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Stabilization of As and Heavy Metal-Contaminated Sediment Using
Fe Modified Bottom Ash Based Zeolite

Yu-Lim Choi, Jae—Won Shin, Sae-Hyun Kim, Ji-Ye Jung, Sung-Hyun Kim, Sang—-Yoon Min,
Yoon-Young Chang’

Department of Environmental Engineering, Kwangwoon University, Seoul 01897, Korea

Abstract

Surface modification strategies for coal ash zeolites are required for the simultaneous and efficient treatment of both
cationic and anionic pollutants. In this study, Fe was incorporated onto the surface of a bottom ash-based zeolite (Fe@BAZ),
synthesized via the fusion method, as a potential amendment for the stabilization of sediment contaminated by As and heavy
metals. According to the adsorption isotherm study, the maximum Fe@BAZ adsorption capacity of As(lll), As(V), and Pb
was found to be 38.76 mg/g, 47.95 mg/g, and 344.83 mg/g, respectively. To evaluate the stabilization performance of
Fe@BAZ, cultivation experiments were conducted using contaminated sediment samples collected from a stream in the
Banwol-Sihwa industrial complex. The mobility and toxicity reduction of contaminants (As, Cd, Pb, Cu, and Zn) in the
sediments were assessed using TCLP and 1 M NH4NO3 leaching tests during the incubation period. Fe@BAZ is expected to
be highly suitable as a multifunctional material that can utilize bottom ash discharged from thermal power plants as a high
value added resource, reducing the risks associated with contaminated sediments destined for landfill.
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FHE = 570 sl B A &S A Fske] EA% At
Cu, Zn, Pb, Cd®] =7t 247t 2,549 mg/kg, 1,742
mg/kg, 808 mg/kg, 5.8 mg/kgl 2 SRIEATH
(Jeong, 2019). 1&gt A5k E|HE2] A Aoz
ggob7] olgem 2 F B4 A7t olHar &gl
Gojz]7] el £4 EHE2 F2 ojg A2 Ha gl
ot i EHE F 7o 5552 & 5l 9
off 2 75 4 gibE 4 Q7] e o d Ed=
i Al FE459] ol 54 E S ATAE & Sl
7140l 87 EHSun, 2020).

KEI1(2014)9] A-toll mh=H Az oF 800%
el 7 A =] 21 9l 0 11 o] F HiE A= AWl
A2 E AFA 9 Aol Ag/do] Holx|7] wizol A
ge-Eo] Yo A2 A et A asirt e
Azof s MRS o83t Al&eto|E9| 94
2 HrlEe IR Ao r &8 5 qlom
o2 Fa&ol =2 FHAdZ 7HA AL Qlo] o] & o] &%t
of2] A7t 23 o] gtk(Koshy, 2016). 124 H]
29} 22 Fol A e dEdol it vh-g/d2 2] of
2ol H| A9} F549] A A2 E H6iAe 51 /HE
o] " 93tk Angaru, 2022).

2 dFolAE 28 HAE F HA 2 5559 9
S Al AT 4= = E R v 71 A
2dto] E(Fe-modified bottom ash based zeolite,
Fe@BAZ)E Axst3lon EA4B7 %5 ST,
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2.1, WA HiERRY 7[HE A Z2t0|E B

vz 718F Al&#o]E(Bottom ash based
zeolite, BAZ)9] &/d< ol e=A7dx9] =t
AEE] A ollA HiEdE A& AFsten af
S HY A= Bde shRoA 23] & EafjE Aol
e ol = #HEstka Qle nldetaiyl Eeso] &
Ast7] w2l olE AASH] s YFY 27171 2
mmo| FZE HAESIT 1 M HCl o)A A=t
% 800°C /el - &= AUtHKoshy, 2016; Angaru,
2021). vr=HAS] SiTk Al AES E}lsh7] 8l A

