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Abstract

Total petroleum hydrocarbons (TPH) have been used as fuels as
their spills have occurred in various routes such as leaks and spills
on the surface soils, leaks through under storage tanks, and spills
through the aged oil pipes, etc. These accidental releases of TPH
frequently ended up with soil and ground water pollution. In most
cases, TPH have toxicity against numerous biota as animals and
plants in the environment as well as humans. TPH may be degraded
through physicochemical and biological processes in the environment
but with relatively slow rates. Currently, chemical and biological
treatment technologies are used independently for TPH
decontamination in soil. In this study an integrated chemical and
biological treatment technology has been developed to eventually
establish an efficient and environment-—friendly restoration technology
for TPH contaminated soils.

Fenton-like reactions were employed as a chemical treatment
process and subsequently a bioaugmentation process utilizing diesel
fuel degraders was applied as a biological treatment process. TPH
concentrations were monitored for samples taken weekly for at least
one month. Heterotrophic and TPH degradative bacterial communities
were monitored and analyzed based upon viable cell counting, MPN
and PCR-DGGE techniques.

Most efficient chemical removal of TPH from soils occurred where

_ix_



the surfactant OP-10S (0.05%) and oxidants (FeSO; 4%, and H:0-
5%) were used. The inoculation of diesel fuel degraders into the soil
slurry led to an increase in their population density at lease two
orders of magnitude, indicating a good survival of the degradative
populations in the contaminated soils. However, an adverse effect in
the TPH removal has been observed in the chemically treated soils,
potentially due to the presence of free radicals and other oxidative
products generated in the process where a lower treatment efficiency
(65%) was observed. A similar treatment made in the diesel fuel
contaminated field showed a successful removal of TPH under the
conditions (soil temperature 20C, moisture 45% and pH 7.0). The
TPH degraders in the field have been successfully monitored by
viable counting method and Microplate MPN technique. The
PCR-DGGE technique was successfully applied to monitor the
degraders and their associated indigenous bacterial populations in the
soil bioslurry treatment conditions for treatability study at lab scale.
The findings in this study will contribute to development of bioslurry
treatment technologies for TPH-contaminated soils and sediments in

the environment.
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Table 2.1 Pollution levels of some representative chemicals in the

polluted areas and level of pollution concern

TPH Pb Cu
Manufacturing plants
5,138 (mg/kg) 1,182 (mg/kg) 1,953 (mg/kg)
and industrial area
Level of concern 2,000 (mg/kg) 400 (mg/kg) 200 (mg/kg)

(Ministry of Environment, 2005)
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Fig 2.1 Chemical structures of petroleum hydrocarbons (Korea

Institute of Construction Technology, 1998)
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Table 2.2 Physicochemical properties of petroleum chemicals (Korea

Institute of Construction Technology, 1998)

Volatility Flashpoint Solubility Viscosity

Froduct (psia @20TC) (C) (ppm @20°7C) (centistokes)
Gasoline 478 -427-30 507100 0.570.6
Benzene 1.6 -11 1,791 0.5
Toluene LS 4 515 0.5
Ethylbenzene 2.2 18 75 0.6
Xylenes 2" 27 150" 06"
n-Hexane 1.5 -40 12 04
Cyclohexane 210 NA
I-Octane 8ppb NA
JP-4 Jet Fuel 1.6 -10735 <1 0.871.2
Diesel 0.009 40765 <1 1.572
Karosene 0.011 40775 <1 274
Light Fuel Oil #1, #2 <107 407100 <1 14736
Heavy Fuel Oil #4, #5, #6 <10° 657130 <1 5.87194
Lubricating Oil <107 1507225 < 1ppb 4007600
Used Oil <107 >100 < lppb 407600

* Value is for m-xylene

*% . .
Average data for a mixture of all isomers
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TPH T4 "HA#= 2000 sFEZ A4, oldd =42
o T % AFIAt wEk F-AstA @kt Fig 232 A TA =S
A2 A AA straight chain alkanes, branched chain alkanes, alkyl
benzenes, naphtheno-benzenes, alkyl naphthalenes, PAHs® &3}
wt-% T HFor F7)|E Ut B xFZ A= chain alkanes (straight
and branched) 7} oF 76% aromatics (alkyl benzenes,
naphtheno-benzenes, alkyle naphthalenes, PAHs)7} ¢F 24% S =} s+

