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Abstract

In this study, Sb doped SnO2/carbon nanotube (Sb-SnO2/CNT (SS/CNT)), Ni-Sb-SnO2/CNT (Ni-SS/CNT),
Co-Sb-Sn02/CNT (Co-SS/CNT) and Fe-Sb-SnO2/CNT (Fe-SS/CNT) filters were fabricated on the surfaces of CNTS
via electrosorption using Sb-SnO2 with the co-dopants Ni, Co, or Fe, which are widely used as electrocatalysts. The
electrochemical activities of the CNT and modified CNT filters were compared by investigating the adsorption and
decomposition of phenol, and oxidation of ferrocyanide. The CNT filter and modified filters respectively exhibited 8.05% and
5.02% ~ 6.67% phenol adsorption. However, phenol decomposition increased by approximately 1.50 - and 1.64-fold over
the Fe-SS/CNT and Ni-SS/CNT filters compared that over the CNT filter, respectively, indicating that the electrochemical
activity was increased via metal doping (Fe, Ni) of the CNT surface. Among the modified CNT filters, the Fe-SS/CNT filter
displayed higher levels of phenol-based total organic carbon removal and current efficiency (19.2% and 14.9%, respectively)
than those of the other CNT filters, and it exhibited the fastest ferrocyanide oxidation.
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E4Y 5= CNT network FH|2] AlZto 2 A&
A A AE] Hgo] 7Hssle] H7)5FsH CNT 2

A
2 HgHoprt = ith(Schnoor and Vecitis,
2013; Liu et al., 2014).

CNTZ9] A715}eH4 vh-g-2 H 919 Ql7tol| whaf &4t
S} 9RS (R 44 (Reactive oxygen species,
ROS)9] B4 R2)0] doluH ol&2 A= ZFAS
o7 ZAg3ih E4ste]| oo TAE AARDE
E|(CNT—CNT network)Atolol| Exfsto] Zzpde
Wofstal, AE S7iolY ed=d} BhEoh=
g4t AF0) 32 S7IsHAIRE CNT BH e 4Heh4]
2lo] dojut 211t A7 a0 Aol dFe
1XcH(Liu et al., 2013).
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SnO;=SbyO4—CNT (Hu et al., 2010), Bi-SnO,~CNT
(Liu et al., 2013), Bi-Sb=SnO,~CNT (Yang et al.,
2019) So] 4o, Liu et al.(2013)2 Bi-SnO,—
CNT ZE7} CNT tiH] offghZ, HehE, ZJUH|s]
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Fig. 1. (a) Schematic illustration of Fabrication process of CNT filters and (b) Schematic illustration and photos of the
modified electrochemical reactor. 1: perforated Ti cathode, 2: rubber ring, 3: Ti ring, 4: anode (bare and modified

CNT filters).
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2.1, Al

B Ao ARt SS/CNT, Ni-SS/CNT, Co-SS
/CNT, Fe-SS/CNT ZEl= A7]&2sel] oo A2t
S ATHLiu et al,, 2013). F=-2 97 EHEFE(T 0 =
47 mm)E, =2 ges ®(Ti ring) 9l €& CNT
paper(40 mg, ¢ = 47 mm, NanoTech Labs, Buckeye
Composites, USA)E HAEAA F&45507F =84 &
Hof] 3 DC AY FF*(E36334, Agilent)S
o]-gsto] 2 V] A 1AIXF <t 7Fsto] A Z T
(Fig. la). 4238982 Sb/Sn = 0.065, co—dopant
(Ni, Fe, Co)/Sn = 0.059] E(molar)d]&=& SnCl, -
5H,O (Aldrich), SbCls (Aldrich), FeCls-6H,0
(Aldrich), NiCl,-6H,O (Aldrich), CoCl,-6H,0O
(Aldrich)& 8% HCI (Junsei)oll Este] A|xatact
(Liu et al., 2013; Yang et al., 2019). A7]52t
CNT ZHE ¢F 80T gz 1AIZE B¢t Yol a5 4t
SFE-S Th= o2 80T ollA] 2A1F 59t Ax5HAH.

