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ABSTRACT

In this study, the effect of hydrochloric acid (HCI) concentrations on removal efficiency and chemical forms of heavy
metals in dredged sediment during acid washing was investigated. The removal efficiencies of Zn, Cu, Pb, Ni and Cd by
acid washing were 18.4-92.4%, 7.2-83.7%, 9.4-75%, 8.1-53.4% and 34.4-70.8%, respectively. Overall, the removal
efficiencies of heavy metals were remarkably enhanced with the increase of the acid strength. However, the removal
efficiencies for 0.5 and 1.0 M HCI were comparable, and both cases met the Korean soil contamination standard. Based on
the sequential extraction results, concentration of the exchangeable fraction (F1), the most labile fraction, increased
whereas concentrations of the other fractions decreased with increasing acid strength. Particularly, the carbonate (F2) and
Fe/Mn oxides (F3) fractions drastically decreased by using 0.5M or 1.0 M HCI. The current study results verified that
acid washing could effectively reduce heavy metal concentrations and its potential mobility in dredged sediments.
However, the study also found that acid washing may cause significant increase in bioavailable fraction of heavy metals,
suggesting the need to evaluate the changes in chemical forms of heavy metals by acid washing when determining the acid

strength to be applied.
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Table 1. Physicochemical properties of untreated sediment
Parameters Unit Values
pH 7.06
Total organic carbon % 391
Cation exchange capacity (CEC)  cmol/kg 335
Texture as soil - Loam
Clay % 15.5
Silt % 454
Sand % 39.2
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Table 2. Methods of modified Tessier’s sequential extraction procedure

Fraction Chemical forms

Extraction method

Fraction 1 (F1)
Fraction 2 (F2)
Fraction 3 (F3)

Exchangeable
Bound to carbonates
Bound to Fe/Mn oxides

1.0M MgCl,, pH 7, 1 hr, solid:liquid ratio of 1:8
1.0 M NaOAc, pH 5, 5 hr, solid:liquid ratio of 1:8
0.04 M NH,OH-HCI in 25% (v/v) HOAc, 6 hr, 96°C, solid:liquid ratio of 1:8

1) SmL of 30% H,O, (pH 2), 3 mL of 0.02M HNO;, 2 hr, 85°C

Fraction 4 (F4) Bound to organic matter/sulfides

2) 3mL of H,0, (pH 2), 3 hr, 85°C

3) SmL of 3.2 M NH4;OAc in 20% (v/v) HNOs diluted with 20 mL deionized

water, 30 mins
9:3:1:1 ratio of HNO;:HF:H,0,:H,O, microwave digestion (USEPA Method

Fraction 5 (F5) Residual
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3 5 BA FRYE|(Residua)Z A 2J3FCHKim et al.,
2018). = WHLS Table 20 YERNRITH Q55249
HollA T 2t T F24S 7S o83l
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Fig. 1. Heavy metal concentrations in sediment before and after acid washing with 0.05 M, 0.1 M, 0.2 M, 0.5 M and 1.0 M HCI.
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Table 3. Concentration of each chemical form of heavy metals in sediment before and after acid washing with 0.05 M, 0.1 M, 0.2 M,

0.5Mand 1.0 M HCI (mg kg™).