Ao = YestHU.S. EPA, 1982).

alkyl naphthalenes
10.50%

Straight chin

naphtheno-benzenes alkanes 71.10%

4.40%

alkyl benzenes
12.40%

branched chain
a kane 0.40%

Fig 2.3 Components of diesel fuel and their contents (Korea Institute

of Construction Technology, 1998)
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E48 350 AEo]EA (bioavailability)e] W< 4% A
gl @ &o] v Aol BarE a1l 9t (Launen et. al, 2002; Yu et. al.,
2005). E slurry A=Ws7]9 S EGTEo] TEEE 9=
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al., 1996).
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3.2 A4 A Axzd B4

TPHEHEYSY A4 384 AzxzdS AdAst7] Hsted AE FA
B3 R ARG AE o] feke] A A shekA A dds AAsd.
= rAEE S AS oAy 219 HatksteA (H02)9 A= @S A st
of AgE Fdstdvt. 28 AWM A (surfactant) = o8 T 79

AREHAE ol gote] WP APL ST

321 AAWNZAA Fol WE Agadt vl

Aol AEF AVBAA (surfactand)t (F)BEBA 7 EolA AE
wob ALttt AWBYA A4S AW #AA Aels FeSOs 4% +
AREAA 05%, H0 5% + ARTAA 05%9] 202 Ael ek
EF lkgol el AP B 10%2 sHPor, Be (24C)NA 308 F



HES A AT A WE A4S R A FeSO4 4% (w/w)h =89 JH=
e AMGAAA 5% E TSl Twd] WEs AHT. I vs AFEA
Q1 HoO2 5% % 8 AHz vwe AUIHA 5%E FYste F&E79

WA AT A2} By

Aol M= 33 wtE 23S F e tH(Table 3.1).

Table 3.1 Treatment concentrations of various surfactants used for

Fenton-like reactions

X Concentration
Treatment Surfactant
(%, w/w)
1 Control 0
2 Hansol (SRA) 10
3 LX-CONE 10
4 N_TWO 1030 10
5 M-NP1020V 10
6 Hansol (SRA) 20
7 LX-CONE 20
8 N_TWO 1030 20
9 M-NP1020V 20

" 1~5 : treated one time , 6~9 : treated two time
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Table 3.2 Conditions for Fenton-like reactions for optimal chemical

oxidation of TPH

Treatment Condition™"

FeSOs 4% + surfactant 0.05%

1*
H>02 5% + surfactant 0.05%
FeSO4 4% + surfactant 0.05%
2
H»02 5% + surfactant 0.05%
FeSO4 4% + surfactant 0.1%
3

H202 10% + surfactant 0.1%

" Treated two times

" Used surfactants available in the market
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#Hae] TPHEZ & 4= AT HA9 oty Agz=d 3 AWaA

&o] 7M=& AWEAA (surfactant) S A A ste] A S35}

=

Aol zd D AHZA A= Table 3.33 2t}

Table 3.3 Experimental condition for optimal chemical oxidation of

TPH

*

Treatment Condition Surfactant

1 Control .

FeSO4 4% + surfactant 0.05%

2 OP-10S 10%
H202 5% + surfactant 0.05%

FeSO4 4% + surfactant 0.05%

LX-CONE 10%
H202 5% + surfactant 0.05%

Y%, w/w
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e AlZEE 40ml vials (National Scientific Company)el] 5g& 2
5 ol 4 24A17F AZE AHY. AERAZ AR FF FES AA

st7] fletel Algel tig 15v19 FFEIAUESF (NaxSO3)& 3 7Hso]
g, Fiol AAE ARl ofAEI A 11 HEER EFT
S 10mF A 5 2mingt Sk 12413 AAE AT AR AR
A5 AL screw cap vial (Agilent)o] 1m® EF3te] 24 a9t GC