ol = /|

A4

o

A - WA - e
3t XRF (X-ray fluorescence) (ZSX Primus-II,
Rigaku, Japan) ¥4 23} Table 1 Y3l o
SiTh Al9] Hl-&2 27 51.6%, 29.3%%1 AoR &l
el g

v 7151 Al & efo] E o] /g3t H T2 E 23t A
A S Fig. 10 YeRH . BieA 716t Al22to]
E gAofl= Fusion methodE AHEsEYoH o]d A
T A Faste] A= AlLto|ES] 7t
Na-A Ao E7} HEE NaAlO, & 712 Yo}
AHAngaru, 2021). &4 HFEA 7|5 Al&2to|E
B H-E& A5ty Yl Fe** H Fe¥* £H& A1ES
Fom Aguto|ELt &b F Ho] BA H[Eo] 1:10]
HEE 558 -5t

AzxH 279 A AL &RIst7] s XRD
=4

<

(X-ray Diffractometer) (D8 Discover,
Bruker, Billerica, MA, USA)& AHg5t5 .0 HIEH
HE Aot fofl vimAd 9 J|3EA A
(ASAP 2420, Micromeritics, Norcross, GA, USA)
£ AHgStTh

E52IAS]

=
oLE" 20

2.2,

vietzfet BAZ, Fe@BAZS] H|A ¥ a0l gt
/8-S vl Frehr] Q45 AsUID2 As(V),
Ph(IDE o= 324 T4 dE AAlskeln
As(IID<} As(V), Pb(I)9] =5 2+ 5~200 mg/L7t
HEE 2483 & pHE 48 2454 250 mL A2
EetATo] 5L E4 100 mLet AlxE AAE 2+
0.01 g (PbID)) == 0.05 g (As(ID), As(V)E ¥
2 % 300 &<t wHkekT). ©]F 0.45 pm syringe
filterg ol-&ot] 1AE2F F [CP-OES (Abio
200, Perkinelmer, MA, USA)E &5l =& £}
oot QHAEH Hgt AAZF qe (mg/g)2 tha A
(Dol ofsh At = Aot

1714 e1714, Co (me/e)F C. (me/L= 217} 2.2
249 2715wt 52 $ B AEo] FeE LEh
o, Ve 240 2u(D), WE 249 e et
dek 4@ Bl Qold Fdeh Langmuirtt
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Table 1. Chemical components of bottom ash analyzed by XRF

SiO, ALOs Fe,O3 CaO Na,O K;0 TiO, MgO P20s
Bottom ash (%) 51.6 29.3 7.16 6.76 0.34 0.827 1.79 0.97 0.55

(@) (b)

‘ Bottom ash mixing with NaOH (1:1.5(w/w)) ‘ 10g of bottom ash zeolite
‘ Heating at 550°C for 1hr | ‘ 250ml of Fe?* and Fe** solution(Fe:BAZ=1:1(w/w))
‘ Grinding and addition of DI water ‘ ‘ Mixing for Thr ‘
‘ Addition of Na}J\/IOE (1:0.3(w/w)) ‘ ‘ Increasing of temperature to 80°C |
Mixing for 6hr ‘ pH adjustment to 10 by 5M NaOH ‘
‘ Hydrothermal reaction at 100°C, Ghr ‘ Mixing for Thr
‘ Filtration, washing, drying ‘ | Fe-modified bottom ash based zeolite(Fe@BAZ)

‘ Bottom ash based zeolite(BAZ) ‘

Fig. 1. Flow diagrams of (a) bottom ash zeolite synthesis and (b) surface modification for Fe impregnation.

