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Effect of CeO, morphology on Ru/CeQO, for liquid phase catalytic
reduction of N-nitrosodimethylamine

XIN Jinkai SUN Yuhan YU Le ZHENG Shourong XU Zhaoyi ™
(State Key Laboratory of Pollution Control and Resource Reuse Research, College of the Environment, Nanjing University,
Nanjing, 210023, China)

Abstract Ru/CeO, catalysts were prepared by precipitation deposition method using three ceria
oxides with different morphologies (cubic-CeO,, rod-CeO, and octahedral-CeO,) as supports, and
the catalytic hydrogenation reduction of N-dimethylnitrosamine (NDMA) was studied in water. The
results show that the removal efficiency of NDMA on the three catalysts follows Ru/c-CeO, > Ru/o-
CeO, > Ru/r-Ce0,. The characterization results of XPS and Raman show that Ru/c-CeO, has higher
Ru™ and appropriate oxygen vacancy content, which has stronger metal support interaction and
higher reduction activity than other catalysts. The NDMA liquid phase catalytic reduction reaction
conforms to the Langmuir-Hinshelwood model, and the conversion of adsorbed NDMA on the
catalytic surface is the rate-determining step. The liquid phase catalytic reduction of
N-nitrosodimethylamine on Ru/CeO, shows an inverted volcanic change with the increase of pH. The
catalyst still has good catalytic activity after five cycles.
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IV i 2 ol FH SR AR A2 X 5 A A ML R K R AT TR 2 DA B 2 L AR SRR SRR 7 o R v A Y
A ER =Y, X KRG R GE TANE R Z mAN 2 Horp N LA i (NDMA) &R £
B UK 7K 2 G0 R Hh o 22 00 S e, RH AR FH /K 8 43 B T BRI R B B 9 NDMA jip A4 ] 3k H 3R Tl
KA A DL & B ALK R (B 2E ML | 24 5 RS A9 B i (PPCPs ) LK e 36 /K Ak B 2R
AW, AR JE N () NDMA HERCBRIE A 10 ng- L, A3 T A HAR KN 3 ng L0, 281 TH 5] NDMA i
1A LU % [T NDMA. HECR 12

BRI RN ) (N-DBPs) ELAT i HE3H 72 Rl 7~ ) (C-DBPs ) T fmy 1358 1% # P F 40 Mg #k, T A=
WIRETEIL RS M4 RS ES L KT HAEE, NDMA W A8 C k) 2 0155, BT, NDMA
A2 99 ks T2 A T M W B L B 0 | B (MIF) AR 38 15 (RO) ik, I R AR 450 10, fitfk
U U AR e — b 7 B kL AT 4R A 5 B A BRI B B S MR 07 VR, R R T R R AR
T, SRS N E R, 15 55 KRR A AR TSN, (A5 T5 Y A nk pei E T 2d
T 2 T AR 219 LA e 2 2 0 A 0 AR 70— ik Bk R b ), b 4 s
Pt. Pd, Ru %%, # A4 ALO;. SiO,. SBA-15 %5, BLE I AT NO* 1 Cr( VD) U 2 m i T HLE B 1Y
W, G IR, DUTR UL EY AU I pe S5 25

AR (0 P R S ke o 17 2 TR 4 A A 0 A L T P 0 S B DR 2R A e B o v 0 4 1 e IR
A, 825 RN LLSCEIUE 20 80 1 28420, S — R A 1 Ak, CeO, FEMALTIH L
b 2R A4 S AE 43 T SR A R AR ) 4 A AL TR0 A 35 0 S 1) R T S R A P AT G B U, 7 22 A AR A B 40
A E] T2 R . ST S A CeO, 43 3 S i A Ak 790 A R e, G0 2 1w R e 1, SR as B L BE, LI
590 38 5% 4 T 22 18] 4 RH B RO 20, A X CeO, T 285 - 2 i i P G R I E € 2 B T 1R K e,
E R BIFSE B AL S0 B S SRk SR 2223, 1T CeO, T 25X NDMA A4 5 HH I S0 Ji 52 7 25 At 52 19
FFE I A UL H2 38

AR 3G 1o A AR K PR A B T A9OK AR (NR) L 92K S7 )7 (NC) L 4K\ TR (NO) [ CeO, A4, R
FHUTYE DR il £ T AR TRIE S 2 AR £ 251 Ru SEAE AL, B L0 FHF 7K o NDMA 19 W8R8 £ i &8
JE, HRIT T AN R S0 28R AE AR ] 2 I 2% A e A A 790 76 P 1 5 i LA B e AR e PR i 72 Ak 23 i
FHREA R G R - SR AR B A B AR, WS A AR A5 R TS A S T R DG R, X T A 2
Bk rpis Ye ) HoAT T2 L

1 MRS 7 (Materials and methods)

1.1 35

KA E IR (A3 HTal) T KA BERR N (4 B2l SR F 8 25 1k 2= R0 A FRA ], AU AR oR
T G AR 2 5], N-TE Al 4 F ey T USA Sigma-Aldrich 23 &, Jo7k =446 4T (RuCls, >98.0% ) It
T Aladdin 24 F]. Z0(99.99%) FIE(99.99% ) K F B 5t R ESR A F.

1.2 e &

AT A g K 7 JT 1R (e-CeO,) 4K /T (0-CeO,) LA Kz 41 K4 (1-Ce0,) 25 3 Fh IS CeO, 4%
FHAKBE A L

Y KA CeO,(1-Ce0,) : ¥ 1.736 g Ce(NO) ;-6H,0 ¥ T 30 mL /K v, 520 $E 5 A 70 mL 415
19.2 g NaOH ¥, 4k £ 0.5 h J5EI A N &, 78 100 °C & BE T KN 24 h. by 48 R 2 S5,
A AR E R T EE T 60 °C BUAR IR T4, BUR S T 53057 H 500 °C K558 3 h, & 45244
KHE CeO,(r-CeO,).

