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Abstract

Separation and removal of heavy metals from contaminated soil using

washing ejector based on hydrodynamic cavitation

By Hyun Soo Kim
Adv. Prof. : Chul hyun Park, Ph.D,
Dept. of Advanced Energy Resources Engineering

Graduate School of Chosun University

The increase in population worldwide has resulted in rapid industrialization
and urbanization. As a result, environmental pollution problems such as air,
water quality, and soil are increasing. Heavy metal-contaminated soil adversely
affects humans and surrounding ecosystems through various pathways. Heavy
metals in the soil exist in various forms, such as ion exchange, adsorption,
precipitation, and complex formation. Physical, chemical, and biological treatment
technologies are typically being developed to purify soil contaminated with
heavy metals. Recently, interest in research on eco—friendly processing
technology has continued to increase worldwide. Hydrodynamic cavitation is
widely applied to various industrial fields in terms of the scalability and
efficiency of technology. Cavitation-based physical treatment technology 1is
capable of treating heavy metals in the form of aggregation or particulate
particles in the soil. Depending on soil characteristics, it can be used in
combination with chemical treatment techniques such as individual processes or
soll washing. Cavitation—based soil pollution treatment technology can increase
the efficiency of chemical extraction through a simple physical separation and
has advantages such as treatment time and reduced washing agent usage.

This study aims to 1improve the remediation efficiency of heavy
metal-contaminated soil by using a hydrodynamic cavitation-based washing
ejector. In this study, 1) the cavitation washing ejector was first designed and

manufactured, and the ejector’'s flow characteristics and key factor

- VI -
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characteristics by shape were investigated through computational fluid dynamics
modeling. Based on this, an optimal condition experiment was conducted in
which 2) cavitation-based physical treatment and 3) physical and chemical
treatment processes were combined to separate contaminated soil. In addition
remediation efficiency was confirmed by examining physical and chemical
characteristics such as the properties/structure of components in the soil treated
in each process and the form of heavy metal presence.

First, as a result of examining the flow characteristics and key factor
characteristics of the washing ejector by shape, it was confirmed that the
diameter of the venturi nozzle, inlet pressure, and the ratio of the
length/diameter of the mixing chamber affect the fluid flow. As the diameter of
the venturi nozzle increased, the difference in the speed of the fluild and the
pressure of the mixing chamber increased. In addition, the smaller the diameter
of the mixing chamber and the longer the length, the higher the flow rate of
the fluid passing through, and the pressure difference between the inlet and
outlet of the mixing chamber also increased. The cavitation number is affected
by the inlet pressure of the venturi nozzle, the inlet pressure is below 3 MPa,
and the cavitation number is below 1. The size of the cavitation bubbles ranged
from 0.49 mm to 0.87 mm. As the venturi nozzle's diameter and inlet pressure
increased, the cavitation bubble’s size also increased. As the bubble size
increased, the bubble surface area flux increased from 131.45 cm?2/s/cm2 to
309.01 cm?/s/cm® The fluid in the washing ejector showed turbulent flow, and
the Reynolds number increased as the diameter and inlet pressure of the venturi
nozzle increased. The critical factor affecting the removal of heavy metals
according to the washing ejector’s operating conditions and soil characteristics
was 1dentified as the inlet pressure of the venturi nozzle. The inlet pressure
affects the cavitation number, bubble size, bubble surface area flux, and
Reynolds number, and the higher the clay content in the soil, the higher the
removal efficiency of heavy metals.

Second, a cavitation—-based washing ejector was used to examine the

physical and chemical properties of contaminated and treated soil due to

_|X_
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physical separation, and the washing ejector was effective in removing fine
particles bound to silicate minerals and dispersing aggregated soil.
Cavitation—based physical treatment can improve the separation efficiency of
heavy metals in particulates by collisions and friction between cavitation
bubbles generated in the ejector and soil particles or soil particles. As a result
of the removal experiment of heavy metals (As, Zn, and Pb), the removal
efficiency was about 40-60%, and the volume of particulates in the purified soil
decreased by about 28-47% compared to the contaminated soil. On the other
hand, in physical separation, it is judged that the content of fine particles
present as oxides, organic materials, and clay minerals in the soil greatly
influences removing heavy metals.

Third, the remediation efficiency of heavy metal contaminated soil was
confirmed using a physical/chemical treatment process that combines washing
ejectors and soil washing, and it was more effective than a single chemical
treatment. As, Cu, and Pb were removed at 89.17%, 78.22%, and 90.47%,
respectively. The heavy metal particles comprised a metal phase captured in the
mineral and a metal phase weakly bonded to the mineral surface. The washing
ejector primarily removes fine particles bound to the surface of the coarse
particle and disperses the aggregated soil. The chemical treatment method using
phosphoric acid 1s believed to effectively remove arsenic adsorbed on amorphous
iron oxides. Therefore, it was confirmed that the physical/chemical treatment
method was more effective in purifying contaminated soil.

As a result, the main factors of the washing ejector that affect the
remediation of heavy metal contaminated soil were identified as the venturl
nozzle inlet pressure, the mixing chamber shape, cavitation number, the surface
area flux, and Reynolds. When cavitation-based washing ejector technology 1is
applied to the remediation of heavy metal contaminated soil in the future, the
separation/removal system established in this study can be used for single
processes, combination process, and industrial processes along with preliminary

investigations by soil characteristics.
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[ Soil washing options for metal-contaminated soils

Y Y A

A
Option 1 Option 2 Option 3
PS CE PS/CE
A

Excavated soil Excavated soil Excavated soil

h 4 A 4 A
Oversize material

(A or B)*
Clean soil fraction

Oversize material
(A or B)*
Clean soil fraction

Processed soil
(A,BorE)*

Physical
Separation

Chemical
Separation

Physical
Separation

l Concentration soil fraction
containing metals
Concentration soil fraction Extracting fluid v
containing metals containing metals
(A or C)* (A or D)* Processed soil Chemical
_ (A,BorE)* Separation

*Post-treatments of the produced fractions :
A = Off-site disposal (with or without stabilization/solidification)
B = On-site disposal (soil returned to site of origin)
C = Metal recovery by chemical hydrometallurgical processes Extracting fluid
D = Metal recovery by aqueous processing containing metals
E = Neutralization or removal of chemical reagents (A or D)*

Figure 1.1. Schematic diagram of typical options used in soil washing processes[30].
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(a) S s Metal phase included in volume

Liberation degree is very low

Density depended primarily to minerals of carrying phase
Surface properties are constant but depend to carrying phase
Physical separation is very difficult or impossible

Carrying phase » Crushing is required

.

