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ABSTRACT

Inorganic acids such as HCI, HNO;, and H,SO, have been commonly applied to soil washing of heavy metals-
contaminated soil due to their cost-effectiveness. However, implementing the ‘Chemical Substance Control Act’ requires
off-site risk assessment of the chemicals used in the soil washing. Therefore, in this study, organic acids or Fe(IlI)-based
washing agents were evaluated to replace commonly used inorganic acids. Ferric removed heavy metals via H" generated
by hydrolysis, which is similar to the HCI used in the control group. Oxalic acid and citric acid were effective to remove
Cu, Zn, and Cd from soil. Organic acids could not remove Pb because they could form Pb-organic acid complexes with
low solubility. Furthermore, Pb could be adsorbed onto the iron-organic acid complex on the soil surface. Ferric could
remove exchangeable-carbonate, Fe-Mn hydroxide, and organic matter and sulfides bound heavy metals (F1, F2, and F3).
Organic acids could remove the exchangeable-carbonate and Fe-Mn hydroxide bound metals (F1&F2). Therefore, this
research shows that the fractionation of heavy metals in the soil and the properties of washing agents should be considered

in the selection of agents in the process design.
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Table 1. Stability constant (K,) of organic acids
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(Eq. (1) and (2))(Sar1 et al., 2020; Ke et al., 2020).
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2mm OJStE Al AF3] Al ARSI BEY pHe

2l
A

Pb(1I) Cu(Il) Zn(1I) Reference
Citric acid 4.44 3.90 5.00 (Burgess, 2004)
Oxalic acid 4.20 4.85 3.51 (Burgess, 2004)
Phthalic acid 2.78 2.69 2.20 (Burgess, 2004)
Maleic acid 2.75 3.42 2.00 (Burgess, 2004)
Malic acid 245 3.33 2.93 (Burgess, 2004)

Table 2. Detailed method of Sequential extraction procedure (SM&T)

Fraction Experiment substance & Fraction characteristic
Fl Soluble, Exchangeable and Carbonate
0.11 M CH¢COOH (Acetic acid), 16 h, 25°C
0 Fe — Mn hydroxides (reducible)
0.1 M NH,OH-HCIl (Hydroxylamine hydrochloride), 16 h, 25°C
3 Organic Matter and Sulfides (Oxidizable)
H,0,, 87.5°C = NH,OAC (Ammonium acetate), 16 h, 25°C
r i
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Table 3. Physicochemical properties of soil samples
Soil pH Water contents Organic contents Heavy metals concentrations (mg/kg)

(%) (o) Pb Cu Zn cd
S1 5.0 4.7 7.5 53249 584.2 502.1 8.2
S2 6.9 4.5 4.1 485.7 62.4 177.1 2.6
S3 7.9 4.1 42 1229.9 79.9 221.8 32
S4 8.2 43 4.2 1155.8 61.4 178.9 2.9
S5 79 4.6 44 1158.2 90.0 178.6 2.8
S6 5.4 4.0 5.2 5859.6 565.9 766.8 14.4
S7 4.6 39 44 7364.1 1002.7 400.9 6.4
S8 4.7 37 4.0 7483.6 1171.6 1128.1 8.1
S9 8.4 2.7 22 400.5 479.8 240.5 1.3
S10 8.7 2.7 2.5 558.1 169.3 234.6 1.6
S11 8.3 43 16.7 2918.7 1282.8 817.1 3.6
Korea Worrisome Level 200 150 300 4
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Fig. 1. Sequentially extracted fraction of a) Pb, b) Cu, ¢) Zn, d) Cd from initial soil.
Table 4. Removal efficiency (%) of heavy metal using extracting agents
Removal efficiency (%) HCl FC? OAY CA®
Pb 33.7+16.5 21.3+35.1 -233+475 3.0+ 26.1
Cu 37.8+12.1 29.0+11.5 453+10.0 332+73
Zn 37.1+79 35.1+76 30.9+10.5 29.6+11.2
Cd 37.5+6.8 24.8+11.0 42.7+179 455+13.6