YK ST IR Ce0,(c-Ce0,): #f 1 g Ce(NO)5-6H,0 T 30 mL 7K, FE/M i FE /G A 10 mL %4 8 ¢
NaOH AE R, AR EE8FE 10 min 5B 229, 78 200 °C IR T SOV 24 h, 28 FRE Bk, T8
i Tl rh 350 °C K558 4 h, He A5 B K ST TR Ce0,(c-Ce0,).

4K )\ A CeO,(0-Ce0,) : ¥ 0.858 g Ce(NO)5-6H,0 ¥ T 10 mL /K /7, ZERERIRAS T MA 70 mL
& 0.0076 g NasPO,- 12H,0 AUVAE T, 4k 2t +E 0.5 h 58I A 50 mL 2 28 v, 76 170 °C IR T
10 h, PR, TR D IR0 500 C Kb 3 h, 245 B9k /I f& CeO,(0-CeO,).
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K FUTTE DUBRA il 25 17 48080 Ru JEAEAL ], ELREI & 07k R 85, I— & | s s im A& F
AW LB ok, maniE 0.5 h 5, [ H A 218 % i NaOH W, 15 % i pH E K T 8,
FR N UREENEFE 3—4 h LTS SOV TTTE, Sl AL BT AR A OT 2 B TS T E b, A R TTTE
YrE TR 0T, LTS B9k R S eh 300 °C 4552 4 h, FE R IS 7E 200 °C 54T Hy i85
2 h(Jii# 20 mL-min™") , 52445 2 i #4674, 5351124 Ru/e-CeO,. Ru/o-CeO,. Ru/r-CeO,, Ru Hig it
#Hom AN 1.0%.

1.3 fEALFRIERAE

it FH 325 564 L I fUBE (TEML, JEM-200CX0) WA Ak 7910 119 T 300 B HC 3% 1T 1 4 ) J9UkE 43 A 5 1R X 5
LAY (XRD, D/max-RA ) X A 47 i AH 23 B 5 £ 1] X 5 4Ot B 7 B3 X (XPS, ESCALAB250)
ML T Ru, Ce A9 IL2ATE 25 (1 IOL T2 %X (Raman, Lab RAM Aramis ) il A~ [F] 844
Ru FE AP0 751 2 17 4845 07 5 (o FH D57 21 AR B 2T 71638 (in-situ CO-IR, Nexus 870) X AL 7 L 1 Ru 5% 4>
Ja& L AE P T A T
1.4 AR SR

HRCIRAS T 5 1 s AR Y 200 mL 25 B oK A ZS 50 250 mL (09 P8 BB T, 575 2
T 5 pH, 75 5 0 FF 18 B S A Hy (3 3 & 100 mL-min ™) % 8 16 F1) 3 17 7 3% 1k &L B8, 30 min J5 LA
100 mL-min™" JE3E 8 A Ny LUHERR 7 W 7 i 09 5% a2 =R, BRI A — 2 12 1) NDMA i #5 \ E17 7855
P, — B R A AR U 2 1, FEIF AR TR BORERS FE S ImL VRS 2R I 280 0.22 pum B8RS
U AR I R R 00 e ] v A0 AH 2,33 (1200 Series, 5 [E Agilent 23 1] ), £E4MG I 28+ 4 238 nm, 4,
T 4E A5k Zorbax Eclipse XDB-C18(4.6 mmx250 mm, 5 um, Z5E(E ), Fi A0 N B B2k =20:80( V/Y),
JE 1.0 mL-min”!, £ 25 °C, P HFE] 3.5 min.

B B M Crg ) REHEARTRNIE VAT PR, s 8 L BRFART 20% 119 B 7 B B, RS IS ] P B
7 B AL A7 () NDMA ¥ J32, 8057 4 mmol-L ' g ™ h', RS WIs M2 76 I 64T 6 min B $R75.

2 5B 59718 (Results and discussion)

2.1 fEEFRIERAE

AR TR A XS 2 AT S B AN B 1 BT, 3 FRORE S FE 260=28.5°, 33.1°, 47.4°, 56.3°, 59.1°, 69.4°,
76.7°4b 445 FEAE U6, 43 51 X6 T CeO, BLAIZERY A (111), (200), (220) . (311), (222). (400) . (331)
A T 22, R BT AT CeO, 2R AR N 37 J7 % A1 T 4548 . XRD 3% & %47 5 Ru Wy R A S 0, vl g il 7
Ru A9 1 38 2 Ik Ru PPk A CeO, dbA% BT /NIHIRTE S CeO, FRAF AT 5T 04 58 H 9 %%, ] Rw/
0-CeO, M1 iy KL 285 fiy P4 47, 3T i 1 IR T 38 v 1 7K BRIl 38 01 A% T RSO RO 7 26 1, DT T ol 1
CeO, HATHE R 45 i B KA iy R 290,

(111)

(200) @20) (311) Ru/o-CeO,

227y (400) (331)
G2 AA

Al

“ A A A Ru/r-CeO,
A l n n Ru/c-CeO,

20 30 20 50 50 70 80 9
200(°)
Bl 1 Ru/c-CeO,. Ru/r-CeO, il Ru/o-CeO, ALK XRD &
Fig.1 The XRD patterns of Ru/c-CeO,, Ru/r-CeO, and Ru/0-CeO,

Intensity/a.u.
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K 2 7R T 3 Ff Ru/CeO, AL 35 5 H 1 i fUBE S, 49 S UE 52 T 4 K 37 77 A 49 K B A\ i 4
3 B SRR 1 TE . Ru/c-CeO, G0 KR 3415, Hiih K B R 24 30—40 nm Z [7]; Ru/r-CeO, 412K
BT EA DA (2 12 nm), KJE A 56 (60—150 nm) ; Ru/o-CeO, 1Y 334085 18 - A /i iR 45 >k

MR = B AE 60—90 nm.

