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T Ni-NCNT/AC #ifk, BRI RS T 73848 Ru ki (Ru@Ni-NCNT/AC), REFEM T HAE LR
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Prepar ation and wet oxidation properties of domain-confined
single-atomic catalyst
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Abstract: Ni-NCNT/AC carrier was firstly synthesized by in-situ growth of single atom Ni confined Ni-N
doped carbon nanotubes (NCNT) on activated carbon (AC) surface, and then was impregnated with Ru to
prepare catalyst Ru@Ni-NCNT/AC, whose catalytic activity in wet oxidation of acetic acid was
evaluated by measuring the removal rate of total organic carbon. The morphology, structure, element
valence, surface adsorption and chemical properties of the catalyst samples were characterized and
analyzed respectively by SEM, TEM, X ray absorption fine structure spectroscopy (XAFS), XPS,
H,-TPR and carbon monoxide diffuse reflectance infrared Fourier transform spectroscopy (CO-DRIFTS).
Moreover, the adsorption configurations as well as energies of O, and acetic acid on catalyst surface were
computed by density functional theory. The results showed that single atom Ni was promoter, by changing
the electronic properties of the substrate material to increase the catalytic performance of surface precious
metals for the oxidation of acetic acid. After continuous operation for 240 h at 250 °C and 6.5 MPa , the
removal rate of acetic acid remained stable above 95% while the catalyst retained high activity and good
stability.

Key words. carbon nanotubes; confined single-atom; wet oxidation; promoter; catalytic technology

i BHEE: 2021-11-19; EAHE: 2022-03-23; DOI: 10.13550/j.jxhg.20211183

EEWH: UT4HARFEES (2019-ZD-0894)

{EBR®: K (1989—), F, Wid-, THE, E-mail: 15040786507@163.com, BEREA: ZH&M (1985—), H, & TN,
E-mail: anluyang2008@126.com,



57

SRV, A BRI R ) A M T A AR A B

© 1427 -

AR A AL (CWAO ) 2 [ A 5 vk J3 Mk fit
A ERKARR kb B AR fEiR Ak
AR FRIE K B s R R, T e e A AR B — 2N TR
PLRP!, h T2y C—H #EXETS 1L S5 2 e
AALRE MR, TEESEMICY, 2R A i
Hh B M A B0 ML 2 —, GALLEZOT %0l 2,
iR e SR R T R R A A I 2 = . IR, F o —
9 A A e 1 7R 4 1 /N o3 R 1 B A RIOCR L R
HE,

e 0 X | [ I P A< e 4 e W2 e )
R G REANAE DI S — 252 FR Tl
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B AL 8 1 o AFLIZ 20 M 6 At P R AR B 1 D BT
PEVE T F B IR 14 2 9k FU & USBRIT IR
iU A JE TT LIRS Bt & Jm AR AR R B B, HE e D A
JE AL A EAR R . PR, A 4 T8 Bl 7 A PR s
B A A 3R A B AR R /N T R 1 AL Ak
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AR SCHVLE 3 SR A B N B BRI
Ni-N B840k 4 (NCNT ) HZE 3] AC £
He il 8 Ni-NCNT/AC ik, PR R BT f 4% 1 4
Ru #E1L7] ( Ru@Ni-NCNT/AC ), P Ak 7%t
il BRI AL , 3T N AR A BAL BT B 50 o 41 1 A
AL AR PERE I SE I, LAH 98 4 I8 B T 11
oL FH A3

1 LIGES

11 RKFI 5N

FALES (RuCly ) , fe2fal (s 8ch 37%)
MR RER] T SKAEEME (NiCL*6H,0 ). 41,
S, Brhn TR B A BRA F G SR K
(DCD). AR, mbral, il kbR A

BT BlR (R E0h 35% ) , PEBefk TR
HIRAR; TM-Lo6 AliE M (AC) (200 H), 75
MR EIEHERABRA T ; N BRBANKE (NCNT)
(FEHAAHN 30~50 nm), JLIACEG KM BIBEA
FRA T

EscalLab 250 % X S e FHEIGIX (XPS),
3 [E Thermo Electron /A F] ; Supra-55 437 & 144
BT %8 (SEM), fE[F Carl Zeiss Jena 23] ;
JEM-2100 RIS 43 HE ST i F s (TEM), HZR
k434, VERTEX 70 —% bk -18 2 5 i i
AR H 2T ANETEAY, [ Bruker 24w ; JbHL[RI AR
B 1W1B-XAFS SL5 3 ; TOC-VCPN A HLEK 4
1, HABHE/AE; JEM-ARM200F J& T4 %
BHHE P B, HARH RS,
12 EUeFHE
1.2.1 Ni-NCNT/AC # %) %

