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Physical/chemical process to remediate contaminated groundwater

originated from landfills

Nain Song

Department of Applied Geology, Graduate School

Pukyung National University, Republic of Korea

Abstract

Physical/chemical processes were applied to remediate contaminated
groundwater originated from landfills. Batch and column experiments for
air—sparging and coagulation/precipitation method were performed to
remove organic pollutants such as TCE and PCE. and heavy metals.

By using air—sparging method, 99% of TCE and PCE were removed from
groundwater within 30 minutes. Batch test to remove heavy metals in
contaminated  groundwater was  performed with various coagulants
(aluminum sulfate, ferrous sulfate, ferric sulfate, ferric chloride. calcium
hvdroxide, calcium carbonate, powdered activated carbon, bentonite and
seolite). The removal effliciency of coagulation/precipitation method [or
cach heavy metal was dependent on a kind of coagulant and the amount of
coagulant used. More than 99% of As were removed by using 1.0 wt% of
lerrous  sulfate and about 90% of Cd and Cr were removed with the
addition of 1.0 wt% of zeolite, powdered activated carbon and bentonite.
Aluminum sulfate, powdered activated carbon, and ferrous sulfate removed

more than 87% of I’b from contaminated water.
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Pilot scale column experiments were performed using distilled water
spitked with Pb. After the addition of O0.1wt% coagulant such as ferrous
sulfate, ferric sulfate, ferric chloride and aluminum sulfate, contaminated
groundwater was adjusted to pll7 using 5N of NaOH solution to induce
precipitation. Sludge separated from supernatant was reused to investigate
the feasibility of the recycling of sludge for heavy metal remediation. For
all of coagulants, removal efliciencies of IPb were over 95% in the
coagulation/precipitation process.

Batch tests and pilot column experiment were performed with the
addition of 0.1, 0.3, 0.5 and 1wt% of calcium hvdroxide and calcium
carbonate., For calcium hydroxide, removal effliciencies of As, Mn and Zn
were high, and removal efficiencies of Cd and Pb were high with calcium
carbonate. Results of column experiment with calcium hydroxide presented
0% ol heavy metal removal efficiency (As. Cd, Mn and Zn) in 1st and 2nd
reusing of sludge.

The real contaminated groundwater around A A waste landfill, Ulsan city,
which was contaminated by organic compounds and heavy metals, was
used  for the column experiment. Air—sparging using vacuum pump
removed more than 99% of inittal TCE and PCE within 30 minutes. As a
coagulant, 0.1wt% of aluminum sulfate was added to remove heavy metals
rom contaminated groundwater. In case of adjustment to pH7 of
groundwater, the removal effliciencies were 55% of Cd, 85% of Fe, 6% of
AMnoand 20% of Pb. In case of adjustment to pll10 of groundwater, the
removal efliciencies increased to 50% of Cd, 94% of TFe, 95% of Mn, and
0% of Pb.

Results of batch test and pilot column experiments suggest that the
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alr—sparging process and the coagulation/precipitation method are available
for the removal of organic compounds and heavy metals from contaminated

groundwater originated from landfill.

kev words @ landfill, contaminated groundwater, air—sparging, coagulation,

precipitation, remediation.
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Figure 1.+ waste landfill site for pumping groundwater using batch test.
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Figure 2. Photograph of air—sparging experiment.
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Table 1. Removal efficiency of air—sparging for TCE and PCE

. ) TCE PCE
Alr—sparging
time {(min) Con. RE. Con. R.E.
(reg/l) (%) (peg/l) (%)
0 116.52 125.02
2 1 45.44 61.0 32.94 73.7
O 1 13.21 33.7 7.04 94.3
B 10 3.70 96.8 5.37 95.7
20 0.88 99.2 3.85 969
30 0.28 99.3 1.19 99.0
#* Con. : Concentration
= RE. ¢ Removal Efficiency
150.00 r
—+—TCE -« PCE
120.00 ‘i R T

90.00 *\
\\\
60.00 {

30.00 \i\

\M\
0.00 : =2 =Y

0 5 10 15 20 25 30
Ar-sparging time (minute)

Concentration (pg/L)

IFigure 3. Results of air—sparging experiment with TCE and PCE.
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Table 2. Concentration of As, Cd, Cr and Pb after air—sparging(unit: pg/L)

. Groundwater spiked with

Air-sparging Groundwater As. Cd. Cr. Pb
time {min) |\ Cd Cr Pb As Cd Cr Pb
0 216 0.15  1.30  0.00 7550 3193 39.25  5.77
2 217 014 132 0.00 7401 2543 41.03 221
5 233 022 236 0.00 7490 2470 3967 167
10 209 020 170 0.00 7633 25.16 4165 1.99
20 213 024 129 0.00 7514 2519  39.64 1.0
30 2,10 026 1.33  0.00 7602 2605 41.02  1.74
R0 211 032 124 000 77.05 2599 3340  1.28
120 231 032 163 0.00 7786 2259 4043 2.61
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Table 3. Removal efficiency ol air—sparging for TCE and PCE

TCE PCE

Ozone-sparging ‘

time (min) Con. R.E. i Con. R.E.
(r2g/L) (%) C (peg/l) (%)

0 140.29 15051
2 35.14 71.9 21.59 85.7
5 6.37 93.5 161 96.9
10 1.11 90.0 1.05 97.3
20 | 1.03 99.3 414 97.2
30 | 035 99.8 | 2.00 98.7

# Con. . Concentration

x+ R.E. © Removal Efficiency

150.00
i T 1
~ ——TCE -—=—PCE |
= 120,00 R
O
=2
c  90.00
S
s
£ 60.00
0]
O
o
S 30.00
O
0.00 = — —— —a
0 5 10 15 20 25

Ozone-sparging time (minute)

IFigure 5. Results of air—sparging experiment with TCE and PCE.
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3.2.22. Tws AAAE A

Ozone—sparging N & air—sparging 243 vpzb7bAz ojg3d £ 28}
vE M A st A skl Adhgell Fe4S spikest Zlol o] AEE s oo,
N A= Table 49} Figure 60 vepuiodch A8 A air—sparging 2 & ol A
o ol f-7129& TCE, PCES] w2e wrAy) vluste] Fd42 wuws)
b8l el eket ozone—spargingell ost F g AARES W§ WE A

o2 vhebte,

Table 4. Concentration of TCE and PCE after ozone—sparging (unit: zg/L)

. o Groundwater spiked with

Ozone-sparging Groundwater As. Cd. Cr. Pb
time: (min) As Cd Cr Phb As Cd Cr Pb
0 370 013 280 0.00 7994 2532 4618 1.77
2 381  0.06 237  0.00 8240 35.13 56.03 2.98
5 3.85 004 205  0.00 84.19 26.05 61.34 5.13
10 380 003 176  0.00 85.79 19.35 63.41 4.18
w0 3.87 004 174 0.03 86.92 1738 65.18 2.79
30 393 012 184 0.20 84.34 2430 63.73 4.44
60 3.92  0.08 208 016 87.08 19.75 65.82  3.35
1200 [ 425 037 183 0.00 85.88  16.37 63.77  3.32
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Table 5. Coagulants used in batch test

Name

Chemical Formular

Purchased Company

Aluminum sulfate (hydrate)

AL (SO« - 13~14H-0

Yakuri pure chemical

Ferrous sullate (hvdrate)

FeSO, - 7THLO

Yakuri pure chemical

Ferric sulfate (hyvdrate)

Fes (50 - nH.0

Wako pure chemical

Ferric chloride (hydrate)

FeCly - 6H.0

Kanto chemical

Calcium hydroxide

Ca(OH) -

Yakuri pure chemical

Calcium carbonate

CaCO.

