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Deriving Optimal Conditions of Hydrothermal Reaction for Stabilizing Heavy
Metals in Contaminated Dredged Soil
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ABSTRACT

Hydrothermal Reaction (HTR) was applied for the stabilization of contaminated soil with heavy metals, and then the test
determined the optimal conditions for HTR. After HTR, the concentration of heavy metals in the contaminated soil
increased. However, it was observed that the leachability potential significantly decreased as determined by TCLP and
SPLP tests. This decrease was attributed to a decline in fractions 1-2 and an increase in fractions 3-4 as revealed by
sequential extraction procedure. Due to the mineralogical characteristics of the dredged soil, distinct changes were not
evident in the five-stage fraction. Therefore, it is deemed necessary to understand the chemical and mineralogical
characteristics of the target soil for HTR application in order to selectively address contaminants. Comparison among
operating conditions determined the optimal condition to be at 240°C for one hour.

Key words: Dredged soil, Hydrothermal reaction, Stabilization, Heavy metals

1. M g oA 2)S Y3 Weto] QTHTHEPA, 1998; NIER,
2013).

kel yxdlz s Al FUEE LuEde] F TAES A Xl wet sk, AeA|, 3R FAE
Fo} ol S7FIL . 3R, &4, 3t sl ToR FEY F doH, LEERE] 4 A L
UE LEEHLS vige) HA=M A e 3] o AZMET} WASTH(Lee, 2014; Yi et al, 2015). A
s A e Y LE9EES IR AY, 24 2022 71F AlA 24 AR FEE 1259 gEE )=
EFEolg} K24 HHEPA, 1998). 53] S48 ol 3190, 20329 = 164 EE7HA] A4S Aoz 4
wgh A T ok B sl we-S A EEE W Zgth(MarketResearch, 2023). $-2jvke} w3 siat37r

i}, B 5 WkeS B3l o o= 2 S e 23 SRR Qe vt F

= 74, FAEAE vixs 34 4 A&H o= WAkl O™ (MOF, 2022), T2 3iQHF7]
QI7te] 1A HFS AT 4 Jormz, QAEHE] Z F oEjdl Frlshs WHoE A= ok AAl
2001F5E] 2008714 TAYSE WA FHES] 88.9%,

K-
o
&
i
)

Of

l

4
50, 3
£
o

FAR}: o), wAlg gt Bl olalEolm = 5 o
FAL: QRATE, Uil 92, Wb F A Ags), g HO%E ZH EONE, SISEIS B HjEe Aes =
s A4} o)A, A A vl Qo] AFEEL 7% nvkd Ao F J=SHTkYi
Email: leejy@uos.ac.kr et al., 2015).

Received : 2024.01. 08 Reviewed : 2024. 01. 17 3k B ApA] AR MRS 47 o]F 3]
Accepted : 2024. 02. 26  Discussion until : 2024. 04. 30 FARE R @gror) A 4 A1 F EF 419 o)

63



64 oF - okt - 25
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o] 331 Algell AUTHMOE, 2023). WehA §5=7] djulE
913 F83do] wid o Folel wet sk FHE w3k
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55 B3l A o oH, OF SRS 3
e 28 WM =2 gAdS AJtK(Choi et al,
2019). SHdsl= 9_°§E°E°ﬂ ASAE Tt FAS
RO B TR B SYER e
3= 7]&EZ (Kumpiene et al., 2008), *|2]&=7) w211
22+ A7t B esl el His) A2 eltk(Yeo and
Chang, 2021). H< A2 3k TAHEE &2 14, &
FYE A, AMIE As, AL A Foll AEEs] 9
3k A7) 3E A0 K Oing et al., 2018; Park et al.,
2016; Wang et al., 2022), =2 FEgd 2 2 HEH]
FHo= <3l AFE A HHG WAt BFHeE &
TETHChu et al, 2022; He et al., 2020; Park et al.,
2016).
gvkg-(Hydrothermal reaction, HTR)S 422 g
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= zh= gRalt 92)(Liu et al, 2015) 180~350°C
Go 2hof|A] o]Fo)Fth(He et al, 2013). wEhA
2 A YA 2H1E FY 5 o] BAF ]
Rl FHoz &HA Uti(Stefanelli et al.,
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Table 1. Optimal conditions for HTR
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2.1.2. HTR reactor