¥ 6.0 g AC IAZ 20 mL ik H 139.17 g/L
) NiCly6H,0 /KW Y, M5 44 T4k 0.25 ho
BRESTA 50 °CHI-0.08 MPa ft 25 LA b T4
6 h, HGIRTHAY AC M NICLIRAH#ES 10.0 ¢ DCD
WS, BRI AR AR T R SEE
HRIE N, IREE T T 400 °CE% 2 h, SRJ57E 800 °C'F
HE—R B2 2 h J5 ] 250 mL 1.0 mol/L H,SO, FR¥E
5h, P 250 mL 1.0 mol/L H,SO, iAW 7E 120 °C .
1.3 MPa N, 2 N A BRRE 6 h, KRG FH LB 1Kk
WEVEN pH=7, FHEMFE 50 °CHI-0.08 MPa H
ZHFEH TR 6 h, FEIREAHARIR Ni-NCNT/AC,
1.2.2 Ru@Ni-NCNT/AC #)#) &

¥ 3.0 g Ni-NCNT/AC 7EH A %040 FHFHRA S
mL iR E K 32.12 g/L B RuClysH,0 /KiFHK
0.25 h, SRIGHAESTE 50 °CHI-0.08 MPa EL23 HE4
MR 6 ho FEARIF MR TE Ny ST 800 °CAEBE
2 h, BIEEEROHIR Ru@NI-NCNT/AC,
1.2.3 Ni@NCNT/AC # %) %

$ 0.2 g NCNT (4§ EH A% 30~50 nm ) 1 6.0 g AC
BA, EEREES RS 53K NCNT/AC, # 6.0 g
NCNT/AC JIAZF] 20 mL G EE K 139.17 g/L Y
NiCl,*6H,0 /K, A 1EFE 0.25 ho FEAE ik
A 50 °CH1-0.08 MPa E.Z5 AR TR T4 6 h, JRZkhb
MR 120 4, 19 8 3k B R 68 KR
Ni@NCNT/AC,
1.2.4 Ru/Ni@NCNT/AC # %) &

¥ 30 g Ni@NCNT/AC 7R HEFE FIZ A S mL
JFR R EE R 32,12 g/L A RuClyH,0 /K I H 0.25 .,
TR T AR 1.2.2 77, 1321 HE BRI @k AR
Ru/Ni@NCNT/AC #EALF] .
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1.2.5 Ru@AC # %) %

¥ 30 g AC IIAZ] 10 mL R E N 16.06 g/L
) RuClyH,O /KW, 7EM S 2508 T g4 0.25 he
T BRI kIR 1.2.2 77, M 3R B B 9OK A 4544
B PR AR Ru@AC,

1.2.6 Ru@NCNT &) %] &

TEHEAEEET, # 1.0 g NCNT (B HA N 30~
50nm ) & ABTE WK EN 535 gL B 10 mL
RuCl;+H,0 /KIEHH 0.25 h, HEFRHE 20 1.2.2
A7, R ARARR Ru@NCNT,

13 EUeFIRLE

XPS M R IE Ak ALK, JR . SEM Il
W A AN 20 kV, TEM UK. i sk
120 KV, X S Mo 4n 45 #9563 ( XAFS ) it .
T EHIR S Rog=1.0, k IRLE=2, — A Ibik-12 %
S L AR 2T AR (CO-DRIFTS ) Ml : 7E H,
BN 5% Hy/Ar FRINEAE 300 °CHFARIE 1 h,
WHIFE . 78 CO TN 1% CO/Ar 1 1 h,
£ 3 F1 20 min WAEIESME . By FHRL )5S (TPR)
MEK: FEARRZ 50 mg, W FSGFN Hy (RFM 5L
A 10%11) Hy/Aro O KR ECH 10%11) Oo/Ar i T
T 150 °CAEFE 60 min #F17 H A WK ; 7E 20~400 °C
W ESSR T LA 10 °C/min A THEE R R0 5
14 fELFEES