Freundlich isotherm model< ©]-§3to] o2& 2.3 HIQAS U A
F FRHAYES IRlstrx sttty A )=

Langmuir isotherm model 211" qnax (mg/g= & Fe@BAZ2] H]|A U ZF4 0 E]AE9] 1A} A
9 dgd FdeRFEE 9ulsiH K (/mg+ = glsh] flo ESFHEAE S AAISHn &
Langmuir “g4=°]t}. AR A= TR SHIA TR E Fatol= skl A
(1= 37.305277, A% 126.748147)°14 & sHA
a1 C, o E|FE9] A 9 F559] 5o} o|3te EA
q, = W ............................................. (2) % ?—_]—751—‘?—94 Eootiﬂ%@ﬁlﬁ7]%(MOE, 2022 3’4- lo"—
22185749 ESBFEAH(NAAS, 2010)& AF&SH
2 (3)2 Freundlich isotherm model®]™ Kg oh 2 g HAEL FF TAE B WiHE 7
((mg/e)/(L/mg)/" DS} n & 72} B2} Sei7} yraig /go] Q17| wiioll EGFRHHA™ AlP412]2] 12]4] 7]
Freundlich A9} &2 7= o} TFa 5l Al=o|n o] FAE A-8s5to] HESIIH. Table 2°] E2= 24
2 7fo] 222 Ex§ 80 o 7oz okalA 9} Aol w2 v A= 149 87]ES ASlsh= 2o
2 UeR oW FF42 Cu, Pb, Zno] 129 tid7]&

0= KFCI/ Tl ettt 3) S 3A 205t Ao g2 yehytt
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Table 2. Properties and As and heavy metals concentration of the contaminated sediment

Concentration (mg/kg)

Texture pH

As Ccd Cu Pb 7Zn
Concern standard 25 4 150 200 300
Countermeasure standard 75 12 450 600 900
Contaminated sediment Loam 6.5 25.4 3.1 6,974.8 454.5 1,806.4
Table 2. Purposes and procedure of single extraction methods
Extraction method TCLP 1 M NHsNO;

Purpose
Extractant(pH)
Soil solution ration(w/v) 1:20

Extraction condition

EPA hazardous waste decision

0.1 M glacial acetic acid (2.88)

30 rpm, 16 h rotating at RT

Bioavailability evaluation
1 M NHsNO; (4.7)
1:25
20 rpm, 2 h rotating at RT

Analysis 0.45 pm membrane filtration, ICP-OES analysis ~ 0.45 gm membrane filtration, ICP-OES analysis

SHAe} A5 SRS QIS uieFA S W2 oh2at 2t o o]= quartz (JCPDS No. 33-1161)¢t mullite
575 E4E 300 gofl Fe@BAZE EHZHE 77 tiy| (JCPDS No. 75-8135)9] A% +x° 7|1st= AL
ZYZY 2%, 5%, 7% e 285t Lot E3FstaAtt. o] 2 JdHEHBoycheva, 2023). Fusion method®ll €]
3 EHE9] &80l 20%7 HE S SRS FYot of| Al BAZE= 20 degree 7.2, 10.1, 12.4, 16.1,
I THA] S8R & o) Foktt, 2 dEskn 21.6, 24.0, 27.1, 30.0, 34.11°14] o =27} ==
G4 Hikellar eHg3tAIe] I 115 d] o]= Na-A Al-&=F|E(JCPDS No. 38-0241) 274
Q3 125 B 453 7 0 2 Al s AFH (335 & o] FH A oulstH 7|Eo] ¥ AT A= o
SAF AMgSHT 2 Aol AMSE §EAIES 2]5k= Aot Robson, 1998; Bjhieh, 2014). E3t Hf
TCLP  (Toxicity = Characteristics  Leaching g A ZAotA vERd quartzet THEE o3& A
Procedure) (USEPA, 1993)2F 1 M NHiNO; A& =™ mullite$t T H 1 3= UehR] oF2 A
(KS ISO 19730) (KATS, 2009)°1H Z+zZ E&HE 5 2 g1 o]2et @42 Fusion method %'
LdAEHe o34 9 B4R AERER T 73e de] oA 23 Siek Ale] Eat o
(Bioavailability) & 21t 4= = AldHsolt. of oJ5 Na-A AlZ=|ER ZAA3E 7] wfZolt).
SEAHO 54 9 WS Table 30 HefH AT 2HH Fe@BAZ9 7% BAZOIA ER1HE 743t 5 3-50]

