SRS BN EN SEN0Y ST SR

AL~
Department of Chemical Engineering

College of Engineering

National Taiwan University

Master Thesis

ey 23T NTU-1 # “,f ke AR
Implementing Soil Washing for Soil Remediation and
Using Rhodococcus erythropolis NTU-1 for the Treatment

of the Residual Solution

)
Yao-Chang Yang

FE s PR L
Advisor: Hwai-Shen Liu, Ph.D.

PoER R 105 & 7 ¢

July, 2016

doi:10.6342/NTU201601949



P2 gp R

¥ 4] * Rhodococcus erythropolis NTU-1 it 53 4 # "% f3 3 & B =i add i > gy
oY g E DA FRT LD o

PR AR R R BT AN S RS Lend e 1
FRE P R E R L6 2kt 4 ) 5 20/50mesh ~ B - ik e R 5 4min-
Cl6/g soil (7059 4 3% » 5447237 € 7 5 3.2mln-Cl6/g soil » §]* 100 ml

BAANUPIREETELOLE A&7 7 800 ppmv n-Cl6 -

TR RBES T e BRAFS T L BT RDERY B
TR A R A B NTU-L R ALY ahd & T AF kg koK

CEE S ,‘Fi;tj RN AN BECSE R e B R R B o

Wi 2 e R NTU-L B % 72 0 o 448 {8 5 5 ml dhd
# % 2 5i%t (ODgoonm 9 5 1.0) 72 ) pF2 15 » NTU-1 7 56 2 % f2r fo 78 &

?;’qﬁﬂﬁ% 95%:3: & & ¥ et L2k o

FABPERAATATEOFZF BRI R RRADERT F ks o
AR S B A kS % 5 20/50 mesh s & L %T % » 4mln-Cl16/g soil

9059 23 > 1% 100mlsp & A2 3L IR- AR50 8 WAERSRA

aF

RRE AR B SRR F R o B R A AR S B Y 20% 0 LY

o TS

# 5% NTU-L g 72 ) s > 5545 > NTU-L i #8535 % 2 ¥ 5 95%+he + -

v
o

B4 F 2 MiF% ~ Rhodococcus erythropolis NTU-1 ~ 4 £+ 45 5 ~ 4 47 %% 2

doi:10.6342/NTU201601949



Abstract

For bioremediation, we focused on how to apply soil washing method with MSM
(mineral salt medium) to wash n-hexadecane (n-C16) on soil. Furthermore, we apply
Rhodococcus erythropolis NTU-1 (NTU-1) biofloccules and biodegradation for n-

hexadecane removal in MSM.

Firstly, results showed that nearly 800 ppmv n-C16 can be washed by 100 ml MSM
from 0.5 g contaminated soil of which the particle size is 20/50 mesh and the added
volume of pollutant is 4 ml n-C16/g soil. By analyzing with GC-FID, soil will contain

3.2 ml n-C16/g soil after added n-C16 as pollutant.

Secondly, to avoid hydrosoluble compounds in soil being desolved in MSM during
soil washing, which may constrain the biodegradation ability of NTU-1, we have to
pre-wash soil. Being pre-washed by both tap water and DI water, soil can be used for

subsequent experiments.

After incubated in MSM used to wash contaminated soil for 72 hours, NTU-1 will
remove approximately 95% of total n-C16 in MSM by both biodegradation and

biofloccules.

Last but not least, the washing effectiveness of MSM can be promoted by
increasing the temperature of MSM. Results showed almost 20% of total n-C16 can be
removed from 0.5 g soil whose particle size is 20/50 mesh and the added volume of
pollutant is 4 ml n-C16/g soil during soil washing at 100°C. After 72 hours NTU-1
incubation, almost 95% of total n-C16 in MSM will be removed.
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% 2.2-1 L IR #1307 5 24 i * 12 (Canter & Knox, 1986) ©

_ _ Nonvolatile i
Process \olatile Organics i Inorganics
Organics
Air stripping Suitable for most cases Not suitable Not suitable
o Effective concentrated ) )
Steam stripping ) Not suitable Not suitable
technique
. Effective removal .
Carbon adsorption Inadequate removal ) Not suitable
technique
Biological ) ) Effective removal Not suitable —
i Effective removal technique ) :
degradation technique metals toxic

pH adjustment
precipitation

Electrodialysis

lon exchange

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Effective removal
technology

Inefficient
operation/inadequate
removal

Inappropriate technology —
difficult operation
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4 2.2-2 LfE4 T HaF ot £ (Rametal., 1993a)

Soil Type and
Saturated Zone

Technology Applicability Characteristics Variations Cost Permits
LPH recovery All lighter-than-water petrochemicals except ~ Works better with more-  Total fluid extraction, passive Variable Groundwater discharge, product
LPH withdrawal for the most viscous fuel and lube oils permeable soils bailers, dual pump recovery, storage, and possibly,
recovery wells, thermally groundwater withdrawal
assisted LPH recovery, mop
and disk skimmers
Vadose zone LPH less than about 0.5 {t, contaminants with ~ Permeable soils, ROI > Thermally assisted venting, Low Air discharge permit may be
Soil vapor Vp > I mmHg (BTEX, gasoline, MTBE, 10 ft, depth-to-water horizontal venting, surface required
extraction PCE, TCE. TCA, mineral spirits, MeOH, greater than 3 ft sealing, passive vent points,
acetone, MEK, etc.) closed loop venting,
concurrent groundwater
pumping for VOCs in
capillary fringe
In situ percolation  Any aerobically biodegradable chemical in ~ Works better inpermeable ~ Oxygen and nutrients need to ~ Low to Air discharge permit may be
(bioremediation) the vadose zone soils; depth-to-water be supplied to the subsurface moderate required when soil venting used
greater than 3 ft to provide oxygen
Excavation All soils and contaminants All soil types Dewatering may be used to High On-site treatment of excavated
expose soils in capillary fringe soil may require permitting
Saturated zone Contaminants in saturated zone with K;;> 0.1 Hydraulic conductivity >  Hot air, steam, and cyclic Low Air discharge permit; water

Sparging

In situ
bioremediation

Excavation

and Vp > 1 mmHg; contaminants: BTEX,
gasoline, PCE, TCE. TCA, mineral spirits

Any biodegradable chemical in the saturated
zone; inhibited by pH extremes, heavy

metals, and toxic chemicals

All soils and contaminants

107 cn/s (silty sand or
better); at least 5 ft of
saturated thickness

Nutrients are transported
better in more-permeable
soil

All soil types

10

sparging, concurrent
groundwater pumping

Oxygen supplied by sparging or
peroxide addition; nutrient
addition with groundwater
recovery and reinjection

Dewatering needed,
groundwater containment may
be used (slurry walls, sheet
piles)

Moderate to
high

Very high

discharge if concurrent
groundwater pumping

Water discharge for nutrient
injection, air discharge if
performed with
sparging/venting

Permits for dewatering
operations
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%22-2 L BT B HBACR Y ()

Soil Type and
Saturated Zone

Technology Applicability Characteristics Variations Cost Permits
Groundwater Uses: (1) LPH recovery, (2) provides Transmissivity. depth-to- Recovery wells, well points, Variable Well installation, groundwater
recovery and hydraulic control of contaminant plume, (3) water and saturated-zone interceptor trenches withdrawal and groundwater
treatment pump and treatment technologies thickness determine discharge
Groundwater optimal strategy
recovery
Liquid-phase Removal of compounds with low See groundwater recovery  High pressure (75 to 150 psi) Low to high Water discharge permit
carbon solubility/high adsorptivity and low pressure (12 to 15 psi) depending on
contaminant
loading

Air stripping

Advanced
oxidation

Bioreactors
Off-gas treatment

Vapor-phase
carbon

Catalytic oxidation

Thermal oxidation

Compounds with Kj; > 0.1; contaminants
with Ky, between 0.01 and 0.1 may require
an air-water ratio > 100

Most effective on sulfide cyanide, double-
bonded organics (PCE, TCE), BTEX,
phenols chlorophenols, PCBs, PAHs, some
pesticides

Any biodegradable compound

Adsorptive capacity generally increases with
increasing molecular weight

Conventional units can treat all compounds
containing carbon, hydrogen, and oxygen:
concentrations should not exceed about 20%
of the LEL

Compounds containing carbon, hydrogen,
and oxygen; usually not amenable to
halogen-containing compounds

See groundwater recovery

See groundwater recovery

See groundwater recovery

NA

NA

NA

Packed towers, low profile,
heated and closed-loop air
stripping; off-gas treatment
may be required

Hydroxy/radicals produced by
combinations of UV, ozone,
and peroxide

Fixed-film and suspended
growth reactors

Pretreatment dehumidification;
on-site regeneration

Some units can treat chlorinated
compounds, exhaust gas
scrubbing may be required

Exhaust gas scrubbing may be
required

Low, if no off-
gas treatment
required

Moderate to
high

Moderate to
high
Moderate

Moderate to
high

Moderate to
high

Air and water discharge permits

Water discharge permit

Water discharge permit

Air discharge permit

Air discharge permit

Air discharge permit

Abbreviations:

NA, not applicable; LEL, lower explosion limit; ROI, radius-of-influence; LPH, liquid-phase hydrocarbon; MTBE, methyl rert-butyl ether; PCE, perchloroethylene: TCE,

trichloroethylene; TCA, trichloroethane; MEOH, methanol;: MEK, methyl ethyl ketone; BTEX, benzene, toluene, ethylbenzene, and xylenes; PCBs, polychlorinated biphenyls:
PAHs, polyaromatic hydrocarbons.

11
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% 22-34 7 2 g BB E R E T4 (Viketal, 2001) -

RISK MANAGEMENT CONTAMINANTS / REMEDIAL APPROACH PROCESS LOCATION
APPLICATION MATERIAL TREATED
+ source reduction + contaminant(s) * removal * In situ
+ pathway interruption * concentration range « containment * ex situ
+ protection of receptors * source and age * rehabilitation * on site
* bulk / matenals-handling * biological treatment « off site
characteristics « chemical treatment * in-vessel
« physical treatment
« solidification / stabilisation
« thermal treatment

STRATEGY IMPLEMENTATION OUTCOME
* Integration / combined approaches [+ process planning » destruction of contaminants
+ active / passive measures * site management « removal of contaminants (elsewhere)
+ long term / low input « verification « stabilisation of contaminants
+ carmer (for in situtechniques, i.e_air |+ monitoring « containment
or water) * neighbourhood impacts
+ Institutional measures » aftercare

flexibility

12
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23 MEKA P REEDRE T L
2312 5BV HA

4 44 7 (bioremediation) & f] * fic 2 4 -5 75 4 4 R ¥ ¥ G i
E -4 PRt #8032 42 (Yadav & Reddy, 1993) « 4 F #-4 g 4 4 fuw
E P A BE S A P S B 2 LA P RIS E o 4 PRV R B P
MBI P AR T AR FLASFRTIEF LT ABELE (Van

Stempvoort & Biggar, 2008) :

(1) #Bﬁqf’/\%@— ng/z‘j\‘,ﬁ,’,{y‘!’#f‘“ 49% ilr,‘vﬂ\ﬁ{p{o
@ AHFRTHEE P KRBT 2T HBAERE LT

QB) M2 NS > WAL E BT ML & o

B P AR A BT 2 LA S B G AR 5 A

1 ’

1)1(

Frlto A FRE B Ly A Pl im S R S R R B R R G
2 2311 5 -l 2 E A2 4y ks £ (Van Beilen et al,,
2003) > ** & ¢ cham EF 7 1245 3 A F ST * () Rhodococcus o @ - IE A

e PR T K R E R KT ik (Bouwer & Zehnder, 1993) :

Q) mrfrsdd  #H 23 FBNRERTEM -

(2 e B APk FREFRZNCEZRSLEF R 2HL
() VIR BN R LT LA o

(4) # ¢ BB T HAMEXG T o

(5) & ¥enf e S A B MR .

\
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22311 AR fIF Fpd &2 435 s S 44 (Van Beilen et

al., 2003) -
Microorganisms that aerobically degrade aliphatic hydrocarbons
Bacteria Yeasts Fungi Algae
Achromobacter Candida (+) Aspergillus Prototheca
Acinetobacter (+) Cryptococcus Cladosporium
Alcanivorax (+) Debaryomyces (+)  Corollasporium
Alcaligenes Hansenula Cunninghamella
Bacillus Pichia Dendryphiella
Brevibacterium Rhodotorula Fusarium
Burkholderia (+) Saccharomyces Gliocladium
Corynebacterium Sporobolomyces Lulworthia
Flavobacterium Torulopsis Penicillium
Mycobacterium (+) Trichosporon Varicospora
Nocardia Yarrowia Verticillium

Pseudomonas (+)
Rhodococcus (+)
Sphingomonas
Streptomyces

A (+) indicates that information on the genetics of alkane degradation is available
for strains belonging to the genus.

14
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PR HANT R4 Tad 4 A <47 e (insitu) 2 4R T 2 dpe

(exsitu)# # 4 5 (Riser-Roberts, 1998) o & = j& gnfmip &7 £/ £ 4r T

(1) 25 Hp75 ¢
RERTPER AL HTRIREFASRT o b4 235224 T
R BER S 2 F AR EA MBI 2 LA RT oL ARL D

ME A FRT R LR

—=\
A
\f_N
IS
!
(\‘

X :;?Fﬁjgg(i;}% \;;Fﬁ%'%ﬁ ‘}?Fﬁ?“;

#iF(pl+02002) 4 23.1-2 5 - &£ ¥ L+ 2 3472 (Kordaetal., 1997)-

RPAPRTZORBI AL EIFTIERTF P L RBEFE KT
Bt KK B EE AP AFEREAE (I A 0 2002) ¢ etk Hak sl
3o Gl FFRL A S F P A AR TR Ao GRS OFRELTE LT
HREPEARE Y R4 AN E LR OFRREE L E TR AN ERA
RRRJLIGE TR RIEERER 2 G A A BL G Bk Fi PRI

(Bartha & Atlas, 1977; Boopathy, 2000) -

() #F+PH7T

M2 PR T PR B R RARATT 0 RS A0 R ORRE . A AT A
¥ #EJL  (Riser-Roberts, 1998) o ¥k 3 I s $foi3 R4 ch 3 (5% £F F
F BRI ART A GFARMNEFRT EFARDASFRT o5k pnd
FRTT LY REIE ARG LA e A B FRT AT A AR A

3

|

4% 4oz (Vidali, 2001) ©

WH AP RTZEF BB F RIEE I AT R AL SRS 2D
BAEREIREE o B S HIES S PR F REAE W R FHRFT S ARF (Vidali,

2001) -
15
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#2312 FE Rkt OBy 2 5 2 (Kordaetal, 1997) -

Table 3 In situ treatments

Treatment

Description

Applicable to

Advantages

Constraints

Reference

Biostimulation

Bioventing

Bioaugmenta-
tion

Surfactants

Biostimulation involves the addition of oxy-
gen, water and mineral nutrients (usually
combinations of nitrogen, phosphorus, and
trace metals)

This remediation technique combines conven-
tional advective soil venting with biodegrada-
tion. The soil-venting phase of the process
takes advantage of the highly volatile nature
of the components present in the hydrocarbon
mixture. In the biodegradation phase, the less
volatile high-molecular-mass hydrocarbon
compounds are broken down and the more
volatile organics removed during conventional
venting

This method involves the direct application of
microorganisms originating from (a) the re-
mediation site (b) an off-site vendor (c) genetic
engineering. The microorganisms have been
cultured and adapted, while their degrading
ability can be enhanced for specific con-
taminants and site conditions

Synthetic or biogenic substances are used to
increase the aqueous solubility of solid hy-
drocarbons, and emulsify liquid hydrocarbons

Groundwater,
soils

Soils

Groundwater,
soils

Solid and liquid
aliphatic and
aromatic hydro-
carbons (includ-
ing hydrophobic
organic com-
pounds)

Acceleration by as much
as 100-fold of the re-
production of organisms
already present at the
site

Addresses full range of
petroleum hydro-
carbons. Is among the
most eflective methods
of supplying indigenous
microorganisms with
enough oxygen to sup-
port degradation of hy-
drocarbon contaminants

One of the most effective
bioremediation techni-
ques

Enhancement of con-
taminant accessibility to
microorganisms, nu-
trients, and possibly
oxygen. Improvement of
the bioremedial effi-
ciency

Nutrient application requires con-
current ecological monitoring studies.
Although dilution, tidal mixing etc.
should minimize the potential for ad-
verse ecological effects, certain com-
ponents of the fertilizer could be toxic
to some species. In addition, algal
blooms could occur as a result of the
sudden availability of nitrogen and
phosphorus

A shallow water table prevents diffu-
sion of gases and makes application of
bioventing less feasible. Furthermore,
the solid matrix must allow for suffi-
cient air movement

The possibility of adverse ecological
effects from the introduction of off-
site or genetically engineered micro-
organisms should be examined and

minimized

Surfactant use is still controversial.
Synthetic surfactants may adversely
affect the permeability of the micro-
bial cell membrane, thus reducing or
eliminating the biodegradative poten-
tial of indigenous microorganisms.
Surfactant injection must be carefully
controlled to be ecologically accep-
table and to offer more economical
and physical advantages than dis-
advantages

Orzech et al. 1991; U.S.
EPA 1989

Van Eyk 1994; Reisinger
et al. 1994

Orzech et al. 1991; Leavitt
and Brown 1994

Ducreux et al. 1994;
Churchill et al. 1995
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£ 23129 BRY OIE 3 FHT () -

Table 3 (Contd.)