2 o] 43 EHZUL Table 349 21},

Table 3.4 Operation condition for gas chromatograph (GC6890-FID)

for the analysis of TPH

Gas Chromatograph Agilent Technologies 6890 Network System

HP-5(Phenyl Methyl Siloxane)
Column
50m(length)x0.2(diameter)=0.33um(film thickness)

Initial temperature : 2min at 50C
Temperature program
Maximum temperature : lmin at 325C

Injection temperature : 300C

Detector temperature : 320C
Instrumental setting

Gas type : Nitrogen

Injection volume @ 1x0
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sty A 9 AE4 AHgE AN ESARE AMFs A FFE5
G s SANIAOH, AT TFFAHANE ol &slo] st A
TESAL B3l Al TSA (tryptic soy agar) 1/5 strength WA & o] £ 3}
3 10° 10" 2 10°07 3Aste] 23 wE 23S 585 THAtlas,
3.4.4 TPH #3AT Ex=

_?}:]_6_']—@ g‘l Aggﬁ—l}@ ﬂﬂ% 7%?_]_ EOO]:/\]JEJ_% jﬂﬂfﬂ,oq TPH -ELEH }\_"
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( Contaminated Soil j
( Plate out ) ( Enrichment

Carhon Source : Diesel fuel

9 r

>
>

¥

( Pure Culture

3 ¥

[ Identification (165 rDNA sequence analysis) ]

Fig 3.1 Procedures for the isolation of efficient TPH degraders and

their identification
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AHe Y dadow A4 wIGS ¥ F gdRd £F (AH)
By xegsE EFTL FraAr o= 10°~10" (cfu/ml soil

slurry)?] 5522 EdE# g A8 sto] bioaugmentation 232 2 A
35 884 - AETH THAHYE AX+= TPHEHESYS A9

35.1 E% microcosm = °©]-83g TPHE 384 A

Ao % 44 FgstA xS B 150g0] tdF 10%F 2
2 Ay sto] 24X Fk wheS A Y. 4 Aol diel 33wE A
TR AdEZA = HAgae Ao wE dddE OP-10S

B
o} vl AHLE Y3t Tween 302 Al-83F9 th(Table 3.5).
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Table 3.5 Conditions for Fenton-like reactions for the sequential

chemical and biological treatment

Treatment Conditions”
Control 1 None
Control 2 Autoclaved (121°C, 15min)

FeSO4 4% + OP-10S 0.05%
Treatment 1
H:.0, 5% + OP-10S 0.05%

FeSO4 4% + Tween 80 0.05%
Treatment 2
H202 5% + Tween 80 0.05%

A

_29_



3.5.2 Bioaugmentation® "|Al & TS o]l &3 A A

e AE ®@ EYgS BHMARZ 125% &d4ddH=2 9E o, 1M

5 @ 1(Riser-Ro
(NH)2S04, 912 KoHPOE AF838kAr). 2 A golA A3 w49l
staFe A fo] /%9 TPHE S (4000mg/L slurry)E 7|0 =2 A4kst

A tH(Table 3.6).
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Table 3.6 Bioaugmentation plan for TPH-contaminated soil slurry

that has undergone Fenton-like reactions

Treatment” Bioaugmentation™

Control 1-1

Control 1-2

Control 1-3

Treatment 1-1

Treatment 1-2

Treatment 1-3

Treatment 2-1

Treatment 2-2

Treatment 2-3

Treatment 3-1

Treatment 3-2

Treatment 3-3

" three replicated
" '+’ indicates mixed cultures degrading diesel fuel enriched from
TPH-contaminated soils were inoculated at the final density of 10

6~10" (c.fu/ml soil slurry)
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3.5.3 Polymerase chain reaction denaturing gradient gel electrophoresis