(a)

50 nm

2 (a)Ru/c-Ce0,. (b)Ru/r-CeO, Fl(c)Ru/o-CeO, ) TEM ¥
Fig.2 The TEM images of (a) Ru/c-CeO,, (b)Ru/r-CeO, and (c)Ru/o-CeO,

X BTG H T REREIFSE T AL F] d Ru. Ce A1 O AL IRES, A 1Y XPS REREHR ] 284.6 eV 4k
1 Cls WEFEAT TR IE, AHIC G L2 1.

F 1 TP Ru, Ce Erg i b R a8 7 LUl
Table 1 The content of Ru, Ce in catalysts and Ce**/Ce**, Oy/Or,

gl
HEAL I Ru’/% Ru*'/% Ru®/% Ce*'/% Ce*'/Ce* Oy/O
Catalyst
Ru/c-CeO, 5.35 40.47 54.18 27.4 0.38 0.99
Ru/r-CeO, 13.14 46.84 40.02 27.7 0.38 0.97
Ru/0-CeO, 49.47 22.90 27.63 30.8 0.45 5.52

Ve A AR TR T

’l 3(a) ML RE 5D Ru 3d #LiE 19 XPS B3k, 45 R &, AL F7E 280.1 eV, 281.5 €V, 283.2 eV

BHITA 3 4 Ru 3ds, AOE, a1 43 509 )8 F Ru®, Ru®, Ru®t™). FEf4k 57 Fr LA IE B A Ru #9FP o &, gk 1

75, Ru/o-CeO,. Ru/r-CeO, 5 Ru/c-CeO, 1 Ru®, Ru" & A~ A [7] 15 B 42 J R 245 52 A A4 e Jo 1) S i AR K

eAh, Ru Y& 5 T 4 - Ru/c-CeOy>Ru/r-CeO,>Ru/o0-CeO,, Ru™ EL A #fi A CeO, I f k& U AE 11, vl LA

755 CeO, YK G5 H 1T E A 1R . Ru/c-CeO, R &AL M Ru™', 8 Ru 55 CeO, Z [A] 155 1) 4>
JE& - A AR

b) Ce 3d
(b) Ce uy Wty (©01s SHA g e

4 :

Ru/o-CeO,

Ru/r-CeO,

Intensity/a.u.
Intensity/a.u.

Intensity/a.u.

Ru/r-CeOzg R

2832 2815 2799

Ru/c-CeO, 5293

Ru’ Ru/c-CeO,

Ru‘H
1
1
1
1
V

e S
1 28.3I2 1 281I4 2§01 1 1 1 | 1
284 283 282 281 280 279 920 915910 905900 895 890 885 880 536 534 532 530 528 526

Binding energy/eV Binding energy/eV Binding energy/eV

B3 ik (a)Ru3d, (b)Ce3d Fl(c)Ols XPS &
Fig.3 (a) Ru3d. (b) Ce 3dand (c) Ols XPS spectra of catalysts
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3(b) AL Ce 3d #LIE HY XPS 1% 18], 3 i 2 45 B 05 e w] USRI th pl 1 eI X6 7= A 1)
W3 10 4>, Bl AT u F v FRIRH FZH A BEFLIE 2, 73 BIMER Ce 3ds, 5 Ce 3ds, A BEHIE 4 73 R fE I,
Hrrv(w) 1, v(u)3, v(w)4 M 6 sk H Ce Y TTHk, v(u) 0, v(u)2 FrftFH 4 Pidsk [ Ce 1y
DTk, 413 1 Fr7n, Ru/c-CeO,. Ru/r-CeO, F1 Ru/o-CeO, F£ il H Ce*/Ce* HAE 431 2 0.38., 0.38. 0.45,
Hf Ru/o-CeO, 1 Ce¥/Ce™ i F Hti i, 5 Oy/Op MEE e — 2, B Ce¥ fr i 15 5 25 (i Mk B HLA A ¢
PE. C* I 5L RE 48023 L TR 8, 36 6 G55 B A7 Xof A im0 S 1 H 1 H, 5 52 07 49 14 W AR DG 2291,

3(c) IR Ols 3E 1A, s R A AETE AR, 255 R8N 529.3—529.6 eV IYIERIR A
Op, TRERAAAH A& %, 7E 531.1—531.3 eV bR R T A7 R B, KRR Oy, VA& T8 LYk e
SR A B T2 Oy/Op HE R RA i CeO, K ITURL R Il S8 45 (0 e B (45 b, 83 HL AR 36 1 oSl AL
FI ) Oy/Op LLAE I RE WS F th, CeO, 4 K UKL 2% i A W A (1) % & 5 IR AR/ 1A %, Ru/o-CeO, 1Y
Oy/Oy HAE R F Ru/c-CeO,. Ru/r-CeO,, X — G KB Ru/o-CeO, F& I HH B i 114 £ 27 W o 4200k 132, ml B
JE T Ce? e/ \TH AT A0 U Al r %) L ) 85 o i 7™ A6 B 22 11 S o 26,

WA 4 JB/R T 7E 532 nm BOGEUK T 1) Ru/CeO, M EHRLE 3. BT I FE 5L 7E 460 cm ™! AbER A —
ANRBLIIE, IS T CeO, LA MY Fag B13X, 7E 258, 598, 1172 cm™ b 3 AN5510%, 435 J@ T Bt
P (2TA) B2 B FE 5 5 (D) B0 Z B g ml 2 (2LO) A9, 5 SCHER X e Bk pd A~ 1k
CeO, FH1EI, 75 679 cm™ 5 972 em™ AL RISy CeO, 28 Ru B 5 7728 Y3706, AT VA8 T 4 Jm — 2k i Al
HAEHIE LAY Ru—O—Ce H#EP. D W5 Fy, W AIAR XT38 BE 2 H (D/F,,) T 3678 CeO, 3 I 48,25 o 1 JBE 1Y
KN, 3 B D/F,, AHXT5R B 2 LA Ru/o-Ce0,(0.114) >Ru/r-Ce0,(0.072) >Ru/c-Ce0,(0.055) , 7% H]
Ru/o-CeO, HAT AN 22 YA AL kB3 457 F1 - 6 1Y S8 25 40

460 cm™!

