(C-0-C) Zgte] s} o 2 Fgsr] wiitol
el Ed2 FEETh MTBE ARslo] ot =7
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2 g9A Aoy dA AFA71E (primary  growth
substrate)S ©]-85h= PFIAEC] <Jsl MTBEY AENE
F=shs AR 38l (cometabolic degradation)oll ¥3F
AF7} o] Fo] A TH(Steffan et al. 1997; Smith et al.
2004, An et al., 2010b). SA|FF uHoF FILAE
AR " AT EY Z Akl B A F
= (Dissolved Oxygen; DO)Z £33} d7|4 vAE
ok A3 71%to]l EFAR] Ao dHA Utk @7
4 ZRoAMe At ESTXE 78 drREER
ferrous ion®|U} sulfide®} 22 S dH] slshEo] EA18)
o, 394 20 ArE olE Y IES S
Aoz WkSsH Y22 MTBE BTEXE 3714 A
a7} E7Fs3 Ao® ®BuEckBin et al, 2002;
Robert et al., 1997; Hutchins, 1997).

HZ Eo] Ak ZH(DO 2 mg/L ©l&h)e] Aefia=
M= NO;y, SO, Fe¥' 5o] mAEY A4S 9Ig
AAFRAR o]8E = U= 7FeAT viEe] 71 =
oA Aol Agk A7 AFEo] Barsal QIokKim
et al., 2005; Oh et al., 2014; Waul et al, 2009). &=
g, 71 Z30 Hist] @71 230X HiF o=
ZAAIZEe] AR o]FAM MTBE®F BTEX 7] 4=

Table 1. Characterization of gasoline contaminated soil

Item P soil

Soil type Sandy loam
pH 7.1

Benzene 3.2 mg/kg
Toluene 4.6 mg/kg
E(lie(:)c;gin Ethylbenzene 2.7 mg/kg
Xylene 1.6 mg/kg
MTBE 0.7 mg/kg
NO;~ 10.2 mg/kg
fcl:zg;‘; SO 24 mg/ke
Fe** 1.2 mg/kg

2802 FF LAAHelA sl FIFS PE 5 A
= MAAde] EATTHKim et al, 2005; Oh et al,
2014). WepA B AFlME FRLAAFY EXE
S o E MTBES}F BTEXE 714 FZolA )
shket] oix HAEAe] Wil wE 3} BTEX
E3F &4 Aol MTBE #3l 73RS vlwslit).

2. AT

2.1. A E T2

Ao ARE EQF AlEE PAl AL 7K 9
Aol A M= 27 (Hand Auger)s ARSI A= 3m
A AEE AFEROH, FRLFEGNAN SRl E
2 nYE-S o] g3le] BTEXS MTBES] A&al Ao
AREEGE. AFE B EE AR $4 THE
AlFeH, A3 Ao FFEANO. 18)5 ARE3
1.0mm °oPFe] AAS A|Q)st EYE A8t

2 08

2.2. O|4E HiX| =M

o] (= #7143 wiA|Q nitrate-, sulfate-, iron-
amended anaerobic medium< A Z3}e] AFE-SIH A,
vitamin solution®} trace element= stock solution®
Azste] 4°C QHaloA B Hsie] oA A3 #
3}] main reagent?} EF3t] ARSI B AR
€ WA= trace element solution 5mL%} vitamin
solution 1 mLE main regent 1,000 mLol] 718k & %
W8] FolA AR oM, viA]9] pHE 71022 XA
stk Adlel] ALed RE wjR| A= 121°CoIA
1583+ Fate] Azsich.
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Table 2. The composition of the anaerobic medium (per 1 L)

Main Trace element Vitamin
regent solution solution
KH,PO, 1.5g  Yeast 0.01 g Biotin 0.02 g

Na,HPO, 7.9 g EDTA 50¢g Folic acid 0.02 g

MeSO; 005g ZnCl, 22 g Pyridoxine Hydrochloride

0.10g
KNO;2.02g CaCl,544¢ Ribo flavin 0.05 g
MnCl, 5.06 g Thiamin 0.05 g
CuCl, 1.57 g Nicotinic acid 0.05 g
CoClL,295¢g Pantothenic acid 0.05 g
FeSO44.99g  Viatamin B12 0.01 g

