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Soil washing is a technique of concentrating contaminants through separation. Itis a
dynamic, physical process that cleans contaminated soil through transfer of the
contaminant into a liquid stream. It does not destroy or immobilize the contaminants.
Three mechanical washing methods such as jet reactor, attrition, and ultrasonic washing
were commonly used on a laboratory scale. Consequently, the resulting concentrated soil
must be disposed of carefully. Soil washing systems are used for soils contaminated with
semivolatile organic compounds, fuels, and heavy metals. Adopting soil and groundwater
remediation technologies such as soil washing to clean up petroleum hydrocarbon
contaminated soils in the case that contaminated soil coupled with high sand content is
considered as a fast and economical method. However, high organic content of the soil
may require pretreatment and thus fully characterizing and understanding the site is of
utmost importance. Wash water requires treatment before it can be discharged, as it is
usually not completely free of smaller particles or organic particles. Soil washing
processes for soil contaminated with volatile organic compounds may require emission
controls. In order to facilitate the removal efficiency, certain physical and chemical
processes will be incorporated. Given the above mentioned limitations, the promotion to
obtain ultimate operation parameters and to improve the success of soil washing is
proposed.

The objective of this study was to evaluate treatment efficiency of the soil washing
system in a petroleum hydrocarbon contaminated site. In particular, the technique of
cavitation micro-jet shock wave (CMS) soil washing system was employed petroleum
hydrocarbon contaminated soils.

A two-year study was conducted in a petroleum hydrocarbon contaminated site which
is located in Kaohsiung. The major tasks in the first year were to evaluate the removal
efficiencies of total petroleum hydrocarbons (TPH) from contaminatd soils by CMS soil
washing processes under various operation conditions. The first step was to use air-
injected CMS soil washing system to treat lubricant contaminated soils. The cavitation
cleaning time was set up at 10 minutes. TPH concentration ranged from 1500 mg/kg to
12000 mg/kg in the contaminated soils.  After the cavitation, the concentration of TPH in
the lubricant contaminated soil is about 1358 to 2424 mg/kg. The removal efficiency of
TPH is about 70 to 83.2%.



The ozone treatment was initiated in June to September 7, the ozone addition in the
treatment was 12 L/min and the cavitation cleaning time was set up at 15 minutes. The
removal efficiency of TPH was about 19 to 89%. At the same time, the removal
efficiency of TPH with cavitation soil washing was about 31 to 83%. No enhanced
removal of TPH was observed with ozonation.

The ozone addition in the soil washing treatment was increased to 20 L/min and the
cavitation cleaning time was set up at 20 minutes since September 15. The removal
efficiency of TPH is about 82 to 85%. Since September 15, the ozone addition in the
treatment was increased to 24 L/min and the cavitation cleaning time was still set up at 20
minutes. The removal efficiency of TPH is about 64 to 81.2%.

Water quality paraters were monitored in the CMS system. The pH was maintained
at 7.42 to 7.98 in the wastewater. Dissolved oxygen was at 1.15 mg/L to 4.68 mg/L.
Apparent increase of TOC and COD was observed. After the cavitation washing, TOC in
wastewater was increased to 27.1 to 50 mg/L and concentration of COD increased to 87.9-
260 mg/L. While in the ozonation treatment system, TOC varied from 7.7 to 31.1 mg/L
in the wastewater.

Soil particle size and contamination level onto removal efficiency was examined.
The operating parameters for each washing process were investigated in detail and
mechanisms were proposed for the observed effects. Factors such as soils contaminated
from different fuel types such as gasoline and diesel will be assessed in the second year.
Treatment of organic contaminated sediments will also be the tasks in the second year.
Contaminant extent and level, particle size in the sediment will be the focus. Addition of
ozone to treat contaminated sediments will also be evaluated. Moreover, design and
operation parameters for full-scale CMS soil washing will be suggested. It is anticipated
the system can serve as an option of treatment train in soil and groundwater remediation

technique.
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# > Y (USEPA, 1993) » 4 2 &fﬁtﬂw&%ggﬁ o KA HERE R IR A PF A I H R T F G
0.25~5mm » 77 7 fm3f R siir PFH 33 skl s 5 03 0.25 mm e
WUTE G L e BGRp
(1) FriZhar FEIEGRIE BT FERIFIFRILINAR)EEH -
Ab 5T 4 2 RGBT ARSI E MR T B~ 2 R EIEBRE S I HEGL O L IFRT
ALRFAIEY AT L FERRFERERAZHT > LRI G o BR(jRE)E
o fe IS5 Cm Fl 3R E L 2 HA T BUR S RO BT 0 TR N R kB

Fik o

+

B.ics @ e i BT A ERAW T 2 0 54 A H A4 5 om
M IBE R IR AGER o

C.agd sl i ¥y 3 ad;ed el z @?‘]i BRI A @ S
FHEREEFRNAEA I RES oM TN TR EE RIS B
B(f2£)205~1cm T o

(2) e sEa T b B8 RSN ARG o kR E ik .

ABNEFHFHFLIR)EEZ BAF ;ﬁd fﬁ‘ J"F ERGE P AT E L S 5 0 bk
A Bz 3 EEE(R RN IER A S R TS AR N T R D
ko g R RE R

B. ik {654 234 b Ris Rk 32 RNRE P?éﬁ" °

Coldf s I BB F & &L © SRR & Bl a>5 mm
IRFESE SRS A ORI ERGRE R

DA js<5mm 2 38 » e B~ o g o> 0.25 mm 2 gyt It o

(3) ﬁm%ﬁ%}":‘_}%@ﬂlﬁ% AR E ik .