(b) i Metal phase associated

Liberation degree is medium

Density depended to minerals of metal phase and carrying phase
Surface properties are not constant

Physical separation can be applicable (gravity concentration)

>

Carrying phase
Metal phas

(© i Metal phase weakly bounded on surface

* Liberation degree is medium

« Physical separation can be applicable if metal phase particles are liberated by e.g.,

attrition scrubbing

Carrying phase
(@ Metal phase liberated or free

Liberation degree is very high

Density depended only minerals of metal phase

Surface properties are constant

» Physical separation is applicable (e.g., gravity concentration, froth flotation )

Metal phase

Figure 1.2. Applicability of physical separation according to liberation degree of the

metal phase for the particulate forms[30].
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Table 1.1. Comparison according to the

contaminated soil

treatment technology of heavy metal

Initial

Final

(d)
No. Type Technology HM©® Conc. Conc. 1?;) Ref.
(mg/kg)  (mg/kg)
Vibrating screen,
magnetic As 27 14-21  50-60
| pgw  Separaton, cu O s <o 36
attrltllon Ph 248-336 188397 <05
scrubbing,
froth flotation
Wet screening,
hydrocyclones, Cr 500-5500 73 >90  [32]
2 PS attrition Cu 800-8500 110 >90  [37]
scrubbing, froth Ni 300-3500 25 >90
flotation
Wet screening,
3PS attrition Pb 5600 200 6585 [33]
scrubbing,
density separator
Screening,
fudized=bed o gr5050 321419 5256
4 PS separation, Pb 466-994  399-466  26-60 [39]
gravity Zn  1869-2293  1483-1793 21-22
separators, froth
flotation
As,
Cd
5 CE® (%%i fgdzng) gl Variable ~ Variable 50-95 [40]
Pb,
/n
Mild leaching Cr
and extraction '
(oxidants Cu
6 CE complexin,g Zn, 1000~ Variable 50-70 [41]
agents Pb 22,500
. Cd,
and organic As
acids)
_ 7 _
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Table 1.1. (Continued)

Initial Final Re(d)
No. Type Technology HM® Conc. Conc. (%) Ref.
(mg/kg)  (mg/kg) i
Batch washing
process using
sodium As 2-6200 1< 99
42
! CE metaphosphate Cr 4-6200 627 90 [42]
to lower
pH to 2.0
(1) PS:
screening,
hydrocyclones,
attrition
chubl?ltng’ Cu 1223 169 86
. PS/ " e;rzltiyo i Ni 469 84 82
CE (g) . Ph 1687 211 87
o Zn 3072 211 93
solubilization
by acid leaching
followed by 1ion
exchange
chelating resin
(1) PS: density
Separatl,on’ Cu  117-7533  34-402  48-98
CE frgth flotation Pb 1202-2595 591-877 51-69
7 1521-22 -791 -
2) CE: or n 5 800  333-79 68-99
bioleaching
(1) PS:
o P S;Z;g ‘ij;solf]y As 97-227 T2 3493
P - 10— -
CE (2) CE: acid b 3500-6300 0-306 95-99
leaching
— 8 —
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Table 1.1. (Continued)

Initial

Final

(d)
No. Type Technology HM® Conc. Conc. 1?;) Ref
(mg/kg)  (mg/kg) )
(1) PS: size
separation
ps/ (Scsrliergng’ Cu  202-350 40234 44
11 CE hydrocye lz)ne) ; Pb 2030-2200 69-848 60 [46]
2) CE: /n 870-960 111-941 52
acid leaching
(HCl, pH 2.3)
(1) PS:
separation of
fine
(2) CE: Attrition
ps/ scrubbing As 43 10-15 63-75
12 CE chemically Ni 340 140-145  59-60 [47]
enhanced by /n 63 50-55 38-45
acid
leaching (HCI,
HZSO4, or
HsPOy)
- note; @ PS : Physical separation, ® CE : Chemical extraction, © HM :

Heavy metal, @ Re : Removal efficiency of heavy metal
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1.2.2 A Hg v H o] A

At Aol dS ditd oz fAo sE L W s A

I o WF2 FH(Venture tube), vl 2 Z o] E(Orifice plate)s I} 2
Z, &7 "ol =(Vortex diode)e} #Z2 ofF 7|9 = 31 %A 9

1A A 3ol o8] LAt o FE ZH (Rotor) B Z~H o] H (Stator)e] AAE 7|
Hto 2 3t} 54 F x5 225 WH(throttle valve)d 7|52 34, A7 =22
E2 olsd W fFZ(flow passage)o] ©AA 7HAh=E A3 H HE K& E
T +sduAe= Frks. gl AAS 29 2 3R 2SSy FHAQD 74

E

ArAQ ot Astel JER e oux s £ARTHET. W2

24

o ait

F

v
i
it
rO
ol

o
oE

A 21 (Bernoulli's equation)ol] 2w AFetsE e XX 7t Z71Eo]| upat
stoh, =5 t=Eol FjdlEH ol AA dHEH(Est S wThoez "HojxE

(Cavity)ol FAS 1 43y Ad@h s Aeoln sEe) a7

ol oy
oft b

Ak ox 4 YuxngolA ¢ "uE7tA thketA EA f@u68]. g el =+
719 oo IEHAY AFetH FEe 5IFHI vwola® A E(Micro-jet) &

%
)
v
to
o
L
e

& SRl BRE A4 TxE FY 2L FAY 5F
Z7

FAGL Al Mo A AuHol A FEE dFe FEst A4H A
oA ol el @btk BALFE AuHl A F(Co)e AulH ol o] HAE
2 ol g¥W g Ao EdUTH5T).

P2—PU
Co=——, (4 1.1)
o PYo

A7) A, P2 ¢&H3] d&5HE sF9 ¢E, Pve AA9 SV, vO= Jid]E o]
A FA 9] E(throat)dl Ao &%, p= HAe] Uxoltt, Cov AT ¢=Eol F71E

o wet FAu e A (v)e] EolAMY £xrt ZF7tsty] W&o gy s mE

WFe Fush g RE J1E Al FH 9T dol F/F Wk Cu
7} gz
1E Aol mEW duAo Audeld Ae Co=ldA BRT v @

o] 1 olst<d o ZAnElold F37F dEbdvhal B JeH69]. T itk

_‘]O_
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Ae ae] G sbash Bi QA £ @Bl Cotb 1mdh 2 350
F otk §F 72t Rf dAE AuE A Yt

=]
S @370, 71 =3, Cogke EF9 7|stEl, FERE9 A7

H

Zag f44d L5
= A4 2 B2 a4d dFE v Yan and Thorpe(1990) Cu7t A4
Al gl wel Ao dPom FrtetAT Folxl ey s sfnjHel A Al

FAN-,

T A S wel WebA] Fevhal Basku(72]. ARt ew Cv ghol
T5 ulEHol A e F7FEH o= Cu7t AeFE AHlH oA TSl A
1o] F7bskAIRE Fjul el o] ] &3 e FAaskAl "Avh shARL

Cv7t EA 3k olst2 7 4stH %= v H o] A(Choked cavitation) == 773 7l

Hl g o] A (Super cavitation)o] At} o] A9 Fiuj"H ol 71 F7HE W}E‘r
TEol AR FAXAY FF T-E(Cavity cloud)S FAste] 3 stgo] 743
cH73].