LHEFAHES] HTRE yshr] ffal 2Ellas A
9] HP 48 ®-37|(Series 5500 HP Compact Reactors,
25-600 mL, Parr Instrument Company, USAYS Al&-3}
Aot HTRS B3 =S Whe 259} ARl we} o
g 54& 4@‘3—3 FoJorE 2% 227](4848 Tem-
perature Controlloer, Parr Instrument Company, USA)
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Cho, 2015). ¥ <A77l A8H HTR 32712 Table 1
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Reactor

Temperature (°C)

Time (hr)

180-1
180-2
180-3
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240-1
240-2
240-3

300-1
300-2
300-3
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3 Y=3-4], XRF(X-ray fluorescence analysis), XRD
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ment of Agriculture, USDAYIA AAE EF A7 4t
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Rigaku, Japan)s 83130}
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2.2.3. SEPE 8 TS A% W ¥4
SEP= F SYAZ ©]F A Exchangeable(F1),
Carbonate fraction(F2), Fe/Mn oxides(F3), Organic matter

(F4), Residual fraction(F5)® 1% THLee et al, 2005).
SEPE 7} T &4 Feljol] wje} olsAo] AdoletRE,
oclEAD o3l WESHY I3 W obgs FoO Wyl

7] $18 sioF tk(Han et al, 2020) olewdhyg,
e FEE vishks Fl, F2= pH 1 3
AHslE Sl 44 82 & 9}3&1 Bo] T3]

v

£ti= £4o] 2AtkShin et al, 2014; Han et al., 2014).
TR SR s 2 T U 38 S
g 80| o] MBS v SAlel AATE ofHu=
wie] oJu]E Adth(Park et al., 2018; Kim and Baek,
2014). ¥ Aol AFEE SEP AFE WPHL Tessier et
al.(1979)2] WL 7|%2 3P, F=2dqd] i3t A=
Jung(1994)2] ¥H-S WSl ARS-SFHATH(Tessier et al.,
1979; Jung, 1994). HA 7v7l:ﬂ A|EE 80 mesh ©Jsl=
ARSI 1 g8 4802 ARESIT. Table 3ol wet
19ARE sSSAIA] xFoR F5381a, Ryt g
23+ B¢ AEEE ARSI

224. %5 85 54 B4
SAFAE 9 QK3 Bkl EAlshs Fa5] FH,
e oF 2 HE AsS GRIsk] S8l 1A 94
(Cd, Pb, Cu, Znpl gt 8& AFS 333t TCLP
= 9A, 3 2 o e EAlkke 57 B2
9] o5 A3l Sl3l AAIE WO Z(EPA, 1992),
v VH A= HES AJEYoAEkaL F3l Bl
3 H71ES FEs] 3 HAZ ARSETHEPA, 2004).
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T e FEEY F=E T 4 AUTHNIER,
2012).
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Table 2. Method of analysis

A5t - 29

58] - oA

Analyte Method
Moisture content Korean standard method for soil - ES 07301.1b
pH Korean standard method for soil - ES 07302.1b
Particle size Korean industrial standards - KS F 2302
Aqua regia Korean standard method for soil — ES 07400.1c
SEP Tessier (1979) and Jung (1994)
Heavy metals
TCLP US-EPA method 1311
SPLP US-EPA method 1312

Table 3. Method of sequential extraction procedure

Fraction Reagents

Extraction conditions

Exchangeable
Carbonate fraction
Fe/Mn oxides
Organic matter

Residual fraction

1M MgClL (pH 7)
1M NaOAC (pH 5)
0.04 M NH,OH-HCL (25% HOACc)
0.02 HNO;+30% H,O, (pH 2)