Shinvo pure chemical

Powdered activated carbon

Kwang—un C&S

Bentonite

Syvnthetic Ca—bentonite

Korca Sud—Chemie

Zeolite

Synthetic zeolite

Korea Institute of
Geoscience and Mineral

Resources
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Groundwater pumping
Spike heavy metals

Addition of coagulant

Rapid agitation
for 10 minute

Filtration with 58
(separated supernatant)

¢

" Analysis //

 onlICP-OES

J

Iigure 7. FFlow chart of batch test to remediate contaminated groundwater.



< Addition of coagulant — rapid agitation >

< Filtration with 5B — separated supernatant >

< Analysis on [CP—0OES >

Figure 8. Photograph of batch test to remediate contaminated groundwater.
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Table 6. Results of removal efficiency {or chemical process in batch test

As, Cd, Cr and Pb)

Coagulant added As Cd Cr b X
N - " N " — . . ptl Eh
(Wi%) Con. RE. Con, R.E. Con. R.I:. Con. R.E.
mg/L)| %) (mg/L)| (%) |tmg/L)| (%) |(mg/L)| (%)
groundwater 0.05 0.00 0.01 0.02 6.46 234.0
spiked groundwater 1.62 0.86 0.93 0.72 3.84 4246
05 1.55 Ll 063 | 263 | 0709 [ 152 [ 049 | 322 357 | 5345
ALSO D, 1 116 97 0501 | 105 | 069 | 251 | 023 | 948 3.49 | 506.5
3 126 | 220 030 | 633 | 054 | 119 | 000 | 100.0 | 3.36 | 487.0
0.5 0.02 7 986 053 | 385 | 041 | 556 | 051 | 295 3.84 | 2723
Feso, 1 0.02 | 99.1 2.0 | o3 | 7a3 | 037 | 487 382 | 279.9
] 001 | 995 308 | 012 | 869 | 027 | 625 376 | 281.2
) 05 |1z | s0s 3 1070 [ 212 [ 057 [ 207 | 217 | 7157
Fedsops [ 1% 075 | 537 7| 057 | 387 | 009 | 466 | 195 | 705.3
- 2 050 | 631 99 L oar T 195 | o029 [ 602 177 | 703.5
spiked groundwater 1.69 091 0.73 3.86 508.0
0.3 102 | 39.1 0.89 24 | 057 | 26.8 210 | 761.0
FeCl 1 051 | 61.3 (.83 91 | 010 | 193 191 | 7671
e 0.39 | 65.2 076 1 166 | 028 | 645 172 | 7910
sr[»jl_\cl groundwater 0.495 015 0.25 ‘
T Ton 0.07 | 922 99.3 | 0.02 | 96.6 | 0.02 | 933 | 1330 11.3
R I 0.08 | 92.1 995 | 002 1 96.4 | 0.02 | 933 | 13.57 15.2
0.5 009 | 9Lo 99.5 | 0.02 | 962 | 0.02 | 933 | 13.60 10,9
1 0.03 | 911 995 | 0.02 | 957 | 0.02 | 933 | 1367 3.2
spiked groundwater 1.72 .93 0.85 398 193.3
0.1 118 | 314 33.2 | 007 7923 ooz | 978 6.98 | 304.9
O 0.3 115 | 33.2 98.3 | 0.06 1 937 | 0.02 | 976 (53 | 2923
B 119 | 307 99.1 | 003 1 966 | 002 | 97.6 781 | 2919
i 106 | 383 99.1 | 0.02 | 98.1 | 0.02 | 97.8 | 8.0% | 303.1
aroundwater | 1.68 0.2 T ons 3.92 | 1651.3
dor 0.1 1ab | 141 8.2 | 067 | 266 | 013 | 832 5.5 | 2321
active | 05 L18 | 265 59.3 | 013 | 862 [ 002 974 | 705 | 257.2
Cearbon |1 036 | 49.3 97.6 | 002 [ 975 | 002 | 974 | 897 | 1631
) 0.1 159 | 52 V214 | 01 | 830 | 031 | oo 137 | 4119
Bentonite | 05 137 | 186 5o.4 | 0.03 | 96.3 | 003 | 965 570 | 3415
T T RS g24 [ ooz [ 979 | 002 [ 974 | 616 | 3250
0.1 127 DR 002 976 | 006 | 931 | 0.03 | 96.6 903 | 2sa1
Zooline 0.5 121 0 230 | 00T 994 | 004 | 956 | 003 | 967 | 1082 | 163.3
1 12T w00z 982 [[005 | gid | 003 | 967 | 1131 4T3

Con. @ Concentration

)

% RE. ¢ Removal Efliciency
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Figure 10. Reaction column designed for pilot scale column experiment.
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Table 7. Coagulants used for pilot scale column experiments

Name

Chemical Formular Purchased Company

Ferric chloride (hvdrate)

FeCly - BI1.0 Kanto chemical

Ferrous sulfate (hydrate)

FeSO, - 7TH-O Yakurt pure chemical

Ferric sulfate (hydrate)

Fe (S04 - nH-0 Wako pure chemical

Aluminum sulfate (hydrate)

Al(SO D - 13~14H-0 Yakurt pure chemical

Calcium hydroxide

Ca(OH)- Yakuri pure chemical

Calcium carbonate

CaCOy Shinyo pure chemical

Table 8. Water quality standards for groundwater (unit: mg/L)

(Ministry of Environment, 2003)

IFor drinking

For living For industrial [For landfill leachate

Item water water water discharged limit
As 0.05 0.05 0.1 0.5

Cd 0.005 0.01 0.02 0.1

Mn 0.3 0.3 - 10

Pb 0.05 0.1 0.2 1

7n 1 1.5 5 5

Fe 0.3 0.3 0.3 10
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FFigure 12. Photograph of column experiment with FeCl; for Pb remediation.
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Table Y. Results of column experiment [or Pb remediation with FeClj

Pb
Sample - 3 s Fe ptl DS
Con. R.E. (mg/L) (mg/L)