Sezun et al(2019)o wEw FA 3t FuHo Y BFs dvtxgorn R
70 u] gl o] A (Attached cavitation), 4% & T5 W4F 78] € o] A (Developed or
Cloud shedding cavitation), 773 7HH]E]o] A (Super cavitation). & Y& & Ut
[74]. 5= Aol A4S BE 59 7|27 5 2o HF
= FASL deS UERdT B3 58S molY BYSs W5 A
d AnjEle]ld FrEe] AN A L F A HolA FxeA "olx yrtr] A
stoh, AQvjHol A2 o8 dAoA EF FAE @zt Saharan et al(2011).2
Ab A E Fell £ owle W] A H A AEs EAst d9 o$E e
Walo whe} Al gol A WA D 23 FfuElo]Ae] FAHS A HT5I.

Aul el o] & Aulgeold BAo A AdE A5t Ayl =%
o #t}t. et AjuElo]lAd 7 Au]Hol Ao A
7F obd & Yeld= 2 7R F=40] Qth ol E9], Sarc et al(2017)= Aol A
Nul el o)A Fol & B
5 ginlEleld e =271, o

5}
H g oA ZAS AFds &d miy

¢

2
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il
F

H
W ool dol %
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o
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o
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2
k)
_?L
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e
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s TE FA=
FHAUAE o] &3] F FAE WolEo] olFstE 7|AFA ot 5 FA
et F7] o] AlH(steam ejector), T ©] A H(water ejector), 37| ©]AH/(air
ejector) 5 0.8 BEET, EFEd o|AE e fTo uel WERol A&3ie 37
2 2/A8% o BFT kg okelA &&E I T8I

WA -71 A ol AE e w3 A= vg dAFAEdd o8 FdE o
[79]. = oAy Fo ewist 9 &0 digh AF7F Ha=o] gk HA -
A ol AE = HA-7| A oAl of Gl AjuEl o] Aol TAET. T
= TAY SE7F Sk AF Al T AE g A7 SRl 57 o
i, 57 Oﬂ ol 77 FES Pt Aol tHA0L

ol gt FFEALS HEFolY A2 AWEHY, FA 53 hHe W=
AME R A T T =ES FHeke FAY fEol EopAW §hY o]
ol frAo] Aol 7lstE o] FEdAdel AT TB0] b Abel ofaf TAstE
TEAYS dutH o RAN AFS FHety] wio] FA9 olF &RE AR
H= Bopoll A FE Aol oA s&AstRE oo 7] Wi FEd I
A237F Aoty A -H A o] A Y oA FIFH| = o] AE O HTAFTE AR
o 2 1.23 o] ¥ 8]

Flowrate = S;??;ii;%j;iiuw (2] 1.2)

o714, Flowrate ©| A €12 GFu|2 onay HwlZHg »2o Eiss §4)
o =< Primary flowe}t & A9 =2 Secondary flowe] M|
golth AWty oz oldHE AL e 84 T FAV BHEE TE =
Z(nozzle), &Y +H-(suction port), T =& FHUFE & FdE FA7 T
+ & F(mixing chamber), E3H FA7}F ks 3=+ H(throat) 18il
2HE-(diffuser) 2 & o] )

JAE e /EAYE TF =ES EAAE ugd AL GAIUAS &

A
-z
il
ol
=)
_O‘L
rir

H
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. “ll. I[ : -1 — k- ot ;
= * | i "\' r 1

b 22 :
ﬂﬁﬂ‘J ] |§§ ﬂﬂﬁf_*ét
/[ =& i (Mixing chamber) :i: (Diffuser)

Figure 2.1. Schematic of washing ejector

Table 2.1. Design elements of the washing ejector

Design . . .
g Washing ejector image Note
element
0.7mm 1.0mm
# 72
W% 2] c
L= == A
a= ==
2%
gy
& A}
g .
47 3%
o] 3F
CRa
S F
ol 4%
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2.2.2.1 A& o]

S 7ka W

27

i 0.7 mm, 1.0 mm?2]

9]

N

)

3, 5, 7 MPaell ™

& (Inlet pressure)<

o)
H

(e}

=

a4

gk

2} A

FA T

4302 11A3s

ol
=

2HE-pipe L/D ratio)e] Hl&<& 77}t 175

A8 ol Table 2.2 -t}

Inlet
pressure

Nozzle
diameter

Table 2.2. Condition of venturi nozzle diameter and inlet pressure

Flow rate

E-pipe
L/D ratio

C-pipe
L/D ratio

No.

(L/min)

(Mpa)

(mm)

1.53

P1

1.97

4.3

17.5

0.7

P2

2.34

P3

3.12

P4

4.03

4.3

17.5

1.0

P5

477

P6

FA T

)

MPa® 1A

;Of

Zolz 7}7)
7H(262, 328, 393

&
7V 283 C7-C9

Aol= 1259 1.54)

74 15 mmol| o}

=
S

A=
S o]

2
T -

]

A
s

=]
-

= =

Fack C1-C3

A%s

T
-

=
S

2ol

)

PR A7 18 mmeol w

k<
H
S5 A4 22 mmel w

X

T

mm), C4-C6-2

)
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ol

s}

il

stolakitt. Ak o] & AH(E-pipe L/D ratio, 4.3) 1A 381 tH(Table 2.3.).