(] 5 B 0 e A LA T 2% R0 A i A e £ 1
500 mL [A]ER S N a4 kAT . 7E CWAO S50 Y if
TR, B Rl 3.3 /L HAHEAR A N R vk
4 4000 mg/L ZBRH W (200 mL ) GA & EZEH
BEEES, 7N, 2Y 5 min HEE 2 NERAR 2R,
BHSERIEIE Ny & 1.0 MPa, SR I IR IR .
Mk ERE (250 °C) B, I 0,, EHF
JEJ1ikF] 6.0 MPa, fitFE:4% LA 400 r/min (13 2 J5 30 .
N4 % B I AE R S 2 s, R R B[R] IR R
120 min, % 15 min MCRAE IR Pl B — YRR AR
FE b A 8 g o 08 DA B AR ARk, SRR AT 5
BT o 7E R HLER 23 A1 A L0 8 B 58 A BIL K

(TOC), = (1) iHEw R, B TOC KPR

W E#/%=TOC &2 /%=p/po*100 (1)
K po MM IFIERT (SN FE S ) LRI
BRI, mg/L; p MHEA O.)5, KAk
77 —EmEGE, SRR A HLER T T
mg/L,

ELIAERZ) 110 cm, FNEAE N 15 mm E
FEEG IR N g thi AT, LR E 4000 mg/L
AR T R 30 g, BRAEEEE N 250 °C. R Hh
6.5 MPa., Z5 Ui N 80 mL/min. ¥4I 3 K
0.5 mL/min. Z5#°4 3.64 mL/(geuh)o

2 #HR5WR

2.1 BUAFINFERRL

& 1 4 Ni-NCNT/AC & Ru@Ni-NCNT/AC i
$1FAE, & 1a i Ru@Ni-NCNT/AC 1 TEM &, H
la [0, BRGPKERMAE T Ru GPRKF, R
A NP R 4 365 5 T BT (HAADF-STEM )
XTEARF A NCNT #:47 T W%8, Mg (& 1b)
ATLAER], RAOKEERE LA TFEER N BE
T, MM (E 1c) WJUER, WIKE L
BERRANKAT , 1 B B RER B4 BRSPSt
LRy, [#l 1d~g M Ni-NCNT/AC B EDS &, JT&
() Mapping [EIHBAR 45 H EUE Ni (1) 5055437 o

Croms 0 7 D 10m

a—Ru@Ni-NCNT/AC [ TEM Kl; b, c—Ni-NCNT/AC THRAIKE

2 HAADF-STEM [&l; d~g—Ni-NCNT/AC () EDS Mapping &l
B 1 Ru@Ni-NCNT/AC HYTE 55 K AE

Fig. 1 Morphology characterization of Ru@Ni-NCNT/AC

& 2 3 Ru@Ni-NCNT/AC Ffif) TEM &,
K2 AT 0L, B4 )8 Ru 99K KE - Fr7EAY Ni- NCNT J&
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¥l 2 Ru@Ni-NCNT/AC (3 fi HAADF-STEM [
Fig. 2 Surface HAADF-STEM images of Ru@Ni-NCNT/AC

K 3 i Ru@AC 1 Ru@Ni-NCNT/AC i
TEM [ Fl Ru 44 K RL - B RAR 531

e AN D=6.26 nm
A\
§ 30 S§§
ol /N
4 NI
500 2 4 6 8 )ég}:/lljn 14 16 18 20 22
:% 30 |
“ §\§§

R /mm
K3 Ru@AC (a)Fl Ru@Ni-NCNT/AC (b ) EH Y TEM
P K HXF I Y Ru KR T- BOREAR S0l (e d)
Fig. 3 TEM images of Ru@AC (a) and Ru@Ni-NCNT/AC

(b) and their corresponding particle size distribution of
Ru nanoparticles (c, d)

& 3c. d Al W, Ru@AC M1 Ru 44Kk T
SERPRIAE 2N 6.26 nm, 1 Ru@Ni-NCNT/AC F 1H

B Ru G4 4R A2 2R 25.38 nm. H & 3a Al
b A] W, Ru 44Kk F7E AC 4 Aitd 5], MifE Ni-
NCNT/AC 4 A, FORAR S 2R 1%
P Ni-NCNT/AC 735 Ru /808 HIXF B4 AC
TR Ru 802,