CREL S

(a) Ni
F1 F2 F3 F4 F5
Untreated 037+0.04 6.79+ 046 149+0.15 203+ 1.04 44.7+0.64
0.05M 1.66+ 027 3.91+0.63 14.0+0.99 14.0+0.07 452+1.78
0.1M 3434033 236 +0.35 11.6+0.46 12.8+022 4254145
02M 5.48+1.06 090+ 031 6.56+0.23 9.96 + 0.64 38.3+0.64
0.5M 537+0.70 0.76+0.13 1204025 7.25+0.97 355+0.79
1L.0M 6.11+1.16 0.51+0.07 0.63+0.11 6.44+0.76 34.1+1.95
(b) Zn
F1 F2 F3 F4 F5
Untreated 9.57+0.43 1180+ 904 848+37.5 192 +20.0 124+ 6.55
0.05M 97.5+23.0 716 + 288 799 + 48.9 200 + 1.40 123£2.17
0.1 M 237 +44.2 283 +58.4 452 +50.6 153 +£13.7 115+4.7
02M 204+71.9 4574407 143+ 11.6 79.6+5.56 80.5+1.72
05M 184 +41.5 21.5+5.57 242 +3.25 477 +4.43 57.7+3.97
1.0M 155+22.4 1874595 19.0+ 1.47 43.6+1.49 52.0+434
(C) Cu
F1 F2 F3 F4 F5
Untreated 0.57+0.09 9.12+0.50 13.6+129 3354173 91.4+8.69
0.05M 0.53+0.10 822+ 1.58 12.8+ 124 328+ 143 81.6+ 435
0.1 M 2.04 £0.51 1825+ 1.45 129+ 1.61 299+ 17.64 77.7+3.50
02M 10.2 +0.94 27.9+051 129+ 1.17 220+ 112 54.0+229
0.5M 102+ 1.77 327+0.13 0.3740.10 57.0+2.44 28.7+0.83
1.0M 11.140.94 178 £0.55 0.08 +0.01 454+0.71 26.8+0.82
(d) Pb
F1 F2 F3 F4 F5
Untreated 0.17+0.03 17.6+ 1.00 289+7.89 318+228 87.5+3.73
0.05M 0.20+0.03 16.5+0.53 32.0+17.1 37.6+234 59.9+3.71
0.1 M 0.65+0.21 17.1£0.16 20.7+0.81 25.5+4.08 485+ 1.36
02M 8.56 £2.83 11.1+£0.57 14.8 £0.47 23.5+1.29 39.1+1.94
0.5M 8.74+1.49 276+ 0.08 0.92+031 740+ 1.95 212+2.64
1L.0M 8.56+2.19 1.69+0.19 0.64+0.06 4844057 17.7+2.46
(e) Cd
F1 F2 F3 F4 F5
Untreated 0.36+ 0.05 1.12+0.10 1.05+0.08 0.43 +0.04 2.14+0.08
0.05M 0.58 4 0.03 0.46+0.13 0.90 +0.07 0.42+0.02 1.09+ 0.04
0.1M 0.40 +0.02 0.19+0.02 0.68 +0.03 0.36+0.01 1.03+0.04
02M 0.25+0.07 0.08+0.01 0.42+0.02 0.35+0.02 0.92+0.03
05M 0.23+£0.01 0.10+£0.03 0.12+£0.01 0.35+0.03 0.80+0.09
1.0M 0.26 +0.05 0.07+£0.02 0.08 £0.01 0.33+£0.01 0.74 +£0.10

29}k Ko et al(2005, 2006)2] GFoNME 2k
oI5k Ni2] Halago] tE Aol Hjg] e Aoz 4
HAth Cd= Nigt fFARH HCl 5571 S71gl uet
Asla o] A&EH o= F7I8 Ni Bot Aslago] ¢
=S Aow EAYIT Nio]l Cdil vl o]F57FsAdo]

vk ZERE(FS)] BlEo] U ot Sa5 F3las

N
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Fig. 2. Fraction of heavy metals in sediment before and after acid washing with 0.05M, 0.1 M, 02 M, 0.5M and 1.0 M HCI. F1,
exchangeable; F2, bound to carbonates; F3, bound to Fe/Mn oxides; F4, bound to organic matter; F5, residual.
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Zhao et al,, 2012). Ta<] SAFEH Y vIETHS o] &
st Qa7 eAdS HUske WHE(Risk assessment
code(RAC) % Individual Contamination factor(ICF))
(Zhao et al., 2012y fJal7Fs7do] H=& SAFEHY H
o] FYHEE TS AT st dUHeE =
< AT 2 EAFHY = AHE e S kst
A 7] el AR HErbeS vehdtkar B
ot /AR a5 A7 HalivFsAnt Hrtske
W] A ofe] TEECE B 29E FAHES] 74
55 Eide] i a3 (additive effect)E ILHSHA|
ke $HAI7E EAIRI 2 A7lAE Yoo et al.(2013)
X A WHHE o8-8t 27 wet gekl F4