Treatment

Description

Applicable to

Advantages

Constraints

Reference

Hydrogen
peroxide

Nitrate

Fertilizer
application
(water-soluble
or oleophilic)

Hydrogen peroxide can be used as an efficient,
alternative oxygen source to enhance in situ
biodegradation

Nitrate is used as an alternative electron ac-
ceptor, instead of aeration of the injected wa-
ter or amendment with H,O,

Fertilizer application stimulates microbial
metabolism by supplying the indigenous oil-
degrading microorganisms with nutrients (N,
P, K, etc.)

Biodegradation

of aromatic

compounds and

volatile fatty
acids. Subsur-
face applica-
tions

Subsurface ap-
plications

Soil, ground-

water, sediments

Provides oxygen at a
rate up to two orders of
magnitude faster than
diffusers (systems to sa-
turate injected water
with air). The growth of
aerobic bacteria in gen-
eral and hydrocarbon-
degrading bacteria in
particular, as well as the
breakdown of gasoline
are significantly en-
hanced by the addition
01"‘1202

Nitrate is relatively in-
expensive, highly soluble
in water, does not ad-
sorb to soil matrices, and
does not decompose.
Thus it can be readily
distributed within an
aquifer

Acceleration of the nat-
ural biodegradation
process, especially in
sites with low nutrient
content

Although H->O> has been used suc-
cessfully in a number of cases, pro-
blems, including too rapid
decomposition, gas blockage, and in-
effectiveness, have been encountered
elsewhere

Nitrate concentrations in ground-
water typically are limited by reg-
ulatory standards to 46 mg/l. Another
disadvantage is that nitrate is effective
for fewer classes of compounds than
oxygen. Nitrate-utilizing bacteria do
not degrade aliphatic compounds.
Benzene is not readily degraded under
denitrifying conditions

A toxicology assessment is required to
evaluate the possibility of harmful
biological effects of excessive nutrient
application

Lu 1994a; Brown and
Norris

Hutchins and Wilson
1994; Brown and Norris
1994b; Battermann et al.
1994

Prince et al. 1994; Sveum
et al. 1994
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232 2 FHERE T EF2HS

X F AL AP S EURM TSR R R R AP ML B I T
§ A BT R R E 1 & P e o thoE Aot e BB Sy A 1A
* g AT W R f2a A (Haines & Alexander, 1974) - % 2.3.2-1 4 77 % 4.7
W hok? 2482 R (Thomasetal., 1986) # ¢ 7 L 4B & % 25°C™ » A9 % i
RV RAFD A kR fER 5 0.00002mg/L ¢ T fRR L 0 pc g B

Fpd AP AR feenPe B R p 2T A B AR %] (Abdel-Megeed, 2004) :

(1) zaFErd ¥ RFain iy -
(2) s F Reptd (& 4 F] 5 3 # i (solvent effects) » BLI e 4 F+ m¥e W

S AEE R B L FoAp g hd o

B 2321 SRMe FLawta A A8 ¢ 5= S4F: B4AA A 4h

YR RIRMEE 5 4 %5 (Alloway & Ayres, 1998) o

n -alkanes iso -alkanes Cycloalkanes
C C
c—Cc—Cc—Cc—C \>C—C —C—C <
C C
C
Aromatic hydrocarbon  Condensed aromatic hydrocarbon Naphthenic acid
C—C—COOH
Phenol Pyridine Thiophene
@OH O
N
: 5 :

B 232-1 i ® ¥ Lenpha v &40t g %4~ 57 (Alloway & Ayres, 1998) -
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% 232-1 £ a3 5 £ 25CpFr k@ 23 f32& (Thomasetal., 1986) -

Group Chemical mg/L
Heptane (C7H1s) 2.9
Octadecane (CgHas) 0.66
Aliphatic hydrocarbons Nonane (CoH20) 0.22
Decane (C1o-H22) 0.052
Hexadecane (Ci6H34) 0.00002
Eicosane (CaoHa2) 0.00000011
Naphthalene 31
Biphenyl 7.2
Acenaphthene 4.3
i Anthracene 0.050
Aromatic hydrocarbons
Phenanthrene 1.1
Pyrene 0.13
Chrysene 0.0020
1,2-Benzpyrene 0.0053
4-Chlorobiphenyl 0.96
Palmitic acid 0.0035
Others
DEHP 0.29
19
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G RLFEEIFAT AT BRRE ARG AR T

/\47/54‘#”‘§#ﬁ3'§$@._' R E L }@:’%mqiﬁ"g "34 At 'J%/%

WP MR R d A8 T HRE AP by - wehE R e g St
VR E At S T R S e d R B D] e £
oo R d e X T e M IREEZ S Y A 5 T 5= 48 (Bouchez-Naitali

etal., 1999; Goswami & Singh, 1991; Westgate et al., 1995) -

(1) Mt 53 B4BBp 20k ? gt d i & 4 -
(2) Hc 4 A i B A LA @ BRSO X O] W E R AR R e
i@ Ferq)

(3) M2 B FARFR b F MRS S B dmre Sk i 0 XV R

PR LRFL ARG b od AT e T
EfavkipEmg > 25 - wen g S B e &g E ikt P2 BRED
(R0jo,2009) » #r1 g & it & i3 t-k P ehig F R R 2 ficd F P i SOE D

RO BEE S &L F R o kAR e 84 3 F R S B

,l

\-a&
i
=y

FEMEE TR LV SEEERS £1 SR O

wE

f#
FATORY pd LSS s mFYTTI Y (Gibson, 1984) o 2 TR € F ",f 3

#f v @ 3 e (Wodzinski & Johnson, 1968) = 4 4 5 3 B4 > FHL 5 ¥

Pt 5 ARk Y R A et B S £ AR AL ER

A

5
=y
W
%
hasy
=
‘1»

Poerts jR3E FOL R 49k 4p @ gt g Ak o4

Colwell, 1990) -
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S RPN L & A it PR G A B <

1\4

R/ e "F
FRERARE M AP AOFERED FRET € @ 4 5 R & s 28| (biosurfactant) -
Ro F R R IR E L gLt B T 0 B RER] YA e o T S
eptd pEy AR ff 0 IR B M2 iR ¥ (Desai & Banat,
1997; Rosenberg & Ron, 1999) - ig B A =& jic | & JjF chiE 2 R 5 B f#
(pseudosolubilizaion) » & 7725 & fic#z 4= + (micelles) o fic?e 4=+ + wa{ﬁfﬁt:}“ v piee |
MF o AR DR FE D oG BER S S F TR E R kP kR E
A€ EFRR P RE e o e S Bkl d e B

ERRE N R I S A

B 2322 SR E e A P Ro BEAGER > KA P L EPRLG
it &+ L W (Ratledge, 1988) - §] 2.3.2-3 /] = & Pseudomonas sp. ¢ & i*
EF ABRRBREE A A 5 R G F R B FEg (rhamnolipids) » &t g i &
P25 PiRe kS @ A 4 P e e P~ 0] (Fritsche & Hofrichter, 2000) - gt #F »
BRI R G B T S P da B RFIAF LG D

g ki (Hua et al., 2003; Mulligan, 2005) -

R RFELERENERF oML P ARE RS EA=c el Y e

’

A &5 1 ZEg (Niescheretal., 2006) - f# #4 5 (glycolipids) ~ # *< % (lipopetides)
Fx "5 % (phospholipids) ~ % pE 75 5 (liposaccharides) ~ 7 %= Bk 5§ (fatty acids) ~ % » +
B & & t2#] (polymeric surfactant) % - % 2.3.2-2 5 L fikad A2 hd F Fa E
2%~ 58 (Al-Araji et al., 2007) » 4 % ¢ ¥ &5 & Rhodococcus erythropolis &

€ A 4 % Je#E 47 (trehalose lipids) i 5 2 47 B o 75 18] o
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Z PR T E e N L A S RE YR AR B AR R ER K
Mptd it e afa b T EPE D e 4o 1% (Molkeringetal., 1997) - iz
B pcd b ik FIr AE kG p kot € I R E AR R eie ik G
e oo Gildety BE Pg sL 0 KRR e oG dhp R IGEE E R & deen

#f§ (Morgan & Watkinson, 1994) -

S S EA P A EPRE T A AR B2 AT N PR 0 AL
FABRREE R F TG R A AR AN BER R R A R R
fReedc A% fo ¥ Z B Y o Soc L SRR E B k2 B
SRR BRI LR I e R e R BT e T o S WA L3 SRS
T4 GRS O RE  Ed fokdp i Bl o B fRes (Ron
& Rosenberg, 2002) o ¢t 7@ fafrst s FlE AR HHERT > BRAE FEP g Ao
AR MR R ML BRSPS A R R E M P &

i
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OUTSIDE

S ENVELOPE RN INSIDE

- - - -

alkanes biosurfactants

Synthesis and Biosynthesis of

— modification biosurfactants
— reaction
ﬁ: -
Alkane drops. droplets, micelles. -
microemulsion; aggregates of alkane Intermediary
and emulsifiers or biosurfactants metabolism

Dissociation of
biosurfactants

\ Diffusion or

T

Soluble alkane

.
LSOt OPsseNININIIIIPRNICRIIIIPIIIIOIIRIITRIIITOIIITIOIITRIIPIOIdQOPOIRTL,

l ; active transport
Direct contact :
(hydrophobized envelope) S (Alkane droplets)
by amphiphatic receptor/channel * . -

Alkane deposit
(droplets. micelles)

Bl 2.3.2-2 e flwie fPog 2 4 Fh o BEAFSRE EF T LB

(Ratledge, 1988) -
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I .
HO 0 O—CH—-CH;—C—0—CH—CH;—COOH

l | —
CH; CH, CH, /
| | ; :
(|3H2 (|3H2 Emulsification Mineral oil
OH OH (|3H2 (|:H2 - \
=
CH, CH, o O
' ' @)
CH, CH;
| |
CH; CHj; Formation
Rhamnolipid of micelles
OO
o O
Biosurfactant O
production Uptake
J

Bacterial cell

/ _ \] I' r\Cell men:(t?:;;:\l
\ J N

AN
Cell wall
®] 2.3.2-3 )tk Pseudomonas sp. 4 iz o & 428 1 P L C & o LR

(Fritsche & Hofrichter, 2000) -
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3232-2 L AEMCA A 2 A

& oo A L 8 (Al-Araji et al., 2007) -

Biosurfactant Source Biosurfactant Source
Glycolipids Ornithine Linid Py
- Rhodococcus erythrapolis rnep mj{ m’lona‘r P
Trehalose lipids o . Thiobacillus sp.
Nocardia erythropolis Aorobacteri
Trehalose Dimycolates Mycobacterinm sp. SSTODALTEAN SP.
’ Noaardi Glrconobacter sp.
FNowara Sp. Phospholipids Candida sp.

Trehalose dicorynemycoaltes _Arthrobacter sp.

Rhamnolipids

Sophorolipids

Cellobiolipids

Aminoacid-lipids

Lipopeptides and lipoprotein

Peptide-lipid
Serrawettin
Viscosin
Surfactin
Subtilisin
Gramicidins

Polymyxins

Corynebacterinm sp.
Prsendomonas aernginosa
Prsendomionas sp.
Torwlgpsis bombicola
Torulopsis apicola
Torulapsis petraphilum
Torulapsis sp.

Ustilago zeae

Ustilago maydis
Bacillus sp.
Streptomyces sp.
Corynebacterinm sp.
Mycobacterinm sp.
Bacillus licheniformis
Serratia marcescens
Prsendomonas fluorescens
Bacillus subtilis
Bacillus subtilis
Bacillus brevis

Bacillus polymiyxa

Fatty acids /Natural lipids

Polymeric surfactants
Emulsan
Biodispersan
Mannan-lipid-protein
Liposan
Carbohydrate-protein-lipid

Protein PA
Particulate biosurfactants
Vesicles and fimbriae

Whole cells

Carynebacterinm sp.
Micrococens sp.
Thisbacillus sp.
Acinetobacter sp.
Prendomonas sp.
Micrococens sp.
Mycococens sp.
Candida sp.
Penicillinm sp.

Aspergillus sp.

Avrethrobacter calcoaceticns
Arethrobacter calcoaceticns
Candida tropicalis
Candida lipohtica
Prendomonas fluorescens
Debaryoryces polymorphis

Prendomonas aernginosa

Arthrobacter calcoaceticus

25
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233 M Fafrpd M EF 2R

Hed 3t g p s RARB-T R fRBLE A d o B A4 IE L A R0 o
ABBIR S M P RER BT e BT NEE R A fREARY F A
R RF R %ﬁd T+ EMS kA4 £ H = (Berthe-Corti & Ebenhoh, 1999) »
RS BT AP E R R o A AT o T gAY

LR~ AREET S

ey

(i + s (electron donor)id # et a it £ 4 > @ § F ~ =
WHps o~ AP R B ¥ LT+ #dcH (electron acceptor) > &7 ke i3
WS HE Y €7 3 PR S ey (Loviey, 1991) - §] 2.3.3-1 » ik 2 7% &
BRI L2 AR ot Ey CRRF RS A D BRI TS F NS
FReomMT A2 FEfEMa CE5FpRY Loy PRBRIN 0 7475 B2

A E R eA 3 £ 2

(1) 4% % 12" #2 (aerobic degradation) :

FAFIEF AT CERF BORET I RLE I F L F BRRE
A TR 7 S T A A e L el 52 R
(Wentzel et al., 2007) - B] 2.3.3-2 54 % P icA 5 fapld v £ 5 i B4R
(Fritsche & Hofrichter, 2000) » Bl ® T4 7 7 B & 1 & $ 478 f2 1512 (7 {8 e ik 3F
Fl  SREMBAREAZ BE o §oimed £ o5 A § 28R
T B F RO E AR R i S # o 2R R (Riser-

Roberts, 1998) -

26

doi:10.6342/NTU201601949



(2) &3 M5 f2 (anaerobic degradation) :
RE FeodE L 90 p ARRB Y el $EE 9 10~15% (Casella & Payne,
1996) - k¥ "% fE{odF § "EfR B K D7 ot TIRREFIR T AFIER

ER S F A s

A

sk 0 A AL S AR AT AT B S RS
FOOR-F o T E KR 5 FF 5 MY pipk B3R R A (sulfate-reducing bacteria)
(Cravo-Laureau et al., 2005; Rueter et al., 1994; So et al. 2003) * & & it ' f
(denitrifying bacteria) (Ehrenreich et al., 2000) # & % TR ™ & 7 & sl g g i
FREGwTy o gt jied $ ki 4i? s B2 IR B s i dodd § A fEY § 4
Fkd o FERST IR cu e AP (fumarate) B £ F B~ SR
(carboxylation) & | 5 Bk & 1+ & 47 & (T RF Ak A o P2 RS

P F'E R £ pRAAR T T & P EARZ O A ] 2.3.3-3 #71  (Wentzel etal., 2007)-

dWRE A2 R S h- EATREY ARER R EFPRE
& f3id F o (Aeckersbergetal., 1998) o k@ fI* ¥ FEfEF 540G A
BB BB RIIF DT AP AR R R T o g IR R Fk 0 R

§ AFEF Aot £ (Babel, 1994) -
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Alkane

% [~
Alkanol
Y
Co, Fatty Acid » Protein
I
Electron I
acceptors: .................. ﬂ
02: N03-| Y y
SO.7, ... Bio- Lipids +
Energy | | emulsifiers, Carbo-
etc. hydrates
B 2331 a & o f2in42B » F A4 carbonflux ~ st & Oxflux 2 ¢

Bl 2.3.3-2 43 § 2

-

.).

