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The mechanism of SO, influence on the denitration of MnO_/PG catalysts at low
temperature
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Abstract; MnO,_/PG, as low temperature SCR catalysts, were prepared by means of pore volume impregnation. Influences of SO, on the MnO, catalysts
at low temperature were investigated by transient response of SO, and temperature programmed surface reaction (TPSR). Catalysts were characterized by
TPD, BET surface area and XPS, and the mechanism of SO, deactivation was discussed. The results indicated that SO, in the flue gas obviously inhibited
the catalyst’s activities for SCR at low temperature. Catalytic oxidation of SO, to SO; was mainly responsible for the poisoning of the MnO,/PG catalysts.
On one hand, SO, was oxidized to SO; and then reacted with NH; and H, O to form complicated ammonium sulfates, which were then deposited on the
surface of catalysts and blocked the pore; On the other hand, MnSO, was formed due to the combination of SO; and MnO,, which partly changed the
morphology of active species. The ammonium sulfates can be removed by appropriate heat treatment, while MnSO, cannot be recovered in the SCR. SCR
activity of the MnO, /PG catalyst was enhanced obviously after heat treatment for the poisoned catalysts, which indicated that the formation of MnSO, was
not the key factor for the deactivation of catalysts. The adsorbed sulfur can enhance the surface acidity of catalysts significantly and thus improve the
catalyst’s activity. The main mechanism of the deactivation for MnO_ /PG catalysts was that SO, in the flue gas was oxidized continuously and formed
ammonium sulfate with NH;. The ammonium sulfates were difficult to decompose in low temperature, which resulted in the blocking of active sites.

Keywords: MnO,/PG catalysts; ammonium sulfates; MnSO, ; heat treatment
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BIAZ L AR 20 B S5 | 75 i 45 B 4552 SCR
REHMTEYE. BT E 20 i 2 FE SR E K
TRATHLT BRI SCR A G I =5 0 M A R
T FEARE AL R T SCR B AE 1% 4 55 £, 40 Mn/TiO,
( Donovan et al. , 2004 ) . Mn/y-Al, O, ( F ¥ 5,
2001) . MnO_-RP/SP/CP ( Li et al. , 2011 ) , Mn-Ce-
Co/TiO, ( T [ 04 %5 2012 ) % 7 Uf 50 24 /iy 399 %
MnO /PG # 4L 5 14 ifF 5% % B, 250 °C BF MnO,/PG
PEAL T il SR 1T 3k 959% LU b (24 1R 4%, 2010,
Zhang et al. , 2012). SR, MRS H A SO, X i s 4
A AR 5 1 25 T AR, IR B G S 7, R 2
R IG AT 2 A /b i SO, 5k A7 s T HAEARIR G AT,
SR EE SO, (29 100 mg-m ) 5 5 W B Tk
FNFTA , 38 WAL 0 vh BE (3T RS 2011 5 Kijlstra
et al. , 1998) . B 8 I 42 — T2 I I A £k 751 52 B
7 FH T T I £94) 3 500 [ 850, 9 2 O 31, F & i L
A e S | e T P R B e %) ARk 7 4 20
SRR, IR IE A5 SO, X i Ak 701 J5E A 336 1 A1) 52 il
FOCHHEAT 2 2 AR AL S S, A
A ST A Sl R i) B B LA

TEAFHERE X MnO,-CeO,/ ACF HE A5 19 HF 57
TR SO, AFTE A AL TR T 2 32 2203 I Tk 2 B &k
OB 4 SR W R R TV L W 7 181 1) Ji 5] ( Shen et al.
2010) ; Kijlstra %5 ( 1998 ) #fF 5¢ & B, SO, X} MnO_/
AL O, AL 3 3 IR R iR T AL, (SO, ), BTE ik
TR B I TTAR, T2 K 3R 10 MnSO,, HY B B 1%
PELH 43 U8 /0 FiF 35 Chang %5 (2012) #7585 T SO, X
MnO _-CeO, HEALTI Y SCR AR I B8 A1 15 P52, & BE
T SO, AETERT , T PEZH 4> MnO, 1 e Wi mim ik, Ak
4 MnSO, , 8 J5 CeO, it — 2B R Ak, 5 B0 P 4
SRU D DT AR T 0 A T k. R AR SO, %
MnO /PG A7) AP 5 1 552 T BL 3L, A SO XHIR
5 SCR WAl T.75, 42 F SO, 8 Z&5 0 i  TPRS , BET
XPS 2597551 6 MnO, /PG K A [] 26 14 4k B 1Y
AL HEATIE PR VR RO RAE IR, 25 2 A TR LR,

