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Abstract - The reduction of SO, to elemental sulfur by CO over a series of iron niobate with nominal
Nb/Fe atomic ratios of 1/0, 10/1, 5/1, 1/1, 1/5, 1/10 and 0/1 was studied with a flow fixed-bed reactor.
Strong synergistic phenomena in catalytic activity and selectivity were observed for the iron niobate catalysts,
and the best catalytic performance was observed for the catalyst with Fe/Nb atomic ratio of 1/1. The active
phase of the activated iron niobate catalysts was identified to be FeS, using XRD and XPS. Selective
reduction of SO, by CO was followed by the COS intermediate mechanism.

Key Word: Nb/Fe mixed oxide, XRD, XPS, Carbon monoxide, Sulfur dioxide, Selective reduction, COS
intermediate mechanism.
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2. 1. Nb/Fe E§bslEe] Az

Aol A AR O]%] NbyOs, FeoOs 2 Nb/Fe =313}
59 982 NbCls (Aldrich Co., 99%) $} Fe(NOs)s; -
9H.O(Junsei Co., 98%)2] 1% AEFS A5tk NbCl;
9} Fe(NOs)s - 9H,0 & 2% Eu| (Nb/Fe = 0/1, 1/10, 1/5,
/1, 5/1, 10/1, 1/0) & 3o &g} FFrel =5l &, F+ &
g ERsha, o] e 6N-NH,OH = #733}e] pH &
7~8 o] &% 3tk AdE Y= AA, dxEs AR
5 450~950C 2] 2= lelA 3715 A8kl AAdskglom,
24250 Wigle)] wat Az =ojzl Fujle] n7]E Y =
450 oA 248 = Nb/Fe-450 02 ZA|akgIch dAksh
ol 28t ofgilzlAe] glukge] A4E Full= 400To|
2] 10% HsS (Hs balance) & 2AI13F 3pik-g- A& AR &
HEgoll =] w ATk



Table 2. Comparison of catalytic activities on Nb/Fe mixed
oxides with different atomic ratios at 450C

Sample Nb,Os Nb/Fe Nb/Fe Nb/Fe Nb/Fe Nb/Fe Fe,03
p (1/0) (10/1) (5/1) (1/1) (1/5) (1/10) (0/1)

Xs02 89 597 271 984 8834 9394 265
Ssufr  91.6 929 973 94.04 98.84 80.6 68.1

Note : Catalyst 0.3g, 450°C, CO/SO,=2(1% SO,), GHSV=15,000
l/kg-cat./hr, TOS : 3 hr
Xso2 @ SO, conversion, Sar : Sulfur selectivity.
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Temperature
controller
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1. Moisture trap 4. 3-way valve 7. Filter 10. GC-TCD
2. Oxy trap 5. Heater 8. Mass specirometer 11. Bubble flowmeter
3.MFC 6. Reactor 9. 6-port valve 12. Exhaust gas trap

Figure 1. Schematic diagram of experimental apparatus.
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Table 1. Physical properties of fresh catalysts with different
Nb/Fe atomic ratios

Nb/Fe Particle

size(nm) g Phase

(r?t(ﬁsr S — Color composition
w26 19 67 White (Homosa)
10/1 19 16 80  Light orange Nb,Os
SN 23 20 64 Orange Nb,Os
11 14 17 73 Light brown Amorphous
1/5 25 20 61  Dark brown Fe,05
1/10 26 20 62  Dark brown Fe,05
o1 4 59 19 Dark brown (ngf;gfte)

a. D. = M([cosO) ; A is the wavelength of Cu-K, X-ray radiation ;
© is the Bragg angle ; [3 is the half-width corrected for KCl
-doublet separation and instrumental broadening,