Intensity/a.u.

258 cm™ fi'} 598 cm™!

679 cm™!

072 om-1 1172 cm™!
1

| Ru/c-CeO,
L

Ru/r-CeO,
Ru/0-CeO,

1 1 1 1 1 1
200 400 600 800 1000 1200 1400
Laman shift/cm™!

4 Ru/c-CeO,. Ru/r-CeO, Fl Ru/o-CeO, BYFLE ik
Fig.4 The Raman spectra of Ru/c-CeO,, Ru/r-CeO, and Ru/0-CeO,

R T BRI T ZR T Ru PP () S5 R0 05 B, 5 AL CO MR ZL ARt Xt 3 A Ak 7 2k 47
534, CO J5i A, DRIFT GEAEAG I CO ME B ak 72 rb A 3% P 4 P, 2 TR 5 07 28 70 A A 391 3% T A 5 4 R 4%
FIPERR. NE S Hal DUE 2, Brf AL FIAE 2050 em™ P4 I, B IHJE F CO E4 R4 Ru gkt
I, 1980 cm ™ Ab IR /R 7E Ru-CeO, FHifil 15 Ru =N EEA 19 COPM, M M i4epl 55, R Ru 22
PLar B 8B/ NE) Ru 8565 T2 AETE. Ru/c-CeO, AW IS IGE 2 A 21 88 02 F 4 SN B 285 CO W b 2z [) i A -
AR AE FH 3 5 33 Bl 9 2%, i — 20 U B2 A AR 350 9 Ru 3222 LLGROK A 08 =CUFE 7, 40 SR 384T R/
c-CeO, tHE T Ru/o-CeO, 5 Ru/o-CeO, 7EZ5 1t N, W J5 7E 2122 em ™' B i {54 We e b, vl g )4 )& T
CO 1E CeO, |- 1Y 55 W Fff W B, [F] A%, & H WL %€ Ru/o-CeO, 5 Ru/r-CeO, Y CO W Wi i B 5 55 T Ru/
c-CeO, MMz Ui, 2] Ru/c-CeO, ) CO WL it 5 22, HAT KA Ru 16 PR 5.

2.2 Ru/CeO, % NDMA HYHEAL I E 46 5
22,1 FHAKITEHIXT NDMA Ak i S0d 5 1) 52 0

FIRFEA R TE SRR 77128 Ru B AL 557 ) 28X NDMA Ak JR s I 176 PR Y 520, 198 3840 G v P
254 0.02 mmol-L™", pH=6, £ /il 0.100 g-L™" # Ru/c-CeO,. Ru/o-CeO,. Ru/r-CeO, LT, 76 H IR H 5 4%
PF T AT 0 S AR S5 S
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il !
2050 cm ™ 11980 cm™!
1 ! Ru/o-CeO,
L
| 1
1 I
= 1 I
< 1 [
= | Ru/r-CeO,
z —/|\———r'g
g b
— | |
\ 1
| ! Ru/c-CeO,
1
1 I
2122 cm™ | | l
2300 2200 2100 2000 1900 1800 1700

Wavenumber/cm™!

B 5 Ru/c-CeO,. Ru/r-CeO, Fl Ru/o-CeO, HYJFIfL CO W 21 4P Kl
Fig.5 The in-situ CO-IR spectra of Ru/c-CeO,, Ru/r-CeO, and Ru/0-CeO,
AL 7 % NDMA f4 48 Ak 3148 T 5CR A 8] 6 Fif 7, Ru/c-CeO, XF NDMA 52 31 58 4> &Lk J5t Al DL AE
70 min P58, M Ru/o-CeO, 5 Ru/r-CeO, 75 120 min B {YA 59.9% 1 30.3% () NDMA #% [ 2255, 1t
2E L Ru/c-CeO, LT Ru/o-CeO, Al Ru/r-CeO, X} NDMA H A3 B &5 A4 I &0k R 6 P, ELAA [ i i SR
i Ru/c-CeO,>Ru/0-CeO,>Ru/r-CeO,. A 3 Ff i Ak 751 71 25 i 55— 2, S g 3 4 19 22 5 5 Ak 391 2 A4
SIVENCIEEPS

12
—=— Ru/r-CeO,
—e— Ru/0-CeO,
. 1.0 —a— Ru/c-CeO,
< o8t
8
g
= 06
3
=
8
2 04f
p=
=)
“ 02t
0 1 1 1 A I A
0 20 40 60 80 100 120

t/min
6 = Ru/CeO, %f NDMA At Ak &0 J5 2 iy
Fig.6 Catalytic hydrogenation of NDMA on Ru/CeO, catalysts with different CeO, morphologies