2 SKIGHER4Y (Experiment)

2.1 LIt

FAMR M R A R A B WG T R M
RS 8, ai B > 90%. A AR ) o 50% HY
Mn(NO, ), ¥ , B 1 24 4 Ak 2 500 A BR 2 w42
HE 2l By AR. 5250 BT FH AR B R s AR A
FRA w4 AL

2.2 LA A A

B e p 40 ™ B, RS e 1 20 ~40 H
UKL, 7825 AU R T 300 °C 35S RS 2 ho il
AR AR, SR A5 AR BUR UL fil s AL ), =
B — 2 1 50% PR IR 5 1 W, I A o K BTk,
Ph1:1.2 MR L (1 g MR A 30T 1.2 mL 3%
IR, RO UV W 58 4 W, SCORIE T 1™ 4 A
A B EERASRE IR ) T A 48 G 1) T e R T
E¥5); BIRTER 24 h 5,16 50 °C 110 C T4
S5 h 10 h SRS TES AT 300 CHBke 3
h, BIVIAS: 97 28— B 2t 43 500 M0, Ay 9 0
4 (MnO,/PG) fiEAL T, o & 3275 Mn /4 i+ 5T
=ML
2.3 BALHE TN

AR 0 B0 A % PR TE AN TE R R 1 IR R N g
HHEAT, R AR R FH AR 15 mm 50 80 mm [
WA i A S b IR R M T A
FOUHRAR [ 58 R S 0L 7 A4 7 G I = K350 43440 K,
RVEFEAE 1 . AT &R 2 o, BRI
f NO,NH, ., 0, Ar, SO, & 1M B, 5B 41
0.06% NO 0. 06% NH,.0.04% SO, ( {5 m) |
3% 0O, Ar Ve ,%M&E’x{ﬁ%ﬂﬂ 350 mL+min "' s
2R 6000 h'. R AR HT AL testo350-XL K
testo300XL-1 43 551 Il 1 Jsz i #% #F 8 1T SR AY NO
NO, } SO, #¢FiE.

1. NH; 40
2.NO i
3. Ar S0
=] 4. 2
: L7 | s mam
6. HAAHEAL
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E 8. B IR B g
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Fig. 1 Schematic diagram of experimental apparatus for activity

test

2.4 {EALFI B RAE
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IR AMRFR M E0H 0. 04% 1 SO, , RIS Ar i
S DR AR BT AN AR R ) A R 5 R A
FRE A 4 SO, VW, DLAF I 40 Ar B it ; i ik
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FUBLAH R FRUGR BN RS E 5, IWT e A U 78 Ar
PARGUT FHE 2300 °C XML T b RS | B
T2 S NE IR BE PR B SCR U, A, Ao il i Ak 21 f
TR A 305 8 5 396 1 AR 2 IS PR TE A 0. 04% Y
SO, , ML B B 3, LABIFSEHE AR 770 %) SO, A 50k
P, TN ALEE.
2.4.2 WEREREA2AME R AR
SE AN B At 1 LG R AR LA LA AR AR 42 50
CHIALBL2 h, 7E 77 K FHEAT M. 7545 2% pF
A R A [ TR g A AR X A A R
AT EF IR LR 5 R F BET J7 R 53 Ak 0] 0 b 2
AR, FLASFIFLAR 4390 FH BJH FlH SR ¥ 11545 21
FFaz il AN ) FLA 23 A [
2.4.3 XPS X HZOLHLFHERE (X-ray photoelectron
spectroscopy , XPS) FRAIE1E A I8 Tk K 2% 2k H 55 [
Thermo ESCALAB 250 Yt HL ¥ BB IS 58 L. HL {8 Al
Ko, IR 1500 W,500 wm HBE, AERE M 141 € 15
SHREN 20 eV, FH LA AT SO, 8 1k J5 i 1k 77 2 1 1
Mn I S JTER2H 77 B A 3.
2.4.4 TPSR F2)¥ J+ i % fi S Vi ( Temperature
programmed surface reaction, TPSR) /& 7E f1 9¢ X b 45
A R SR T RY. B2 g AR T
HAAHR 15 mm A BEEH,50 C il A LA NH,
J& VI NH,, i A 0.06% NO.3% O,, Ar 4
RLEMBERE N 350 mLemin ™', LL5 °Comin ™'
HEM 100 CTHILZE 350 °C A TR A2 P iy 1 NO
Lo NO, fHk 2. AR R SCR 22 2 Jr 2 (1) A,
NH, 5 NO fIBEH N 1:1, LA NO BT FERRA E 1AL
FIZRMIEAT SCR G ) NH, W B, LA e s
MnO, AT PRAE S AT NH I R
4NH; +4NO + 0,—4N, +6H,0 (1)

