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Table 2.1 Comparison of Soil Remediation Classified by Medium

and Contaminants (2H3%, 2007)
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(d>1mm) (1~9991m) (1~999nm)

Fig. 2.4 Definition of Macro-, Micro- and Nano-bubbles
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Fig. 2.5 Electric Double Layer of Nanobubble

2.3.4 Yue 2ol 3t gAYS

Urs2e of2 2o uls] ujmWAo] oj¢ Ak Table 225 £
100nme] UpwslE-e 1me] ofolzwjZo] ulste] 10,0008) § 2 ¥l®

WRS JAT 9SS ¥ 4 Ak T HEBNS 0GB v FE U
DAL PP SAE 092 BAS FOAZ 4 Ut

=50 EAsts LF20 e S84 HAYUS2 AE=EE

_26_



il
=
1A
Do)
Do)
1
o
2t
rlo
A
Do)
Do)
1
4>
o
oy
)
20
K
g
il
1
|
)
N
N
ba
bl
(@]
)
(@]
i)
o
o
=)
=3

59 ol Wotok st= 371X E24A E7do] Qlojof gt 12]u A7|stet
Aoz, JAret ¥27t9] ol=Alstd g Aete & AR 35 % B4 =
&= 5 AlAoF gttt} 4AMe] 28150 F= AMEtRRIEY 7|7 24
B, YA AEtEEIEo] Aok A2 BHOY Loh5o] Bt AS ©
ojstct, 8ol HQ I 377 Atu AEfmENMEo] v @A 37| TR
o o8& IEoIY YAt tishA e FAro] Holu Fetanrt Ioh(F
XL, 2012).

h!

i)

Table 2.2 Comparison of Bubble Sizes and Surface Areas

Bubble size Surface area
Imm : 100um 1:10
Imm : 10pm 1:100
Imm @ lpm 1:1,000
Imm : 0.1lpm 1:10,000
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Fig. 3.1 Schematic View of Nanobubble Generator
(a) Pressure Gauge (Air pressure in water tank), (b) Pressure Gauge (Air
pressure in air tank), (c) Water Tank, (d) Air, (e) Air Tank, (f) Water, (g)
Pressure Gauge (Outflow), (h) Bubble, (i) Filter, (j) Pressure Gauge (Inflow)

Fig. 3.2 Nucleation of Micro-nanobubbles by Ceramic Filter
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3.2.2 Yxu 5o &4

Ueds &8 Yo v 3o 37|, I7|Ex, 7iA o oot FEE
NTA(Nanoparticle Tracking Analysis) &X](NanoSight LM10)S %-5f
@e 5 9Irk(Fig. 3.3). NTA ARl 2o|d & ZAtsto] Qrte] Aret
12 2 Mol Pei2 et Ynas gaoR sotstel xt
AthFig. 3.4). YAF BAS F5) St AR(D)E 7T 4 9od o
Stokes-FEinstein Ao A&stof UlH| 59 A7
st &~ 9ltH(Irie, 2014).
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Fig. 3.4 Image of Nanobubble Particle by NTA Instrument
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Fig. 3.5 Zeta Potential Analyzer (ZetaPALS)

Table 3.1 Parameters for (-potential Measurement on Nanobubble

Parameters Values
Refractive Index 1.331
Dielectric Constant 78.54
Electric Field (V/cm) 27.79
Viscosity (cP) 0.890
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(b)

Fig. 3.6 NTA Analysis on Solution A (a) Image of Nanobubbles
(b) Size Distribution of Nanobubbles
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(b)

Fig. 3.7 NTA Analysis on Solution B (a) Image of Nanobubbles
(b) Size Distribution of Nanobubbles
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(b)

Fig. 3.8 NTA Analysis on Solution C (a) Image of Nanobubbles
(b) Size Distribution of Nanobubbles
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Table 3.2 Material Properties of Nanobubbles

Bubble Diameter Particle
Solution Concentration
Mean(nm) Mode(nm) (x10® particles/ml)
Distilled Water - - -
A 166 113 1.48
B 165 137 1.45
C 181 140 1.55
Average 171+6.11 130+9.85 1.5+0.03
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(a) After 0, 1, 2, 3 days

(b) After 0, 3, 7, 14 days
Fig. 3.9 Size Distributions of Nanobubbles
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Fig. 3.10 The Average Mean and Mode Diameter of Nanobubbles

Fig. 3.11 The Average Particle Concentration of Nanobubbles
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42.1 EF A=

Eopxlas A4 A slorufer sitEAAgER QB(105+5C)]

24713 S RS H, AVIEEE R8s 2wa2 AAslH. B9

=
2t Y=EAM Atterberg limit, B8|Z,

Exchange Capacity, CEC), H| #HA(BET surface area), 7|24 &
o] BAMg AdYsoict. Table 4.1 EQYAlRo] EB2|atetA]l EAS UEHA
Z[=3

F242 WA LUy edvmol Wt W1 2R 524 o

OIAl & shtel L2]E AMElstYtH(Ministry of Environment, 2016). Q1
A0z F2ledE ZARSH ] sl A4r2](Cu(NOs),:3H,0, Daejung)s
A5t on, 12]edrl EoFQ ooz y|E U thARY|Z(Table 4.2)2

1ejste] 500ppm(me/ke) .2 AASIATE. EQFAlRe AitTe] S80S
wkste] 244170 SRIAIZ] §, QEof 24X 7imsto] maRt ARE Al
ol ALgstoAct
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Table 4.1 Material Properties of Soil

