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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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1.M & 71&9] A8 FHET g HPARE =2 i
& 9 U ELE 7HH SAe Ve FES uy
A713FstA o} 7 (Electrochemical filtration)= A I tHLiu and Vecitis, 2012; Liu et al., 2013).

718ketd 1 4kekg A (Electrochemical advanced AU EH (Carbon nanotube, CNT
oxidation process)¥t ] (Filter)= A3 =48] & HEHZA ot 174 EA 2 =2 564 ©
Arler AL A7 LdEAS o3, &2, B S 7} 2 Qo] HiolH A AA, da F i B3,
£ Al & 4 s T4 oIt Rahaman et al., 2012; 24 32 5 gofst 4xa] 7&d| geEdnt
Jame and Zhou, 2016). o] 3 AZA|AHORZ B

=
(Balasubramanian and Burghard, 2005: Pan and
A AGEE P71 2 a7t SAlO] dofit Xing, 2008; Hu et al., 2010; Deng et al., 2012). 1
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EA4H A5=2 CNT network FEfO] AzFo g <
Al A|&w"lof H-go] 7hsste] 2718kt CNT 2
2 HgHopt xRtk (Schnoor and Vecitis,
2013; Liu et al., 2014).

CNTZ9] A7|8}eH4 9h-g-2 A 919 Q17tol| whaf E4t
S} 9RS (R A4 (Reactive oxygen species,
ROS)9] A4 R2)0] doluH ol&2 Az BFATS
oz zZgqit), E4tste)] o5 dAgE AAaRD= 2
E(CNT—CNT network)Ate]ol Eajjsto] Az
Z Fefisty, M9E 7k LHEdT vhEote
JataE ol AL F7FskAR CNT 8119 4Heh4
Alo] dojuf 3t A7|EE-&2] Astol] JFE
AtH(Liu et al., 2013).

[o

o Jr o

CNTs + 2H,O — CNTs + O, + 4H' RD
CNTs + H,O — CNTs + « OH + H' R2)

A, A71sketa CNT ZEZ 28517 9lsiA
£ BARIE A7 2 Aol e 7H
H 9| Ztte] sttt o flol AHE 714, \WE
MEZA(Eg = 3.6 V)2 7H4 SnO,9F 24E1)(Sh, Bi
)5 CONT #Ho| =3ste] QA=A AARE F
g3 CNT 299 A4S ERrstke A7 Y=
1 9t Sb—-SnO,-CNT (Gao and Vecitis, 2011),

Ti+CNT

1l

2~
3%

SnO,=SbyO4—CNT (Hu et al., 2010), Bi-SnO,~CNT
(Liu et al., 2013), Bi-Sb=SnO,~CNT (Yang et al.,
2019) 5ol 1o, Liu et al.(2013)2 Bi-SnO,-
CNT ZE7} CNT tiH] offg-Z, wehE, ZJYH|9]
T, ZJ4E9] TOC A|A7} 2-8¥ F7I_tctarl Barst
At

2 AFolAE Sb-SnO,9t H71EH= Wol AHEE
£ Ni, Co, Fe& co—dopant® &-83sto] CNT BZHS
Ndsta o] 59] A7)kt EAT e dEd o EolE
ZAFeEIH. 47182 (Electrosorption method) 0.2
AZFE Sb-SnO,/CNT (SS/CNT), Ni—Sb-SnO,/CNT
(Ni=SS/CNT), Co-Sb=SnO,/CNT (Co-SS/CNT),
Fe=Sb-SnO,/CNT (Fe-SS/CNT) EHE AFFARA
9 (Linar sweep voltammetry, LSV). 22 7|3}k
EAS 2 B, §2H 221 #l=(Phenol)
= o]-&sto] AUt E T2, 2 V HgstelA+=
f71& A2ket TOC AAE ZARFRAL, HIE2Hd &4
ol HZAJopto] =([Fe(CN)gl* )2 o]-83}o] 5L At
stol| A ZujiteE ZAkste] CNTEE 714%E CNT ZH
9] Z1713}sd g/d-& vl w3l

