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ABSTRACT

In-situ activated carbon (AC) amendment is a promising remediation technique for the treatment of sediment impacted by
hydrophobic organic contaminants (HOCs). Since its first proposal in the early 2000s, the remediation technique has
quickly gained acceptance as a feasible alternative among the scientific and engineering communities in the United States
and northern Europe. This review paper aims to provide an overview on in-situ AC amendment for the treatment of HOC-
impacted sediment with a major focus on its working principles. We began with an introduction on the practical and
scientific background that led to the proposal of this remediation technique. Then, we described how the remediation
technique works in a mechanistic sense, along with discussion on two modes of implementation, mechanical mixing and
thin-layer capping, that are distinct from each other. We also discussed key considerations involved in establishing a
remedial goal and performing post-implementation monitoring when this technique is field-applied. We concluded with
future works necessary to adopt and further develop this innovative sediment remediation technique to ongoing and future

sediment contamination concerns in Korea.
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(e) Miscellaneous light particles

ali~
(g) Cut low density particle

(f) High density minerals

(h) Split mineral with tar sludge coating

Fig. 1. Microscopic images of black carbonaceous aggregates or mineral matter coated with black carbonaceous matter collected from
native soil near a coke plant. Reprinted with permission from Ahn et al. (2005). Copyright (2009) John Wiley and Sons.
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9] Feature T2 2 FEAE |83t LHAEAE YA
Aprleo] A=, o] w=io] i 3o HAE
371= SFTH(Ghosh et al., 2011).
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Activated corbon amended fo surficial
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exposure 1o food chain through reduced
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contaminants fo surficial sediments and
water column,

Fig. 2. A conceptual model of how activated carbon amendment reduces the exposure of sediment contaminants to aquatic organisms.
Reprinted with permission from Ghosh et al. (2011). Copyright (2011) American Chemical Society.
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Fig. 3. Absorption efficiency of benzo[a]pyrene (light columns)
and 2,2°,5,5’-tetrachlorobiphenyl (black columns) fed to Macoma
balthica by spiking to different types of particles. Reprinted with
permission from McLeod et a. (2004). Copyright (2004) American
Chemical Society.
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Fig. 4. Conceptual diagram of two approaches of activated carbon amendment for in-situ sediment treatment: (a) mechanical mixing and

(b) thin-layer capping.
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Fig. 5. Implementation of mechanical mixing of activated carbon
into sediment using Aquamog device at a tidal flat pilot study site
at Hunters Point Shipyard, San Francisco, CA, USA. Reprinted
from Cho et al. (2007). Copyright (2007), with permission from
Elsevier.
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Fig. 6. Implementation of underwater mechanical mixing of activated carbon into sediment using a rototiller-type (B, left) and a tine sled
(B, right) device at lower Grasse River, NY, USA. Reprinted with permission from Beckingham and Ghosh (2011). Copyright (2011)

American Chemical Society.
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TH(Choi et al., 2016b).

7IAA EF2 vk oEHD dibdo R =2 Aslg
&5 G F a1 LEEA] AESAF A7 a9E
R} B 1T e A= welA Yt o=
A U Al 98 dAE HAE e &
1Fo=24] Blaz |7k §HE 355 U L9=4
S50 0 @EEdo] HAEERE 0 ofF
23 s 7 JESF 7] wiiEolt). BEgh
UE FHE LAdeto] EjtE] Jom A
gk Aado] oRER, F90E dde] A& oR
LAFHE ARSI 1 S LIk Helx ol
o] QJtHZimmerman et al., 2008). ¥, 7413 &3-S
A3 S & SIS 7T A4 71AH &
kS A8t lower Grasse River A7} A3+ s
w, o] AlElellx A88 &3 Agn1e] 2k W, o]F o
ot A 7IAIH EFY A= ARIZE BareR] o=
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5o HlFo] & o) HHE wekog 3 RaEA why,
HAE EE T =
Aehs AoR Helth o]yt HES aneFs w, 71414
T -’r‘”o] TAY 112 Ee Z57lel B85 FHo
=EEo] 5 EAol WE Aok |
3o 7‘4*‘1'5}7101] 2t e w
vz b)E.o 3AJE re SAERS
HERHE 9ol & em9] gk TOE EXshk= A8 W
ojct. o] W] AlF & Z7] TN TiEle &
LA HEC] e Fol sl 5 AEEo] LA9E
07 8ZFA] g Z S Z(Cornelissen et al.,
2011; Abel and Akkanen, 2018), I ZFs <gl7} 9%
=] )& (in-situ cappingy} IA thEA] Lri B 4= Q)
ok v 7R Belxe vk slRellA AA A
52| AWEwTH(bioturbation) -0 F HRHo T =¥3}
%"qﬂo] QHEHET} TP WA LHEZe] HHE F
) B, Uobt HEE W 0@Eas] AR o
QJ‘J% Ashs &35 7Id$HH(Lin et al., 2018). ©]]
& Zwoln w3 wjEe] 4] A AAE EFIA
)
W FRe /A E3u Aol BA Solsku 4
Al A xﬂ%he— W] gomw By Tkl del 2
|5 ARI7F A, AR @84-80] o]Fod Al
T ozl EA%HPatmont et al., 2015). YHE, =29
©]9] Grenlandfiordso| A= 100m 49 QLHFEHZHE
40,000 m2o]] ﬁl—klE]-_;gE SRS O ] ]. H]—z _J,]E._ }\]

