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ABSTRACT

The mass production of Ni/Fe bimetallic composite supported by natural zeolites (Ni/Fe@Zeolite) was conducted through
pilot testing to implement in-situ remediation technology for soil and groundwater contaminated by trichloroethylene
(TCE). Based on the successful outcomes of labscale synthesis, a bulk-scale production process was proposed, along with
optimized pre-treatment and synthesis protocols. The pilot test determined optimal conditions for the alkali treatment of
zeolite for enhanced yield and appropriate storage methods to prevent the oxidation of Ni/Fe@Zeolite. The bulk-synthesized
Ni/Fe@Zeolite exhibited characteristics consistent with those of the lab-synthesized material. Additionally, improved
delivery efficiency and reduced aggregation of Ni/Fe@Zeolite in porous media were confirmed through the use of natural
zeolite support. Batch experiments for TCE degradation showed a removal efficiency of 32.45% using bulk-synthesized
Ni/Fe@Zeoite, with the well-coated nickel (Ni) on the nZVI surface facilitating reductive TCE dechlorination. The
sandbox test simulating in-situ TCE degradation demonstrated a decomposition efficiency of 39.78%, indicating that bulk-
produced Ni/Fe@Zeolite could effectively target TCE and achieve dechlorination to ethylene and ethane without causing
pore clogging. Acute ecotoxicity tests indicated no adverse effects, highlighting the significant potential of bulk-syntheised
Ni/Fe@Zeolite as an eco-friendly in-situ remedial material for TCE degradation.
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(Mdlovu et al., 2018; Zhang et al., 2022). 124} nZVI2]
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(Li et al., 2017; Li et al., 2020; Tian et al., 2020).

53], olFad Al=HelA nzvie AA A ZA
Zhgsiar, F WA 345 APE FAE = 2 4
A= Hgkele AYS Fxl8te] nzvie] S w3
A FAIZITHHe et al., 2018). ©]#3F I < 7t
BeAE-S Bl A D ARE AN, APE
A7} TCES] F714]1 2H Hkgof] 713t &= Q== gt
olol| whe} FehE(Pd), UANI), (Ag), W= (P L 2]
(Cuet 2L TRl F450] nzVI 7|5k o534 Al
ol AgEo] ko, 53] UYANI)y T4 dA %
AaA| f7] shekEel gk =2 2= OE NiCl A%<
B & el wEt daA 7] SitEY] gelastE
3 AT tiA] AYlE- B F%5(Secondary metal) O
FEUY JohKumar et al., 2017).

T2t nzvl 719k olF S WeiAle S wE
@e oled ¥ A EAR EY E Asle Wl &F
ARl =g6lA] Eak= gHAZE ok olHE FHoRE
FH317] el HZolE nzVI SHEEHA] ARERTR= Hlo]
4}, HIEUolE, JhSeuoelE, AlgTlo|E 9 ek
22 AXAE &8 nzvIe] IAE Tl A,
3 A RE/3S ANdske Aol 531l Stk (Ezzatahmadi
et al., 2017; Zhang et al., 2020). ©]2]3F XA &2
w5 WegdAte] eHgstE =Rt Al 1% ol
ZAA|Ho)ojoF shH, AA] QFFAl AR FHORE

—_

H
21go] 7Fsslo} k. olol wel, APAL Lol TR
wpgest Aulg S TRs o Yl Ago] §ol3
e} oje} i b, B nEWA, T 09
Aol g S5 F4 SR sl dad 47 S

Ol

2 299 ES 9 Aakre] A B Qlo] gt
AR A2 H7Pka Qltk(Kaliya Perumal Veerapandian et
al,, 2022; Valdés et al., 2021). SFARF, A Al&e}o|Eofl=
H7gd Ag)7l g A% (amorphous silica and quartz)?}
2 T EES IR Qo] 54 o] EA9)
ok &4 F97} A= ARAZA HFHZHS) 2§
o= A7} k. WA A AEelES 11eE A
ALo|E e 83t ASgo|EY yjloz g8
sl7] SlsiMe Eejsterd] 54 PAP17] S 2438t
T JidTH o] Aoltt. vhekst dAAE W S,
Ay SRS o8 A AlLTolES /e gis)
(desilicationy}73-S- 53l 5183+ 244 Wi} Qlo] E-E9
Balel 718 7x 7i4de] 7FsSItk(El-Arish et al, 2022).
olefgh &) g |52 EHRQl IS FXIste]
WedAbe] ddst £33 3 WA 8% 98-S

p

g 4 ok

AF7HA] nZV1 718k o)Fa4 edAle] A9 A5
A3l aAEA e EE-S A A7e FE AP TR
(Lab-scale)ellX] =0, 3]7-2] vke-A3olu B
A9 Aol AgkE WHEH Pt giftolth o¥ =
nZVIgH3el diats 243 s Bas REsiARh 2
74 batch WH3-7] T2 & B} (prototype)e] AAH n}
)31 (Stefaniuk et al., 2016; Ravikumar et al., 2016), 3]<]
or= ofn] A FPE nzvIY] Axe} o5 7]E]
’F837} o] Fo|A] AA| FXol| 487} g A7} v
&7 FFchElliott and Zhang, 2001; Kocur et al., 2014).
FUAME nZVI A4S 283 S 72w Ao
3E v o, A3 dF H8A dTe B A
oln, tig A A= dle2HE 7S 8 nzVvI
o] o]&slar = Aot Ahn et al., 2014).