3 LISEE R 5138 (Results and discussion)

3.1 SO, % A 5

2 iR A 200 °C BF PG il MnO,,/PG 1L 5]
() SO, 8 25 Ma 1o B g Je A A 70 A AL 3L 3 P P4
k. W Al LUE 78 SCR 451K, PG
MnO,,/PG AL I MR Z 05, B e i Ak 57 e G
SO, AT NO FAb R T ETE 87% i A SO, J5fi
AT M SURIREAR, 7£ 6 h PN MnO,,/ PG #EALFI Y
BRI 87% I 2 25% , Ifii PG AN TG TE M 45% & =
20% JFEEA BB RR E RS B S V1T SO,, PG It
MnO /PG HEAK I 1 158 5 336 1 IE 1% A7 Pk &2 . i 45

FEW U B AR B X SCR RN AT — SE B AL I
P, I HAL K F 52 3 SO, 1 # AL 52 1 5 XFF MnO,,/
PG AL 5, X Fh B A4 F o0 B 3. 45 3[R
T FEMRIRAME T, SO, % Al 4 AL 70 i f 1k B
AP 5 E I XUAE (2011) 5K 04 (2010 ) 45 Xt
Mn-Fe-Ce/TiO, A6 FIPTERMEAT 52 45 - — 2L 4347
K, — 7 AT BEH T SO, A B fEfg 5 NH, & 4E o
G N, TEAESJFEF NH, 5 55— 5 i n] g i T SO,
SIREEIL AL SO, 05 NH B T #vka e Mg i
PR IR, DUBAE A 3R 3R 1w, 7 2 T f b 770 /Y
WM 38 2E T AL R AL, 5 SO R R MR
% (Wu et al. , 2009; Xu et al. , 2009). H4h, #4>
MnO, 7] B85 SO,/S0, I, {5 45 7% 1 41 43 1) M e A
e R T M.

