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1.1 ERFIR S &

1.1.1 7}(«3‘% /Jﬁ/a\ﬁk(‘ Nio.ooTi0.01002 2 7]'1%5\*1

FIT FH A 77 4 25 88 7 /K A 240 5K 0 F v [l [ 245 42 141
B AR R T 1l AR S R SRR IR A A .

W—E BRI IEN TE. TKOEE. 4 F.
BB, I e RmAE . . REEH,
B2 AR UMM R+ Lh J5, 200 °C J 28 7K #4
12h, BB O VEs . T8, T8 U 500 C
1B 3 h 75 3 NioosTioe1O2 48 K Fiki ( NioogTioe102-
NPs),

1.1.2 ##EE AR NioosTioen O 41 K&

FREL 12.0 g E A AEABURLIA T 30 mL H20 1, HL
0.500 g Nio.ooTioo1O2-NPs JI N Ge#fF#ii#E 1 h, 150 C/x
PR 15 h, RBZEHRE, B0, WEEPE, +
g, T U b 500 CHke 3h, 193] NioooTios1O2 44
KB (NioooTioe1O02-NTS).

1.1.3 7K # 3k A A& NioooTiooO2 4 K 4 # 3K 4R
( xCu@Nio0.00Ti0.0102-NPs ) #= NioooTio.0102 24
K% 1 B4 (xCu@NioosTioe102-NTs)

FREL 0.0229 g S E AL SAMIKL . 0.5674 g i &) Bl i
R JG 2% H B, 5 M PR & A 55 1 NioosTioe102-
NPs 1 Nio.ooTioe102-NTs EA & 0.1071 g Fo /K i iR £ &=
P A, B 2 mL S A AR R 10 mL A
PEV W, BEFE Lh 5T 150 'C F/AK#U B 15 h, &5
JEEL . Bk, TR, BT U 500 CHBkE 3 h,
WA AL 7 v ) & A 3R R x=1%. 3%+ 5% 7%
9% (480 1 NioooTio.onO2 44 A Bl ki Fll gk > & {8
A3, 7 AT XS R Nio.ogTioe102-NPs A1 Nio.ogTio.e102-

NTs i J5i & 43 54 2.7180. 0.8877. 0.5216. 0.3648 Fll
0.2760 g.
1.2 EUFIBRE

AT X S ok RATHHAC (XRD) R A 48
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T % W K B 48 [E Carl Zeiss AG (%2 ] 4E [#])
Gemini300 A 37 K S 4 B 7 BB (SEMD, R
Philips A 7] 7= CM-120 &% 5§ L7 258 (TEM)
W TR B} 25 K DA R oM T 3 . A6 ASAP-2020 43 it
1% (Micromeritics) # 1T Brunauer-Emmett-Teller (BET)
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Joyner-Halenda) A =it BB AI I FLAR 20 A1 . WO
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4) inVia Reflex 24 I i {% . >k H PHI 5000 Versa
Probe = ¥ fig HLF 06 W5 A AT X B 4O B 7 AR 1
(XPS) iz o
1.3 NH3-SCR fi it ge ik

AL FIRE i 22 3 6 v B B B 2k ( 380~830 pum)
FEBETAYEE T . A 500 uL/L NO/N2. 500 pL/L
NH3/N2. 5% O/ No B MK AL B, AR S A
100 mL-minte M5 NHsz A1 N2O 9 B i e B 41
A TEAGEAT IR, NOJ(NO. NOR) K ¥ B NO, 43
FrAcil g, i 2y 100~500 C.

