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MnZSM-5 445 _E NH,-SCR & W IEHI A3

I AL A 1 4
CL A E LA TR R R R THRTERE , 10T K 116045;
2 AEHA TR AT BT I A AON S B RS 30% , dbst 100029 )

HE B KBS (DFT) HEAXT Mo/ZSM-5 #4k7) | NH,-SCR ( Selective Catalytic Reduction ) J W HLEEE
7T EEIIST . —Fh S8 NO HES S5 RN M E-R HLEE , NO 4> T5 [ NH, ] Bk [ NH,NO ], %%
N FEAE I REZE A 185.05 kl/mol; 3 —F NI A NO 25 i L-H ALEL [ NO | 5 [ NH, ] RMARL [ NH,NO |,
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NO, HERCE B AR A 202 NO, T B4R
NO. NO,. N,O. N,O, 5§, Hrf1NO Ry FZ sy, 295
90%~95%, H Hij NH, & £ 1E 4 1k 18 J5L(NH;-SCR) 42
AR ELRE R 9 NO 3 7 NH-SCR
AR Ol 2 R A AEAL TR, BEEKH TiO, Fa gk AL
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AT AN N, BEREME /R NH,-SCR B A5
(v B2 B2 6TE 1), Mn BRE Fe iR S 1
T-HeAT HA B AR R RE Ty, TR mAR Sk
FIAE NH;-SCR 2 8 2 A AR 5 ) i fk e
MG 6 T S R LA AR 7E NH,-SCR
87 HR G R FHHEAT TR SEBAFSE 0, A, Lo
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WAL ELA R A AT P A AL e e, HE
ALY 7 1 e 2 iE— 25T, NO FTNH, 7L
F 1 BERIR S | T Bl B A (R AA L R Y B L
PR ELOA0R, S iy ek A rp ) o ) = 0 AL Tl
T RTT . BATTHG 42 1 B X Mn/ZSM-5 {4k
7 1 NH,-SCR S B AILFEHEA THES AT .

NH;-SCR J2 b S48 NO, 7F 8 IR E R R SO AR
RTCTE B N, FTHL0, KW L (D), (2):

4NO + 0, + 4NH,— 4N, + 6H,0 (1)

2NO + 2NO, + 4NH,— 4N, + 6H,0 2)

Mao %" % Cu-SAPO-34 fi# 4k 71 I+ NH,-SCR %
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Yu 275 i S 7 S 4 0 SAPO-34 11
% MnO i1k | NH,-SCR KW LB EFT T R 50T
5%, WA NH;-SCR [ R H A J 551 NH, W% B 16 )5 TE
B [ NH, ] SO0 1 C8E, SOM NO SRS [ NO |
YIRe S Z O, PR R T REAFE A E-R ALEE 5K
L-H LB 5% 520 8% % . Chen 25 "™ %6 SR FERE I v
#1459 Mn/Tiw O, F1 Mn/TiO, {65 I NH,-SCR i
PEATHFSE I, % B0 B 285 %) NH, B B 25 4 NO, T
FEAF AT 22, HEWTI BN 25 ) NH, B 5 5538 NO, X
7, BV S 3EAE E-R HLEE.

R S B AFAE — a2 SR BRAE , Jeid 47 2 T U b
FREAILER, Rk ] A S50 A S A DB T )
NH-SCR I AT e A 76 19 e i AL B A 7 BRIS 11
TIRAI T 5 % LA AR, DT B8 A X A H
(A T 2 TG B SRR A AL 71

1 SEIGERS

A TR 5 7 09 A1 v B Yz bR
W(DFT)B3LYP A7, I P 2H 43 Mn i I SDD B 2,
HARTFE T 6-31GH+ 2l . TR RE I FI0RS 2
% 18, HAKZSM-5 43 T Ui 1 SR 1 3 L B
STILER ! AN 1(a) s . BRIEHESE 2 W] ZSM-5
HT12 A7 3 PR AR, REAR IS 15 21 1) 45 44
P TE B S ER AR T T12 467 b HEATREES AL, (i
Hag A 24y, Si Al B zs gl HI A, Si—
H##4 0.1460 nm, O—H 4 0.1000 nm, H{RFF0F
A AR e , TR R, Br A Si—H F 0 — H #kb
T AR, BT A HE LA R A R0
(MnO)* 3 3 HF 4 1 2R AE ZSM-5 L, BAME R Sk,
BRI 1(b) 0, B AR o AT 1 A S 2
I IRCHGIE .