=2
28] "e Z(Whatman, 47 mm)°]l Ti ring
(78 44 mm, &7 47 mm), 215, 39 Ti 2=
(47 mm, ¥ 2 mm)-Z AYste] e 25 &1 vt
L7182 AFESFITH(Vecitis et al., 2011). 1252 Ti
ring 9ol &< CNT &= Z2H< A3H Ti =9 H
=5 92)5b7] el Adstalth(Fig. 1b). Fig. 1bE B
A (D2 A9 Ti &=, (2) 217, (3) Tiring, 4)
=(CNT ¥ 7f=Fd CNT Zg)olr}. CNT =3 H-F
 Ti 220 84 e oF 7 cm? o, AsA-L 25
mM Na,SO& AHgSIT: RE A2 A go
(07522-20, Masterflex)& ©]-85F¢] °F 1.6 mL/min
502 A7|3keHd E4 9 242 AT
A9 mHEAL AA HE FAEAARF
(FE-SEM, Hitachi S-4800)2.& =Asl¥tt. S
HAok= A AR SFAE NEHY CONT SFe

.
=

go] A71sket S} 723

2 1& 522 52 199 ey 45 &
9] HlE9 FE=R o] Albstant. A FA S
Ho FA719(Ivium  Flectrochemical Analyser,
vertex 1A DC, Netherlands)E ©]&35to] 25 mM
Na,SO4 oA 3:=EF 5=, A=, 7154
=(Ag/AgCh) o= S5kl S2HH=, 0.5 mM)
2 FAJsIe|A 1.6 mL/min 4402 £3A7 &
FEE Skl Ar1eketd 249 7t= DC e
FTEYAE o]&ste] 2 V(Ea oA 2417t ¢t =
(0.5 mM) 9] &E5fi2} o 2 AJofto] E(Ky[Fe(CN)el, 2
mM) 2] 43S SA5Eqlnt. AlZPASe| wHE e 5
T 345 A4 2 20rE T (High performance
liquid chromatography, YL9100, YoungLin)Z, HZ
Alofpol| E = UV-Vis 233535 A (Perkin Flmer,
Lambda 950, A = 420nm)2 E435}9cH(Yang et al.,
2019). &3, flEe 7713 A=E metstr] fls &
S71&FA(TOC-VW, Shimadzu)E& ZAGIA A, o]&
o]gste] F7|st AF ®&(Mineralization current
efficiency) & Ao THLiu et al., 2013).

MCE = (TOGy = TOC.) 2.F] / 121

TOCit 79 TOC (mg/L), TOCyt: 2 TOC (mg/L)

ne: oJAtetetA R AelE7] ofs) g4 o dEHE A
210 et 4

F: gig{dle] A<, 96485 C/mol, J: 5 (L/s), I AR
(mA)

3. Zn % Y

Sl FAPEREnRCEM) o2 5He Adfolch,
CNT el ohgo] CNTZF 149 ddods 1%
2 &2 v EEA o v ER o FolA k.
A7 ©F 30~60 nm<l A= Lehgth vl )
H CNT®] 22 F4418120] BAHo] &5=6dt

Table 1. Weight increase (%) and phenol adsorption (%) of uncoated and coated CNT filters

CNT type CNT SS/CNT Fe-SS/CNT Co-SS/CNT Ni-SS/CNT
Weight increase (%) - 4.95 7.63 6.01 5.52
Adsorption (%) 8.05 5.26 6.67 5.02 5.17
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Fig. 2. Scanning electron microscope images (SEM) of (a) CNT, (b) SS/CNT, (c) Fe-SS/CNT and (d) Ni-SS/CNT filters.