(mg/L) (%)

Ph Spike 1.08 0.00 2.9 171
01w (FeCls 1.08 39.30 2.33 2560
FeCl, |NaOIl »pH7 2.10 39.67 7.65 092
addinion {s0ip 0.00 100.0 0.17 7.51 1062
60min 0.00 100.0 0.33 6.9 1070
Pb Spike 1.88 0.00 2.8 155
1st st sludge 3.85 39.35 2.98 322
sludge  [NaOH -pli7 1.38 39.81 7.53 169
reevele f30min 0.00 100.0 1.95 6.16 174
60min 0.00 100.0 0.61 6.31 185
Pb Spike 1.98 0.00 2.85 167
Jnd 2nd sludge 2.63 39.30 3.03 290
sludge  |NaOH —pH7 6.08 39.58 7.37 126
recyele faomin 0.00 100.0 1.10 6.51 133
60min 0.00 100.0 0.37 6.55 131
Pb Spike 1.98 0.00 2.81 115
arq |3rd sludge 7.08 39.16 2.99 290
sludge  |NaOH—pH7 .23 39.41 7.2 126
reevele g i 0.10 94.7 2.05 6.3 130
60min 0.10 94.7 0.88 6.31 126
Ph Spike 1.93 0.00 .82 171
wh o [4thosludge 8.65 39.16 3.02 230
sludge  {NaOH—pH7 10.52 39.35 7.57 138
recvele fanmin 0.10 94.7 1.77 Gt 132
60min 0.10 94.7 1.02 5.93 129

x Con. © Concentration

=+ R E. © Removal Efficiency
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®=50mm

Figure 13. Separated supernatant and sand [iltration column.

Table 10. Results of coarse sand column filtration for Pb and Fe

remediation

Sand column filtration 30min 60min

concentration (mg/1.) Pb Fe Pb } Fe

0.1wt% FeCl; addition 0.00 0.00 0.00 0.00
1st sludge recycle 0.00 0.00 0.00 0.00
2nd sludge recycle 0.00 0.00 0.00 0.00
3rd sludge recycle 0.00 0.00 0.00 0.00
4th sludge recycle 0.00 0.00 0.00 0.06
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IFigure 14. Photograph of column experiment with FeSQ; for Pb

remediation
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Table 11. Results of column experiment for Pb remediation with FeSO;
Pl
Sample ) Fe HH DS
PAmpIe Con. R.E. (mg/L) { (mg/L)
(mg/L) ()
Pbh Spike 1.9%8 0.09 276 370
O 1wi% FeSO, 2.08 30.59 2. 796
CatOll) ., INaOll »pll7 0.00 .14 .15 709
addition 144 i 0.00 100.0 1.36 6.14 693
60min 0.00 100.0 3.99 6.14 725
Ph Spike 2.08 0.00 2.8 350
Ls 1st sludge 0.42 32.62 5.30 206
ST
sludge  [NaOlIl »pH7 0.00 5.73 7.64 207
recxele Fugin 0.00 100.0 0.32 6,10 193
60min 0.00 100.0 0.7 6.19 195
Ph Spike 2,19 0.05 295 137
ond Znd sludge 3.02 22.66 2.87 207
sludge | NaOH-»pH7 0.10 1.79 8.95 138
reevele oo in 0.32 76.2 872 8.7 136
650min 0.31 257 9,22 862 139
* Con. ! Concentration
#* R.E. @ Removal Efficiency
Table 12. Results of coarse sand column filtration for Pb and Fe
remediation
Sand column filiration 30min 60min
concentration (mg/L) I'b Fe Ph | Fe
0.1wW1% eSO, addition 0.00 3.49 0.00 ‘ 3.08
st sludge recvele 0.00 0.96 0.00 1 1.06
i ,
2nd sludge recycle 0.51 0.96 0.10 \ 1.03
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123, kAol & o] &3t Al W Ay

kAol H (Feu (SO 5 - ntLO) & W 7] gl o] Jubg Fof ol Zh4 &
CFERUGE, plid~1204 Az e Adas Ao &3 pHE W7 W ¢
of H#718) saAele] detel A el ol &= S Aot aEY 9], 1993 &
AE1997).
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stdvh. selA AT EL Dol HEE 357 Fster s S SRy -
Axom, dsAd EAsk: Y REel 42 S7MsFh Table 132 0.1wt% &

Aol g o] gato] el &ule] PhbE SR/ HHMoR A7 S vEgFE Ay Aol

Table 147 ntefodapzbgl s S8 {-E&542] b, Fe s &4 Avfolrh

Feeiel Phel Fell sREs 4y Hax 488 4% 3374 Pb7t HES
A gkol PhAl 7l Aol A vrER oW, Few S Ak 4714 0.3 mg/lL
ol rAEkth FeAlAE flall oole Ml of mrl FEFolAM Fed 79
AEE A kol ol A7 E ] W S AAEES GERAATE ArHoR
plI78] dofell A Al He] T4 AAESS GAAdE ok 231 dakA
o Hupy= vl azsh Ao veppton, najojuygdol b A9 29 Pbel

A Ao sHatAle]l 2 S 13 o))k AELSte] 0] 83 £ 9 Hox dehE g}
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Contaminated water i

Adiusiment to pH7
spiked with Pb

with 5N of NaOH

Addition of ()2(3()4)3]

Contaminaled waler 1 it Contaminaled waler : .
!,zmi!" 1 used sludgo | [ | frocbetn with 2% used siudge | Proctetin

Contaminated water
with A" used sludge

! Cortaminated water
| with 3" used sludge

| Precipitation ‘ :

[ Precipitation J

Figure 15. Photograph of column experiment with Fex(S04)3 for Pb

remediation.
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Table 13. Results of column experiment {or Pb remediation with Fe»(S0;)3

Ph
Sample - 5 Fe, pll TD,S
Con. R.E. (mg/L) (mg/1)
(mg/L) (%)
Pb Spike 2.11 0.00 2.76 386
0 Lweo |Fes(80, 2.11 36.30 2.39 1395
Fe, (SO -|NaOH ~pH7 2.32 36.52 6.99
addition fsppin 0.00 100.0 0.87 6.56 1055
60min 0.00 100.0 0.12 6.51 1028
Pb Spike 2.00 0.00 2.8 170
1st 1st sludge 3.58 36.43 3.01
sludge  |NaOlIl »pt7 171 36.52 6.78 210
reevele fugmin 0.00 100.0 0.54 6.4 210
G0min 0.00 100.0 0.42 6.31 213
Ph Spike 2.00 0.00 2.78 176
Jnd 2nd sludge 5.68 36.52 3 315
sludge  |NaOH —pl7 6.84 36.60 7.21 136
recycle somin 0.00 100.0 1.49 6.67 136
60min 0.00 100.0 1.16 6.65 139
Ph Spike 2.00 0.00 2.3 470
spq |3rd sludge 853 36.56 2.91 125
sludge  {NaOII »plI7 8.32 36.22 .45 146
reevele Jaomin 0.00 100.0 1.00 8.12 146
60min 0.00 100.0 0.71 5.1 115
Ph Spike 2.00 0.08 2,78 313
h lth sludge 9.05 36.18 3.02 250
sludge  |NaOH-pH7 10.11 36.22 7.4 132
reevele g min 0.11 94.7 1.70 6.13 129
60min 0.11 94.7 0.91 6.1 128