K1 feEsita
Fig.1 Optimized structure
(a)ZSM-5; (b)Z* MnO ]**

BBy T MR RE A= (3) s -
A Ead = Emnlecule/clusler - E(-lusler - Emolecule (3)

;_lit: EF' Emn|nml|n/(‘]usmr j{j%ﬁ W I}ﬁ‘ﬁj\% E/:J /ﬁrﬁ E@ ﬁé% P
Ecluster ﬂ‘j’fé’ﬁﬁ};ﬂj Zz_[ Mno ] > E/‘J ﬁlé% D) Emolevule ﬂ‘j[&&ﬁé}
T NH, . NOSEHIRER .

2 HREItE
2.1 K45 T Mn/ZSM-5 4L 7 _E AR b

E— AL TR NH, FINO AT HIAE 2] MnO P
REAY A B, LRSS R & 2 fios, 43 alie ok 27
[ MnO-NH, 1 #1Z*[ MnO-NO >, 3153 7 W )5 1
% Kt BE (Eads, kJ/mol), %4 (d, nm) Al Mulliken(q, e)
L far, EAREE AN 1R . B A Ui - NH, 18
ﬁN%%I}ﬁ?ZZ_[ MnO ]2+J:, Mn—N ##4 0.202 nm,
W2 B % 34 243.69 kJ/mol. Hi, ¥~ H1 NH, [ 4 £k 5771 2 i
RSB 0.246 e, N A1 H JF 1 19 AH HAE H
M T2k 2o H AR 59 , N—H B Ry K kA i 1Y
i, N—H88E T AL . NO 3 a5 N3 76 2 [ MnO ]
IR RFE, Mn— N4 0.169 nm, W& FfF 754 210.09 kJ/
mol. HLFFH NO [a) AL IR M7 0.128 e, R
HLF 5, NEFRT O S5 7 B AR EL AR S , N— O
(0.115 nm) A AMEEE K £ 0.117 nm, #7546, (B
B3 BE AR T NH,. R, 76 277 MnO 1> ik ) 1
s,

2020.2

(a) (b)

B2 LAl 737 IR R

Fig.2 Optimized molecularadsorption model

(a)Z*{ MnO-NH, ]**; (b) Z*T MnO-NO ]*

NH, 5 5 e fhsf .
2.2 NH;-SCR & M HEE7E Mn/ZSM-5 fE4L 57 _EBORA 5%
FRAE 2R 1 SRS 1 1 W B 25 S T 0, NHL, £
A TR L B4 TR B 56 5 B =5 T NO, T AT A Ok 7E 77
[ MnO 17 b IR 40 B8 o NH, AW . LT, 347
A3 9S4 E-R . L-HHLEEX 277 [ MnO | _F (4 RS 2
R AL THRST .
2.2.1 5 E-RHLHEA BRI 1
IR E-RMLER I IF 58 38 S N #4481, B NH;-
(ads) — NH,(ads) — NH,(ads)+NO(g) — NH,NO-
(ads) — NHNOH(ads) — N,+H,0, #5 M A9 3T N
H(4)-(9) s
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1 NH,. NOAYHITEZ] MnO ] * R Hft fF ) $24< (nm). Mulliken 27 (g, e) F1% MY (kJ/mol)
Tablel Bond length (d, nm), Mulliken charge (q, e) and adsorption energy (Eads, kJ/mol) of NH; and NO after Z*{ MnO ]** adsorption