Table 2.3. Condition of length to diameter ratio of mixing chamber

Nozzle . . Inlet

No diameter C-pipe 0wl ressure Pllerey et

: L/D ratio L/D ratio P (L/min)

(mm) (Mpa)

C1l 17.47

C2 1 21.87

C3 26.20

C4 14.56

ChH 1 18.22 4.3 3 3.12

C6 21.83

C7 11.91

C8 1 14.91

C9 17.86

gAbRo] G4 tigk o]AY U FE5AAE A5ty & WFy s A
A 1.0 mm, 245 482 3 MPa 283 23459 A (C-pipe L/D ratio)<
2 273

mm= s o SR o

Table 2.4. Condition of length to diameter ratio of the diffuser

Nozzle Inlet

) C-pipe E-pipe Flow rate
No. diameter L/D ratio L/D ratio Pressure (L/min)

(mm) (Mpa)
El 1.3
E2 2.8

1 17.47 3 3.12
E3 4.3
E4 7
— 18 —
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2.2.2.2 CFD ajxd=A

34 ol gl oA g FX A o] thE F 7HA Al wg
Aol dasttt 2 AFdA = 23 EYe] EdH] fFdEHe= =9 vl e
S, 48 55 dSsh] St A8 FEEA AZESod ANSYS-CFX 16.2
& AbEstTh vt s @S Aviste ASUAN Y el ofH o
23 2ok

<ASHAG A >
d — :
— )+ < (p0,) =m 4 21)
=D yp;) (4] 22)
k=1
« v
;;_]1( i) (] 2.3)
UV, —
Prm

a - - —

E(pmvm)—lrv . (pmvmvm)

=—Vp+ V1, (Vv,, + Vo, + pg+ F+V (D am0a i
k=1

A7IM, ne A =9, Fe 749 9, me 4 e dAE sk
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(2 2.5)

R4 = 4
£ Figure. 22014 R vhe} o] TAE S gon wE A7, g, Egdrel A
7 9@ Aol akite] A7 9 Zolo] YRFY M xHAA LEWsE Y5

2]
oh 3 YAE Az
A

(Figure 2.4)E =Zo|A BAlE §A7F €932 B Sojo=
THFHFE =017t J7Line A), TFFAA FAHFEZ wjEs+=
Aol A wjEE = 97+ (Line CO)= A48kt

(__/

i 0.100 0.200 (m)
]

0.050 0.150

Figure 2.2. 3D model of Washing ejector
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ANSYS

2020 R1
ACADEMIC

0 0050 0,400 {m)
1

0.025 0.075

Figure 2.3. Mesh generation of washing ejector

ANSYS

2020 R1
ACADEMIC

[} 0.100 0.200 {m) <
]

0.050 0.150

Figure 2.4. Pressure measuring section of washing ejector
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AAE Ax o]AE 9 e 52 Mixture models ©]-83F3tH(Table

2.5).

Table 2.5. Condition for the numerical analysis of ejector

Multiphase model

Viscous model

Mixture

k-epsilon realizable

Scheme coupled

Gradient Least Squares Cell Based

Pressure PRESTO!
° Momentum Second order upwind scheme
° Turbulent kinetic energy Second order upwind scheme
° Turbulent dissipation rate Second order upwind scheme

_22_
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223 L4 AA FFE A= &2
2.2.3.1 A EIA 5

A ol AE W AvEelHe BE

MPa Aol & WeelA zdsac. Aueold @y A7y Fog Fo w
27 olBat oA ¢ Fas v

A 5 1 MPa 272914 5 MPa 05022 7HAstdon, o= HWFfd =&

s A 4 Aot Sogel e Aneld 589 FEt F4e
o

=)
w
(@)
T
3
=]
1
il
fob
O
jﬂ
32
iy
o,
-
o
HiL)
o,
N
A:
SL
=2
=
)
X,
o
N
fr
IN
N
_O‘L
e
o

o (Figure 25), ol Aol A3 ol 4ele] Andold EFe] 9L mxE e
v gt APAstE NFY wF9 4T gele] o 3 MPa o JHE AulH oA
WA el AR Aol Sk 1 olsE tehbe A FAskgh

3.0 0.020
0018
25 4

- 0016 _
3 =
= S o
0014
:
5 o
S 1.5 4 - 0012 :‘
g B,
s L 0010 .2
= =
o 1.0 + =
= 3

= 0.008

0.5 4 _

Cavitation number = 0.006

Static pressure
0.0 T ' T T . 0.004
0 1 2 3 4 5 6

Inlet pressure (MPa)

Figure 2.5. The hydrodynamic condition presented as the effect of inlet pressure on

cavitation number and static pressure
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Table 2.6 7|2 thefeh Afujelo]d RAFAE o] &ste] LA H= 7HHH
old & UstdAt ARlEHIA e 1R v AAY 1Y 2 A=
gl AT AnE el = AuHlA 4 HEt= F2 A xolvt JHulH©
A EAEA B4, dF, wd 22 3 A9 #u8Y T o8 el 4=
=

olF H AuHA Aol d¥= mH F A= T3 WMotk
Soyama(2021)= W52l FEE ARGl 40 hEHy E0 tEo] AfMlEH oA A
Eol mA= FFS Askdvh 2 Ay AT el SvkE S AdlH el
7 Zaskdl e, A 2 S5 AHEH A FrF wEA Hasks AS Flst
A EHS4].

Table 2.6. Determination of cavitation number using various cavitation device.

Cavitati ) .
No. avi ? on Device details Note Ref.
device
diameter varies L
Multinle from 2 to 22 mm Cavitation number ranges
1 b e ' from 0.09 to 099, optimum  [52]
orifice pipe diameter of . )
cavitation number is 0.13
26.64 mm
2 Venturi tube diameter of 2 mm Cavitation number ranges [53]
from 0.09 to 0.45
: diameter of 1.2 cavitation
3 Venturi tube [54]
mm number of 0.4
Multipl
4 ori f;lcelpare] d diameter of 2 and  Cavitation number ranges [55]
. 3 mm from 0.11 to 0.57
venturi tube
s Sharll)fedged diameter of 2 mm Cavitation number obtained (561
orifices from 04 to 2.0
AugolAd Fo e EY W TF5(As, Cu, Ph)e AlA 285 #2135
Ao NE AAL EFS dFoz 2PS ARG DIEF W] FIEe] 27)
FEE AsE 14167 mg/kg, Cus 54873 mg/kg 1E] 1 Pbi 638.67 mg/kg 19
o EYY 9 HES 122 3t JivH ol o mE 55 AA 355 ¢

A8
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2.2.3.2 F|HH ol A 7| X

=
£4

AulEel A e e SEz oAt £ET o Ao Fele] Fr) olsz b
o

oz MA W Z7] 7|E7} ALY

e 73 ¢ A= olw oF 35 kgf/mm® ¢ =737} HAEHA
Fel =FoA BAME FAVE EAEER ol FstE Qb AlulElolAd V] E 9

T

-

@golh, ol WAL AvHoA /X
BaE A ol ¥3 Fr|%nnt kol
A,

—

FAE gelstr] A8 sk dEel mE V1E AVlE S Sk 7]
¥ Arle ZaE7HHCMOS
340fps.1920=1080p, #H Wl 2650fps.1920x120p) & ©] &3t A th(Figure 2.6). Z 314 71w
2= ol g Fd® 7= ZEISS olvA| #HZe2ads Abgste] Vx AVE