HCIO4+ HF + HNO;

1h shaking, room temperature
Sh shaking, roomtemperature
6 h heating (96 £ 3°C)
2h/3 h heating (85 +2°C)

9h/3 110 h heating
(90 + 5°C/140 £ 5°C/190 + 5°C)

8.0
—@— pH
Maisture content

- 25

75 4

7.0 4

6.5 4 w""
- 10

6.0

pH
Moisuture content({%)

T T T T T T T T T T
Control 180-1 180-2 180-3 240-1 240-2 240-3 300-1 300-2 300-3

Fig. 1. The result of moisture content and pH.

A=EA Ay} QAFHEE 2| 93.58%, FE 3.66%,
HE 276%% TAEH, AE(Sand)E EFHACE. XRF
B4 23} Si0, 74.6%, ALO; 13.2%, K,O 8.1%, 7]E}
41%Z TS o], LATHEE Si09} ALO; F
7Ex]9] Aol 80% oVdS AHAlske TtEBES] &4
Zh= Ao g FRIEITHCho, 2021). 5=3F XRD #4]
53l SiOel tigh peakyt T e} AFA =
Ad Aoz F=|Qle). obgst EQF w3t SioolA
9] peakVt TEAEW, FESH 54 Wk dojuA] &
o}.
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I FA9ch(Lee et al, 2022; Funke and Ziegler,
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=}

SHH e 24.5%C14 F 13% 7HAE 11% O
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th & Aol 58.4%9] o] olFoAE As s
™, HTRE 53 &880l 7IR1%F o= A ETH(Lee,
2019).
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S 3k B4 A}, Zno] 444289 mgkgl E AEY
H B AtHVE 1799 VEs 23kke Aoz &
AEJtk. UMA Cd, Pb, Cu®l F%+x 242+ 0.433 mg/
kg, 40.329 mg/kg, 70.660 mgkglE Cudl ¥&7t 7P
EhoU BT 7ER] o2 A=A

SHgsl B T35 TS HTRY &% % AF Al
Zro] SVl wet S7¥eh, ol Aot AR 4
7= YyePttJakubus and Czekala, 2001; Kim et al.,
2008; Shi et al., 2013). ] HTR WIAUSE ZF &3t
5ol 71903 gafl9} xWkS-(Wang et al., 2016; Liu et
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Table 4. The concentration at each condition

Solid (mg/kg) Liquid (mg/L)
Reactor
Cd Pb Cu Cd Pb Cu Zn
STD 4 200 150 - - -
Control 0.433 40.329 70.660 444289 - - -
180-1 0.567 43.062 71.959 475.019 N.D. N.D. 0.012 0.056
180-2 0.533 43.362 72.393 476.786 N.D. N.D. 0.014 0.061
180-3 0.575 44.029 71.060 479.119 N.D. N.D. 0.014 0.064
240-1 0.600 46.395 75.026 485.685 N.D. N.D. 0.018 0.112
240-2 0.612 47.495 75.459 486.618 N.D. N.D. 0.017 0.117
240-3 0.621 48.595 75.726 487.018 N.D. N.D. 0.019 0.120
300-1 0.648 49.695 78.392 495.017 N.D. N.D. 0.021 0.240
300-2 0.651 50.695 78.459 504.083 N.D. N.D. 0.021 0.252
300-3 0.653 51.128 79.692 497.450 N.D. N.D. 0.022 0.223

al, 2018), fr71&<] &3 % W& (Huang and Yuan,
2016), $HA3} Ege] Fu) A= Qe vehgd 4 ot
(Shi et al., 2013). =3+ HTRS 53 dAE tdaid
AEH FEE0] F2E o L]-E]—,_ A7RY F AtkXu
et al., 2019).

ob Ao cush znol V] AZHOM, HTR
o Mg LErk MG Wt 1 ) Eobe 2
e 1ok ol Wk et SUIel wet S5
3% G} ol o wEE 29 me 71
2200) 2o @ o, 714 W) WAo] E3so]
Ept Ax2 FElth(Huang and Yuan, 2016). BE3F oF
3l ZA3=S Hol= Fl, F2v 55 o9 &2 o)F
Bow 3 R RolHE pHel FF Wol §EBo]
=713 Ao g ALEHTKShI et al., 2013).