100% [~ —0—MnO, /PG |

SO, on

| | |
400 600 800
t/min
B2 200 °C,PG F MnO,,/PG L FIH SO, BYET 75 Mk Bz B #
A IR S BE VRN LI

Fig.2 SO, transient response and heated performance evaluation for

pure PG and MnO,,/PG catalysts at 200 °C

PR 58 i 9 1 B e LA S, IO i A AR 7
Ar PRV X RS 1A AR R THE 2 300 C HEAT
PALFE 2h J5, FEFEIR E 200 °C HEATIC SO, WAl 2
N SER IR B RS B TUT AR A 2 B AL S G
WK, JEC I 23 5 R0 9 0 B 8 2% 55 T #
fLJ5 ) MnO ./ PG fiEfL 7] 28 kb B 15 MK &2, NO
AR F] 100% |, 5835 = TR Ak 1) NO #%1k
FAHFUREA SO, J5 , LB B G PR R f5 2
PEAR R BRI 15 AT SR R B8 T o, e B I Ab 3 )5 )R
RS TE PR B2 IE A - T XA T S0, 1)
BEALAE A AS B S0k, Ak, PG #4512
HRIR AR A, T MnO,, /PG FEALJG , B IR £ 3
HMNEF MnSO, 7 7E. A8 SCHRFERIH, 300 C T, X
(NH,),S0, /3%~ NH, HSO, , i 7638 %547 54140 F
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NH, HSO, 945 /50 147 °C (Wu et al. , 2009; B i
K A5,1982) , #Ab B FE v NH, HSO, #54b T i — 25
T FESAE N HES SRR AL 5 T M2
PR ok s X EE 3 T DA AR R 2+ X MnO ./ PG
) PR e R (S I e g (A R I 25
BAERAT[ SO, 17 B I T A 700 3R T R R o7, B 5 T
FEALFAIXT NH, (W B, DT A5 AL B 9 MnO,,/
PG AL I A 05 PR A DL T, Z5 B R] %, MnSO, /Y
FEAEXT MnO,,/ PG BEAHR 1) T i 2 X EH B W1
FH W RSB SO, XAk 550 5t i 0 MR AR iR,
HH SO, FAEFE N2 At A0 55 v 2 A AR A Jir [

3.2 0, NH,xt SO, H 41t & %

h T KR AE SCR i A& HhAAH SO, B AR IE LA
FACAEAT E RGO, AR SO AN [ SR R0
HHE SO, 1y 1 AT A AT T ESE. B 3 B R 200
CF, R ar A H SO, I F 80K 0. 04% B, 0, |
NH, BIAAFEXT SO, Hh FRFR A B0y 52 . e AT LA
Filh, ANEA 0, NH, I, SO, ) H AT B0 b %
IR A AR f I RS 2R, 2R RRUE SO, BEBR SR 2
8% Fi AT , AT e T fi AR 2R 1 ) A ST Ak
ol W AR T 5Tk, 24 0,5 NH, Sl A7 7E i)
W B IR 2 AR B SO, B8 B 6 A 25 AR/, B 7E 209% A2
A7 ;3% 0,5 NH, B AE A XT SO, ZEAE AL 1Y
JB R EA — 2 W e HEVE T, i st R R 57 | SO,
HIEAL LA K SO, 5 NH, ()45 G886 BT & A4 Wi 3t
[FIZEAERT, SO, RN 28% , ki SO, Bl it b 7] 3¢
THT 1) AR S A 0, Ak R S0, , & BH SO, Ak
DL SO, 5 NH, BRI B T B [RIRRONE , K i 34 in
T SO, FEAE AL TR 2R 18 A BRAE , — 5 TH PT RETE AR T A
PRl | oy — 5 it ] R AR R TS 41 4 5 SO,
EATE W T 48 R L. 7€ MnO,,/PG fiE1LF] |,
SO, 1A AL 5 246 F (2012) XF CuO/PG i B ) I
SO, A AT o0 45 SR I A — 2. th bl DLud i,
SO, fEFERT, #R43 SO, %A k)5 5 NH, 3, MnO, JZ )i/
A= BB IR i 6 KB IR 4 5 43 SO, M2 B % 5 NH,
o MnO, Z54 , A O R 16 sl PR 4, S8 I it —
A SR A BB TR B S R, FL T AR Y B i
(k3145 ,2009)

50, I S0, +0,—S0, (2)
SO, + H,0—H,S0, (3)
NH, + H,S0,=NH,HS0,/(NH,),S0,
(4)
MnO, + H,S0,—MnSO0, (5)

5 NH, T S0, + H,0—H,S0, (6)
NH, + H,S0,=NH,HSO0,/(NH, ),S0,
(7)
MnO, + H,SO,—MnSO, (8)
400
350
300
2
% 200 —=— S0,

—e—S0,+0,

(3]
[93
(=
1 17 17 17 T 71T T

150 —— SO,+NHj;
—— SO,+NH;+0,
100
50

! ! ! | ! | ! | I
0 20 40 60 80 100
t/min

| ! |
120 140

&3 200 ‘CA,0, NH, % SO, B EHME (2 ¢ MnO,,/PG, <,
MBI 4L: S0, :4 x 10 7%, NH;:6 x 10 %, 0, 3% ,GHSV
=6000 h~')