NHy*
POJ‘\
SOy

3+
Fe'*

% (Berthe-Corti, 1999)

Hydrocarbon

FoE fRRLE 1 & 4

| Cell blomass

\ _7__-‘“\_‘ J /

Growth &

2000) «

28

e
—
T
Initial attack by oxygenases "
Degradation by peripheral
pathways
G
\N
c l'-'h.
ntermedlates Ls
TLA wcle \\ “
\ L, 4= 6? CO;z
S~y Resp1rat10|1 T~
\ ~ ;’ Blos}nthesm i\“"-«gH,}D

& ;x 42 (Fritsche & Hofrichter,
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Aerobic routes

Long-chain n-alkane

« Carboxylation *

Anaerobic routes

Addifion

Subterminal Cytochrome o tofumarate, 57
manooxygenase . ¥ reamangement ¥
Secondary alcohol Primary alcohol Carboxylic acid

Alcchol Fatty aidehyde 4 | Alcohol : Acyl-Coh
dehydrogenase reductase dehydrogenase * synthetase

Ketone Aldehyde Acyl-CoA
Baeyer-Villiger Aldehyte o
manuaxygenasel l dehydrogenase poxkatin

Ester Carboxylic acid

| Fatty acyl-CoA l Acyl-CoA
reductase
Estorase synihetase Wax ester

B 2.3.3-3 £ ,gzﬁl\éé!%

Acyl-CoA

l f-oxidation

Way ester
synthase

5 (Wentzel et al., 2007) -

29
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24 Mt FrEfRRE CEF L RBRRE
BE L EP AT B HML PR RE SRl AR G

B E S AAHE O AT IR fE R BBt S50 2
FERMDE S s EF P B REF S AL I R R RAEE R

A3 A5 BAIMIPRA €F L w (Huesemann, 1995) o iyt R Rl > 7 b Bl
T ESY AR FRAEL S RPER S RAeT LB AR D> L AR iE >
XG> A F RRMT ORI > RS> S RF L ERE L EF > >R

7 #%8 (Atlas & Bragg, 2009; Huesemann, 1995; Ulrici, 2000) -

LGS R S R

—h

cA4alz o B 4aded N H > R *f#ygﬁi s H_F
FRETVEH? Ry b S FA b F AR A Y REARSE N A B A 2
#3975 (Westlake et al., 1978) o + F]E 4 i A tpid + F 5 AkMcd o5l " o ik
A st i H A R Arg iR o B P X 02 Cro~Cos Biff & B2
Fl* v 5 A F (Bartha & Atlas, 1977) o @ gk fic | ¢t 10 ciEdal = 4F > o 30 5 4T
FE Rl BEAE T F A F R T TR BRI HkE S R

< 3 |+ (Atlas, 1981) -

AP RE e AL EF BEREEAEY P ERRS N AT
¢ oot * gtk Rhodococcus erythropolisNTU-1 5 47 % (2l 0T A ik

PHBE - b e § R P

241 B 4tz 2_§ iV 84
BAAEAE L Rod P 1 B s o2 - (Harayamaetal.,, 1999) c H ¥ > v K g
48> B i3t Cao~Cos £1E 48037 5 e B ¥ 1% hAA T o i k2 0t

Blen® 48247 5 Bo-o7'% 2 & (Bartha & Atlas, 1977) o g fic-|- % 10 ehiesd’z
30
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BRI TG § R P il B2 ABH N O WAl T R 3
= FIH BB A R K LR S R RS "F (Fritsche & Hofrichter,

2000)m 7 7 BB EHcA P2 AR T 07 SN gL .

A P faimfgaiv® - L § a4y anfimz T iei7  (Berthe-Corti &
Fetzner, 2002) - *% f3iE 42 ¢ f FRI NG fed Foot g 2R pehg (pE
Wit ehdh R BT Y F B0 A eng CpEE 7 H § 1 ¥ (monooxygenase)
fo g3 i p=(dioxygenase) o =S - X A F V18 0 A = 7 — B fR g (primary
alcohol) » #% ¥ 1% 1% NADH 4v NAD eh& | & R & (v 5 P9 95pk > £ (s & »
p-oxidation #5 % (Schunck et al., 1987) o d % e chjig? 47 & i eng (L1 2 4p

H_;, 3 M_T-lj/[_‘li' 4,%7vxiﬁ¢ll“/g"]"b’€¢‘%—mﬁfl/!2_]g7‘ #EFE’ °

FERAAE AR B In 3 o B4Ry P REIR I HE R
% % i (monoterminal oxidation) ~ B % =4 % i (diterminal oxidation) ~ =t % =} % i*

(subterminal oxidation) (Gibson, 1984) -

(1) Hxzpy i
Hhehg 5 A BrE g pr b A & ehig jT (Fritsche & Hofrichter,
2000) - ® 4f'z H kg enp T o feA o E § 4 pF > 1% NADH: iF

—

DIRBELBLF AT TR IREE  AF IS o R R F A S

e

- BfRAE o ¥ | * At & % (alcohol dehydrogenase) #-A% & 1t =& FE4F - 3 ¥ e
=4 * pgs & f=(aldehyde dehydrogenase) » NADHz £ =k {r% § i®* #-fpF it = 7y
i»f% (Nieder & Shapiro, 1975) - & 4875955k € % & COA i » B-oxidation i&

4 = acetyl-CoA (Van Hamme et al., 2003; Watkinson & Morgan, 1990; Wentzel et al.,

31
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2007) ot iEiBAET S% B 24.1-1 0 iput E4Rr R T ar § 82 I se ) g

. P .
3 é\- v e d &3

oiiad

[

¢ &~ ®¥FEL AR (Fritsche & Hofrichter, 2000) -

() BrBF

D AhEE (ViEARY ,gg(i;f'ﬂx;f T EF vEE L I VR Ay
R PEg tmgEs han? L4 S 3 AR (Sokatch, 1969) > £ B4 T kihg 1t
F 2 = kAR 22 pé(dicarboxylic acid) - &S i& »  B-oxidation (Coon, 2005;

Wiatkinson & Morgan, 1990) » * i B2 i 427 43 B 2.4.1-1 #75% ©

(B) = kh=pz i :

4ol 24.1-1 17 ok AR IV A MR AL B R T Coe (Binazadehetal.,
2009; Gibson, 1984; Whyte et al., 1998) ¢z #ic /i % C3~Ce crrmpiidtt’z g »  (Ashraf
etal., 1994) - St A:fF it ihd LR R L F L E4aRY a R HHF LS
FRAf « B FM LT )3 - B - B S L RS B
oxidation #4755 » @ ﬁﬁﬁrﬁﬂ']iii% TCA Ptk o it jicd 7 » H A2 A

#HF I F i s P52 (Rojo, 2009) -
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CH; — (CHp)n—CH, CH,

n-Alkane
@
OH
|
CH;—(CHy)n— CH; CH,OH CH; —(CHp)n—CH—CH;
Primary alcohol Secendary alcohol
NAD" NAD®
NADH @ NADH
il
CH; —(CH;)n— CH; — CHO CHz —(CHy)p—CH—CH;,
Aldehyde Methylketone
NAD" NAD’ 0,
®H20
NADH NADH H,C
?
CH;—(CHpn ~CH,—COOH  CH;—(CHy)n—O—CH—CHs
Faitty acid Acetyl ester
: H,0
HOOC ~ (CHy)y—CH,~COOH CHs —(CHy) -7—CH,OH
Dicarboxylic acid Primary alcohol Acetate
Fatty acid
L\ /

Acsatyl-CoA

J

Intermediary metabolism

Bl 2.4.1-1 fic? 4» (30 jR 3 4h%22 ik /7 > Y 1 % n-alkane ¥ § 1 fis - 2 L

.4 fix ~ 3 5 % d pF (Britton, 1984) -
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242 & galx2 § Vi)

FleE C E e MBI PR e E Rt RER
P L amp 0 B ARy FIE 2 RS RO e B il AR S R R
X ABAR G ARBE AR R > B 3nA dnpl G R H xR REE
PBE L pEeniE R o 0rrL B 4 40 R 4R 4 chjicd S 4psteb (Britton,

1984) «

£ -+ 4 *=(pristane or 2, 6, 10, 14-tetramethylpentadecane) ] # % 4.5 45457 3¢ -
AABERM & EH 5 A5 (2827 TIRAE GG m 3 54 AT Ak
AR ped P 0E R L 4R A chdp ik (Morgan & Watkinson, 1994) o p @i e 5 3F 5 2
3 OEfRR 4 ka4 e d $AR8 T B)4e Brevibacterium sp. (Pirnik etal., 1974)
Corynebacterium sp. (McKenna & Kallio, 1971b)# Rhodococcus sp. (Fraaije et al.,

2002; McKenna & Kallio, 1971a) % -

d 3 3mpafegs B4 g L ¢ 5 d o-oxidation 2= £ - 4 & (pritanoic
acid) - ¥ ¥ i& {7 p-oxidation ;= = ¥ f -+ = f&(trimethyl tridecanoicacid) ~ = # £
-+ — p& (trimethyl undecanoic acid) & #_i& 4; o-oxidation #; = = ¢ A L = A
(trimethyl tridecandioic acid) s £ & {7 B-oxidation » = 3| B L {4 ‘=4t o = X FLI1a ik
(succinicacid) & i& » TCA 5% & i (Pirniketal., 1974) - B 2.4.2-1 & Pirnik & 4

# 41 enf]* F R Brevibacterium erythrogens "% j2 £ - 4 = eh8 k43 i 2 R
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IS~

PRISTANE 1

COH
PRISTANIC ACID 02

omego omm‘non/
/l\/\/l\/\)\/\)\ beto
HO,C Co,H

PRISTANDIOIC ACID O XIDATION

anc COZH /k/\.)\/\)\/\cozﬂ

TRIME THYLTRIDECANDIOIC TRIMETHYLTRIDECANOIC
ACID ACID

|

2
TRIMETHYLUNDECANDIOIC TRIMETHYLUNDE CANOIC
ACID ACID

Hozc/l\/\)\/\ COzH

DIME THYLNONANDIOIC
ACID

HO, c/L/\J\c 0, H

DIMETHYLHEPTANDIOIC
ACID

|
Hochl\/\cozn

METHYLPENTANDIOIC ACID

¥l 2.4.2-1 & Brevibacterium erythrogens *% j2 £ - 4 =g j= (Pirnik etal.,

1974)
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243 F R ME BRPLF B4

=
§5
i

ARG EEE MG AL av] e HARy i N B 47

ST A AR 24.3-1 ST 0 AsdeF ik E § A T SR

>

v oAb, ) 7 oo g4 (Watkinson & Morgan, 1990) o & F A 45§

—

MO IEA -
BN AL 2SR R TR T U T S (L) EkFhdF

o 2 S (2) 2EY CpFRE B2y e £ 3 10

NNN
P
Iy
3N
=
r
—~~
w
N

BRE e R R E AT M F oA FABESOEE MR AT BN G

b R ¢ 1R AT A RS S dp 00 (BE I E > 2007) -

/ CHy—(CHy)7CH=CH,
e
CHy—(CHy;—CH—CH;  CHy~(CHy)7~CH=CH,  CHy—({CH,};=CHy—~CHj,

| l |

(l)li OH
CH }-—(L‘H:),,—CH-—élli I

on B LIk
C”:q_[[: HE}Q_CH“'CO{]H

|

CHy—(CH,);—COOH + CO,
P iy B o {1k

HOOC—({CH;};—CH=CH;  CHy—{(CHy)s—CHy—COOH

Bl 2.4.3-1 45 587 4 J= * f2 7 i e Bk T (R i %+ 2007) -
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Bt i Pl B PO SRR AR A B 9T & o 0 S ARIc A B T R R
AR F BB S AN P B BT R e NBHE A ke R A
Bl A A f B 0 g AR F g2 kA~ 3 (Fritsche & Hofrichter, 2000) -
- T RN B T AR 2.4.3-2 Afor o TR MRS TR AR 0 R fF >
fo e- B fate - BIRA; S SR Y 2 ~ Boxidation HBEERGERFE F
2007) o B2 258 5 51 S HEAT SRR A Fer T o T2 B g g gl st B A STk

YRHEE 0 ¥ AR f2e0iiA; (Morgan & Watkinson, 1994) o

O Cyclohexane

0,
H0 (Cyclohexane monooxygenase)
OH
Cyclohexanol
NAD*
NADH ‘j' @yclohexanol dehydrogenase]
0]
Cyclohexanone
0>
H,O ‘J @yclohexanone monooxygenase)
O
0]

e-Caprolactone

O
H \i e-Caprolactone hydrolase)
!

COOH Adipic acid
COOQH

|

B-Oxydaticn

!
Acetyl-CoA

Bl 2.4.3-2 7k & = enit #hg = (Fritsche & Hofrichter, 2000) -
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~F % ¢ #7i¢ * 7 Rhodococcus erythropolis NTU-1 & — #&7 )= & 4 32 &
BN Fe T et VAR E 0 Bl 24.3-3 % ¥ 4 Alvarez % 2003 # fF3Z chs B 7
A NRAAMMELARET L EFPFORNHRE T RE Y RAPE S B
oxidation 2_ {5 =z fEAE* - d B¢ ¥ 12 4viE > Rhodococcus g M 13 4 L =
%15 0 B 15 = mycolicacids shig fT o ¥ b o iR 2 AR A AT 7 AR

S E L E S drE phle s LA A IR R 2 (5o A AP A € B-

oxidation & % ig &t 4 FR-E R L T B wmie 4 £ 47 F hfe B (Alvarez, 2003):

(1) 2 & #rF i £ (energy)

(2) ® X 49 Her-k M armycolic acids -
(3) 2 Hfpiwre oAt F chmk "y B (phospholipids) -
(4) #E&3% £ a4 = #g(triacyglycerols) °

(5) # & #q F(lipids) °

38
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Hydrocarbon mixtures
(Rhodococcus, Nocardia)

e

Hexadecane
(Rhodococcus. Nocardia,
Dietzia. Gordonia)

o

Phenyldecane
(Rhodococcus opacus PD630)

/
Hexadecanoic acid
\‘

Phenyldecanoic acid

TrTTTTY

Pristane
(Nocardia globerula 432)

ey A

Squalane
(Myvcobacterium ratishonense SD4)

Py

S

—
Pristanoic acid

Cyclohexyldodecaneic acid

—

Dodecyleyclohexane
(Mycebacterium convelutum)

Mycolic acids .
(cell envelope) Phospholipids
(membrane)
T / Triacylglycerols
s (carbon and energy reserves)

Fatty acids

T

T

Other lipids

de nove

fatty acid
Synthesis

B-oxidation

e

v

Acetyl-CoA

v

—®  Gluconeogenesis
v

energy

B 24.3-37 A3 RpFEEN* 2 PRI E

jL
v

&

o~

39
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2.5 R % # & Rhodococcus erythropolis 4 5
2.5.1 Rhodococcus F % 4 %
Rhodococcus F/f+ 1 8GF 5 BB Y A BN Ko ¢ R T s 1R B2 K
BEE TR RRAFE ~EH LT RGN AR S DRpEY
. % I Rhodococcus ) f& shid* (Finnerty, 1992) - Rhodococcus #/f 3t & 7 =
Bl -FF ~ E8HL 2 L@ F TR EE R L2025
+ & P 3e 3 g+ L 4] 2 s g (nocardioform actinomycetes) (Finnerty, 1992; Larkin
etal., 2005) o ‘m# < -] ¥ & 2~3 um - Rhodococcus f/f shim?e ke = 5 40%2_d
mycolic acids 7% = > mycolic acids #_d & 4 + & 7 a-alkyl = B-hydroxy *5 ¥ fi&
2 7 54~60 a4 E - F)t Rhodococcus F A iwm*e & & £ F B Ef-kiE
(Carvalho & Fonseca, 2004; Carvalho & Fonseca, 2005) » & it & & 4 5 B #54=it
2 oG g 4% R % 2 (Collins et al,, 1982) - & F % # #r i@ * K R

erythropolis NTU-1 » & i 2 ¥ & -+ = %% ¢ MATH (microbial adhesion to

hydrocarbons) sm#z &' R % > FEF e 2w TR R F AP F TR (RI R 2
2007) « Rtk HIRIAE G FARDF LA 0 BEG S HRILDN S8 S8 3
Flsing P v s fd~ @it S5 ¢ 7 - LaFRi4se 4143

enit & = (Larkin et al., 2005) » 12} #44:& Rhodococcus A4k = fid ¥ Jc £ e4F

BYoo b RE R o

Rhodococcus /B & F 5 e 4] > o A fE ~ it S fF it &5
_ %)% Rhodococcus F/B ¥ 7 FfspAleapt 4o § b ez FF LpEo R H A
79" fEp = qu@m”ﬁ WALy o AR 76 * Otk R erythropolis NTU-1 %
¥E R T A% 45 FRT > Rhodococcus R & A AR A nE 5 L AR 2

40
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g% L pF e ok B (Larkin et al., 2005) -

(1) Epoxidation # ¥ i* (4 cytochrome P450 enzymes) > = 4 #fcr%k ¥ i $ 7 it €
A i i- % phenols & E_-k f# 5 trans-diols -

(2) Cis-dihydroxylation & g2z 4L i* & J& (4 naphthalene dioxygenase) -

(3) Hydroxylation of second alkyl group % = = fkeng § it o

(4) Hydroxylation of primary alkyl group % - *= f en & % it (4 alkane
monooxygenase *=#f 8 ¥ i fig) o

