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ABSTRACT

Soil health can deteriorate through both contamination and remediation. Accordingly, revitalization processes are needed
to reuse or recycle the remediated soil. The study was conducted to assess the changes in soil health parameters of heavy
metals-contaminated soil during soil washing process. In addition, unit processes were proposed to improve the quality of
the remediated soil relevant to its reclamation purposes, such as agricultural and forest lands. A total of 21 indicators were
used to determine whether the soil health was degraded or recovered. The performance of 6 amendments in improving soil
health was quantitatively evaluated according to their dosage and application duration. Finally, the experimental results
were assessed by simple regression analyses to determine the statistical significance and relative performance of each
amendment. The results indicated that 18 health indicators out of 21 deteriorated through the soil washing process. Based
on the results, it is recommended that several effective amendments be complementarily combined and applied in real
applications because use of single amendment does not likely improve the quality of remediated soils.
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Table 1. Analytical methods used for each soil property

o1k - o] 3

Soil properties

Analysis method (reference)

WHC
Texture

Aggregate stability

Gravity drainage (OECD, 2008)
KS F 2302 (KATS, 2017)
Soil physical property analysis (Yun, 2017)
Kemper and Rosenau, 1986

pH, EC 1:5 H,O (NAAS, 2010)
Exchangeable cation Ammonium acetate method (USEPA, 1986)
CEC CEC Simplified Measurement (NAAS, 2010)
SOM Walkely & black (NAAS, 2010)
T-N Kjeldahl (NAAS, 2010)
NO;-N Kjeldahl distillation (NAAS, 2010)
Av.P Bray No.l (NAAS, 2010)

B-glucosidase
N-acetyl-B-glucosaminidase
Urease
Acid phosphatase
Alkaline phosphatase
Arylsulfatase
Dehydrogenase

Stott, 2019

Kandeler and Gerber, 1988

Stott, 2019

Pepper and Gerba, 2004

Table 2. The criteria of soil quality standards for agricultural and landscape (forest field) uses

. Agriculture Landscape
Property Unit (RDA, 2022) (ff)rest field)
(NiFoS, 2021)
pH 5.50-7.00 5.50-6.50
EC uS/cm <2,000 < 1,000
Exchangeable Na cmol/kg None 0.15-0.50
Exchangeable K cmol/kg 0.20-0.80 0.25-5.00
Exchangeable Ca cmol/kg 5.00-6.00 0.25-5.00
Exchangeable Mg cmol/kg 1.50-2.00 >1.50
Cation exchange capacity cmoly/kg None 12.0-20.0
Soil organic matter g/kg 20.0-35.0 >30.0
Total nitrogen mg/kg None >2,500
Available P mg/kg 80.0-550 >100

sidase (BG), N-acetyl-B-glucosaminidase (NAG), urease
(URE), acid phosphatase (ACP), alkaline phosphatase
(ALP), arylsulfatase (ARS), dehydrogenase (DHA) -5
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Table 3. Properties of amendments used
Organic Material Inorganic Material Organism Material
Properties Compost Biochar Zeolite Dolomitic lime Vermi- Chlorella
compost
- Sandy - - 69.1£2.4 569 + 4.5 - -
Pam(f,l/e) size Silty - ; 288 £22 383 +40 ; ;
° Clayey - - 2.11 + 0.20 484 £ 0.53 - -
pH 6.98 + 0.01 10.1 £ 0.1 6.91 £ 0.05 6.04 + 0.00 6.40 + 0.00 6.73 + 0.01
EC (dS/m) 447 £ 0.15 143 + 0.03 0.12 + 0.01 9.33 + 0.36 3.30 = 0.14 3.51 + 0.05
Ex-Na (cmol./kg) 112 + 14 0.35 + 0.02 8.46 + 031 2.12 + 0.09 575 £ 0.34 3.62 + 0.18
Ex-K (cmol/kg) 426 £ 0.5 13.9 £ 0.8 6.44 + 0.18 415 £ 0.32 444 £ 025 245+ 1.0
Ex-Mg (cmol/kg) 18.0 £ 2.1 0.51 + 0.08 9.92 + 0.23 229+ 13 182 £ 0.9 182 + 0.7
Ex-Ca (cmol/kg) 41.8 £ 3.5 1.01 + 0.07 214 £ 04 26.8 = 2.7 579 £ 19 6.28 + 0.26
CEC (cmol/kg) 774 £ 7.5 158 £ 1.0 482 + 0.8 658 £ 4.5 904 + 3.8 563 + 2.3
SOM (g/kg) 51.8 £ 04 11.0 £ 0.2 - - 47.1 £ 0.2 722 + 0.3
T-N (%) 1.69 + 0.02 0.20 + 0.01 - - 235 + 0.04 8.53 + 0.14
NO;-N (g/kg) 0.70 + 0.01 0.39 + 0.00 - - 3.64 + 0.09 9.25 + 0.02
AVP (gkg) 535+ 003 266 + 021 - - 6.94 + 045  7.66 + 021
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gkl 1719 $271E00 mgkg) O1319) 194mgkg o] 7Kl Fadol BASY) whEolekZhai o al.
o= A3, ] B3 Al & 74 mgkgl® 1A 2018).
$2)71F (150 mg/kgHt} Sk RS RIS wet