DFerric chloride (FeCls)
®Oxalic acid
9Citric acid

3.2. 335 =X el nE ESMEHESE "It o2 o]leuds = acid-enhanced dissolutionO] Z13Y
AAAE Eke] AHslas-S Hrish] 218t 0.2 M9 S oujgh), =3 37} Hol2 0.77 VY =2 Aksd
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=50l thale] AlHage] taro s ARgE it & & sAY, RUIE R 34 B3 A1, 43
7%‘% HISEE a8 Hofs AE}. Azt o,
A, 7k B AASIANE GatEths B8] Yokt
AH A5 Bl Ta5 293dE Rlag 23, o
bt gk de F1~FLE =ele 2859
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#7199 Skl P g ﬂ]ﬂ?ﬂ 72, ok,

(Eq. (3)). °1= AAE Fholeo] BEoke] &3 A3

==

, oF o A% T55S F=T 5 JHEq. @) and (5)

(Yoo et al., 2018; Yoo et al., 2017).

Fe**+2.7H,0 + 0.3CI" = Fe(OH),,Clys+ 2.7 3)

PbS + 2Fe*" — Pb**+ S+ 2Fe? 5)
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Fig. 2. Sequentially extracted fraction of heavy metals before and after soil washing from S9.
Table 5. Solubility equilibrium constant (K,) of lead, copper, zinc, cadmium oxalate
Substance Formula Kqp Reference
Lead oxalate PbC,0, 2.74 x 10" (Elliott and Shastri, 1999)
Copper oxalate CuC,0, 4.4 x 10710 (Sary, et al., 2020)
Zinc oxalate 7nC,0, 1.35 x 10° . .
. " (Elliott and Shastri, 1999)
Cadmium oxalate CdC,0, 9.00 x 10
St FANG HEF BN e mEPs Qe DR o] Ho| APATS] 2 ekt

T
Eie: It Bt

FAEE A7) 2.5%, 0.3%
3l9tk ol Hol 24 (Oxalate, C,0,%), AIE24} ©]

TN

=

Pb2+ oxides + C, OA —-H" — Pb- C,04+ H,O

L (Citrate, C¢HsO7 )2} 2120 g B84 IAES A
AU, gl o3l §EH ol B Hol
7} AsFst oxalate == citrate EA0l S2EQ17] wiE
o]thEq. (6) and (7))(Lee et al., 2016). &3 F713kS
FTas g FHe] EAE sk, frikkt
Fel B3] lead oxalate= TS S350l H|F| v
SI=E HIAKTable 5). o= A3HAloldY t=2A <
RS 0] 8319S AT, B8990 lead oxalate’} FHE]
7] wizel] EYate] 27t ofeie] de] AAEEe] W
< oujsit}. ]} ofd HgF B892 copper oxalate,
zinc oxalates FAY F UANE T F o} Hof

ulslel ArhEow e FrE FAs] ule) P41
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Fig. 3. FT-IR spectra of soil 1, 7, 9 before and after washing with oxalic acid and citric acid.

Table 6. Determination Coefficient of soil washing efficiency regression analysis (Independent variable: soil-heavy metal forms of
initial soil, dependent variable: removed concentration of heavy metals)

Coefficient of determination (R#)

Pb F1 F2 F1+F2 F1+F2+F3 Total Cu F1 F2 F1+F2 F1+F2+F3 Total
HCl 0.106 0.419 0.393 0.418 0.323 HCl 0.796 0.151 0.428 0.437 0.487
FC 0.260 0.280 0.383 0.427 0.409 FC 0.717 0.540 0.807 0.809 0.797
0A 0.2562 0.043 0.140 0.118 0.168 0OA 0.748 0.531 0.812 0.821 0.845
CA 0.010 0.477 0.226 0.202 0.136 CA 0.559 0.485 0.688 0.689 0.637
Zn F1 F2 F1+F2 F1+F2+F3 Total Cd F1 F2 F1+F2 F1+F2+F3 Total
HCl 0.456 0.555 0.511 0.611 0.540 HC1 0.884 0.774 0.870 0.933 0.854
FC 0.173 0.277 0.222 0.314 0.264 FC 0.625 0.547 0.615 0.792 0.727
QA 0.479 0.623 0.555 0.598 0.481 QA 0.642 0.440 0.523 0.325 0.356
CA 0.304 0.369 0.341 0.432 0.367 CA 0.940 0.835 0.928 0.828 0.786
C=07} 71 A& 2| THKim, et al., 2022). S Btk F71XF Fl1+F2 + F3 YEje] )9} oA
S AAT = don), JI=HS FI+F2 HE AAT
3.3. Zgtselet Mg E 37 EN T AU AoF ERIFHIL ol dit B dsiAold
Table 6014 AIF A Ege] T557 Eke] A3 H o] FaoleS WESY AR NS AP, Fus
o} AAE T5459 L5 AR AHASE Y I ey BAE sl EYo2RE THE59] &
YSlth. 7+ Tl st 2AAITE niEe=Z ekl Ag AAE oF7] oAHTHEq. (8)-(11)). o3 HSHA
E2 ZFEE A Ax, Ak v A B old¥ firite] TEE AAVIRRE AR ARl f
AFAE AaA|o]HE Fl +F2 +F3E oujsls wdb} AR AES BTt
B Ajte, At skE A%, 7158t HC,00 — 2H' + 0% ®
T2 2P AAT 5 e Aoz JedthFig. 4). !
Hido]] SRk S He ALd FaEe] Aol A Citric acid — 3H" + Citrate> ©)