(5) Sulfoxidation of sulfide to sulfoxide &% i* s i o

(6) Sulfoxidation of sulfoxide to sulfone #=% i 4~ g i+ -

Rhodococcus A% 6 & fa % e fIes B (7 1 i ek > MR fR T Ie

@it &4 -H 251-1 45+ 7 ¢ Rhodococcus #73 F chpk % it & Feh i fAF o

$t #hF7 7 Ao Rhodococcus A s en® i 4 o £ H Aot d - &4
£¥ o= (Finnerty, 1992) - Rhodococcus erythropolis G EE AT Ll
B B S RAFREH LRI FORIEHEA S R B R R
(Kurane & Tomizuka, 1992) - Rhodococcus F/B ¥ 5 a5 i3 44 & 5 2 4%
fRerig 4 o @m A gg At Fo oo E AR 8 2 s Rl cndF 2 Rhodococeus F R

ER I RELF o

90 # N2 t& » ¥] % Rhodococcus ’éﬁfy},ﬂf THES T B AR L (Larkinet
., 2005) - Rhodococcus F/&:B L § % L4l - A2~ @t S A7
g e g B 33 i &4 (Larkinetal, 2005) o £ et H fm
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F" -’
H"»T ~— R - F
J )
R'e. 40OH JOH
B D\ -
H :I" H.-'"'
| . 0
A5 - S5, ~g*
R E " "o F R0

Current Sipinion in Bictechnology

@ 2.5.1-1 4 Rhodococcus feLit 3 2 e 87 e  F &

T d K2 %524 4655 4 4 hF Ji (Larkinetal., 2005) -

Rhodococcus#/ ¢ # 7 12 ™ 141 #A4& : R. coprohilus ~ R. equi ~ R. fascians -
R. erythropolis~R. globerulus~R. rhodnii~R. marinonascens-~R. opacus-R. percolatus-

R. rhodochrous~R. ruber~R. zopfii~R. pyridinivorans # R.koreensis (Bell etal., 1998)-

42
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2.5.2 Rhodococcus erythropolis 3 4 2 & *

4 & svipaeiE 5 Rhodococcus AL 49 tE R S AR 185 A4 0 h 0 Bl
Rhodococcus /s ic ~ is i 5 fas % k&7 2 AN HF o JI* pd iV &5
Hlme oG ikt > & R AR BB 2R 6 R A Fa
fnfe i h BRI o 2T R AFT R ATié * o R Rhodococcus erythropolis

VERRR ARt (TA G .

d ** Rhodococcus erythropolis im* & 5 % féf% % » iz 4 fi¥ % %2 Rhodococcus
erythropolis # ¢ 3¥ % i* & F R - 4o % i i¥ * (oxidation) ~ ¥ Z i¥ #
(dehydrogenation) ~ 3 % i* i¥ * (epoxidation) ~ -k % i * (hydrolysis) ~ & ¥ it i® %
(hydroxylation) ~ 2 % i * (dehalogenation) # 2 #: i* * (desulfurisation) & -
Rhodococcus erythropolis » %] % % $herpt % ic 53 52 S ek &> Flm £ 3 /8
F e A Frdg e 2 R fReDig 4 o SRR A I T AT ol B HOR TR i
Wz s e E (Carvalho & Fonseca, 2005)- 4 2.5.2-1 7 — & jicd 4
F VR v L ppEehpt4 4 48 (Van Beilen & Funhoff, 2007) - d 4 @ # a2t £
B = 4= s 77 1 s (alkB-related alkane hydroxylases) # Bacterial P450 oxygenase
systems iz fasf A%  fF% 5 Rhodococcus Fp L & cnF it E KR o @ A
F %7 @ % Fik R erythropolis NTU-1 #74 a2 § “f2% 1 & 5 alkB )

(Sayavedra Soto et al., 2006) -
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% 25.2-1 e %5 f2p g i

& 4 P

2 sk

% ~ #¢ (Van Beilen & Funhoff, 2007) -

Enzyme class Composition and cofactors Substrate range Presence shown in Reference
for
GenBank
entries
Soluble methane 05327y, hydroxylase; dinuclear iron reductase, C,—Cgy (halogenated)-  Methylococcus, Methylosinus, McDonald
MONOOXYZEenase [2Fe-2S], FAD, NADH regulatory subunit alkanes, alkenes, Methylocystis, Methylomonas, et al.
(sMMO) cycloalkanes Methylocella (2006)
Particulate methane  a3357; hydroxylase trimer composed of C,—Cs (halogenated)-  Methylococcus, Methylosinus, MecDonald
MONooXygenase PmoA, PmoB, PmoC; mononuclear copper  alkanes, alkenes Methylocystis, Methylobacter, et al.
(pMMO) and dinuclear copper in PmoB Methylomonas, (2006)
Methylomicrobium, etc.
AlkB-related alkane Membrane hydroxylase; dinuclear iron Cs—C¢ alkanes, fatty  Acinetobacter, Alcanivorax, van Beilen
hydroxylases rubredoxin; mononuclear iron rubredoxin acids, alkylbenzenes, Burkholderia, Mycobacterium, et al.
reductase, FAD, NADH cycloalkanes, etc. Pseudomonas, Rhodococcus, etc.  (2003b)
Eukaryotic P450 Microsomal oxygenase; P450 heme C,o-C,¢ alkanes, fatty Candida maltosa, Candida lida et al.
(CYP52, Class 1) reductase; FAD, FMN, NADPH acids tropicalis, Yarrowia lipolyvtica (2000)
Bacterial P450 P450 oxygenase; P450 heme ferredoxin; Cs—C 4 alkanes, Acinetobacter, Alcanivorax, van Beilen
oxygenase systems  iron-sulfur ferredoxin reductase, FAD, (cyclo)-alkanes, Caulobacter, Mycobacterium, et al.
(CYP153, class I) NADH alkylbenzenes, etc. Rhodococcus, Sphingomonas, etc.  (2006)
Dioxygenase Homodimer; copper, FAD Cp—Cjyp alkanes Acinetobacter sp. M-1 Maeng et
al. (1996)

p @ B>+ R, erythropolis Fk et 3 = % FK F 01 L B BRAC S9 7 0CE fERR G b
&4 o bildo o Peng ¥ & & & &) R. erythropolis 3C-9 i ™% fid i 2 chF ik - H i ™%

{2 ) LA Hc 1 0 Co~Coo ehE 45T » & A% fRIBAEY & % A48E /3% Co-Co

i dRpi g 2 7 1T 5 % 6 24 (Pengetal., 2007) - Huang ¥ 5 4~ . eh

7t R. erythropolis T7-2 it 5¢ 1t = "% j2 ¢ & & 5 Cio~Cse 1 E 482 4F o

A PRAACERLISC A Gl eny REET T TN A E iR

/‘*’

5%z & AL et > @ B A A AP i dn kR 5 1% (w/iv) (Huang et al.,

2008) - R. erythropolis DCL14 i * f# 4 & Co~Cie Bt 4 it & 4 » = > ' faH %

B¢ B daYE s B BRIREEE SR NS 1 B ? gpF R (Carvalho &

¥ 3

Fonseca, 2005) -
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“f TR LR TV EE R GhE R R Spe a1 & 4 ¢t 5 R erythropolis #
NOACEIRASERE A eiBAEY & SR A b Aot B R 6 MEA R
FAMEFZ LT -E 5 ¥R RL (Belletal,1998) - # ¢ » R.erythropolis
RafIr MORBETRE A TR AR § A RA R G BER H AR
ELERRA PR FEEP T s e A G T & e & g R %
FREFE A A B E MG fok 2 B end g 54 0 5 »c§le4 R erythropolis 7
RFEPL G C &3 L 4% %+ (Lang & Philp, 1998) - @ R. erythropolis 4 ;& i 2 4

i3 g B LA E T 8 e et 0 B R T T RIS B

(1) 23 K w EHEH 8 e g s (4o mycolicacids) » @ e fi b pEME Bid 4p % oK
Ap 2. B engok st h £ o (Neu, 1996) o

(2) FTer g -kapend o k4 > Bkl y 5 &~ e ) (Fiechter,
1992) -

(3) wre chenfh g s AR A FetE KRR A LD kY R B e B RURBETE o

¥ ¢ (Finnerty, 1994) -

Rhodococcus erythropolis ‘m*s £ & chfe = %3 40%E_mycolic acids > F]* ‘w
e kot F (R R R LR et B oK B AR TR B Y B € BB R
8 i+ (Neu, 1996) - R. erythropolis gtk 1 * M-R3 damt a i & 4 17 2
TR “,ﬁ% TG B RGOSR e £ & cromycolicacids 73k 7 dm e PPOEE o0
ORI 0 325 4 Jl et lete PR PE { 4e 3 5 (Lang & Philp, 1998) o fw¥e £ &
S SR R - MR T St h Bt RS
Flod  Eehmie ki e Rid 0 )57 F A G ORB TV D4
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1 fe 78 'f,f g1 N R 25 4 #  (Carvalho & Fonseca, 2005) - Rhodococcus

A

erythropolis NTU-1 & & % R L {422 0 L2z Lvi— R &R DT 0 A
6 )RS g NIMEERE M e Beareipd B E o 40~50% > A FEE E

90%:4 + (Sayavedra-Soto et al., 2006) -

A

AR AL NTU-L 27 e &4 fidre f o NTU-L 4% &+ >
SBURPE > AR AL R RS TR EGF T0 ) FFE I A0 70 mN/m % 3 60
MN/M =+ B 4 4 B o 2o e §ar 4 A7 PRV A 5 (R
wh2003)c ¥ - RS I B L4 =2 2w NTU-L 82 R R
2 EEARY o NTU-1 & g 0% 508 € PP B 4e > 15> 2 F NTU-1 0% & 6 gn-R
P 5 (1A 2 > 2007) » FJpt v s o NTU-1 gk persfi e 2 & % p 3w
e dem R AR e BRI E R e A B e B R g R A B S o JL

¢ Ay

o

F L2z LvE- R & NTU-1 32 9 40 -] 12§86 - NTU-1

=

=
55

oy

%gﬂﬂiaﬁﬁ$ﬁ%$$h%%ﬁé%yﬂﬁﬁﬂ*%ﬁﬁ%%ﬁ%%%%

f3 AT o &R B A T - 2 %k 4+ 1000~3000 ppmv FF - NTU-1 ¢
#5120k 5 40 ] B i i 5] 95% b (3R S 2009)

¥ b o R.erythropolis Ffd € ffd #e % m ™ W) sk eh g B MR e e 0D
i % 14 (Heipieper et al., 1994) - w2 R. erythropolis DCL14 % &1 » 4 IR w72 % ¢ f
PR R AR A fefR R § TR AURIR R I B M S 8 EF BUR 5 AR TR ST A
TR~ e R RURER SRR o ka2 R R § T % (Carvalho et al.,
2005) - H s B g sk L AR R )RR G RBIE AR X Mk % (Peng

et al., 2007; Whyte et al., 1999) -
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%3P R. erythropolis Ffa$t> & 4 15 40§ oad < 2 10T B SR 5

o hoRAMIA A L R T AT o R.erythropolis 7 12 2 % ek B B iE 50%(v/v) ;

A2t ka2 AT s Roerythropolis ¥ 2 2 X+ = %2 2 @ F ek B 5%(viV) o d o 7
v R. erythropolis % 2L@ seenk Jig k 3u¥ H 4 F iis (5% chgh B 4.3 B4 o
(Carvalho & Fonseca, 2004) o & b » *F Z#7id * caNTU-1 &7 Ir Bk &R & 84

kAR E il\—r ) :}grs? Vi .,li'-*ﬁ Horg f3a 4 Bk 7 é_ﬁ B -] %t 3.5% > NTU-

1mARms EEMH(CREY »2011) 357 5 & %% 7 NTU-L s * 517 F i 2

2.6 #d H2 wmw RER %

¥ & Calleja 5 ¥ % fk 3 % (cell aggregation) T & » & %2 JLiEF & T » tmwz
BR A A - dp g Ry @ s we {E (Calleja, 1984) « - BB o,
ferp AR HFIEA D RF AP € e T RE T PR A A
(Busch & Stumm, 1968) ° i ¥ #ic 2 # B fenp 8 5 7 B B H|P-Y £ F o
Find 5 o » & AR FOR B R4 adE 2 g% (Chang & Su, 2003;

Logan & Hunt, 1988; Sannasi et al., 2009) -

PREAFRFER A HFIER S e ZFE VB2 4575 B9 @R
KR~ R ~eRMEr 4 @R 4 SETIEY A A s R ER R EY
A2 h%F) S+ (Bossier & Verstraete, 1996; Malik et al., 2003) - #z 4 R E R % &
ARG EA PR TR P g T 28R () BB PR R R R
FAY (2 e RBE T E SR IS SR BT T - o kL
(Sayavedra Soto et al., 2006) -
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A F i * Etk NTU-10 2“7 #4 Rhodococcus F] % fm¥e £ o 2 3 40%
saimycolicacids » @ H fwre 3 E § % ® dwkiEa L5 WF R i 4 o dmiz en
BRI AR P RER G DR F2 - o LR X DIRURANE - e 4
£ P E 74 325 (Olofssonetal., 1998) - lwabuchi % & HRIGE B3R B L AEh
Rhodococcus #7874 3 » ¢ 7 R. erythropolis & p 934 B Ftk § 23 R iEs2e 3
4w BB G > A, BRI AT & A KR (lwabuchi etal., 2003) o » 7 4p B
SR Ak dg 00 & 6 G BRI aaE R R erythropolis S+14He » H A& 4% & -+ =

DALY o e § RS SH T RIF AR R A4 e+ (Kimetal, 2002) -

=
|
it
&
R

FRFERERALG DM G 0 » A LA iva- BIRR A NTU-1

R W= rhy [;J%‘}"}é?ft‘ ¢ 5 #& 3| > R. erythropolis F /it & i i 2 = % ]
B AREY F L FRITY R 60 3 o Takeda 385 1% A AR 440 SR
erythropolis S-1 Atk » & § F 42 ARG 2T 0 & 2 F-0 B8 ¥ 5H
NOC-1 (Takeda et al., 1991) - H i it 2 & ¥ 2@ ) ta:E 5 Paecilomyces (Takagi
& Kadowaki, 1985) ~ Klebsiella pneumonia (Nakata & Kurane, 1999) ~ Citrobacter

(Fujita et al., 2000) ~ Bacillus mucilaginosus (Deng et al., 2003) % -

PR REREDFZF %5 0 # NTU-1 & 3 ",% 1 dmte ko proRp et

o
s
~=h

B ik it § 9 P wre R o 2P % FEL AL NTUL e L%
BR2 BRALTFPRKEF 20 T ot o FHRFRNTU-LIpH 4 7 "% 3
2P e A m R g d 2TmV P A T-AmV 24 @ R RS R ek B
772 2@ e R =g 30 mV A3 10 mV =+ (R FF 0 2007; Liu & Liu,
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2010) c iz B R N A FF PR ETE S DR AAPEF AL § B NTU-1
AR L2 ia i RE o FEAR AR ESHER ) IRE § e F o2
B e i (% 5 5 3008 JF &2 e F gz (Gong et al., 2003; Ly et al., 2006) -
ATIL g e G RO EE ML R R S B g A IR TR e g @ FHcd
A a V555 3B v vfan 4 T h A2 e B IR % (Bowen etal., 2001;
Hua et al., 2003) - & &] k3 > Malik % ?—"ﬁ & ) e AL johnsoni S35 Atk > H £

BOEFARE B Ak EE A G R R Fla HO0F 5 3 ) BB IR ke

= B B »c% (Maliketal., 2003) -

27 I B FHRAIRAT Y T

BT B AR B A P d bR Rk i A bR BEgiT 4 R
22 BeE a5 4o AR 5 4 en 2 3 (crude oil contaminated soils, COCSs) ¢ %4
ERB e Ak~ p T (Lietal, 2008) AR KPR S AL
hi s R Egd 54t L 518k ¢ R (Callieretal, 2002) - 2 3
gl g A AR gt Y g B o & 2ok R R 8 (non-
aqueous phase liquid) i+ % (Pignatello, 1998) - 4rim {3 »x4$ brp Al S L

ST 0 PR RIS AR TSR AL R DPR o

WP AFERERFORT B AR LRI E S LG HaLg e bl £
fe 22 Hpie(thermal treatments) s% = & ~ 4 37 % {1 H jiw(biodegradation processes) =
¥R E ~ 4Kk &g (pump and treat) 54 = 3z (Roudier, 2005) - @ i1 & & > 7
v 3 B~ (extracting agents) 4z 2 3E i 2 (soil washing) 2 2 3 i % 2 (soil

flushing) 42 & cfp B A= 3 B3 & % B end % o Jﬁ+&m LB AR g S
49
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Ftr AR~ F Rt aanie R (Mulligan etal., 2001) » ¥ ¢ > 6 i e 5B
R Fie 2 Bk MR A BB T ERES DR s

WA A PR fRarc s (Wangetal, 2013) o v TP 3 SRR B kiR 2 o

(1) 23w

A-B#E R T IEDZ 2 MUFRIEART 20 FAREES LR
FHP o AR NORTE L FRAUAR - h T R EITE 2L R
R AR A v B g/ml 2 0.01 g/ml 3 & (Mousset et al., 2014) >  # 2 0.05
g/ml 2 0Ag/ml 5 b ¥ AL (Egefil o 2 iFieis 2 R 5EA - A p g
R 0 (1) W AP RARY AR AR RS 0 (2) SR )