=459

image sensor; 2048x1088 pixels, A4

Figure 2.6. Measurement of bubble size using high speed camera
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=g AN wE aastae ¥ 7l A7= S 20709 V)3
Z4ste] Hdgez veh v (Figure 2.7). W = %
X A71¥ 1, 3,5 2 7 MPadll Al Z}7F 049 mm, 053 mm % 061 mm= &2l
o) ==

A , e =5 A4l 1.0mme 4% 7| A7+ 22 0.68 mm, 0.74 mm,
080 mm % 0.87 mm= FRAHJh BN = 7|2 A7 Af A7y =5 7]
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Figure 2.12. Velocity distribution of washing
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Figure 2.13. Velocity distribution of washing ejector(C4-C6)
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3.2 A5 9 "

321 29 E¥9 &4
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N
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2
ofy
i
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=
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o,
o
e
o
ol
ol

A 95" Aoz dHA At

o] g3te] A

= 2, =
F RE A9 2 B ASHAT d7Age] oo £ /R Bel 53
S

ol Fo FEIFH HES AE FEE Si0.(658 Wt.%), Al,O3(17.6 wt.%),
A S TH(Table 3.2).

T3k XRDE ol&3te] EYO = =S Fds 43 A9 (Quartz, SiOz)
Y 7}o]l E(Dickite, AlSi;O5(0H)y), ¥+ (Muscovite, K(OHF2)2A;35i3010)7F A &5
ATt e A, ANEAGEY EY BFE U= 2d(Sand) 584 %, HE
(Silt) 27.6 %, HE(Clay) 14.0 %9 ZA<S e W o (Figure 3.1).

T EYF 300 g A eE AE 470 17H2-0.5, 0.5-0.25, 0.25-0.075, -0.075
mm)e = yFo] Mg 2adg ol gt Bttt L A3 74 4 i K
AnE&L 2-05 mm@225 %), 05-025 mm(87 %), 0.25-0.075(188 %),
-0.075mm(40.0 %)= " YA H]&o] & Ao® AU} (Table 3.2).

Py
2

S
[x
3%
<o
2
X
N
N
ox,
i
o
fr
4
ox,
)
2

Table 3.1. Physicochemical properties of contaminated soil

' Soil composition (%)

pH Orgamoc . Classification
matter (%) Sand Silt Clay

8.85 495 58.4 27.6 14.0 Sandy loam
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percen! sand
g —

Figure 3.1. Soil classification by USDA method

Table 3.2. Composition of major element of contaminated soil By XRF

Compound wt.% Compound wt.2%
Si0; 65.8 SOs 0.99
Al;O5 176 NaxO 0.82
Fex0s 5.33 TiO, 0.53
K->0 3.94 Zn0O 0.33
CaO 2.75 MnO 0.05
MgO 1.45 Aso03 0.02
50 —
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Row, AMFd s TGN YA A AEAH. W
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.
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Table 3.3. Extraction procedures of two sequential extraction procedures

(Wenzel et al., 2001)

Step Extractable Phase Extraction Conditions
F1 Non-specially bound 0.05M (NH4)2SO04
F2 Specially bound 0.056M (NH4)H>PO4
F3 Fe= and Albound 0.2M NH,-oxalate buffer; pH 3.25
amorphous hydrous oxides
4 Fe- and Al-bound 0.2M NHj-oxalate buffer
crystalline hydrous oxides +0.1M ascorbic acid; pH 3.25
) 18mL HNO3; + 8mL HF
F5 Residual 4+ 9mL 0, + 2mL HO
(Tessier et al., 1979)
Step Extractable Phase Extraction Conditions
F1 Exchangeable 1M MgCly; pH 7.0
F2 Bound to carbonate 1M NaOAc; pH 5.0
3 Bound to amorphous Fe and 0.04M NH,OH-HCI in 25% (v/v)
Mn hydroxides HOACc
0.02M HNO3; + 5mL of 30% H-O; pH
4 Bound to organic matter 2.0,
and sulfides 30% H09; pH 2,
3.2M NHsOAc in 20% (v/v) HNO;
HCIO4 (2mL) + HF (10mL),
F5 Residual HClO4 (ImL) + HF (10mL),

HCIO4 (ImL), 12N HCI
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o B9 FFE(As, Cd, Cu, Pb, Zn) ¥x+x Y ESS BdWd A
d ESed 8 7e(ALxE 5 1 A9 v5E 293 Aoz Fl A th(Table
34). Ind F& = M =28 (50341575 mg/kg) R L dEHo] glon EoF

o 9 7= 1T o]e 2dE Aow FlFHAH.

Table 3.4. Concentration of heavy metal in the contaminated soil

Heavy metals Concentrations (mg/kg) Regulation Level in

Korea(mg/kg)
As 135.5+10.7 25
Cd 90.2+8.2 4
Cu 524.6+45.0 150
Pb 613.4+44.8 200
/n 5,034+57.5 300

AL A7](+0.075mm)o WE Y= FFEo FEE F<ld Ay} (Figure
3.3), FIAE(-0.075 mm)e] F+=
oF 28] =A e MAEE 34W O A% v &o] o Tass A ST
F Ak T3 d EY AESG 2
31,290 mg/kg % 31,810 mg/kgl. = &<2l¥ At}

b
off
o
rir
BN
)
i
S
o
o
8

2
1o
of\
ol
b
off
o
f
o
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Figure 3.3. Concentration distribution of toxic heavy metals according to particle size
(£0.075 mm)

EF W As9t Feol 597 A&F5L2 Wenzel et al.(2001)7F A|AI g F=& W
< o] &3t T A h(Figure 34). E49 As® Few dlf2 244 AsE 3
Hl (crystalline oxide)Q! 49tAIe} 274 & Hl (residual phase)d! S@HAIZ Ex)s)H,
o= Fe Atst&Eo] EG Wl As9 el d3ds vdts 2As v 5
2 Fe %9 74 Fe(Step 5, 60.1%) &A= EY U Fe 4tslEo] HlolE
o oo w ol 7o 72 4k (Phyllosilicates) = 331453 o] dSS 9n
SHH95]. B Ul Ast 72 {7 E X Fe AtstEo] S2E0H96]. T3 Fe A
35 FE FRol= EAL e Yo AsE nASEH T3 TS 97,

98].