B ApMe S HA AlQEelES AXAZE T8
sted NifFe olgad H3aAE AP, s
U] AAYES =Yste] AR A2 eS| Ejslel
598 NAagel w54 =Rt YRS Bok
aHo wxjstaa}l stk A R S
stod tiere A AHIE 58] 24 (Ni/Fe@Zeolite)2)
o ALt 7Fe3S Wrlsta e, st 3= wiAzE
A% Sandbox ¥H3-7101A] TCE 991x] B9 WAL 23S
ALt ol5 B3l i FAEE nzvI 7IRE olFEE
B3] A AFgsfiAzZA Y AE 7S A
o=z Hr} a3t

2. 97 &Y

2148 M=

B Aol ARE HA AEEe|lEs o YRR
I3 Aol A Fgntol ARSI AlSTte|ES ot
2] ZAJgjell= Sodium hydroxide (NaOH, 97.0%, Daejung
Chemicals & Metals Co., Ltd., Korea)’} AFE-E|Ac}. 4]
SEfolEol] HAE NifFe olgad EdAAe 85
$J3M, Iron(IIl) chloride hexahydrate (FeCls.6H,0, 97%,
Sigma-Aldrich Inc., USA), Nickel chloride(Il) hexahydrate
(NiClL.6H,0, 97%, Daejung Chemicals & Metals Co., Ltd.,
Korea), Sodium borohydride (NaBH,;, 98%, Sigma-Aldrich
Inc., USA) ¥ Ethyl alcohol (C,HsOH, 94.5%, Daejung
Chemicals & Metals Co., Ltd., Korea)o] AFE-E|ic} A
THE Aol ALEE A AlF3e 5 "ol947(18.2 MQ
cm, Barnstead Nanopure Water System, Lake Balboa, CA,
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USA)Z FHIEO0H, Aok A3 (Extra pure grade) T
= ACS a5 ARSI did 44 344 s, 4
-(Technical grade) Sodium hydroxide flakes (NaOH), Iron
sulfate heptahydrate (FeSO, 7H,0), 2 Nickel chloride
hexahydrate (NiCl,-6H,0) A%} ZA}-&-(Electronic grade)
Sodium borohydride powder (NaBHi, 95%, Daejung
Chemiclas & Metals Co., Ltd., Korea), 95 Denatured ethyl
alcohol (C,HsOH, 95%, Daejung Chemicals & Metals Co.,
Ltd., Korea)o] ARE-E AT},

TCE ¥-$-23S 98l Trichloroethylene (TCE, 99.5%,
Sigma-Aldrich Inc., USA)®} Methyl alcohol (CH;0H, 99.5%,
Daejung Chemicals & Metals Co., Ltd., KoreayS AF&-3}¢]
TCE #E9ds Axsar, #d A& 25 2%
B4 ol=(Ar) 7F=Z A2 g B4k (deoxygenated)
gol22 FHIEQTH TCE YA A3}t 2Al 43S
3l 23 EFAH 0.3 mm)E ARE-Sk] Sandbox HHS-
710l A% v miEs 238t

2.2. 1 M|=20|E0]| EX|El Ni/Fe 0|5325 S&IAX
(Ni/Fe@Zeolite) &M

2 AFolxde A ASTelEY EE AAE S8l
A4 ] AxE T8I 2 g0 A AlZto]

HN

29 20 mLe] 0.1 M NaOH &40 &71 H|7d]
, vegEo g WE3 3 450 rpme] WHEEEE 24
b &<t REAIHT @] A2E dIAEEolEs
La)Ee sl 353k &, Mz pHY} QPYE w7
gol 22 HA ] 2| ol Al B ARE vHESIIT)
AT AFEE 105°CNA 24217F B9F AZSA

A A LefolEd] FAE NiFe olF a4 Bade
d3}a3 GFPAS AME3 FASEAUEF (NaBH,) S+
o2 A E Tt Hwang et al., 2016; Police et al.,
2022). 1 g9 €2 *2E AETO|E AAAE gol
Foll BAF A1l F 1R 229 A3t o]oA
A wt%)ye =4317] 918l FeCly-6H,0 £4-& A&l E
Hetollol] X718lar 2413t B9t wHEEISIT). AlgElo|Eo
F2E Fe*2 1 M NaBH, 898 33 HolEy] e
G7F(nZVI, Fe)Z FAAATE FYo] gd5d Fo=
Hhg-o] b3 WaE = =R A AL whkst
FaL, AR AAEC] e RIS VA 518

> o m
S H

;

~

(0.5 wt%)S =H19 NiCl, 6H,0 84S A= H7lst &
3083 F7F wEks B o] FolHnh miAEt o R 314
Algo] o] BES AASH] A8l dleks® Al ¥ Al
3901, ol Ni/Fe@Zeoliter= 60°CS] g QEoA]
6AIZE Bt AZEIAT

(D Alkali treatment with NaOH

@ Filter-press performance @ Drying process
Drying for 24h at 105°C
g

Fonlte G P
-~ Zeoltie 1|Ilu‘1,.1kt

@-@ Fe loading  @-@ Activation by NaBH, & Ni coating
Alkali pre-treated

(@ Filtration

1. Reduction of Fe** to Fe* by NaRi,  Vibrational filtration
b L NI coating

¢

Fig. 1. Schematic for the bulk-scale synthesis process of Ni/Fe@Zeolite.
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2.3. Ni/Fe@Zeolite2| CHZF £ 23