A EA AR RS AP RS A R ot Y o

FI* AEGRRT FHRE T EFF Rt e R LY (Deshpande et
al., 1999; Chang et al., 2000; Vreysen and Maes, 2005; Santa Anna et al., 2007) - @ %
dEFRER ’T Se BB E_G T sl pld v & peisgecd (Yangetal., 2006)
* RBAE LR R RAR S AT R A B PR L AR Y o0t T )

FoRRGAEIBEE FEITOREE oS AFY § 2 g'}?lt%@%“?}\i el =~

3

IJ’

>

Bo mim s g Baa hpd Fors fRangdid i@ 15',?]‘ SN I e [P

BT IEPTE FRIIE NG PT e FP 0 B MA BT kA b

ArA fRER G SR S S A& 9%y 2w (Mulligan etal., 2001) -
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(2) 2 mHix -

dg R A - AIREART 2RO E QR RS R G R R R
Y FBD RN F ARG - R RAM BRI EY >IN - R
Teid it o 4 FPORPT L Mgk ¢ A R A0 JEd E G OR R G ko R
PRL T AP enpd ;Y gund b (Mulligan etal., 2001) o 4opt i it L F 5 B
BRSSO E B RE IR T P el 2 R R R
U] A B MR G E S5 %0 € % 52 3% § 4p 14 (heterogeneity) -
FLE LSRR (Atteia et al., 2013) o 3 3 b AL G >

HAZAREBTE 2 Bt M TR LR RE PR TR ITL R B

&5 24 s ¢ (Villaverde et al., 2005) -

Al (cosolvents) & (Mulligan et al., 2001; Mao et al., 2015) = d > % & /&3 5 & 4
A T A G A G FREAEE A gk > BG5S 4 2 R
v # 7 Fooma it auEiel 87 e 53 B (1) %gv} MR A oen
AR EEG EP RSPl TR o (2) B oo BEAL S Es R R e
%252 sz (Mulligan etal., 2001) o & & R 6 /S H®i S8 F 8/ 3 2 AR 7 ik
4% (Mulliganetal.,2001) > e & & o BRI AG 22 L(F FERTT
Bk AR T hd Y o B oA g 2 4 s 0 4 (Lahaetal, 2009) o < 2 o
AR e BERAE G AR FERR NS T A AWM W N RE 4R
T ¢ o~ A MaigkEE (Von Lau et al., 2014; Bustamante et al., 2012) - fic 4 4+ 4v
Rhodococcus f= Pseudomonas #/% 1% & 5 22 2 5 F o B i 4 > @ 4L
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R EM S A2 EE T (Kuyukinaetal., 2005; Santa Annaetal., 2007) - 5 ¢t >
<R AR R R B REREY TR R G AR B R AR §
# 4 (alkyl polyglucosides) # &yt f& 244+ 7 & #1424  (Fukuda et al., 1993) -
Wk AR BT F M TR boafragEd (Parketal, 2007) 0 7
A -H kA ALY I (Weerawardena et al., 2000; Mehling et al.,
2007) - BE SRR A 2 0 B MA MY Sk PoorA BEESOR 6 S
PR EE T RT SR H R AR AT I BT o beie 95
PP fERFEE AR R EEEREF DR BERUETRT 2 EDP
ot g FEEA AL TR HRBR AL KFER (Deshpande et al,

1999)

Y o Y E P EE /7%/25\#77%;‘2%%% By WL PR FE
— I e WS TR o A B FIE G R enER e R R T > AT A R
fRi2 g ¥ AL ARG Y LS etk 5 4 427 (Chaudhry & Chapalamadugu,
1991) o ¥ 7h > A P2 B G M AR EL > B A AR Y R IR RS
(Lindtneretal.,2004) - fe A Jg* 2 $ '8 f23F M > 2R YF T L2 %
fR¥sdld Lo B RS TR M RER S S AR FIRE T g o
PRMAS DA P ERRISEXTIBREY I FER RKEEREDRE

(Abramowicz, 1990; Haritash & Kaushik 2009) -
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28 AP I ERT P
BAREEY CIEFLEFT RPN ERRI PN LRE BT L
REE M EP AR NI PR LG RE O FUkEama P Fla #

e

& &g okic 4 T (Dibble & Bartha, 1979) o 4 4+ 4h ¥ HAF LA T AT

(v
P

MG P EP SR Y EFHLIER D NI EPDBFEMEET LR R
HRY AR THMAILIE? G LSRR BANE TR T E
FIEAHEE A SR RapcA Y > 2 2 F G kB (Aislabie et
al., 2006) - Rhodococcus erythropolisst 43 "% f#;5 & 2 3 ® g a i & 5 > "5 2@ &

fwmAE L gk (Koronelli, 1996) -

ERAFRTFEITRET AR T AL EF B RN stk BTG
WOF TS T E (L& enR ok dh i erig & (Christofi et al., 1998) o At 4 4
HEITRJL R B AR T F B Y o s U ¢ (microbial augmentation) ¥_4 44 7 -
i# ¢ - f (Christofi et al., 1998) « e 2 4 i 4v > SG B i 4o chiied o 11 id
PlAe R E CEP AP 2o REFTY Gy TlkE RS A PR
B TBEDFY R K L TEERA SR ARk TR S
F= 075 4 (Kanaly et al., 2000; Lendvay et al., 2003) - 12 p mi erfT 7 = % ¥ &v > B
T REARNBTE MR E Y & F a4 $ ¢ 7 Rhodococcus -~ Sphingomonas

Pseudomonas (Aislabie et al., 2006) -
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R RREY A PR ERE A AP RRIERE Y R
B P E A fRAI R A T Ao RS P2 R R 4 B Y R
AR E & as iRk L kg 587 P2 et fzic 4 (Alexander,
1999) - & fF < B¢ cPRhodococcus F s 1M i 53 "E Rl AR T @ AR R G A AT

(Finnerty, 1992) -

Frhal Pz me AL g h3 402 7Y B RRDF S €4

TRy A A P AR RERBRE CEP AR Foavd L

=
|
\\
N
?m\}
)

BB B2y 2§ E%ERs305 404 et 4 £ (Roaneetal,
2001) o Fd Pt F BN A P A R OY R RS o LLA RS S AP R
it &4 e 4+ (lvshinaetal,, 2001) o B s ${*ti2 74 $ 40 7 FF » AR E § R
il B MR RRAEL Y G A b artk iR - Rk
(Morgan & Watkinson, 1989) » # 345 7 = i e f 22 2 %0 X F|H s FlF el 58
e (1) ARFER (2 FFER Q) AR (B4) Hu @i i &5 A4k

b (5) 2HhE KRR (6) Mt bt ER L Mg o t- HRBFRSHR

T T EP SRR R P SRS L E e Y TR
SRR ECN PR TR ECNS S EAEE S R

EAMTIGERKREF RABRIT 2§ Ftm kT E RS T 5 L Rarek

(Christofi & Ivshina, 2002) -
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d 3R p 2 R R i 4

bti/{:li”-l;}'nﬂ\p/m/"’ F;}J\'/E‘:\,:D#Eﬁ’g’ l"?

mﬁﬁil IL‘A;}'I”/‘54,/}E,‘[m}Fij):’,L,lu/Eﬂﬁﬁ/{y"l’;‘l’ﬂ"l’ mlu‘g f_g;l:o

£

LI LA A ATRE

M
‘—]q
9
2

BRRMDIERE L L g Tl MR

. © §%4 Rhodococcus Fithic 59 5 A 2 2 F Jr o B LA A & F

Bl WY e I SR R e i G R IS
B oaduRa it Ep s AR EF S AH AT RME SR

1999) -

Y E 1 e g ﬁg*;%u.ﬁ S

# ¢ P (Whyte et al.,
Yoo R CEF AL - HhnH B oS

F+ R hi ey & F
gr‘],g_)iﬁukﬁm WA 5 FH > Fa iz

LR el e S e BN
# 24 (Margesin & Schinner, 1999) -

AR
~my
™
‘3;
= »
o
.
Y
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Y% REHpEa 2

31 RAEHH
311 R HEFH

A~ B #rie * ok Rhodococcus erythropolis NTU-1 (& NTU-1)d § 2
T E (patl > 20007 W P BRI E2Z AP FER AL CEIR S FEZ
Bt EIo- RERAKR LS TNA4A REFR - S8 &1 EFY] TR
16SIDNA R 7|/~ 47 2 g2 ts » Ao TN-4 ? #7 3 h= f8 Ftk A~ % & Bacillus

fusiformis ~ Ochrobacterum sp.%# Rhodococcus erythropolis °

TN-4 ;2 & F# ¥ 0 Bacillus fusiformis ~ Ochrobacterum sp. & & ;2 §] * £ 4&'=
g avE- R4 £ > @ Rhodococcus erythropolis B £ 7 "% 23 & £ 48% 58 iv
o A TN-40R & Atk L ¥ f #8132 ¢ R £ 4% 88 A1k 5 Rhodococcus

erythropolis » 9 5% % ¥ #-# & % 5 Rhodococcus erythropolis NTU-1(3& s B >

2003) - 12 f§ /i F & Rhodococcus erythropolis e

Rhodococcus erythropolis NTU-1 2 45§ ~ 7 E:@#44 ~ < X 5 2~3 um 7
ERFAEEER AR 3111 T AT EREAA TV UERED R
BERG RIS LR FE o Vb A B E TR o 0 NTU-1 e

w2 k=7 3 meso-DAP £ mycolic acids » w?s ¢ 7 & Ft4E(galactose) & 7 £ iH4E

(arabinose) % pEag » 1 & Py mph = A 5 B 48 Cie0 % Ciso ©
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4pm

B 3.1.1-2 & #c4 ™ =5 Rhodococcus erythropolis NTU-1(%1 & < » 2007)
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312 PRESHRE

Hexadecane (&%% @ A10322, 4 #7.%, Alfa Aesar, U.S.A)
Dodecane (&% : 297879, &% ', Sigma-Aldrich, U.S.A)
Pristane (&% : P2870, ## 'x, Sigma-Aldrich, U.S.A)

NaCl (&% : 12314, #% % Alfa Aesar, U.S.A)

MgSO4-7TH20 (&5 @ M7774, £ % %, Sigma-Aldrich, U.S.A)
(NH4)2SOs4 (&35 & 402702, %% s, JT Baker, U.S.A)

KoHPO4 (%5 & 104873, 3# % %, Merk, Germany)
MnCl2-4H20 (&% : 13216, # % ‘%, Riedel-de Haen, Germany)
ZnS04-TH20 (&35 : 35392, &% s, Riedel-de Haen, Germany)
FeSO4-7H20 (&-%5 : 12354, # % %, Riedel-de Haen, Germany)
Agar Powder (-5 : 05038, 3# % ., Sigma-Aldrich, U.S.A)
Nutrient Agar (&% : 70116, ## ‘&, Sigma-Aldrich, U.S.A)
Nutrient Broth (&5 : 03856, &% %, Sigma-Aldrich, U.S.A)
Ethyl Acetate (5-%% @ 443506, #% ‘&, Sigma-Aldrich, U.S.A)
A F & (TM-327, Tomin)

EFFEL (A3)

fit 4% B ©_i® (CyberScan pH 510, Thermo Scientific)

& %k g2+ (GENESYS 10S UV-Vis, Thermo Scientific)
wHSERRETE A (LM-600R, 454K)

4% #reo # (Hettich Universal 320R, Hettich)

w45 (OV30, 3w f%43279)

< (ADVANTEC GF-75)
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e FiPA 1Tk (SRI3L0C, Z 4 447 12 d)

o ¥ (BAZY, FEIEMEFIRANT)
A AFLES S A S R e

e FF (Fum, HAE 9% &FFH)

e i F (Fum, HAE 199% &FFH)

° 3‘;7? (Jéi@*, R 99%, P"‘?ﬂ:'&")

32 ik pESopt

321 REHFREA
WA i3 5% R EHP B % A (mineral salt medium, MSM) * % $% & i
AESTRIR S §F R ARHEAZ L WMI ks £ 3211 HA R A

e
& Aop iz 22 (Kuyukinaetal, 2001) o 12 % & & & #rifend 4

(1) & (carbon source)

BR LM PRE? ABR BB R S5 s 28 25
KA fenir g o AR BT - 2 Y% (n-hexadecane) it 5 NTU-1 v — g2k o o
WNTU-L &5 55 sivkdd o 0 a8 f2 g - 2 tmanigfed 22 RER % - F

AT Y SRR LT EE ¢ AR IR R B0k Ak o

S

(2) # & (nitrogen source)

Fhe A PAEOREEE Rz - 0 LR ¥ N & Gy T2 P
Fohmegx s RHAF - F RA S IF LA RBE L AT R AR
P A a4 ((NH4)2SOa) K (¥ 5 i 4 £ 973 § it o
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(3) mislEE A~

W22 LT RRERERR S FREBRLS S A B

i}.ﬁ}@@\gia—g » ¥ (T o4 R E f’géﬁ_%j,?ugl,nﬂ_; oADKt

PR A AT BBEEL KRR ¢ 54 (40 (NaCl) -~ FEp4E (MgSOs -

AR D BRI 0 KoHPOs %% 0 i tm e 4 K ST Bk ~ 49 KR o o o

WA R AR R M P RRE B PR i

Faid B 7)1 A B BHeS Jehd K o

‘-hh'

i

;m

2 4o

K$ Pk AN rﬁ;&;@_ﬁﬁk,ﬁ_{\ VIR -2 S S 7

l“‘tﬂ

%>
Foenif et F1 5 o R G 4oz AR % 4 b 5 Rk (FeSOs - THZ0) ~ & 1

4 (MNCl; - 4H20) 2 £rfa48(ZnS04 - TH20) » H e ] 22 = dr 4 3.2.1-2 #57 o

AT AR ARE 2 FERAEAT

(1) #=B~& 32.1-1 #75]2 it S 4r4e » L Lend 33 kP » 3 4e x & 3212 #rfe
H4F entrace salt 73 7% 1ml > 353 334 17 o

(2) @ kAR : LN BRBRMHCHS LN & § 4037 (NaOH)H 1 % A 3

ARG 5 T
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% 3.2.1-1 Mineral Salt Medium = = £

&g kB
NaCl 1.09/L
K2HPO,4 1.0 g/L
MgSO4-7H,0 0.2 g/L
(NH4)2S04 1.0g/L
Trace salt solution 1.0 ml/L

# 3.2.1-2 Trace Salt Solution % = %

% 5 A R kR
FeSO4-7H20 1.0g/L
MnClz-4H20 1.0g/L
ZnS04-7H20 1.0g/L
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322 ABFuRAA
AR R4 T AR R E AR o 0 NTU-L & 2t

s d (GRFEL2003)0 B L4 mHEFER A A 4ok 3.2.2-1 47

7o el AT

(1) #-% 3.22-1% 977 enit Sdpde » 1L 2 35 -k18 > 395 4L 2302 -

(2) #* kR L INOBERERZRMHC)S 1N F §F 40737 (NaOH) 532 4 e
WED T B 2R ES Y 2 121°C ~ 15 psi i 7% 5 20 A 4 o

(B) Brdier Bk TS r B %o kR B A FI53 X0 KT E T 8em
ZpiR A

(4) FRAIrEFE Q2 PSR S G § kA o 2 parafilm %3 £ % % 30

Crid4d #i -

2 322-1 Fh g Aed &

BE LR kR
Pristane 750 ml/L
Agar powder 24.0 g/L
K2HPO4 1.0 g/L
MgSO4-7H20 0.2 g/L
(NH4) 2SO4 1.0g/L
NaCl 1.0 g/L
Trace salt solution 1.0 ml/L
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323 FFE A A
A~ B 11* Nutrient Broth(f§ £ NB > = & v+ & & 62.5%peptone &2 37.5%beef

extract) ¥ £ TR F P ARORER B R(ZFT 2014 - HpeE 2 2k f &t

(1) 1L 33 ke 4cx 8gcNB % > 593 4L Hin iz o
(2) £ 100 ml NB Athis it 32 % 4L > 4~ wlig) » 250 ml engaajsg > & ~ 3 B
F1% ¢ 1 121°C ~ 15psi i {772 7 20 » 48 ©

Q) FHMAIr 2R ErARHITLEFFARBZ T &R -

324 #&TEFEEELR
ARk ot T & A2 4 5 Nutrient Agar (425 NA)(2 3T >

2014) » peliF i 40

(1) % 1L 443 ke 4r 209 HINA B % 3265 E » B Eg 7 121
C ~ 15psi i& {77= 7] 20 4~ 48 °

2 =% ~mEETS ANABRTHEA AT > A %I D8 cm i

(3) #1304 ErE % 5 G F kA £F 1 parafilm B2 -
(4) #F#H o 0CR A7 » 5B 2 < BERT ENH 82 penEi