o
29
£

In
ol
Hir

Cd, Cu, Pb 18]3l Zn9] % FEL Tessier et al(1979)7F A A3 FZ W
& o] gdte] FHEFom, Cd, Cu Zne i it A<l 20 A=
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Figure 3.4. Sequential extracted metal fractions from bulk soil (+0.075 mm)
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SEM/EDS #41& Ad g mEs= ngate #d8 SdEH] A5
geletr] 9l FAFAH(Figure 35). EFAA a5& FFstar A= AA
SEM-EDS Z¥3&= ESYA7E ud4d AtstEs S8 ke g2 -4 5 o
A= Fdstdnt. oleld A5 WA (subhedral) 3 B9 (anhedral) ¢ &
B2 7}Ath EDS B4, eddAels Al Si, O 2 @ 94(Fe, Ms, S, Zn)
7F E3kE o] 9tk Figure 354l 1€ dAt= AHE 2E 3P E &

2 3olx 1, Figure 35(a)dll A &dd Jat= vAA FF&oz =Ml F
9] 3

A
27 o Eod EAS U, ol FHBEe Fi E: HAIE A

-

A9 Aol et e A b
4
-

2aw 15.0kV 18 1Tmm x400 YAGBESE 100um  Raw 15.0kV 16.0mm x2.0

Figure 3.5. Scanning electron micrographs in backscattered electrons(BSEs) of a bulk
soil. (a) Soil particle associated with Fe oxides. (b) Sphalerite occurred as discrete

particle. Element concentrations are expressed in wt%.
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EY duide dnAdazm A, FE4S A9 FHE #EEHJoH,
secondary phase® Z7]&= 1-30 m= & tH(Figure 3.6, a). SEM-EDS #4
S 3 dArtd @ v A FZ=(Figure 3.6, b) TAFYE Z2F Yo x3H TS5
AhstE dow FAEO St 55 AbstE S A A(BSE) o] H A o A
gre Ao A Sgow AT EDSO 93 949 mapping 23, Al S
Pb 3 0% 47H4] & 4 495 Wetlidd. 32 34 A7 e fAAl =

Ho] A5s Hedt oy

rO
w o
4/

.

4

Pb (80.3)

O

O Kai AlKa1 SiKa1 Fb Hai

Figure 3.6. (a) Reflected light image of a polished sample on bulk soil. (b) Scanning
electron micrographs in backscattered electrons (BSEs) of polished sample and EDS

mapping. Element concentrations are expressed in wt%.
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Table 3.5. Effect of fluid pressure on size distribution of the dispersed soil.

Weight (%)
Pressure (MPa)
+0.075mm -0.075mm
1 88.6 11.4
3 87.0 13.0
5 81.1 18.9

5 MPa® oA f7]8 $aFS 425 %olA 145 %= #ZAasAH. o= Al
2 oA E T3 EF mA JAHESG FER)E)7F AAHNSES on s o
ghA, 2717 2 dAkel Aol A" wgAet frlEo] AAR w G v
Ao ZE7F F7bek A th(Figure 37). 3, A2l® Bl XRD vas= =34
(TiIO2)% $-2=Eo] E(FeO)7} A& HJowH, o3t FELS F71&, JEXE, &

dedo] wkgske] A =991,

2 olAE 2 Ay A/T ELY FT-IR 23+ Figure 3.8°1 YEeEWSATE Al
2 & ~HERY F9 Wi HArrt FUlste Ao®E Ueuth A A EYY
~HE g 3969, 3619, 3412 cm 1(O H stretching), 1636, 1419 '(C=N stretching),

1031, 912, 778, 694, 534 c¢cm '(Si-O stretching)o] &A1 H AT}t Si-O A= & 9
= (stretching vibration band)&= A<l sigstH, o] A M= EYo ~d9EH
ol F2 Felso] Wk 29177 2849 cm e WAL {7)E dFEs A
EFst oA Bl C-H A= 2 %5 (stretching vibration)(-CH,, —~CH)oll 7] ¢13%kt}
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[100]. webA, vAl dA= F7129 JFES Pof x| a5 FHHAE 7}
Aol Atk HE F EY xWHS f7]E WE7E A2 OH, C=N, Si-O 4l
= ol o3 M=o Frrt F7ek At
2 Muscovite
¥ Quartz
7 Dickite
P Rutile
* wuestite

o
Before
=
) “I 7 o ¥ o ¥ ¥z g
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2 Theta

Figure 3.7. XRD patterns for soil of washing ejector before/after

Before

3619 3421

3620 3432

L] L] L] L
2500 2000 1500 1000

L]
3000
Wavenumber (em')

L]
4000 3500
Figure 3.8. FT-IR spectra for soil of washing ejector before/after
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3.3.3 A& o|HAEE ol AP EF 5A

Figure 39 A% ol AHE Aga] Age Edold] Fa%e AALEL U
Bud. 224 2@ F AA 280 A Faden, AAEEL Cd > Zn >
As > Pb > Cu®l £o% Uehidth o= wAl g4 27t Edelq FE5 A

Ad 9 nd + 92 etk B FaE FEE EG Y

o2
T
ol
it

F71=, AstE 9 CaC039 Tt daaA7E 96, 101]. 53], Fe As= x#
A B el

°
Wi As £ Alole] BEA WS 45T mwdl AsE FFAA 2
A

AFevk= As on 7], webA, Fe tbste 2845 §3

w55 ASEe v v EAe #de] o 29" EdY 5EAS o
2 A7) EAS B EYS FE HilolE wen Mooz FAHo gl
ot 22y, XRD #4123 (Figure 3.7)° W=, & Siate] 2% 22 A& A
A 5 5343 F2EolEY A7 gAY TE5S AEZEN 2& &

4000 100

s Bulk soil B‘?

= 3000 A mmmm Treated soil = 80 ;
=] -
W -60 &
é 2000 < n;
3 40 -
C 1000 8
— &

0 | ] | L | 0

Pb Cu Zn Cd As Pb Cu Zn Cd As

Figure 3.9. The toxic heavy metal concentration (mg/kg) in the bulk soil (+0.075 mm)
and treated soil and removal (%) of toxic heavy metals in treated soil by a washing

ejector at 5 MPa
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Figure 3.10. Sequential extracted metal fractions from bulk soil and treated soil
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Regulation
Level in Korea
1 (mg/kg)
25
150
200
300

Values
(mg/kg)
13953 + 2.65
252.40 £ 255
490.74 + 3.55
135.37 + 3.58

¢1&+ 4 tH(Table 4.1).