Fig.3  The influence of O, and NHj; for the oxidation rate of SO, at

200 C

3.3 T REAHAETH Mn0, /PG # 14 7| #y BET
Y &R T

Jyitt— € SCR i fiff it B2 th SO, %) MnO,y/
PG AL B A0/ 2 T & ik & 9 08 0t
WFERM TS, X 28 AN ) S o %A% I sl [ 248
TACEE 9 MnO,,/ PG AL (L MnO,-a 7R ) #F
77 BET W3R S AL 54 43 M. 76 SCR i Fe
200 CF SO, 24 G AL LL MnO,-b KoK ; B4k
JG 1 MnO,,/PG EALFIZE Ar P57 4 300 C #4
AL FEIE MK A5 AR B DL MO, -¢ 2718 5 A ST
R B ERXT MnO, /PG A Ak 55 1 14 1 B4 R R 5 el ,
GIRBUR B 5 B0 5 AR 700 w5 2 55 R 19 A
RS (M BN 0. 6% | B IR 4k 5 TR R Ak Jo
BN 1) AR B & MnO,,/PG LT |, il
1295 24 h J5 50 C FHET, LL MnO,,-d 7w 5 5l
WFFE MnSO, X B LR 520,200 °C T, 8 i
HEALFIAE SO, (KRR35 0. 04% ) L0, (3% ) |\ Ar
CEAS,, S R 350mL - min ™) 40T #E47 Hi 6%
fEAb 2R fEAEFIRE 5L LA MnO -6 K.

ANF AL S 59 MnO,, /PG HEALFI i 1 2 1
L LR EE I 1 FToR. v LA 200 C
T, 4 S0, #ALJA 1Y MnO,,/ PG AL F o 2 1 FRFAAIT
T2)20% ,FLIRBAT P EAIG, FLAR KR i, i Ak
FUREA R AR L 65% , AL b 2 T R A 5 15
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T AR AR JCIE LU Hhy st 7T DAHE BT, SCR 3 7 v A i
AR R B 6 K i o 7 i 7 i TR0 S T, 3 JE AL
FIFLIE , H A YR 0 J5 /N L o0 3 5 BE AR 4
Rz PAE P LT AR LA R R T AL
HEALTR (BT E T S 50, fLAR AT B ARG, R I AL
Bl i rp LI P A DU 0 o i X AR AR Ak B
JE AL TR PR S 1 B 2 i PR 22— D 2t 1 i £k
LAt B 9 MnO,,/ PG AL 89 L 2 mi AR AL
IR T HEE MnO,,/ PG AL Hiss T35 105 1k

), FLAR IS B e SRR /N T 32 40 S5 AR H
T BRIR LS MnSO, By L [RIA7 76 2 5 BUHT e 4
PR R R LA T AL AR B R i R A TR
Ik — A HAE T S0, %F MnO,,/PG 48 Ak 1) i i 7%
PEFZ A PR 2R A HEWT (BB SC,2012 5 R ,2009) .
MR R 2 AL EE TR MnO,,/ PG 4L 5
P FLAR oA A2 Ak, X AT FLAR 43 A5 40 BT, 45 2R a0
K 4 fiis. XF I 4a 4b TTLIE 1 #3405 L)
2 ~5Sam A FLAR B W] AR TR EE ), SR LT