(PCR-DGGE) 7| < o]&3 TPHENT 2 EAvAE 2357 A

EYY ste - A=A A d -5 vAE fEstE A7 ¢
3l PCR-DGGE 7I1H¥ < o] &3tsrt A - %9 EYOoZRE FE5T
% DNA% 165 rDNAE PCR= F¥ds9 T+ F 16S rDNA V3
region< touchdown PCR& F 33l A5 FH At Touchdown-PCR
S Fste] 9& PCR 458 BioRad Dcode System (BioRad
Laboratories, USA)2 2 DGGEE 33} %t} Denaturing gradient gel

= 40%° A 70% 74 FETE dEA R PAHES Y. FF

l

AHE 40 E loadingdlo] 1XTAE $EF & oA 60T, 70VE 14A1F A
7199 % % EtBr& A}838te] 4] % Scientific Image System (Kodak,
3}

USA)=E #Z - B39,
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C Bioslurry Soil Sample )

DMNA extraction

( Genomic DINA )

PCR

;

:

CAmplificatinn of 165 rDNA fragment)

PCR

;

( Amplification of V3 region )

:

A 4

C DGGE

Band cutting

:

Reamplification of V3 region

Purification

i

Cloning

v

Sequencing )

¢

& 4 & M

Database analysis (BLAST) )

Fig 3.2 Procedure for microbial community
analysis for soil bioslurry by PCR-DGGE

technique
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Restaurant Diesel fuel
storage tank
Initial spill Underground:.'
movement |

Site A

Sewage pipe
First appearance

of the fuel

Treated with
the microbial

Valley
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Fig 3.3 Soil map for zz ssziz TPH bioremediation
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8

(B)
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4000 -
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TRHEOYO
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1000 -

Control OP-10Ss LX-Cone

sur factant
Fig 4.1 Efficiency of soil TPH removal by the chemical oxidation
depending on surfactants

chemical oxidation conditions :
(A) FeSO4 4% + surfactant 0.05% , H20, 5% + surfactant 0.05% (w/v)
(B) FeSO4 4% + surfactant 0.05% , H20, 5% + surfactant 0.05% (w/v)
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412 AE 23328 FEo wE TPHEIN &S

Fig 42% AE A8A9 Fio] w2 TPHEHA&S Uehd zleolrh
AT 19 A4 AT 29 2o AWRGAR 28 A Aol W
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sl e,
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Nt
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O -

Treatment 1 Treatment 2 Treatment 3
Treatment

Fig 4.2 Efficiency of soil TPH removal by the chemical oxidation
under different chemical oxidation conditions

Treatment 1 @ FeSO4 4% + surfactant (OP-10S) 0.05% (w/v)

H20, 5% + surfactant (OP-10S) 0.05% (w/v, treated two time)
Treatment 2 @ FeSOs 4% + surfactant (OP-10S) 0.05% (w/v)

H202 5% + surfactant (OP-10S) 0.05% (w/v)
Treatment 3 : FeSOs 4% + surfactant (OP-10S) 0.1% (w/v)

H20: 10% + surfactant (OP-10S) 0.1% (w/v)
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Fig 4.3 Population dynamics of total heterotrophic bacteria from soil
slurries undergoing sequential chemical and biological treatment of

TPH-contaminated soil

Control 1 : None

Control 2 : Autoclaved (121°C, 15min)

Treatment 1 @ FeSO4 4% + OP-10S 0.05% (w/v)
H202 5% + OP-10S 0.05% (w/v)

Treatment 2 @ FeSOs 4% + Tween 80 0.05% (w/v)
H202 5% + Tween 80 0.05% (w/v)
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Fig 4.4 Plating out of total heterotrophic bacteria onto TSA from soil

slurries undergoing bioremediation of TPH-contaminated soil after 28
days

A. Control 1 (dilution: 10°), B. Control 2 (dilution: 10°)

C. Treatment 1 (dilution: 10°), D. Treatment 2 (dilution: 10
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Fig 4.5 Population dynamics of diesel fuel bacteria from soil slurries
undergoing  sequential chemical and biological treatment of

TPH-contaminated soil

Control 1 : None

Control 2 : Autoclaved (1217C, 15min)