I NifFe@Zeolite®] e A 7S H71s817]
30, A A= Y AFE VR E o 3 3HS
AAIBIATHFig. 1). ¥ 37gdoN= 250 L oS 2] w8719}
e | X (filter-pressy } AFEEIS o™, AH] A2 AY}
FxEACEE, 79 9 B 3 5)S WA HH
21 B8 A=tk i §4 FAol J3S vixle
T8 Wet A3 WS 55 Eo 9l arzox] A8
o) T3, HA 2o Z iRk 4 NiFe@Zeoliteol
oial] ohekst s A4S S, AR ASHsA
AN2A 9] ZAEE 71sk7] 1) TCE A3t 3] 23
Sandbox A3l 835t Hdss RIS

A Agefo|Ed EXE A FFa 7HE vlE
Agst B-298- 23, UV-vis spectrophotometer & ferrozine
methodE ©]83l 7 Fe*' a5 S4slaL, 924
oMM MAEE 7IHE T 7AW 2o EES
kA2 vE 23 (Gas chromatograph, GO)Z 418
a7} Jth(Hwang et al., 2016). 28y 2 AFoA =
Qg A7 A AA EAo] FREA] ko, 3R N/
Fe@Zeolite®] 38315 91t tIFF 3 3 = A
o] A Hot 43 grslr] 98 ol#g Aol
LrHo = o|Fojxjof & Zlo= ket

)

2.4. TCE Xzt 5|24 M3
S Wk S B3 i FAE NiFe@Zeolited]

z

TCE #3l5-3 H71k3t). WA, TCE 99S vekgo
g]X3te] 50 mMe] TCE 3 89S AXI3a, Be
A Algs Tk 20E fAE] A8 #8714 AW
QoA FEHIE AT 24 mLe] HEE-Z(glass serum vial)oll
0.02 g9 Ni/Fe@Zeolite2} 19.96 mLe] EAkrd Eole
= 931, micro syringe® 40 uLe] TCE #5843 5
3l 0.1 mM F=2] TCE €948 w-3-3 A3t
Y S HkeEe Pl SFvlE o= HH

€2> : Material Injection (low rate: 3 ml/min)

Viateriall D)
4
rd ]

Argas !

€3> : TCE Influent / Effluent {flow rate: 3 ml/min)

B Immediately sealed
P Headspace analysis

=, 3714 Aol Ao} orbital mixerol] &2 F
10 rpme] W¥F =2 1R3-S X3Pt TCES] v
A A HRix-1301 w/ntegra-Guard, 30 m x 0.535 mm,
RESTEK, USA) ¥ E30]23} 7% 7|(Flame lonization
Detector, FIDY} 2 Gas chromatograph (GC, YL6500,
YL Instruments)E A3t SA3IATE W $85 5,
B)H-2) ¥-3-7]2] headspace 94 gas-tight syringeE ©]-&
sl 100 pLo] 7R AES AFHT 5 2019 B HIEE
GColl g5 FdtAth. FA7} HAE719] 5= 4
200°CS} 250°CE Ao, B4 Bt e Bo] en=
100°Cel A 20°C/ming] &% 2 200°C7HA] A5A1 A
AF (== 99.999%)7 == carrier gasZ AFE-E oW,
Faet F7I= sl ARSE A

2.5. TCE ¥%IX| &5} 48 (Sandbox A E)

& $M9E Ni/Fe@Zeolite®] A57d8AAZA 2] 714
S 7] 98, 71E 220 mm, A2 30 mm, 3] 80 mm
=1719] o}=d Sandbox HHS-7|E AIASId TCE YA
A3} AHS F3sIITHFig. 2). ¥RS7] Wil FE7
EFAE F8] g miAE E49819.0m, 0.05 mMe]
TCE 24 ®ARSE 1 g/Le] Ni/Fe@Zeolite e
Q] ¥EE E3) oF 10 mL/min®] FHCOE X|&Zow
27 stk TCE &% EYHHS 23 608 &<
FEToIAN F7IHoR ] AlRE AFseH,
|8+ serum vial Bo} SA] 1Fuple}l GFulF o2
g3kt 7+ AEH Aol 39 A1E2 headspace
oA gas-tight syringeS AF&-3}d 100 Lol 712 MES
AFS $-, GC/FID Zule) 45 F9dste] 498190 GC/
FID £-419] 2pA|3E 2702 332 213le] Wiy} U3
FIesloiTt. izt A% (Control testyS Ni/Fe@Zeolite $1°]
golemut F9l5e] Fgsion, o o3k 34 T
ZHko] 913 TCEEAS viAIsl] NifFe@Zeolite] 52
Hryeles 3Hth.

of o

>

Fig. 2. Schematic representation of the in-situ flow-through TCE degradation using a sandbox setup (sandbox experiment).
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& AHE NifFe@Zeolite®] TCE #3l &8 thx
A% A3K(Control test) A1 2 HF3-AF A3 (Reaction
test) 341 o} WAES A7 AEg RS 7o R
AFEAT. HE2EE =4 AR A (Aol o)A
R 2 A2 (Areaction o) A A AE
TCE®] H(mg)e] AFFEATHA (1). AIA B&e FF 7=
1 g9 NifFe@Zeolite & AAE TCEY F(mgrcr/Zmaterial)
o2 Yepdlow AAE %)y 2 )0l wet ALk A

TCEremoved (mg) = Acomrol total — Areaction total (1)

TCEenloval (%) = [(Acontrol total Areaction total)/ Acontroltotal] x 100 (2)

2.6. M M & MElSY @I}

AR R B o 9 sHeENE FE N
Fe@Zeolite®] £43-2 X-ray Diffraction (XRD, JP/MAX-3C,
Rigaku, Japan), X-ray Photoelectron Spectroscopy (XPS,
K-Alpha, Thermo, USA) % Energy dispersive spectroscopy
(EDS)7} W% Field Emission Transmission Electron
Microscope (FE-TEM, JEM-F200, JEOL Ltd, Japan)S- 53l
wshct.

