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ABSTRACT

This study evaluated the feasibility of combined use of physical separation and soil washing to remediate heavy metals (Pb
and Cu) contaminated soil in a military shooting range. The soils were classified into two types based on the level of
heavy metal concentrations: a higher contaminated soil (HCS) with Pb and Cu concentrations of 6,243 mg/kg and 407 mg/
kg, respectively, and a lower contaminated soil (LCS) with their concentrations of 1,658 mg/kg and 232 mg/kg. Pb level in
both soils exceeded the regulatory limit (700 mg/kg), and its concentration generally increased with decreasing soil
particle size. However, in some cases, Pb concentrations increased with increasing soil particle size, presumably due to the
presence of residues of bullets in the soil matrix. As a pretreatment step, a shaking table was used for physical separation
of soil to remove bullet residues while fractionating the contaminated soils into different sizes. The most effective
separation and fractionation were achieved at vibration velocity of 296 rpm/min, the table slope of 7.0°, and the separating
water flow rate of 23 L/min. The efficiency of ensuing soil washing process for LCS was maximized by using 0.5% HCI
with the soil:washing solution mixing ratio of 1:3 for 1 hr treatment. On the contrary, HCS was most effectively remediated
by using 1.0% HCI with the same soil:solution mixing ratio for 3 hr. This work demonstrated that the combined use of
physical separation and soil washing could be a viable option to remediate soils highly contaminated with heavy metals.
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Fig. 1. Photos showing bullet residues within contaminated soils
in a military shooting range site.
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Fig. 2. Fractionation of contaminated soil using a shaking table.
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Table 1. Physicochemical properties and heavy metal concentra-
tions of soil taken from a military shooting range

LCS' HCS?
pH 7.4+0.05 6.1+0.05
EC (uS/cm) 23.9+641 17.9+2.89
WHC (%) 223+0.85 27.9+0.67
Particle density (g/cm?) 2.70+0.02 2.65£0.004
Bulk density (g/cm®) 1.62+0.04 1.55+0.03
SOM (%) 0.34 +0.04 1.40+0.03
LOI (%) 2.50+0.05 4.00 £ 0.05
CEC (cmolc/kg) 327+0.39 7.16£0.79
Av. P (mg/kg) 445+1.52 7.56 + 1.40
Pb (mg/kg) 1,658 + 156 6,243 + 451
Cu (mg/kg) 232.0+39 407.4+73

Lower contaminated soil, Zhigher contaminated soil

H

(a)

Pb concentation (mg/kg)
]
2

50-20 2.0-0.85 O.85-0.425 0.425-0.25 0.25-0.15 0.15-0.078 >0.07%
Size (mm)

(c)

SO00

4000

Pb concentation (mg/kg)

2000

S0-20  L0-0.85 0850450425025 0.25-0.15 0.15-0.075 > 0.075
Slze (mm)
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v B0k} fAlRE Ao AL, A71E e ¢
Zuket B2 2.5% olstE Ahgel] 9213 HCS7} =
ZPgefel Lesel] vlg] w8 Aoz IRIF o, FaQl
M} CECE Yok Bl Hls) W& Aoz slwr)
E AFollA AREE THO AFAR EYR] LCSSF HCS
TFolA o] 329 $H71E(700 mgke)yS Zdh= A
o7 Uepton, 7o Ag 7 EY BT 3AY9] ¢
H7155(2,000 mg/kgre 2EHA] % AR Vet

0l =
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32, 9EE osE BE
A E U A

o

HCSOl| Blgte] ®ef=7]o] Fgo] i os vhe v
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27y 443%9F 37.8%= TRl o] EAjEO] U=
Ao 7 YeldthFig. 3). F EY ZFolM Z3p) 9=
2% Feljo} 2719 F<uhHo]l EA1E 2 mm olde]
UBRE AFeAA AZF 2,425 mgkg, 2,8380 mg/kg®]
o £F9 F FES BT LCSe 7% 2~0.85 mm

(b)

250

200

Cu concentation (mg/kg)

S0

50-20 L0-0.85 0.85-0.4250.425-0.25 0.35-0.15 0.15-0.075 > 0075

Size (mm)

o | (d)

Cu concentation (mg/kg)

S0-20  L0-085 0850425 0.425-0.25 025-0.15 0150078 > 0.078
Size (mm)

Fig. 3. Variation in the concentrations of lead and copper according to soil particle sizes. (a) Pb concentration of LCS, (b) Cu concentration
of LCS, (c) Pb concentration of HCS, and (d) Cu concentration of HCS.
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Fig. 4. Results of SEM analyses of contaminated soil. (a) and (d) SEM images, (b) and (¢) Pb mapping, and (c) and (f) EDS analytical

results.