BARFARFTE TR EFSRY o
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B3R %2

331 FerE 2 4 K ¥ &

(1) B~di et ATk T AR R A @ FHE TS Pl EH
B F D ARARFINFLEE A ONTU-L FE £481 32387 fe
BE#enNB F %7 o NB Y & 5 100ml -

(2) #FEAEAF e NB § R pd(r FHEN S > SRS o B 30T
HREERARTRA 0 & 5 100 rpm o

(B) Bipxp &t & 1B BB 2ml il € ODeoonm & > 17 & F<INB 3 % /% i
= ¥ PR e > #-p| {7 5 ODeoonm B4 % {5 $433 & PE R (E R > s B2 5 NTU-1 5

4 b HEB 0 4oB 3.3.1-1 Fror o

2.00
1.80 -
1.60 -
1.40 -
1.20 -
1.00 -
O 080 -
0.60 -
0.40 -
0.20 -
0.00

D 600nm

0 5 10 15 20 25 30 35 40 45
Incubation time(hr)

B 3.3.1-1 NTU-1 &tk & Nutrient Broth(NB) 4 % % # 12 £ o &
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332HF A AR U

W& A ER

(1) ™o ARBRPDFAKRE GRS AL ONTU-LFZ 262 NB Y i ¢
% 30°C ~ 100 rpm ehiE 2 TiEFE M K o i 24 L P FRRA L IR
A~ isimb 2% o

(2) #=E1 ER1S SINB 32 & 2 15°C ~ 7000 rpm i 2 T g 10 A 4B 0 2 18

o TS AR S iR

(B) L R HMARFAENREFRIBERE A LKL AN n] 47

AR kD e BE R RER g 10 A4 oz 1

o

SR FHR SR R AR
(4) Bis bEFHFANTU-L e e r GRDEFHFBRAL > 2o K LR ES
3 4w 0 Pl 2 ODeoonm B4z (& » #- ODeoonm E 4741 & 1 = % T = NTU-1 %

g 15 % A iR 00 B NTU-1 4= 4w % & 49 0.035g/L(%1 £ ~ > 2007) -

AR R T IEL L AR PR T R& D F AR
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333 L2 %IFLAIEAPYHF

RS ehl IR

(1) » w]f1* 8~20~50 mesh eréi i ¥ & 3 3R s & o 0 F T RS A ] 5 20/50
mesh e 3 > JT gt s < o) et 3 100 g & % 3t 50 mesh endd e+ oo

(2) BFriimid s 100 mlfs Ghp dkokik ik G b ond 8 10 A48 0 ik B 1Sk
Fcd endiprr 3 - Hakr e > 80 Cds 24 ) BF o

(3) H#e§z 24 | prieend B D > w2 EE L G5 KA 5 500/500 ml <
Rl e S R E L g ) R D A s R
t5 120 50mesh & e A Hrd e 2 3T oK M 1 M ehdE e 1 - B
g ) 80°C g 24 o) B o

(4) B Wgridend s o B AgEn500ml B Y o T EF PR .

ER LR Ry

(1) #=B~ 050 i FikiBend 3 >0 250 ml 47 @ o

(2) #- 3% 059 2 FEeadirsodrfe— B 250 ml §22 %47 > A BUE 5 -
o MARRRI O TS 0 B 0 BRRFE Y 1 121C ~ 15psi i 7 7 20
YR

(3 FHAIFRE B~ BRFFLFTLER L TH -

(4) #2mlr -+ 24 » 059 23 ¥ Uz ) 5 W FEFERFI 2
wapEd RiFo T UM H T IR TG BEFIE L%

(B) FI* iEE A B ) BIEE Y AF R hd BT ¥ - B eh 250

mlSEdr @ 0 R (T E 2 SR, 3R e
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334 FiEi LA %iF G end

3341 fsHt s K RiFRiFH LK

1)

()

(3)

(4)

(5)

(6)

H-& 3R 4e 2 60 mesh & g I ER E AL ~100ml £ F v 4R AN
Hiao rdk ILEKES 7934 A8 G £5F %5250 ml 487555 -
B3R FS Y 2 121°C ~ 15psi /& ] 20 4 48 -

FHArERE B BEHR T O ITGAS R L E I

£ 100ml iz Bk R AT~ KT 54 2 P 250mlEr P gk
WAL GRS HIEGERPFR S 10§ -

WALF 1S 1 A3n4e % 60 mesh & e ek 3338 g BB 0 F B0 3 €
¥ 60 meah cndi e b oo 2R AP I KL B & 250 ml 455 ¢ o
LR R R-30ml e e gt » G B A AT R FY IS FH
PR RS T F AT parafilm %345 0 23 g kR SRR ZE G 840 4R

Frxr 0CeaH A7 # 1 3

-M

PR AR chr LA de s 20 Adats B
K gsdniaie 2ml e r B EE Y R o

eI B E AR hd 3] ) 2B D 250 ml 4y 0 R R E
#30ml o fEe b M EAILY  REFP TEF AP R RICT RO
parafilm % 4115 > $93 chfh & & 2 32 4 40 2 A ] 0 X0 kARG F

R PR T R o
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3342 NART NRERF X ARLHFARITA IR

(1) €AFFHR>Z2334LUREFRFBRAGFERSFLEHRQ)ING) > £47
Aig* n100ml 33 £ Gkl - #4054 33 10 = 0 ¥ e rE - S Fik e
BEA -

(2 EFFH>Z33AL R ERPFRAAFEATR LI EARG) (6) 0 Fo5

3343 EHRT RERFRHAAFHRIFLIH

() EHEFH 23341 HJ)INAEUF S H 2 HET Fx o

(2) rUEpE & ] ) H-60mesh & g b et DB 2w T iFikt 0 250 ml
WEtr ¢ o T R-250ml G EL R e R R A EATH| v SN Y BT LA A
WG AEPFR S 104 > £4F=td#kA 495 3-5-10= -

(3) fI* B qcfiFikiBle - #4335 10 = chp % 3 250 ml 4 AjEg e
FEAF % 3341 Fiki5 42 HHHEG) -

(4) #LTYER R AFHRE 35510 S hd U F] 9 ST 250 ml 4

$LY o T EFR % 2 3341 HHO) > FBL G A
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3344 11 BFF 3 ARG RS R LRI A S R RER
1) £#FF%> 3341 HHDFIQ) -
(2) B2 100mlipavpdris % Am %4 344 Hn250mlEdr P gt

ﬁ%}_[ﬁ’_/}ai s j;%;}i,—g—,ﬁaﬂj?ﬁ&i‘a 4v % 30 ~50~100 Fie

v

(3) #4Fiets f17 AN+ % 60mesh & Pl IB G BBk iFiE Bt M §
%t 60 meah chéF b > 32 & AR E A BT B & 250 ml 42755 ¢ o

4) £ 3341HHG) O) 1 F>L FHHkH o

3345 113 kit Gk B 5 & BRI A&

(1) @7 kR INPRABB RS INGF A3 R FREEDIL RGP
B AR > AN SRR E S 35579 R & A T
PR N2 e P
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3346 MARERRERFRHARFAIL IR

(1) #-F 5> 3341%% 7544 %n250ml 445 > 22 100ml £ § ~ 250 ml
AL G R B A A 500 ml sk g 0 R AR K E BIF
B R EEE A RIDE DR S iE R R R R R R SRR B[R
42550~ 75 -

(2) Bl E-kHY EER% 233419 @) (Y FikF AT A 4 R
RS

(3) Mic B A A g s NEE R F A B A REFL LI 3R
0 EIFR &S 2 3341 HHO)F T Fr A o

(4) #RFH> 23341 HFJOFT > FFfE 4 o

3347 NAEOREFHFHERFHRIALL
(1) &2 100 mljf f& #h4~ 5 % #2250 ml 47 A > 1% S e o 3 A 0E
*ETF R H 250 ml e ¢ g SRR o WA e
75 10 ) -
(2) MF ki fI* A4 % 60mesh & gk 33 B Bl 0 LBl R §
¥ 7 60 meah i e b o> B R AR I KL T E & 250 ml 455 ¢ o
@) #lch iR R APMAIPNE I AEFHAREAIPIZE -

4) P> # 3341HFH0) O)FFL FFH A o
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33.4.8 r1AREinR il i 35 £ AR R 2 R ORER R )

1)

()

(3)

(4)

(5)
(6)

(")

(8)

EAF &2 3341 HF(Q)IN(Q)  FFAIF 2 B ¢ ehiE f 2P
3§ e250ml = £5gP o

B2 100ml & A m r 575542 eh= £3g7 > = AFELT K R4
AR T det B ATk A HE S BB T B REROK AR RO ORKER T
20C -

Bz RFTEL GUER BB e e # ,M%—,éap&5g 3 ﬂfa e
% A e B SRR kY gl R4 5 A AT M P Ao B X M2 S AL AR
de g o

FU# A n4e % 60 mesh & e gl 5 E i F B e el et 3 § 7 2 60meah
cdF e o B R AR B T E A 250 ml 4555 R o

R B B AR P ] R Bkw T 2 ALY o
BEFBRABADMHAEE - A AR ERBATIIAINE AR
80ml & & 3771 » = &g ¥

Bz AARRARERE B r B Pl EAFF %2 2 3.3.4.8 H 3 (3)
FI(6) > £4F = K fe B2 R FLA Yo FgE o

Bz b EF 2B FHAEAIIZRE O RBRFEAAFTHR S 3341 MR

Thdr s & RS 4 3 EH3(OG) - (6) -
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3349 M3 R RANES PR EHFLEAFLTL LB
(1) £t lLREHI AT Sppisk R &S 1 0.5%(WNV) -
(2 #*ERLINGABEARS INGF CARRAEL A AIMIGES 7o

(B) EAFFH 2 3341 LR EFHSF A RGF RSS2 EH D)) -

335 FAPR T RZ FRR T

o /% :SRI3ZL0C % 4 fkF 12

e Fir:H i F fused 100 % dimethyl polysiloxane column ~ % & 30m ~ p
% /£ 0.53mm -

o WP :FID ~ i % (detector):f & : 250C ~ F #ir € & 150 ml/min ~
@ % 25ml/min

o {'i& 5 H(carriergas) : ¥ F 25ml/min

e g (oven temperature) % i+ : =48 & 80°C 0 B F 2 4 45is 2 30C/min
#FHET 200CH BT 240

o FEAfrH : Peak-435, Z G AP
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336 ELtAdREd M

(1) muARsgE10mle e X pELY 0 AU B 2F § 220 pl o -
= *%(n-dodecane)4r » s FHLP (FE PR o
(2 MRS FE10ml ¢ pee 7Dk ALY 0 E I R E 510420430~

40~50 60708090 100pl chit + = 42 &4 » 5 10ml & fho 7 e

(3) MG L= ehe fhe B 3 A REATDT L2 %t fee p¢ £B05mlz

(4) "R ASEE 2 pl B E I F KT REF A D L2 s R R

=k

BrofFEERTRT TP EIE Lo & &> 4oF 3.35-1-

y = 2078.9x
R2=0.9951

Conc. of n-hexadecane in ethyl
acetate (ppmv)

0 1 2 3 4 5
Area ratio(C16/C12)

Bl 33511tz giphirke 24l M|
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337 11 NTU-1 Bz £ AL ¢ ehp L 2 3%

%4 NTU-1 & B L= deemed > Z 4 250 ml 46955 ¢ 4v 2 10 mesh
e o 334 &P F R E B R L AMAFITFIR F RF P45 0 gl F A
%10 mesh @ o 5T Rk MSEAII Y NTU-L AGEE £ A0 el &2 % 0 90
JF 004 2 10 mesh & e f4 A5 5T (R B G e B R AR e B R S e R

2K o

(1) #- 10 mesh & 4 > 7 250 ml 48755 ¢ » & 1140755 e B (56 3.34 ) § 7
ik e & AL 100ml o (7S 2t NTU-L38 % 2 % o

(2) MRS T R MR F s NTU- LR G 38 % ARk
e tm F R 5 5 ml B4 & 2 Fi% (ODsoonm 4 5 1.0) > 4+ ¥ NTU-1 4= 452m
%% & ¥ 0.035g/L -

(3) = F{LFAH TS PRI REF T UEF RHART cRF R

%‘:

F o F A R4 H O G R B A Y 0 R R 30C ~ g 100
rpm i i iE 733 & o
(4) FH:E(FT 244872 | pFis » Body SHLALEL R LB 4 > PIEB A AR

de (B °

(5) F#&EsaY NTU-L A2 wre RER G > AIF1* 60 mesh g e~ 4 5
B A A TRIER K AR R B o A B B A~ 100 ml 474 R
B A 3 33 ok

(6) =gz paik EERIE > AR E E530mlehe fhe fig s 4o »F 4

ai

A5 0 FBALE R AN mE g ¢ B L

o
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(7) #F* 2 & § &% ERgo g G5 parafilm % 34

[N
T
du
ED
g_'m
b
k:
W
>

E G AP B EF R 0CH A Y #1552

P
Y
o
3
B
9N
?
B2
| o=

-

"y

Wana R 2ml 4o » PR EEE P FiF o
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>B\-

0¥

Yr i PHRRELAESG

F_*

BB AR AR 1% A ehE gt £ NTU-L> # % s

LN U2

v

bz plr e d o d BT NTUL %

A
=

__L,LJ

AL

wy

™

;2
LR e s a4 b B g bk 40 2 44 B L L AL

v
%

B o BRFfdenizgge RORFER >2009) 0 @ Bgajige 4v » &7 1LF 3%

4o

2 5

42 gt NTU-L S aidt st § 0 §Tet NTU-L B3 1 L 2 s a7 0

95% 1 o e B PEFIH A F R R R #ﬁi‘"#é“f 7 N AR R

uﬁ; (a2 a7 2011) -

-+ =

1

1)
)
3)
(4)

- SR VSRR R LI AR ) Yk ;‘ﬁ%ﬂ%i = Th
o @41 * NTU-1 4 5522532 e f chig 4 j\ﬁgxfy%zlr_\c’ gt L2 Jzo

AT BB IRA

AR Sabi B ok 2

/F /m/‘544t¥md§'%l—)‘1j§'%t‘ m&"%l?tl—p—]—;}: o

o

div

1% NTU-L 2 o frdepsm e fanii 4 B 4 29 o + 2

R D R g & Rt I T 1 F g & btk R

=g
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4.1 2 R ™ AR

TAEFP AN F LT ML LFFEFRT AL FHF L ¢
FPRBEE LW e S I RP RB RS RGBTSR 50 Ead
PR s $ g8 (McCarty, 1982) o 712 5 7 4= o 2 AR AR LD L = 25
Rt B EAFERACE AR KRB S RIEF R BT el

B WL 2 Y GeRB S TRtk B NTU-L g & o

R B W S H 2 e BAE B TR TR e Ly 20 mesh £ 50
mesh céF e 6 F 2 > B8 1009 F 5+ ] 5 20/50 mesh ¢4 3 E (FF B bt 4 o
FEF e el B8 EK-100 g T+ - 5 20/50 mesh e 3 § »+ 50 mesh & -+ 41 *
R ik 100 mlfs ehp Jokir ik 10 4 48 b iiB AR AL -2 S B & o bk
S m g B0C AT 24 O PR o B F U 2 3 E £ 4 a5 KA 5 50 9/500 ml
A0 GIIEHE 5 A 4515 0 12 50mesh dF g A B A kg 3 3 L4 o g
" B0C Az 24 L P o M L EAFIAH F L A R R ITS R R oA 2 A
EERLLE L EE LS T PR RSP SRS Fo S R
B MR BB P AWIEG ARG A IR IAL IR BRI EF T D

E ,%mﬁl T2 AP e

&
et
F
AH-‘
5

=

B 4.1-1£ B 4.1-2 51 5 A1) * 3 T3 & A1 & NTU-L

FERS PR PR NERSY t LR U T PR
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HiLrmdd pripayrme 58 o B 413 2 414 Al ia 2%k baE R

NTU-1:& 72 /] pFisenpe 5 o d M A SRBF I 0 it dg i

ERBEDNTU-L H=e B L2 %am g F A SHE S R Gk

SR T NTU-L 338 ¢ e g o

E 3t R K A S 050/100 ml ik A SEFEens 4 2 0 £ )

* 60mesh e o dgt A A VRERAATEKEENE 552+ - F R
FAAIEF LEF AL £ JI* 60mesh dFe st EREBHAL A A

LR 5 6.88 =% o 0t R MU IR A A 2 R

B pie BRI EEHEHNTU-L 2 5 afme oot sk v ri 7 %

SEiE R AR AR AR 2 Yk b T NTU-L 3 £ 3
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[
o
o
o

>
£ # Biodegradation
£ 800 -
(<5}
S
S 600 -
=]
©
x
2 400 -
= 7 Z 7
© 200 - / // /
c
S / /
0
2 48 72

Incubation time (hr)

