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Development of novel alkane dehydrogenation process by redox lattice S species
on sulfide catalysts

Watanabe, Ryo
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A novel catalytic process for alkane dehydrogenation was investigated in
which a high concentration of hydrogen sulfide (H2S) coexisted in the dehydrogenation of alkanes of
propane and butane, expecting for the lattice S2- in the sulfide catalyst is continuously
regenerated. It was found that Fe-based catalysts are effective in the dehydrogenation process, and
that the cofeeding H2S continuously regenerated sulfur defects on the catalysts. The Fe-based
catalyst exhibited an excellent stability due to smooth redox cycling.



8 X C—19, F—19—1, Z2—19 (dm)

1. WFEBER 4O 5

TN KRBT O ERAD—DTHDE T a7 X ORKHBKIGE, AlfbFfns L
THIAMEOIERNT A b T a Lo ¥ Vo 2 ERiRiIc gt 5, EBEeBR
o TIX, 7 v LRSS BN EHC K FE AR E S TWb, BIUE, TEMICHE L
TWABAKFE 7 o' AT, 70 FH#HEE7 o ARV S, R O G D% I A LE
i A7V w7 BEAETRBRASN TS, 2O, BIn-FAEYA 71080 K LICK
DRI 7o S S AT 5 Z &b, BRI T B B L v & S T & S EL AR AR
Bt 7 o ANLEFENTNS,

2. Mo HB

AWFFETIET VB K SEOF AR KO LW~ o' 2 0% %= B, B8R
i~ DA A DIEMIN R A BFT LTc, ZOMFHT XV, iR g O 1t (S*) 2 E MR
ELTHRET A2 Z L&KL, Z LTS T SPOBERICEDMBIIEL R L2 &0vn, Tv
By (TaReRTH ) ORKERIGEC ESIRE O LKE W.S) NIGFT 52 & T, #
BRI T S* 2 E LT 2 MKE T a2 2 M LTz,

3. WDk
(1) fish 8 24

AR CTd D Si0, 121%, JRC-SI0-4 Z MV iz, HRZHREKIRIESE, 12 FFEHEA L
7ot%, Fe(NOy) s Z EIRIEIC L o THEE L7, 2Dk, ZEXIE FIZHWT 550°C T 1 hHERT 5
Z LTt e LT,

(2) B RE O FEAMR

HS HAFD 7 1 R WK RT3 D M E ORI 1L, B EEE R R R IS e & AV =,
FOSHNZ 600°C, 30 min CTHALALEE L 72, Z£ODFEF 600°C THa XUBKkFEETR-oT-, fil
PHEEE 250 mg, BSOS A AT HoS/CsHs/He=2.5/2.5/20 ml -min ' THEAS L7-, HB H A1 GC-TCD &
GC-FID TH#T L7z,

(3) 7 a7 U WK S D SR FRAT

JER S ZAFRERIZ K 2B BOSHBEMEAT I, & EEER BRSO & AV, E ORISR0
EVE B HTEE (QUS) 28 L CAER A2 R L7z, filfit 250 mg Zfbaad R icq% @& L, Hy &
HoS DIRE H A 2 ks U CHALRTLEL 2 i L7z, Z Dk, BKRIGHENER I/ D E T HS HAF
D7 RXUPKFEEITRY, FNTT ol b IS a2 HICHHE LT,

NEB 51X, BUSDIRIRE L #OIRREZ(NE L, T OGRS RFEY 5 5ETH 5, sIFEIC
Quantum ESPRESSO 3 & ON Advance/NanoLabo Z AV, AT > > ¥ /LiEIC L A Mk IS E B'Q%(’E
BRA L, scHUERIULEAN & LT GOA-PBE 2V e, 7238, BHHO/ST A—4 Th 5B/ E
MEEDOT v AT TR NX—, k GV 7V 7%, Flb L CEHE L,

4. WFFERLE
(1) R 4 g A B |2 M E T RRER A A A AE i D Zh e

XL I ,m&%@%MLt%%éE&MW%ﬁ KB 7 a XU B SE O SOGFRE Z 7 L
77, A O T LI FIE, YA-FAETHEL, 74w AV VORISR =
U AEMZ, BERR L2 b D&KL L CTHWE (S0.2/A1,0; & BEFET5), filtfiEnk ) f%égﬂi
J& (Fe, Co, Cr, Ni, Cu, Mn)lZ, &BET20 wthZfHE L= (M/S0.2/A1.0; EMEEET5).
I1Z, M/AL,0; filifit & M/S0,>/AL,0; filtils (M: Fe, Co, Cr, Ni, Cu, Mn) 231} 5B %2mmm
DAL HFE T