Contaminan
ts
As
Cu
Pb
/n

Value
8.85
4.25
2.74

Loam

Soil
Characteristic
pH
CEC(cmol/kg)
Oranic matter(%)
Texture

Table 4.1. Physicochemical characteristics of the contaminated soil.
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EAE EY ARE ez drid & Ed(sand, 0.02-2 mm), A E(silt,
0.002-0.02 mm), A E(Clay, -0.002 mm)®] H]&= YWehAow, 2+7} 346 %, 43.7
%, 217 %= FJAHIAJT. olF EAF E7F A= A&t EdS
YE(Loam)?| EA 75 WetlAd(Figure 4.1). E¢2 713 24
64002 FTA EGS AoE IlHAoH, f7E FFS 274 %= AUl F4A
of Hit #7lE §FHF24-29 %) H=2g e UEWALL, Fol nE S
19.7 cmol/kge = 1= AT XRDE S8 29 E4Y F= A4S &3 A4,
TFALF ] HFUHEH(sodium  aluminum — silicate, NaAlSiOy), Y 7}°] E(dickite,
AlSi;O5(0H),), M-8 X (muscovite, KIOHFS),Al:Si5010), 29 (quartz, Si0))o. 2 -
AEolde Aom yeud EF W F8 29 Tu5HY sk v4 13953
mg/kg, T2 25240 mg/kg, F 490.74 mg/kg, °Fd 13537 mg/kg °l o, ofd
= AL ymA s sEe all E¥ed Vs 84 23 Aer F

A= A

o

-

NVATAVAN

sandy loam
loamy '

percent sand
e A

Figure 4.1. Soil classification by USDA method
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4.2.4 A4

EY A8 pHe EYLd 4AIE7IEES 07302.D)e olste] SA st on,
FHE BFS 159 WEE EFdel FYsdgth EF] Fol & wEs(CEC)
< EPA method 9081'Hell ¢Jdte] SAstAt 71+ &> 4

—

H EY ] 300 ANE =389 4715 770 #2320 mm, 2-1 mm, 1-0.5
mm, 0.5-0.15 mm, 0.15-0.106 mm, 0.106-0.053 mm, <0.053 mm)So.=2 o] A Z
sQqom 7+ xw L7k 54 F 4% 70 EGo EXE F3}

- )
(ECLIPSE LV100DOL, Nikon, Japan)< ©|-&3te] ##Z3Att. B A5 e}
xW x5 SEM-EDS(FE-SEM; S4800, Hitachi, Japan, EDS; ISIS310, Jeol,
Japan)E o]-&3te] XA EY W FE=x24dS XRDX'Pert Pro MRD,
Panalytical, Netherlands)E &3l =<1t em, Cu-Ka, 7F&5A 40kV, A5
30mA<] ZolA 10°e 4 70°2 F+3+e] 203 S wAsATE Tk, Fglo WE A
H (Nicolet 6700, Thermo Fisher Scientific, USA)S ©] &35t EYAE

1 1H

EYE EG 2 A EDY Tas TR S (Aqua regia)S ©f
gato] AATS FAPagon, 94 F5 BB EUAAS, AA-7000, Shimadzy,
Japan)< o] &3te] £A35AY. 4 T FEE5 TEE AU EY 297 v
st EF AR W 2d® 5 39 A FdHE Fdsr] kel A&
FE=2 ol&stdnt. vAY 3183 PH= Wenzel et al. (2001)0] AAg WH &
o] &3t &elslgdtt. w3k Cu % Pbe 3384 dE= Tessiere] AAE HHES
o] A

oAt 4 d&EFE A F F=9 AlE= 3,000 rpmell A 108 F¢
s}
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43 A3 % nF

431 24 E4Y EA

o B Y FFL£9 =L Table 4.19] Ast9ct E A

¢

)

2= H A (As)
A=)

T2 (Cu), ¥Pb) % ofdA(Zn) Tz 2dFo Ut oA =+ 7 As
13953 mg/kg, Cu 252.40 mg/kg, Pb 490.74 mg/kg=® 3l FHAow B4

HAH(KSECA) A37]+(As : 25 mg/kg, Cu : 150 mg/kg, Pb : 200 mg/kg)S
ZsEA T WA Zne X+ 13537 mg/kgl 2, KSECA $87]+<¢ 300mg/kg
o] &t = L}EFRL

EYY e 0 5 29 549 5 F] A8 2AS A%
A3} (Figure 4.2), E%o] 7704 9=
%, 1-0.5 mm+= 186 %, 0
0.106-0.053 mm+ 40.9 % Z2]3 <0.053 mm+ 183 %A o™, "7l HPA EFe] H

go] 294 Ege] MEnt ¥ LESE AL FoAstgnh w9, B 9w
o ME FEE REFES FAW A3, EF Aus} Fold5E FF59 09
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Figure 4.2. Concentration distribution of toxic heavy metals (mg/kg) and weight (%)

according to particle size
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Ed Y As9 d&E &A= Figure 4.39 YeEUHAT Asel &4 dH+=
As-F3 >> As-F4 > As-F5 > As-F2 > As-Fl 22 Yyt EY Alg U
Aste= Wi Fe/Aldl 28 vAd AFstE dul(As-F3)= EAsH, A4 As 3
kol oF 764 %o HFS AA s Aoz FHEAY. Fe/Ald Add 244 A
st FE(As-F4)Q! Ast AA As =] °F 115 %E AA AT Ase AAA
oA Fol2 ez =xsH, B 74 FEFT TEE Ad 3 Fe-4hst
o Ao U o= EXY 74 F=o xW Hdstet #Hsie] A4 A Fe-
23} & (Crystalline iron oxide)?] PZC #k2 9.2, H] A & Fe-4F3} & (Amorphous iron
oxide) 7.8 2|3 HZJAtd AE2 75-81Z AAGE A (HASE war 9l
7] W] Fole HEE EAeke Asd F8 53 wido] "k EE, Ao w
gh HlA= F3 ol9je] =Mt AlY EE Fe-ils | 5]
of EA gt

140
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Conc. (mg/kg)
(=)} o0
= =
1 1

I
=
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2
<
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" S

As-F1 As-F2 As-F3 As-F4 As-FS

Figure 4.3. Sequentially extracted arsenic fractions from the contaminated soil
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Cu¢t Py A%+ 23+ Figure 449 YJeERgSth E<F U Cu9t Pbe 3¢
A(F3I)A A A Fe/Mn Atstzo 2389 FEf(Cu 39.8 %, Pb 304 %), 44 (F4)
ol 7=l ZAgd Fej(Cu 349 %, Pb 51.2 %) % 5EHA(F5)Q #HFA FEj(Cu
1577 %, Pb 125 %)l F=2 EAste 2oz ¥ ool 3, 4dA A

1
Fo H&e FEol B W BER oA Avsel 982 tehar

180

N Cu
160 1 == pb

140 4

12005

100 ~

80 4

Conc. (mg/kg)

40 4

205

: .