A kel ik is iR & 2 Bk s> 0.25 mm 2 Fide s o ke & A Hren g oKk
vk 4 EAE o b F Rk R (< 025 mm) » e i T3 A
BRaAT A 2 2 i v S e Rk 2

B.ijjiePride » .5 2 A4 S5 2 TR FHE -
Czhjitd i S BAH(CR)PI-kERY THREEL FEL T BRI
s R B sk s 0 NIRRT ERTA ST e e

'S
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Nzt ~ARd 2 pd AP S R E AP T SRS R
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o kL& ERAAT
k T
g’f’% ARk
5 =
B
T8RZ
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\ |

Py &
S

IKRRIBLC R
Bl 3-3 i35 4 4 Mk AT A 4R
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33 RH&KA
(1) F 40K 47/ 5 3¥ &

AFEF R F AP K A7 T i & (GCIMS) (HP 7890/5977, Agilent, USA)it 7 § 18 4 % 1+
2 R AdT o0 4T cha 3 b DB-5MS (Agilent J&W, USA) » p & 0.25 mm » F o
WREE R 025um 60 % K o A FALIFHRE F o
(2) Mtk F B~ % 5t

AFTF % el 3B % st(Extraction Microwave Extraction System)E_ CEM = &
%3 (MARS 6, USA) » L 3-5 > F 52 800 W 2 # F & (T 55~ » # 5% 15
Mdmp 2 E 3 150°C > 3 150°C 45 4 15 A 4 cnfs B B B o

%] 3-5 /?zdiv/(/,i 3';3" ,:‘i kL
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34 Rk %

341 4 E
IRARFTRRESLSL ST RITEARRHY AL S R <7 A5

% ¥ (stone) ~ 7w (gravel) ~ #jf(sand) ~ & (silt) 2 Zkf(clay) % o 3 33 2 Pl 3 2

L E BT o BT IR AT

A. P50 gz_%5z2 > 4o~ 100 mLzEA4G-kK %2 40 mL 5% g sy » L6 E 24 ) pF o

31000 mL - dF o OEH A 0SS YRR
FrotTH@EeRFRo3REe  PREMEG IR AIT AT 4 RER 2

2 Beie o E£AF(2)% (B)2 > M = B2 LA E 05 p 2 T Mg T -
ﬁ%’?E&:ﬁﬁilﬁﬁo&&@%??ﬁ%ﬁﬁ&ﬁiggo
D. 4§ # 3 LHP 4 At 2 [ PF2F @ - F P NIFIFEFH G 10 HHAERIE
WE o Tt £ Bl B E o PEBRET RAFEIRTIELY o
E. * P2 RrPFERIEBR2ER > » F38% 67F (194°C) =53 1'FF &
g4 020 F 2 R 1FR S 02 G F 5% RIF2Zpk ~ &R B3P 0t o
£ 2USDAZ BEF 3 = & & R 2 EF 4 fA5F o
ERA B

PSys

F#£% = 100-[(<*)%100]

zéﬁﬁbz[(w)xlom

2 8% = 100-7)# %-%-+-%
W:iikggikidl 2 £ 8 o
PSus: # 2 40 fj4is 2 v £ 2 530 B R A o

PC:#5 2/ sz £y 250 HEAREF -

3.4.2 ki 2 47

BAFHAENER A RAIERY E AT AR RER I BRSNS BR
11045°CB~ &35 # 5 500 g » ™ #4 (4.76 mm) T #200 (0.074 mm)5L & i &+ F 2+ 5 = % » &
ﬁ#\—"“f FTEAFTHEFR(RL)PIEL TR A o MR &EEEHL - #20 ~ #40 ~ #60 -
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E R F L ATHHATREIL B2 A R

&
)
ki

#100 ~ #200 %2 K4 £ 6 ‘ediie » BB R E 2 RN o ARG P ETH

A

343 7 kFpl e

PR EF T RE KA FRRIES 2 — £ 82 (NIEA S280.62C) , kit {7 »
Pogr LR ALE FLEROYEN > 1105 £ 5°CHE L B RV EFL FI B IR R
pA g A5 Sk Bl A FREALDE E(Mo) 0 AL 10 mge B 301 40 g4
HE A FRAY MR GRS FHERE R (M) 0 HAED 10 mg e a2
B2 A E R gaY > 0 105 + 5°C je 2R E o MR FUB IR RY 4
gr3v A5 Ao BAEE S R AER FAc R M2 e FHEARE E (M) 0 KA
2 10mge TR ERAAT A kS EONEREF AV AT o D 0.1%(m/m) :

T ngzo(%)zml‘mzxmo
“mg
Mo : 7z FHE# (9)
my §§f§@£&%ﬁwfﬂﬁgk4ﬁi(w
mp: 3 FHEAE Rick&EE (9)

3447 Brt 7 £
Fl* PR R R IT R P 25 o d F VR B3R

FWARZE cFAFRLgEES 0500 mL = 4875507 > #*F L E ARG 4
»BE2Z KCrOriaE 4o » Empe 10mL £k 1 A4 2 s F 1S > T L4
#t 100 mL H,O ~ 5 mL H3PO, ~ 5 jF Diphenylamine 35 77 &l » 2 Fe(NH4)2(SO4)2 i% it iF
2 BRI AES RSB S ek Fe(NH.)(SOu) i3 ik #rif 4= ol fi - 4
mAEHEE2Z 79 B (Fepank) % AR R HIREF > TS S S 20 F RATIHED

Fe(NH4)2(SO4)2 % ik 18 47 -

Fe —Fegoi) XNx3Xxfx10
# (VA (Feplank soil
§ e (%) = el

N : Fe(NH4)2(S0s)2 2 % &k &
3:C2f 28T 4 &
f:KCroO7 ¥ 1t 5 a2 vt b

26



LR s 202110 Tp T 04:02

itz g WaRRRE 2 2RI éﬁ?—*‘ Walkley £ Black & A #72F & >

=
ﬂ*

o

=Y

TRET B FELA H A8 o 12k Smith &2 Weldon 2 B 1 B iz if <0216 > ot 4
2L g g
7?‘3" lgz? #6500 mL = &£48355g7 > e » i E KCrO7 2 HSO, 0 FH L&

LS RS E 1 Yol

FJsts o 4o~ B R 2 FeSOs & Fe(NH)a(S0s)2 » & 4 » 100 mL E4g-k » £ 12 e soik &
2. KMNOy4 (9 0.3N)if %42 FeSO, & Fe(NH.)(SOu), o i % % B 5 % ¢ 2. KMnOy %
FA R TRRAKES P B FEATY R FRERY FEN TR
WAE » 3 A

R G FETEL B pRT I ONFE I 25 PR E

(2 342 * MnO,2 meedic-7% 6 2% 4% % KMnO,2 m.e.dic)x3xfX100

7 R (%)=

345 5.5 kR BE
AP EEYAFEE R R L3 kR HRIEL LF Btk
Bt =5 > LERREFF 0 RS UmAmMBARERRER)
et Sok SN A P
Os+ 2KI+H,0 = O+ 1, (7 ¢ ) +2KOH