X Ru@Ni-NCNT/AC AR L5 B I B 4
BRI T AR EAT EDS i, 25K ILIA 4,

I 4 0L, GRS EZRM C. N Ni
JCRARL, 1M Ru JCE M EEIR 3B X WG B R
+ i, BRI E ) EDS 45 AN, 160
A3 ) Ni-NCNT 544 (41433 A5 H A 5], X nl fig
55 et B 0 L EE DL S BN A G . IR, B
) N BR300 L T # R N BEZR Zr 4k, BT N
X Ni BRI 2 T o B AVE A X 5 2 S0k
PR A N B B s A T Tk — 2 o
Ah, Ru FIS T3 B AC RN 2.5%, bR 5
LTy k3 i

a 10.34% 0.88% i

96.60%

a—fi% 1; b—fi¥ 2

Kl 4 Ru@Ni-NCNT/AC ¥) EDS 4%
Fig. 4 EDS results of Ru@Ni-NCNT/AC

2.2 XPS4#h

5 5 Ru@Ni-NCNT/AC iy N 1s XPS j%&,
HFBR P EE IR 5L % 1,

WK s 1R, R N TR A
BE—N ., MEIE—N. £ 8N Fl O—N 4 Fi i S,
JEE IR AR5 A 47.93% . 18.93% . 27.96%H1 5.18%
N TR EFEHFmAKE RSB TH N B2, N
A48 A R AR T Hb 208 B 0 KA (R W B 22, A
S5—N AT DR SRR - L BT, MERE—N itk
M—N U] R T B IO B AR AE AT DAAE e AR B 5k
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B B 5 . Ru@Ni-NCNT/AC H T 80 i1~ R
BN R B ME—N, 2545 K 4b Jail g ke i
EDS JLE /&SR, N BEEIRSECH 3.05%, Ni ff)
JEEIRAY N 0.35%, HAEBER 8« 1,

Nk BE—N
% —N
HBN

O—N

408 406 404 402 400 398 396
ZifReevV

& 5 Ru@Ni-NCNT/AC i N 1s XPS i &
Fig. 5 N ls XPS spectra of Ru@Ni-NCNT/AC

H2e 1 aJ Al MERE—N BE/R 040N 47.93%, A
PIAFEIMEE—N 5 Ni fJRF T 4 0 1. ZHAO
AU i 9 7 pR PR (DFT) 344, JERH T PRI
HJF Ni 75 NCNT ‘548 th i fa e A A J& Ni—N,
gEAe XU I T AR R R R N R
Ni—N, [IE A7

# 1 Ru@Ni-NCNT/AC [ N 1s XPS 3 [ tp FE A 2k
149 R IR 73K

Table 1 Molar fraction of main N species in XPS spectra
of N 15 for Ru@Ni-NCNT/AC
A MR 45 heleV IR 5/ %
Nk BE—N 398.7 47.93
N g —N 400.5 18.93
fi8—N 401.6 27.96
O—N 403.4 5.18

& 6 4 NiO \Ni-NCNT/AC F1 Ru@Ni-NCNT/AC
Y Ru 3p F1 Ni 2p # XPS %K,

& 6a 7] UL, Ru@Ni-NCNT/AC & Ik 5 A 45T
HZE A RE N 461.5 eV, KT Ru@AC £l JRESES
45 G RE (462.1eV), VA& RS iE— 5%

M) 25 T 67 28 5% 4 114 2 o L A 1
a Ru@Ni-NCNT/AC
/
Ru@AC

—

472 470 468 466 464 462 460 458 456
GifEev

b NiO |
NiO g

NiN,
Ni-NCNT/AC
M %
Ru@Ni-NCNT/AC
bt

885 880 875 870 865 860 855 850
g A0

a—Ru 3p; b—Ni2p

& 6 AR Ru 3p Al Ni 2p XPS %4
Fig. 6 Ru 3p and Ni 2p XPS spectra of different materials

A& 6b T L, MEALFI 2R IRER TS , M NiO
7SI PR S A i i R 1 % S S 1 A
Ni-NCNT/AC ) XPS 1% [t 7E 854.5 eV Ab Yy F2 06 w]
98 TR 2R v BA 1 Ni DA Ni—N, MBI B9 Ni
RIEALASIE . Ru@Ni-NCNT/AC 1 Ni JoE XPS 1
F WA A A B R AR Ak, U B LR Ni 7E R A
- F AR S E T, IE—N 48 N JTEX Ni
PR A BRI R B R 2R 18, AT LR ASp A - A A
Fa e R
2.3 XAFS4#r

& 7 B Ni AR XAFS 351 .