b dc power
supply

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. &z

B ql7e] ARget SS/CNT, Ni-SS/CNT, Co-SS
/CNT, Fe-SS/CNT ZH& 7|52l ofs) A2
S ATH(Liu et al.,, 2013). F=-2 9% HERa(TL, 0 =
47 mm)E, 5= EletE H(Tiring) 9lol €3 CNT
paper(40 mg, @ = 47 mm, NanoTech Labs, Buckeye
Composites, USA)E HEAIA a559171 £ &
Aol Fal DC Y F3FX(E36334A, Agilent)S
o83}e] 2 Vol Ak 147 53t 7hstel F2AAt
(Fig. la). FE4E&-8H-2 Sb/Sn = 0.065, co—dopant
(Ni, Fe, Co)/Sn = 0.059] &(molan)H]-&2 SnCl, -
5H,O (Aldrich), SbCls (Aldrich), FeClsy-6H,0O
(Aldrich), NiCl,-6H,O (Aldrich), CoCl,-6H,0O
(Aldrich)-& 8% HCI (Junsei)oll 2gste] Aot ct

A
3
CNT ZEE oF 80T 420 1At B¢t Yol 24 4t
28 W= o8 80T oA 2417t B9t Az Gk

22 494

EdtAE "gE ZH(Whatman, 47 mm)ef Ti ring
(78 44 mm, 217 47 mm), 15, d3E Ti 2=
(47 mm, 3 2 mm)Z AFdste] e 28 &7 vt
L7182 ARSI Vecitis et al., 2011). TF=H-2 Ti
ring 10l <1 CNT &= ZEet H3H Ti 259 3
=5 B2)sb7] el stk (Fig. 1b). Fig. 1bE B
H (D2 H3d Ti 2=, (2) 2549, (3) Tiring, 4 &
=H(CNT 9 7j=-H CNT ZEolr}. CNT =1 d-F
| Ti 220 B4 WEe oF 7 cm? o, AL 25
mM NaSO& AHESHITE RE A2 A go
(07522-20, Masterflex)E ©]-&sto] F 1.6 mL/min
502 17|31 E4d 9 2448 AT

AFe] ZHEAL2 AA FE FARIAERA
(FE-SEM, Hitachi $-4800)2.2 ZAst3ct. F3F
Het= N Ao FFAE NEAL] ONT S

M I:IH:LI

=]
™—= o

2, 1& 522 52 199 fEY s 45 & A
9] flE9] FEE o] A4tetth AFFAA S
He FA719(Ivium  FElectrochemical Analyser,
vertex 1A DC, Netherlands)E ©]-&35F] 25 mM
Na,SO4 &l 3@, A=, 7154
=(Ag/AgCD) o2 ZAstatt. & (==, 0.5 mM)
© BEA(StOA 1.6 mL/min 5202 £3A7] &
L& St 713kt &4 9 7= DC A4
B2 E o8t 2 V(Ea)ollA 2417t F2t Hl=
(0.5 mM) 9] &5fj2} o 2 AJofto] E(Ky[Fe(CN)el, 2
mM) 9] 43S EA sttt APt e e 5
Tt 345 A4 Z20rE T (High performance
liquid chromatography, YL9100, YoungLin)Z, HZ
Alofol E = UV-Vis 233535 Al (Perkin Elmer,
Lambda 950, A = 420nm)2 245} cHYang et al.,
2019). &3, wlEe 7713 A=E oetshr] 9o &
71 A(TOC-VW, Shimadzu)& ZAFIAAL, ©ol&
olgslo] F7|st AF §-&(Mineralization current
efficiency) & AAFSIFTHLiu et al., 2013).

ofd of rl

MCE = (TOCyy¢ — TOCyp) n.F] / 121

TOCis %) TOC (mg/L), TOC.ss: & TOC (mg/L)

n.: OARIEAR AFSLE]7] Qo ©A o HEEE= A
Ayo] gt

F: sfjzidlo] A=, 96485 C/mol,
(mA)

L), I AR

3. Zn A Y

3.1. CNT2} 7HRIE! CNT ZE| BHENM

Fig. 2= CNT ZE|9] 347 mHAYRE dotry]
S5 FAPAA@NASEM) LR 245 Aufolrt,
CNT e tefe] CNTZF 284 s 1%
T 2 Bl EEAY g4 AR o] FoA Qlrth
742 oF 30~60 nm?el A0 Urehyttt, uhde]
H CNTO| U2 G448z 0] #2tH o] &5E57%t

=

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.