Treatment 1 @ FeSOs 4% + OP-10S 0.05% (w/v)
H202 5% + OP-10S 0.05% (w/v)

Treatment 2 @ FeSOs 4% + Tween 80 0.05% (w/v)
H20, 5% + Tween 80 0.05% (w/v)
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Fig 4.6 Plating out of total diesel fuel bacteria onto BH agar from

soil slurries undergoing bioremediation of TPH-contaminated soil after
28 days

A. Control 1 (dilution : 10°°), B. Control 2 (dilution : 10
C. Treatment 1 (dilution : 10°%), D. Treatment 2 (dilution : 10°)
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Fig 4.7 Residual concentration of TPH in the soil slurries undergoing

sequential chemical and biological treatment of TPH-contaminated soil
Control 1 : None
Control 2 : Autoclaved (121°C, 15min)
Treatment 1 @ FeSO4 4% + OP-10S 0.05% (w/v)
H202 5% + OP-10S 0.05% (w/v)
Treatment 2 @ FeSOs 4% + Tween 80 0.05% (w/v)
H202 5% + Tween 80 0.05% (w/v)
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Fig 4.8 Removal efficiency of TPH for the soil slurries undergoing
sequential chemical and biological treatment of TPH-contaminated soil
Control 1 @ None
Control 2 : Autoclaved (1217, 15min)
Treatment 1 : FeSO4 4% + OP-10S 0.05% (w/v)
H202 5% + OP-10S 0.05% (w/v)
Treatment 2 : FeSO4 4% + Tween 80 0.05% (w/v)
H202 5% + Tween 80 0.05% (w/v)
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Fig 4.10 Microbial community analysis using PCR-DGGE technique of

TPH-contaminated soils undergoing sequential chemical and biological

treatment (Day 0)

(M : Marker, Line 1~3 : Control 1, Line 4~6 : Control 1 (degrader inoculation),
Line 7~9 : Control 2, Line 10~12 : Control 2 (degrader inoculation))

Arrows indicate the new populations compared with control (without inoculation of
the diesel fuel degraders)
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Fig 4.11 Continued

(M : Marker, Line 1~3 : Treatment 1, Line 4~6 : Treatment 1(degrader
inoculation), Line 7~9 : Treatment 2, Line 10~12 : Treatment 2(degrader
inoculation))

Arrows indicate the new populations compared with control (without inoculation of
the diesel fuel degraders)
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Fig 4.12 Microbial community analysis using PCR-DGGE technique of
TPH-contaminated soils undergoing sequential chemical and biological

treatment (Day 28)

(M : Marker, Line 1~3 : Control 1, Line 4~6 : Control 1 (degrader inoculation),
Line 7~9 : Control 2, Line 10~12 : Control 2 (degrader inoculation))

Arrows indicate the new populations compared with control (without inoculation of
the diesel fuel degraders)
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Fig 4.13 Continued

(M : Marker, Line 1~3 : Treatment 1, Line 4~6 : Treatment 1 (degrader
inoculation), Line 7~9 : Treatment 2, Line 10~12 : Treatment 2 (degrader
inoculation))

Arrows indicate the new populations compared with control (without inoculation of
the diesel fuel degraders)
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Fig 4. 14 Moisture content of TPH-contaminated soil during the

sequential chemical and biological treatment
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Fig 4.16 Residual concentration of TPH in soils undergoing the

sequential chemical and biological treatment
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Fig 4.17 Plating out of diesel fuel degraders onto BH plates from the

TPH-contaminated soils and the microbial agents used in the soil

treatment
(A: Site C, B: Site D (dilution: 107%), C: microbial agent 1 (dilution: 107°), D:

microbial agent 2 (dilution: 10 %))
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Microbial agent 1 Microbial agent 2 Microbial agent 3

Fig 4.18 Determination of population density of diesel fuel degraders
in the sites C and D, and from the microbial agents 1, 2 and 3 using

microplate MPN technique
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Fig 4.19 Population density of the diesel fuel degraders from the
remediation sites C and D determined by viable cell counting and

microplate MPN techniques
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