?]411'3*FzmﬁOSQﬂi—"L*tﬁm}f—%\éﬁ-%‘NTUlwﬁ-{L«‘i%% _@ Fi/

AR o It LA 7t v 1 4mln-Clé/gsoil ~ 33 % A %4 1 100 ml ~ 32 & Al sk

B 55 A4t FE L 5ml FH4 3 & A Fik (ODsoonm £ % 1.0)

\%; 800 - Ifj-I;ilzlzztrjadation T T
% 600 - : :
§ 400 - . /
s / / /

Incubation time (hr)

B 4.1-2 * iﬁii;’ai@ 059342 ma & s NTU-L> 5423 CEIFF e
2B oo otz 7t v 4mln-Clé/gsoil ~ 3 % A 884 1 100 ml ~ 32 & Al sk

@ :6.88~ A4t 2 1 5 ml Fhdr £ % 2 5% (ODeoonm 4 5 1.0)
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Bl 413 41% iFkeifis 42 e & A3 4% NTU-L> 55 4 2 A SB % -

ET2 ) R AMEGS > JRENTUL A AR T2 e FIR % -

B ALl-441* FRBFAIET R AL ANTU-L> 542G SERFE -

BT ERABEG AR ENTU-L R 4 AR e BIRA -
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AEFHRIL P DLRFHI O FAERDE L mFT R

s
=i
R
=
G
3}
o

e By & NTU-1> 58 NTU-1 en3 s fgee e 18 & iy 4 ﬁ%",ﬁ%;‘%;‘&v’ gt L
Ao A A BRI Fhom P TE A I DIE R R o R AL 52

EoRJS <~ P EBRTLARR 2 1‘2%’/; T A /&—E";%'?"D_;’ P R A

421 @Fig & RS PP T4

d R CHFERPI P LA - > H ? Bk e 5 e~
B E O BT o R G E ST R B e TR A ] 7 S
VLA e i % endE 24 5 8mesh ~ 20 mesh ~ 50mesh > # (B B S 7 e gl 4

v

et B T kol 4w

= i i 8 mesh e & ;2 i iF 20 mesh o ks < o] 4 3% 0.85~2.36 mm 24 3

-~

= i i 20 mesh & & ;£ i@ i 50 mesh » F = < o] 4 3t 0.3~0.85 mm 024 3

-~

LN ’%;‘7’]‘ : 2ml n-C16/g soil

= g s 8/20 mesh(0.3~0.85 mm) ~ 20/50 mesh(0.85~2.36 mm)

= 13EE 109
= R AE ik E TR 5 688 = 1)
= 3 & A 0 100 ml
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EPa B2 R end 3 19t 250ml Y o 2 2 i

rE A 2
ml n-C16/g soil = 4¢ » R FIENPEAINIF EE S JENEE £ T E - il I
B 6% EEEE S E TR IR R AP L TR
B R EAPH T o250 mlEdr ¢ BH e A2 3 o &2 100 mi
BAAGHESEALIE L1THHAY

RER LR o AP ATR Y
3R A -100ml 2 & e 2 KGR

e 250 ml S 4r ¢ o gk
FFk 10 F)0 £ F {17 60mesh & A 4 e & Ao 4211 ¢
100 ml i 5 Fh 47 35 & A b iR A is &
? X% 550 ppmv Z

> g L

TSI
‘| & 20/50 mesh 8 2k w)ts > 2 A A

—

o

< /] % 8/20 mesh % 2%
5] s ,f“ = il\;l S| -+

13 325 ppmv = ¢

Lenp L

R AT R ARG i FEAR R RS R G B N R

2 042.0-14]7 fhak B 5 70100 Ml 35 % RIHF L 109 2 0 8

. 34 ‘; 2% = %’\ i__‘k!} 7 E’J”J
TR RER o 2% 7t : 2ml n-C16/g soil » 4% < -] : 8/20 mesh ~
20/50 mesh

20/50 mesh 8/20 mesh
BE AT+ 22k E (ppmv) 556.84+82.06 325.61+50.88
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422 3 B LR

FEEFHRIETR T A LS FRE- T EDFLARR ) FHE LN

A
(]

o XBES 27 }%JIJL%A‘;;’F% EEr-0- ﬁ;‘;]:%c;iif;&r'f :

= 4 mln-C16/g soil ~ # 34 j= 20/50 mesh ~ 0.5¢g # &

= 2mln-C16/g soil ~ # 3 #j= 20/50 mesh ~ 1.0 g # 3%

- L2 s 7 ‘v £ 37 & 4 ml n-C16/g soil ¥2 2 ml n-C16/g soil - &_%] &

A

51 7@;‘7’]& BT IR IS RIS %

BERIE Lo
NS 7 4 £ 4 mln-C16/g soil ~ 2 ml n-C16/g soil
= sk e 1 20/50 mesh

» J3EEF 1059109

" B AR AAAeReRE TR T 688 =)

= & AR 100 ml

AARBENEFEFNTHR-GFABAMNIFEE DI ERIFBHL L R 2

[E3R

KA 42.2-17 7 0 100ml 35 & A SEAR 2R GARENFFET RS

JARR 3 PF o ki 4min-Cle/gsoil 53 s> 2 % ¢ 3 800ppmv = +

s bz ki 2mln-Cle/gsoil s s> 2 & ¢ 7 550ppmv =+ &

)

LA e AT A AAMARARMB A KDk ARL o
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1

$¥ L AP HREHNTU-LSf2e B L2 =2ehP Bigi > 4 100ml % &

T3 & ¥ i 4e 2000 ppMY B - 25 R rE - BUR D 34~ NTU-L 33 % 96 )

P A e

%400 2 500ppmv = % o Fmd FrEfREE B e

v

= s
':"—l——/-[:or}

B2 5 5ml i~ 25 % 2 ik (ODsoonm 4 5 1.0) 0 & chd o8 12 £ 5

E
B

TR 4@ 4.2.2-1

P«r

*h

\‘\

T2 A NTU-L BEAFRPFRZEIFSREFEE Fahd R 9F

MEER AT A RERKRSE 0 G 800 ppmv eF Bk e w] o B =

se £ 5 4mln-Cl6/g soil § T8 9 S endfe (FiE 2 -

£ 422-141* fhag 5 70100 ml 35 & AR BISAER L E R

AR A A chr L2 2 ER o

Bl 4.2.2-1

4 ml n-C16/g soil 2 ml n-C16/g soil
BA&ADT L%k R (ppmy) 823.16+68.53 556.84+82.06

= 2500 O Trapped
%2000 | # Biodegradation : T
70 [
é 1500 -
©
)
< 1000 -
[
‘S
¢ 500 - .
Q T /
AP

24 48 72 96

Incubation time (hr)

22000 ppmy & L 2z SR o NTU-1 5596 ) s & {6 2 "% 2 &

EESER T4 10 I
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MR LA s S e B A 250 Ml im0 M2 ml B LA e x

HeAr ¢ Al MEE )] A BATY T OUE AT REe A G L2 e B

A

ARG RV EG hE L A RTAREHESFAIHEAE G LA

Ik
=
—
N

g
FERARER I PR GALB R E F AR T RS L 5 R
BAAY R EHAADFECE LT R HRFETE AT L L%

HABEFAFTPEF > FRVRUT A B ik (T4 3

VY ARy LY
WA AR Y 1A FII T - ik &0 250 ml b i

L‘:k /F /;la o

#4222 LS AR BIATRIEREARY DL RER o AR BT
SFEp AL AR LA RERRY - F % e E 19 4000ppmy =+ o E
o T 0F 2 e S iR R £ B i 2500 ppmv Z 4 o A T OEF ARG A T ehl L
sl KRB RRAADFETE I B A RGFTE DA R EZEY 2 R
HF LRSI BT AL R RET A DY — B e 250 ml AT s
Fro Ly oK B E 100ml s A e A R S Aml

n-C16/g soil (70595 % 4 #& > ¥z 7 800 ppmv & + = = o
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304222 2 FAES SAUE (1) RN MR A ER (2 %54
3 AR Y 2] BB D T - BE 250 Ml ¢ i R e

isEE LAY L2 RER

1) )

BAAD L2 =k R (ppmv) 4888.49+2650.59 823.16+68.53

423 FHEBE LA RFH I KD B

B e

| |
=

Lo 7 4v & @ 4 mln-C16/g soil

= 4k e 1 20/50 mesh

| |
(=
v

b

e

e

:05¢

= e defhae i T(FE 2 M S 6.88 2 4)
= 3% AHAE 100 ml
G E4LH 0 60 mesh
AAET TR I ERE A B IEFALRR SO BEFHE EAES
% R R R ke RS AR PRI R R TSR R 4 R
ABEILIRE S o B 4231 rm ik A RERFLIEA LI FEEE S

» H ‘f#ie % 460 mesh & ! EITE B piﬂ»i’%’ﬁﬁ& J& 3R o
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NS

B 4.23-1 L7 h B AR S 60 mesh 4 » * k Fac N B RiT 4 2 | o

B 100ml i A 52 & A T R R b s % 5 AT~ ] 20/50

<754 ® & 4mln-Cl16/g soil 20595 % 23 » » B3H 1 3 &

#s A4 BN rR 4.23-1 £ E P 60 mesh edi e oo B E ke S I
M- 0 100ml s A A E AT MR 0 S #kA 5 5810 % o

= R100mlR EFH B A AT XG5 H 2 ED250mI S P g g
PAEFELIOY  HEF AR 4231 £EER o ARFREE DR AR

LES &

FHEF - ARSI N S A Mkt kAT IR AR €5
— TG0 - KRR REMH TG 2 3 3 DB b e R

d B 4232 7 ke o 4 T2 ¢ R B A A ok

=B PR RS AR B S £ A7 F 800 ppmy & £ ¢h
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e N i A %/p /70/'5-)11‘453%’”7#&'?'}'5'#
Bt R ATR Y AR AR A MR T T AR R

= 100 ml 2 &+ -k

= 100ml A A

MAREGES NGRS R IRV TR DL TRBREFBTB A LAY
J B RS R otk LR o B 5 iR ep et v £ NTU-1- 71
* NTU-1 0" 222 & % g 4 %%“ﬁ%j_ Lz FA A ks A A TG LR
drcdkAp iy AT EAY DB BTk B T - 0 MR ER
PrifA? PBEERET A FENTU-L A% e Hehao 4 > i fgivs &

Rpt A HEF T G E A R PR RS A - BEH o

d 4 42317 LR EFHIFE AR 4T kG L ahFesk o Bk

Wi

£4 ) 5 20/50 mesh ~ i - bz 4 £ L 4min-Cl6/gsoil 005975 % 2 1T
¥t g - 100 ml 1 & A A FE K 800 ppmv =+ Pl 2w o @ e AR e A
5

FoRRR et 240500 ppmy = AR e 3T 2 (ST NTU-1 3 % 9

~

S

BB b R BRI S P E RSB R o KB L A K AT
F-\/p TR R OB R o
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1200

[EEN

o) o

o o

o o
]

600

400 -

200

Conc. of n-hexadecane (ppmv)

Batch 5 times 8 times 10 times
42324 % AEAFHx 5810 & gl I FE 104 > s % A7
Ak A RER o A R A~ ] 5 20/50 mesh ~ &+ ) 7 e c® 5 4ml

n-C16/g soil 7059 /7 4 2 3% -

4231 s ulfl* R hed g ko upx WG~ ] 5 20/50

mesh ~ & + = 4% e v® % 4mln-Cl6/gsoil 70595 % 2 3 » 3R ? chr + =
ik o
100 ml 3 % & 100 ml & &+ -k
ik L=k R (ppmv) 823.16+68.53 471.91+19.57
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43 1 NTU-1 BB £ A7 eh L2 4%

BFUNTUL B4 A0 il -2 RE B F i fa s o me f o
B25 0 gt 2@ A R 2 NTU-1 202 2000 ppmy &t -+ = %% 5 - glifcius &
Re b LA @ NTU-L % jag e Raml g o 507 b 16 5§ spe e

$4 o 5 100ml 35 & A ¢ 4~ 2000 ppmy ek 2 ke F s NTU-L -

" B A hepldgE T

=3 & AAAE : 100 mi

= g LziER 12000 ppmv

= A AT 5ml FHA5 & A Fik (ODsoonm 4 % 1.0)
n BREN aEE R

= BEEAEAR 30C

= B & fEE 100 rpm

= AN rpERYEL 24487296 hr

B 4.3-1 2 NTU-1 12 2000 ppmv & - =’z 2 gtk » 596 /| PFIs % {6 4 3 '3

ARy REFET ARt od 9% ST ot B iERET NTU-1 ehe
BRI G A % BAetsn® 40 3 44 L T2 ) FEtS ehd iR

%400 2 500ppmv = ¢+ 2 A S REER AT ORI ARRARS oA d B 4.3-
2 hrin K R R B A T2 L PR AR > A 45 2L o1 & Rk EAE

BAPE TR LD 0 NTU-L 4 5% 2y ¢ 24 F 8> £ o %A%
PRRHUER - RZEFASEREDHAOREBI B A AT ETE T
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PR B TR 1 NTU-L 2 £ 0 9000 72 ) 2 16 F1a % Jh ek il (8 72
Mo )T NTU-L end £ S 8F> #ru v R 28 crif e ki T "5 £
AR FA, o ¥ ot > d Bl 433w ERER A R by v IR NTU-1
12 R T2 2 5ARE o d P g% T of NTU-L 4 4g A2 5 5 ml H4-
£ % 72 7% (ODgoonm 4 % 1.0)> *+ 1 - = ek & % 2000 ppmv 7100 ml 7% f& % 4+
RARY ABAERABEUF A NBEDT2 N o d 3t AP Bt g
Fie 2o B AR DF iRk 95 800 ppmy I 2 % o vl - BURE R R0

BT o o] & S s A TR B S T2 R

§ 42 §3hG % e o 100ml B B AR FEE R A ] 5 20/50 mesh-
oL ~{:‘%;‘;’F%c§ 5 4mln-Clé/gsoil 00595 4 4 & > ¥z 3 800 ppmv = +
kL AR KBS BRIV RREFIBRAY AR RAEFE {iT
Ao B HRNLIBLIBEAYP I L2 kR o HB e %K i A 800 ppmv

R AR RE B A CFHREFTHRY B AAPN DI LA Pk g TR ER

&% -] 4 20/50 mesh ~ &+ + = %) T £ % 4mln-Cl6/g soil e705¢9 /5% 2 3% -
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¥HPR BB B 1E 1t 4o T

" B R Ak E T

B %AW £ 100 ml

= I taU=iER 800 ppmv

P4 tE R 0 5 ml A 25 % A Fi% (ODsoonm 9 5 1.0)

BASN twaRn g
= BARR 30T

= B & e 100 rpm

A ATPEREE 124~ 48 ~ 72 hr

? 5&' E—? 56;’ ],;"L: i+ Yo
LN -l:%;‘fj‘ : 4 ml n-C16/g soil
= Ak s <] 1 20/50 mesh

3£ 1059

n
e
\’xk
—

BA& AR E 7 (k2 1S 6.88

2% A4 1 100 ml

= 4 ‘ﬁr'ﬁ’__ﬁ?]fé‘_ :5ml ;7%#' i% ;‘{\ fil-‘*ﬁ?lllfi’ (ODGOOnm 2/7 ?7* 1-0)

C mE R A
- %‘/)i

= B e 0 100 rpm

TP BE 24 ~ 48 ~ 72 hr
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#-NTU-1 4w » R e d e hn i iy 447 > 447 NTU-124 3
EREHYHE LA RN RS BIG o RS AT R T2 [ AR
NTU-1 asimk & { B 02000 ppmv & + » Y2y 2 52T » 72 | B2 {8 a4

R e 4 R AR > BB T2 R > A 24 pEG - BRI

BA43-4 2 HA35 L u 4T Rketf R enNTU-LL F %2 e
) o Rk Em NTU-L % R HRFE T2 PR EE Rk 2T HRE
Fen 72 | pFisF 400 1 500 ppmv = 4 en'EfRE o T SR BRELES B ik
ETHNTU-L 35¢ b F%ie7eh 40 3 44 oL e I E - 72 ] P 1S

NTU-1 ;’WZE@E‘_%“% Rt 12 %t 4\%%&3;{\%& 9 95%:hE L 2 Yz o

Bl436 s FH B HBEEZ ARKENHEL > ¥ P REEARD 2 F %D
LAEHRIRA oo ARRAPITNER T o F AR enfRig BRI 0 B A T2 ]
PFis 5] 45 3 52 FF - B 4.3-7 2B 4.3-2 4pr- d 0 R 8 & A3 2000
ppmv 2 800 ppmv P efitdk BRI B~ g E o NTU-1 303 fiig 2 ¢ ahd § %
g4 g5 400 T 500ppmv 2% o d 3> NTU-1 0% f2 - = 2 eufied > 54

2 WHEA ARAEAY FFDIR I ZT A REEAERI LI RERS - Z M

bl

B % (Liuetal, 2012) » #5017 4o NTU-1 %5 f67 bk B et L 2 529 s

B fRa 4 EAPE P o

il PR AHBEOHRBEET o NTU-L 2 50 AR B AP 4 A

SRR Y RS 0500 % AR R e el o 0 4 R RIRIR 38 A AU %

a

Y giihn L

o
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= O Trapped

E /_/ i i

52000 - # Biodegradation : T
S T I l
c

S 1500 -

e}

©

)

< 1000 -

[

G

S 500 - .