WS 7HAH, A7o] oF 50~90 nm=E LrERgth 2
H 24 ABFES CNT ZH1 dZ=o] 8491
o} ol5-Z frotH, sl A} 7| dte] s 28-S
ZIAA AR} 2] st o)FS golat FtH(Yang
et al., 2019). =3, CNT EHo] F4Z0)o] B
£ gotiy] flal] FEHsE RAKIATE CNT F%
o] SS/CNTE 4.95%, Fe-SS/CNTE 7.63%, Co—
SS/CNT== 6.01%, Ni-SS/CNTE 5.52% A& Z71%
AcHTable 1). Bi-SnO,-CNTE 18.5% A&,
Bi-Sb-Sn0,~CNTE 8% ALo| ZeF Z7P7t HilE]
lth(Liu et al., 2013; Yang et al.,2019)

ool L D Hy

3.2. CNTQ} 7HRIE! CNT HE{2| 7|3t £

25 mM Na,SOs Al 10 mV/se] &2
dstAl H91E 7ol CNTeF 7Hd® CNT ZE
(SS/CNT, Fe—-SS/CNT, Co-SS/CNT, Ni-SS/CNT)
o] A@FASE AT (Fig. 3). CNT
o] A|ZF Z49](Onset potential)<> €F 0.05 Vagaga= U
Etom, x7]ofl= SS/CNTELF AR 3= el
o7k oF 0.7 Vagneo T HE B4 79 S717F Het
Hoh Ao S7HE AR dREs AR
RDoU E/4gd4taFe] TR Hofrtet, ZiEH
CNT = <] Az H9= CNT "ejHoh 2 ztol=

UEREA obotet. Tefu, w2 AedE 7R 845 &
mje] Faog ONT BH Rt whe AR7F vehy
o}, o= Qs 4ka A 8l CNT 4tehe A7 7hs
& Zolv], ONT " 9] Mol 3= vl Ae=

A7,

3.3. CNT2} 742!l CNT E{e| mjjs 2t

CNT+= thg/doln & Hmdy oz 9435 s
ZaA2 d#A QIthRen et al., 2011; Vecitis et al.,
2011). CNT, SS/CNT, Fe-SS/CNT, Co—SS/CNT,
Ni-SS/CNT ZEe] F2F 59L& xAsH7] flall 1.6
mL/min §0 2 2417 ZoF M-S 76hA] &1 0.5
mM #HE9 EFFE ZARHITHTable 1). CNT,
SS/CNT, Fe=SS/CNT, Co-SS/CNT, Ni-SS/CNT ¥
B9 Z2F2 Z}2} 2F 8.05 %, 5.26 %, 6.67 %, 5.02 %,
5.17 % oltt. Mukg o2 /fdHE s CNT dE= 7j
A7) g2 CNT ZHED 22 wlis F2ho] Yehg
. CNTE 3t m-7 A4S 283} 254 As2he
of oJsf #E RtEd ARV
AE CNT 2ol g&itek=o] 5402 ONT A
o] ¥ Aot Wilo] l& Ao w PZtHr)
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20
—— CNT
—— SSICNT
Fe-SS/CNT
15 1 — Niss/eNT
—— Co-SS/CNT

Current (mA)
o

&)

0 il L L L
0.5 1.0 1.5 2.0
E vs Ag/AgCl
Fig. 3. Liner sweep voltammetry (LSV) of CNT, SS/CNT, Fe-SS/CNT, Co—-SS/CNT, Ni-SS/CNT filters, [Na,SO4] = 25 mM,
J=1.6 mL/min.
25
a —@- CNT b mm TOC removal
10 ¢ —@— SSICNT mm Current efficiency
—@~ Fe-SSICNT 20t
—O~ Co-SS/CNT
T 0.9 @ Ni-SSICNT
o 15 |
o, =
Uo 0.8 10l
=
(8]
07| 5|
06 - : : : : : 0 :
0 20 40 60 80 100 120 ONT S5 FeSS CoSS  NiSS

JCNT JCNT  /CNT JCNT
Time (min)

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, | = 1.6 mL/min.