e, Zsel we AAD 5 e Bk O 7
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Fig. 4. Concentration of removed heavy metals ; Pb (a, e, i, m), Cu (b, f, j, n), Zn (e, g, k, 0), Cd (d, h, 1, p).

Cd**+H" + Citrate> < CdH — Citrate (10)

Cd* + Oxalate” < Cd - Oxalate (11)

2

£ =

4.

E

e

TollA 7] ARSEE G, A, Sk e
tiAlelr] ffsie] AlxA1Y stk B4 9 77
S a3l f71kh 2 7IRE ARAIE Ao, S
T50E QdH EY] AHaES Wkl |, 7,
ofd, Zk=Fol st d&EF=S B3l TEEe A3
HE IRIst EY 5 Ta559 ST ARAY] 9=
RIS 4= ST}, tiIxTo 2 ARSE ikt FARIAl &
SHAjo]| S TR Qlate] AdE il FEFe
2 FEES AARGH. A7k R ARSE Sk
AXRE PhS A2 Cu, Zn, Cde] A|Ad &2 o]t
F71He ARSSIE o Pb kb He] B3A 3
A = {71kl EASKE carboxilic groupZt He] A

J. Soil Groundwater Environ. Vol. 27(5), p. 10~17, 2022

o oft

F1+2 Conc. (mg'kg)

ol oJaf AAE EZA el Pbo] FFo = <Iste] AA
o] UES HAFI S5 29 AR
&S AR A AsAlolEe A fARH A
bk A, g skE A, folE-
LRE 2FeE AAT 5 e Ao=w vepkor
7R 1, 2219 el S e S RIS
wEA, EY T S5 293} Al 54 Al
Aol 2 S F= e esiilen, dukzlow
EoRNA XS OIAIE £ U= giA Al

0l AREEE

= SWA=1 =2 T AT
HAZ dshAlloldo] Aedgks ajlg = AT BEFF

712k] 749 Pbe] AAE B3 9levt Cu, Zn, Cd
o] AAd= axpFo) it Wb ESAH Aol 3t
SrEdAE S UgshA], 13848 F HAdS B9R
g A AFAY] dhzo] Zash, Al AMFA] A
AIgellM AFAle] 54 2 Fa5e Z293eEE 117
sk gt 9l



H] F71ak A2 Al 7k 5

A A

References

Feng, W., Zhang, S., Zhong, Q., Wang, G, Pan, X., Xu, X,
Zhou, W., Li, T, Luo, L., and Zhang, Y., 2020, Soil washing
remediation of heavy metal from contaminated soil with
EDTMP and PAA: Properties, optimization, and risk assess-
ment, J Hazard. Mater., 381, 120997.

Ke, X., Zhang, FJ., Zhou, Y., Zhang, H.J., Guo, GL., and
Tian,Y., 2020, Removal of Cd, Pb, Zn, Cu in smelter soil by cit-
ric acid leaching, Chemosphere, 255, 126690.

Kim, D.-H., Hwang, B.-R., Her, N., Jeong, S., and Baek,K.,
2014, Environmental impact of soil washing process based on
the CO,emissions and energy consumption, Korean Chem. Eng.
Res., 52(1), 119-125.

Kim, E.J. and Baek, K., 2014, Effect of metal speciations on
heavy metal removal from contaminated soils, J. Korean Soc.
Environ. Anal., 17(2), 88-94.