Soil Content Sand Clay (<0.075mm)
Soil Classification SW CL
Liquid Limit (%) 19.81 44.20
Plastic Limit (%) NP 23.82
Specific Gravity (a,) 2.59 2.46
pH 7.6 9.4
Cation Exchange Cavity (Cmol/kg) - 18.23
BET Surface Area (m*/g) - 16.0
Organic Matter (%) 0.22% 0.85%
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Table 4.2 Anxiety and Response Criterion of Soil Contamination

(&8+, 2016)

(unit : mg/kg)

Anxiety criterion

Response criterion

Classification
1 zone|2 zone|3 zone|l zone|Z2 zone|3 zone
Cd 4 10 60 12 30 180
Cu 150 500 | 2000 | 450 | 1500 | 6000
As 25 50 200 75 150 600
Hg 4 10 20 12 30 60
Pb 200 400 700 600 | 1200 | 2100
cr® 5 15 40 15 45 | 120
Zn 300 600 | 2000 | 900 | 1800 | 5000
Ni 100 200 500 300 600 | 1500
F 400 400 800 800 800 | 2000
Organic phosphides 10 10 30 - - -
PCBs 1 4 12 3 12 36
Cyanide 2 2 120 5 5 300
Phenol 4 4 20 10 10 50
Benzene 1 3 3 3 3 9
Toluene 20 20 60 60 60 180
Ethylbenzene 50 50 340 150 150 1020
Zylene 15 15 45 45 45 135
TPH 500 800 | 2000 | 2000 | 2400 | 6000
TCE 8 8 400 24 24 120
PCE 4 4 25 12 12 75
Benzo(a)pyrene 0.7 2 7 2 6 21
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Table 4.3 Test Condition of Batch Test

Parameters Units Conditions
Soil - Sand, Clay
Contaminant - Copper (Cu)
Contaminant Concentration| ppm 500
Agents B Distilled Water (DW)
H,-Nanobubble Water (NBW)
Solid-liquid ratio g:ml 1:1, 1:2, 1:3, 1:5, 1:10, 1:20, 1:50
Contact time hours 0.5, 1, 2, 3, 6, 12, 24
pH of agents - 4, 5,6, 7,8, 9, 10
Amount of fine content % 10, 20
Contact speed rpm 150

Fig. 4.1 Batch Test Reactor
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(a) Sand

(b) Clay

Fig. 4.2 Copper Removal Depending on Solid-liquid Ratio
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(a) Sand

(b) Clay

Fig. 4.3 Copper Removal Depending on Contact Time
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(a) Sand

(b) Clay
Fig. 4.4 Copper Removal Depending on pH

_55_



434 BPE &Fo O F AARE

AR AIPA Aol RAje} ofof g tmuge] AgAe W] o
S AMES 71EoR ARl U8 Talsto] MYE & 10%, 20%o
gt Uewgo] 18] AARES Wolstich AdAnE AV E(0%)2} A
HE(100%)0] T8 vl X EAsto] Fig. 4.50] Lehoict.

AAE W3 10%2] A2, WSAZE AN Uwuige] 78] A5
o oF 33%2 T2 UEPdon] ot IX|A A AARES el A
HEO| AZa SASIAT AR T 20%0] 7L, 0.547101A4 Ao &
29 uYon o5 YhgAte] S7tate] wlet x| &shA Zastart. HA
& ataro] @AIglo] WSt 1A% o] 3Re uwgol 78] AAEE
&4 sk B3 HAE o] A QAEFARE, vz

,

o] 8 AA=E0l B7lstes Aoz HEHG. ol 4.3.2%0A LIYEY

ook

=2
>
=
oo
>
=
=2
L
z
L
l_r‘
i)
il
1o
44
n
Pn)
&Y
fol
o
o
M
2
o
38,
tjo

_56_



Fig. 4.5 Copper Removal Depending on Amount of Clay
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ABSTRACT

The Evaluation of an Applicability of Nanobubbles on

Copper Contaminated Soil

Jeong, Sohee
Department of Civil Engineering
Graduate School

Chung-Ang University

This study carried out the fundamental study for and
application of nanobubble as an enhancer in the in-situ
remediation on heavy-metal contaminated soil. The evaluation of
the existence and long stability of nanobubble was conducted and
then a batch desorption test was performed to analyze the
efficiency of copper removal by nanobubbles. The contaminated
sand and clay were used as a soil specimen. The hydrogen
nanobubble water(NBW) were used as an enhancer and removal
efficiency of enhancer were compared by the that of distilled
water(DW). Results of this study are as follows.

Nanobubbles, generated by a compression-dissolution type of
nanobubble generator, have an average diameter of 170nm and an
average particle concentration of 1.5X10%°particles/ml and existed
for more than 14 days. The long stability of nanobubbles is

mainly by the surface charge of nanobubble, which can resist the

_67_



accumulation of bubbles.

As a result of batch desorption test on copper, the removal
efficiency of nanobubble water(NBW) was higher than that of
distilled water(DW) and the remediation of sand was higher than
that of clay. The optimal condition of solid-liquid ratio and
contact time for copper removal by nanobubble were 1:20, 6
hours for sand and 1:20, 1 hours for clay, respectively. Regardless
of pH, the removal efficiency of NBW was higher than that of DW.
And as pH decreased, the copper removal of NBW on sand was
increased. Furthermore, depending on the amount of clay, the
removal of copper increased with an decrease of the amount of
clay after a certain contact time. It was confirmed that high
surface area and zeta potential of nanobubble affected positively
on copper desorption from contaminated soil.

As a result, by the study, it could be confirmed that nanobubble
has enhanced the copper removal on contaminated soil and the
optimal condition for remediation of nanobubble depending on soil
type were deducted. The soil remediation using nanobubble can be
applicated as an eco-friendly method. And further studies should
be progressed to maximize the remediation efficiency on

contaminated soil.

keyword: Nanobbuble, Batch test, Copper, Soil remediation,

Enhancer
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