Z*1 MnO ]** 7>1 MnO-NH, ]* 7’1 MnO-NO ]*
dyon - 0.202 0.169
dyeo 0.159 0.159 0.158
oy - 0.212 -
Do 0.000 0.246 0.128
Qo 0.734 0.646 0.605
Qo -0.210 -0.212 -
dOF -0.833 -0.872 -
E,. - —243.690 -210.090
771 MnO ]**+NH,— Z*{ MnO-NH, ]** (4)  Z’{ MnOH-NHNOH ]**—Z>{ MnOH-N,-H,0 |**  (8)
7’1 MnO-NH, ]*—Z*{ MnOH-NH, ]** (5)  Z’{ MnOH-N,-H,0 ]*—7Z*{ MnOH ]**+N,+H,0  (9)
7*1 MnOH-NH, ]*+NO — Z*{ MnOH-NH,NO |** (6) K(6) TNORMR S FHEZE S [NH, | 0, K3
71 MnOH-NH,NO |**—Z*{ MnOH-NHNOH |**  (7)  RZ*[ MnO ]** | %45 E-R HLEE A4 42 B v 12 B0 A
0‘129;“ 0.137

@ ¥

TS1

IM3 Z*1T MnOH-NH, | *

0.098

9 0‘%\9‘.232

IM5 Z*{ MnOH-NHNOH ]* TS3 IM6 Z*{ MnOH-N,-H,0 ]*

I3 AR E-R ALY RN B4R 1
Fig.3 Reaction path 1 following E-R mechanism
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2 lE, 322 A LTI I R N I RE 22 .

S0 T NH, 70 W2 B, NH, AN s I Bt
Mn |-, & W F8 & #4284 27 MnO-NH, 1**(IM2), N —
Mn 8 4 0.202 nm, i #4 243.69 kJ/mol. [ NH; ] H1 —

AR Zead i JEAS TS R 2 K o 48 e i 2>
[ MnOH-NH, |*(IM3), H:H N—H 8 5 2 111 0.102 %
K Z0.137 55 5 0.351 nm. MiAO 5 HIE O —
H A, FCRE B i B 04 19 0.275 46 45 2. 0.129 nm, fxZ
45 45 24 0.098 nm, 1% 3 U A8 2V fig 22 04 185.05 kJ/

0.00
=
ZZT MﬂO ]2+
1
IM\

\

-58.64

frst\

|
| / y
Vo |
J\243.{;f9 lﬂﬂ-\‘“’
=  7*{ MnOH-NH, *

2 2+
7>7 MnO-NH; ] M3

M2

Energy/ (kJ -mol™)

\319.7%
—
7Z*T MnOH-NH,NO ]*

M4

-189.90

23558 / T_ssﬁ'IL
/ T—sz\ ,’; |
-328.5 }

-350.58

\ 350
7*{ MnOH-NHNOH 1% 511[ 71 MAOH ]**
\ fI;M7
(I

-418.28

7T MnOH-N,-H,0 ]*

IMS

IMé6

Reaction Coordiate

P4 A E-R HLER A SRR AS 1| BORE 22 14]

Fig.4 Energy barrier diagram of reaction path 1 following E-R mechanism
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Table 2 All elementary steps of reaction path 1 following E-R mechanism

Elementary reaction

Heat of reactions /(kJ *mol ™) Energy barrier /(kJ*mol ™)

Z>T MnO ]** + NH,— Z{ MnO-NH, ]**
7’1 MnO-NH, ]*— TS1 — 7Z*{ MnOH-NH, ]**

Z*1 MnOH-NH, ]* + NO — Z*{ MnOH-NH,NO ]**
Z*1 MnOH-NH,NO ]*— TS2 —Z*[ MnOH-NHNOH ]*
7>1 MnOH-NHNOH ]**— TS3 — Z*{ MnOH-N,-H,0 ]*

7>T MnOH-N,-H,0 ]**— Z*T MnOH ]*" + N, + H,0

~243.69 -
13.29 185.05

-89.33 -
-8.82 84.14
~189.73 138.65

167.70 -

mol. B )5 5 AT NO Z»F 0T, AE G N—N g, i
£ 0.154 nm, J¥ A 5 E A& 27 MnOH-NH,NO ]**
(IM4). 7EEHVEFA T, Al f& 2> MnOH-NHNOH ]*
(IM5) F1Z*[ MnOH-N,-H,0 ]**(IM6) #H4kIE 1%, A
SEAEHBOAEAE , HESRE , B AR TS2 A TS3,
N—HEWi%, O—HEEA B, PiAFEIT N 7 e IR