THE AH A Gt st Sa5e] gstas 3 SAFE N viAle 9F 81

7 o84 A FEEHY o5
Aol ARSE Sl s 7P

FA| e FESEEAd A8He 7Es
ol8/d0] F& TEEY A ool

9 FEZ Yol 11 o] 15 2SR R A5 Sl
7Fs/de] wrhal risitt. 7IEsse] Ay 4 a5
Helizel wet 7IEsErE gebA7] wiEe] EY3Ql H)
E=20 SFsdS Wrkekes HET I TS5
HFsds o & BgdE = Aok Bk opug), AA
Agslazt ske 74 B 5Ad| sk 7S AMESH
o sy wiitel] FA5olZ ffafd]e] B Akt
s H7PHeE £ 4= 2tk Yoo et al.(2013)
oludkd AFFe|(F1HE T S0l 8==7] A% ¥
B0l B3I o7 o8V 53 S5 (Bioavailable heavy
metals)O. 2 Aol B A AZHEF2), E/a7t AkeE
Agh(F3) 223l f7leAskE 2 (Fas 94 |
slol| we} o2y AP E sl 5 = ARA
07 o|F57Fs3 S5 (Potentially mobile heavy metals)
2 Bttt d&F=oA 2449 F1Y 55 Crn 1
i BEedeHriE A AeEe 7 Fa5E 7]
TEE CGis o83l TEHY AESH o84 AF
(Bioavailability Index of Metals, BIly)E ¢l 2/(1)E&
olg-3t] Akt 2t 55 Bly w9 &I 2(Q2)
£ o] &3t ALtd T A=THE o84 AF(Bio-
availability Index of Total, BI;)7} 1XCT} 2fow FAHE
Y SAlske 5450 BETE o840 QIgh fEl=
7} e Aog dAdsid XY F ule AEEE o84
o= Qg fsliert & Bo= Wrlsith

&1
fr

Fa40] B9 0184 A Bl = L ()
R

ofj

FE59) AE o184 A4 Bl)=x,_, Bly ()

559 A o5 A4=(Potential Mobility Index
of Metals, PMIy)y= A&EF2A NN 73+ F2, F3,
F4 559 g3 EYedsa7lE 1AYd AeEe 7
TEEE TEERE GE o83l ol 24 3y B3l
ARl 2t T34 PMIy #9 FAI] 2] (4)E ©]83
o AxdE F FAA o]5A A S(Potential Mobility
Index of Total, PMIyy7} 18T 2o FAE U &)
k= TS5y A ols7te AR g fleiert v
< ZoE gsh 1Hy 2 we AAF olsvksde

10 A

-]
1

BIT or PIM T
a
]

-
1

o L ml W W W0 WA

Untreated 0.05M 0.1IM 0.2M 0.5M 1M

B B, []prMI;

Fig. 3. Bl; and PMIt of heavy metals in sediment using the
results of sequential extraction before and after acid washing
with 0.05M, 0.1 M, 0.2 M, 0.5M and 1 M HCI. The dashed line
represents an index value of 1, which is a reference value to
determine potential presence of risk.

2 Q3 Yal=rt & Aeg Hrle.

Fa40) A olEA AFEMI= T2 )
R
% Fa& IAF olsA AF(PMI) =3, _, PMIy
@
Fig. 39 7ZxH Bl PMEI©] AAEAS. Bly 32
A F Fl ERe] S7ER Qe S7Fsht o] 18
o B ZkS zh=th PMI 3 A3 A 1S 29
AAI717E S7Fel wet 1 ko]l =olEe] 0.5M HCI
opeME 1HT W 3hS Zk=th 0.5M HCI ool
Al F2¢t F39] T%rt 9§43 &ol== Zlo] PMIy &
Azl £ 7|12 sk, gk ohzl, F49] T A
A717E S7Fel w7kl PMIy gk A3l 9
v wEbA, 0.5 M olde] AHI7IE 7Rl HCES: o8-
sl AAELS S o) EAFEE ke 3 98
PR PIESE B TS
.4 B
TR HCL =0l whe 2hA|1H A S840 Jslas,
EAe)e] w3} TEla S Wl uE 5 S5
9] Sal7FedS WrIsTh AL S71E &
=& Aslaso] 718k 0.5 M HCI oPde] Ak 710014

J. Soil Groundwater Environ. Vol. 25(1), p. 74~83, 2020



o]
S}

2 Aolg BolA] ghor| Eqke
Z3), AAAE & o540 7}7@)}
A7) F71el wfet 2k B
XH‘dﬂJt A7) Z71el whet ;,ﬁ

53], et Ad¥E(F2)et Hzt
?J@EH(FBV} 0.5M °)e] HCIE AE &
g BRItk Hrk oz}, olsAo] TP vhe
R (F5)E A7) Z7F A] 2asf= 73
L WA, BB ol84do] B TEE 2

Jﬂﬂi}i A Y FEH(0.05-1 M HCI)
olg3le] FHE Ul FEEE ek 23l 7
4ol ”8 Fe7h 7K o flom, whd ARt
ui—”}ﬂt A AAR F S B