« Con. - Concentration

¢ RE.  Removal Efficiency
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Table 14, Results of coarse sand column filtration for Pb and Fe

remediation

Sand column filtration 30min 60min
concentration (mg/L.) Pb Fe Ph Fe
0. 1wt% Fe.(S0O,) 5 addition 0.00 0.00 0.00 0.00
1st sludge recyvele 0.00 0.00 0.00 i 0.00
“nd sludge recycle 0.00 0.00 0.00 ‘ 0.00
ard sludge recycle 0.00 0.00 0.00 0.00
4th sludge recycle 0.00 0.06 0.00 ! 0.06
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doj Ak Wol Ak, ARS AL Ao A Ase Fest MEE F
ol eAFHY FRE AARL 9

a

FHow AAZ ALt Aok FPE S

% o gug.

-

S EsHoR A 5 92

J/\diustmentlo pH/ L Precipitation [

with 5N of NaOH

Contaminated watcr DA
spiked with Pb | Addition of AlASOa)a

1 Contaminated waler

with 2™ used sludge { Precipitation

Conlaminated waler | Precipiation l

wilh 1*' used sludge

Contaminaled water

N
with 4% used shidge i Precipitation —|

Precipitation 1

Figure 16. The photograph of column experiment with Al.(SOQ4)s for Pb

remediation.
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Table 15. Results of column experiment for Pb remediation with AL(SO,)s

e TDS
Sample Con. RE pH (mg/L)
(mg/L) (%)
Ph Spike 2.01 2.90 176
01wt |H180.; 2.04 2,78

AL(SOD  [NaOH-pHT 0.00 7.15 810
addition |s0min 0.00 100.0 6.99 873
60min 0.00 100.0 7.00 859

Pb Spike 2.04 2.08 179

1t lst sludge 3.06 3.48 152
sludge |NaOll »pll7 0.00 7.19 215
recyele dsomin 0.00 100.0 6.86 207
60min 0.00 100.0 5.35 2292

Pb Spike 2.01 2.71 165

2nd 2nd sludge .18 4.10 131
sludge |NaOH—pH7 0.00 7.02 145
recyele 1ugmin 0.00 100.0 6.16 110
G0min 0.10 95.0 6.33 138

Pb Spike 1.98 2.87 -

3rd 3rd sludge 5.10 3.01 -

sludge  [NaOH—pH7T 0.3 6.69 -
recvele lagmin 0.21 §9.5 6.37 137
60min 0.31 §1.2 6.21 142

Pb Spike 1.98 2.87 163

1h Ith sludge 6.0 2.00 135
sludge  |NaOIl »pH7T 0.5 77 138
recyele 1anmin 0.31 512 611 136
G0min 0.12 78.9 6.28 137

« Con. © Concentration

= R.E. ¢ Removal Efficiency
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(b) 5 hours precipitation with Ca (OH)2

(d)5 hours precipitation with CaCQ3

Ifigure 17. Photograph of batch test with the addition of 0.1, 0.3, 0.5 and

1wt% of Ca(OH)» and CaCOs(Amount added increases from left to right).
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Table 16. Results of batch test with 0.1, 0.3, 0.5 and 1wt% Ca(OH)»

CalOH). S‘“":,'m‘ M i il 08
(%) ime | oo, | RE. Con. . RE. | Con. Con. RE. pA (mg/L)
M gy | () (mg/l) | (%) | (o) | (ma/l) (%)
Soke 0.42 235 | 211 0.80 3.96
0 0 - 264 105 | 205 068 | 147 | 11.39 | 1009.9
05 | 030 293 156 | 471 | 1.74 028 | e | 137 | 1sxie
1 0.21 & 104 | B4 | 1.74 034 578 | 136 | 9989
2 01s | en? o7e | ag | 18 033 | 59 134 | 1aexio
0 3 017 528 o672 | 7 027 | e85 | 1131 | coe7
5 013 ez 052 825 | 155 | 013 | 8a1 | 1125 | 6087
8 06 ol4 048 338 | 1.5 coa | eaa | n2s | 4483
12 020 521 045 848 | 155 coa 700 | 1123 | 3.03x10
filiation | 0.00  99.9 900 1000 | oo 100 | 99.4
0 050 - 274 . 70 | 108 77 | 38 | 1iel | eescio
05 | 0205 82 026 N2 | 180 0o 753 | 1174 | ek
! 004 © 910 020 | 23 | 180 021 738 | 1184 | 555108
2 NDND. 017 L M2 | 180 021 738 | 1162 | 612x1
0.3 3 003 ¢ %0 02 933 | 18 09 768 | 1157 | 5.98x10
5 002 948 017 | 942 | 181 018 77 1156 | 6.40x10°
8 02 955 013 | %6 | 186 020 758 | 1154 | 5.37xI0°
12 002 | 953 016 | 47 | ‘86 019 | 785 | 1155 | 3.84x10e
filtration .00 999 0.01 ‘ 997 0.00 0.1 1 859
0 c47 102 €55 | 1.66 | 074 | 78 | 1205 |601xIC
05 | ooz 95t co7 l9v7 | 1za 412 | 007 915 | 208 | 65910
! 0oe | 99 Ci5 L 96C | 155 | 265 | 011 . 868 | ‘199 | 592x1C
2 Q.02 96.0 c 96.2 1.49 29.4 0.12 j 876 11.96 589x
0.5 3 Qg | 959 02 o959 | 181 235 | 012 | 850 | 1199 | 6Mx0r
5 901 %8 012 950 | 155 265 | 008 | 897 | 119 |e11xiC
8 a5 967 01 %82 | 168 208 | €13 832 | 1200 | 595x10
12 001 978 010 265 | 168 206 | c1e iog2a | 1°99 | 615x10
fitation | 000 100.0 got 207 | oo 1000 | o1 ¢ oesa
0 036 146 120 504 | 148 204 | 74 ! 76 | 12068 | 656x1%
05 | oo e G195 336 | 180 = oo leat | 1zoe | 4sixio
i 202 9% or3 s | 124 0o 07 | 1205 | 577xiw
2 501 973 one 04 | 118 057 915 | 1205 | 83510
1 3 0.01 95.3 ¢.c2 2.4 1.18 3.0 926 12.09 4.73x107
5 000 . 98 Coe %4 | 118 nse 23 | 127 |sexar
8 000 | 995 0oz | oea | 12 005 935 | 1207 | 3.84x10°
12 0.Co 934 0.02 i 99.4 18 008 ‘ 2.6 12.07 4.37 x 12
fitration || 000 *00.0 001 o7 | om 011 | 863

