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R, FRATEE 9888 ( 40 NaOH, KOH) | H,0,
SRR, AE— B IR T AL CNTs, LA 75 % 1)
R-H, 0 Rkl % Ru/CNTs AL, IF 5 H T2
SR EA OB ST, HE ST T ARy X £ BE
YIKAESER S B3 Ru A 7R 00 ik S 3 P 18 52
Wi, A B4 CNTs 2 I A A8 i ) i 84 07 v, fili
Ru ZHRS0RE AT LA 50 oy 7 ok i, AL 7S
PR i A R T IR PR ORI AT — 2D 4 e i
TR AL TERE.

1 RIEHERSY

1.1 L=k Fadr A

NaOH (7.5 mol/L) . KOH (7.5 mol/L) . # HNO,
(68%) . H,0,, ZBER K (>95%, Wit 3~
5 nm, A FE. 8~15 nm, Sigma—aldrich)&z‘%%%ﬂ(.
1.2 i FH %
1.2.1 CNTs il 4b 3 @O AL FR, 4> BB E 7.5
mol/L NaOH ¥ KOH ¥, HX 20 mL B 1 ¢
CNTs # T 50 mL /K#AS 2, 7 65 CAH i T4
FEhTSCE 8 h, FRZRRAD, Mk, BTk ez D
P, BURNIEYOHET. @ WEEKAEBE. 4 1 ¢ CNTs
520 mL H,0,fFHR A5, BT 50 mL /KRS 2
Hr, 7E 65 CHE R TAE h R S R 6 d, B3,
g, B TR E T, BCR IR LT
@ MERALFE. K 1 g CNTs 5 139 mL ¥ HNO,
(68%) TR, 76 130 °C R EERI G 2 h,
FABH ., ik, EBE TR E S, BUFIEDE
FEHET
122 AR Hl 4 S ARE 0.15 g SRR T
AEFEITVER CNTs, HIA 75 mL 258 /K Hl 1.7 mL
RuCL#K (5.0 g/L), fFE, BA | 80 C/KIZET
JAE T 50 CHAEHET, FEZ4 20% H, F1 80% N, ik
HERIE N b, BEIRFE RIS 128 Ru &80
RifEAL ). 43 51 kR 2% 4 Ru/HNO,-CNTs, Ru/H,0,-
CNTs, Ru/KOH-CNTs, Ru/NaOH-CNTs.

T R, KK CNTs 1 3% H T 3=
RuCL, 2T | i8)545 3] Ru/CNTs.
1.2.3 bR i bERe iy AEMEAR ROV,
PHAL N 07, ORISR 0.595 ~0.355 mm [6] 4 UkE
(50 mg). 7 300 °C Fifi 20% H, 1 80% N,iR &
i, B FLAE LR . AT AL RN B, [ A RS
AL 7 R 258 A 100% NH, (6000 mL -« geat™ -
h™ ,GHSV). 7E 300~500 °C [ W L X [a] , A6 4

AT 1Y o PERE. U NH, R, nl ik —2D
H MR AEAS R 28 3l X R TE . N, H,
FNH, S 17 #8346z 0 2% 09 <A 935 ( FULL
9790) FEATAZIN. PTG 110 °C, FERTAYR
JE 4 80 °C. MRHRE M ik E(E, TR A TR,
PAPEAS A AR A AL R
1.2.4 AR RIE DT TEM WAL HIE ST
T (HAHT 21000f, HAS). X FFEM AT
HF (XRD) M0 {8 ] Rigaku Ultima TV X 8§ 26477 5%
(Bruker, Germany). &5 FHigif )& (H,-TPR) F T
F 8225t RuCl, J5 CNTs 7E0 )i <500 8% H,/Ar,
THEH K 10 C/min T HYIE 5T . AR N
Ab 27 Y ( ChemStar, Quantachrome) .
SRHFE P TH it BT (TPD) U5 3%, il i 5 4
CNTs fEMEPE AT, Wbk CO. CO, 47 ML
AR AL T 45 B B CNTs Y 38 10 1b 27 5 AT Fp 2k |
I3 S AE L. DALY ( ChemStar, Quanta-
chrome) 16 & Ji i1 ( gas analysis system, OMNI®*™)
HEATIN. FEA A S F, ESeE A Ar XIS
f{) CNTs #EA 7T (200 °C, 30 min) , K5 i T %
100 °C, LA 10 C/min #E 47 THR 2 900 C. LA
m/z=28, 44 S35k CO, CO,MMLRTE E.