®1 TREFHLAERH MnO,, EHLFIE BET

Table 1  BET of MnO, catalysts treated by different conditions
i AbFH Sper/ (m>g™1) v,/ (em*g™1) D,/nm
MnO,,-a ey el 109. 069 0.492 17.102
MnO4-b 200 °C .80, F b 86.790 0.447 23.624
MnO,4-¢ BILE Ar ST 300 °C HUEHIRE 90.731 0.481 23.529
MnO,y-d T AR AL TR S (BRI B 94. 807 0. 460 23.462
MnO,,-e HHE AL FILE SO, .0, Ar S5 F Hisi L 93.446 0.451 23.615
0015 4 b
LT MnO,p-a 0.010 | _ MnO,-b
0012 r ./
0.008 |
TA [ = / N 1 /
£ 00098 o L |
£ I .¥H‘ o £ 0.0061%
& 0006} = ¥
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0 1 | 1 | 1 | 1 | | 0 | 1 | 1 | ! | !
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3 / 0.012 |- /
—~ - [ | fon r [
o 0.008 I ./ "0 0010 - /
% L A |
S 0.006 _1-./ U\? 0.008 _—. I.
§ - Z 0.006 —L,-l'
= 0.004 = ]
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Fig.4 The pore size distribution of MnO /PG catalysts prepared by different conditions
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BRI AR —2G WA 4c Pos, #AEHLE MO,/
PG AL H1 2 ~5 nm & 20 ~ 50 nm A FLIKFRE A
T K N 4d de Fim LA EHB AT LA
A FLIAFRE BAK T8 8 MnO,,/PG AL L6 R
[ 4 AL FR S 19 MO,/ PG HEAL ) 114 He e T AR fL
2 FLAREE B FLFLAR o3 A 1, B A W] DLW A < SO,
FEAERT LA R vh AT B R ek S MnSO, 2 B, B 5
Tk 2 10, 3 AR FE A AL AT PR 2 43 JE R 2
~5 nm AL, FEAR WG A 16 4, v FL & P SCR
3.4 XPS

i SCHTR , SO, 8 AL J5 T 1 SO, AT RE2x 5 1k 57
TEPEL 5 MnO, & A RN, 305 136 MnO, A BEHS 73 1Y
Z 57 S0, A, W B T A& & 1) MnSO,.
I, X+ 24k JE MnO,,/ PG AEALFIHEFT T XPS 4047,
HMn 2p H1S 2p (9 XPS & EIANE 5 iR, 7Kl Sa
1S 2p 5, S 2p U ERIETE 168. 18 eV, 45 S*°
F1 SO [] B} A7 7 B 19 25 5 B4 167. 5 eV ( Roman
et al. , 1997) , FE4LJ5 MnO,,/PG HEALFIHY S 2p 3%
B Bl 25 & e FE & 168, 18 eV (TS i h
+0.68 eV) A G REME R, RIIZTRM A,
I, B 19 MnO,, /PG AT R SO AT S* [R] st
e H S S RET S &, L S* o 3 (Shen
et al. , 2010) , H UL AT RN A0 S AL R iy S 3=
B[S0, 17 B RAAE.

& 5b 9 Mn 2p JE & H Mn 2p, , Fi4~ XPS WX}
Y & A RE 4> BN 640. 28 5 642. 3 eV, Li %
(2007 ) W78 & B, MnO, 25 5 HE M 642.3 eV, iX 15
B MnO,,/PG AL tF MnO, FH L) MnO, HIE R 7F
15, X5 Z 30 (2012) IBFFE 45 R — 2. Mn” (1Y
ZEAHEN 639.0 eV(Min et al. , 2007) ,Mn** BS54
iE} 641.0 eV (Shen et al. , 2010) ,640.28 eV A+ T
P Z (], DR IR R Min®* it R fR 285 5 g AT
EIrp AT LA Y, Mn® (9 BRI B I8 /&5 T MnO, W7, 3%
1L IS MnO,,/PG fE 4L Mn®* 19 & & & T
Mn**, HHH XPS JC& & w0 (RAESCh 81 ) v
L M B Zh Mn* T SR BAT B2 75%
SYE TS 414 MnO, B B R 1k, L IE B, SO, 1Y
PEAL AL B Bl T R 43 1 1R 40 43 MnO, 3% i 7 R
Mn®* (3 B S SR R T A MO,/ PG fiEfk
L MnSO, FTE B E 1. 454 2.1 1A L
FIES A SO, SCR B4R I6 5 , 1 & LAY
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Fig.5 XPS spectra of Mn 2p and S 2p for poisoned MnO,,/

PG catalysts
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