“rl.
o
o
o
w

>»

Bl
=4
f«}

I, + 2NayS,0; — 2Nal (71/5 ¢ ) + Na,S406
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E R F L ATHHATREIL B2 A R

B~ 20 mL 20%%. 1 4773 5% % - 500 mL @ B #L8 £ 24557 0 F 4o~ 200 mL &

BlEAZ S5 mL (145) MR R F TSk 3 RSk 5 44> £ 12 001
mole/L 7i R4 R F A RF R I BREAR I 0 4o r K L mL 1%k 4 4p m A >
FEDES A S e R R SRR A R R R PR

MR e T BIh R T A AN kY 2 L ER

48-+-2%x1000
Co, (ML) =VNa,s,0,% Cna,s,0, X V—o
Co, (mg/L): %5 kR
VNa,s,0, (ML) © A SRRl 4 4873 % * £
C Nays,0, (MONL) t £ % Fi i dh ¥ 2 72 % 0 A2

Vo (mL) @ B~ fdt

346 p 544
AZ g G R T

LIF MG 5 R GCIMS & 47 0 GCIMS ik B ik %30 =i * 20 ik - F 4
mid s 1 mbU/min» s g & 5 310°C > Hf#F 7 50—650 amu » B34 BT R
1565 eV - 424nB R 5 40T > adF 5 L 48 > £ UE L4 4C 2R3 300°C - #3¢
300°Ca4* 10 A 45 > ikt B  RELAFTEF 980 445 0
B.;3 %4 2 3 TPH » 472 /2

FoF? BRBEFIRL G2 A7 BRI ERTHAFTE Z2EFEE
R ® GCIMS A~ i5 > & 367 7| 30 2% ¢
(@) Mgk % B~ % (microwave extraction)

MEEARIEY DR TR G HEFELEFE P EL 0 AT
FER VIR FEP Y DR T AT P A o § AFE b g MR A RgdF2
T~ 75 mL4gA 3 (Teflon) 5B~ g oo fel 101 e § 7 =87 9 AR 5 B3 &) 40
ML Bpt B R Gl 4o » FAHE2FPFY 5 REREIEALIDY > FLI K
GO ERE o Rk B R R 2 T A ARIAF (S o Mk 5Bk B (CEM > AL
MARS - #7] : MJ-3476)* - 12 800 W 2_# 3 Mok 5P~ A A 15040 2R
150°C » »+ 150°C 4+ 4 15 ~ 48z B 5P~ « SRS HRE R AR 2 38 Bkl
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10 mL eI s A E Y o A T g E S AT 0.22 um B (M F 5 PTFE,
Millipore) » #8 i 75 Jc & F B~ 12 2mL 2 ¥5 ¢ #5155 30-20°Ck 48 & A 47 ©
(b) REMpE v a7 2

&+ TPH # * § 48 & 47 3% % (GC/MS) (HP 7890/5977, Agilent, USA):& {7 $ 1 4
TIZE TR AT TR ¥ e 3tF i DB-5MS (Agilent J&W, USA) » p jE 0.25 mm >
FRREER 025um o 60 2 E A FHIFEREL G -

K EG @A A ik (splitless injection) v g 4ini & 1 mL/min > jist o 310°C o
¥ 45 #° B 50~650 amu » & 3 B T & 1565 eV o Azdn g & 5 40°C @455 A4 BFE
Ags b A 4°C i 300°C » 3H3%E B aIE 30 A4 0 kgt LR RGN o &A1 2 F 100

»47\ B°Av\‘+‘fr|gmnp'g'~ﬂév\ Ij}j‘*‘-fi—)—rr]TPH’}rﬁ ﬁ‘af'r/k)i'\?-n °
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35 RE&&F/5E
(D) TPH t& £ 5 %

TPH %27 £ /% (Cg~Cu) 1 mL (Supelco, USA)® & it & 42 k& ¥ 5 500 mg/L -
#-500 mg/L 2 #RM % = & U =& 25 mg/l ~ 5 mg/L ~ 10 mg/L ~ 20 mg/L ~ 25
mg/L ~ 50 mg/L 2 100 mg/L = fk B > s m3t 4 °Cavk$a? - FRIpFp kfad A
o GCIMS &7z 2 T8 A4 o ¥ GC-MS ~» 474718 TPH A2 kR Z A¥ ¥R
(abundance)£r H &0k & & = B4 § &R 0 o7 (8 2 4 2% ie(coefficient of determination)
R* &% & <+ 0.995 -

(2) =i B pER

PANFHREIEESWUTREEAKREN > 2 BRE - BHRES > SEEFALIT
W3 gt a7 BSEE Y 0 7 P8 i A (standard deviation, SD) - 3.14 iR X
W WL A S E PR e el MDL 2348 S R-E BERMER 2 HRE SRS
oA R EHGRERG) a2 S BN R o MRS Bed SA2 L AT
#o] % Sg® 0 % SaY/Se? < 3.05 Rl 7™ it 2 5N (1)3 8 £ k&% 5 £ (Pooled standard
deviation - Spooled) - & {5 17 2> 7%(2)#%- Spooled z_ &~ » » ¥ F 41 MDL -

) 2 172
652 + 652
Spoofea" = 12
1)

MDL — 2 681 x Spooi'eed ______________ (2)

(3) # % & (Precision)

MR- EHATEINREEZRFHLIREME - a7 gE4F AT
RRAOERZ R o P EATEREOTOERERRL  PREERLE TS
o T EAL L AR i Z (RSD) 0 g & A4 kAL R R 0 B B U MO
25% o

1P ¥ i £ (RSD, %) = (14 i £/ 358)x100%

AT AT REY REEER - =0 BT FRERBIN A 22 FBR -
(4) xR (Accuracy)

AP EL A THEEEE B RARRE 0 M A Ror 0 7 AT 30% 0 3

BN e
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e B (Accuracy) = | A 47T $93k B — e WAk & | /72 EIL 3 ik R x100%
S= g ¢ 0’

AT Bt b M UL R T
BRI Ak M SN ey N At AL B
CRR S AT 0 BT ER R R N .
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TRFRGE LT ZATHPE IR R g2 KR
36 BREZFFHRI2 1 IFHEP