3. A7 DA

3.1. Fe@BAZ M|Z Z1}

A2} BAZ @ Fe@BAZS] AAAS 8l5H7] 9
3 XRD £4-& AAISE & Joj3 13 fjelS JCPDS

(Joint Committee on Powder Diffraction Standard)
3} vl st o™ 1 AIFE Fig. 20 YERSIT A&
golEo] 2l vigAo] mI= 20 degree 16.4,
20.8, 26.2, 26.6, 33.2, 35.2, 40.8, 50.1°114 rebRt

broad?t T 22 H3IE a1 oF
7} =+
oA BAZ EHH
Fe;04(JCPDS No. 85-1436)°] 7]1gt Ao =2
thMachala, 2007; Sharma, 2013).

Fig. 32 HEA<} BAZ @ Fe@BAZS] H|EHZ
H| w3t Zolty, B4 dite] m=w HiEA|9] B
(Brunauer, Emmett and Teller) B]EHZH-2 4.56
m?*/g °12.2 ™ BAZ+= 211.40 m%/g o2 el on
ol HEA vl ¢F 46.36HK

Z7HE ol

20 35.2904] okt 121
Qg ol F §L o] 87 AN 2y
Y HAPA Fe,050
Tt

(T

[e]

1=
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(a) (b) Quartz (33-1161)
I L |
_ Mullite (75-8135)
=
3 N |
: :E\ I | 11 |. o
bl [
2 £ Na-A (38-0241)
w .
: S0l
‘E | | .| | Ll I Wl (I
- Magnetite(85-1436)
L] II ! 4 T I L] L |
. Fe@BAZ 10 20 30 40 50 60
2-Theta (degree)

10 20 30 40 50 60
2-Theta (degree)

Fig. 2. XRD patterns of (a) bottom ash, BAZ, Fe@BAZ and (b) PDF cards for quartz, mullite, Na-A, magnetite(Q=quartz,
M=mullite, A=Na-X zeolite, F=Fe;0y).
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200 -
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ash

Fig. 3. Specific surface area of bottom ash, BAZ and Fe@BAZ.
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Table 4. Langmuir and Freundlich adsorption isotherm parameters for Pb(II), As(Ill) and As(V)

Langmuir isotherm model

Freundlich isotherm model

as (mg/g)  Ki(L/mg) 2 Kr [(mg/g)(L/mg)"""] n 5

Bottom ash 11.09 0.11 0.914 3.37 3.93 0.462

Ph(1D) BAZ 357.14 0.61 0.999 176.12 6.3 0.906
Fe@BAZ 344.83 0.27 0.996 104.54 3.92 0.769

Bottom ash - - - - - -

As(I1D) BAZ 0.44 3.52 0.525 24.31 1.92 0.428
Fe@BAZ 38.76 0.04 0.998 2.87 1.95 0.917

Bottom ash - - - - - -

As(V) BAZ 0.45 7.31 0.813 5.29 4.50 0.176
Fe@BAZ 46.95 0.07 0.996 6.73 2.56 0.952

Sowunmi et al.(2018)2] ol HEH A48 Na-A
Al geto| Eo] | EH A2 oF 560 m?/g o] HeA] of
H] uf-¢ okl BAZS] HI B2 Na-A Al&EolE
o] Aol oJgt Ao g |kt BAZE o83t 5H
MEZ2 AZXH Fe@BAZS] 7% H|EHZ0] 103.27
m?/gO 2 BAZ tiH] thA HAE Zo 2 SRIF i
Zhu et al.(2017)¢] @0 W= HZA A Fe, 0539
HEHZAL2 236 m?/go 2 BAZ} SASIH Han et
al.(2021)2] go w2 H Fe;042] H]EHZ-L 21.52
m?/g &2 BAZ thH] vf-¢- 2 o2 HiE|Q]t u}
kA BAZ thH] 22 Fe@BAZS] H|EH A2 BAZ EH
ofl P/9H Fe;040l 71908 A2 THHT