A 5 FEE W AR
F1°] —0—7}%} & glomz ol AAF=
sksichd ARA)A

‘Xl‘_;

N
d
A
o
P
tlo rLtlo
-
]

fo o
i
N

oflt
X
fo 18

=
™
iz

o
=)
SR
Y

ol
IS
ro,
.ﬂ

Loy [ OHE a2 fr

d

i)

u\l
ISommurzT o

g r$L‘
[0
i

0,

e oo [z ol
Loy S
rSE-Er

o
m&

%

T Qe o7 o8} 5A0)
dHEY TV AR 7 US ASE AL
E% TR AA Al B o839 Tedh ZHRAR A1
RTh= alkaline solution(e.g., NaOH, CaO)S ©]-&3lthd
2slE FHAES F38k FAl9 XH% AAL
0] 1 230 goke FHES FaE8T = IS
Aoz 7t Fa5] —:ZHf‘éEH% ol-gal Az} A%
THE U 3 SE5Y Aksds et o84
Aret A olFA A el Bkt AESHH
ol84 Ag= A3} MF FHE BT W V1SS U
SR A7) Z71el WE Fl B9 2712 Q&) 1
e SRR S Bk AR ofsd Ag= 4b
A7] F7tell et ZEAs™ 0.5M HCL ofdellx] &7t
7S wERE A B3 SEs AEE 2 AR

A oY IHoE ALY 5 Y ASPHYS 2

r

=5

AFE T3l RIS sHAINE, e o84S 1
3 e stz AbIH F AR o}gAol
xo

so 2718 o] EABIEE AH B 2
P A T ZAYNE 018310 A7 Fa%e) WA
A S e BoHE Bast e Aoz Mg,

At AL
B ATe 3R] Agos =g e @A
T 2018002450002)2] AL} A5 A4 Ao

2 olluA)7 e @A s 20181510300800H 2
As o} Feggt AFAA YT

J. Soil Groundwater Environ. Vol. 25(1), p. 74~83, 2020

Ay - A8

References

An, Y.-J. and Kampbell, D.H., 2003, Total, dissolved, and bio-
available metals at Lake Texoma marinas, Environ. Pollut.,
122(2), 253-259.

Batjargal, T., Otgonjargal, E., Baek, K., and Yang, J.-S., 2010,
Assessment of metals contamination of soils in Ulaanbaatar,
Mongolia, J. Hazard. Mater., 184(1-3), 872-876.

Dermont, G., Bergeron, M., Mercier, G., and Richer-Lafleche,
M., 2008, Soil washing for metal removal: a review of physical/
chemical technologies and field applications, J. Hazard. Mater.,
152(1), 1-31.

Lin, Y.T., Chien, Y.C., and Liang, C., 2012, A laboratory treat-
ability study for pilot-scale soil washing of Cr, Cu, Ni, and Zn
contaminated soils. Environ. Prog. Sustaine., 31(3), 351-360.

Ghallab, A. and Usman, A.R.A., 2007, Effect of sodium chlo-
ride-induced salinity on phyto-availability and speciation of Cd
in soil solution, Water. Air. Soil. Poll., 185(1-4), 43-51.

Gusiatin, Z.M. and Klimiuk, E., 2012, Metal (Cu, Cd and Zn)
removal and stabilization during multiple soil washing by sapo-
nin, Chemosphere., 86(4), 383-391.

Kim, K.J., Kim, D.H., Yoo, J.C. and Baek, K., 2011. Electroki-
netic extraction of heavy metals from dredged marine
sediment, Sep. Purif. Technol., 79(2), 164-169.

Kim, K., Yang, W., Nam, K., Choe, J.K., Cheong, J., and Choi,
Y., 2018, Prediction of long-term heavy metal leaching from
dredged marine sediment applied inland as a construction mate-
rial, Environ. Sci. Pollut. Res., 25(27), 27352-27361.

Ko, I., Chang, Y.-Y., Lee, C.-H., and Kim, K.-W., 2005, Assess-
ment of pilot-scale acid washing of soil contaminated with As,
Zn and Ni using the BCR three-step sequential extraction, J.
Hazard. Mater., 127(1-3), 1-13.

Ko, I., Lee, C.H., Lee, K.P, Lee, S.W., and Kim, K.W., 2006,
Remediation of soil contaminated with arsenic, zinc, and nickel
by pilot-scale soil washing, Environ. Prog., 25(1), 39-48.

