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ABSTRACT

The remediation of sediments contaminated with both total petroleum hydrocarbons (TPH) and heavy metals poses
significant environmental and health risks. This study explores a multi-step combined remediation approach using Fenton
oxidation, thermal desorption, and acid washing to address such contamination. Each process was optimized individually.
Acid washing efficiently removed heavy metals, meeting Dutch standards, but showed limited TPH removal. Fenton
oxidation reduced TPH by 77%, though heavy metal removal was insufficient. Thermal desorption, however, successfully
eliminated TPH at temperatures above 300°C. Combining acid washing and thermal desorption achieved remediation
targets for both TPH and heavy metals, regardless of process order, meeting industrial standards. The treated sediment can
be safely reused as a resource, offering a sustainable solution for managing contaminated sediments. This integrated
approach demonstrates an effective method for remediating sediments contaminated by both TPH and heavy metals,

addressing both environmental and economic challenges.
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71402 HHE Aol ddS
FQ 2d=4do|tK(Chen et al., 2013; Wei
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o|x} FFdo g AEITHCelo et al., 1999). WEbA 4=
Aol =9 TPHe T55-2 €A BHES 291 7IH
Horkzs 53l AEA N FH= o] AujAll 13 oR
Azhet obeddks e 4 Uth(Yang et al., 2012; Vane
et al., 2017).

At RG] AR Qe FAHHE HFHE o] g4
Zohol weh HARS] 250 71 EAE WA
713 10 (Zhang et al., 2021), 15 FHE EXES
F=2 AY FrIv ES B8 AgEHAeY, o9
BHEE 24d3 Q3) glole F719 vid o g Ash]
oYt 53] F3td HAE= Y AdoE Aggol
7heslR®E £ EREY AHshs 874, BAX EAE
BAll HEE 5 e HRbeE FEAl QITH(Kim et al,
2020).
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Table 1. Classification of Ex-situ remediation methods for dredged sediments

Main processes

Remediation Methods

Biological Bioslurry, Landfarming, Composting
Chelation, Oxidation, Dechlorination, Basic Extractive Sludge, Solidification/Stabilization, Solvent
Physical/Chemical Extraction, Carver-Greenfield, Soil Washing, Containment Barriers, Electrochemical Oxidation,

Ultrasonic Treatment

Thermal Destruction Incineration, Pyrolysis, High-Pressure Oxidation, Vitrification, Gasification

Thermal

Thermal Desorption Desorption & Vaporization, Thermal System, Anaerobic Thermal Process, Plasma Desorption

W (in-situ) “F3} R S 2] (ex-situ) H3} o] =
AMEETE Table 12 71& FEEE HHE HHE &4 9
A3} vhHS YeRITHReis et al., 2007).

AT U S9EZL 1 0] o2} B3k 54
Holn, 53] TPHe} a4 ole B33 Jsak8o]
ZA3HZhang et al.,, 2024). <= S°f, 7l=F3 &
Z o4 F3E U TPH £8) vgEe] S48 A5k
A3} 58-S 7AAT7)3L, TPHE RS AEuRS B3 2
=49 ol s Aol8 gl FES w|XItK(Chen et al.,
2018; Wang et al., 2023). &L} 7|&9] B3} 7| T2
TPH B T4 /IEZ 0= Agshks Wl 231
g3lom, TPHS T84 53 2 digh A3t
8o T3 e HESE Aot ol B0, deEy
HAE A5} FHL F2 TPH AAd, 2HHL 34
AAN ARG o, oedt TS EEF 0% EHE.
SAol He3S wlo] 840 3l A7 vinlsid)