XE]O‘I /\Z

el

| 2F43} 7% AFE g

r
Lo

L P

o] 1L Adss AR B DES tolss
T 8= %Eﬂ. 25 60% AHsIom, AlE H% o]
& WHOZ 3-5cm Zlole] HHETIA
iR = ‘?J's}‘}i‘:}(COrnehssen et al, 2012). /\]%'—"
Ho} 3RIA)AL FA] Tl AS AASA S &
S E¥5p7] 9Jgh WhHo = gAjete] s} gt A
549;1:1;41 nﬂ_gqﬂ 230 SediMite™o|t}. Dels}

& A7) Fo2 BARH, E4E #Y
°ﬂ 7%“4’»7: F 7‘1"13] o] B S il Bke
< FAgh Table 1914 ER1F = U= npe} o),
SediMite™ W= U] te] AR Aol 85
ARG 713 k.

H]—Z _,L]L =3} X-]p:}_g‘_?—‘ ] D‘]E]:]_— Dg@{t:ﬂ—
SHA BEgk AYaL Qi o] 9l FA F /AR s
7hsetct. WA, vk 9Ee] ©@r)4 = EF ] &
A= 2 AEFo] AHESA o]8A A7to] ojd =0
29| 8F ARo|BE, AlF & qUlEAA 2-3d o]%F

AEo] HUEE 73t AA Ao 2
F = 58 AFH7](passive sampler) 3HF 52 A
F= AR st 7o) Helas-S Wriehd 1 5
7} FElsHl ER A ek 7FeAdo] =T dEIE, =2
o] Trondheim Harbor®] PAHs L GX|HollA 2|t
FdZ Algo M= polyoxymethylene (POM) <53 =
FH71E o183t 5cm AE FAc R EAE | PAHsY
AESH o]84ds Ssiet], AU AE 3= &

o] 23 AE 0~5cm PR tiztol Bls| SA

ki
it

o4

l'ﬂ 03: o

%;d /\(})l =2 7—;(—1

Table 1. Brief description on the major activated carbon (AC) amendment field study sites

Contaminants

Site Implementation Reference
of concern
Hunters Point Shipyard, Mechanical mixing (ground); 3.4 mass% of 75-300 um AC Cho et al. 2017)
CA. USA PCBs, PAHs (down to 30 cm-depth) Cho et al. (2019)
’ P Cho et al. (2012)
Lower Grasse River, NY, PCBs Mechanical mixing (underwater); 3.75 mass% of 75-300 um Beckingham and Ghosh
USA AC (down to 15 cm-depth); (2011)

Trondheim Harbor, Norway PAHs

Thin-layer capping; AC-only, AC-clay mixture, or AC with
sand armor layer, all at an AC dose of 5kg m™

Cornelissen et al. (2011)

Grenlandfjords, Norway Dioxins Thin-layer capping; AC-clay mixture at an AC dose of 2 kg/m* Cornelissen et al. (2012)
;ﬁ:ﬂlgemalmj v PCBs Thin-layer capping; SediMite™ equivalent to 1.6 kg/m* of AC Abel and Akkanen (2018)
Canal Creek, MD, USA  PCBs, Hg Thin-layer capping; SediMite™ equivalent to 2.25 kg/m? of AC Menzie et al. (2016)

Thin-layer capping; 5 kg/m? SediMite™ (equivalent to 2.5 kg/

Berry’s Creek, NJ, USA  PCBs

m? powdered activated carbon) in one plot and 3.3 kg/m?
granular activated carbon (GAC) in two plots (GAC only and

Sanders et al. (2018)

GAC + sand armor layer)