# Con,

#x R.E. © Removal Efficiency

> Concentration
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Table 17. Results of

batch test with 0.1, 0.3, 0.5 and 1wt% CaCOx

Caco, | Setilement f o N‘h i il o8
(W) ‘2’;:)6 Gon | RE | Con. . RE | Con | RE | Con | RE | Con | RE PH (/L)
(mg/L)! (%) | (mg/) | (%) | (mg/l): (%) | (mgl) | (%) | (mg/). (%)

Spike 042 | 04 | 010 ! 04 | 295 04 |21 04 |0m: 04 | 3%

0 041 31 | 008 222 | 245 167 | 121 412 | oee 277 | 780 | 3857
06 | o3 270 | o009 148 |28 02z | 025 882 | 084 103 | 7.84 | 2668
1 03 282 | 008 185 | 285 99 | 002 91 | 084 108 | 794 | 305
2 020 318 | 008 . 222 | 263 103 | 000 1000 | 084 106 | 784 | 3350
01 3 024 421 | co8 | 222 | 2€ | 111 | 000 1000|084 | 12| 78 | 3279
5 025 418 | CO08 | 222 | 25 | 120 | 000 1000 | 08 | 135 | 787 | &2
8 ND. NO. | 0% | 250 | 258 | 23 | 000 100|075 | 208 | 792 | 3376
2 fo2s a5 |coe 370 | 253 | a0 | 000 1000|070 | 253 | 816 | 003

fivation | 020 513 | 002 670 | 253 | a3 | 0co 1000 | 025 | 738
0 940 45 | 0OE 370 | 217 | %3 | 106 | 500 | 056 @ 407 | 794 | avea
05 |03 282 | oo a1 |2k 213|012 et | 0s2 450 | 827 | @757
| 039 . 64 | 0C2 778 | 237 96 | 000 1000 | 066 | 207 | 807 | a2
2 037 112 | ooz 815 | 23 | 208 | 000 000 | o6 | 274 | 7 | 672
0.3 3 031 ' 254 |00z 815 | 230 | 219 | oco io0c | 060 | 35 | 807 | 3512
5 031 268 | 002 815 | 228 | 225 | 000 | '00C | 059 | 37.6 | 8.2 75.0
8 027 34 |00 815 |23 | 213 | 000 -coc | 057 397 | 785 | 3827
12 |o2s 315|002 815 |23 Pz |00 coo| o062 |38 | 803 | 44

fitration | 029 1 310 | 0.03 | 756 | 226 | 233 | 000 000 | 021 | 782
0 05 | - | 008 259 | 170 | 392 | 149 204 | ce8 | 274 | 766 | 4208
0.5 0.44 - 0.C2 85.2 2.02 3. c.12 94t C.48 48.8 7.71 370.4
1 C.34 18,7 0.1 88.9 2.0 3 C.06 371 ¢C51 453 797 375.2
2 coy a8 | 0o sed | 2 coo 1000 | 043 494 | 769 | 3788
05 3 c.29 207 0.0% 926 16 0.0C ¢ 1000 .37 c1.2 8.C0 378.€
5 C28 . 26 | 00 8.9 | | 0oc w000 | a5t 458 | 7.7 389.5
8 coo 223 | 0o | 889 | Qoc 1000 | 047 560 | 774 | 3797
12 .30 287 0.0 ; 88.9 1 a.oC 10C.0 045 518 7.83 387.7

fivation | 029 | 38 | 00 ers | 006 1060 | 016 &5
0 042 - - |0 519 |0 075 03 e04 | 772 | 390
05 | o2 5 |co oeso |- 000 0o 178 | 7er | a2
! a3 28 | 001 | o6 0.00 025 | 735 | 786 | 3.2
2 02 B2 | Col e | 0.00 023 | 756 | 774 | a5
! 3 024 424 |0 %3 | 1 000 g21 776 | 775 | 3865
5 .31 259 ¢.ot 26 1.2 2.0 0.22 762 7.81 391.7
8 028 34.3 G0t R.e 1.2 2.C0 02! 776 7.7¢ 386.3
12 031 . 257 | Dol @6 | 127 | 570 | 000 020 | 788 | 775 | 19

fivation | 929 . 32 | oot 951 1w | 547 | 000 019 | 8

« Con. @ Concentration

#+ RE. T Removal Efficiency
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[ Addition of Ca(OH). jl

Contaminaled water
with 2" used sludge

Contaminated waler
with 15t used sludge

| Pracipitation ] l Precipitation .

Contaminated water
with 4% used sludge

‘ Precipitalion }

Contaminated water s
[w'rlh 3" used sludge;] [ P"effiahml j

Figure 18. Photograph of column experiment with Ca(OH), for As, Cd,

Mn, Pb and Zn remediation.
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Table 13. Results column experiment with 1wt% Ca(OH)»
remediation As, Cd. Mn, Pb and 7n
— ‘ As \ ‘ Cd ‘ Mn . 7. Pb ‘ 7‘ Zn » T8
Con. RE. Con. RE. Con. R Con. R.E. Con. RE (/L)
L) () g/l (o gl (0 | /L) e gl (%)

Spike: 0.4 0.11 390 210 By 220 #5
Lar |CaOEDL | 000 0.03 DR 2.10 0.7 1194 | 7.43x10°
CatOR- | 20min 000 993 | 002 w06 |05l ALY | LIS 455 | 00 b4 | 1203 | TA43s10°
addition | gy, 000 993 o0 w30 | 060 ®LO | L3l 384 | 015 865 | 1223 [7.31s10°
1 20min 000 993 | 002 #20 |osl RLE | 140 333 | 017 835 | LLO” | T.36x10°
Spikee (.38 .12 3.26 217 1.15 219 810
L [stsludee | 002 0.15 307 2.29 144 1178 |7 loslee
sladie | 30min 000 995 [ 000 970 |01z 964 | L3 022 799 | 1193 |7.09x10°
reerele g in 000 997 | 001 909 | 01r 957 | L6 033 TLT | 1242 [ 7.osx10f
120min 000 997 | 00l w70 | 002 964 | 16 224 | 019 83T | 1244 | TAN10°
Spike 0.37 011 302 2.10 LIl 232 #10
ond |2 sludee | 004 0.25 587 210 169 1235 [4.91x10°
sludge | 20min 001 972 L oo st o wre | 1a3 2 | 04T 500 | 1235 |54Rxl0f
Pl 000 995 | 001 #75 [ 029 9L4 | 13l 261 | 0RF 0T | 1234 53007
120min 000 997 L 00l 938 | 010 968 | Lds 303 | 038 685 | 1220 |530510°
Spike 0.10 0.11 206 2.20 117 219 K30
an | shudee || 035 0.31 753 271 204 413 205
sludge | 30min 016 607 | 003 k2 | L2 30 L osl s | 022 RL3 750 279
recyel | nin 016 601 | 002 B39 1080 726 | 038 A3 | 018 Ria 762 245
120nin 016 6L2 [ 002 =39 ] 08l 720 Lok #3020 A3l TOR 285
Spike 0.2 011 15 223 L16 2,19 o
i Ith shadgre .05 040 209 1.33 2609 2.35 310
sludge | 20min 0.55 - 101 - | 5y — | 150 2x5 ] e - 2,88 37
vl ) omin oxr - low - A - |1zt oaar | 2 - 382
L20min 0.45 - 1ot - | 5o - 1115 w6 | 268 - 292 360