AVEFALRRZ Y R A2 FED (HEFER)4ch 31 977 o ¥ - 23 FiER

PRERFRA BRI RE Y- £ 0FHEp o
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%231 FyRERZIFH 218558 P (H HH)

2 4 6 8 10 12 14 116 |18 | 20 | 22 24

¥ 1 EHHE%

\9\"5 B oEHW 554D %3‘7"*‘?\/’7\%

@%54 LR Rk M G W)

4 k3 G B (s LF )

R = R Rt X 3 Ak

¥ 2 EHHER

WH 5 4 AR A 4T

SRR A RET (Al )

R

AR 2 AR TE (B r L5 PF)

R F AT

> % 3F 4 © © © ©

1 IFRRR BIE A

SRR ) 5% |[10% | 25% | 30% | 40% | 50% | 60% |70% |75% [80% [90% | 100%
SR 2] 5




DRSS L 2 AT AL R R

% 3-1 (%)

Dr=xKFEH -

o & QR R AT

B DS H R RIEIBFEEIER AL 2 LT BTl
54 o

B x A FpER
P |2k zAFES

)

o

[GEERABEIRSL I RN § - PR ES
ELF By CRNEHERAL M EP LRk o

<y

PEAPE

(1) B35 4 AR B A 47 o
QRFFAREA LT 2 LF FRFEESTFERGELF L %A
15

(L)% & 3 B 3wz if # {25 9442 o

EE
1~avegp FHREEUF2ZRp Ao FRERAMERA T HAZp I o
2~ F1FERF A Wripsgyirtag o B FE AR f%'ﬁ—ﬁﬁ?ffbu““ﬂ%ﬁ— BTt (1) 1R g (2) Sp 2 A (3) 1R g
(4) HE =+ p Rz EMF -
3~ TsqFxhPE FranE B R OKEEL o T A TR AR R M (PR o




LR s 2021810 Tp T = 04:02

e i Bk aEwm

APFF P LER %‘}%“Jﬂi‘ié A 2 BEMiEE S 2R TPH ﬁg%g_i:j’: , ¥

BLRESES AL L LR B R B B R T R AT ART L EFER
20 uFERE R TaFkis R s

Vil

5—_3; r—g &36 it &}iﬁh’/ﬁ /705“_5%@_:‘
2w e N LG REHPE S - EHEF A FEAME -

4.1 % %iii'-;;t & Sz B (cavitation micro-jet shockwave soil washing, CMS)
APRANBAFTRY FHFAIEFRIZEFHSE R YR SR RN
CMS ik kst dol] 4-1 957 » K3 H P L5 A2 E 5 33 58> & pakir
PR G5 63 8] pF o
SAAIERD SHRNENETAFRZBFNFLIE IEF SRR
REAFHPN  SAIERFBRETT

F_*

HE pmlioi%%%ﬁéfﬁﬁ
A RALE AR TR AT A AR KRR AR

ook A SRR G R AR 0 R R TR 2 AR AR 0 R AL Rk e

~
~

B 4-1CMS £ 8 =~
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FapER 2021810 7p T = 04:02
?;éé)/}ai/’di%g LA 7 —L%fryf = k"ff/r'ﬁ‘)?-‘ 12 KR

CMS jfit 8 =2 i) 4ol 4-2 407 > 58k T b CMS e &2 Rif #)
kB L HE2mE 1.2 m¥Ymin PR E B 3 0 ¢ IR L 3 misec s Bk F s
Bd KEZEREALF e Adcigt 3 31141 & CMS ikl ~fhd g %
Lo RrEE Y ORAMRA R MO ke fog g BA o I Moz g B4 2k @
% CMS kB L2 78R § A2 FRFAIE > CMS Gkl ~ L ptiifeis 42

B Bkt R s 3m’ CMS ikt s e BRI 5 10 A 4

B] 4-2 CMS ‘}%‘y’;‘aﬁf i;—%—;}t:ﬁ’—z];
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L BpER 20211 Tp T 04:02

4.2 3 BT L AT

BAE(ABIE BT FERRD P AILAR) A BT I BB G
A EGEIFRILIFE R E S P FEIEBLE LRGSR T LD
%ﬁ%i%ﬂﬁQL%é%@%£ﬁﬁﬁkiﬁz’i%éﬁoﬂﬁﬁﬁﬂﬁi’#ﬁ
JE< 5 om T F AR E 2 F B BB O] RT 0 IR M F kY Fk e gt
SRR R G A RN T L Y R A N FA LA AR5 em b 2
B2 T2 BRAPLGFELS
SR AT > BB ARSI 0 M FAc B 4-3 #T7 > B~ 500 g
FHREMBEF R T EGEH 0 2 4000 rpm Bde 30 Ads 0 L o4 RFEEE K R

K]

2

[

P fRR T A E A BRI A 4L d SR AREN SRR

(\x.

54 (iF 95.69%) -

100 o

90 f/
80

70

50

40

SR EEHI(%)

/
sor
/
f
I

30

20

10

0 1 2 3 4 5
F4%(mm)

Bl 43 BFMEsEIEZREATES
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241 BFEIFSAIEZIPLESA TS

& e 5 3t 7% (mm) BA4sa 24 3(Q)
#4 4.76 30.2 6.50%
#20 0.84 38.2 8.23%
#40 0.42 83.3 17.94%
#60 0.25 98.3 21.17%
#100 0.149 101.1 21.77%
#200 0.074 80.3 17.29%
#250 0.061 12.9 2.78%
#R& - 20.0 4.31%

iceE 464.3 -

BRE 500 -

kA 35.7 8%




4.3 75 % 3 HF T 3
431 % 2k A2 4

n
ki
a5

Agphe e ERAHR o & CMS B x4 7o HiFE Bkt
gﬂif’%fi’}%]4-4§§ﬁfa?—§li3H?i}?—um:{? SF AP 5 E > TPHy 2
Fieeg % o LSO S RABFRFALE O LSA SEIF zRiFRLBFNE AL
oo Bl 4-4 5175 4 2 HIC T B TS TPHG ™ 4k 4508 1 70.18~91.30% > 55 § 5 4
TR ERR AL E O ER SV EI AR LT 5 v S B %L

G
)