b. D, = 6/pS, ; p is the density ; S, is the specific surface area by
BET.
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o] A Ad2ell oal Fes059] @Z*?Zﬂ LR o, HEHA 3. 2. Nb/Fe = 1/1 Fujo] EAEA 3 w24y
Hlgo] Ao 2 5/13F 10/1 & NbOs°] AR 7% Zu12 gejslo] AlxH o7 Nb/Fe o|A%7] E3atsheol
Uehigith Zed, S =] EnlrE AT 1/1 ol T@ ot w2 9 A delld ik Y ede] E3mEol 11
ol 7P 25 vehyolon, viEwa w3 60~80 m/g oM 7hE e A B AU eE 7RIS o 5 ATk ol F
o F aol= Nk AFHow Tl AbsHEe] Aeels A Nb/Fe = 1/1°] 3t 2425 Wsgle] w& E24 54, iks
g7do] wil- s Rbd Bl o] Agkom, o] EA EAE 2 gl kg A3 0w PrEAs S8 ks vizidS
SHae dAAde] "ol A HEHAS Ao w SR = FESH] Bakth
Btk A HeHe] =HlE 1/1 & she oA £3isEs
ol mE Huj] WSS olr A} ofE 7t~ A 450~950C 2] &Ll 2% & o598 dA % 1l 9
B2 Shelnk-gol] A gato] Worom, 71 A3E Table 201 Liet = XRD 3l SEMZ gato] #4813l om, 71 A5 Figure
R 27} Figure 3°] YERASITH
Nb/Fe oA EFAbsHa& o] &3t ofsabrbne] e g XRD #4] 43 550C o]ate] iolds FHEYS 2o
o 7o) AR T 15,000 Vkg-cat./hr, 450°C, A4 Foy, 2257} F7) B2 AAake] HEkslA| EH, 950°C
SFREA/ oA = 2/1(1% SOg)llA] o] FiFith Nb/Fe = oA xj?i FeNbO4 2] TAPAl 477 [16] & HolF3ith
1/1€] ngow A o] AeEo] 98.4% A 7Y - A2 e0] Skl uhE A o¥ A SEM 41 d 3}

31k Hak Yok @ AR 8.9% £} 26.5%2] vi$- % 9} 52 fﬂ = e thFigure 3). &, A= vlA|
< Z49E eI oL, YoF AtslEe] A% d AlelES 3 Aol o), A4 259 St w1 AR A o]
H7F dew (Nb/Fe = 10/1) Hg-Eo] 59.7%% =& =7} < BT 9loH, 950CeM = Tl 77k Ak AdS
= Btk Ao o] SIS dntd o ks A 5 o 4= itk

7Vl AE-S VeI o)l A¥g B w A3} 1o
3 gejQl o) EA E3talEo] ofgtart g A4 o
o] AenA g 7t 45a 3 (Synergistic effect)E 7=
28-S o 4= Qlglon, Nb/Fe = /1 w7} 7P =3t
W8] g2l dEns 73S FRlIEith

Nb/Fe-800°C

Intensity(a.u)

0 10 20 30 40 N 06 M 8 D

2'Theta Nb/Fe-950°C
Figure 2. XRD patterns of Nb/Fe = 1/1 mixed oxides with Figure 3. SEM images of Nb/Fe mixed oxides with various
different calcination temperature(Fe,0;, Nb,Os=550C, calcination temperature.

Nb/Fe mixed oxides = 450~950C).
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Table 3. Physical properties of Nb/Fe mixed oxides with different 100 °
calcination temperature
~ 801
Particle P P <
Cal'n : ore ore =4
(N%}tl?é slt/sl) tems). _ size(m)  Gie' Volume (mS ) 2 60
XRD, BET, (nm)  (cc/g) s
Fe,03 550 44 59 - - 19 5 0
Nb,Os 550 26 19 - - 67 5‘
Nb/Fe-450 450 - 17 17 030 93 S
Nb/Fe-550 550 - 17 15 0.28 73 100
Nb/Fe-650 650 6 30 26 0.27 41
Nb/Fe-800 800 14 46 52 0.20 15 i; 80
Nb/Fe-950 950 42 47 139 0.01 3 %
Note : Air 100cc/min, 2hr g %]
D = M(Beos©) ; A\ is the wavelength of Cu-K, X-ray radiation <
; O is the Bragg angle ; 3 is the half-width corrected for Kq @R 40 Nb/Fe-450
-doublet separation and instrumental broadening. :é' —_@— Nb/Fe-550
D, = 6/0S, ; p is the density ; Sg is the specific surface area = —&— Nb/Fe-650
@2 20 1 —v— Nb/Fe-800
by BET.
—=— Nb/Fe-950
0
250 300 350 400 450 500 550 600
Table 32 A% WE Nb/Fe E3FsHE9] v EWZ, Temperature(°C)
AFa7) D AFRE, QA7) 5o BeE 54 ey
t}. XRD 332 0] 83 ¢]=}9] 7] Nb/Fe-450, -5502] 7 Figure 4. Effect of reaction. t_emperature on th_e SO, (_:onversion
© BAgsAe e, Nb/Fe-6505E AAA] UER}) and sulfur selectivity over Nb/Fe mixed oxides.

ARstgdon, F 9= (260=30.668)01 AW (111) & 7]F0.