odd HHES adHos Asfelr] A3 =] 43}
4 B AA 891 klslarat gtk

2.1. M3 o ek

2.1.1. §3E

Ao A Y HHES THoAY A 2K P9k
U] F3lIet 9] B 4H ©@X] AollA] A=
AHAE ABE Aol Axd F Yo uet B &
A3} Aol AR IS Y=t AoR= Table 29}
Atk I B A9 HEAFORE FAHoH, HES}
HEZ} A =4 HHES] 60% oS AR|gh= Aow
et A A AEE JEAROZ FAAEeH, A
E9} HEV} HA] 4 FHEQ] 75% oS AX[EISIT
ol Avh= tlid HHES tigh g3} Vo] Lurgl
29 BEUdRY ¢ a87og Walsol g2 AAg
A HHES] TPH, 555 % w4 2= Table 37
2o T A5 BT e, okd, TPHY s57} =4 UEr

o ox I

Table 2. Particle size distribution of dredged sediments

2 Ao TPHY Fo&0= B3 odd &4 Sample Sand Silt Clay Soil Type
EHEES gPdo R A, HIE A8}, 9eE 34S O Domestic 383%  59.7%  2.0% Silt loam
T TRkl £AZ A%ste] 835190 o= &3] Bt International 23.8%  65.1% 11.1% Silt loam
Table 3. Contamination of dredged sediments

Contaminant Dutch Standard International International Domestic Domestic
onfaminants (Intervantion Value) (Average) (Average)
As 85 51.1~59.8 54.7 16.0~19.8 17.3
Cd 14 3.6~4.0 3.8 1.9~3.8 2.8
Cr 380 172.8~180.0 175.9 70.8~103.0 86.7
Cu 190 1,757.1~1,925.3 1,849.6 200.3~331.6 267.0
Pb 580 161.0~182.5 169.8 78.6~102.0 86.4
7n 2,000 2,370.5~2,648.9 2,517.9 1,673.7~1,813.4 22113
TPH 5,000 8,064~10,983 9,508 3,933~6,236 5,127
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2.2. E|ME M5}t AMH

2.2.1. o¥] A¥ A3

A, AT, dekt A3l ok BlRE] e B4
sieksl) g1 ol A S At iz 29
o= Aol B2 KIZE &t AR, e EE K
5 AlF, 60°ce] B2 1A F W MFEskE 2710]
T3E|t). moHlE Ag) 1302 AgEgon, 2}
BIRE7IE ARSI adt s 200 ppm & FASIATH
AR A7F Bk aksl & SRS Ao HH

A71aL, e HS ANFHS }04 Z543} TPHE 24315t
BYUS 2700 A = AL 05 M 3K QiE Fake
*P&o}d ST, S, 734, G710 tigk tikte =
A AEIAE o83 MH AFE FaPon, LHAESY

Aslel] A} JOoME S0 FPol| & PIXlE AR
ez AHEAGA T vlolAd AHELANR] Triton X-100
(3 mM), o]/ AAZA3AQ] SDS (60,000 mg/L, sodium
dodecyl sulfate), A3=AHEJAI] BioSolve (60 000 mg/L,
The BioSolve Company)e] Al 714 AAZAAAE 2183}
o A3} As-S Frlsidt.

22.2. 4 A4 49

Qi) SRS ARESE AlF ARES et o]
7HA AR AA &&, HIE §84, Y &olde=E
Q3 EHE Aslolx 7 A5 ARSE= 818t S|t}
(Moon et al., 2012). A& o]-&3t] HHENA 2 mm
olde olEda} & YAE AASIAH. BolFE AL

3lef A % 84S B AFAZ 05 M, 10 M,
I15M% ala} oAl gole ALE3IILH HAES)
Aﬂﬁoﬂ,] A= 1.3 (FHE 300 g, A1E 89 900 mL)

o=z 44 o}‘}iD} Zt AEE A HEEVIE ARSSt A
2(23 £ 1°C) == 60°ColA 1A1ZE, 3A1ZE 53 200 rpm
S5 WL Wit & FEIHE o] 8ate] el
Y5 Tt X‘Z*Ol E-‘?ﬂ % FEAs AAS
FRHE AEE Bl S84