2’% 7 PEFRI: H TPH /%ri rﬁ %+ 1000 mg/kg
APEREADER A P LT A A KRR A AT i
AAIE ) AR HEERR (R 4B 5L Y TPHy (o5 5 24

Ry
=

F_k

/

én-

{
=

By

N
‘Q‘

(57 AR 70.07 2 8382% 0 J TR FF ZAFEL RS -

FELE LD 4 ERAFRIBEETF ZHAFEET TPHy 7 &‘}tfgu/%‘gf]
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.r.fdr.fdr..fjr..fjr..fdr.-rdr#-n_f
R e e .__rhr_u.r_u_r_ﬁ..
.-rdr.-rdr.-rdr..rdr..rdr.-rjr.-rjr_w_r
B B R L S A
T T T T T e T T T e e e
i M N T T N e T T T T N
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.._..rJraf}.aflraflraflraflraflraffaf}.af}.affaf_ﬁ.ﬂr_ﬁ.
f;..rf;.rf..rf..rf.__rf.f#;f#drf;ff;ff.ff.ff;rf.fflffﬂrﬁ_rﬁr
T T e T e T e T T T T T T T R T R e

O M M T T T T T T T T T T T T

10000

o] [ o o] [ o o} [ o]

o] ] =] o] ] =] [ ] o=

= ] ] = ] [ = ] =

[} =] - WO u -+ oy e~ —
(Sy/Bu)pHdIL

A b N > N B
N NN N A Ol
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L BpER 20211 Tp T 04:02

242 NG F RAFEBED S HE TPHe kRIS %
TPHq(mg/kg)
. LWA
T ﬁﬁggii% A RREELE B4
o5 4L g
47 30 p 7108.80 1537.61 78.37%
47 29 p 7091.10 1358.48 80.84%
47 28 p 8712.36 1409.68 83.82%
47 23p 8098.75 2423.94 70.07%
47 16 p 8131.59 1696.74 79.13%
432 78 %6 L5 F 55 P
AFFH 6 "RERAFDZFEAZTEBFTETLIE 2 QL E LT BT

Wi 4c® 45 77 > FHRGFHIFF FRAFHF BRI
5 +

i &
PH FRABAIF FARES R TIER L Rie T HieE ]

W45 L gl
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TS L LA A B A AR

243 iz8%E5-5)

w

MR % 2 2 TPHetk RIS % d & 43 %ALE §
FhATREES T ETLF 2 RFAS “f TPHy 2. 2% 5 7% & 31.1%3 83.2% > # Rk 4
#1347 LB RARET F 2GR TPHy 7 424 “f £ 70~91%( @ 4-4 =
Fo04-2 BESTREA)OMA G L9 P SMMEFLF 2AF RS R g > IR
TPH #rpocic 2 &> 2205 31% > ¥4 3 FHPHE TR AL £¥ai 7 Bt
FrerEa >R 13 3 ficdy TPH R 2304 £ * test Kit P fhip) > &2 &3+
%#??%360MS%M%%?ﬁjgﬁg;’agﬁa;g R ET o T F
SAEE TPHH “f iy 4+ 31~91% -

RERIAFAFR L R FRABRI A AN 2 6 0 T g B R
%’$§¢ B A 430 AP E A6 23 P2 90 TRHRF ZEGFERKRL L

~af

I
ke 15 2 aB2 # i e % 31.11%3% 83.15% ; BRI 4 L3 &7 BN TPH #
13

ey

3
beit
—
0
I
&
%
da

",f-rT%”‘Ev?@"%ﬁ—gz 3 AHY o BLEshY ,;/9]‘4\3;!;‘_.—

pL %;ﬁ:%\z—%’zi’ o

ETIS
=
!
I
.
L

T RL Ly 3%y CHprFes R E 2ok o p 97 15 p B
Brebd Foad FAMLY R8RS 20 Umin S Ll 5 20 24 F
'§i$¢m%k@ﬂliLﬂa’*ﬂ#fiiﬁ%iﬁi’ﬂwiﬁw
PHEF e TPH B4 5 o § L5 Fo &2 20 Lmin > TPH #5223
82.12-85.32% > »* g & § Fp e iF 1 12 L/min 2 TPH 454 & 31.11% 3% 83.15%5% & ° 5]
AR B e L F e HTPH B rfomic R iR
AP R A9 P 21 p R4 F /Técﬁﬁ—ii 24 L/min » i)?i;’aff,%ﬁ*;;;—,?;ﬁa 20
kg o iR TPH %)}"‘f-, fi >t 64.36~81.20% - ¥ 5. § ﬂl‘%c ¥ % 20 L/min 2. TPH f%‘$
FARIT > FlPd P m kS F ALy ,,9]‘%¢ % 20 L/min ~ G 5 20 bﬁiﬁ%%
ﬁ$m&’&ﬁswé%&%’u”mqﬁ+$*?ﬁTMi Pip SRS LT Fe
FTREUIFIEHR PR RERP RS o
FELAFRGFEORIFIRBFTAETLIE 2BEL IR LT ERZF BT
4

Bl 4-6 #7770 A kTS g2 EH S R AMT
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%43 zREELT

s R 2 2 TPHy #e iRl 5

TPHg(mg/kg)
KEnw | mag | FEFT | 150 |, %LEA.% #| TPH zf—éLf%éli 5 | TPH 3‘;%Lf§32+§ TPH
(Limin) (min) | w5 % ; ) fﬁ_@ ;, BEF | Ly, ! BES | 2,00 " % %
£ 20 O B ) B BN @w |7 . (%)
LI AR LI SR LIPA I AR
TRSELT RS LIHE
107 20 p 24 20 1889.49 - - 500.35 73.52 47454 74.89
10 * 13 p 24 20 7823.94 - - 1701.32 78.25 2788.32 64.36
91 21p 24 20 7063.63 - - 1428.38 79.78 1327.92 81.20
91 15 p 20 20 8786.37 - - 1571.26 82.12 1290.07 85.32
941 7p 12 15 6217.94 3147.69 49.38 4447.38 28.48 - -
81 21p 12 15 11814.94 1991.17 83.15 1303.96 88.96 - -
87 12 p 12 15 6179.45 3958.85 35.94 4996.30 19.15 - -
71 30p 12 15 6981.52 4809.71 31.11 3092.27 55.71 - -
71 21p 12 15 8189.91 2482.18 69.69 3107.71 62.05 - -
67 30p 12 15 3251.64 1798.51 44.69 1805.52 44.47 - -
6 23§ 12 15 5866.41 2228.12 62.02 3111.29 46.96 - -
S *'f* 7T L e P iﬁ
41 30 p F - 10 7108.80 1537.61 78.37
41 29 p - 10 7091.10 1358.48 80.84
4% 28 p - 10 8712.36 1409.68 83.82
41 23p - 10 8098.75 2423.94 70.07
41 16 p - 10 8131.59 1696.74 79.13
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4.4 ';i-';’“r:’* dERI U = S R0
441 Fiete2 L5 kR