H Do Fe/Al,0; ﬁﬂi f\\l/
ﬁi’ﬁg CO/Alzos ﬁﬂi -z
BOL, m RO - (C:ﬁHf 88
M A o L7 25, S CH, ]
=Rl A -

- Temp 600°C
<D Lﬁ‘éilﬁjjg C;3H, feed : 5 ml min?
*’gfﬂ“,\)‘ VAN He feed : 45 ml min-t
FAEKM TH - Wmmﬁmmg
7”_ _ﬂ E = i
oontms Sk

75!@17 L 0

05 0% O

LEALND, o /\v\w S Oﬁy\”m \v\”
Fe, Co LI#fDiE <% o> & W Ok
48 B L4 fi & o o«

i, “err
VDERNRS 1 7 a UK E KT D4R L A~ O BREEFL O FiRInzh 5.



NHHDOD, FUSEDME, —J7, M/S0/AL0s il E, M/AL0s il Z R TRWWE-REE T e
B LB AR LT, BT Fe/S0,2/ALL0: filtfiiRe Co/S0,%/AL,0s it 10%LL Ed @7 | B2 L /iR
R L, DAKREMERDKIECH ELTWD, —#&IC, 7 v Ll a2k BEBeBITNKFEIC
HHTlE7enwe &b n, S0 HEHC X D722 T CRIGEMEMBL 2 1ML X 5 2 L1, filt
BRRICB W TH =72 FrattEzm< EERMATH 5,

X 2 12, Co/S0% /AL.0; flRIEIZ IS 1 2 7' & L IR ORREREAAL & S % Oz 3815 % Sy, XPS
ARY NVERT, 7a U UIGERIE, ROSBIA DHRAZHEM L TR Y, BSFICIEESBTE
SN ERHERITE D, XPS A RLinD, SOAICHET D 610 SFHE, -2 ffid S fElC
IHBEND E— 7 BNBIIES N, BUSHEITKAS ST L8R TF AU N RAFIEMNIER Sz Z
EERRM U, AEEFARIEIC S02 & L CTHE S W EmMBEARIGHISE TS, EEa L
72 BHAL DT S D Z & TR K RREN BT 2 8 LWL 21572,

SR OFINEEZH SN LizT2®, fifb= /30 b (Co-S) ZFi%L L T, & OfifEMERE % 5T
fliL7=, X 3 1%, Co-S fikifizBI} 27 u Ul b ROKRGELTH D, 2B, BERMDOT
0B L UEIRRIT 0% ETH Y, CoS il T BIRMICEIGE EITT 5, KKV, Kif)
NS EW T a R U ERBIGE B, BT STOFREE MR LA, Mg bn T+ 5 2 &
bbolz, HILEIC HS ZHET 5 LIEMEN —EBEIE L2729, T ST O4RKIC X LR
HEATT DA, HSICE VAT ST FAESN, RUSENEIE T2 2 &3l S,