AEEA W tF $49%F Ni/Fe@Zeoliteol] T gk
EWS (Daphnia magna) /3573 A8 Fdste] 23

Atk Al WS B38F FEd FRAIRTIE
w2k *1‘5‘31?4012111 7% AKE Table 19 JERRT
24 A7+ 2 48 A)7E —?—Oﬂ -3 A3} (immobilization)2} A4
ARE Tl W8k (50% Effective Concentration,
ECs50)& AF=stTh. AEl 5%k (Toxicity unit, TUY
A7 B EWEL] 50%7F FAAEE o=
59 ECsi& 100/EC52-2 ket gholm, 100% A5
oM EHE] 0~10%° Gl & 4F Tu= 002

Table 1. Basic information on the ecotoxicity test using Daphnia

magna
Test organism Unit Daphnia magna

Exposure period Hour 48

Test temperature °C 20+1

No. of test organism per

each concentration Piece 20

No. of r ili T .

eath Oconecre);izlt)ior:y > Piece 4

End point ECs

Test vessel 141-mL glass beaker
Test solution volume mL 100

Type of culture solution M4

Test concentration mg/L 10, 50, 100, control
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ARFEH, 10~49%° FEFo] U2 B-Foll= 0.02x[FF
e SHIEJE TUS ARKISE 0 o132) A3] 1
735-oll= BAIEH ¥4 WPHQ] TSK (Trimmed spearman
method) B probit methodE AF831] 23} (Lee and
Lee, 2014; Choi et al., 2019).

3. 40 4 E9]

3.1. Ni/Fe@Zeolite2| SMLI}
AP FEZ FHE NilFe@Zeolite®] 5792 thash
¥ 248 535 H7EE AT NifFe@Zeolite] 8733H]
38 ZAKH7| 918l =33+ FE-TEM £4] 23}, HA
A &eolE XAA| Tl 50-100 nm =719] NifFe ©l5=
& 78 Y=gzt 124 38 e SRSkt
(Figs. 3(a)-(f)). Ni/Fe@Zeolite2] EDS w3 Z3}(Fig. 3(g)y=
A Lelo)E FHo) NiFe o]FF52 ZA1E HasiA B
oS, FH3 AL Si E 0= FE ALOS} Si0; A H
ﬁWOﬂ J*g‘-"l 21@3}01‘5011/\1 71 %‘Oﬂ H‘Jra} A A
e B
=t 53], Fe ¥ Ni »}_‘z?;xm M= 3@0}7%1 Eh=
o= UrE‘rUr, ol e Q7 A olF 47 4R
FHoX YA Fhelo] o]FolRS 7FsS A
&ESE, FE-TEM/EDS Z3-= Ni/Fe@Zeolite?} 71 W=
71 QRS 7he] SRS AFSS] HER|S
Police et al.(2022)2 T3t =) F4k X]Oﬂoﬂj\i ‘6‘?}‘?—}3
A A TPEES AAA A= A8 NiYFe o5+
,:_,] __7(1 0 H]—;(]t:y_ _74. bare nZVI EHH] _r.r‘)\]—/do] ok
80% =L, el ZH AolA 65%2] AEHI 3]
FES HolH 7|9 o]5dS st b & A
TollA FAHE NiFe@Zeolite= ASAIAANZ 28 A
I WA HellA 2] @7 glo] vlaz £& olsA
frAE, 2 Aol AR TUd = s A
2 Alegh
Fig. 4(ay= A ALe}o)E AAAH 2 NifFe@Zeolite®]

E
=

o tlo

XRD 4 A C’]E‘r. A Al gTo)EL] XRD 2~HEHL

W] oA mae 7}11 E’-ﬂi%if—l]—olff(Chnoptﬂolite)
9} ZEUo]E (Modernite) Al 714 8 AAHTZE Y
ERfiH, o= AdelA HdEE AlsEio]EY HYAI
EJo]ch(Pavelic et al., 2018). Ni/Fe@Zeolite®] 3d Foll=
XRD #HElell& Fou|st Myt S2EA] §4koH, Fe
2 Ni 55 Jae ASe|EdA 7IRIg Hej7t &
Fru 3 939 e A5t XRD 94 74 AR
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(a)

2 2.0 pm SENframe1) = 1 2.0 pm Fe K

————— 20 um M K —————20pum Si K

————20pum

Al K = 2.0 pm oK

Fig. 3. FE-TEM images of Ni/Fe@Zeolite synthesized on a lab-scale ((a)-(f)) and EDS mapping of Fe, Ni, Si, Al and O (g).

(a) (b) Fe 2p3r2 — Raw data
e A : Clinoptilolite & : Modernite -
@® : quartz - —— Fef{lll)
= Background
—— NilFe@Zeolite & —— Fit data
&
w
=
- 2 706.9 eV
3 o (Fe?)
- " e %
LA = Na.turalgaolrta 710.2 eV
> o~ (Fe?) ;
w v v —— ey —— i
E 718 716 714 712 710 708 706 704
|5 = Modernite Binding Energy (eV)
‘ | J j (c) Ni 2Parz Raw data
—— Ni{0)
lil " J mETETIN W Il poala Lt l — Ni{ll)
Background
’;‘ —— Fit data
’ mmm Clinoptilolite =
=
]
c
JI l Jl Il IJIJ‘LML_AM_A—A_*J_L— ‘E ————
10 15 20 25 30 35 40 45 50 856.1 eV . ;
(Ni?*) 853.7 eV
2 Theta (degree) (Ni2*)

859 858 857 856 855 854 853 852 851 B850 849
Binding Energy (eV)

Fig. 4. XRD patterns of natural zeolite and Ni/Fe@Zeolite synthesized on a lab-scale; (a) XPS spectra of Fe 2p;,, (b) and Ni 2p;,, (c) on

Ni/Fe@Zeolite synthesized on a lab-scale.