Na,MoO, 0.10 g p-aminobenzonic acid 0.05 g

Tuioctic acid 0.05 g

2.3. MTBE ¥ BTEX2| M&35) Mg

Aol AR BE 24N B 7e A7) Ed7]
£ o]&3fe 121°C, 1581t Eafste] ARgsiRe, 43t
doll ot vAE 7S HASIE] 918 amber serum
bottle(120 mL)S ©]-83}4tt. F-F2HEY 5gS amber
serum bottle(120 mL)l| €37 Z}Z} BSM HiA] 50 mLE
A7F8kaL teflon-silicon septa®} aluminum crimp cap2-
2 92 F head spaced] N,= FUsHTH

xS 23] S8t HAGEAZ nitrate R
ZZ9= KNOs, sulfate $HIZE= Nay,SO,, iron 2
A Z7= Fe(OH):S 22} H7I8}aL nitrate-, sulfate-,
iron-amended anaerobic medium 50 mLE 7}l Tt
AAG=8AIQ nitrate, sulfate, iron?] FYUHL FsIUF=S
At MTBE 4kstel]l BQash o824 a9 Hot
20% HJoz FEE dsld FUSATHA (1)~(4)).
%27] FYHFS MTBE 50, 100 mg/Lo]™ shaking incu-
batorol| 4] 25°C, 150 rpm©-2 31T,

Nitrate reduction

CsH,0 + 6NO;”+H™ — 5HCO* +3N,+4H,0 (1)

CsH;,0 +3.75N05™ +2.5H" +2.75H,0 — SHCO*+3.75

NH," 2

Sulfate reduction

CsH,,0 +3.7580,> +2.5H" — 5HCO* +3.5H,S + H,O
(3)

Iron reduction

CsH,,0 + 30Fe(OH); + 55H" — 36Fe*” + 7CO, + 7H,0
4
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2.4. 24U

MTBE % BTEX®| &A £4& $18}%] HS-SPME
(head space-solid phase micro extraction) 7|H< ©]-&
31992, CAR/PDMS 75 um fibers AME3}Ad bottle]
head spacedllAl 100 F2F, 5% 2&ste] GC-FIDOIA
A8t Aol ARSE Aok 7hed 48 Ak
o] Aloks sl ARSI 4l ARSE MTBE
(99%, Methyl tert-Butyl ether), BTEX(99% Benzene,
99% Toluene, Ethylbenzene, 99% o-Xylene, 99% m-
Xylene, 99% p-Xylene)= ACROS ORGANICS(New
Jersey, US.A)ONA  TU3UTE TBA(99%, tert-Butyl
alcohol)™= Sigma Chemical Co.(St. Louis, MO, U.S.A))
Al FUIMIL TBF(99%, tert-Butyl formate)2} TAA
(tert-amyl alcohol)™= Aldrich Chemical Co.(Milwaukee,
U.S.A)IA a3kt

EAol= Agilent 6890N gas chromatograph systems
A3} 9™, HP-5 column(5% phenyl methyl siloxane,
capillary, 50.0 m x 200 um x 0.33 um_ film)¥} EZ4ro]L3}
7Z7](flame ionization detector, FIDYS A3t} GC

9] A 2L FUF(injector), FHZE7](detector)?] 2%

7} 22+ 270°Co]™, MTBE, TBA, TBF2} BTEX 4
Al QE (oven) =5& 40°C 52 (isothermal mode)®-

2 Tmins FABIA
3. 4zt & o

3.1. MTBES| &7|d dEda 54

2 dFMe FRIGESS ez bkt 3
ZollX] MTBE®] A2sl AdS wdsiar 2443} 7}
S WristaAt skt gRkd o2 MTBES EEsH
QAEAS o 3k 213K (Naturral attenuation)

4 274 (Soil texture, pH, humic substance, G2 A]
&2 B4 Tl wet tsiAl Yepe A= o
o}.

E% W humic substance®] <3S AHR7] £l
TROHEGIN F23 EnEEN 249 714
Al 1 mLe} humic substance’} ESHE
5gS 7R 3)E2] WV AES AAIS Aa)
7] 23l AollA fgte] Apolrt UARE BE S 21
oA MTBE %7} 1 mg/L ©Jsl= Zags e
pibel=g

Humic substance’} X3 FRLAESFS 71 S
2 Hkg-719] nitrate Y Z
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Fig. 1. Effect of humic substances in soil microcosm on
anaerobic biodegradation of MTBE under various reducing
conditions. Time course of anaerobic biodegradation of MTBE in
gasolin contaminats soil (A) and in synthetic medium (B) The
initial conc. of MTBE and BTEX was 20 mg/L, respectively.
Data represents the means of duplicate analyses.

phasey’} oF 109% vEREOm, 308 o] ¥R FA3H
37} o]FoiH T} sulfate 3H ZAT} Fe(lll) 3 =
e B AA7)7F ¢ 2092 JEREOH, 3095
B RalEsrt 276l 409 o]$RE FAsH BalE)
Atk MTBE @ &) 23olxle ZE g oA

602 ©]Foll= MTBE 57} 1 mg/L °J8lE ZAsict
(Fig. 1(A)).