= ARSI ko, 248w vl et wEn
3 AT B AOA 0w Fad v, QAR AR 4 thRo] W3ERst FAAFE B okl ABE

&5 BT} o]i= Figure 29} Figure 32| Aol vepd 2 7} 3 A s YeRl9lom, Nb/Fe-550 ¥} Nb/Fe-650 2] 7
o} FAshH, 257} 550°C olstell i ©rlAdE wrt $450T o]e] :ofA oF 90% o]e] ol gakrtAe) AA
e v A 2 o2ke Qlxk 3715 JERdch ey, 249 &5 Yehhgith olel] vl 24257} 38 Nb/Fe-800, -950
7} 800 ool s 2w} 27kl wet v g A 9l O] MESFAE 15% ol Yl UERTE. o)t 11e 2407 <)
Qx}e] F7)= 7AaEh sk A% st 9 v WA ATt WEEA o JEkE Rl Zo
= Azt
3. 3. Nb/Fe = 1/1 ZFnjidollAe] o}gkrtrlo] FhInk-g- Table 4= TdAIE= FEHIQI NboOs, FeuOs X ol5& =7
o] wE Nb/Fe = 1/1 E3H1ES ofsab7lag) Ao Felols 799k Nb/Fe Zgibalaate] nhe/ds |
SHeRESol -8t HH’%HQ ZAFeF9] oW, Figure 4] o} wat7] flste] 450 CellA] ofghibrh o] A&7} 3o Au e
Prkead] APEs AYEQ Fo) MU vehggich s E Yehigch
of Ag¥ox &2 300~550T ST GRSl NboOs, FeeOs, FeSe] WA mlf-g- w2 A
Table 4. Comparison of catalytic activation on the Nb/Fe mixed oxides and reference catalysts
Nb/Fe = 1/1 catalysts Reference catalysts
Nb/Fe Nb/Fe Nb/Fe Nb/Fe Nb/Fe Fe,O FeS
450 550 650 2800 950  Nb:Os  FeOs  FeS L \jo0 4 Nb,0;
)((020)2 81.1 87.9 98.6 83.1 70.5 8.9 26.6 6.5 62.3 15.6
s(i,“/“]fj" 92.2 98.2 91.5 92.2 88.5 91.6 68.1 69.5 84.9 84.8

Note : Catalyst 0.3 g, 450°C, CO/SO,=2(1% SO,), GHSV=15,000 I/kg-cat./hr, TOS : 3 hr
Xso2 : SOz conversion, Sgusr : Sulfur selectivity.
Fe;Os + Nb,Os and FeS + Nb,Os : physical mixture(l : 1 wt.%).



92 ZFEo/= A28 A2z, 20065 62

o7 Yo, FeOs & NboOsS B4 ow E3el3ls
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AI}E Figure 5%} Figure 6] YERYATE

Figure 5& Nb/Fe = 1/1 Zu|E 550~950°C 25" $]o14
2R FulE 450 ColA ofghalrbag] ghlnt _g_oﬂ Ay
St 5 AYLE Uob B R2EA, 650T ©]3H2] 24 T}_oﬂ}q
= FeSeo] AR [16]5 HERN S, 800TC OWOﬂ A A
wolxl FujEE WhEFo = 7-322] WEHglo] FeNbO,42] WQ
AAE JERIQITE o] AL 650C o|8te] AT oA A%
wojzl Fufjo] ofgibrbal] Shelnkg S AXHEA A &
SR dolHSes s, 2ollA AE FeNbO, 72
FojH whg-zAAslol = WS- g d BAYS & S Qlolh

o= A
HES H39] Nb/Fe-650 A]2o] sk XPS THHAS &3t

T_. il

oX H

_zﬁn:r

rim&éik&.ﬂm
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m_WLnE&ﬁ*

3%}
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032
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Intensity(a.u)

0 20 30 49 9 @ P N
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Figure 5. XRD patterns of used catalysts with different
calcination temperature (reaction temp. = 450C,
COISO; = 2(1% SO,), GHSV = 15,000 I/kg-cat./hr).
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163.3 eV 2} 164.7 eV F-ZollA 2psp 9 2p1p2] AL AT
oA 3 =7k A= Ak o]k— Bukhtiyarova 5 [21]2] 4
oMl e ATtz o] 5L 7114 eV Fito A ] Fe't o]
o] Ao AIZF ARFA AL 7074 eV F-28] AjRE A oy
A2 7HAE Fe' 0] 29] 9371 Al om, 3o A9 S2p
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Figure 6. XPS spectra of Nb(3d), Fe(2p), S(2p) and O(ls) for
the Nb/Fe=1/1 mixed oxides before and after SO;
reduction reaction.
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3. 4. W&o oF
oke] Avlg B yigol PaEFojr WeHF LS Khalafalla
% [8], Ma 5 [5] ©] A|AISE COS -5
¥}

) AN S w2
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