Con. : Concentration

o RE

. - Removal Efficiency
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Table 19Y. Results of sand column filtration

As Cd Pb
Con. RE. Con. RE. Con. RE. Con. RE. Con. R.E.
(mg/L) (%) (my/L) (57) (mg/L) (%) (mg/L) (%) (my/L) (%)
30min || Q.00 100.0 0.01 94.6 0.02 99.3 0.32 47 0.05 95.5
Lt CatOH) . addition | 60min {|  0.00 100.0 0.00 96.4 0.03 99.2 0.H6 63.5 0.10 91.1
120min || 0.00 100.0 0.01 94.6 0.01 93.8 .08 725 0.02 98.5
A0nin 0.00 100.0 0.01 95.2 0.02 99.6 1.50 348 0.2% 808
Lt sludige recyele A0min | 0.00 100.0 0.01 93.2 0.02 99.5 1.39 39.4 0.38 739
120minj 0.00 100.0 0.01 93.2 0.02 99.5 1.50 343 0.49 66.2
30min | 0.00 100.0 0.00 96.5 0.03 99.0 L.07 49.2 0.34 659.9
2nd sludge recyele H0min 0.00 99.7 0.00 96.5 0.02 99.5 1.30 38.0 0.51 35.5
120min || 0.00 100.0 0.01 93.9 0.01 99.6 1.56 25.8 0.61 16.6
A0min || O.12 64, 0.00 100.0 0.04 93.8 0.00 100.0 0.00 99.7
Bl sludie reevele HB0min || 0.10 TLO 0.00 100.0 0.03 99.1 0.00 100.0 0.00 99.9
120min i 0.11 73.6 0.00 100.0 0.01 98.7 0.00 100.0 0.00 99.8
0min || 015 - 0.12 - 12 - 0.00 100.0 117 -
il shuddge recyele G0min f| 0.4 - 0.26 - 112 - 0.00 100.0 2.02 -
120min | 0.73 - 0.36 - AT9 - 0.00 100.0 273 -

= Con. ! Concentration

++ RE. © Removal Efficiency
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5. AAl e AstrE o] &F AIAY
ol yHel 2d4E o]get eAFe] frledE W Fu5 AME Sl AAe
2/t AANEe] ARE s o, A gl edw AskeE At

of §712%3% W T AA Ade A
Aalel o] gl AA st EabE Al E b 2Aksketd A e AT AA

A7 el g) el A Al Ekalnh AasE A F ofd &% 185.922m e w, wiglel

A7 12 7P elst & oigdeh: galer #7158 s Helshs A7 E g

golrt, & Aale] o] &gt Hatr A7l s v g whebge] A8ty s s e

ToAEE S oy w2 e el AskrujAlvtel A A Eel o,

ws) oA whdshs HES W wAlsE deiskriglel A wis AW Ae] A A

ool B A7 FEAEE o] gkl Al gstalel. Al gsk A ska (WAl ) o M, of

Ao Eod vRE A o, At Askes vy FHe] ¢ e A skt

ek g el A vl ET HEetel wiglEel edded st 4 & SAddY

(Table 20). Figure 195z #8535 Apst w4yt Alaa7de vhebdinh
oA i Al ] A s vjA| A Ao A A SsE A ekEE o] &8t

sk el A8k f7ledE W FrledE s wul/satdsl g3 oR A6k
dAHE s Aasdnh AeHe 2 3, dFlA Ao S wgor 3

o] 57199952 A A= air—sparging &S o] &R, FrIod L] AAE
slalr = S dA d7bE w9 S/ de ee ol gshlh
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Table 20. Concentration of leachate in A/~ waste landfill (unit: mg/L.)

Cd Mn Pb Zn
L.ecachate A 1.89 1.17 17.17 7.03
[.cachate B 1.78 12.56 9.93 17.28

o w0 W

(a) (b)
Conduct to collect Pipe hne to move the excluded
groundwater. groundwater to the leachate.

Figure 19. A waste landfill site to pump contaminated groundwater.

_62_



5.1. 71 edE AAE $1% Air—sparging 2%

0.1.1. AE

rE

AH=sk 7k el TCESQE PCE w8 st A7 2.37xe/Lok 6.35ue/1.0]%4
ouj o]t Agg A8l 7IEAQD 30ng/l., 10pg/L ol3kE UERLE AJE A Al
o] air—spargings e AAEEE FAsH7el= FA A web B Aol
‘iz TCESF PCEE A58 Askael spikedte] Aol o] &t 2, spikedt 5
1= TCE 852.81ug/L8} PCE 636ug/1.0] Lt}

2181 & pilot HESZol 43k H sk 15LE A1 TCESF PCEHE spikesdtod
NEE o] kS-S o] gstod 2kt vhe, Wy olE-sto] oF 6psid] F7|E
SEAATZLAL, graphite Aol FH7RAV] 4iE FHO dAste] whEx FAset
Vol R1AATA FH eItk (Figure 20). A 8E& Al#tsbdA 0, 2, 5,0 10, 2
L0, 0% tA 0w ed-E gl oy. 43 9L purge and trap F =7}

wabEl GCol p—ECDAE7E o g3tel wr% ZYararh

5.1.2. A8 Ay

o
HJ=

Vb ga BRE el whe el Al s A AFet edH s E ol R
stel TCE, PCEE air—sparging & o® #7s & 2% 43, 3.19 48 43
ob v]5zek & TCESE PCE AlAES vt Asks 2848 71&A 2] -7t
TCE+ 30pg/lolar PCES 10pg/LLo] L%, air—sparging § 30% °o]Fo TCE<}
PCE7F 747} 15.90, 5.85ug/LL7F o] air—sparging A2 §- 302 oo H&E

N olsle] i 918 = Ql9itH(Table 21). weEbd edg-fo] TCESH

_._4

PCE &2 f7legidel 43 weoll air—sparging® 30% % sfFi (hekst

L

r"r‘

— {]_

o

WP uboRY QAR s y]2A] olflR uhE 4 9l AoF

s

-okgl o)