S A, FAo] oF 50~90 nmZ UERgT) F
T 24 MRS ONT BH1 A4l 879l
o} o]5-& fotH, Aol At 7| dte] S 2Hg-g
ZIAA ARF 2He] Aot o5 GolstA Frh(Yang
al., 2019). T3h CNT ZHof| F&5ul2] Fagm
dotr 7] 9ol FFHSE ARSI CNT S
tiH] SS/CNTE 4.95%, Fe—SS/CNTE: 7.63%, Co-
SS/CNTE: 6.01%, Ni-SS/CNTE= 5.52% A% Z7}s]
AtH(Table 1). Bi-SnO,-CNTE 18.5% A&,
Bi-Sb-Sn0,~CNTE 8% AHLo] FeF Z7P7t Hilg]
AoH(Liu et al., 2013; Yang et al.,2019)

U

me & o

3.2. CNT2t 7HAE CNT E{2| 27 |2lst £4

25 mM Na,SO; A& A 10 mV/s9 H£E=2
dAsHA HAIE 7l CNTSF 7§3E CNT ZH
(SS/CNT, Fe—-SS/CNT, Co—SS/CNT, Ni—-SS/CNT)
o] AFAPAYHS AFSHAtHFg. 3). CNT ZH
o] AJ&+ 24 9](Onset potential)2 2F 0.05 Vagaga 2 U
Biton, x7]d= SS/CNTSF AR 43S LEr
S71 o 0.7 Vagngo Bl F208 B0l 2717} e
St Aedoz F7HE AR dFE= S4RNES
RDoJY Z/datago] WAi(R2)e] Hofgict 7aH
CNT e Q] A2 A= CNT ZHHL & zjol=

oL
flle
N
N,
v
B

ek gloret, e, e Ak =
wjo] $Ho2 CNT WeRths ke 457 tepd
o}, o] Qlaf AH4 W W ONT Akshe olAl7} 715
& Zlolwl, ONT We|o] Qg Aol dahe m4 Aow
Ay,

3.3. CNT2t 7} =l CNT LE{Q| mfl= 52t

CNTE tr3Aolr & vjEHd o7 943 L&
A2 A cHRen et al., 2011; Vecitis et al.,
2011). CNT, SS/CNT, Fe-SS/CNT, Co—-SS/CNT,
Ni-SS/CNT "E9] &2 583 XAk fl5) 1.6
mL/min §&2 2 217t Zot AS 7F6kA] 911 0.5
mM HE9 g2 ZARIEHHTable 1). CNT,
SS/CNT, Fe-SS/CNT, Co-SS/CNT, Ni-SS/CNT &
E]o] 28 Zy7} oF 8.05 %, 5.26 %, 6.67 %, 5.02 %,
5.17 % oltt. Autd o= fdE 2E CNT EH+= 7H
AE7] 52 CNT deHTE 32 mls 2| Uerd
o} CNTE= A%t 71— A% 283 254 J5z2Hs
of oloff Wk Bt AAF7ES St AL
2 A 9 H(Liu and Vecitis, 2012). Y& 5218 7
A CNT ZHof| g&4tekz9] F&oz CNT A
o] Y Aot o] 9lS Aoz ABZbHTY,

= =
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Fig. 3. Liner sweep voltammetry (LSV) of CNT, SS/CNT, Fe=SS/CNT, Co-SS/CNT, Ni-SS/CNT filters, [Na,SO4] = 25 mM,
/= 1.6 mL/min.
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Fig. 4. (a) Time profiles of phenol concentration, (b) TOC removal and mineralization current efficiency (%) of phenol
degradation using CNT, SS/CNT, Fe-SS/CNT, Co—SS/CNT, Ni-SS/CNT filters, [Phenol] = 0.5 mM, [Na;SO.] = 25
mM, J = 1.6 mL/min.