;gﬁ,ﬁi?iﬁyﬁi;;tfﬁ;ﬁtécii A %%%;‘? Agreraag 03 6 7 ¢ g BRAniE(T
i3 ijt*véé%? ’ 31-3?5,9]:4\1 iEEFYA 445 BP O LWZ 54~ L % FREFA AR
i%%¢,&31‘2gm;ﬂﬁ,;%%%$%i§¢ﬁ&ﬁA%%@ii§%&
Oa)tkimligdod 44 267 23 P32 97 7T PR » FHFRER2L LF Fhifit
F12 Limin o Fepb 5 15 A4 iFik s L5 ERMIFA 048 mg/L-9 P 15 p B
ﬁéiﬁéﬁ%-‘i}as’?:‘j&%ri ) %i§;ﬁ:éciﬁﬂi 20 L/min > ¥ 2 £ Fpr 5 20 A 480 ik
2 L5 kREFAE06mMYLE 072 Mg/l (97 21 p Bip#b§ R = 1 24
L/min > i/ 5 % 20 Adh o ks L F JER A 5 0.90mg/L T 0.96 mg/L -

344 ZRFRRERR LT R E R FiRi 2 LT kR (O KRS %
i 1 F

§ & oy B e pp otk O3(mg/L)
il #?L/fr?‘li%nt)g‘ N %(ff‘m’;sﬁ@& Lwz1 Lwz2
10 * 20 p 24 20 0.96 0.96
10 * 13 p 24 20 0.96 0.96
91 21p 24 20 0.90 0.96
97 15p 20 20 0.60 0.72
91 7p 12 15 0.48 -
8% 21 p 12 15 0.48 -
8% 12 p 12 15 0.48 -
7% 30p 12 15 0.48 -
7% 21p 12 15 0.48 -
6% 30 P 12 15 0.48 -
6" 23p 12 15 0.48 -
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E R F L ATHBATREIL B2 A RIE
442 Frets2 pHEZ 35 kA
SOBRESRIEFRRT S BRI 0 £ 45 SEr k2 pH B2 3§ kA
(DO)# Bl % > LWO 3 R4niakiie® -k ~ LWA 20— 85 § FREBEFS 543 2
2k S IWZ Gbe r L F FIRBRR S A 2 FRk(12 S) 0 EHA TR
TRt ok pH EISA 714797 F - B3 F 285 REFSFELE

g
Mok pH (4 % 7.42~T.87 » - 4 pH 3245 & 8 11 T B IF -

.

PRI S S S TN S gs’eijf]:ﬂx’-ﬁgfiﬁ 12 Limin p > GrieiBif a3
tE

o

4

=k

iffé’\/pzm]\ﬁ pH & 4 ** 7.37~7.98 - 9 * 15BF’”41r-i‘a4c-,-$/]

—

» d5-E. § AN
‘EL

I
frmk

#2132 20 L/min > T'bi‘F\/F PER L 20 A4 Fzm/}}‘&/’g‘/\:" /’54"‘[t§ =g EIIN p

N30 7.72~774> %9 % 21 p B4nd-5 % 7 B &I 24 LUmin s iR G ik 2

[ )

BE RIS TS B ik pH A T4T-7.86 7 AL F L ek
B SRR T ML 5_; TP SRR F S I G T 3
OH i 4% & 7.42-7.98 2 ¥ -

’i+1J(

BdethiF et k3 DO &4 3.01~545 mg/L > § - B F e FERFY
%4 Mts o ik DO 543 1.15~4.68 mg/L - § 1 % F ik
FopteiEi® i 12 Limin @ o i T4 2 M 2 Feok DO 4 1.26~4.29
mg/L»9 " 16 p B te L F e ® > ML F ph BRA D 20 LUmin » af & ik pr
B 20 A48 0 B S A 2 s 2 Rk DO & 4+t 320 mg/L & 3.46 mg/L > A&
O " 21 p Mip# b F i BT 24 Limin o FEpEE 5 ik 20 A4 RIS
S sz Fikok DO E 430 292 mg/ll & 3.69 mg/ll o * % A5 F 2 FEEFD S
RIFEREELF FRERASAI TR > R EL5e* k2 DO &
1.15~4.68 mg/L 2. & -
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%45 Fer k2 pH B2 3§ k& (DO)e % %
P pH & DO(mg/L)

LWO | LWA | LWZ1 | LWZ2 | LWO | LWA | LWZ1 | LWZ2
10 20 p | 7.28 - 7.69 7.86 4.52 - 3.08 3.13
107 13 p 7.39 - 7.69 7.74 4.81 - 3.11 2.92
91 21p 7.25 - 1.47 7.59 4.22 - 3.56 3.69
97 15¢p 7.38 - 1.72 7.74 5.45 - 3.46 3.20
9% 7p 7.57 7.87 7.94 - 5.31 2.65 3.69 -
8% 21p 7.97 7.68 7.37 - 4.22 2.98 3.05 -
8% 12 p 7.72 7.79 7.98 - 4.76 3.24 4.29 -
77 30p 7.74 7.49 7.76 - 4.34 1.15 1.26 -
77 21p 7.86 7.58 1.74 - 3.01 3.22 4.10 -
67 30 p 1.77 7.84 7.80 - 4.24 2.96 3.99 -
67 23p 7.14 7.42 7.58 - 4.73 3.38 3.81 -
4% 28 p 7.67 7.85 - - 5.05 4.68 - -
4% 23 p 7.62 7.78 - - 441 1.30 - -
4% 16 p 7.33 7.59 - - 3.12 2.33 - -

443

Ege

4-‘!