2 RS
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Fig.1 The activities of the catalysts with the CNTs treated
by the different methods in ammonia decomposition
(a) Ru/HNO,;-CNTs; (b)Ru/H,0,-CNTs;

(¢) Ru/KOH-CNTs; (d) Ru/NaOH-CNTs; (e)Ru/CNTs
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AEFR T CNTs T 48 Ru A Ak 55 9 4 AL ASCR 241715
T B ERE. GG RIRAL LAY CNTs 12k Ru 1L
FIM 425 CHAG, 4RGP T Ru/CNTs, B
S i B B i 2 T L e i A XL
SAUKAL BRI CNTs 128 Ru AL 0] IO RR i — 25 42
5. Ru/NaOH-CNTs £E 500 °C B %f & 19 43 fift 2k
73.62% , Ru/KOH-CNTs £ 500 °C s} X 2 (1) 70 fiff %
H 67.73% , Ru/HNO,-CNTs 7 500 °C i %2 1 73 fit
KN 54.77%.

oM i 2 2 8 A Y - B U N G~ R !
PRI T A4S GHSV 254, S50 25 SR 3R W bl 45 25 1
RO R, SIS AL RIS L IR AR, K28 A A T
E AR, R/ 1 T — SR S S A
FITEARTR T 40T A2 7%t 3. B R W 17 408 Ru
PTG PRI R F 2078 Ni AR 7). AN [R] 2044
) (R A o B A A0 4 ik ) A [l el 75 A A5 B
7 AN AL B A AL PE RE. X BBk 499 K 45 97 380 Rufi

e, FeATH & AL FIAE R Ru gk & | SRR
FE (500 °C) FIzs gl Tk 3] T8 2% R,

e
N

Conversion of NH,

=
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Fig.2 The activities of the catalysts in ammonia decomposition
under the different GHSV at 500 °C
(a)Ru/H,0,-CNTs; (b)Ru/KOH-CNTs
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Table 1 The comparison of NH; decomposition performances over some typical catalysts

Catalysts Temperature/ °C Ru/% ( Weight percentage ) GHSV/(mL - g} -+ h™")  Conversion/% Reference
Ru/CNTs 450 5 30000 43.7 [21]
Ru/CNTs 550 5 30000 100 [21]
Ru@ Si0, 550 87 30000 78.8 [22]

Ni/Si0, 550 - 30000 34.6 [23]

K-Ru/MgO 500 4.6 30000 72.5 [24]
Ru/NaOH-CNTs 500 2.6 6000 73.6 This work
Ru/KOH-CNTs 500 2.6 6000 67.7 This work
Ru/H,0,-CNTs 500 2.6 6000 66.9 This work

2.2 EHHEFRHEEG(TEM)

& 3 AARLALFE CNTs . figFRALHL CNTs . XU
JKALEE CNTs | 612% Ru 42 )8 J NaOH 4bFE CNTs I
TE Ru 4@ AEAL ) 133 59 i A& ( TEM). ML
K3 R IEH, R CNTs 40K 1% 1 28
LRAR, Sl MRRALFRS Y CNT RSF RARKE, Ik
AHOT. B 3(c) M Ru/H,0,-CNTs f#4L 5 TEM
K. R 1 Ru OKREBURCRARIR N, SRR
2.06 nm, BEAHWEE 41 CNTs & A BB L. Ru/
NaOH-CNTs 5 Ru/KOH-CNTs /L7 I Ru 44K i
KRR A Y, % Ru/H, 0,-CNTs # i K, 244z
03 WIKHME Sy 2.67 F12.61 nm. 1% 2 B XU 4E 7K Ab B
CNTs Pl B 25 &) fift e 40 K 457 2% T 67 80K A2 B /N Y

G0N A S B () 5 R U N, R
IR ACIIR S Ru 42 @ i B0RL RT3 A G, Ru

SR A 18 ML 2 R AL T B BT AL 5 S AH 2K
Ru JEFRTH R (B BS 7). ARFEX —F, R
2 nm Y Ru 99K Bkl B A BS 2, Wi nlGEH
A H i 1A A ARG PEPY . Ru/H,0,-CNTs |
Ru 40K Jok o A fe M 345 4), SERIAE A 2.06 nm.
B4 B I 75 31 £ Ru/NaOH-CNTs 5 Ru/KOH-CNTs
LB  Ru 94K BOREE K, 1% 45 Ru/H, 0,-
CNTs AHY, H 2T 5. X ] G854 BT O, k4
J& | B4 A O HT A A0 i AR R B A R B
M, EALER ARG RS E T, WO
b2 Ru, TN DR A0 i 225 W B> 0 i A
FRFE R SR FHEA K R MR SRat: i 2k, W
PR AN 2R ZUM i 2, FEAS T /528 N, . H,iE
BB, FeA TSR T ONTs M Ak 0 i g, iF 2
FF AR L R AR, BlAb P CNTs 763255 CNTs
SYECA RN, A E B B VR .
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Kl 3 Ak TEM ]
Fig.3 TEM images of catalysts