3.4. CNT2t 7HZ =l CNT ZE{Q| Hj= =3H Co-SS/CNT == 22.4%, Ni-SS/CNT HEE=
S Eolah 2AGA 9% el oroh  348%7h BSNEIRIEE Fe-SS/CNTS} Ni=S8/ CNT 2
7] 9190 2 V(E)S QT HLE Whstel gapgg e ONT B R S 130, 1643 S,
7H H%=(0.5 mM) 9] Balls-g 2AFsHATHFEg. 4a). Yang et al.(2012)-> Ni-Sb-SnO,/Ti 0] 5% Zuj
BE ONT HEl= Al7ko] Anksto] wet fis S5} (Fe, Co, Ce, Ru, Ce)-Sb—SnO,/Tiel B3} H= £
ZHastdon, 2A7ko] ATke T ONT e 21.2%, 7F 0.3-28) S7HthaL HAstey, wE sl
SS/CNT e 26.8%, Fe-SS/CNT Bel: 3179, o 96 (OH radicals 5) ek 4 dapddont &
Z]134kektZH(Organic peroxy radicals, ROy)el 2]

Fr
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Fig. 5. Time profiles of concentration in ferrocyanide oxidation of CNT, SS/CNT, Fe~SS/CNT, Co-SS/CNT, Ni-SS/CNT
filters. [K4(Fe(CN)6] = 2 mM, [Na2S04] = 25 mM, | = 1.6 mL/min.

gt Jeeo g Hustgint. §iHof, Co-SS/CNT ZEH+=
SS/CNT ZE|Et} W2 w& Eai7t vetgot. gyt
02 CoOxe tiEAR! E4tel Zmjz CNT 712EA
Co 4tehao] A =e] /ditag o] do] AA =3
7] 222 AZFEH(Deng and Tuysyz, 2014).

Hiz9] ZofprgellA sto] =2 F=(Hydroquinone),
ZH1=(Catechol), Ze|AHMaleic acid), 24K Oxalic
acids) & TRt FAE AL EH 2FH 0= CO%t
H,02 F7|3F ottt (Gao and Vecitis, 2012). |
=o] 29| 4tetE|o] Br)3tE= ArE Eelsh] 9
A F A7 A(TOOE 2AHATHFig. 4b). CNT,
SS/CNT, Fe=SS/CNT, Co-SS/CNT, Ni—-SS/CNT &
El9] TOC AA= 11.9%, 12.6%, 19.2%, 11.7%,
16.4% o]™, Fe—-SS/CNT<} Ni-SS/CNT ®HE|= CNT
Te] ofH] oF 1.55, 1.38 Hf F7lekylch. TOC 2=
HiEre 2 2718 MFa-8(MCE)2 Akt 2t CNT
e = 9.2%, SS/CNT EE+= 9.7%, Fe-SS/CNT HE]
= 14.9%, Co-SS/CNT "= 8.8%, Ni-SS/CNT &
B+ 12.0% oltt. CNT "E thH] Fe-SS/CNT<}
Ni-SS/CNT Zeli= CNT Z¥] tjH] oF 1.62, 1.30 Hl
Z7tskdr.

He Edl= Ni-SS/CNT ZE7}, #He=& o] &3t
TOC A A+= Fe-SS/CNT HE|7} 4=51A LT

CNT ZE 9] #713}eH4
2 o]E, CNT ZHo|| & 2
9 AR APt o)A AApd
A Direct oxidation)2}  7HE
oxidation) = LBEH] AAEE
o} 2ZAEHR3)= FHE LFEHAA
F(Hole) o & AZ7} o] FsHA QdEdo] 4 4
strl= S, AEHR2¢ RO+ HE5A BRS
(Redox reactions)ol| A A3 H &/d4raTol =4
= A7) & ReH(Liu and Vecitis., 20125
Yang et al., 2019).