223, WE I8 49

sletA sksle] a3t RIS 91sk tiEAQl HHo=
HAE AsdAS 34319 tH(Pazos et al., 2013). 200 g2
4 B E thall 50 mL —300 mLe] A (H,0,)
9} 10 g—90 go] SFH(FeSO, S ARRsle] FE 213512
T3k, 247, 447, 6217 BES- & TPHYF 5<%
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Table 4. Sequential remediation condition for dredged sediments

Condition

Acid washing — Fenton oxidation
Fenton oxidation = Acid washing
Acid washing — Thermal Desorption
Thermal Desorption — Acid washing

wn AW N =

Thermal Desorption = Acid washing — Fenton oxidation

o] Wale 23S

2.24. 9% 49

EHE U TPH A3}= 98] A =22 (low temperature
thermal desorption, LTTD) 2&-& —}Fag A H(Falciglia et
al,, 2011). Bx=2] B 34lo] 60%2] T8-<] QX*E
AIBE ARSI 2™ 200°C, 300°C, 400°C =94 0
AZE, IAZE B9 HEld F TPHS) FE40] TEE %—
REE

225 B A5 43
B3 oz T3&Y 50 29 HFHE H3
A3} H”%Lﬂé 27] Hsﬁ % 74 01“94 A3} ﬂt”-"% 28

% xﬁf—i] FALS O}F/H Table 494- ZEL%
zdoz Sasigon] B3 A 93 Fol Fak

23. 2HEE 2Y

BHE W 55 s 545171 #18l US EPA 30159
e FAPHS ARSSITE TAIA Q] AAle v 2
0.5 g0 Azx9 HHES 10 mLY 5= A2k 3
nlo|A=2 9} g7 Edsisitt. €718 Qg § vlol=
23} AollA A 5540258 B¢ LS 175+ 5°CE
sA171aL, 1083F 175+ 5°CE vﬂé}ﬂ%
AL25°0) 072 Y3 3 Algs l-';ra]-sz 45 pm
Y7} A2 FAPE ARS-SH OqJJr H FEds T
e, 7E F2AS A0l e FuE FjAelo,
3% F57F 0.1 ppm ©]4Y 7% ICP-OES(Perkin
Elmer Optima 8300), 0.1 ppm "7+ 74-¢- ICP-MSE
ARgste] AR

TPH 245 £43817] 918l US EPA 35509 &}
ZZM3} US EPA 80159 A3 7}~ a=rtE1gy)-
3}9d o] 23} 7A=7)(GC-FID, Perkin Elmer CLARUS 680
GCy= ARE3IATE. TPH 2.9 <ol W, 10 gollA] 25 g9
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Fig. 1. Remediation efficiency of washing with DI water, acid and surfactant on TPH, Cu, and Zn.

T S EF 9 UE=29E 100 mLe}
L E290 FEVIE ARSEE 3 s 7o
SN AlF e Agsle] I2vfET
T FAUEF 10 go] AR £8#S 53
FAIZTE AA-EE AR F, fE2HE 2 mLE 53}
L O1F ARE 72 AZvET ] F948ke] 9
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24. A8 23

24.1. ofv] A& 49 2=

Fig. 1= oH] A& A9 AE Jepdct. 8183
AHA Qlo] L] B2 AR ot AlHE A} 7
(Cu)2] 2LAEA AA TEL 16.0%, oFA(Zn)y> 18.8%,
A G (TPHYE 30.1%ATE 5Y3E 7004
AFE AT 7 ¥ aESS o), A &82 Cut
26.6%, Zn°] 27.7%, TPHE 41.4%% Z7}18190c). 2952
AA &g vAE 259 FTFS ARk S8 AA
255 60°CE EHOU, AA E&ddle frefvgh zlo7}
AUt o= AAE QFEHo] F2 EE)Z wHld] 9
3 g Zlo=, Eo 850l o3t Ao] opgt EY i
Hol| okelA] A dejol AL IS5l Al 24
E4oINS 73S AR