(1,359 mg/kg)@F 0.15~0.075 mm(1,488 mg/kg), 0.075 mm
°]3}(1,385 mg/kg) 2] wHH ElA 7 Fdo] A
Aoz =orom 1 9] T YANAME 706~923 mg/kg
ol =2 HAtHFig. 3a). LCSY ZHzte] = -
g9 FE=E 100~256 mgkg HHZE 3249 $w7Ed
2,000 mg/kg ©late] FS BHow, HlwA A2 A=
714 AiRe R =o wrg JpEpyt B¥sle EX4S
iﬁiﬁ‘r(Flg 3b). HCSY EE Y% HLAolA do g

2 2,348-6,589 mg/ked] FEOE EYQ F9-#7]F(700
mg/keys ZIEH= 23E RYUHFig. 3c). LCSSF A
8}711 HCSIAXME ZAY & E 780N Aiixe= =

2 Fo] S eIl ol9F 22 diks tE A
Ay #AHEE Jung(2019)2] AolM= B wp Qo
HCS?| A=’ 7] g3k 515-2,385 mgke] F<=o|H,
2~0.85 mme] YAA7|IA FHORE & FE(2,385
mg/kg)s RSN S ™ (Fig. 3d), ol INE &F 4A}
o 23 Aoz Wt}

AP B Woll EAlske 3] SAFHE s
913] SEM-EDSE #2413} Ax}, JiJMJJr ES 39
T2 FHE EA5hs AL QI3 tHFigs. 4a and
d). E W A9 mlAgh %%JMOH tjst EDS 4124
7}, gl sigEE w37} wike- Zom, de] ke 583
wt% 2 2 FRIFITHFigs. 4b and c). WFH S e
= AHo g EoF ¥ EX3)al(Fig. 4e), EDSS] ¥

;37337,].0]]}\-] o] glekoe vy AukF|Q]l Bk Sk
FAaE0] & ol }ait}(mg 4f). mEkA APﬂ

£ g 8
3 sl 0 70 SUEAR o 5 ALE Sl

e WA B EAE 85 9 g AREe] Aol
o|Fojxjof & Ao F T}
3.3. ZI'E H|O|E (shaking table)2 0|28t MH

B AT o AR ES U ERe] He BEke
2RE 7RIg % o] EY W X0 17] o
o7 ZAREACH, 3A]Y EUA-TH7IE(700 mg/ke)
S EAT] Q13 A3kE fleixie wA olHgh shis
EdoziE welshe Ao] ¥ad ZoF AdEt

ole]] & Ajelre Edt g5 A Ees o)
s HolES o83t WA % té A 2mm OW«]
A vad Z =719 g4 e F4 AAES

l

3 AAsI N, s Hole< 01%0}04 AAEE EF
omye 34 NS R, VBl e
25 3ivio] Ko} et PelEe 2] HEs A
T &%, HolE9 A%, a8 87 39 FS 245
WA MRS AT ofF Bo B 24 5}
Aol &&Ho2 Cl1 7l & YA PAIdAREES o

A Fe 2 A¥Ee HH2HFE S5 296 rpm/min,
glolE 73*]’ 7.0°, o % 23 L/minyg =&3190H
A Lese Cl1-c49] 3 £
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glolEe] 2 oz HEEgler, HCSY 79 22t
25.5%, 63.3%, 5.5%, 5.8%2F 9A] 2 FHoZ W
Hilo] BelEe AoE UeldthTable 2). 3 21%EH
oA EE]E Cl~C4 79 Y Edol tigh Y=t

=

Th= Table 29} 2o] C1z} C2 7+Yo= FEjE A&
Zd JAPL iR Ea Algd JApE AL
Ao}, €3, €4 Fooz AHE Yxke] Ag- Uit
Al HEA HEAD AR EABL 3ol At

ZFEE) zteloll 2k 27t o] FolRs SRlsisitt.
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Table 2. The results of soil fractionation after the physical separation process using a vibration table

Soil Particle size (mm) Cl C2 C3 C4
2~0.85 2.8 28.1 0.1 0.0
0.85~0.425 32 15.1 0.6 0.0
0.425 ~0.25 2.0 7.1 0.8 0.0
LCS! 0.25~0.15 1.6 8.2 0.5 0.0
0.15~0.075 0.5 10.7 1.7 0.2
>0.075 0.6 4.9 1.9 93
Total content (%) 10.7 74.1 5.6 9.5
2~0.85 33 16.7 0.0 0.0
0.85~0.425 6.5 15.2 0.8 0.0
0.425 ~0.25 9.3 9.9 0.7 0.0
HCS? 0.25~0.15 3.7 9.8 04 0.0
0.15~0.075 1.2 7.0 1.6 03
>0.075 1.6 4.7 2.0 5.5
Total content (%) 25.5 63.3 5.5 5.8
Lower contaminated soil, Zhigher contaminated soil
5000
= (a) % (b)
& — &
Sp 4000 - S0 3000 -
g B E
—-E- 3000 é — -
E £ 600
g 2000 g
g g 4001
- Hnn 2
= ]
L e L om0
Initial  C1 c2 €3 cC4 Initial  C1 2 €3 4
12000
r () < 30000 - (d)
< 10000 A = =
= 2 15000 { i
~ i ] 2 5000 ]
= =
B 50001 £ 6000 -
E 5
g 4000 - 2 4000 4
S S
f 2000 A -] 2000 A
L=
0 T - D - . 0 ™ ¥ e D l:!
niial €1 €2 €3 cC4 niial €1 €2 €3 c4