i & 7a 7] L, Ni-NCNT/AC B WOGIE R E T+
WS BT Ni AT NiO R FOGIE R E T2 ],
FW Ni-NCNT/AC H Ni f9F-H &AL 2578 Ni° F1 Ni**
Z I8,

a ——Ni-NCNT/AC
—NifH
—NiO

—

8300 8320 8340 8360 8380 8400
JaTHER/eV

— Ni-NCNT/AC
—Ni{f

0 01 02 03 04 05 06 07 08
Bz B B /mm
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a—IH—1k Ni K-i1 X SRR IBOERE ( XANES ); b—k;-ff i
AR K-8 R XS ISORS A 4514 7% ] ( EXAFS ); ¢—Ni
SEFE i EXAFS 5B/ AR 25 5L 5 d—NiO £ i EXAFS i &I/
PARHRLE T . e—Ni-NCNT/AC K&/ EXAFS 1% 8] /)N gl 75 46 45

Bl 7 HUET NI AL XAFS 5
Fig. 7 XAFS spectra of monatomic Ni catalysts

H & 7b AJ 1, Ni-NCNT/AC 1) EXAFS Y %)
F Ni—N 25 —52)211% 0.146 nm % , 55 NiO [ EXAFS
Feik A, WA ME R R Ni—O #, R
Ni-NCNT/AC £ 58 R Ab BELS 26 T Ni 40 Kk F 2 48
L5415 . 78 Ni-NCNT/AC i EXAFS i
MELF Y Ni—Ni HESL PR O ROKRE AT Ni 44K
it (& 7b), Ni-NCNT/AC FI/NEZE 4 (WT) 4
Mrigsx, 5 Ni M Nio i ES AR, Ni-NCNT/AC
JINE S 4 P PR AE K 5 1) 0.65 nm! Ak ) i R B U
F Ni—N #, XAHEF NiO 4 Ni—O HE
0.72 nm " = A AR R ISR Ni 7€ 0.85" nm Ak
F Ni—Ni 87 A 1 K (& Te~e )o 3XEESER
HE—2ESE, 4@ Ni DU X & 9 i 2 FUfE NCNT

EEH, JFH Ru 4KKF5 Ni-NCNT/AC Z [H47
A EAER, MmEmE T Ru WSOk
WP G, ATRIAK, BRYOKE I B Ia A 2
L R 77, AR I A Ni Ji5-n] LA
HAM R ECR AR A0 5 L 5 0 Bk 44 KA Y H B
Pk o ZAE DB RO NCNT 244, 0 X Fhkt
BHEH &8 — R TERE, MR IE ST R A A
R ARG P2
2.4 CO-DRIFTS&#r

[ 8 i Ni-NCNT/AC fJ CO-DRIFTS j#%/& ., M
§ATLIE M, fE= T 5EM CO M5 (0 min),
Ni-NCNT/AC 7E 2338 i1 2364 cm ' Ab I oK ¥
() CO Wzl , P53 CO 7E Ni-NCNT/AC Jf- %A~
Al SRS X — R R FARIE T Ni-NCNT/
AC ) XPS 455 i i Ni £ 854.5 eV Ab Ay A b &5 0%
FLEH Ni—N, 25/ Y. Pk, Ni7E Ni-NCNT/
AC DR FIE S A A i 2R a5 R

et A | e

Ni-NCNT/AC-3 min

Ni-NCNT/AC-20 min
i g e ettt

1000 1500 2000 2500 3000
HE/em™

Fl 8 Ni-NCNT/AC f) CO-DRIFTS %A
Fig. 8 CO-DRIFTS spectra of Ni-NCNT/AC

25 H,TPR 4#F
& 9 & Ru@AC .Ru@Ni-NCNT/AC .Ru@NCNT
B9 H,-TPR k.

— Ru@AC

1
1
— Ru@Ni-NCNT/AC /*
—— Ru@NCNT !
1
1

50 100 150 200 250 300
B/ C

K9 RIEHEALRIE Hy-TPR ik
Fig. 9 H,-TPR curves of different catalysts

H,i4#ERE/a.u.