PDH PDH PDH PDH PDH
Cobalt sulfate C;Hg C3Hg R R J R — B R
N Cobalt sulfide X 40 '::Z FHZS H,S H,S
L N - r eed Feed Feed
i\o % ) ( o g ... ()
k=) y-AlLO, support D 30k
.0_;20_ Y A0 \pp ) % 30 .. .. ® A
2 8 (] .‘ ®
%\ / .| Szp XPS spectrum o 20F ..
S 10} : S0 g g
e g W\MMW& o 10F
= [a
0 L ! ﬁl WEzkinding]grk:ergy/Iev o0 , , . ,
0 5 100 150 200 O 10 20 300 400 50 600
Time on stream / min Time on stream / min
2 Co/S0,% /Al 0: LI ZH51F 5 7 e v 3 Co-S fiilc BT A Tt Ly
b IRERE Sy XPS AT BV IR & PR
) ¥&T S DFAEZEME L2 T VT DK 60
SBBHALIZ I T DR ST O A il RE CriAI,03_A (Sel. 91%)
KL, ElkT ST ORENMBIEDZEIC 8 SOl N\ _ .
W< BET D2 LD, RSEEHIC IS ZEL 3 40 FerSIO; (Sel. 93%)
CHGEHNIKE T ST 2 « AT D8 Aehitift > 2
N 2AEZEL L, K41%, SiIZfHEFLZ Fe & 2 30
filE (Fe/Si0, LMEFE) IC & D HS FAEFOT BN 2 0 )
BiASEEET 8 2 Fe/Si0ARBET I T 90%LA Lo 8 CriALD, B
ERIE T 0 ELUAER L, @RISR Y 10 (sel. 91%) b
HEAT LTz, Fiz, HITESLICETT 00, 0 ‘ ‘ ‘
BOBHE T REE TEVEME 2 #ERF L7z, Cr/AL,0, il 0 50 100 150 200
DIERE & L2 &, Fe/Si0, il id e o 7z Time on stream / min
REZ R L, FRICZEMOE TITENATE Y, EBRE 4 Fe/Si0, filfit & Cr/AL0s i1z 3513 %
DG 72 7" X KSR DS HoS SAF CRBL L 72, HoS 470D 7 11 /8 Wik 35
AR % HS BNAFT 5 7 % L ORKFEICER LT 80 100
FER, WAL O EIENE & BRI R O R F4/vﬂ—rﬂat?
RS CHERF T & 2 2 L bBID M E AR T, 2 6ol 1%
Fe/Si0; i\ k32 B 428 (M: Pt, Ru, Pd) ORI g 80 3.
R AR Lz, E&REEZRN LML IEN - IikE 2 =
M2 R U, Fe/Si0 fillit L 0 & @\ isfbagom Lz, 45 2 40 03
I~ Ru-Fe/Si0, filffi, Pt-Fe/Si0, filii=> Pd-Fe/Si0, fift S 60
BUC T, BAFRREM A RT 2 L8 bl ot o, F 20 =
W ot sy oL U EIREEZ R L, Ru- 50 ©
Fe/Si0 il 7 v v L L IR T & < HEFF S 7z, X5

o . . S 0 0
\Z Ru HEFED R 72 5 Ru-Fe/Si0, fillific 11 5 7 0 1.3 2.5 3.3 4.0 5.0 6.7 10

Bk e 70 L RE AR, Ru RO RIINIC L TS0, < RuFesioy T
D (LA &R b LT, Ru SRR Swthoo i fu foading weight / wite

WBWTHRROZTa N bR 7o e L VBIREN K 5 WS £FEOT U KR KIET
Bohn, Zofitickid 5{bRIL55. 0%, YL Fe/Si0, filtif~0> Ru O RINENE.



BINRIT 94. 1% THoT-, LU EDOFEENS, Fe/Si0, filifii~m Ru L, 7o X WBikZFEVERE
DM EIZAENTHDZ ENHLNE 2o T2,

(3)HsS HAEITIIT B TVl Wik 35 O B SRS RE ST
6 % Fe/Si0, iz R1T 5

ﬂ%ﬁ/\/vxaﬁ%ﬁ@fk%mé winns B o Blms B oo iBLGIE G

B SIEE RN BRI E 72141, 7 g0 o= e ol S >
JyTFEJJX%f/\—“/LT7m/\/ E z
OREMGET S L (D), 7r 23
L DR E WS OERBHE o £
BN, T2, TS HRE P <E
WBOEHIZTTeE L& HS O \ L =
AR R B LT, 2o 150 200 330 300 350

FRIY, SRR T DT Time on stream / min

s BURRBUSTS, AMEED 6 pe/sio, it MMAE L v ARBRICI 0 B LRI O R,
Fe T 52 T % (LA oSO IR IA L "

7J<—+\ (Cng TN N CoHs + HoS + (a)CH bondactwatlon&propylenedesorptlon

Vs, Vs: B&T-RBE) ICL DHEITL 08
’CU‘ZDZ&%%”&D?_%O &7 2 597kJm0|1 813k.]mo|1 1183k.]mo|1

- L = N 15: H 2nd H Propylene 9i§
ORI D HS OAERGHREE S abstraction abstraction desorption