Mirror Lake, PCBs
cm-depth

Thin-layer capping; SediMite™ to achieve 4 mass% down to 15

Patmont et al. (2020)
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o= frofgt AESA o84 A7o] FRIFAIL(50%
Azh), A Ax FxielMe Forlgt Azto] Rl
] 2K Cornelissen et al., 2011). F WA AglogE=
EFE ¢ vkl EAllshe @498e] 2350l 7RIAE 4
A Ade] wie- Hokslve He & 5 Utk A=
QG AIFAAA Al 11 ool 50% o] Aol
A4gE ARE7E of8] Harg vb QItk(Cornelissen et al., 2011;
2012; Abel and Akkanen, 2018). °]S SE3}7] 951
o] A Aol BT D5-S e JES] 3%
02 AlFEl] H; 2 sk MgAS gxslaxt
si o, 3ol Rl ARE a1 E o, o g7)F
S8 Fd WA BAE AVle o AoE At
H}(Cornelissen et al., 2011). WHhe] A2, 2AJo]
EAshs Aol WY = SediMite™o] -89
"= F7A4AIF Berry’s Creek SAAIHANME AlF 3770
2 Follw 5315 S f-Ao] =R kth(Sanders
et al,, 2018). oleigt AAE Fa1 E wf, o] 74
£ & 270l wet 24 FAe-Hcka FAsE = ok

3.3, B FelEa X 37|

DTS o83 &7 A7ILHEE 99X s
SOl e FUT FAske ST A 27]
= AlF 2§ gt AAl Al Aol & A
AAYo g gm0t
2% FAFE B aelEdd A 24
(mass%) = EAE O9HAT ¢ S48 dafky
m) 02 FHH, 7AH Edelxle HAE, v
e $AE F2 ARSIt &8 o] S8
Aslago] =T v AL sietelr] rldo|lng
T ERE AFsle T A%l dasitt B3, Aot
gk e FYL AX e 548 Y e /714
FEEY o84 Ao R g S 4o F 3
om, o] A= FAZF 24 A aelstodor Fk(Jonker et
al.,, 2009; Rakowska et al, 2012; Janssen and Becking-
ham, 2013). 71A1%] &3 W2jellx SN EHE £
Holl A 15 em B 30 emZBAY] Zlo)E EA 9 o]
doE HOES wf, B3 TYUHE 3mass% WOIE sh=
Aol dwtHo|ti(Cho et al., 2009; Beckingham and
Ghosh, 2011). Choi et al.(2016by> ZAEke] 2 F4]
FS HAE SRS 129 Alelelx AR sk
Ao FgjFolgla FFsIH=t, ol AF HHE] &
Aehs F71E83 FYske @] 2448 17194
A F AR A JaL, wEA AskEs 2AS

(o
(o]
mr
i,
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X,
oft
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e
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otk vk wE WFAOME 1.5-5 kgm®e] HYE 24
< FReH, o= SEAES] E3EE A8 A9 o
HEHOo 2 5cm H|RRe] gk Zo] HTH(Cornelissen, 2011;
2012; Abel and Akkanen, 2018; Sanders et al., 2018).

2ere] 7} =7] w3k Fslag] & TS PIR=
A7 gleoltt. AR YAt P HEE 1) wE
3 £52 98 = 9, 2) 2 FHFo] Yol 8=
F71E2] F=2(pore blocking) =2 Q13+ S5 A
oA Hoh A2, 3) U FUF VISR o
B AT EARER HHEl £5F Al B el &
ks L@EHo] e ¥ g olFsle Hd A}
=ol50] Hoh Wzl & H3EaE&S 4S5 Aot
(Choi et al., 2016b). ¥hd, EAJet Jx} 77} 2842
1) 23 A, =9 SR 5o= I8 AlEo] ZthE
i, 2) Al F 2 74 7FsAdo] w01, 3) 84
Aej@Ee] WA TFsAdol Tk EARE EAE
(Kupryianchyk et al., 2013; Choi et al., 2016b). 5]
2ol AMgshe A dutd oz Fugdel(powdered
activated carbon, PAC)¥} 3/d&d€k(granular activated
carbon, GAC)S. 2 &3}, FdEAdere 1 =77}
180 pum®t} 22 ZI(ASTM D 5158-98, 2005)= 7}
7|31, A HA) FA2] 90% o)do] 180 umE
o & Z(ASTM D 2862-10, 2010y 712]7Ic}. SAJek
ol-g QAEHE M3} 7| A 2Telle EEEA
g o & =27] W99 75-300 umES F2 AMSS
RO Y (Zimmerman et al, 2004; Comelissen et al.,
2006; Cho et al., 2007), Hole A7+ == 4 =
el o} FEAE B YIS AMeske 5 o
& 7] W] ek 28o] AlmHal QUtH(Abel and
Akkanen, 2018; Sanders et al., 2018).

oIz der U= A7 =27] Z210A ofugt A
SfEES BS T USA dASIPIF FA BTk oA
GARRS o83 A4 RTIedER AR s &
Hol Agsladoe] S FAZH JAF =27] ofelolw Hf
S TR iAol o4, & 21, 295d EA
sl=o]7] wlE-o|tk(Choi et al., 2016c). 53], e
BAE FYUAE W HHHE A8 f719EE &
e STl BAES FUSkL LH=ES spiking
g F& AeN Bk FRsH 2 Al BY
J=T, olAS HAE g5l EAlske §E/71EY
3 AaEA} wEo]thWermer et al., 2006; Choi et al.,