Fig. 5. The concentrations of Pb and Cu of each soil fractionated by a shaking table. (a) Pb concentration of LCS, (b) Cu concentration of

LCS, (c) Pb concentration of HCS and (d) Cu concentration of HCS.
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FFHO|ES o83l T S Aoz dof
Ae L@A7EHE SRlst] Hste] LCset HCS 242t
o tele] RIH CI-C4EHE EY AIES )F sl

g9 TEZ EA3ItE Table 19 AAE uvlek
o] ZlEHolE] ot A A Lese Hat JH 7
o] F=x 27 1,658 mgkg, 232mgkg, HCSY 735
247} 6,243 mg/kg, 407 mg/keolA o} AFH|0| B o]&
g 29E AT ERLCS)Y Cl1~C4 W 2] | &
=& 1,078 mg/kg, 1,042 mg/kg, 3,469 mg/kg, 4,150 mg/
kg2 C1ZF C20l #35 EY Alge g d¥Ho] 1
Ho] 7] 52 71Fog & o ZH7}t 65.0%, 62.9%
FEOE Wl Tt A AAEE Ao Yeith &
3k, 039} C40ll BIE Algole HEZ gAe] el
71l ol tigh F=tad=E I8l 27] = vl
23 209%, 250% AEE Z71E AYE BHYuHFig
5a). TE]9] A C20lM %7] (232 mgkg)ell Blst
54.6% T2 Gl A Bom, Cl, €3, C4ol
e 22t 667%(1547 mg/kg), 195%(425 mg/kg), 265%
(615 mg/kg) T2 23] F=7F S71IATH(Fig. 5b).
FEEolES o83t 55 S AAT HCSAA Y
@] T Cl~C4ol4 ZH2} 8,237 mgkg, 1,890 mg/ke,
5,566 mg/kg, 10,035 mgke, 729 A% 22} 15432 mg/
kg, 143 mg/kg, 888 mgkg, 1,336 mgkgd] FES HY
th. 27] HCSE 7|F2Z Cl-C4olM 9] Fo] 3¢
6131.9%, 30.3%, 89.2%, 160.7%(Fig. 5c), T2l¢] 7%
3,791%, 35.1%, 218%. 328% O Cl-C49] 3
H Eodl mebA =] Fo] Jde A7E ERIso
(Fig. 5d). ol¢} 22 AZHE F T/ EGF
gt ZFE ol ES o83t A A} 63.3~74.1%5 A
sh= C20ll 28 EYe] Ag o 2 E &
AE g2l gy xzto] a8207 Eedo] Wy} 7
o] F&7} A AaFS FRIsIN e, olet 2219 A
Hol| o3t e AxaTe} EUANHS B P v
£ 3AY EEATE/IE (700 mgkg) olFtE W&
U= 7FeAS Lolruat 27 B3H AlF] gk 4k

34. 22| MESFSE HA2|E 2 =40 et £

lo

FEEolES o83l 34 AHS Ayl F TF
EYAFE(LCS, HCSw)E o183k Ak 23le 4=
15tk 3419 EFRALR7IE(700 mgkeyS 245
T LAEE A7) 9%k HAY Al 2z

o

to 1

AF Gele] FF(HCI, H,S0,, HNOs), Al
2 g-H0] FT(0.5%, 1.0%, 3.0%), ILAB](1:2, 1:3, 1:5)
= HHPEA] 18AIZE AIH AFE Falgh 3 o] AlA
BES dolHtoH, o|ZHE =3 7o) FHZ £
AS Z3sle] AAHAIZH0.5, 1.0, 1.5hr)el] w2 gl
AARES A=A 729 A5 A% dEYIA
o] 3k LCSeF HCSAIA 22t 232 mgkg?t 407 mg/
kgolon, AEE 2 EYME ZH2F 127 mgked}
143 mg/kg= 3RS ESATH71E(2,000 mgkgys @
2] S e FEE BY] wiFe] & AlF AgelMe
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Fig. 6. Comparison of Pb concentrations in the soil between
different types of acids used in soil washing tests. Washing
solutions were 1% HCI, H,SO,4, and HNOs3, the weight ratio of
soil and washing solution was 1:3, and the duration was 18 hr.
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Fig. 7. Comparison of Pb concentrations in the soil between
different concentrations of nitric acid. Washing solutions were
0.5, 1.0, and 3.0% HNOs;, the weight ratio of soil and washing
solution was 1:3, and the duration was 18 hr.
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Fig. 8. Comparison of Pb concentrations in the soil between
different ratios of soil and washing solution. Washing solution
was 1.0% HNOs;, the weight ratios of soil and washing solution
were 1:2, 1:3, and 1:5, and the duration was 18 hr.
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Fig. 9. Kinetics of Pb removal by the soil washing process using NO; solution. (a) LCS by 0.5% HNOs;, (b) HCS by 0.5% HNO;, and (c)
HCS by 1.0% HNOs. The weight ratio of soil and washing solution was 1:3.
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