: i
1~

N

.
P

be b3 152 5 20 L/min pF >

gt 3y W(TOC)~ B % 5 £(COD)2 R F b a i &4 (TPHq)
i k2 3 A(TOC) s 8 % 5 $£(COD)2 S 7k & it & 4 (TPHy) 2
’Fﬁ/?'l%‘-‘% 5']’}’,:\%\' 4-6 > LWO f; },‘—?"ﬁ\;%/?j‘i%\ y: T ko~ LWA ,—Ir - Ji};__'_% 7} /70/%3/?’137 ] —)IL

w

ok TOC & L3 4 ¢

7 A
50.0 mg/L » “=f* 7§
_t
7!

e
EX
;1U— ’

2
BEE 53

2 gk S LWZ SAer L F GARBRSF A B2k k(12 S40K) o
UREYER R At

[
, ,?’-,}E,’}\ TOC E’_ﬁai‘a deerfe iy 0 TOC 4 4.3~6 mg/L ﬂéﬁ'%‘i &

/F FREINE 4‘ + ii%’fv ’ +$ /,] Sr l'$ e r.\ 12 L/min

OC d 7.2~20.7 mg/L 3 *x & 12.1~31.1 mg/L ~ 7

%-k TOC d 2.9 mg/L 3 4x = 7.7 mg/L > 7 el aEi

24LMmH%,WmLTOCd1928myLmﬁp80277mWL1%%@47 R
B AR E D BRT e

Mm%

eHT

TOC k& B

v wer-kd TOC 8% » gS-kP TOC kR
T CEF YT Y YR &
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FOFREE L LA RIS R R R

4 4-6 i k2 TOC ~ COD % TPHq th ifl 4 %
j

i p TOC(mg/L) COD(mg/L) TPHg(mg/L)

LWO | LWA | LWZ1 | LWZ2 | LWO | LWA | LWZ1 | LWZ2 | LWO | LWA | LWZ1 | LWZ2
107 20p | 210 | - | 230 | 190 | 500 | - | 678 | 562 | 028 | - | 411 | 3.65
10" 13p [ 190 | - | 177 | 114 | 500 | - | 530 | 330 | 035 | - | 544 | 4.24
97 21p | 240 | - | 800 | 123 |630| - | 254 | 409 | 065 | - | 3.08 | 471
9" 15p | 280 | - | 127 | 277 | 640 | - | 377 | 561 | 034 | - | 317 | 521
91 7p | 29099 | 7.70 - | 570 | 30.3 | 24.9 - | 050 | 3.04 | 2.42 -
81 21p | 720142 | 26.2 - | 213 | 434 | 854 - | 2.24 | 348 | 6.15 -
81 12p | 131 | 320 | 311 - | 229 | 447 | 453 - | 148 | 347 | 281 -
7730p | 730|216 | 21.8 - | 242 | 843 | 90.3 - | 182|376 | 572 -
70 21p | 860|263 221 - | 288 | 102 | 122 - | 087 | 5.06 | 455 -
6°30p | 840 | 11.7 | 121 - | 287|381 709 - - - - -
6°23p | 207 | 281 | 239 - | 626 | 855 | 70.9 - - - - -
47 28p | 430|271 - - | 244|879 - - | 204 | 664 | - -
47 23p | 600|500 - - | 242 | 146 | - - | 143 | 176 | - -
47" 16p | 530|421 - - | 160 | 260 | - - | o61|121] - -
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TRFRGE L F ZATHPE G R g2 KR

it

B L F TGRSR HE > Fkok? COD %ILAEFH ek i > COD o
16~24.4 mg/L 3 4c 5 87.9~260 mg/L > tdi* T F 2R B ELF FRF LI G > L5
AAviE i 5 12 Limin pF o> ek COD RaRH#4eedyf i - -k # COD R 3Rd 21.3-62.6
mg/L 3§ 4v 5 45.3~122 mg/L - | 7 bed g F AR kY CODER - ’&1; v d gL 20
L/min & » j7i&-k COD ¢ 57 mg/L 34 5 249 mg/L » 22 §F 78755 % 2 32 K
k2. COD % 30.3 mg/L i » ﬂJ‘ v i RS-k COD KR «”J‘ fvi3 iE 5 24 Limin
PF > e k COD @ 5.0~6.4 mg/L 3 4c = 25.4~56.1 mg/L » a4 ] 4-8 > & % pL =k iF
SHIRT o 4v ke T Agk? CODfE® 5 kP CODEAR -

Aok ¥ TPH B R 4o 4-9 0 ik k' CMS 4 (o= 7 - TPHOER 5§ it 4% o
10mg/lL ™ stz FRaFRFAIE2 R B2 a88 L ks E LR
2 Bk ® > TPHg ZEL 7 = o fde L F LA 2ok TPH 8% »ad k@ TPH ik
B Vi Biam e Moo
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45 FAFAREBRFEIRFES F IR
WA A GBI RGN I ORGFREA)T 0 - LF R T R gk &
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g
I

‘.‘q\

FOEFIR G 0 R ARR S B feR) T 0 AREE 0 B e A B 50 A gk s

~

P iR mE) B 3 ok EER SER e 3E P A g ko IR RIS RAIE 1 S e 4 xlﬁg
7R R B IR 0 F IR A Bk A e & R R E

% 4 (USEPA, 2001) -

BSART AP R N0 A F R L ekt IR 5 R AR
kP s T s X S IR o B2 rgpd
do £ 2 P B B AR S RIE o Fpt 0 3 AL
TRTA Rtk o s T“w?%# G 4
AP AT A A F KT R R E AILKS

BiE-HRPHE - AR 2R FE
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SRS St R ¥ SR S - AN STR SRR SLE R B E A

.\_.
o

EPpT AL 0 F R A e R TR 0 R - R e RE A
FrEz8 i e lomE 3%+ -~ 3/&+4 -~ FE(Brennen, 1995; Poulain et al., 2015; Jung,
2016; Ramsey, 2013; Soyama, 2017) » 4-R12-4-4-17% & § i Bt B P8 » “7hg 7~ 7 2
THPEI LY @A A2

b
U E L AN S SRS ) B TR A2 L EN S
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F1* ficie (micro bubble)rsx %475 4 jé &-(Gotoh et al., 2006) > ¥ I »tex g2 [ERELF L4 2 )
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I¥ - Bwmadi