[e:
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2014). o] $2 AL 24 EE771Ee 2 A
B (competitive effect)e} &FF71E0 oJgt e &
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QFr

O 1 0=

EXE fHoRHE 55029 85 =~
(flux)olth. 27804 =23t vie} o], I=F W 29=
A EEAsET EAE U .9=4o] AL <l
7 vx= s 7R ¢ Jv T83F Aol
1S D502 Al @A Asle] W] ave 2
TSR 8% FYL Ao R g, vk v
NNe o] & FH2v F83% FUHY AR
7F Ho

259 f71edEEe T8l S8 wal 2H7)
|37} o] FoiX (apparently dissolved) A & A H-
o] AHFEEdEI7E ofd 8IS AftE AR
TAE 750 wouE I U L¥9=E4 AREE
SEE AF FEHOE FES] B IR A ¥t
olf Rekaty] fJaf 1990t FHREE 5% AF7]
(passive sampler)e] 7)ol o]Fojom HT wi=, &
1 59 9EAHE ] AAFolAME sk HA
T opel AAl QAP FUHP] BEXoEE 5
AFA7VL vl HAF5HoE2 SeEa QU 279 &S
d fF71L9Ed W 758 AFHAVIEE T2 semi-
permeable membrane device(SPMD)Y’} Bo] ARE-E]R)0.
w, HZolle 7] fal oY FEE A8 7Fss 29
™ EZ9l low-density polyethylene(LDPE), POM, poly-
dimethylsiloxane(PDMS) 5°] 2 AMg-HETh 254 &
719 EEE LAEHES] 55 AEEEE Sl &
Y AH7IE A8l dEot 87 = 283 7t
o)=2}e1(US. EPA, 2012)7 Lydy et al(2014), Ghosh
et al.(2014) 5] A2 =Fo) A3] 71&Ho] ot

TToR9] &5 FEYAE M AP s £
22 AW (flux chambenE T2 83T}, Autxoz Z4
2> AW e] 894 (housingye Z~HIQI 22 H H7) FE)
2 Fo] o, Ui Addolle tid S9EES & 5
3 infinite sink® 283 = e EES wijxst)
HEF O Z o] infinite sinke 59 A7) AEE ALES)
= SPMD, LDPE, POM, 5= PDMSE 3oz Yo
AFE-3cH(Cornelissen et al., 2011; Liu et al., 2014;
Mustajirvi et al., 2017). ©] Z2 IS EFE Yo
Axstar g ARt B9t =FA1Z] §, infinite sink 2
< el LEERS 7=, B HHEENEH
o= sk 85 A5 WA, B & 2
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Tgk sttt gk Bed] HHE U 9= w5kl
9 Q AEXE HEjoh sk Aol ohet, o
o] A} Al WX= e, 2ea aAS
7= AEA, g5 AnE 7NeE QPEAE &
L RSl 7, AshdA 9 mUERe] ool &
Ve HA, A 76 =g F5E0] Qlojof gt

hc)

AR LdEHE Beprle] S8 99A 9)Eo]
247} 2 AgsRlea Ae] & Hslehs 2A4Ql §
A AYAL SE2 1T o, A LHdEHE
3} Ve HAE LAEARRE BAshe 344, AlE
A, AAA e AT Bales ASE] o
AE E R e &eks KSR slar, 4
T F71AE S ATIeE T AE B HES T
3 e olF & o] Ve doE TEH T UE
NEdd JYATF 9 LAEES Wz s, nle]
ot F7RE, N 298, =, M T uURt
geAlE 8ok Zlor 1 A8 F9o] HE AL

2 7]"EchUS. EPA, 2013; Bianco et al, 2021;
Wikstrém et al., 2021). 53], $U=lA= 254 F
ZIeEEARY FE45 Be JYERE 9P HYE &
Qo] A olFpslE|al Qlom R AAhHoR FEE, IS
B 2 o ik 28 g gHol B} S 7]
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o] WasF Ao},
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AR sl Vee] Gaks HHE EAlske 2
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B0) 93 AT eEde] of5A wek ope), @
Az 9 edud B4 24, AT AL TR Ve

73l
28 x4 3ol we} wie- tg2A veRdt) dE S,
G AlgollA SA 09 ED AEFSEL U= ]
Hl H] 97%2] A7F&-(Beckingham and Ghosh, 2011)
ol thEwH FAFQ Ael7t fle FF(Abel and
Akkanen, 2018y7FA] w9 ThdsiAl vhehdth 28kl
FHolA olelgt HAE Hole US A5Z o= 4
sle wEE AEH0=E 710 FAll, A Aigk |
T EHE &9 o8 248 dsAEH Zol(3.3E
g Sold x1e aPfsl AHas&S Al
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