HITE 9 Al UL, AEALTRIZRIAIAY Ru 9 KKL TR 5L
BEG P T , EHE O, J5 7™ 42 RuO, M Ft
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Hrf, Ru@Ni-NCNT/AC #LFITE 171.60 CL A H
PRI J 0, 3 il R A ey, LU 5 BB R X AR I 1
e Y, DA AR R 2R T ] TS B4R Ru 94
KA XoF G2 R B RE T AR —  ELXH AR Al
BT AL BE 13008 . Ru@AC 25 T W i 420 i) s Jit i 14
PRAE 165.08 °C, Ru@NCNT 2 [ W i 420 1438 i die
AL EAE 170.00 °C. WAL B/ Ru 5 O W45 &
e, XEES NWBIA X, R, A%
S R IR, BT b —FR R O I R
BOMEIY A R 1 1 1 SR PR Rl B D 2 A X
FARSERMTTEE Ru (19 EW I IC 1581 511
9, L 3K A ] P 5 B 407 L T ELAT B 0 Al 2 i
B0 - e -, XA A B L TE AR A e AR
Ru 7 Y3 B2 Ak T A P 2, 2R 25 e AL 4R
TTE PR
2.6 DFT it &l E IR i gk

10 4 Ru@NCNT . Ru@Ni-NCNT/AC F i ()
W% B Y K BfERE ( AE ),

S
Al
ot

) x
=—2.00 eV

O—Q

¥ 0

L
ool
~ -}.?

AE=—1.04 eV
a—0, 7E Ru@NCNT FE 1 W[ ; b—0, 7E Ru@Ni-NCNT/AC i
W B c—Z BR7E Ru@NCNT FHE WM ; d—Z M7 Ru@Ni-
NCNT/AC T8 W% fff

AE=-1.28 ¢V

F10 AS[RI R AAEAF2THT O, R 2 I W A 70 K2 Wi g
Fig. 10  Adsorption configuration and adsorption energy of
0, and acetic acid on the surface of different
carrier models

& 10 /] W, 5T DFT 315, FIFH VASP %k
PEXF 0, MIZ B> TAE Ru@NCNT , Ru@Ni-NCNT/AC
21001 VR O AL AR K W BEE RE AT TR A
Ru@Ni-NCNT/AC 2545+, Ni BLJEF[1 5] AR Kb
FAE T N R X Ru 85K W i AR, L Ru
SERNT R 51 B W RE 46 X (B AR LE7E Ru@NCNT
A TEKRIEEMET, BHIE T 5 Ni X NCNT
B R FEMAE A . SR, BRI ER, 0,0 F
£ Ru@Ni-NCNT/AC |- 14 W B 6 46 XH{EL IS A FAAI
XAfE SR 4)E Ru AFHPLAIMERER G, T
CTRIEALSR UL, Ru 2 I B RE i BEAK IR B st
SEBR b, s B BE Y R AR AT R — e R AR

T Ru WYRMEETREIG, Moni$e s i mte e
P ZE Aok U, FERRANUK A ZE M PR Ni—N,
HEU PR P 55 FE X Bl N KA B HL s AR B T AR IR
BUVER, MRRGIKRE R A2 Ru 548 R M
HB T i 1 TR I R i DA BGE H B R R, A
TRl A T30 R A A 52 1 5L 85 v A e 3 M R AR
FEPER
27 BUEXEUREIFHER

Wi & o fL 7] Ni-NCNT/AC., Ruw/Ni@NCNT/
AC . Ru@Ni-NCNT/AC . Ru@AC 7E 250 °C, 6.0 MPa
SRR E SN 4000 me/L Z RIS /K 4T
AR, PRI AL I S e R RE, 4
LN E I O S E 1125 B T VU ¢ S 7 = W= o 0 o R 14
SE A A ALRE R XELLEAL SR, LTRTEAS
I IAT A A A0 ) AP 25 1 R H TOC ERBRR
{UH 6.7%; Ni-NCNT/AC 45 MK 125 Ru W J& 30
h RAFr L AL R I M, L TOC KBR%F A
97.0%; Ni-NCNT/AC #A&Xf 2 W ik 84k TOC
EBRFRAA 16.7%, FHEK BT LR IR
A —E AR ROR , (BHAER 6055 . BLak,
# Ru 72 F)JEBREL Ni@NCNT/AC i), & BAERR
I, Ru/Ni@NCNT/AC L E L LR TOC EBR%E
LN 52.0%, 1M Ru 4@ 40K T 71 3R BAE G a4k
AC B, Ru@AC fELFMEILE L BRI TOC FBR
N 65.3%, it 3 "JHl, Ni-NCNT/AC Ak
Ru MU E % AC 713k Ru, (HHAEILTEPE
AT, UKL L R SRS TE A AR R 1 P
TR, NI BT A A AU e R oG T R
TEHEVER .