Bl F2 F3 F4 F5

Figure 4.4. Sequentially extracted copper and lead fractions from the contaminated soil.
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e Edol gt SEM/EDS &4 43 (Figure 45), EY dx= #1744 4kt
T2 =2y A dAE A EY dES sttt EDS mapping E =2
kel Ede] 71 AR Aol Wi Edel Al Si B O7F Wel Xghu o]

= BoFon, Fe &l = veutv. 28y, EY W As, Cu, Pbe =

Lol E et As, Cu % Pb 3 dAY @S HE FE2 EGO 0
St Feje] As, Cu ¥ Pb7t EATS 9ulsiH, o= FE A

ol SEM/EDSOl A B2+ ookt

O Ka1 Al Ka1

Raw 15.0kV 15.5mm x200 SE(M) SiKa1

Figure 4.5. FE-SEM micrograph and corresponding EDS elemental mapping of the

contaminated soil

Avtel EF Autdle @S AwA ojuA|e A FES MY, Ti AstE, 4
AA F AFA e Fe 2HeE ez #@HJY B FESL 2y &5
3t AN AAAEHE 13 FE(d; E =22 (phyllosilicates) ¥ 22 &9 &
gEolth 23 Aol A7IE 1 molA 30 wmm Wtk SEM/EDS 48 B3 %A
R vATERe grakd 24 delA migE Fe Abst=® 7 EH AT Fes
AsEL SUARRPAAHBSE) ojw Aol A e 3 JAe] M FPom B
UTH Awubd FEo] dAn A olm Ao FELS AP, Ti AFstE 2 Fe Abst=3
2o PEHE #FH A Figure 4.6(a)2] EDSel 213 ¥4 maapping= Al, Si, Fe
209 47HA e A DY S vEdRew, W2 34 AATE A= FYel =4
= B3 Fe B Ti Absb=o] 14 kel & 3te] 3 HAES WEkiT. o] g

G oae B QS b wgd A9 R EAS we 8

e
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A e zbe] Qx zA A mEw 7Y 24 e BELS Fe-O, Fe-Ti-O,
1

=
o] XIth. Al Si, Ti % Fe¢ #dd 3

2

Ti-O, Al-Si-O 18 i

T2 A #E3 Fe 2 Ti AstE2 E/F%HAT. SEM o] n| A& Eo A &<l
H &gt 55 AsE s B e o8 d dAe TEAEE AAAY E-E
G HET AL T a5 W= F 9

Figure 4.6. Scanning electron micrographs in backscattered electrons (BSE) of polished
sample. (a) Scanning electron micrographs in backscattered electrons (BSE) and EDS
mapping. (b.e) Back-scattered electron (BSE) image and EDS spot analysis. Element

concentrations are expressed in wt%
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_)Jl_rl
Ach
r>~1
T
=2

< ulHleld 359 SAS AHST AlF oAV A¥EUY &
dFn2 AH olAHAAN e A2 § A& A(0.053
< wddte] AHZEE AAY. oM Aste 54 Adae AA

emug-1 2 012 emug-191 Aoz YyEtHFigure 4.7). A2 A EU9 A7 4
54 ddAeE B g HEY Mg ESYAY EAE A Ao=E ¥
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Figure 4.7. Hysteresis loop of the original soil and treated soil
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Figure 48 A% ol 462 ALgate] A2e =gdq Fzijsd Fxo] W
312 wolF XRD A¥olth old@ An: AuHolAl 5F0] moe] A g

A Rpe mudon AARTE AL vehith med A9 w3 Fre) Wl
Fe 2tstE& 3l HEFEZ S Adx9 2E87F dousS gvsin
Eat, o)y A3 2 WAy Bho| tgow EAer] wEolt,
2
1. Dickite
2. Quartz
After 3. Sodium aluminum silicate
4. Muscovite
3
2 2
= 2
2 2 2 3 2 2
. ok
Before
12 | - 2
R, M
] 1

2 Theta

Figure 4.8. XRD patterns of the original soil and treated soil
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Figure 49+ A& o]AH=Z A
Ao, EFe] Fa 2§79 EAAX MEE e EYe 8 287
+ OH 14, ¥449 & &4 A%% 71284 17, Si-0 213, Si-0-Si 414 4
Si-O-Al Aol weEbwth 36973 3620 cm ' 44 HE FEA Sisk AlY]
A71(OH) 9l A% AFol aid3tctt 1637 cm ol A &4 v3E= 7F2527](-CO0)
o] C=0 A= AFe Aot} Si-O-SI MEE Si-0 XEe ZA3=Z 1032 cm ol
A #EEHATG 911 em o] MEE 4719 OH Wl sldateh. 6949 781 cm !
ANA Si-O0 w3 s AP 5AA 5ol rh[98, 122].

A= olAEZ AHE F Agd B 2E7]e dqixHd MEsE \AgE 9)A] e
el 724 549 ®gE gt FTIR ~HERLS F8 w9 A7|7t
7S BHoFAa, B &g Ad, Fable] AEE W=l Si-O-Ald
Si-0-Si7} 1008 ecm™!, 912 em}, 796 ecm!, 778 ecm!, 693 cm!, 669 cm!, 649
cm ', 533 cm !, 469 cm 7} YERS T 53], F24 549 F48 W= di7] CO,
2 Q1% C=0 wA 2% HEol 719038 2360 cm '] 73 WM== el

Iy

F
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Figure 4.9. FT-IR spectra of the original soil and treated soil by a washing ejector
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433 E¥ AFLAY

——.‘ﬂé}‘?\iE}(Figure 410). A ELYHATGE)Y T
A 39.3 mg/kg, Cu® A3 252.4014
me/kg O & 7239

985 mg/kg, Pb<
. AYE W Cu Pbe IHF =&

olth. A% ol AE A
a&o] A FEHNE=
= 745 139.5¢9]
a7 490.7°14 158.6
KSECA

= As9

48 57 o

2 FAHAT v, 9 mge] sro wa wol Pastd o KSECA 43 4
FRr} ok o et e 9Ae Bd ) mae =4 Py
velw AP olde 254 P e 24 BB PR B PEo Lo
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500 +
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Figure 4.10. The toxic heavy metal concentrations (mg/kg) in the original soil and

treated soil by a washing ejector
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Figure 4.12. Effect of phosphoric acid concentrations on toxic heavy metals extractions

from the original soil
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Figure 4.13. Effect of phosphoric acid concentrations on toxic heavy metals extractions

from the treated soil
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XRD #4143+ Figure 4.149] YEeE AT EA
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Figure 4.14. X-ray diffraction patterns for residual solid after soil washing by
phosphoric acid (H3;POy)
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