3.2.2. SEPE 5% & AT 2 ¥ 5E W)

SEPS E_g]] _Q_Ouﬂ_%_/g_iﬂ_ 0}7(49;]_ Eo]:_% ZZL&:tﬂ 2
3 W3lE ol dth(Fig. 2). LEFAES] Fl+R2E
Cd(44.8%), Zn(32.2%), Pb(28.2%), Cu(18.5%)% ERL}
™, Cdo] olsAe] 7 =& AogE ALY} F3+F4
o] 7% Cu(50.1%), Zn(49.7%), Cd(32.8%), Pb(31.9%)
o2 FAEth F5E Pb(39.9%), Cu(31.4%), Cd
(22.4%). Zn(18.0%) <=2 e, ¥l Pbe} Cuel
QFgAdo] =3k

Hhst BEF W BEE T

o]eo] &a¥ F(Wang et al, 2016; Liu et al., 2018)
AR o2 YAt W FHEE0] FEES YeRd
A2 AHEtHXu et al, 2019). BB3F 459 &S
53 3sl= &% 5ol wet SZ=2Z (Shen et al.,
ewo wWE F HlE s} Yepd Zo=z

Pbe] F1 HIE-S 7FF e 2591 180°CAlM%= 84.6%
7Liz‘;]. 0.9%% H/Hgl:q 47]. ] _5;15: = 7].;4 = 7L/\
£S5 VERITE 2Eu F29] Bl 2 AlolE HolA| oF
© 7oz RIFG. vhd Cu—4 F2 BHI&-S 16%94

2.6%7HA] Ao} Flo] HlE-L 7P 28 Ao=
Elgt) 53] Cd= 240°C, 3000(:4 Az F27}
0%= wA=JACE WebA F1+F29] HIE0] 3~4%= 74
s F3+F49] vlgo] =LA SVttt wEbA] TCLP2t
SPLPYI| oJ¢t 85 F& TSk WS Ao oSt

A obd FEE e EollA HTRY =9} AR
Alzre] F7Hel Wt S5 w5t BoRle A
Bt 71E A7 wEd HHE U TE5 vhe
Fe, Mn A}E 9§75 o] JHIAE Hepdth
(Fei et al., 2002; Yao et al, 2015; Qin et al., 2014).
3 RS B Ayl U}E]' HTR WAYUE F &=
Hhgoll 7|91t T &af B HHol o3 AxE
vkt webA F3, F4 ¥1ee] S7R) e5ke-s 53
&3 2 WS Bl TES] w5 et A=
Alg 9},

FS W8] 2%, 1-4.5% Aole] mlegk Wsh} B

At} Zn= HTRS =3 F59) Hlgo] A% Zvlsiglont),
Uz 234 2% 7has= A3ES BRach ok

XRF & XRD ZHAA= gog%gisﬂr okg3l B9k &
T Z2AA Si0,9] o] =2 Ao=w RN Z2A
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Fig. 2. SEP results before and after HTR.

A Sioye 3B oE S AU, =2 888 B
d oPAS AYEE(Omidiji et al., 2023), AL, #¢+
Z719] HTRS 53 F5 HIES] wishe ofigld Zlo=g
et webA Sio, T BEsH 4ol gt 7

3, 319 BB olBE W PR 54 opte] ©
QEA e H9H Fgo] BAF Aoz AT
%, 9% 270 Wel HTR) A8-430] A1 4 AL
Aos ke,

3.2.3. TCLP$} SPLPE 53 55 I& &4
TCLP 24 23} HTRE 25 B Al Alkte] S719t
me} 8ENe] FErt Woll= A3S HATh(Fig.
Fa&E 8290 ¥u= 7pn Cu, Pb, Cd 02
N Ao} FYsA UERITE Cue] 254 8%
g8 45%, 78.8%, 82.5%= LFERPH 7Zné} H]
e Hol= AoE RIHAULE Pbe] 254 &
FE A Zn, Cuell HIS] SISl YEREA] 24k
ol 257} F71stell Wt Fl, F29] HlEo] Fo&
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Fig. 3. The TCLP results for each condition.