X FAR A I R LI 7, NDMA 32 8858 1o 596 P H*E 4747 800 K 340 JE A, Ru® T Ru 45
SR A A IA S N T L TS AL L e, Ru® I IS AL S A0 A i M 1, Rur TG AT Ge (1 ik
1738 J5 B N . XPS FRAE A 25 R oK, 3 R4k 7 B9 Ru™ % & 4 Ru/c-CeO,>Ru/r-CeO,>Ru/0-CeO,, Ru/
c-CeO, Ay Ru"" i e 55, M 94.65%. iX B Ru il c-CeO, Z [0] A AN & & - EAEH, 5L
() Ru" B IR 5 %7 NDMA i J5 2 W A4k 3 14 B 5t . XPS AL S i R AE 45 SR 7R, Ru/o-CeO, AL FIAH b
T Ru/c-CeO, 5 Ru/r-CeO, 1 4 B H 19 Oy/O L, X 3R] Ru/o-CeO, F1H Y4 25 B £, 1 45 K= ik
B 57 A5 A 5 g 16 P A it 55 W B A7 8, B0 T R FE AR SR T 1 430 IR . X AN R R LRI E S 3 T
3 P AL 7] i NDMA i J50 3 14 3% B8 Ru/c-CeO,>Ru/o-CeO,>Ru/r-CeO, [ FHES. 7] LIFE Y, 4@ -2,
PR B AE FH 58 1Y Ru/c-CeO, 1L iA i NDMA R EE B 2 T8 % L K £ 11 Ru/o-CeO,. 25 I, TEANA]
TES CeO, R A4 1) 11 28 0 1k 70 48 AL i NDMA Sz i o, A 58 4 i - AR B4 FH B f Ak ) o0
FI T NDMA [ Ji J fie.
222 FEALFIBINE X NDMA {4k S8 S5 5% i

SHRSGE NDMA A6 i & s i Hh A J5T BEL 7 568 52 1 396 14 A8 52 i, BEBE07) 46 ¥k B2 294 0.02 mmol- L™,
pH=6, 435I/ 0.050, 0.075, 0.100, 0.125 g-L" 1) Ru/c-CeO, AL, 76 H i H A 4F T 2547 5 .

MEL 7 AT LA ), AR 5 NDMA 4 J5 0 38 5 B TE B, 1500 5 0 384 et 45 5 iz 49 1) 2 ARk
S AR R, SR & AR LS AL R RGP S LR e, 45 S UL NDMA 15 YL W FE AR SE B0 4%
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TR A I S it 52 7 32 3842 5 BEL Iy B9 B2 il 22 W AN . P — 2B 3 g 205 (WL 1) X gk
B 5 NDMA 1Y SR R0 AT 406, 325 4053931 2 0.0099, 00376, 0.0602, 0.1259 min', B
AR Sk 3 981, A 2 3 5 AN TS A

In(co/c) = kat D
Horr, ¢ 2678 NDMA W1 46EH E (mmol-L ™), ¢ #278 NDMA S i (mmol-L), k, 27 520 3 R 5 4L
(min™), ¢ /% SR A] (min)

121 () [ ®

—=—0.050 g-L! 722-3
=10 —e—0.075 g:L™! =
< —4—0.100 g-L”! w24
g/ 08k ——0.125 g-L! l_] 2o
§ o6F 6l
8 z
é 041 S 12k
(]
% =
02 £ 08)
0 1 b 04 1 1 1 1 1 1 1
0 20 40 60 80 100 120 0.04 0.06 0.08 0.10 012 0.14
f/min Catalyst dosage/(g-L ™)
350 (@ k01259 40060
3.0
2.5+ 1
1
ez ZOF 1
Z 1
= 15k
1.0F
#,=0.0099
0.5F
0_
1 1 1 1 1 1 1

1
0 20 40 60 80 100 120
t/min
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Fig.7 (a) Catalytic hydrogenation of NDMA with varied catalyst dosages. (b) The change of initial activity with
catalyst dosages. (¢) First-order adsorption kinetics fitting

223 WERHE FHXT NDMA Ak I Sk 5 i 5 i

Xof T XA R A A SN, PR B A T ) 8 T S I ) ) I R 2 W A 1 5 18 e A B IO T R . i
Ru/c-CeO, MR AN [F) W7 465 ¢ JBE ) NDMA FE47IBORH AR A T S J 2 7. e A4 938 gk 20 SR AR S 1oy 40 1 A
BEE NDMA ) 46 ¥ B2 A2 AL Q0 18] 8 Btz , 90 136 P B 2 17 440 iy e J32 1 8 R T 5 DR 3R 1] Ru/e-Ce O, X
NDMA A 5 03 -5 NDMA #) i B 52 IEAHSE. B8 NDMA #1363 EEAYHS A O 0.01 mmol-L™
# 0.025 mmol-L™"), Ru/c-CeO, HI#] I 4 M 1.014 mmol-L*-g "h™' J} & 2.062 mmol-L g -h!, £ W% %
7 2 % iR 1 ML SR A Langmuir-Hinshelwood #5584 S UL 5 S 560 25 5 (WX 2, 3). X ey 5 1 K
FRIENMA B IR 45 R A& 8(c) Iz, NDMA S HY Ve 5 1/rg BFIZRPEAC R E R 2y 0.982, Ui B 7
T Ru SRR _EAE AN A NDMA 52 0 B4 9% 6, NDMA A £ 7510 2 17 A% 8% B FH 2 S niz
AL ) A PR,

dc kbc,
- _ (2)
=70 T T be
1 1 1
—= + = (3)
ry kbC() k

Horr, ry Fen AL I 0 ) 46 S b7 3 2R (mmol-L'-g-h™'), ¢, #6718 NDMA ¥4 & E (mmol-L ™), k &
TR N R F B (W), b 27 W B i i 2 (L-mmol ™).