Kim, H., Cho, K., Purev, O., Choi, N., and Lee, J., 2022, Reme-
diation of toxic heavy metal contaminated soil by combining a
washing ejector based on hydrodynamic cavitation and soil
washing process, Int. J. Environ. Res. Public Health, 19(2), 786.

Kim, J.-O., Lee, Y.-W., and Chung, J., 2013, The role of organic
acids in the mobilization of heavy metals from soil, KSCE J.
Civ. Eng., 17(7), 1596-1602.

Lee, J.C., Kim, E.J., and Baek, K., 2017, Synergistic effects of
the combination of oxalate and ascorbate on arsenic extraction
from contaminated soils, Chemosphere, 168, 1439-1446.

Lee, J.-C., Kim, E.J., Kim, H.-W., and Baek, K., 2016, Oxalate-
based remediation of arsenic bound to amorphous Fe and Al
hydrous oxides in soil, Geoderma, 270, 76-82.

Lee, J.-H. and Park, K.-S., 2010, Comparison of soil washing
for heavy metal contaminated shooting range using various
extracts, Econ. Environ. Geol., 43(2), 123-136.

Lee, M.E., Jeon, E.-K., Kim, J.-G., and Baek, K., 2018, Oxalic
acid-based remediation of arsenic-contaminated soil, J. Soil
Groundwater Environ., 23(1), 85-91.

Lee, M.E., Jeon, EK., Tsang, D.C.W., and Baek, K., 2018,
Simultaneous application of oxalic acid and dithionite for
enhanced extraction of arsenic bound to amorphous and crystal-
line iron oxides, J. Hazard. Mater., 354, 91-98.

Moon, D.H., Park, J.-W., Koutsospyros, A., Cheong, K.H.,
Chang, Y.-Y., Baek, K., Jo, R., and Park, J.-H., 2016, Assess-

pr

o B AH a7} 17

ment of soil washing for simultaneous removal of heavy metals
and low-level petroleum hydrocarbons using various washing
solutions, Environ. Earth Sci., 75(884).

Oh, S., Yoo, J., Baek, K., Kim, H., and Park, J., 2018, Research
with statistical model to analyze efficiency of heavy metal soil
washing, J. Soil Groundwater Environ., 23(1), 14-24.

Park, S.-M., Kim, T., Kim, Y.-H., and Baek, K., 2021, Hybrid
process of combined soil washing and selective adsorption to
treat Cs-contaminated soil, Chem. Eng. J., 423, 129921.

Rauret, G, Lopez-Sanchez, J.F., Sahuquillo, A., Rubio, R,
Davidson, C., Ure, A., and Quevauviller, P., 1999, Improvement
of the BCR three step sequential extraction procedure prior to
the certification of new sediment and soil reference materials, J.
Environ. Monit., 1(1), 57-61.

Sari, Z.A., Turan, M.D., Nizamoglu, H., Demiraslan, A., and
Depci, T., 2020, Selective copper recovery with HCI leaching
from copper oxalate material, Min. Metall. Explor., 37(3), 887-
897.

Shin, S.-Y., Park, S.-M., and Baek, K., 2016, Electrokinetic
removal of as from soil washing residue, Water Air Soil Pollut.,
227(223).

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

Yang, J.-S., Hwang, J.-M., Baek, K., and Kwon, M.J., 2013, Soil
washing and effluent treatment for contaminated soil with toxic
metals, Korean Chem. Eng. Res., 51(6), 745-754.

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

Yoo, J.C., Jeon, P.Y,, Tsang, D.C.W., Kwon, E.E., and Baek, K.,
2018, Ferric-enhanced chemical remediation of dredged marine
sediment contaminated by metals and petroleum hydrocarbons,
Environ. Pollut., 243(Pt A), 87-93.

Yoo, J.C., Lee, C., Lee, 1.S., and Baek, K., 2017, Simultaneous
application of chemical oxidation and extraction processes is
effective at remediating soil Co-contaminated with petroleum
and heavy metals, J. Environ. Manage., 186(Pt 2), 314-319.

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.C., Park, S.M., Yoon, GS., Tsang, D.C.W., and Baek, K.,
2017, Effects of lead mineralogy on soil washing enhanced by
ferric salts as extracting and oxidizing agents, Chemosphere,
185, 501-508.

J. Soil Groundwater Environ. Vol. 27(5), p. 10~17, 2022