Zn, Cus} 2] H|S3 BIS-S BRYd pbe] Azl ule}
Uehd Aoz AdEt Cde 180°CoA 9] ke & 4
g HAEEo, 240°C 2 300°Ce] WEES AR F =
£ 8290 AESFA] L3It 9 SEP AHellA Cd
9] F2 HI&-& 240°C & 300°Ce] Z7A 0%2 #4
Fglon, old @S Ho} §EHA| S FO=E Al
#ck Pb % Cd9] TCLPY A 71¥& 5.0mgL, 1.0
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Fig. 4. The result of SPLP.

mg/LE, LATAHE F M3l EY BT T8

EFATHIES ke AoE YEY Zne
17.140 mg/L2 X510}, 180°Col|l4¢] HTR H& &
10.455 mg/L7HA] ZHASERATE. 1§ 240°Ce] oA
it 4.571 mg/L7HA] 2HAs o, 300°Ce] A=
Wit 3.971 mg/L2 FEg BIslE HolA| et webA
AA 2o wEt H) 39%, 75%, 77.5%2] AeS
Hole Aoz RIS Wl TCLPY AHE £
Aoz WAL W, /1A F55 BT 240°Ce] HTR
Zgo] 822 Aoz AR}

SPLP A7} LATAHE 9 st BEY BT Zngh
ZHAchFig. 4). TEvEINE Hesdey 2 2
ARAY wE} znd TS IS o, zizt
mg/Let 1 mg/LIAAAS 7I5) olelE g3kl ok
HTR & A Zno] F=x 0.15mg/LE e =)
71%5E WESlE Ao ERIEQIE HTR A8 A &%
o} AF Algte] dojRlel we} 8& T AAsilon,
240°C Z7dol|x4 A Yol TCLP Ao} 5Ygh ek
S Yepth(Fig. 3). Wb HTRS LUFAE e 5
w4 8% 7FsA3S w5, ogst SHe lo] =2 A
£498 AYe o=z drkd.

©
-

ot gy,

(98]

4. &

rh

2 Apdie F55 LI9TAHAEY HsE fld
HTRe] #-&E3lt}. Fg3slt &85 7Ish7] 93 SEP,
TCLP, SPLP7} F3j=|9lom, 1 A9E nlgoz vkg-
L%, AF A7) o= HTRY A AXIE &3}
At LFFAHES] pHE HTRS 53 7.3904 6.3-7.19]
o2 ol on H 58.4%2] o] AAHJCE w

2 HTRE 28] 2 LATHES AAd a3
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AR Aoz RIS T BAoMe Fad T=e
Z7P} BEEAT TCLPE B3 okys) Eqke] 54
AEFe Y= opon], EPAY 1ES WEIISIT
SPLP AFeX= Zntt HAEHoY, I 7es 55
e Aoz FIEQTE SEP A o)FAo] =& FI,
F2¢] W& 74, HlaE] Qbg/do] w2 F3, F49] Hl&o]
71 54 HHE a9E Yeplt ST Ee)
P83t Evk= HTRO] ¥he &5 9 A7 Azt 715
of whe} =t Tkt 240°C9t 300°Ce] F31gk Apo]
= HEEA] i) mepx B A7 A9E BT TES
LAFEES] YIS 913 HTRY A& 7Fs4do] Bl
o, HF $HFAL 240°C, KR E=HUT

A A

B ATE 335 A5 -siEe e A
(2019002470003)70l| 4] Z|REEo™, o]o] TAL=RUTE
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