NOy b R H 5 XA -
CNO _ cD(Nox)in _@(Nox)out %x100% (l)
' @(NO,);,
N2 B PE TR A XN
B @D(NO,),, —@(NQ,),, + ®(NH,),, —P(NH,),,, —2@(N,0)
" @®(NO,), ~®B(NO, ), + P(NH), ~B(NH;),,

(2)

1.4 FUKIERERE MR

7E NH3-SCR #% & 3 il I FH 500 uL/L NO/N2.
500 pL/L NHs/N2\ 5% OafNo AR 4 B, <M s 37t
Y 100 mL-mint, F 100 pL/L SO, 5 5% H,O ## )
Ii] 5 Y5 5 # SR A A TR R RE Ay, TETE TR NR
AT S 32 h (R E SR A S5 .
1.5 S5EFHRER

AR FHRIE R (H-TPR) W A5 A K 8 o
BT B2 K A BR 2 w1 ) TP-5080 %4 4 [ 5 4k 2 W by
A, AT A5 e AR R SR TS VE AL AR AP S B H L o
FE, ¥ 50 mg b5 BURL (380 pm) 7E N2 (I
HA) FT 400 CHHiAbHE 1h s ARBEE=ER, &
JEIE AN 10% Hao/N2 (FR#E) 30 min, £fk: e e
Ji» LA 10 C-mint ) A 26 M E= I FE 2 900 C I
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W B J5 A7 21 AR

2 ZFZER51H
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2nm AR, HAeR B 54 (2000 &
TR I FR) e A% 2 20, W B A7 28 PR Al v 2 0 0 HL 3 AT 1)
SIAEREA TR T, 245 RS XRD WA 45 R — B
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Fig.1

XRD patterns of xCu@Nioo9Tio.0102-NPs and Nig.ogTio.0102-NPs catalysts (a), 7%CuU-Nio.o9Tio.0102-NPs before and after

calcinations (b), xCu@Nio.o9Tio.0102-NTs and Nio.osTio.9102-NTs catalysts (c), and 7%Cu-Nio.osTio.0102-NTs before and after

calcination (d)
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2 7%Cu-NioosTio0102-NPs 5 7%Cu-Nio.ooTio.0102-NTs ) HRTEM & F
Fig.2 HRTEM images of 7%Cu-Nio.0sTi0.9102-NPs (a) and 7%Cu-Nio.09Ti0.0102-NTs (b)
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Fig.3 TEM image (a), EDS spectrum (b) and corresponding element mappings of Ti (c), Ni (d), O (¢) and Cu (f) of

7%Cu-Nio.09Tio.0102-NPs
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2.2 T%Cu-NioooTiooO2 44 Tk FO 40 K & L 7 b

FEFM K

KK # 4 h i) % 1 TiO2-4h-500. 1k % 4 P25,
Ni0.09Ti0.9102-NPs. Nio.09Ti0.9102-NTs. 7%Cu-Nio.09Tio.9102-
NPs 1 7%Cu-Nio.osTio.0102-NTs f & 7 73 53 # 17 BET
WAk, WAL R W 5. & 5 AT A1, 7%Cu-Niooo-
Tio.0102 G K FUKL AT 24 K A AL 771 19 BET -k &0
WS RT3 BFS il 2k 35 D9 IV B S5 2 HA B[Rl i 3h, B0 2
R A 00 8 e LA 20 A 489 S0 1 9 s T [ FRDIR L R A
FLA R ER S B2 ST B ER T UL I8 £ 44 2 R A RLIY

FEILAE S AVEE N 2~50 nm, J&F NFLIEH .

WA BET M43 % 1 A7 L R T AR | LA R 4%
HHIZHNFE 1. HER LT W NioooTioaO2 1 #H A 5
I EL 2 AR 2 A 263.51 Al 216.54 m2.gt. AL LL %
TH AR H K 2 /N HEZU T 42 NioooTio0102-NTS>7%Cu-
Nio.09Ti0.9102-NTs>7%Cu-Nio.09 Ti0.0102-NPs>Nio.09 Ti0.9102-
NPs>TiO2-4h-500>P25. X LM PPKRE TG, g
RS PR, FLARIE R, BT 8 i
FEDRTAL, LI AR LA G I
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Raman iz
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Fig.4 HRTEM image (@), EDS spectrum (b) and corresponding element mappings of Ti (c), Ni (d), O (¢) and Cu (f) of
7%Cu-Nio.09Ti0.0102-NTs