JNRE 2243512k 84.14 F11138.65 kJ/mol, TR N, Fl

H,O W B 7Ef AL 75 2 18 . Bt 27 [ MnOH-N,-H,0 ]**
TR R 167.70 kI/mol it J5 , N, A1 HLO BB, T A%
71 MnOH ]**(IM7).
2.2.2 0E L-HHLE A IR 72 2

MR L-H 5w ML BT I 56 3 O B A 2, R
NH,(ads) — NH,(ads)+NO(ads) — NH,NO(ads) —
NHNOH (ads) — N,+H,0, L3 #72>[ MnO ]* I Ay



54

Zeqi 1% . MnZSM-5 465 I NHi-SCR U HLEE A5 317

SCR W AILER, ¥ K (1350 KO an=(10)-(15) i -
771 MnO ]1*+NH,—Z*{ MnO-NH, ]** (10)
71 MnO-NH, ]*+NO—Z*{ MnO-NH,-NO ]*  (11)
7>1 MnO-NH,-NO ]*—7*{ MnOH-NH,NO ]*  (12)
71 MnOH-NH,NO ]**—Z*T MnOH-NHNOH |** (13)
7> MnOH-NHNOH ]**—Z*{ MnOH-N,-H,0 |** (14)
771 MnOH-N,-H,0 1**— 7> MnOH ]**+N,+H,0 (15)

IM5 Z*{ MnOH-NHNOH ]*

XA D NH; FINO [ 7E 2% [ MnO **_E3EAT
MR, B AN [T RO A 1 M NO B S S
N, F5 0 e S N R AR TR P S S 77 MnO ]
A L-HALER Y B AR B K B BT Rk 1L
GEF . RN AR 2 TR BT R B B R B R A A A
FE) . 3L ERS RO H AR, PR 6 SR R
AR X IO Y i 22 1], 3 3R 45 T I A S I AT

IM6 Z*{ MnOH-N,-H,0 ]*

PS5 B L-HHLI Y S 428 2
Fig.5 Reaction path 2 following L-H mechanism

=
B

SN A NH; 3 B W B Sy ke 4 20 B8, NH, 38 3k
N 5 W B F Mn |, JE % 2% [ MnO-NH, ]**(IM2), N—
Mn 8K 0.202 nm, i 243.69 kJ/mol. #XJ5 NO i i
N ¥ E Mn f5;_F W Bk A= 5% 27 [ MnO-NH,-NO ]**(IM3),
HA Mn— N 0.170 nm, R 118.59 kJ/mol. 734k,
NO 7] G i O i B Mn b, {H G /D, HE R
EMIARFASE . A5 5 NH, SOV, R NO S5 LA N St

R A 3k gk 9 25 TS 1 i = v ) A 27 [ MnOH-
NH,NO F*(IM5), B fig 224 190.27 kJ/mol, [ NH, |1
N—HKrZ, B4 0.103 K £ 0.153 iz )5 4 0.301
nm. 1M A% 05 HAYEEE] i 0.281 4648 2 0.107 5
}90.097 nm, JE, O—H . BIRIZAE L5 , (HNH, A
NO U BA T K i, A R TZ O i iE AT . 38
i i A TS2 FTS3, Hr ] & 2> [ MnOH-NHNOH ]*
(IM5) 17" MnOH-N,-H,0 ]**(IM6) FHAKIE 1, . S )
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Energy /(kJ -mol™)

-147.89 -151.73
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Fig.6 Energy barrier diagram of reaction path 2 following L-H mechanism
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Table 3 All elementary steps of reaction path 2 following L.-H mechanism

Elementary reaction

Heat of reactions /(kJ *mol™) Energy barrier /(kJ *mol™)

Z*1 MnO ]** + NH;— Z* MnO-NH, ]**
71 MnO-NH, ]* + NO — Z*{ MnO-NH,-NO ]*
Z*1 MnO-NH,-NO ]* — TS1 —Z*{ MnOH-NH,NO ]**
71 MnOH-NH,NO ]** — TS2 —7*{ MnOH-NHNOH ]**
7*T MnOH-NHNOH ]** — TS3 —Z*{ MnOH-N,-H,0 ]**