LA

ta
o

gk 2 skl Mol sk Al el @ Gojlizdl Alzko]l Awtol -

I
0

AH
-1

Y- Aol AVIEA Aggere] Aol Al wskelelidl. Figure 20 vpERet
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AA4 air—spargingel ©|F Aak5e] Mol AFE AP MY Al AL A

om Wek AL BT 5 Yo

(a) (b)
Reaction column with Air—sparging system by
contaminated groundwater using a vacuum pump

Figure 20. Air—sparging experiment for TCE and PCE removal from

groundwater.
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Table 21. Removal efficiency of air—sparging for TCE and PCE in

contaminated groundwater

_ . TCE N PCE
Alr—sparging
time (mln) C()n. RE C()n. R[‘:
(peg/l) (%) (preg/l) (%)
0 352.84 636.44
2 6£23.95 26.8 161.60 32.8
5 427.94 498 244.81 64.3
10 168.23 80.3 64.56 90.6
20 53.15 93.8 14.19 97.9
30 15.90 93.1 .85 99.1
10 2.34 99.7 3.54 99.5
60 2.34 99.7 3.22 99.5

# Con. @ Concentration

s R.E. - Removal Efliciency
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1000.0

- TCE —=—PCE

200.0

=
']
— 600.0
= 000
v
O 2000
0.0 i a
0 10 20 30 10 50 60

Air—sparging time (minute)

Figure 21. Results of air—sparging experiments for TCE and PCE

contaminated groundwater.
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5.2, e AZE e /AR AW
5.2.1. A4 Wy
oqd Astruel EASE FEs AAE A% A% 29S8, WA Wbl

ol gW/AAL PO Fise AAS: ¥ UL AASAh Wex o

‘ _4

A1 3]
=i

m‘o

q air—spargingel 28l f71edHel A 2d5e SHAE HUbstol 244
el Eo5% AANES aalch A5idd WS kM Pbe spikedt 2.9
SHAE Hbete] A E FAAA FA/AE AASe A WYY sAdst
ch

anegl g A ekgs v A el ek Aekae] e wRE M A
7 CdS 0.02mg/ll, Fed- 34.76mg/l., Mn< 22.53mg/L 18] 1 Pb& 0.63mg/l.
olgl o, Znd 0.9mg/lLE AekF HEE VIFA olstE Yrbwth @9 Aske
W Feet Mnel s57F Ak A& 715x2] oF 116u4st 7582 Yrhu Fegt
Mg AlASH7] 98 A AE S AAlsGTh oA 4dellA AR SHA Sl

A2 & Fo] wdud

-
'—<
i

Pperulir g ol gatel A7) S AAstnh AHgsu

[e3

SR FollA HGE W oAge o] gst e Feol wE7F oY &
olf-:2 A 8| &kt

28lef] o] gst ghalerFulyS oAyl AbER SRAF SHaN 1 v
Al e AAAder Fel 7 Wol AMgH ol S Aol AT o] S
HAel vw A7E 98 pliyE 6.0~7.5%Wel §718 AAE Q& pHi:
5.5~6.5%gleleh shabelrulw e ko] Ale uls)] pile) A Fo] il pll W3}
of mizkatch (gl 9] 1998). wheba] 2 Aotz ok o] spikest @GRS
ol g-ob AlE} wpabvbA R Sk elirE ks ¥ pllE TR x2A sk &3/A
Ar7iv: A s sheloh Al 0 Figure 220 vhehSloh

2Ee 151 e #akeE whEaed A F Frleddel AA Fietrha

Jhbyl Gpsii vacuum pumpis 2HEske] 60W-7F air—-spargingAl?l F TEE Al
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mz

A3 e sttt Air—spargings vhd e glo] 0.lwt% 2l AL FulES H
7bsbal 110rpm S 10%-7F wukd & 5N NaOH 24mL%E F4lstel pHE °F 72
wAEA pHE 24 T 110rpm o 1037 @S dlo] edgaye] &

owgol Clojul @ ¥ F4E Leldel WAL Frath Gty e

—_

i gk AFs & owE Hvg A AEE7] A ZFsle] oF 307 $olli Figure 22

B e et Atk Lo W FORsE Sl o0F ARAHU F A

w2 Rl WEe 2o AFS NS 140sec/100mLel FHEE FEHACH, ottawa

- 135sec/100ml. 2] E 5200

ek Aele 0 lwig SrSFulES ¥ & 5N NaOHE S o] &5ke pll
ST 2 Ago)gle] FrhARoR pH10S R sk HEe At pH
7R 2R AL oAU 5 sLR EAI Fer A7 @ol wojzl uk

W MnS AL #AAEA ¢rof BN NaOHE e F7t4 oz H7iste] pH10S R 3=
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H.2.2. Y At

ol 7F v A oAz 0BT air—sparging $-o o+ F oF
Aom, odAslse] 4 air-sparging Fol @elpor RFEWH ek
spaboliznlir ol NaOIl ®7bil AlA® Eejo] 2dsk Fo] Ao
o] A7lEe] Mo |Aw T gevt sk Seld @A A5dat 2o
bl BHFe §99 wor Ao FERcM 2 iolde wAY 5
Aoy, =4 A A AWE Table 220 vrERSoh

e d# sk E 608t air—sparging 8k 213 O.lwt% el #atdFuim Jrt

OR F4e wxwzle Al fldddh shkelRuly H7ES SN NaOI8-9)
2iml. FRlo R pllE oF 6olM 72 24T 4 lelory pHe Yoz Ao

drel EelAv @AE EelAe Jdom ool Cde oF 55%, Fed
34%, Mn> °F 6% 1830 Pb: 2078 A7ES f2& 5 ok AAREe] W
- Mne] A AE 28l 5N NaOHE9 30mL F7F F39)ste] pHE °F 9.78 33
Azt HelAE oS @ol X Aol Fad AEE 279k vlast
o] Fet= oF 94%, Mn- ©F 95% 18] Pbi= oF 10% 9 AlA&E bl ok,
7hd AR A Anoislge] sk wA A Al A At Hskare] 01wzl &
Aeru]d dvkekol pHTR 24T F5-ol 27 94 w=uvl 55%2 Cd,
D% 2] Fe, 5%2l Mn 28] 20% 2] PbE A71Z F g%l ov, pHl02 2 233
Aeelliz 94%2) Fe. 95%2] Mn 2813 40% 2] PbE AAT 4 Ak F5HE
FEA7 Rk eS ofgsto] ofxt A7l Hah T AZEES A W
shal#] okoreh A Ao o dAF L s AAS A s A=, 2.9
Adakarel FZelspeh Al 540 e9lwdyt 1wl wkel Hrlsteiold A
Al SR EEE aefa S/ A olFe FF Aeleds dgstelor & A

o gekdgleh
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i

Addition of

Addition of
‘ 5N NaQH

0.1wt% Al,(SOy) 3

Precipitated ‘ Filtration supernatant ‘

slidge with sand column }

I'igure 22. Photograph of column experiment with Al(SO4)3 for

contaminated groundwater.
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Table 22. Results of the column experiment with Al(SO)s  for

contaminated groundwater

Cd Fe A Ph i
; T : H s
Con. | RIL Con. RE. Con. | RE Con. | RE p (mg/L)
g/l @ | mgh), @ | gD (B | ng)] (B