(a) CNTs; (b) HNO,-CNTs; (¢) Ru/H,0,-CNTs; (d) Ru/NaOH-CNTs; (e) Ru/KOH-CNTs

2.3 X BfZ&4781 ( XRD)
Pl 4 Sk i b P B 40 oK A8 | filk 99 K4S 17 2K Ru

002)
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o VOO
a TV
: — Ru/H,0,-CNTs
1 : 1 1 1 |

10 20 30 40 50 60 70
20/(° )

Kl 4 AL XRD 114
Fig.4 XRD patterns of catalysts

YRR XRD 1% &L 47T 20 =26° F1 44° [y i i
O30 R B 4 K AE A AR AL C (002) 2 C (100) /b T
AT 06> . SR AL B B CNTs Y A1 S8 1 7 I
. DRAR AN XA K AL BE Y CNTs F 47 8810 75 B A A1
el rh AT O 5% BT Al A7 DG T 20 3t sl Ak & 4 O A 5
6. 53X FHH Ru 7€ CNTs b 2% 0 U s, 47 5o

RSk /Nl i A 2%, A IR BB K XRD Aif
S RSTER . Ru 49K ORI LLE CNTs | 543
W, FEEFN CNTs B 2 E R,

2.4 BFFHIRIEIRE (H,-TPR)

Bl 5 RiRist RuCly J5 i A A 5 A9 H,-TPR
FIRE. DL RuCl, R B AiOK A4, 38 % 78 SRR E T
(<250 °C) BV AT 70 40 9 38 SR 57 B 2. B
(e) NARLATATALBRAY CNTs 3215 RuClLFRd,, H
TPR 3% 175 80 °C Ab R XS N & RuCly #3k i
Ru B AIHFENE. S5HES (e) AHLL, FEAL (am
d) b RuCly i e 34 1) il 7 o) . HNO, | 3R 5
F1 H,0,4bFF CNTs 171 2% RuCl, B0 IR AR A,
X RIIRF AL EE CNTs J7i558 1L T CNTs 5 Ru 2
] A B . G SR T 75 2 I FE S K, HNO,
TiAb# ) CNTs JHFER E A/ 2, B T IRIR B
RuCl, i JFAL | 78 250 F1 500 °C i JF I M r ik A
PR IHFELE. X A GBS HNO, AL HE CNTs 5| A
T RERIBREREA 1. 3 e 8 UL
FE T REMEAR. RN, HemeRiErma<
IR AR CNTs Y RuCl,, SIS B A
SR B . 5 Bl KOH Ab B CNTs H H, 0, 4b BE CNTs



%5

IMRIIUEE ;. ARBETT IR 2 BERRAN K AT 4540 S 03K Ru A 300 S50 itk S 1 3 4 A 53 ) 457

o —
'z i147°C
£|® :
E N
109 °C
(c) :
‘111
(@ '
80 °C
(e) /:
| | | | |
100 200 300 400 500

Temperature / °C

Kl 5 ALY TPR 1A
Fig.5 The TPR spectra of catalysts
(a) Ru/HNO,-CNTs; (b) Ru/KOH-CNTs;
(¢) Ru/NaOH-CNTs; (d) Ru/H,0,-CNTs; (e) Ru/CNTs
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JITAS B 4 Ak 7R 76 18 S B BT AR ) SR D
2.5 BB F AR -RIE S (TPD-MS)

TEME TSGR PRSI CNTs 26 A R /Y &
AL CINERIET | 1R . PIBRFIIREL ) FEAS R TR 43
fift A CO A CO,. PR LR 3 T I R B 5 3% ( TPD-
MS) ik 5T CNTs R fifb 3L F S
KRR S TR K6 U iC s 1)
TPD-MS 3% &, Hi 45 7 A [A] b 3 75 i b 3 s
CNTs ) CO, CO, M.

PR AT AL, RALBEAY CNTs L REE | BRI |
PIEE ., B BRI IEA T S D, SR H,0, FilAh
P CNTs, HIREL . NERFEY | B, SILECE AR
AEFRRY CNTs A 17— I 4T+ SR 3R 5% NaOH Fl
KOH TiAbFE Y CNTs fEfL ], tubBH 58275 T CNTs
TR I FREF . BRAEY . R, PRIEE A8 A8
i, HANIBHBE T ARAHER CNTs A /D T .