U= Aol T2 =9 @2 aap) 2ERkld £, 5514
|F 895 Wrksl] 8 23 84S AREsE ST Al
S =3I A1H A= ke 21838 749
Cud] AA BEo] 19.5%, FrklAEs 31.3%, iklxde
30.1%2 YERSTE Zno] 7 iR ARSES w] AlA
FE0] 72.6%, FAIAME 52.9%, AANME 44.1%=2
Uepgom, 53] ks AREgH AlFEoA zne] AlA

o =

R I i e

-] Al gAlrE A g@slra A7 2k
Yol B7-8kaL, o Adollxd= Ak H el BIs| TPH Al
Ago] W2 AR et AlHEgAE ARSE Cud
AA E&e AT ARE 58 Blo, Znd St
AFelM AR w2 AAES S 33 Adg
AAE AR TPH A7 &&o] SE olf= 49
g W v ARHEEAE <75 pmyE oF 70%E At
Aehs =2 HIEZ sl AlH &go] A=) Moz
Tt 3, AEAEEAA0L of2/dmlold Al
LEAE MBS o, AHDEA SF 3 AH Bsel
FefugE 2pol7} gidint. onl AF Avts} )& A7
AR 2338 AIROE bofit AIFAIS ARSI LAEd

AA &g&e] Aoz} 1=,

24.2. 3 AlE A9 2

Fig. 2& 213 A3e] 295 vehdth. TPH 2.4
A2lolli= M2 o] Yukd oz AMEEA|TH TPH .
Tt #E AT 1 ave gAE AjHolt) £ -]
A M= Sk} QLS AR 4 AlF Fgo] TPH
AANE A olA] Fstor, o] & TPH 29
T S vA R o 23 EHES 54
7l Zo= ket Wb TPH 438t 885 /I
317] Sl Al ke Algo 3] 4o Ha
3, fARE 2F9H X ollM AHE FAHS AAT )
olH3t 84S Eslof )
Tas AA &L JuFoE A vERton,
A HAslst7] Q18 theket AF xxdo]
SAECE A Aol A 4F SRl e A3}

=57 e}
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Fig. 2. Remediation efficiency of acid washing with H , SO , and HCI on TPH, Cu, and Zn under varying conditions (concentration,

reaction time, and treatment cycles).
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Fig. 4. Remediation efficiency of Fenton oxidation on TPH, Cu, and Zn under varying conditions (reagent dosage, reaction time, and

treatment cycles).
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7102 oF 60%°)aL, A ChH= FiAdo] e Aoz
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&2} A3 Aak= Table 5o AAIEl0] SIE}. 300°CS} 400°C
ol A3t &, TPH FEE 2% NDHEESHA &&
FFEOE A3 gasak F, 300°C o)) 2

ol TPHZF $1E 3 2350} HHE=RE AAs=

Table 5. Remediation efficiency of thermal desorption on TPH
by temperature

TPH (mg/kg)

Reaction condition >
(Removal ratio)

N Intervention value 5,000
Dute Industrial maximum value 500
Standard

Residential maximum value 190

Untreated 9,508

200°C 2,618 (72%)
Thermal = 3500 ND (-)
desorption

400°C ND (-)

2& AT

244. B398 43 2%
XA Ao Bl FAHoRE 5 FHAHEA

b AT g /\B‘i}% X3k A9 3 TAell
ARl TPHE A3} 53 507 Y= & gldlen,

Cu AANE EH o] Lhrt. v 4 AlF7) dezks
Z94e 38 TPHY] A48 7 2 Zn B Cud] 2H4&
7S AR eH Zn R FAE Vel AY
SRS Cuol 739, AFel A8 EHES] Cu 27]
&b Wi =97] Wl FAE Ve R HE e
SHAIZE AT FTHE R FE AEE 23lsle 3714
FALS nT A= weke yEdANH Cu AA EE
ol & 7iade] it

3 2 SollA A %—%374' g gzho] x3lo]
A 3Ho= SRIFLE 4t = 3”} g g2 A=
AA ZE & TS “]7_4]}] oug 2}je] Ho
A& st AR & Aot

245. B3 Y BAE X7 ¥4 EA
o A3l FATo 2= /A <4 2 TPHol tigh
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