1007 e e
90 - ——Ni-NCNT/AC
80 - —*— RwWNi@NCNT/AC
o 70 - — Ru@Ni-NCNT/AC
& 60| —" Ru@AC
H
& 50 -
4 40 -
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of acetic acid

K 12 4 Ru@Ni-NCNT/AC fH Tk iE X A1k
HESE RN AN 25 5

i1 12 AT 0L, FEESE 240 h & S H 1Y SO 2%
PER, TN BN 4000 mg/L £ FRIEHE



57

SRV, A BRI R ) A M T A AR A B

© 1433 -

JKE) TOC LBRRFFLAREE 95% L L o ELAEAL I
W SBE 2 R AR B AR e i AR E 1
HAT— W52 Pri AR

100
90
80 |
70 |
60 -
50 |
40 +
30 - —® Ru@Ni-NCNT/AC
20 -e-AC
10 o > © o o o o o
0 1 1 1 1 1 1 1 1 1 1
0 24 48 72 96 120 144 168 192 216 240

SRLES ]/
K12 HEA R e AR A 30 A A i 2 S A 45 2R
Fig. 12 Evaluation results of catalysts in CWAO continuous
reaction

oo o * o o o e o o

TOC KRR /%

3 #it

=

!

I A A RE R T NI BRI R B Ak
YA R, H R 548 Ru X MEREA 15 U W) 1R
HAFH B ESR, EEE 250 °C, KN
6.5 MPa [I4c1F, #ELLIETT 240 h, LRI ERRR
FRERRETE 95%LA 1, IR K 5 Ye s i il HE ik
UL T RS,

Wit HAADF-STEM ., XAFS. XPS #fi& T MR Ut
JE B R T Ni EE AR FIESAFE, N X Ni
BRI 2 T AR, TR SR 2
SRR . S PR A B A R A A b 4T
B —Fh e R, HTE 1 4 s B A o FH 40

K VASP A4 T RN O, 43 F 78 BT ke
) H BRI SR A R B RE , R, A
JEATY Ru 78 Ni-NCNT 44 8 10 X I 4 £ R HA
1o (R I RRE R, TT IR X 420 %) W B 455 Ru@Ni-
NCNT/AC fEALFI LI P 25 5, JE T Ni /5
B JECF B AT AR Ru LR AL .

SE k-

[1]  WANG W (E£H), WANG J B (E#I%), ZHU W P ($LJT ), et al.
Catalytic wet air oxidation of acetic acid and phenol with Ru/ZrO,-
CeO; catalysts[J]. Journal of Molecular Catalysis (43 F k), 2007,
(5): 401-405.

[2]  YANG M (#%R), SUN Y (#Mdi), WANG Q Y (E4X), et al.
Catalytic wet oxidation of h-acid wastewater over TiO,-supported Ru
on catalyst[J]. Journal of Fudan University (Natural Science) (& F.
4 HAAREIR), 2003, (3): 339-342.

[3] CHEN H N (MifiiT), ZHENG Y Y (¥ F IT), GUO Z Y (3h42),
et al. Wet oxidation of wastewater containing organic acids over TiO,
supported noble metal catalyst[J]. Chemical Reaction Engineering
and Technology (fb= )2 N TH5T.25), 2012, 28(4): 325-329.

[4]  WANG J B (E#E2), ZHU W P (BLJTIIE), WANG W (EAH), et al.
Catalytic wet air oxidation of phenol with Ru ZrO,-CeO, catalyst[J].
Environmental Science (FAEFNE), 2007, (7): 1460-1465.

[5] GALLEZOT P, CHAUMET S, PERRARD A, et al. Catalytic wet air

(6]

(71

(8]

[l

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

oxidation of acetic acid on carbon-supported ruthenium catalysts[J].
Journal of Catalysis, 1997, 168: 104-109.

MONTEROS AE D L, LAFAYE G, CERVANTES A, et al. Catalytic
wet air oxidation of phenol over metal catalyst (Ru, Pt) supported on
TiO,-CeO, oxides[J]. Catalysis Today, 2015, 258: 564-569.
GAALOVA J, BARBIER J, ROSSIGNOL S. Ruthenium versus
platinum on cerium materials in wet air oxidation of acetic acid[J].
Journal of Hazardous Materials, 2010, 181: 633-639.