Humic substance”} XA ¢ d714d wiA] 1mL
2 715k 382 WhS7)o e nitrate T FoIME
g phaseZ} oF 1092 UEROH, 30¢ ol$5H X
B371 o]FoAKT). sulfate ¥ ZA3} Fe(IlN)
'ﬂ Zﬁoﬂ/\%_ lag phase”} Humic substance’} 33l
2 L4 719} HIsssi oL HellEEs AiReR =

Aoz L}E}"Lof‘ﬂ RE e 27oA 709 o]F]

_h.,_

ﬁ r

3} MTBES} BTEXS] &714 AEs) A4 91
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80 A
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— Benzens
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8
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Fig. 2. Time course of anaerobic biodegradation of a mixture of
MTBE and BTEX in soil sediments under nitrate reducing

condition. The initial conc. of MTBE and BTEX was 20 mg/L,
respectively. Data represents the means of duplicate analyses.

£ MTBE &7} 1 mg/L |32 ZATEATkFig. 1(B)).
©]= Humic substance7]- ZA5= 7-% humic substance

£ Axe) o]FS w50l MTBE AEsfe] 3412 4
Q= Ao A—E}QU:] o]#3} A& ZAF+= Finneran et

al. 2001y} 33gt Ao} FAkIT weba 2kart
s|ulsl 2|513740lA] nitrate, sulfate, iron 5 THQFHS!
AAG=EA 7 EA3eFE MTBES]  direct anaerobic
oxidation®] 7Fe& ALZE HHE™ humic substance”}
g 2HeX= MTBE®S] BEsi7t 318 302 A}
SE ey oiFRe] @ee e B8l rE]
AR} Eok] BurdAdo R st odde] AESE
Ak n g APdol] MTBES] A3l s shlstodof &
Aolt}.

3.2. MTBE ¥ BTEXS| &7|M ME3| £

£ AN o E€9x004 MTBESH BTEX]
3= S 98ke] MTBES] &3l 73RS nlusie
Bkt 22t 20 mg/LPFEE)E EdFHoE 24
tod Tt A3 Ad, mE gk 231004 MTBE
A EA) 2719] MTBE 48] $5RT}E =214 MTBE
o] B3} 60 olfolE WA=t Ao gl =4
ox= MTBE ©dx13} vlwsie] %7] AA7)9] 3l
g%l BTEX®| Eaid=ol we} wsks Halont F3igh
gL YA 23hTh(Fig. 2, Fig. 3, Fig. 4).

o B EFY $HF Holsle fREaETr)
Flavobacterium, Pseudomonas, Stenotrophomonas®} Achro-
mobacterZ(An et al., 2010b) ©]& TFEL HE|AO

ol

.

J. Soil Groundw. Environ. Vol. 21(3), p. 88~94, 2016



92 LA -

100

804

80

- MTBE
3~ Benzene
20 ¥ Toluene
—" Ethylbenzene
—- Xylene

Removal efficiency (CiCp)

T T T L 4
0 10 20 20 40 50 80 o

Time (day)

Fig. 3. Time course of anaerobic biodegradation of a mixture of
MTBE and BTEX in soil sediments under sulfate reducing
condition. The initial conc. of MTBE and BTEX was 20 mg/L,
respectively. Data represents the means of duplicate analyses.
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Fig. 4. Time course of anaerobic biodegradation of a mixture of
MTBE and BTEX in soil sediments under iron(IIl) reducing
condition. The initial conc. of MTBE and BTEX was 20 mg/L,
respectively. Data represents the means of duplicate analyses.

2 ¢#3F BTEX, MTBE % PCBs(poly-chlorinated
biphenyls)S A3l 713t = (Mohd Adnan and Tan,
2007; Lee et al, 2002; Lin et al., 2007) FA=&A 9
Halol] whe} Faige] Alo|wt Yehd 2o Als .

MTBE$} BTEX Egz710149] 60¥ F¢] MTBE %t
ZekS H|WEPA, nitrate 3FY A= MTBE 27|
FA] 20.2%, sulfate T ZANME 54.2%, Fe(Ill)
) FHME 352%7F FESE Aoz AL T
U3k 717H60Y F)ollA] MTBE AE-83-2 nitrate SR
Z7, Fe(lll) 39 7, sulfate 34 249 A= Y
EREO ™| nitrate 31 Fz100A 71E Bafjako] B Ao
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Fig. 5. Residual concentration of MTBE during 60 days in a
mixture of MTBE and BTEX.