K H 67% BB AL FL ) CNT HEALF], R 3
(FR) WF. BE. PIBR. M. BRI A5 i Eio AR IR
e, TR TSR AR E ) CO K CO, M FfH . X 5
TPR AL HL/S CNTs FTIE A 50 B & ST FE I

2.0x10°1- (B) CO desorption " PR
Anhydride Phenol Carboxyl)
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I —©
| —@
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Fig.6 TPD-MS profiles for the catalysts with the CNTs treated by different methods
(a) HNO,;-CNTs; (b) H,0,-CNTs; (c¢) KOH-CNTs; (d) NaOH-CNTs; (e) CNTs

XN, 254 CNTs b6z Ru A A6 7] A6 1L 850UR ok
A, RLEREAIECR AR S, e B AR
FHE5 Ru MM, B9 Ru 520K CNTs Z (819 4H
HAER, DT i T A 2050 Al S T k. SR TR
ARFRIY) CNTs 1538 Ru A5 09 4 10 36 PR I %A
PR T = 5 1 B RE SE P T — 4 . A U
JKALFRIY CNTs 138 Ru ML A9 16 PR & T
FRALPRAY CNTs b iz Ru AL, X ebst L3R 0 i
PR AL BRARME A8 T CNTs BRI AR AIF 25 F 0 35 1 o

B e UK 3X AR R 4 BT 2 54T F) T
IR i AT

3 &iE

AT BUAS ) 1 T Ak B 3k B 2%k Wb 2 R i) 1
AL A 2 o AL PERE. NaOH . KOH | H,0,4b 3
J& CNTs 2R 201 Ru #1678 7s ) AL Gk iR
A3 CNTs 2k Ru B & A6 TG 1, Hoamic & T
ARAbH CNTs 2k Ru A6 M. S50 BT il
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AR , M i Tom ol SOBUEE K, FLAS R PR s 4L
b R HE. SRE LIRS IR 2 4 | (T, S Ak 3 ) [m]
W, 3 Ay il e A oy A AL 7 —Ru/CNTs #2424 T
T | REARTS Ye i T k. AR A B AT
Ah | A2ER B FRAE A L g i — DB R R AL
B CNTs BIAT KRR, BREF, Be. MR, M.
R IR BEAE B RE AT, % CNTs 7S i 25 44 P 5 5% i 4
K. MBS/ AUE K AL H CNTs, 76 H B 1 2 iy
EREM], 2% T CNTs BIBKYE, SEBT Ru 49K
RLLEIL b0 1 BE 3, Tl 4% 0 e Ak 3R B2 AR 1Y
&R - AR SR, AERARIREE TR (<500 C) R
L R 2 Rk e
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Effects of Treatment Methods on Structure of Multi-walled
Carbon Nanotubes and Activity of Supported Ru Catalyst
for Ammonia Decomposition

SUN Chang-hang', CHEN Xin', LI Xin', KUANG Bo', DENG Li-dan*, MA Hong-qing’,
REN Ting-yan*” , JIANG Xing-mao”"
(1. School of Chemical and Environmental Engineering, Wuhan Institute of Technology, Wuhan 430205 ;
2. School of Chemical Engineering & Pharmacy, Wuhan Institute of Technology, Wuhan 430205 ;
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Abstract: H,0,, strong base (NaOH, KOH) and nitric acid HNO; were respectively used to treat CNTs. With the
modified CNTs as the support, Ru/CNTs catalysts were prepared by impregnating the support with the aqueous so-
lution of RuCl, and reducing by H, at high temperature, then the prepared catalysts were applied in the decomposi-
tion of ammounia. The dispersion and reduction properties of Ru on CNTs, as well as the chemical groups on CNTs
surface were studied by XRD, TPR and TPD-MS characterization techniques. The structure-activity relationship be-
tween the structure and performance of the catalyst were explored. The results showed that the treatment of CNTs
with strong alkali and hydrogen peroxide introduced a suitable number of functional groups such as carboxyl, an-
hydride and phenol on the surface, while the traditional nitric acid treatment introduced a large number of function-
al groups such as carboxyl, anhydride, ester, lactone, phenol, quinone and carbonyl, which greatly affected the
intrinsic structure and properties of CNTs. The catalytic activities of Ru supported on CNTs treated with strong alkali
and hydrogen peroxide are better than that of Ru supported on CNTs treated with nitric acid. This study provides a
new idea for the new treatment method of CNTs, the analysis method of surface chemical functional groups on CNTs
and the improvement of the catalytic activity of Ru/CNTs for ammonia decomposition.

Key words: CNTs; ammonia decomposition; surface functional groups