SONG A, LU G. Selective oxidation of methylamine over zirconia
supported Pt-Ru, Pt and Ru catalysts[J]. Chinese Journal of Chemical
Engineering, 2015, 23: 1206-1213.

MINH D P, GALLEZOT P, AZABOU S, et al. Catalytic wet air
oxidation of olive oil mill effluents: 4. Treatment and detoxification of
real effluents[J]. Applied Catalysis B: Environmental, 2008, 84:
749-757.

KIM K H, IHM S K. Heterogeneous catalytic wet air oxidation of
refractory organic pollutants in industrial wastewaters: A review[J].
Journal of Hazardous Materials, 2011, 186: 16-34.

YANG L P (BH37F), ZENG F T (¥ FL3), LI D L (Z555), ef al.
Application of carbon material catalyst to the catalytic wet oxidation
technology[J]. Industrial Water Treatment (TML/KAMEE), 2014, 34
(1): 10-14.

PENG X J (e, JIA 1 J (BT#%), LUAN Z K (Z8JkHh), ef al.
Water treatment materials based on carbon nanotubes[J]. Progress in
Chemistry (fL2#17Ef2), 2009, 21(9): 1987-1992.

LI X (Z#f), YANG S X (#), ZHU W P (BLTH), et al.
Catalytic wet air oxidation of phenol and aniline over multi-walled
carbon nanotubes[J]. Environmental Science (M35EEl2%), 2008, (9):
2522-2528.

SORIA-SANCHEZ M, MAROTO-VALIENTE A, ALVAREZ-
RODRIGUEZ J, et al. Carbon nanostrutured materials as direct
catalysts for phenol oxidation in aqueous phase[J]. Applied Catalysis
B: Environmental, 2011, 104: 101-109.

AYUSHEEV A B, TARAN O P, SERYAK I A, et al. Ruthenium
nanoparticles supported on nitrogen-doped carbon nanofibers for the
catalytic wet air oxidation of phenol[J]. Applied Catalysis B:
Environmental, 2014, 146: 177-185.

CHEN Y J, JI S F, CHEN C, et al. Single-atom catalysts: Synthetic
strategies and electrochemical applications[J]. Joule, 2018, 2: 1242-
1264.

ZHAO C M, WANG Y, LI Z J, et al. Solid-diffusion synthesis of
single-atom catalysts directly from bulk metal for efficient CO,
reduction[J]. Joule, 2019, 3: 584-594.

FUJ L, YANG K X, MA C J, et al. Bimetallic Ru-Cu as a highly
active selective and stable catalyst for catalytic wet oxidation of
aqueous ammonia to nitrogen[J]. Applied Catalysis B: Environmental,
2016, 184: 216-222.

WANG Y, MAO J, MENG X G, et al. Catalysis with two-
dimensional materials confining single atoms: Concept, design, and
applications[J]. Chemical Reviews, 2019, 119: 1806-1854.

SHANG Y N, CHEN C, ZHANG P, et al. Removal of sulfamethoxazole
from water via activation of persulfate by Fe;C@NCNTs including
mechanism of radical and nonradical process[J]. Chemical Engineering
Journal, 2019, 375: 91-101.

PUTRI L K, ONG W J, CHANG W S, et al. Heteroatom doped
graphene in photocatalysis: A review[J]. Applied Surface Science,
2015, 358: 2-14.

DUAN 1J J, CHEN S, JARONIEC M, et al. Heteroatom-doped
graphene-based materials for energy-relevant electrocatalytic processes[J].
ACS Catalysis, 2015, 5: 5207-5234.

ZARFL J, FERRI D, SCHILDHAUER T J, et al. DRIFTS study of a
commercial Ni/y-Al,O; CO methanation catalyst[J]. Applied Catalysis
A: General, 2015, 495: 104-114.

WANG J, YUAN C K, YAO N, et al. Effect of the nanostructure and
the surface composition of bimetallic Ni-Ru nanoparticles on the
performance of CO methanation[J]. Applied Surface Science, 2018,
441: 816-823.

JINY Y (Hi7k5), HAO P P (#f#3), REN J (fEZE), et al. Single
atom catalysis: Concept, method and application[J]. Progress in
Chemistry (fL2#3EE), 2015, 27(12): 1689-1704.

YANG H B, HUNG S F, LIU S, et al. Atomically dispersed Ni( I ) as
the active site for electrochemical CO, reduction[J]. Nature Energy,
2018, 3: 140-147.