A B U 5459 55t EY] AARgo] 71sE 3.1.2. &3l A3ke| st
o2 Wtk &&ZAQI FaE AA7L oFoRl olfi= FTE5oE 99y el H]2HE (non-contaminated
pHZF &2 M2 fllo] ALRog A FF59 oF soil, NS), 9% 2% E(contaminated soil, CS), B

Table 4. Properties of non-contaminated soil (NS), contaminated soil (CS), remediated soil (RS) and the determination of deteriorated
properties to be recovered, based on the criteria of soil quality standards and the properties of NS

Recovery to be  Criteria of soil

Soil property NS s RS needed or not quality standards
WHC 243402 19.9+0.5 18.9+0.7 (¢ NS
Texture Sandy loam Sandy loam Loamy sand O NS
Aggregazf/ )Stab‘l‘ty 2134211 323419 271472 X NS
0
pH 5.35+0.05 6.34+0.16 3.26+0.02 0 5570,
5 5.5-6.5
g <2,000°
< + + + ? *%
; EC (uS/cm) 89.9+59 18.7+£2.8 353+20 X <1.000°
.2 NS
E Ex-Na (cmol/kg) 0.07 £ 0.01 0.09+0.01 0.05+0.01 (¢ -
£ 0.15-0.50
3 0.20-0.80"
7 - .16+ 0. .16+ 0. .09+0. o
2 Ex-K (cmol/kg) 0.16+£0.03 0.16 £ 0.01 0.09+0.01 (¢ 0.25-5.00
~ 1.5-2.0"
Ex-Mg (cmol/kg) 0.33 £ 0.01 0.86+0.05 0.89+0.09 (¢] > | 5’**
Ex-Ca (cmol/kg) 1.47 +£0.06 3.93+£0.20 0.41+0.02 (¢] 5'0_6’0***
¢ ’ ’ ’ ’ ) ’ 0.25-5.00
CEC (cmoly/kg) 5.93+0.09 7.83+£0.30 6.29+0.43 (¢ NS
kg : - : : : : 12.0-20.0”
20-35"
SOM (g/kg) 17.8+0.4 2.83+£0.04 1.89+£0.03 (¢ > 30"
5 >
& T-N (mg/kg) 656+ 3 224+ 12 198 +7 (0] NS -
B >2.500
% NO;-N (mg/kg) 300+ 3 30.6+1.6 502+43 (0] NS
R 80-550"
Av.P (mg/kg) 31.9+0.2 8.68 +0.57 4.85+0.88 > 100"
BG 34.1+1.6 14.8+22 4.84+0.86 (0] NS
(ug-PNP/g-soil-hr) ’ ’ ’ ’ ’ ’
NAG
+2. 4+0. 2+0.
(11g-PNP/e-soil-hr) 157+23 134+04 112+0.9 (0] NS
8 URE
5 +1. S1+0. 33£0.
3 (NH, ‘produced/g-DW soil-hr) 103+1.1 1.51+0.33 1.33+0.15 O NS
= ACP 51.7+0.1 46.6+0.7 19.0+0.5 O NS
5‘ (ug-PNP/g-soil-hr) ’ ’ ’ ’ ’ ’
o
ALP
= + 3. 8+ 3. TJ7£0.
3 (11e-PNP/g-soil-hr) 45.1+3.6 30.8+3.6 9.77+0.48 O NS
ARS 6.47 +3.69 821+1.82 6.32+0.43 X NS
(ug-PNP/g-soil-hr) ’ ’ ’ ’ ’ ’
DHA 5.84+0.01 2.04+0.01 451+1.28 0O NS