3.2. S25z2HI5 A

Ol-=" =]

Table 4+=HFEA, BAZSt Fe@BAZ S ¥4 4 F&
ol gt ¥-3A5 =elstr] fls AAIRE Bl S
2o tigk Adtoltt. Langmuir isotherm
modelE ©|-&2t Ht] F2H8- 2 (qma)= Bl I5FAS o
Pb(IN)2] 7% Hr=tAfiet BAZ9t Fe@BAZ ] 2t &2
|2 42 11.09 mg/g, 357.14 mg/g, 344.83
mg/gl 2 AXEEITE. BAZE] Ph(IDell et i &
2h 852 v A e <F 32,2080 S7HE 2 B9
om 39 4 fE o HAaEE A 2o
Fe@BAZ®] Pb(D)® S22 natural zeolite
(14.20 mg/g)<t Na-P1 Al&2to|E (266.4 mg/g) B
o =2 FolH B 7|9 Na-X Al&EelE
(420.6 mg/g) HF| Y2 FFo|tkLee, 2000;
Apiratikul, 2008; Rakhym, 2020).

As(ID) & As(V)ell thigh S22 AnEH By
et BAZ O] 739 S2h-go] S1%2] 94gko ™ BAZ
°] A9 0.44 mg/g(As(1D)), 0.45 mg/g(As(V)) 2.2 T}
& S 57 Bk 9 Fe@BAZS] 7% As(lD)
9 As(V)ell it 280 442} 38.76 mg/g, 46.95
mg/g2 2 BAZ tH] ¢ =2 S&§FE BRote
20 &2 SIE| Q). o]t A2 ol FAE A 4
Szl oJgt Ao 2 wetEnt, o] gt Adk= 7|E A
ANA BIH ALO3/Fe(OH)3(As(ID=9.0 mg/g, As(V)
=36.7 mg/g)tH] =2 o]t Cu doped Fe;04
(As(ITD=38.0 mg/g, As(V)=42.9 mg/g)°} HI5eH &
Folth(Hlavay, 2005; Wang, 2015). 5=Z&A4d
AL TS o Fe@BAZ= H1A E Sa4ol vt
9 7HAAL QlE AL R ERIFT T H Fe@BAZ
= BAZ tHH] Pb(IDell gt S35 HAad v
As(IT E Vol gt &2t e Fd=Ue o=
Fe@BAZ A|x Tl A BAZS} 49| &
o] HE& stglon o FAH HEH
Fes047F BAZ WH] As(II ¥ V)of tigh vh-3-42 =
L Ph(IDoll et ¥4 Bolz]7] jEel Ao=
e}

Langmuir®t Freundlich isotherm model®] ¥
As(A)E Bl 5I¥S wl Langmuir isotherm model
o] HlZA ¢ w2 Ao 2 YEPGE=t] o= Langmuir
isotherm model°llA &2t 277} o & RAME = A&
oustH F2 WiAYFo] 22dEH Bt 35HH
F2e 71916k = A2 ou|eltt, o]e} H|Et A At
+= Angaru et al.(2021)2] G A A E & 4= it
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sg AellMe S5AtekEel ofsh iEE Na-A A
ZEO|ES o8 £F 5ol B ol eHEd S
A&t ES] o] weht AlZeto]E EH | ihat
571 9 H AlekE 2HoA 9 2okE g4 ot e
& sttt