7>T MnOH-N,-H,0 ]** — 7Z*T MnOH ]** + N, + H,0

-243.69 -

-118.59 -
68.89 190.27
17.93 144.67
-280.69 122.89

204.74 -

fiE 2243 9N 144.67 1 122.89 kJ/mol, NH,NO 1 i
ASHAHGEFIOHE T, gk il & A N—HEE W B2, A4
BO—HHE, KN N, 1T H,0 #F BT Mn | 5
J I AR AR ), 3o 9 25 TS2 Al TS3 Hh . Al 24 1 ot
ey, Fae bk . f)5 27 MnOH-N,-H,0 |* /K &
WY& 204.74 kJ/mol # iR J5 , N, FITH,O i B, TE Al 2>
[ MnOH ]**(IM7).

3 &g

5% 7 NH,-SCR 7E Z*°[ MnO % 43 F 05 4 Ak 51
FEIRAY S AILER . 3 e v R SR T ]

REATAE 1) W Bh S 7 645, 43 ) 370G E-R HLEEAN L-H
HLEE, 75 DAT 24518

1. AHEENO, NH, 7 Z7[ MnO 17 1 i 1% B &5 )
fekasE , e BRSO b 2 e Se & A

2. AR 1 MR E-RALEE, NOSIK Y T HES S
S, 5 [ NH, PJERCH EIAR [ NH,NO |, St RiAR
B A [ NHNOH |, 55:2453# 4 N, FTH,0, 1%
Fni i AR s A o 22T MnO-NH, 1% —Z7 MnOH-
NH, 1%, W fE 42 181.20 kJ/mol;

3. A% 205 L-H HLEL, NH, 5 NO /3 FHR e
RRFFE AR A R0 2 10T, 95 AR AW RREAS [ NO ] 5 [ NH, |
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SR TEA [ NHLNO |, JESetLE -5 B4 1A,
2N 3 B s A5 25 O 27 MnO-NH,-NO ] **—Z*
[ MnOH-NH,NO 1>, 5 ¥ fiE 224 186.97 kJ/mol;

4. JO AR 1T EE A B A R T R N e
e IR A g 2 AR XA, ] 2% MnO ]**_E NH,-SCR %
o7 S0 ) T A0 E-RAILER . R BRAR 2 b s 5 1Y
e 250, T HEE NH, FTNO B W FFp Sie sa iz , )
IR T 27 MnO > 4L 5] I NH;-SCR J v/ 5 i it
L-HHLBEEAT . [ B 32406 E-R AL EE A L-H AL EE Y 2
Jof AR B R A IR AR 22 AT, FE— /2 IR T mT LA TH]
SR P AR ML LA T B

SR
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oxidation catalyzed by Fe/ZSM-5: The significant role of

Study on NH;-SCR Reaction Mechanism over MnZSM-5 Catalyst

LI Bao-zhong' ", WANG Kuan-ling'"", LI Ying-xia’
( 1. Dalian Research Institute of Petroleum and Petrochemicals, SINOPEC, Dalian 116045, China;

2. State key Laboratory of Chemical Resource Engineering, Beijing University of Chemical Technology,

Beijing 100029, China )

Abstract: The reaction mechanism of NH;-SCR over Mn/ZSM-5 catalyst was studied by density functional theory(DFT)

calculations. One is the E-R mechanism in which gaseous NO directly participates in the reaction. NO molecule

reacts with [ NH, Tto produce intermediate [ NH,NO 1, and the energy barrier of the reaction path is 185.05 kJ/mol;

The other is the L-H mechanism of adsorbed NO participating in the reaction. [ NO ] reacts with [ NH, Tto produce

[ NH,NO ]. The energy barrier of the reaction path is 190.27 kJ/mol. Because the reaction energy barriers of the two

mechanisms are similar, the reactions following the two mechanisms can proceed at a certain temperature.

Key words: NH,-SCR; denitration; catalyst