(ugTPF/g-DW hr)

" The criteria of soil quality standards for agricultural uses (RDA, 2022)
™ The criteria of soil quality standards for landscape (forest field) uses (NiFoS, 2021)
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Fig. 1. The rate of increase or decrease of physicochemical properties according to dosage and recovery period after application of the
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et al, 2015; Xian et al, 2015). f71d AAe} BE}
A AA T F 45 EY a4 AR 5 a9 v
o F7FsFAY(Fig. 4). B-glucosidase?} N-acetyl-B-glu-
cosaminidase= EFA8)l ZA =3lo]] kS w|X= 84
EO]U%(Ekenler and Tabatabai, 2004; Sinsabaugh and
Follstad Shah, 2012), 22| 35 ay7} g} AAol
Hlsl €5g ZoR veptor, 1 9 gRle A a3t
7} &A1= Qt}(Figs. 4a and b). Urease= Q4>(urea)s
wallehe B4R AA 8k TREo] 19 (Sinsabaugh
and Follstad Shah, 2012), E=22g}e} Fule] a3y} €
AA wls} FEHAA UEPTHFig. 4c). TS
acid phosphatase®} alkaline phosphatase™= =5 19| &
718}e 71ddl= d Aol (Dick, 1984; Eivazi and
Tabatabai, 1997), 22dg}, HY], ¥HE &5 a3/} =
Al YEPsth(Figs. 4d and e). Dehydrogenase= =&
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®=2 AMEEE 48 S22 83t 7P =4 e
WUTHFig. 4f). TR EY 840 BYEE 315A)T]
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(Skujins, 1978; Nannipieri et al., 1990), A|A| A}A]<]
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33. 8AI2M &t

84 IEIE A8 4
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2, FE%h, EY 84 54 6845(BG, NAG, URE,
ACP, ALP, DHAYl W3l 3|74 28 Z3E Table
soll JepIIth. SAEE p-valueZt 0.05 o<l F24
o] gle AAE AlLslar 71271 #tol 2 A= 35
BF o ddeant.

TEEFE(WHC)S] 735 vloloxte] g} ol 3l
A 7P A veRton, o2 Enlel S2dete] &
Wt w2 ZoF IRIFUT. Yol wdso] H5 F
H], BHE, MIuE 02 71&7] o] A vy &
Wt =& AoE AAEQh X8 Naol 75 EHl,
ALTolE BHE o7 gapl E9kon, X3 KE
Fzdz}, nlo) e, ALEE o7 71e7] #Hat f9]
o] =Tt X Mege A3|aE, 298, g4 &
o7 gatFollon, XA Ca= HY], BHE, 433
E o= a9 9 fojio] =4 veidth THFo=

Table 5. The significance and slope for each amendment estimated by the simple regression analysis according to soil property to be

improved
Soil property Compost Biochar Zeolite Dolomitic lime Vermi- Chlorella
compost
_ WHC 0.870™ 1.450™ 0.216™ 0.386™ 0.694™ 0.849™
g Ex-Na 0.059" 0.006" 0.050" 0.012" 0.021" 0.020"
2 g Ex-K 0.017" 0.101" 0.043" 0.028" 0.009" 0.186"
S & Ex-Mg 0.109" -0.008 0.052" 0.245" 0.096" 0.218"
B Ex-Ca 1.195™ 0.026™ 0.146™ 0.433" 0.623" 0.068"
= CEC 0.928" -0.018 0.248 0.464" 0.597" 0.385
SOM 1.785™ 0.173" 0.020 0.280" 0.883" 3.034™
£ 5 TN 104.851" 36.708™ - - 108.688" 799.656"
§ & NO;-N 5.618 0.459 - - 7.147" 9.303
Av.P 164.778" 5.520" - - 154.589" 382.088"
BG 8.634™ -0.105 - - 1.143" 112.490™
2 NAG 5.573" 0.287 - - 1.470" 32.198™
g5 URE 7.652" 0.031 - - 1.476" 6207
g & ACP 20.847" -0.376 - - 10.337™ 25.125™
A ALP 40.535™ -0.024 - - 10.213" 25757
DHA 11.030" -0.070 - - 5.944" 787.334™

** p-value<0.01, * p-value<0.05
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