Q3 TR k2 Ao Z FAAFTH(Police et al., 2022).

XPS ¥4 B3l Ni/Fe@Zeolite®] X318 Ni & Fe ¢
48] g ASlE ERISHATE. Fe 2ps, Z~HE- A
= 7102 eVollA Fe*, 712.7 eV & 715.0 eVollA Fe**,

22]a1 706.9 eV oA Feloll dldsh= Wl 7He] F2 5
=27} JERATHFig. 4(b)). ©1= 4 3yl w2l E o] 2(Fe*)
o] NaBH ! 9J5f =o] e g7 (Fe')o] FA=A
S5 Wgls] HAFETE Ni 2py, ZHEHAE 853.7 eV
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2 856.1 eVAlA] Ni¥', 852.6 eV oA Ni%dl| | 33l=
935 FRISIATHFig. 4(c)). ol HAN*)elo] F7t
H EoA Nitez2 SAEAS-S A (A @), ©]
oA AL 7 FolE 9 $HEe] LISl RE
sk 987 A Ak AHoA] sk FAAAE
oA T3 4= 8 Ao =E AHATHGao et al., 2016;
Police et al., 2022; Kumar et al., 2017). o]ol| we}, 4
= HA AlLTo)Ed ©A] F NiYFe o155 BtaAl
(Ni/Fe@Zeolitey= TCES] 37 ©@disle] ayjzoz
289 5 S Aoz JYiEd.

4Fe* + 3BH, + 9H,0 — 4Fe’| +3H,BO; + 12H + 6H, 1
3

Fe’+ Ni**— Fe?"+ N{°

3.2. Ni/Fe@Zeolite®| L2 B ZH

32.1. 2y = = 4o}

Ni/Fe@Zeolite®] tHeF 43 34 FA A2}l
Eo] 2] AAE T4 NiFe ol554 T4 340
TEEKFig. 1). €28 dAE 34 AAe =07
E 2~ 3 21S -3 F 43] S A 0H,
1 A3 Table 20 2F=R0T} 40 kg 2 50 kel #l22}
o|E S 0.1 M NaOHE 150 LolA X2|gk A},
NaOH &) &, AME- 73], Wik ARt 202 &3 2
Wik Aol FFS wXA] S RIS v A
S AA 12} AAHolM £8E] €340 kg/150 Lo
w2} filter plates 3 MES HZO0Z ARSI oL, B
7} vlEste] tiR-Ee] Alsrt Eeie] FEE dol 80)
45% (18 kgl 23k 8l &) AlHS AleElo|E 3He
u] ¥k3- NaOH A A B2 o0& cake AlF A7t &2
AA o)A Pl HAlE P UL, cake UE HF
(squeezer 7o) =8 24} IX=E FRIFATE. 22F A
ZoNME squeeze AITERS SHolA 30E0E AFsle] 4
25 60% (24 k)& 7NAEIH o, s gzl &

HAAe)TZR Qs FEeke] FEj7t o AV A
sttt 3ak Agelle Ae)8e] 80 kg/300 L= 28
Z7Hgol wel filter plates AHE- 79} AlHAIZES vl
sl ZAIIHIL, squeeze ATHE 20802 TAAT]
23} 95% (76 kg) &= I /S Tl HH2AE
RIS, iRl 43} Aol M= 50 kg #12] =l filter
plates 4 AES} HAX31H squeeze AlZF 2082 -85}
96% (48 kg)®] HiL &= SR £ A7) ¢z
A2 24 HHshe 40 kg/150 L 28] &% 2 0.1 M
NaOH TEE 7150Z filter plates 3 AE, cake A& AIRF
10-30% 9] o], squeeze AlIZF 2082 A|ASC) o,
A28 (kg/L) 7} A, filter plates T2} squeeze A7+
&8l A A & Fart 3o, 80 kg/300 L A2 Al
squeeze AlZF 208ARE0] 7VEdtEE AP SRS HA
39 o120 kg/450 L) S7F & 79, AeF 28R Ao|
et Ao o) B3 0.1 M NaOHs == HA
AlEeolEe] 2L TNds ] S2T A 0E AdtE
A F57F oA AlRARTe] 3712 2449 devt
S AAIRI diEgF A ALl 2] A
7Fs3E ERIBIAAL, 96% olde] FE&= AAA| &80l
7hs 3l whet X184 Aolal 714 AAHo] e v
B7HE S i jteEA A Yol Ty, &
3789 HF AEH 7€ S NAA AR AlEe] 43
A el uigh A3t Al vlal 37t Basich
Ni/Fe olga< 3 3489 473 Z3+= Table 39 4
=Tt 10 kg 2 25 kg®] Ni/Fe@Zeolite thEF 3L
NEslg e, g 3404 Fe(5 wi%) 2 Ni(0.5 wit%)
A BN AME Fajol wk ARk o A
Asiact. H7F43), NaBH, 34 9A7 Y 97FE 9
Aol A33] Fa3 YIS VIXE FOE UEROR], B
T 20 i 7 2lgle) S viXE Ao &
A=At o] AFE F3) AFA = T=1M)
B} g2 321 0.3 M NaBH4(60 L) AF8ol= 7|3 H
714 A @3, AR AAEE o] Bl oet