3.4. CNT2 ZHZE CNT HE{2| Hi= &5i Co-SS/CNT WEl: 22.4%, Ni-SS/CNT HEl:
SERUET FUT 27N 1% ot Qo 3457} RIATIUT, FeS/ONTSE Ni-s5/ ONT 8
7) 98 2 V(E)S] QT HLE Wpstel gagy e ONT R R S 130, 164 SO,
1 0.5 mM)e] Bafse ZAlcHFig 4a).  Lone et al(2012)= NimSh-SnO/Ti 15l 55 o
RE CNT Welt Aol Zafge] wef s surp  (Fe €0 Ce Ru, CO7Sb-5n0/Ticl PIs) s 2o
@.i—a—}%gui 2}\‘|Zl_o‘l 78]34_@_ :6[—_‘ CNT %Ei_l‘__—__ 212%, 7]’ 03_2HH %7]'%‘:}—31 Eﬂs]’?iﬂ, HH]’% ﬂ]lé:‘»—E,—'c:)‘H—‘E—

S E icals = R oF o
SS/CNT EEJ'Ei% 268%, FC_SS/CNT %Ei% 317%’ a/\o 0(_OH radlcals o) E]_E]"_ Z—|;§] ;ﬂ;q';ﬂEO]L} T
Z]13Arek]ZH(Organic peroxy radicals, ROy)of 2]
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0.20

—@- CNT

—@-— SSICNT
0.15 | —O— Fe-SS/ICNT

—(O~ Co-SSICNT
—@-— Ni-SS/CNT

o
N
o

o
o
o

Ferrocyanide oxidation (mmol)

o
o
S

40

0 20

60 80 100 120

Time (min)

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, [Na2SO4] = 25 mM, | = 1.6 mL/min.

SF ko g Hselrt. HhHe Co-SS/CNT "E+=
SS/CNT ZE|Eo} W2 & Zai7t vetseh. 4
o8 CoOxi= tEAQ 2418t Full= CNT 7J=A]
Co 4tehao] A= o] /ditag o] o] AA| =3
7] 222 AZFEtH(Deng and Tuysyz, 2014).

=] Bl of A sto] =2 F]=(Hydroquinone),
FHeZ(Catechol), ZEAHMaleic acid), 24HHOxalic
acids) 5 TFer S A= HEH o= CO%t
H,O0Z F7137T Lojtti(Gao and Vecitis, 2012). H|
50| ¢ds] 4teleo] 7718t = AeE Eelsh] ¢
A F 571 A(TOC)E ZAVSHATHFig. 4b). CNT,
SS/CNT, Fe=SS/CNT, Co-SS/CNT, Ni-SS/CNT &
He] TOC AAE 11.9%, 12.6%, 19.2%, 11.7%,
16.4% ©o|™, Fe-SS/CNT%} Ni-SS/CNT ZE+= CNT
He] o] oF 1.55, 1.38 ¥ F7iskelct. TOC At
o 2 27151 AR a8 (MCE)S Akt 23 CNT
E]E 9.2%, SS/CNT ZE]E= 9.7%, Fe-SS/CNT ZH
= 14.9%, Co—SS/CNT "+ 8.8%, Ni-SS/CNT &
Bl 12.0% oltf. CNT =g thH] Fe-SS/CNT<}
Ni-SS/CNT ZE& CNT =¥ oijy] ¢F 1.62, 1.30 f
7 okt

mis B3l Ni-SS/CNT e}, HlEg o]ggt
TOC A|AE Fe-SS/CNT ZE|7} 451 VersiTh

CNT ZE 9 #7]8keta] 42= CNT ZHO & &
4 o, CNT #Ho| 24 52, 3d =49 g4t
9 AR AYH A7) A Azpge] ok 2
A Direct oxidation)2}  7HE4rsH(Indirect
oxidation)+= LH=H9 AARE & IFE 1A
o AFAEHR3)E S2E QAEHAA CNTY H
F(Hole) o= AZ7} o] FstHA e dEdo] A5 4
el S, PEAEHR29E ROE HEA HhS
(Redox reactions)ol|A] A4 L d1tago] L AEH
2 AN 7= A2 wetth(Liu and Vecitis., 2012;
Yang et al., 2019).