Boh A A AT R (sand) st Bl 5 pB A VR 0 R 2 ik (soil washing)
Mo TR RS EE pﬁkéﬁ"ﬁ.—;ﬁ ’ ”7“‘”“4*3?/;1 /’Dmﬁ_/w/ﬁi
AT ® R feif 4 Frog 5 12| (surfactant)ie 7 ik o ik S BT 3RS R A 0 18 R
FORE A 2 Rk R S auaikt B EE A i AR S R
FervkiR s BAF DA KRl 0 R X BT S 3 i el o

#?%%?iﬁﬁﬁ%&’ﬂ*i%@wmmmm@a@%%¢*@$ﬁ*@4%@%

£

% (attrition scrubbing)

BT A2 ZAREFTFR > 2 A (Venturi tube)rizg A 2 7 A2 B4 GEEFER

ﬁ**&%%ﬁ&fﬁﬁj e E AR A ENAS T BTRE L AE R LN
d

REAAPE > e r T F 1 BIEGBILFET AL M G2 RkP BF R A T U F
B GRRRT F 2 Mt F e 10~100 pmF e B 0 P E Z F A2 L E AT X T2
Z AR

B gl o R RHT B PR X R T i 2R 19257 § 0 -254647 g 0
* it ik kR AR -
Bk A AR RE R S A AT ARG L AP ER RS
%:1500~12000 mg/kg2 [ » 3 4 fkjiif-ie B A k42 0.074~0.25 mm4 3¢ TPHZ k& 2 %
FheB T ET0-01% T BMBIREN 554 2 B R E Ak 2 e &

%

iﬁ%ﬁMﬁW¥%%’?%ﬁﬁ?E?%%ﬂ‘m\ﬁm%amohﬁﬂiﬁrﬁ44

3§ zA GRS TPHw 4 # “,ﬁ% H70~91% 6% 297 ;L H A7 5

*r
3:

~

i 0 IR EETPHA “%rf A o T F ZAGES “$TPHdi e 5% 2.31.1% % 83.2% 0 ¥t
SRS BRETRE S P LeFE L > LEMA T ARPEIFT > 3
V)RR JEdE ‘t"TPHﬁ%“ﬁE iy A 331~91% - Py R EETF R 3 ﬁ?ﬁ‘}%‘%iﬁ’? LR
W AR Ra BRI TR i}";);
"~ > ,%—, e dpks 4 4 3EH "F AT R P iE > T A ;}gﬁr_,m,j‘;- £ %iﬁ,l'z;@ia NI I
B e ik T 2 T A BRI T .
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H

PR S L AT RIS A R AR

B D AR L R BIFE R AILRLFL 6 1T g BARE R
67 23p1 90 TRPHE - ZEGFAFRL LF FAiEE L 12 Umino iR 5 156 &
fe gLasts 'y TPHq 2 P A3t 19.15% % 88.96% 0 @ YRR e =0

&’3

R T
2%,‘%‘75%‘7& 15 /n\% fyT 9:-112 ;- 3111%,_1_ 83.15% ; Q:F';‘/,] 5—3?—,53‘;
FrEr TPH # ff?i'%’ﬁfvfﬁ.‘?ﬁ%‘*i% HE AR e BRE%K ]4\%—% ¥ TPH #
£ o

xﬁg:j?:; m oL ;\59“4‘2_«2

U

<
—

v

RS
Lo HERTABE LT BAT CRSFAT A Mkl 0 p 90 15 p B R4 &

l“‘b
(1,.
’F

;'?T s-;/fJ‘ﬁJ%#tJ 20 L/min > #at £ FpfE il 5 20 A 48 Fafﬂfi‘a%vﬂﬂz]
S boF R RP(LSZL 2 LSZ2) 0§ L F e 24F D 20 Lmin o TPH # kw5
82.12~85.32% » ** i % § e ik = 12 L/min 2 TPH #7% 5 31.11%3 83.15% 5 & = Flu* 4~ 4
AR L F R HTPH B0 SR 0% o Jot RRIA 9 7 21 p B e#-4
FipseRRA D 24 Umin o Fiepr Lok 20 A 4 “TiRl1® TPH 4% 5 4 *¢ 64.36~81.20%
LI 1 ,f]‘%c ¥ % 20 L/min 2 TPH %%“,%%‘#Bii s Flptd PR SR L ;',9134\:—_51_ %20
Limin ~ jieps 5 20 & 482 frpocd it o RRE B ERES O SRR LT R H
TPHHEZFRALTF I PR FLIPTER A RERP RS » -
Fritie k2 Rz ARk L 7 e vik 4k 12 L/min > e R L 15 A 4 0
is2 L F ERMIFAR 048 mo/ll > B4 % ,Tﬂ'é"ﬁﬂi 20 L/min > &2 £ F e 5 20 &
Bk CF EREFE06mMYL T 072mg/L  LF phe BRI 24 LUmin o G
B 20 A48 GriRte 2 S5 JRRMIF 090 mg/L = 0.96 mg/L -
L5550 FARFR AL IR T2 LT FABFD SR
Bk TR 0 R b A R pH B A T42~T98 2 F - A h AT F LR FEEF M
22 AEF IR LT FARER A LR > @ F2 ik k2 DO AL
1.15~4.68 mg/L 2 F o &4k ¥ 7§ 24355 % 2 M1 o iFik-k TOC & IRH# 4o sk i > TOC
Jd 43~6 mg/L Hi4e 2 27.1~500 mg/lL - AR FF 2RBE LT FRIFAIEE Lk
i 5 12 Lmin g% > TOC ¢ 7.2~20.7 mg/L #4c 5 121~31.1 mg/L » % if4e &5 2 & 20
L/min pF » 5%k TOC & 2.9 mg/L # 4 = 7.7 mg/L - 7 4 L5 0% 5 24 Umin P& > Grieck
TOC 4 1.9~2.8 mg/L 3 4c % 8.0~27.7 mg/L -
BET D F ZAFRFAIEE > Fikok? COD TR FH 4oy i 0 COD o 16~24.4
mg/L 4 87.9~260 mg/L > ¥ & F Frdeix 2 5 12 Limin pF - ek ? COD % R
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