11 R BLA: CeO, JEAXT Ru/CeO, WU AL i N-— Y HE IV A iz 114 52 il
_ 0.030(y)
T ——0.010 mmol-L!
5 0025 —+—0.015 mmol-L™!
E ——0.020 mmol-L™!
= 0.020 —— 0.025 mmol-L!
2
£ 0015
5
2
3 0.010
<
2
2 0.005F
0 1 1 1 - 1 o
0 20 40 60 80 100 120
t/min
248 (1) 121 (o)

T:U 201 1.0

E

216t _08F

£ £

s =

212+ 0.6F

S

=

£ 08 0.4}

0.005 0010 0015 0020 0025 0.030 30 40 50 60 70 80 90 100 110
NDMA concentration/(mmol-L. 1) l/ey
B8 (a) AW T NDMA BRI 204 I 5205 (b) BTG 1B NDMA WK BE I AZ 16 (¢) 1/r 5 1/ IR FR
Fig.8 (a) Catalytic hydrogenation of NDMA at different initial concentration, (b) The change of initial activity with NDMA
concentration, (c) Linear plots of 1/r, verse 1/c,
224 VR pH Xt NDMA A0 S04 B 5 i

KRG pH X NDMA A6 &0 W 9 5200, 386070 46k B 29 8 0.02 mmol-L ™', pH=3. 6. 9, &
Ji10.100 gL' Y Ru/c-CeO, fEALF, 76 IR 250 T HEA T A8 R .

NDMA F) Sz % 9 5 725 Ak Bifi sk 16 725 £ i) il 28 UL 181 9. ML 9 |T LA Y, I8 pH 1Y 728 1L %) NDMA 1
INEGE [ I AR | AT R, WIER YA TR pH AR . b S el A0 2 10 SR 0 34 B A5 AE 70 min PN
584, pH=6 1 pH=9 A Lt. T pH=3 B}, ¥ i )2 W R TR, CeO, ZRAAR MY A5 HL S 7E 5—6 Z (0], 7E R
PEFREE N A0 50 3R 8 1E FR AT, Bk PR 2R T 97 LAY, pH=3 B} NDMA F%L) (CH;),N-N-OH'[#)
J AT SAFAEDY, 57 1 o fof (AR 700 — 2 IR, AR R0 TG PR AR, 2 R 0 pH (A 6 #8729,
PR ) 22 THIAT 0 BB 47 T RE 2 S0 25 /4 K NDMA T 754 — B 1% H1, A 000G v Mo e & 1 R
(R W SRR S T8 45 T W, 455 S 3 B IS 90 7 A4 A 790 8 T 1140 B RS S A 38 D o e Sz o 7 5 o A .

121 co
2.4 (b)
~ 10 722_0
9 by
< 'ep
g 08 = 16F
5061 <12
g £
Q >
S P
é 0.4 208
=

% 02 E 04+

0 1 1 ! PO — - 0

0 20 40 60 80 100 120 0 3 6 9 12
{/min pH

B9 (a) AWt pH T NDMA B AL NS SO (b) 03 £ B SO 90 46 pH #7284k
Fig.9 (a) Catalytic hydrogenation of NDMA with varied initial pH, (b) The change of initial activity with
the initial pH of reaction
22,5 LRI E TR
T VPR A B RS T, TR BRSO JS FH 25 B8 1 AKORH i W AT il B Ok, R SR B B A R



3796 7N 54 1k 2 43 %

Ja B, LAT iR pH=6, 0.02 mmol-L™ ) NDMA #] 4% B, 0.100 gL' A4 fk 5 Ru/c-CeO, F 2 b 2 I
A, X} NDMA 7£ Ru/c-CeO, #4177 Z ML ISR iR R, &5 R an & 10 s, it 5 3SR
IGEER, WG TEPER 2 T 55%, B Z IG5 Ru/c-CeO, A HETE 90 min 58 2> F4 it NDMA, % B {1k iF
JERSCRE B, ELAT 350 B SEBR IV FHANEL. Ru/e-CeO, HEALTI 2 A 2 16 Y B R AT BE S Fi T Ru JURIAR & %
2L, B RuO, B AR RIS T ARG P, 0T BB PR A 78 N 25 45 N I i B0 48 41, (A4 B A A0
R R R 25 T IS PR Y Ru A9,

12r (a) m )
—a— cycle 0 .
~ 1.0 T
2 —e— cycle 1 =5l
3 —— cycle 2 oo
.5 0.8 —v— cycle 3 - 12l
E —a— cycle 4 i
s :
S 0.61 E ool
e s
S 04t =
= 5 061
% g
02F £ 03t
=
0 1 1
0 20 40 60 80 100 120 0 1 2 3 4
t/min Cycles

B 10 (a)NDMA [ 5 YAEFR N S AL T S e (o) 16 BRSO I8 I A7) 375 74
Fig.10 (a) Five cycles of catalytic hydrogenation reduction of NDMA and (b) Initial activity corresponding to

the number of cycles

3 458 (Conclusion)

1)3 # Ru FEAEAL 4% Ru & £ /D HEF M Ru/e-CeO,>Ru/r-CeO,>Ru/o-CeO,, 57 5 1K 51 & (b 4ifi
{18 B R AL ) B AT B0 1) 4 T - A A B .

2) X7 T NDMA BYWAR AN ZUA S SO, =R Ru BRAE A 04 AT HEIBUT 4 : Ru/c-CeO,>Ru/o-CeO,>
Ru/r-CeO,. #E— 2L 73 MM, 4 I8 -2 AR A 15 4025 60 09 2 BOVE FH R RS2 ) 1 A B g, Herb 42 ) -
BARAE AR 1

3)NDMA & AH A Ak N &8 Ji S0 45 Langmuir-Hinshelwood 15874, fifi %5 9] 45 f v pH 89 iy, f#
AEFIXT NDMA fii A [ 4R 52 481 il B AR k.

M2t 5 RAGFFI L, X NDMA 5 B KA AR JFRUR .