2 Z2AEGHFig. 5). ol B854 3714 dike=
JBEIAAZ AREolor 517] wiiol] A AR89
skle]l A (NOy, Fe¥', SO, CO,¢t 593 Az}
Uehd Blo2 gaEnh weba 2291 270 slellA
MTBE$®} BTEX®] ZallEe B Aksls-2 HA-8-A
ol wet A, MTBE Al ©l8 7hsd
TiFA Q1 AAGA7F EAlgehH A<7gslel] Bash 71
AYAREE GHAE F US Zo=E Alsdn

& A3ol|x] BTEX®] 13} ¥FS-&EE benzene®] 735,
nitrate(0.106 day™), Fe(II1)(0.106 day™!) > sulfate (0.103
day™) 39 279 £A4Z wWEA JERSEAL, toluene
sulfate(0.133 day™!) > nitrate(0.128 day™') > Fe(IIT)(0.11
day™") 9 =79 AN OH, ethylbenzene Fe(Ill)
(0.102 day™!) > nitrate(0.081 day™") > sulfate(0.053 day™")
3l 279 TAME B vpAEe 2 pxylene®] 75
o= nitrate(0.056 day™') > sulfate(0.037 day™!) > Fe(IIl)
(0.031 day™") ¥ x| &A1& UERATE MTBES}
BTEX &3 ZA)4)9] BTEXY] A& He ZE 3
FZAo M HHZ O Z toluene, benzene, ethylbenzene, p-
xylene®] A2 AT F WE 22 LERSTHTable 3).

604 ©]¥ BTEX®] &% 7Hae Z7te] gkl x39)
wg} k7t g2 AYS H YO, benzene, toluene,
ethylbenzene®] 750l TE 3 ZAA 60 A=
of A3 A OL} p-xylene®] 7F-9-olli= nitrate T
AT 60Y BEC 2mg/L ofstE FHAFHIS B
Y] sulfate, Fe(Ill) ¢ Z7ole AlLzoz 2
7} o]FolA 1 mgL olslE FHam=H 60d ool &
3 Alzto] st Aoz JERTH
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Table 3. The first order degradation rate constant of BTEX on
the mixture MTBE and BTEX

Electron

: -1
acceptor Degradation rate (day™)

Sample

0.106
0.128
0.082
0.056
0.103
0.133
0.053
0.037
0.106
0.110
0.102
0.031

Nitrate

Sulfate  Gasoline contaminant soil

Iron

X m e WX ms WX m W

4. & =

£ HfollM= MTBEZF 92 EXAET MTBES}
BTEX E&A]o] MTBES] E3&°] A3}=At}. Pruden
Y& MTBE &3|dFE o] &3 23oA MTBES}
BTEXS] A&ak8e)] gt 43S 435195, MTBE
@l 73 MTBE, BTEX & Jr ol Ao AEsl ek
< vlws|EH, MTBES} BTEX _1_7]- oF 7mg/LE
A EE7F SE5E MTBES] Awsl S&olle AY 9%
S )RR A, IR 2O FEQ 9F 45 mg/LolA
= MTBE®] a7} A=) oM, BTEXS] ALs) &
E% 7HAEQl

TP Yz vwstd, s 3 EEF
MTBES} BTEXS] 57} Sers Je 2
7t oA mE A S50t 8l Ble=
BT ol £ A37 AR A9EA, 8714 e
391 ZA0A BTEXS MTBEZ} =2 &3] Aldle
a7t AES] A A (inhibiton) 2 2Fe-EHs AR A
7}, MTBES} BTEX @204 g8k57te] 45
74 A (competitive interactions)l] Y= HACE AlgH
t}. 13y BTEX = tolueneS BHh02 417 o]fo]
7Fsai, Sdtiile] £x12kgo] dAEER B A3
A toluene®] AE3| &=} BTEX & 7F& W& Azt
Fdol dokar )

R R AEYe] ERmAEC] MTBE?F BTEX
E AAFAAR o] & A, AkA o]9dl nitrate,
sulfate, iron(IlN& HAAGEAZ o83l F5 AAYHS
2 MTBE®} BTEXY] B4 ARS8 Ad Aoz

MTBES} BTEX®] 87144 A&Es| S 93

UERATE Hutchins 58] 72304 Barg 313 Zo]
Y E3l& (biodergadation rate)> 2} T2 0% &%
solid/liquid B8-S 7HA= &% vEe] oEHEE {
F9 ouﬂfsq;d- Eok_oq /K-]}\]—j‘l,]_ EHO]] Lq.ﬂ. MTBE@r BTEX
£ AR FHE A B2 ERlgEe) B9t 4
olali AEsl Aol T Ao AlmHrh
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