@4&1\‘“@70[1 EOI/V@EEEE}E (b) Release & regeneration of S
gggéé";z%fﬁz%?%ﬁi ‘,. 1 770K moI‘/ i". ‘/ i". 80.8 kJ-molt ‘/ i"./

% K I —_— —
HHEHRIEN S, @Lb\f}i}ﬁ:\ { \‘/ \ desgrzpsﬁon ® @ (egeneration \
?‘2 ;i/H: 75:{/%1;;;5?_ l%%%‘»zg e X7 e PKROR RN HiEE L= L —.
TDOZEIE, MWEINIETESSHEOBFAE HS + Vs — ST+ H) O{TARET S, F0%,
BOTa v afiga s L, IEERREEL, Zoz@Eiddo sz (O~G),

HBIBEOMAK ETEHL TRV —DEEZK 7 17T, 7Tr 0 nb0OKEGZHRE O
P 2L —1L, 59.7 kJ-mol™? (Ist H) & 81.3 kJ-mol™ (2nd H) &/h&EL, E&BITICHT
DA R LIz, £77, TS SY) OMHIE77.9 k] mol ' TH Y, FEIL80.8 kJ mol! &tk
BAVNS Do Tz, IR LR AV ARBOFER NG, Fe/Si0, iz IT 5 7 v U Bk
DL Ry 7 AR CHEITT 5 2 LRSI, X6 OREEZS b@ék T S DE e
R FANBSMAMEDORBICFGTDHEEL LN, —F, e b L o OlBicET 5E M b=
FOVX =T 118.3 kJ-mol ! & HLERAI R E A /R L, AEUGSRICET DAGEER & & 2 Sz,

VI EomENs, I 5 .

Sjﬂiﬁ;’ﬁ%ﬁﬁ%@ Vs) ggm Lattice sulfur(S? )-,.. R Alkane molecules
FICHAE (HS + Vs —Hy + H, C;Hy
§9) L, ML Ky 7 29 C,H,,
;%;;g%%gé g{fgg (Regeneration of S?.\""‘. ‘ Release of S )
Sl LTns Wepzo | MSEG l&%“ﬁfg s+,
W2, AEIBHE Lo sy 2 \ a TH;

Y sulfur \:a(:arluJV

XTAi SR AR AR STE 12

K Dﬁﬂiﬁﬁ@&%ﬂ\%kﬁ‘é HZS Olefine molecules
e DPEAKSE T 1 & R % il (R R IZR | C3H6
95, H LW vt X NN st + C4H8

DRI ORNRDbDLEE
Abid, 8 Fe RMUBLIZ & 2 7 m /S ik SEEEAR.



2 2 0 0

Watanabe Ryo Hirata Nozomu Miura Kazuya Yoda Yuta Fushimi Yuya Fukuhara Choji 587

Formation of active species for propane dehydrogenation with hydrogen sulfide co-feeding over 2019
transition metal catalyst

Applied Catalysis A: General 117238 117238

DOl
10.1016/j .apcata.2019.117238

Watanabe Ryo Hirata Nozomu Yoda Yuta Fushimi Yuya Fukuhara Choji 63(4)

Effect of support species on performance of transition metal-based catalysts for propane 2020
dehydrogenation with co-feeding of H2S

Journal of the Japan Petroleum Institute 228 237
DOl
12 2 0
H2S Fe
125
2020
Fe (C2-Cc4) : H2S
85

2020




Ryo WATANABE, Yuta YODA, Nozomu HIRATA, Yoshiumi KOHNO, Choji FUKUHARA

High performance of Ru-added Fe/SiO2 catalyst for propane dehydrogenation under H2S co-feeding

Asian Pacific Confederation of Chemical Engineering (APCChE)

2019

H2S Fe

124

2019

Ryo Watanabe, Yuta Yoda, Nozomu Hirata, Choji Fukuhara

Effect of co-supplying H2S on propane degydrogenation peformance of Fe-based catalyst

The 8th Asia-Pacific Congress on Catalysis

2019

Fe Ru

68

2019




H2S Fe C3, C4

84
2019
H2S
123
2019

Ryo Watanabe

Novel dehydrogenation process for olefin production by sulfide redox of transition metal-based catalyst

IWP1 2018

2018

Fe C3 C4

48

2018




JP1JS

2018

Fe/Si02

122

2018

(Fukuhara Choji)

(30199260)

(13801)