S % 3Lk (References)

[ 1] SGROI M, ROCCARO P, OELKER G, et al. N-nitrosodimethylamine (NDMA) formation during ozonation of wastewater and water
treatment polymers[J]. Chemosphere, 2016, 144: 1618-1623.

(2] #oge, 0%, skI, 55 B IR 7K b NS Al 56— e 43 A0 7K1 5 48 B U %A (0], 3R 8 5 Ik B2 2%, 2021,
38(11):1231-1236,1243.
CAI H Q, PEI S F, ZHANG Y, et al. Distribution and health risk assessment of N-nitrosodimethylamine in urban drinking water in
ChinalJ]. Journal of Environmental and Occupational Medicine, 2021, 38(11): 1231-1236,1243 (in Chinese).

[ 3] WHO. IARC monographs on the evaluation of carcinogenic risks to humans; proceedings of the Conference of the IARC monographs
on the evaluation of carcinogenic risks to humans, Lyon, FRANCE, F Oct 10-17, 2006 [C]. World Health Organization: GENEVA,
2010.

[ 4] SGROIM, VAGLIASINDI F G A, SNYDER S A, et al. N-Nitrosodimethylamine (NDMA) and its precursors in water and wastewater:
A review on formation and removal [J]. Chemosphere, 2018, 191: 685-703.

[ 5] CHENW H, WANG C Y, HUANG T H. Formation and fates of nitrosamines and their formation potentials from a surface water source
to drinking water treatment plants in Southern[J]. Chemosphere, 2016, 161: 546-554.

[ 6] KIM D, AMY G L, KARANFIL T. Disinfection by-product formation during seawater desalination: A review[J]. Water Research,
2015, 81: 343-355.

[ 7] WEBSTER T S, CONDEE C, HATZINGER P B. Ex situ treatment of N-nitrosodimethylamine (NDMA) in groundwater using a
fluidized bed reactor[J]. Water Research, 2013, 47(2): 811-820.


https://doi.org/10.1016/j.chemosphere.2015.10.023
https://doi.org/10.1016/j.chemosphere.2017.10.089
https://doi.org/10.1016/j.chemosphere.2016.07.027
https://doi.org/10.1016/j.watres.2015.05.040
https://doi.org/10.1016/j.watres.2012.11.011

113 EHHLE: CeO, TN Ru/CeO, AR A AL T N-— FFF 3L 11 i iz 114 2 i 3797

[8]

L9l

[10]

[11]

[12]

[13]

[14]

[15]

L16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

DAI X D,ZOU L D, YAN Z F, et al. Adsorption characteristics of N-nitrosodimethylamine from aqueous solution on surface-modified
activated carbons[J]. Journal of Hazardous Materials, 2009, 168(1): 51-56.

SGROI M, ROCCARO P, OELKER G L, et al. N-nitrosodimethylamine (NDMA) formation at an indirect potable reuse facility [J].
Water Research, 2015, 70: 174-183.

WANG X F, YANG H W, ZHOU B H, et al. Effect of oxidation on amine-based pharmaceutical degradation and
N-Nitrosodimethylamine formation[J]. Water Research, 2015, 87: 403-411.

SZCZUKA A, HUANG N, MacDONALD J A, et al. N-nitrosodimethylamine formation during UV/hydrogen peroxide and UV/chlorine
advanced oxidation process treatment following reverse osmosis for potable reuse[J]. Environmental Science & Technology, 2020,
54(23): 15465-15475.

ALONSO F, BELETSKAYA I P, YUS M. Metal-mediated reductive hydrodehalogenation of organic halides[J]. Chemical Reviews,
2002, 102(11): 4009-4092.

LI M H, HE J, TANG Y Q, et al. Liquid phase catalytic hydrogenation reduction of Cr(VI) using highly stable and active Pd/CNT
catalysts coated by N-doped carbon[J]. Chemosphere, 2019, 217: 742-753.

YUL, LI D, XU Z Y, et al. Polyaniline coated Pt/CNT as highly stable and active catalyst for catalytic hydrogenation reduction of
Cr(VD) [J]. Chemosphere, 2023, 310: 136685.

STRUKUL G, GAVAGNIN R, PINNA F, et al. Use of palladium based catalysts in the hydrogenation of nitrates in drinking water:
From powders to membranes[J]. Catalysis Today, 2000, 55(1/2): 139-149.

ZHOU J, HAN Y X, WANG W J, et al. Reductive removal of chloroacetic acids by catalytic hydrodechlorination over Pd/ZrO,
catalysts[J]. Applied Catalysis B:Environmental, 2013, 134/135: 222-230.

WU K, ZHENG M J, HAN Y X, et al. Liquid phase catalytic hydrodebromination of tetrabromobisphenol A on supported Pd
catalysts[J]. Applied Surface Science, 2016, 376: 113-120.

ZHENG C L, MAO D J, XU Z Y, et al. Strong Ru-CeO, interaction boosts catalytic activity and stability of Ru supported on CeO,
nanocube for soot oxidation[J]. Journal of Catalysis, 2022, 411: 122-134.

RO I, RESASCO J, CHRISTOPHER P. Approaches for understanding and controlling interfacial effects in oxide-supported metal
catalysts[J]. ACS Catalysis, 2018, 8(8): 7368-7387.

WANG Z, HUANG Z P, BROSNAHAN J T, et al. Ru/CeO, catalyst with optimized CeO, support morphology and surface facets for
propane combustion[J]. Environmental Science & Technology, 2019, 53(9): 5349-5358.

HUANG H, DAI Q G, WANG X Y. Morphology effect of Ru/CeO, catalysts for the catalytic combustion of chlorobenzene [J]. Applied
Catalysis B:Environmental, 2014, 158/159: 96-105.