" a —=—TiOy4h500 b
o e F'.cn —=— P25

5 % o NigooTige10-NTs
E :; % —=—Nig9Tig1O0,-NPs
g £

< 2

b 0 10 20 30 40 <

= Pore Diameter/nm >

g £

o —a—79% CU-NiggTi( 0, NTS §

—¥—7% Cu-Nig o Tig0;0,-NPs &
00 02 04 06 08 10 0.0 0.2 0.4 0.6 0.8 1.0
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Nio.0oTio9102-NPs. NioosTio01Oz2-NTs AL 7] BET il il 2%

Fig.5 BET curves of 7%Cu-Nio.o9Tio0102-NPs and 7%Cu-Nio.osTio.0102-NTs catalysts (the inset is the pore size distribution curves) (a),
BET curves of TiO2-4 h-500, P25, Nio.osTio.0102-NPs and Nio.ogTio.0102-NTs catalysts (b)

F1OBEALERER. ABAS5HLE W4 B E 6a. Wi El 6afix, 5k H 40k E

Table 1  Specific surface area, pore volume and pore size of i) Raman & 3% 25 755 & Bk B MH 45 8, H #F 143 cm?

various catalysts 4 1196 cmt kb K 4E 6 T E B F Eg % RR 2K A

Sample BE;'Jrsfpaiific Pore v3ollflme/ Pore size/ O-Ti-/O 50 %EEFE 5 3 4 =, #3196 cm! 5F-D 515 cm-! LI*

acaimz.gt 9 nm 1 % AIE 0 43 5 6F B B1g Hk ) A1 O-Ti-O ¥ 4 #x 25

TiO2-4h-500 40.02 0.203 16.33 Mk s, Alg. Blg A O-Ti-O K AE X #x & i 4k 50y ,

hee 3726 0201 330 i 630 cmt &b i1 ¥ E W 41 9 B T Eg ¥R 5 HE
oo M3 vm =R o maukEs

7%Cu-NioosTios10-NTs  216.54 0.569 18.84 Fel 60 Jy 79Cu-NioosTiosr Oz 43 K RURL AN ftE
7%Cu-NioosTios10-NPs 8601 0.267 11.53 W) Raman M, B EIRTAT, S8 1) Tioz 44
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Fig 6 Raman of xCu@Nioo9Tio9102-NTs (&) and 7%Cu-Nio.osTioe102-
NTswith 7%Cu-NioosTios1O2-NPs (b)

KIURL (AL TR N BLERAT A, X — S5 SRt 5 XRD fiT i )6
PR, HAE 448 A1 608 et Ab i AL 0 ) 43 )
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IR F 4 4040 K B T8 7 P B A 15 5 B A T 22
S B AL
2.4 7%Cu-NioosTioe1O2 #K B L FIAY XPS iRk

ik — 2 1 E A ) 2R TH TG R I A R AL S
A, PR AL UG T B 551 ) 7%Cu-Niooo Tio.0102-NTs {8 4L,
FEAT T XPS MK, ML R w7 Fros s

K 7a N 7%Cu-NioosTio9102-NTs Fl NigooTioaOo 1
R XPS A3, AR AAAE Tiv Niv O, Cu
JCER, WM T Cu B A B E AR TR . ] 7b KW
R Ti g P Tit S b ST A E, 5 XPS #dls B4t
TiO2 o HL FUEFRUE LS & REAH UL, 2 MR AL FITE XS PG 25
e AR S m A SR TT WS . Bk NiZE FIEA
TiO2 A& R iy, B TAMZRPHEER, 245
W Ti 2p i 2 & B 2> e 1 L 4l TiO B i 4 & e
R0, G RRME B  Z A R R R T B
JE SIS, WA 2 TR] PRV AH ELAE R SE o8 o R ] 7e mT 4,
ZMEAL I NI 2p XPSOti 1 Jefll & v 854.7 #1872.2 eV
2AEEE R 2, =& VHIE T Ni 2ps2 Ml
Ni 2py2, 2 > TR IE{E XV T 860.2 #1 878.4 eV . 7E 854.7
A1 872.2 eV AAFAEI]—XF 45 & REXT BT+ Nis*, T 7E 856.1
I 873.4 eV AAELER) I — R &G e AR T Nizt, IXiE
SET NI Nis*HIA7AE