Table 2. Parameters for the alkaline pre-treatment process of natural zeolites; NaOH treatment conditions, filter-press performance, and

yield

Conditions of alkali treatment Conditions of filter-press performance Weight
Run Zeolite weight Volume of NaOH  Stirring time ~ No. of filter Cake wash time Squeeze time =~ T€COVErY

per reactor solution (L) (h) plate (set) (min) (min) (o)

1 40/1 150 (0.1 M) 5 3 10 5 45

2 40/1 150 (0.1 M) 5 3 30 30 60

3 80/2 150 (0.1 M) 5 6 60 20 95

4 50/1 150 (0.1 M) 5 4 10 20 96
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Table 3. Activation, drying and storage conditions in the bulk-scale synthesis process of Ni/Fe@Zeolite

Zeolite Activation process by NaBH, Ethanol washing
: Bulk synthesized
Run weight Concentration Volume Aging time Drying and storage Ni/Fe@Zeolite
(kg) ™M) (L) (min) conditions

1 10 0.3 60 30 Oven drying (60°C, 20h)

2 10 0.3 60 30 Air drying (20~25°C, 1 day)

3 25 03 80 30 Air drying (20~25°C, 1 day)

4 25 0.5 100 30 Ethanol storage (20~25°C, 1 day) . .

Fe?7} Fe'o 2 Q50| $4 7far) vy Aow
AdEch g8 10 kg oA 25 kgl & Z71HE )
et G2 " Fe o] S7HoH, sk g i
F7H AR S RS 9siAlE NaBH, $&5
FO| AL AR RulE Fgsllof S AT BE
3 33t Sl NaBH, 8433} $ Ad=o] i A%
Ao g wWalglon ol nzvl I A BREE=
A0 Z(Li et al., 2021), Fe*o.22] 13} Ni° HEo]
ABHoZ o|FAHES ZoZ At Ak 1 o=k
FAE NilFe@Zeolite] 712 % B ybHo) we} 2o
wigo] dojdg ERIsdt). 12k 10 kgdH A, 2831
Z(60°C) Z70NA] 2A7) 124 @& Foz s}
| HhA, 22} 10 kg FEeAE A3 24 Sl AAnz
A, R dkstE] . v A] Aalle g e] v G7H
FelS 2 FAISAE ol AAUE Al Zo] A28
OlERE )y} 23d38] kel wet AslE HAgks Zl0%
HRIth SRANE 33} 25 kg FAOIAME AAAZE Al, &A1
UE7EA] 218k 24 e 2o g 2lslr) Z1s)E] i)
ole O] TUFAA olEe FFFo] TEIIA
LAY, TATY F NaBH, S5 Fuo] ooz
e G7H(Fe)2 B9 FA] F3al Fe?7t 4lsdolu
FAB 2 WE FQlS Ao ® FhETtHwang et al.,

[e:

2016). HA3E 93, 43 25 kg FAdol= NaBH,
g T} Ruls U7, olF AX JAHS
At 2 2 oekgol] 24417 BASIIT) o2 B
F719fe] HEOZ gk i g7 APt axrpHo=m

ko] Al Fad GBS 9 FAst
e P4 AohEe) SAE The gelN EREAS Ee

A3 e

3.2.2. g FAHE NilFe@Zeolite®] 54 37}

A 2194 tF $E NiFe@Zeolite2] 543 £
A¥= Fig. 5 2 Fig. 60l A=A, o] AFA
TER A9 A9 vlwste] P37kttt FE-TEM
]| =] (Figs. 5(a)-(e))= NifFe olFa<s W2t 94
A4 (agglomeration)§lo] Al&efo|E EH| T A3}A
g gelE HojF, ol g4l s dwe} vzt
A2 o= A2 Ni/Fe@Zeolite”} in-situ &-8 A] B

A& B0l 93 Babd o) sde FAIE

= A0 =F Tt EDS "iE @K Figs. 5(f) and (2))E
3 Ni & Fe 947t &Y HAo £x3ka d e
JAZF YAl 2J8)] 7458 (capping)=lo] U2 BT}
olgfgt A¥= H o]&(Fe?)o] WA F7HE(Fe)E

30 48 X

of
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Overlay : S i £ Overlay

Fig. 5. FE-TEM images of Ni/Fe(@Zeolite synthesized on a bulk scale ((a)-(e)) and EDS mapping of Fe, Ni, Si, Al, and overlay ((f) and (g)).
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—— Fe(lll)
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Q Binding Energy (eV)
b
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&
E
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Fig. 6. XRD patterns of natural zeolite obtained from mining sites and Ni/Fe@Zeolite synthesized on a bulk-scale; (a) XPS spectra of Fe
2psp, (b) and Ni 2psp, (¢) on Ni/Fe@Zeolite synthesized on a bulk scale.

gl

%, 97 EHA Ni%] F3HAS-S 73] RRA Ba2 ekl ]9 Ates, 2018) x%xﬂ AR FR=
Witk o= edell ARSE A AleEte]ES] XRD € & W3} glo] RFYAS FAlekL e ERlskth XPS
(Fig. 6(a)y> 234 ﬁLE ol ARSE A} AF- =0 B2 A3} Fe 2ps, 2HEH (Fig. 6(b))IAE= 709.7 eV