S T /%
© % 7 5?

24 48 72 96
Incubation time (hr)

B 4.3-1 NTU-1 12 2000 ppmv & -+ = % % sk o 5 06 /| pFas % 15 4 % f2 B &

e HELER R -

3-5 T T T T
0 24 48 72 96 120

Incubation time (hr)

B 4.3-2 NTU-1 12 2000 ppmv it -+ + % 5 gk » 5 96 /| PFis 4 15 fhdg @ AEps

g it o
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0.40
0.35 -
3030 -
(=2)
a0.25 -
'3 020 -
[¢B)
0015 -
©
O 0.10 -
0.05 -

0.00 . . .
0 24 48 72 96 120
Incubation time (hr)

B 4.3-3 NTU-1 12 2000 ppmv & - = %z 2 sk » 596 | P % (8 e 5 £ NP

B ehgg i o

,;1000 O Trapped
S = Biodegradation
£3800

(3]

c

S 600 -

e

©

)

< 400 -

o=

S

3

=

(@)

O

L
5L
L

24 72

Incubation time (hr)
Bl 43-4 7 5%e INTU-1 B3 A2 R A9 S T2 @R % > 255

fREEpme BEPFFORT c RRETHE R AT L2 RER -
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1000

RPN

24 48 72
Incubation time (hr)

B 4.3-5 %R e  NTU-1 2 800ppmv &t + > = 5 ik » 572 | B %4 b

FRR B e FEEER ORI

7.0

6.5

6.0
(<5]
=055

50
o

4.5

—o—Experimental group

4.0 -

—&— Control grou
35 i g .p

0 24 48 72 96
Incubation time(hr)

B 436 F ke R 2 RS T2 A NTU-11 » B & Afdbk GG

g it o
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44 BERERF A RRT 2 Hogrns

d 43 & en &7 v NTU-1 &g % 3 P e dient A ki G R
o I APH G TR Y S R A A NTU-L e d 423 ] &hlgh s 1
FHoF100ml & A X Er L2 A 4 ¢t ¥ % 4mln-Cl6/g soil #0595 %

Y RN N 0.08mIC R A A &R 5 800 ppmy) el - A m o A A Gk

(Fw

- KB P RAREBIREARFEFTL I RS AHR B PRGBS

(s
¥

LSS Ll SRR I R R SN Rk R AN S S
s ez 285 100 ml 3 & Achipiescdk o B FLidwmicP A 84 A5
4 F v f

A L LR S VT I T U AR ST R

[ESER 2 Sl %‘f»_’\m/p ERES VR TIRY I }? ARIEF T AR
B oo Aw30mle e fgRBRAARGERDT R 23 ARGE- R 2
e XARIEAB AR KAITET oo b AR EY B RER

£ 5 1574296 ppmv > % ¢ it - 2 k) Z £ 5 4mln-Cl16/g soil <7059 /5 4 2

div

Y A AAER gL 3.2mIn-Cle/g soil o R i dhd e A A o LY
ER Bie- F A IG5 82316 ppmy o k- i Y B2 Rk

BB S 1406571 ppmv e 5 7 M2 MY shn L2z s Bz A A T 4pt o

o

PR AR B A 100ml g & AT kR AT

R LRSS Y SR S T P S R A
B ke BRI ARE SRR RE T R REFHF S E AT
AN FaE S S N N E N R AR R L e
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PRIE? B ¢ LUBRBERIFAT LRAFER LGP A lF 22

BAAMRBERBFT D FEOAAIELY o T B A23F IR HEET

'

100 ml 35 & A ¢ 49 7% 5 800 ppmv = % ek - A = o Rk - PRI 5
F% 5055 L3P GB%HE L 2R G R o TAREBI A ADFERE DG

FRBRA TR

442 EAFHTHI K
d 441 & e e B E B AP MR E T Ao - ke R

PTG QA4 k5 A8 5%t L2t o d U AR A

' 2

E AT EEIREY PRTELR G RN A iEe S8 - H T fRE- G
iE AT A Y Dl L2 R BT R AT R R SRR TR S A

Bl - 205 g5 4 4 3 10 =% o & =t B~ 100 ml 2% fud & Ak o ik is Al

* 60 mesh e s A 3 £ L > HF )% 30ml ¢ e g EB2 £ AR

3\
=
I
o
iF

P T Ked et s 4 2 RSP 3 250 ml MEdr Y B 7T - Soeh

FkePRFRFREREFGIREAY L2 E
B IE 4o

I %%-;7]: ‘v & 4 mln-Cl6/g soil

= A A4 A 3.2mln-Cl6/g soil

= 1T < 0] 0 20/50 mesh

= dER 05¢g

" BR R4 PT (FRAEE G 688 1)

= 3% AR 100 ml
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d B 44.2-1 F I ERE I qriE e A A LT AR - P2 L KB

AP o REHRFRARCFEEAS AR Fedr L

i

» e "gfff,ﬁi,ﬁa:”

B R EFFB ALY DT LA RERT - e E G 800 ppmy

A

bkt BRI ZF 400 ppmy = 1 a2 Ak o d g S
AP chr LA TGRSR 0 REF R AR 5%E 42

ERRE L F Ly T EER T Sh s

B 44.2-2 2% =% ;—’?-‘j;tf; R S JF-

—

O E R THENE” AL N
F

A

FRE AV FHIES FIRD LA REE A - TR T ERR
IR PR LA RTAAR PEE T P E A PRI Lz 2

%9% NFFik 26 TUEAREBRERBFRE R DFiRoc: o E TRk
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1200

" | b

200

[EEN
o o
o O
o O

Conc. of n-hexadecane (ppmv)
L

Times

7=

W 44.2-1 5 =A% §2i2 0 100ml 33 % AEFRFTLIE > FRFRLERER

PrREAY L2 RER -

100

S y = -3.9632x + 100
2 80

]

g !
< 60

2

S 40

o

[¢B)

g 20

[

3

g o

Times
Bl 4.4.2-2 5 = A% g% 0 100ml i & ghar 55 & AEIFEE A2 F Ak

oo AP FIEE LA RIEFREBEE LR BOE AR o

100
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443 AR RERFBARAF AT IE

d 442 it Aes A2 Y v F 5T kR L2 %

A
T
plr ]
(Fné
|

TfER A AT B S Ak 800 ppmy = £ el - 2 iR s eF ik

=
R
&
S
Jae
b

R TR R AL 1Y o Fik ke - #oUE 4 ] 5 20/50 mesh ~ i - 5

afs

\F‘b

i
= 4mIn-C16/g soil 70593 % 2 3 » ¥ & =t jrRDa 0L GF R 10 F) o &

HEE T ST S-S £ RS T L

P BT
LN b T : 4 ml n-C16/g soil
= 1324 A 3.2mln-Cl6/g soil
= 3T < ] 1 20/50 mesh

2L

e

| ]
#mv

:05¢g

= s ek E T (kMK 5 688 £ %)
= 32 & A AEAE 100 ml

s RAEBPFRAEATAREY ZH 13510k

d W 44317 vl - ik s us £ & 93 800ppmy = % shl L ks 4
MY R L2z b0 e MEFR A ADEATR T N HH A BAAY L
kR ERBOEH I LS PP HR LB F F 1000ppmy = £ o K k2

FE6% > £4F 10 KB % e n g FF 1700 ppmv =+ 0 K ik 3

10% - “EEA4F € * Tt fcd e > B A ABRF S LI EMAPFRT L oo 2 B4 &
3O AL =T B 0 FTn ﬁ%“ﬁ? P3P { Sent L ad%m e W AR 7 % 10 =%
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FEB ARk PR G B B L2 m e 10% £ - B4R IFH 3RS e

b T h B F e o

EAF R BAAGFERIE 2 REAH SRR AL IRORHGERT > SV RE
UERETE S R R Rl S B N REE L -/
PGB Ao 50 HEAFR Y A RSB35 10 P SR I Ap

B TR B e AR L Ak 10 £)£h 3510 & o

d B 44327 R Bt BEB R AOETARTS AREIRAA
SERLA R L L 2R F R bR PR 100 45 47k 4 1270 ppmv i
Loz ki 2 P EAFR Y BRAA T LA L ARG ER

ik FITL2 LR g PR LSk o
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1 3 ) 10
Repeat times

Bl443-1 €4 * 100ml iz Eohy3 5 AMEFARTEIE BRAAY 2+

AR RMEE AR R Y e o

2000
1750 -

[EEN

a1

o

o
]

1250 -
1000 -
750 -
500 -
250 -

Conc. of n-hexadecane (ppmv)

10 30 50 100
Wash duration (sec)

B 4.4.3-2 3 4 100 ml 7% s #4335 %%ﬁi#ﬂ%ﬁiﬁ LA PER > 2 ALY D

SRR RSEEET R o
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444 £AFR* AR ERFERFRFRIE

d 4425 443 &t v avd P a2 T R BTG R B AR
T A REF LI B2 By A FRr L2 mh R ol S
B MG SRE- DL (SR AR A B R ARtk o Bl K7

SRRt N el UER TR Bl R R F R L B AL -5 CAN - cied e S

Sk ARE 1AM BENT AR IR 60mI 2 E A
LT WA ARG ED 1S kas R A I 60ml w e & A LA

. ’"%‘}7’]‘ : 4 ml n-C16/g soil
= A4 A 3.2mln-Cl6/g soil
= Ak s & 1 20/50 mesh

= 13Ed 105¢

A R hepae B TR IS 5 688 2 4)

= & AR 100 ml

AT E A T AR 60 m

Gt g A w o r S 2=

]
E

» ARFRUREAOEEFNT 108

4 4441 7 a o EAEI RIS 60 ml o5& A e n] A Fk 1350

S

ppmy ek -2 s Gap gk r L2 7 £ 85% B 442 Fent 2 3
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F g R grE 100 Ml & AR FE D B R PR L 2 kR 7

FIHAS RAOREFBIERA

EIS

2444191 BERAF AT LI L BEAAY PE LA RER o FET A
() 1 =c e (D) 1= dfdtiiets > wigANGOMI B R AL T4 £

P2 -

(@) (b)

A& AT L= ERE (ppmy) 823.16+68.53 1351.53+162.28

par L2z F A~ (%) 5.23 8.58

445 Brkk EHR Jﬁ%#i—f%iq RS g T

44 §HEEE R FRS DR R AR B BT X ERR
BRI R e R A AR R o AL E R E B S 5
ghehp AT o 3R Rk 1T 2 o AR 10 fE i e A
JE IR A AR BB A A eonk PR Ris Ere R RAS 1
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BB IE Lo

. %T : 4 ml n-C16/g soil

A4 4R 3.2mln-Clé/g soil

4 3 s & 0 1 20/50 mesh

JHEER 105g

BA KA ok ® 3-5-7~9

2% A4 1 100 ml

428 NTU-Lif &3 £ ik S pdb @ 45 2 7 2 F > L F 5 2§ mbifix
F3EE NTU-L 8 %~ B3 i &7 108 240% 2 4 NTU-1 £ & ik l’/p FES A

2 Fa G RS G E TR AR YR f & NTU-Lend RiEi o

d B 4451 7 R B A AR EAtREE FRk TR BE DR

o 2 ek EIEET “Lr/,a seeni kR > A RS & 100 ppmyv =+ o
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>
é8m—
e
S 600 -
©
©
)
< 400 -
[
©
S 200
o
O
0
3 5 7 9
pH value

B 4.45-1 fedg B A %5 3 57 -9 Edhir s % AWML FHFTL I HE > B

R mEREN o

44.6 RHXBEFHF £ Aok o F
42 &3 & g A P %S F L AT ECHEFR %R & $3HE
AR R GCREE Gk P o d it L2 kA gk 286.8°C 0 T k)

SR kB CERFRE 25 1 100CHPRP - 2 P T Ea T

W

LIPS
BIOFRRRFARFL IR FEFE S o kagar A mmA e &

RS 5 R R IR 53 SRRk (£ 2 AR SR 10

Y3k =
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TR EE AT
= -tz 7 ‘v & @ 4mln-Cl6/g soil
» 1324 3.2mln-Cl6/g soil
= 3ER T < ] ¢ 20/50 mesh

- 1HEE 05g

)

-

s A R T(FR D S S 6.88

= & AR 100 ml

\

= 2EAAER 255075~ 100C

d Fl446-17 F AR ARF 0 B A Ak TR b & 446-13%
Fle 22 PHETERTEAAGFEIERE 27 2P ko B P A 3k
R R 100°C F mdFenfiescdk > Okt P L3 20 18% =+ 93 3R

Pird%en3b i o

V¥

Bl 446-1 hiRGF L aERKHY FEFTHRE o gRZARZR - F

-

o I R IR R AR IS A CH R R T T L R R AR T
AR FlE g AR REROP T bE T R EARA B R A F RS X
Te* &R RF DR RL Y ReEa? ARSI A REAT S
SR AL R 4.4.6-1 ¢ 3 & Aok B R R ORE T MR BT E R R

i et s R DR o
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d 3 100CH % AL 5 BodF eiF ik o AR AR - i L
,Fi,y‘am? ,56}-}55}? ) giflj-;—?'-j;t-)-b,%;;:_ﬁﬁ R e o KR - PR O R A A

/F /m s m%’,fi‘i o

(1) #z -] 3 20/50 mesh ~ & -+ - 2%+ £ 5 4 ml n-C16/g soil 205973

223 100mIB A& A5 B30 d3gY - A= F A5 404 -

(i tm

Wi

(2) = &3P A RIS RE o FRF RIS ] 5 20/50mesh » i b A B 4

4 mln-C16/g soil 5705934 2 32 100 ml 3z & L= 3= £35g¢ — =2 F

(3) Ao ﬁz,ﬁv,%‘,;’a— =14 ‘f]’!’r ﬁ;g@/}aagév\ v /_54 1 tg,}:f»%ij\ j”‘f‘“?ﬁ_’\

AR EEBOMIBA AL N AP FAFAES AL EAFHRIFS S0

% 4462 AL CIMARL PP SR > U AR T L2 s b
AN T RO N R R R B S 4&“31/5’% TS A
TR R & 100°C 2 7 o w0 U A PR R e e B 5 R R ahg R RS o 4 K4
RERAL VWA AERY BAATFAES L BB ANRRE LAY KL T

MR EH- 444 ] S SR R B R R iR T .

d % 44.6-1 7 5w 1000C# & AL AR ER > 7kl P K 18%:
LA d & 44.6-2 W B B R chig & T Av o A ER (RS
BAAT FEIEY G 20%:0 L2 % A B e B S 100°CeniE =T o A E
Boi PR R M K ik o T R @R AR RE S B R
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Pk o B MR BRI R AL AT R TS VRl R 2 Y B E95%

L)
2

av

h P DR AIT Y FlAROD LR T L E R GASTEL L A

Gk R % IR L kR R e 5 16000 ppmy L 4 o T deid K A2 E

i

FIERBRBR AL LA T L EFEAHBERE ORI T L ke
4000
= —e—Conc. of n-hexadecane
£ 3500 - X
S
— 3000 -
2
< 2500 -
[B)

a
=N
g o
o O
S O

1 1

a1

o

o
1

Conc. of n-hexad
=
o
o
o

0 .

0 25 50 75 100 125
Temperature (C)

Bl 4.4.6-1 8 &4 % 5 25~50 ~ 75 ~ 100°C sk i e 35 & A5 4 2

BoRAAY I LA REREN

i%%‘%/ﬁ&@C) i—g%%" tLAadziE Y gL ‘{";%/g\‘;%_'ﬁ/w\lf“(%)

25 5.23

50 9.23

75 12.21

100 18.62
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1OA4B2 FEH L TR LIRS R > AR B kR Y

LEER A AT o
GBI LERE BAAY LA REIEI R LRz B A (%)
(1) 21.81
@ 20.96
3) 95.80
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447 RWERRALEHF B A BFRL S PHF

drgw it d EERER DA F ’fgi—g%&g’iﬁﬁi;;t;; 4 A §

Wi

P A A F B OREFRERTEIE LS G RRDIRE A &R KT
Wi A LAY 97§ BA(NHL)2S04 0k & ¢ 0.1%3% = 3| 0.5%(WNV)PF - 33
%E‘kiﬁii;ﬁﬁ LR AGFHBERIERAN TS T 7 ;I'%/ ENexr Bia

ik B AR 10 5 - %

B e
= -t %’J‘é vt & 4 mln-Cl6/g soil
= d3EF LR D 3.2mln-Clé/g soil
= 23RS < o] 1 20/50 mesh

e

\F‘b

| |
r\mv

:05¢

= B A AR E TGRS S S 688 2 4)
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