Real groundwater || 0.02 3476 } 22.03 063 6.73 1.26x10°
after air—sparging || 0.02 31476 19.71 0.63 l 749 108 x 10
0.1% AL/(SO, 0.02 ] 36.95 2203 063 6.16 1.10x10¢
NaOH -pH7 || 0.02 676 2215 063 | 7.36 1.24x10"

Pl {supernatant | 0.01 © 556 | 519 &12 | 2120 59 051 1 200 767 1.09x10*

filtration 001 556 | 470 865 | 2119 0 59 051 200 7.32 1.28 x 10
NaOH pHI10 0.02 16,76 2205 0.10 9.71 LO9x 10
pH1O [supernatant || 0.01 12,7 2.05 ‘ 91.1 1.09 95.2 | 0.38 40.0 9.3 1.08x10
filiration 001 . 55.6 | 167 | 946 | 090 | 956 | 038 | 100 9.57 1.26x 101

« Con. @ Concentration

## R.E. : Removal Efficiency
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6. 4 ¥
e 2o A GEE T DES Sof oa) FUeHE u 2E&£02 99y oYX

oo dstee) AakE 99 wel/aed AAFY Badw A oo g

-l T2 O [s]
A% 95 5 qdth

() edEA e wigR FH oAseset ed® Wiy Fd Adkae] TCE

PCE spikedto] air—sparging A el g A3l 305 oo 2L 7]E A o]s
o] FLE & 4 gt

©

(2) % #] ok ¥l A = Aok Fird As, Cd. Cr, PbE spikest 3 &
AA) 2 H7psk iz Ae Ay o FiFgo] uel F= AAES e AL

SHA BEE A&+ AU

LS| AA

(3) F4el PbE spikedt 1y eglgol S AE Hrhetol AAdE =9 S/

ddor Fis AAE AAe Al A phel AAEES sHabAlold, g

doldl, garelRvly, FAANN o wA vehdrh SelAABEUD 4
doaabAlol e ATE 33, ARl A FAAFVIES ABE 28], FAAY
g ASE 18744 ARE A /1EA olste] FEE AL & ook wF
sote] Abe]i: sbAtebguli, EbAlel W, FAAlel M, FAAABe] o Fo
b ARgele welolal A7) A3 gabwiold, @shAlel Ae] Pbol Fei A

dAH O FAANAS Ferk Hake Wag 71EA olyor PEHU
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‘1) E=35ol As, Cd, Mn, Pb, Zng spikedt eld e o] AM3g] A58 3
pato] Fkgr A7 AE S A ASEeI T

o adse Mo Wokes Sd Wx g

Axp AM3E W7k 2l As,
Mn, Zne] A Ago] o, A3Ag Yrkek 21 Cdsh Pbe] AAEo] £A LhE

=

()

) 2N Iwia® ol8F 2YAY Ash 243 Wk ABE 28 UEAA
As, Cd. Mn2] Al 7&o] =4 vhepwe™, plliz ¢F 12, TDS X3k 5,000~7,000
o) & @S ZhEch Teluh AEg 33 ARoF, pligl TDS7E w$ by o]
FE& A mek uS Sl UEbdch o WiRo R FEs FRe el uf

b AYS aMs] WARS A5 5 Aol BuY

O [ (A

u
a

(5) Anmg]gel A Algst A el #skped Ak 0.lwi%E H ket
T AAANRE 3 A e /AP Qs FaEe] AAL A R
wAe A = Qlgloh, shakekEelyy Hbe pHTAR 2 SH A3 Cdv= 55%,
etz 35%., Mn+> 6%, Pbiz 20% 2] #AAFE ®eloy, pHY. 72 st A3 )

Nae 2A ZF7Fe] Fer= 94%. Mo 90%, Pbiz 40% 2] AAEE vERSI

(6) ¥ AgtollA Aozl Arts wpgow A Ask edx e iy s
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u) 2] ghef| A GE s HAESo] o eddw wigx FH oA AsEE Yt
D13 Bel/ekstd 3 Arstolel Askel Y 712w air—sparging
WS o] &5k 2dES TIdeR AAseY, FUES S Akl st
SR/ EEe] HedE AAEES Pl A H R SAA edFet AA

o 4] AR 0. ol gl e
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ol
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ok

ofabalel o R elA Agsk Aahgel #7199 E]) AsEAl TCE, PCES
spikedto] air—spargings AAIeE A 30F ool 9] 99%7F Al A w1
gom vpebsbth 23 849l As Cd Cr, PhE spiked § S AL T

v, shabAlolE, shabAlel W dstAlolH. 443 AEA, EdEdE, Wkl

wLoAgElelE) B Avketel $A/HAS @ Ak Fisel b $HAW AAS

Pbir spikedt 91T 5ol SFAE o3 AR AR A Hst
qol 2. satAdd, sabAold, gaketFulys 29, 0lwtad Hrbetn &
el A4 pHEC £HE 98 NaOlls H7bste] FH#% Pbe AASACH
Phel A7 &8 gakAo]d, ddgtAold, shaketfulyr, SabAAdHe] Fo g =4
vhebsiel ejan AR S A E Ao st AR el uksA e
e el RS RS S A Ay Aol A AEE 33, dspAo]lH
ghabebitulir & A g 23], FabAQ AL AT 13]o] A7 el Pb
o] wiE AEg Ak 7R oleki HstAlZ ¢ vk mE AFels A
st wefoivpAl 7l Auh Phol HdL-HAle gk Fed F7bH oz AAE = 2l

Aot &8 dskAlolHt datbalolHe] Ag gstout @abAdHe] A

ppetel ] Eastelyl Eejol ofdh o g el EAste] AN EEl A
ek spsek,
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As, Cd. Mn, Pb, Zn& spikedt @13 295 1L 242819} 434 0.1, 0.3,
0.5, Iwt% d7kstol #vbekat HdA el W Fade] A7EsS S99 At
DA 8 As, Mn, Zne] T1eja A 34 Cd Phe] A7 &0l Al vhERwtth R
W7} & 9adgme) pHE: AAlg| 11, A3|4e 7olaro g vlepytl, wE g 7
ARk Eol Twi% 24 Ee d7hs dgedds dshilde] A, AME Hohdd
WLl ek 23] Ad b spikedt As, Cd, Mn, Zn8 [0%oldE AT 4
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