= RYoy F AR ZF SRR E, RHUelE oA Fe*', 711.5 eV @ 7153 eVollA] Fe*', 18)al 706.4 eV
2 Mgs skl 913 S RIS NifFe olsa< oA Feoll sid8h= =29}, Ni 2ps, 2HEH (Fig. 6(c))
T T XRD ZFo|A AF ¥3 HAxe] fae I ol A& 853.7 eV E 856.2 eVl A NiZ*, 852.6 eVl A]

A2 oM AejE 8= Q13 AZE|E 29 Ni%l| sjgel= F8 v=7t dl=len, o 494
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TE A A9} fARE A9 Bk 2oy, o= &
AE Ni/Fe@Zeolite] Fe’(3.55%)2] HIS-S AFA 75
A HlE(Fe: 8.93%) KT} W9kom, o= FE-TEM/EDS
Ao At T Wi F7H YAkl Bebde 4
3 #AEE Aog ddEd Hgs Grpd g 9l
37] AEiIME 3 Fe?se] A3 A gollA
WA sl= A 719 B4 o] FQ sl Hwang et al.,
2016), XPS 2 FE-TEM/EDS Z3¥h= th#F $AE 4x)9
A gl A (5l whet G- Fe* 7} Fel2 2 el
HASS w8 HojE.

2Fe* + BH, + 3H,0 — 2Fe’+ H,BO; +4H +2H, (5)

103

3.3. §RIX| X SHetAMZ EES 25 hE &M E N/
Fe@Zeolite2] S24 ZHE

33.1. TCE A7 31%2] 43

Fig. 7= HA ZA iz FHE NiFe@ZeoliteS
o]43t TCE A7+ 32 A3 2945 BRoFE) v
(blank) AR = TCES F2to] BE=A| &ghom,
o= wkg7|eke] HEo = Q1% TCE &4o] A9 gie-2
Uehdith. 8P| Ni/Fe@Zeolites= 6A]7F B 3 32.45%
(470 mg/g)®] TCE %3 &8-S yehion, whkgx|7to

£ Wislke #EEA] FUTh GCEA AZH(Figs. 8(a)
and (b)pll w29, tiZ= A7} Blasie] NiFe@Zeolite
o] ¢Jgt TCE W& A3olx= g (CHy) B olgh

(a) (b) (b-1)
0.030

012 005§-G-6- 6 O O O —= —= O —- -O Qa
= - s / 0.025
E 0.10 F"'“MI efficiency E == <3 == Reference concentration ¥ .u
p-- 1470 mo/g (3245%) | 5 0.04 —==FF==- Control test (Without NiFe@Zeolits) ¢ \E\ﬂ_ i
2 ooe e —==%k—=-  Reaction test (With NiFe@Zealite) i ﬂ“'-—.. A
s T 003 £ -g---
E o g B f 0.015
= e "4 ~ 1
E o B’ a R Removal efficiency : 3.68 mg/g (39.78%)
- £ on2q [ 1= i = ARSI a ] % 0.010
£ 004 3 / - -
z g W 7 ,R\ . i =

d
Bluns ST NG o i T ! A A 0.005
/ ~ LS o - i
/ ¥ w
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Fig. 7. Batch experiment for TCE degradation (a) and sandbox experiment for in-situ flow-through TCE degradation ((b) and (b-1)) using

bulk-synthesized Ni/Fe@Zeolite.
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Fig. 8. GC analysis peaks of TCE, methanol and byproducts (ethylene and ethane) during the blank test (a) without Ni/Fe@Zeolite, batch
(b) and sandbox experiments (c) for TCE degradation using bulk synthesized Ni/Fe@Zeolite.
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(CHe) 2% =7} AEHl W} TCEY] 397 2¢
237} 284 e ARgle Felett.

Ni/Fe o]FF42 Ho| &2 sgow tao] 4
LA AYFSARE, tiFEe] HIgAd 4 71~ A4
3lo] TCE €43} vkl TodsiA] et 18} Ni
WA 4 GRS FA8Ie] TCE Aol Hegho 2y
gdas) B3 Fxleke F83 98-S shk(Police et
al., 2022; Kumar et al., 2017). W&k4 TCES] &Agk
Baflo] Tgalx] 23 U91S nzvIe] B3k Ao
71908k, 2 Fe'(3.55%)%H e NiEo] Ax} dgs
Age 5= ). E3] & Exjole] whg-o 7 13k Fe'o
2] gl H, AJAgo] Azsted Ni® HelA 4 4R}
23} TCEZ Q] o] A=A, 0|2 Qg vke-8
FES v)HS Aoz wdkE

]

o dot -

=2

3.3.2. TCE 29{X| M5} &8

SandboxE ©|-83+ TCE U9 A3} Al AF Ayj=
Fig. 7(b)ll YehY o). tix=T A ¥ (control test)Zd 3},
H-2 7|7k B9t TCE ¥%7} 7H4st Ao 1=t
Iy GC &4 Ao w29, TCE J3E Al7ho]
g el Ao, 1.68 oA Yeh=
gdhs FAME 3= #EEA ol TCE 37k
ohd Eof| 23t Fjajo] 2 IS YepHT] vhd, Tk
St Ni/Fe@Zeolite$} TCES] ¥HS 3418 T 279
HIsl TCEs=7F O WA AEEom, os v Al
QHllA Ni/Fe@ZeoliteZ} 2AIZ TCES] &35 X183
UeRdith 231402 | Ni/Fe@Zeolite= 60 52t 39.78%
(3.68 mg/g)®] TCE Ha|&ES HYOH(Fig. 7(b-1)),
352 A3 vwgds w 2 xol= gllth E=gF GC
4 A(Fig. 8(c)= AlRte] Aol we 2.8% F
oM HEHE TCE II= 7Ha4skar, Al g94s)
FAREQ] ogal(C,H,) 2 oNEHCH) 23 3=7F H3}
7tk 43S Bt ol A AlgetelE XAA 7t
olFEE YAk SRS AAletar, 3= Al W
2 Z78}ol| NiFe@Zeoltied] #2Hi3} o] 5Ajo]
o] YR TCES] %23t 2 HES B3l gdasht
7Fedlles AlAFSTE o]elgk E3f wWAUES Ni/
Fe@Zeoliteoll 4] Nioll T2 TCES} 84 =4ALx7} 1t
33t oAzl (CHy) S 33}, o] % olgdl 2= Ni°
FH] FTHH o R FAtEo] HE ARER] CRHCHe) 02
A BRAENES Ao Z AAET(Police et al., 2022; He