O1s a Ti 2p

NigogTipe10o-NTs

Intensity/a.u.
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7 7%Cu-Nio.09Ti00102-NTs Al Nio.ooTio0102-NTs XPS 4 ; Ti 2p. Ni 2p. Cu2p. L} O1s &5 #itk
Fig.7 XPS full spectra of 7%Cu-Nio.09Tio.9102-NTs and Nio.oaTio.0102-NTs catalysts (a); high resolution spectra of Ti 2p (b), Ni 2p (c),

Cu 2p (d) and O1s (e)
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B 7d SR T 45 A ey 934.4 il 952.2 eV [ 2
T3 5 H 8 T Cu 2pa A1 Cu 2pu2, %45 G REXT N N
Cu HJ5i, 54MICEI BT 7R 940~944 eV Y [ A Hi L
TR TREE, f£Cu2pt, Hf Cu*&ERTA
W, A2 e A 751 2 T A7 8 1 4 S T DL B AR . A7 AR
bh, IBAELERCE Cu?t, 18 7e th i T 533.6148, 531.9 eV
14058 v 45 5 e T A A A R A0 S TR B R AR B 58 A
S, 1 OB O BR A A A B FR HE ) B [, i 25
AR 529.9 eV WEENIN AR 5 & B E T4 &
AR AT i A S
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Catalytic Denitration Performance and Mechanism of Copper-Loaded NioosTio0102
Nanotube

Huang Yimeng?', Ma Xiaochun'?, Zhang Haizhou?, Zhang Haitao?®, Ren Xinyuan?!, Wang Huining*, Huang Taizhong?
(1. School of Chemistry and Chemical Engineering, University of Jinan, Jinan 250022, China)
(2. Shandong Provincial Hospital Affiliated to Shandong First Medical University, Jinan 250021, China)

Abstract: With the increasing pollution of nitrogen oxides, the development of denitration catalysts has become a key factor for the
treatment. In this research, copper-loaded Nio.osTio.0202 nanotube denitration catalysts were prepared by hydrothermal and calcination
two-step methods. The structure and catalytic denitration performance were studied. The nanotube structure of the catalysts was determined
by N adsorption-desorption, X-ray diffraction, scanning electron microscopy, transmission electron microscopy and other methodologies.
Results show that NioosTioe1O2 nanotubes have anatase structures, and copper atomic clusters are distributed on the surface of the
nanotubes. Nitrogen adsorption and desorption tests show that the specific surface area of Nio.osTioe102 before and after loading copper is
263.51 and 216.54 m?-g1, respectively. The copper on the surface of the nanotubes is uniformly dispersed. The denitration efficiency of
Nio.0oTi0.02102 nhanotube with 7wt% copper nearly reaches 100%, which is higher than that of the nanotube catalyst without copper, and it
has good anti-poisoning performance. The results of in-situ diffuse reflection infrared spectroscopy tests show that the NH3z-SCR process of
copper-loaded Nio.ooTio.0202 follows the L-H mechanism. In this research, the denitration performance of copper-loaded NioogTio.9102
nanoparticle was also studied as a comparison. The catalyst of NioogTioe1O2 nanotube loaded with 7wt% copper shows the best
denitrification and anti-poisoning properties, presenting good application prospects.

Key words: nickel-doped titanium dioxide; denitration catalyst; metal load; anmonia selective catalytic reduction
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