CNTs + Substrate — CNTs(e) + (Substrate)ogidaion ~ (R3)

+ OH + Substrate — CO, + H,O (R4)
ONT Ewlol ¥abgl 2aueigo] A% 72, 4

A 27), A4 WW 2 CNT Ewe] 2487 A

= =

wE HE

O 1=
et tpeFel 214 9 3eky EAS UEhiY, o
d EAL A2 E Arekgo] Satt A= A
S} (Simic et al., 2023). Ni-SS/CNT ZE+&= &4
Aol o5t vhgHT= S3HE HEo] A H4tet
ARt ¥Fg o= Zgsto] 7] Hiis ArStAIQ =
2t)Z(Phenoxy radical, C¢HsOH + h* —

> Ho 2 e



s B
=

Apv

EaE R

CH;OH) o] Hh2A fslo] s Halrh 954
Aoz AzteErt, §HHo,  Fe-SS/CNT  "EE
Ni-SS/CNT Here} S4Arago] olg 2-4tspr
SAste] FUAEC] GF Fol TOC A7} ot
A Aoz Azbec,

oA, G2 U iy 2L 7] 0F BAL 52
2§12 Aet/Rs) So| thagte] e olFe1x]
wheol @2 A7 Ase Betsi setst] of

2l ONT A=290] Ao Herstoly] el A A
oA gAstE BE 75 A AEuhe-g 11ad)
of ofn, o] Fiof thofjA= F7HAQl A7t B ad
Ao g AYzter

3.5. CNT2t 7HZEl CNT ZE{2| H|ZA|otL{o|=2]
st

dutHoz  wR2AJoto]=(Fe(CN)s )/H 2] Ao}
Lol = (Fe(CN)g® )‘?J%S HZ2doln Tz A
45 A=9] A58 ARl ¥ aE 285
a1 tH(Schnoor and Vecitis, 2013; Liu et al.,
2014). 2417t B9t 2 V(Ea) ] EA7 A Q17tst
o HZAJohtolE 9] 4SS XARSHAT. Fig. 5& K
W CNT ZH+= 0.137 mmol, SS/CNT ZE+= 0.141
mmol, Fe-SS/CNT =e¥& 0.190 mmol,
Co—=SS/CNT ¥ &+ 0.144 mmol, Ni-SS/CNT =¥
+= 0.170 mmol& CNT tijd] f|ZAJol}o]E Atsl=
1.03, 1.39, 1.05, 1.228} 7ttt ©]24,
Fe-SS/CNT ¥E|= CNT ¥ t}Z2 JjzFe CNT 2
Ho fls 2918 58 TOC AA, A7 &8, m=A|
offo] & AFal7} ot R H7lskety &S 713l
CNT Ze& & 4= 9l

4.2 &

AE CNT "Ho] H7)skets] g8 A
7171 Sl A71&2 e oJaf CNT B g4 Zaf
£ ZHAA SS/CNT, Fe-SS/CNT, Co-SS/CNT,
Ni-SS/CNTE A&ttt Al2e CNT ZElE o8

sto] &}, A7)5kst EA 9 24 (s Bof, H2A]
oltfol= 4tehe Attt

D HE 528 ONT ZHE 8.05%, A" CNT=
5.02 ~ 6.67%2 eI}

Bl o] 718kt 547 727

2

~

Hiz Bs= 21.2% ~ 34.8% o)1, CNT Z g =]
Fe-SS/CNT$} Ni-SS/CNT ZE|:= oF 1.50, 1.6HH
Z7Fstait
3) Fe-SS/CNT Hee] TOC A7et HR3ase
19.2%, 14.9%= 12 7§& = CNT ZHo] H|5} =
Al repste
4) H2AlohtolE Atsl= CNT HE tfH] 1.03 ~
1.398) Z7Fstsct.
o]|&2#], Fe—-SS/CNTx &2t 4 o =A|
ohfolE A3} 5 A 7|3k o] gFdElo] 42
4 CNT ZH & &8o] 7Hsd &42& AyZy It

#Atel 2

Ol

o] =FLe 2023W: HR (W) Yoz gt
AT EL] Y& dho} 7| 2AFAIG o2 SFE 9
SUtHNo. RS-2023-00237995).
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