et al., 2024).
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Table 4. 24h and 48h ECs, values and toxicitiy units (TU) for Ni/
Fe@Zeolite

Observation  ECsy (95% Cofidence limits) Toxicity
time (h) (mg/L) Unit (TU)
24 > 100 0
48 >100 0

3.4. MEfSMITII0|| 2 Ni/Fe@Zeolite 2XH2| XIEHAM
HE

ek S NifFe@Zeolite®] AEIEA Hrhe A%
521 Daphnia magnas W32Z, Ni/Fe@ZeoliteZ 10,
50 3 100 mg/L 5= =FA1A FRESI 2 TR
A 24 AZEE 48 AIZE F T BEHE RS 2 A}
o RS B NAGY] 50% FIAAE doT=
F50 B ERE S (ECs)2t 95% A THAIS T3t
(Table 4). A A7}, 1 F%21 100 mg/LAM= 9
A3l A7 ERA] ke, 10mke]d 33] wHEgE )
A PoME FH3H EHFol Fost JgFo] HAFA
2k Wb ECs S 100 mg/LET & 55 55
o2 goun], EHE A gk dEe] 0%AenE
AHEAAZHTUYS 022 A2 ATHLee and Lee, 2014).
webs] thek e NiFe@Zeolite’t G427 B4 712
HEZ(TCE)2] AsAhAZA A 25 7ol A8
< w) FAEA 2 FIFE PIAA] S ASE AlsHn

4.4 E

2 AFdXE FGAA {71 SIgHER] TCES] 991
A3 8 AAALTo)Ed ©A] H NifFe 0554
B3aAS sk EY 2 AskE 8404 e
A7 (nzVDe] %S AP 58 FAS 8235k el
HAA T |ES AXA = Egslo] S AN o) 5AS
WAEKAaL, AAIE] YA NI) 245 FHS S8 Eu4as}
RS aPIAI71aA) sl a4 AEA 1 943

Zeolite®] T A3} 7FedS AESINAL, HAste A2
2 g TS ANBIAT T, A AgElelE G
A 2R & N 239 A A8 AT
2t Aol A B e =Eskoi

27 i A2kE NifFe@Zeolite 2419 5432 2384
TR AT AR, 2A £ ¥ 54 ey
Ze] A -z} Nioll ofsff AFE nzvIt ER1E3
O TCE A3t 52 322 AgolN 32.45%°] &al

—
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TES YR g7 8 AAIE ARES Y9X F
W Ag 7sAel 3t 7% 7= Sandbox HR71E
o] &gt BAL AF-S Bl FP= Ao, 39.78%2] TCE
58-S HojEol wE} NiFe@ZeoliteZ} in-situ U=
) F= wiA W) 23 S glo] TCE 2 XS 4]
slete] B4 ALt 7hsEs I ol
AAAIE e FAAE Ni/Fe@Zeolite2] TCE 91X
A3l A8 7Fs/3S AAISHARE, AAle] 83t B 4A|
LAFA] Bl A83p7] flsiMe e I gelA
S nzvIe] Eebdst A A4S NaBH, €4 5%,
AR g 3] ARE S 2 AIRES B3l i
3lal, TCE &3l A5 FAE dart Aot &3k,
TUE HGA AA(DNAPL)KR! TCEE A8l2 3=
HEHA wlg- 228 G BALHR] RYES
Pt R, 7 28 o]l SandboxE |83 AHIA]
A3} HrlollA beket 2L iyl Wds] ZAkok
gt} 53], Agk 55 B EY 54 2 o
YA QA 5448 13t NAPL(TCE)®] s} H%o}
e Ak NifFe@Zeolite?] = 2 F 4 5°] TCE
A8k} v a o) mAe JEFS Bkt AR
HEAS 453, ol B3l Hu] U9IA| vREE V=
o) 7]edg Fart Sk

EHE FA459AE A, NifFe@Zeoliteol] 2J3F -3
A ANAZE ERA] 347100, 718 nzVI 2AE tAE
T Ue FE ATAHSAAZA] S AR o] drkar
e B A7 S8l A4 T 36N sl
Ni/Fe@Zeolite®] i Arhs A=3HO 2 nzZVI 7|8k
aAle] FE3IE 9 V1] 7% ARE vlsien,
HA A geolEE 83 187 AAlghe aHT PR
71& F= 7FsAS A gt TCER 29% A H9]
o] a7u e EY B A3k 04 di=F ALk
NiFe@Zeolite 2= A3 3HOE FBA A=
71AE FoF 7gE

=

i

Ab A

B AT SERRFEH A -2l Vs A,
20200024800062] 4] 2918 Hho} $=3% AU},
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