CNTs + Substrate = CNTs(e) + (Substrate) oxidation
» OH + Substrate — CO, + H,O

R3)
(R4)

CNT 3Ho] Fatg FE4ekE] A7 12, <
2+ 327), 24 BH 9 CNT ®Ho| 2h87] ZA|

wfe} cikst Beld @ shebd 542 vehje, of
A 54 ARG U ASESe] SR TR g

< SHh(Simic et al.,, 2023). Ni-SS/CNT €= £4
Atago] ot RhgETHE S2HE Heo AT
SAIR ¥R o= Agsto] 27] Hiis ASFRAIY H=
Al 2 Z(Phenoxy radical, C¢gHsOH + h* —



B
=]

1B

CeHsOH) A go] w7 e sof #is a7t 43t
Aog AzkdEch wHHe],  Fe-SS/CNT HHE
Ni-SS/CNT "e|Er} gHdqtagol] ot IHi4tabrt
FAsH] S dE FFE Fol TOC Al77F =of
A AS R AYZrHrt,

olAY, A= H e 2 7] o =4 53
3 f71E AtelAEs] ol Akl ofsf o] 0127
2ol e d=2 o) AA Adse AestA mefstr] of
Hot. ONT A=59] A5 A s Alx
ol A TAstE BE 7hedt A AgeeS ares]
of stH, o] F2of Hisid F71l A7t 2o
o= BZher

3.5. CNT2t 7HZEl CNT ZE{2| H|2A|0tL{o|=2]
st

Atz oz w2AJohto] = (Fe(CN)e')/H ] Ao}
o] E (Fe(CN) )EH-2 vl &2t oo oz Ay
272 4] 458 3N WAL 24
I Qk(Schnoor and Vecitis, 2013; Liu et al.,
2014). 2A7 5% 2 VE S 44T A A7Fst
of F|ZAJoffo]E 9] 4IRS FAFSHGITE Fig. 5& K
A CNT EE+= 0.137 mmol, SS/CNT = 0.141
mmol, Fe-SS/CNT Eg¥& 0.190 mmol,
Co—SS/CNT &&= 0.144 mmol, Ni-SS/CNT Z ¥
= 0.170 mmolZ CNT thH] g2 AJoph}o]|= Absl=
1.03, 139, 1.05, 1.22vf Z7istoict. ol=24,
Fe-SS/CNT ®EE CNT ¥ of2 7f=3Fd CNT ZH
Ho} fli5 Bol& 53 TOC AlA, AF{ &&, f=2A
ohto]E ARSlrt =zot s E A7)3keH g4d-& 71l
CNT ZE 2 & 4 It

4.2 &

A= CNT 9| d7|siety 248 Al
717] 918 A7 &Aool ols] CNT Ewol] < Zuf
£ &FAA SS/CNT, Fe-SS/CNT, Co-SS/CNT,
Ni-SS/CNT= A|Zstict. Azt CNT ZHE o]&
sto] 5.2t A7) BEA 9 24 (Hs B, §2A

ohfol = AFsh& ZAFsHLE,

D #H& 522 CNT ZEE 8.05%, 14" CNTE=
5.02 ~ 6.67%2 eI}

R gaeER

Yej o] 17]steke ExB7} 727

2) Hlis Bl 21.2% ~ 34.8% ©]1, CNT ZE tjy]
Fe—SS/CNT$} Ni-SS/CNT ZE:= oF 1.50, 1.64}
7kt

3) Fe-SS/CNT deo] TOC A7} HARa&e
19.2%, 14.9%= tH& 78E%E CNT ZH | Hlsf =
Al etk

4) H2AohjolE Asl= CNT e tfH] 1.03 ~
1394 S7Fotsict.

o|2M, Fe-SS/CNTE &2 Him B3] U H2A]
ohfol= Ats} 5 A7 sksh S0 FtE| o] A
4 CNT ZHZ &go| 7158 oz 7t

#Ate 2

o] =L 20234 AR(LER) ) AYoR T
AAT] AL ol 7| 2ATAYCE 4P|
EUYTtHNo. RS-2023-00237995).
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