3.3.1. TCLP E2AIH

A SHIAE A A FT AR 2 F HHES
o 2 i E T §EA S AAI5te] Fe@BAZ S
H| & 9 Fadof it eHst 452 gelstar) shal
om erAs}t A 71t A-§ H1E(2%, 5%, 7%l T
£ H3E &}lstaiat sttt Fig. 4+ EEE 5 23
=49 ol 54T 54 1T uff AHE= TCLP &
SAIR Y A2 YR L Qi) oEE S 22| A TCLP
SEH F As9] T 0.13, oleu A7 45 2o
£ A2 Fe@BAZS] &4 Hgo| T/HE45E &
LIt AAEE AYE HYoH AL 8T T HE= 1
E XA AE A mgt £FEo=E HAFE
Dixit et al.(2003)¥ Vithanage et al.(2017)¢] 9+
of =™ As(II) ¥ As(V)= 4F2Fd(Iron oxide,
goethite, magnetite) EWA] Fe-As-O FEf<] =
32 AT 7 AHAH@)~8).

Y

2t

+3H"

aq

= FeOH ) + As O3,

— = FeH,As 03(5) + H2O(l)

= FeOH,) + As O}, + 2H,,

— = FeHAs Oy, + H,Op

= FeOH,) + As O}, + 3H,,

— = F6H2A8 04('5;) + HQO(I)

= FeOH, + ASOE(;Q) + QH{;;

— = FeHAsO, ) + Hy,Op)

At

A2 sk W Hl & 8l S54 o F HH29 s A7
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= FeOH(,) + As O}, + H,,

o = FeAsOj,) + H,0,

Cd E?F A2 A 5271 0.02 mg/Lol et #2] 8
F 5ol 4E A mtre 2 YERTh Phot Zne #12
45 M2 7t 245 dad F ol Z st v
S2] 3kt Pbe] 73 A2 125 & 28 vl& 71l
uret el ago] 2 Aoz SRlE e Zno] A4
28 BlE Al uhg = gl Fo] 22 2 A
o2 BRI, Cudl 4% A & 8F 7M1= i
717ko] 7kl wet Frt A S AAaEdal 8F
Folle =7t FAHEE e EieH A8 ve

oo g s WPt 7] ettt

3.3.2. 1 MNH4NO3 &A1

As®t Cd9] sE= Fget A2 W Z47F 0.016
mg/L, 0.014 mg/L °3]o™ st A2 45 & 7§
BE 27004 =7 A& nivte s gAamdo.
Pbo] 73-¢ LA A8 Bl& 2%, 5% T A4 &
S Bl W A8 vl 7% A5 Hl
HEEPb LT ARAIE AR UER
tAHz A & 45 7HA] =7t 343
o HYSHA 2§ Bl& 2%l Bl 5%, 7%
oF a7t Bl w2 oz SelEqiet
A & 45 7] =TT A gas e
MAE] fase e EAoH oA 4
ofof] e Lk Blehs 24 g2 Aoz v
=4 T FYLaE BActy e
obz 4= = 1 M NH4NO; 8EA1d1A &
saE] Tt FAOl AdEE Aol
ol

°]

X rlo
Hr =
flo >

Ir

Cu
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TCLP ¥ 1 M NHiNO; &ZA1d Ao
S A ZA] Fe@BAZE 2 F HHE F H|4
= Aol SH ek 4 Sl Ao = SRIE QI
EAE7Ie} 374 SREHAY A0E T
T} Fe@BAZ= Na-A Al&Eto|E 9] ol w¥
= 7o 2 Sago ditt 22 v-A= 71
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TCLP extractable As (mg/L)
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4 6 8 10 12
Time (weeks)
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-
n
1
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o
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-
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o
[=]
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D
E
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0
@
= —»— Fe@BAZ 2%
® 0.010 —s—Fe@BAZ 5%
© —a—Fe@BAZ 7%
£
X 0.005
o
0
0.000 - r . r -
- 0 4 6 8 10 12
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