TAN H Y, WANG J, YU S Z, et al. Support morphology-dependent catalytic activity of Pd/CeO, for formaldehyde oxidation[J].
Environmental Science & Technology, 2015, 49(14): 8675-8682.

DONG F, MENG Y, HAN W L, et al. Morphology effects on surface chemical properties and lattice defects of Cu/CeO, catalysts
applied for low-temperature CO oxidation[J]. Scientific Reports, 2019, 9: 12056.

GAO X Q, ZHU S H, DONG M, et al. Ru/CeO, catalyst with optimized CeO, morphology and surface facet for efficient hydrogenation
of ethyl levulinate to y-valerolactone[J]. Journal of Catalysis, 2020, 389: 60-70.

TAN L, LI T, ZHOU J, et al. Liquid-phase hydrogenation of N-nitrosodimethylamine over Pd-Ni supported on CeO,-TiO,: The role of
oxygen vacancies[J]. Colloids and Surfaces A:Physicochemical and Engineering Aspects, 2018, 558: 211-218.

LIU P C, NIU R Y, LI W, et al. Morphology effect of ceria on the ammonia synthesis activity of Ru/CeO, catalysts[J]. Catalysis
Letters, 2019, 149(4): 1007-1016.

ASSMANN J, NARKHEDE V, KHODEIR L, et al. On the nature of the active state of supported ruthenium catalysts used for the
oxidation of carbon monoxide: steady-state and transient kinetics combined with in situ infrared spectroscopy[J]. The Journal of
Physical Chemistry B, 2004, 108(38): 14634-14642.

YEE N, CHOTTINER G S, SCHERSON D A. Carbon monoxide adsorption on Ru-modified Pt surfaces: time-resolved infrared
reflection absorption studies in ultrahigh vacaum[J]. The Journal of Physical Chemistry B, 2005, 109(12): 5707-5712.

FORCE C, BELZUNEGUI J P, SANZ J, et al. Influence of precursor salt on metal particle formation in Rh/CeO, catalysts[J]. Journal
of Catalysis, 2001, 197(1): 192-199.

DONG Z P, LE X, DONG C X, et al. Ni@Pd core-shell nanoparticles modified fibrous silica nanospheres as highly efficient and
recoverable catalyst for reduction of 4-nitrophenol and hydrodechlorination of 4-chlorophenol [J]. Applied Catalysis B:Environmental,
2015, 162: 372-380.

LIU H, LONG L, XU Z Y, et al. Pd-NCQD composite confined in SBA-15 as highly active catalyst for aqueous phase catalytic
hydrodechlorination of 2, 4-dichlorophenoxyacetic acid[J]. Chemical Engineering Journal, 2020, 400: 125987.

JELIR, BRAR, 22T, 45 . PA/CeO, fiE fb/K i ist BREE (1 In SUIE ISR 52 (], i L BRE )27, 2011, 31(8) 2 1274-1279.

ZHOU J, CHEN H, LI X L, et al. Study on liquid phase catalytic hydrogenation of bromate over Pd/CeO, catalyst[J]. China
Environmental Science, 2011, 31(8): 1274-1279 (in Chinese).

SUN Y H, SUN S, WU T Y, et al. Highly effective electrocatalytic reduction of N-nitrosodimethylamine on Ru/CNT catalyst[J].
Chemosphere, 2022, 305: 135414.

LIMH, SUN Y H, TANG Y Q, et al. Efficient removal and recovery of copper by liquid phase catalytic hydrogenation using highly
active and stable carbon-coated Pt catalyst supported on carbon nanotube [J]. Journal of Hazardous Materials, 2020, 388: 121745.


https://doi.org/10.1016/j.jhazmat.2009.01.119
https://doi.org/10.1016/j.watres.2014.11.051
https://doi.org/10.1016/j.watres.2015.07.045
https://doi.org/10.1021/cr0102967
https://doi.org/10.1016/j.chemosphere.2018.11.007
https://doi.org/10.1016/j.chemosphere.2022.136685
https://doi.org/10.1016/j.apcatb.2013.01.005
https://doi.org/10.1016/j.apsusc.2016.03.101
https://doi.org/10.1016/j.jcat.2022.04.030
https://doi.org/10.1021/acscatal.8b02071
https://doi.org/10.1016/j.apcatb.2014.01.062
https://doi.org/10.1016/j.apcatb.2014.01.062
https://doi.org/10.1038/s41598-019-48606-2
https://doi.org/10.1016/j.jcat.2020.05.012
https://doi.org/10.1007/s10562-019-02674-1
https://doi.org/10.1007/s10562-019-02674-1
https://doi.org/10.1021/jp0401675
https://doi.org/10.1021/jp0401675
https://doi.org/10.1021/jp044641i
https://doi.org/10.1006/jcat.2000.3067
https://doi.org/10.1006/jcat.2000.3067
https://doi.org/10.1016/j.apcatb.2014.07.009
https://doi.org/10.1016/j.cej.2020.125987
https://doi.org/10.1016/j.chemosphere.2022.135414
https://doi.org/10.1016/j.jhazmat.2019.121745

	1 材料与方法（Materials and methods）
	1.1 试剂
	1.2 催化剂制备
	1.3 催化剂表征
	1.4 催化还原实验

	2 结果与讨论（Results and discussion）
	2.1 催化剂表征
	2.2 Ru/CeO2对NDMA的催化加氢还原
	2.2.1 载体形貌对NDMA催化加氢还原的影响
	2.2.2 催化剂投加量对NDMA催化加氢还原的影响
	2.2.3 吸附作用对NDMA催化加氢还原的影响
	2.2.4 溶液pH对NDMA催化加氢还原的影响
	2.2.5 催化剂稳定性


	3 结论（Conclusion）
	参考文献