Kubova, J., Mattis, P., Bujdo$, M., Hagarova, 1., and Medved’ J.,
2008, Utilization of optimized BCR three-step sequential and
dilute HCI single extraction procedures for soil-plant metal
transfer predictions in contaminated lands, Talanta., 75(4), 1110-
1122.

Kuo, S., Lai, M.S., and Lin, C.W., 2006, Influence of solution
acidity and CaCl2 concentration on the removal of heavy met-
als from metal-contaminated rice soils, Environ. Pollut., 144(3),
918-925.

Lee, M, Paik, .S, Do, W., Kim, 1., Lee, Y. and Lee, S., 2007,



FAE W A G 50} FES

Soil washing of As-contaminated stream sediments in the vicin-
ity of an abandoned mine in Korea, Environ. Geochem. Health.,
29(4), 319-329.

Leleyter, L., Rousseau, C., Biree, L., and Baraud, F., 2012,
Comparison of EDTA, HCI and sequential extraction proce-
dures, for selected metals (Cu, Mn, Pb, Zn), in soils, riverine and
marine sediments, J. Geochem. Explor., 116, 116-117, 51-59.

Moutsatsou, A., Gregou, M., Matsas, D., and Protonotarios, V.,
2006, Washing as a remediation technology applicable in soils
heavily polluted by mining—metallurgical activities, Chemo-
sphere., 63(10), 1632-1640.

Peng, J.-f., Song, Y.-h., Yuan, P., Cui, X.-y., and Qiu, G--1., 2009,
The remediation of heavy metals contaminated sediment, J.
Hazard. Mater., 161(2-3), 633-640.

Santos, I.R., Silva-Filho, E.V., Schaefer, C.E., Albuquerque-
Filho, M.R., and Campos, L.S., 2005, Heavy metal contamina-
tion in coastal sediments and soils near the Brazilian Antarctic
Station, King George Island, Mar: Pollut. Bull., 50(2), 185-194.

Snape, 1., Scouller, R.C., Stark, S.C., Stark, J., Riddle, M.J., and
Gore, D.B., 2004, Characterisation of the dilute HCI extraction
method for the identification of metal contamination in Antarc-
tic marine sediments, Chemosphere., 57(6), 491-504.

Sundaray, S.K., Nayak, B.B., Lin, S., and Bhatta, D., 2011, Geo-
chemical speciation and risk assessment of heavy metals in the

river estuarine sediments—a case study: Mahanadi basin, India,
J. Hazard. Mater., 186(2-3), 1837-1846.

Sutherland, R.A., 2002, Comparison between non-residual Al,
Co, Cu, Fe, Mn, Ni, Pb and Zn released by a three-step sequen-

4stas g Al viAle 9% 83

tial extraction procedure and a dilute hydrochloric acid leach for
soil and road deposited sediment, Appl. Geochem., 17(4), 353-
365.

Tessier, A., Campbell, P.G.C., and Bisson, M., 1979, Sequential
extraction procedure for the speciation of particulate trace met-
als, Anal. Chem., 51(7), 844-851.

USEPA (U.S. Environmental Protection Agency), 1996, SW-
846 Test Method 3052: Microwave Assisted Acid Digestion of
Siliceous and Organically Based Matrices. Washington, DC.

Wuana, R.A., Okieimen, F.E., and Imborvungu, J.A., 2010,
Removal of heavy metals from a contaminated soil using
organic chelating acids, /nt. J. Environ. Sci. Technol., 7(3), 485-
496.

Yao, Z., Li, J., Xie, H., and Yu, C., 2012, Review on remedia-
tion technologies of soil contaminated by heavy metals, Proce-
dia Environ. Sci., 16, 722-729.

Yoo, J-C., Lee, C-D., Yang, J.-S., and Baek, K., 2013,
Extraction characteristics of heavy metals from marine sedi-
ments, Chem. Eng. J., 228, 688-699.

Yoo, J., Jeon, P., Tsang, D.C., Kwon, E.E., and Baek, K., 2018,
Ferric-enhanced chemical remediation of dredged marine sedi-
ment contaminated by metals and petroleum hydrocarbons,
Environ. Pollut., 243, 87-93.

Zhao, S., Feng, C., Yang, Y., Niu, J., and Shen, Z., 2012, Risk
assessment of sedimentary metals in the Yangtze Estuary: new
evidence of the relationships between two typical index meth-
ods, J. Hazard. Mater., 241-242, 164-172.

J. Soil Groundwater Environ. Vol. 25(1), p. 74~83, 2020



