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Abstract — The influence of phosphorous precursors, NH,H,PO,, (NH,),HPO,, H;PO,, (C,H;);PO,, and P,0s, on the
catalytic performance of the BiFe sMoP, ; catalysts in the oxidative dehydrogenation of 1-butene to 1,3-butadiene was
studied. The catalysts were characterized by XRD, N,-sorption, ICP, SEM and TPRO analyses. It was not observed big
difference on the physical properties of catalysts in accordance with used different phosphorous precursors, however, the
catalytic performance was largely depended on the nature of the phosphorous precursors. Of various precursors, the
BiFe, ;sMoP,, ; oxide catalyst, which was prepared from a phosphoric acid precursor, showed the best catalytic perfor-
mance. Conversion and yield to butadiene of the catalyst showed 79.5% and 67.7%, respectively, after 14 h on stream.
The cation of phosphorous precursors was speculated to affect the lattice structure of the catalysts during catalyst prepa-
ration and this difference was influenced on the re-oxidation ability of the catalysts. Based on the results of TPRO, it was
proposed that the catalytic performance could be correlated with re-oxidation ability of the catalysts.

Key words: Oxidative Dehydrogenation, Phosphorous Precursors, 1,3-Butadiene, BiFe sMoP,, Oxide Catalyst, Tempera-
ture Programmed re-Oxidation
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1,3-F-EFr] 4ll(1,3-butadiene, F-E}T] <ll) SBR (Styrene Butadiene
Rubber), BR (Butadiene Rubber)®} ABS (Acrylonitrile-Butadiene-
Styrene)'s-2] 3}eIAlE-5 BAteb] 918 583 72 5 skl
o, A5kt Aol A Ef Qe R o= Al F7skal Tk
HER Al B2 95%ede] WAkl olddll FE7d o] FARER
o] Hw, o= Tk Ade] o5 FHAI717] of itk whebA
FERIRS G874 0% Az S5 i Ee] A ESleH, 15,
gk B p- 8 9] 4bsl e 4 RE-S-(Oxidative dehydrogenation,
ODH)®. 2 FEIS a8 02 Ak 4= Qlth. ODHE A4 &
st 3T v wf, oA o R Qhgste oA 49l v]g-
Ak & e S 7 A AlEH2)

ODHel| AHE-53= S 2= 2ol EA|, HI A e HHo|E,
HhHE-RFE| R U A, QA A, 18] 3 oA 131 1bskEo)
o] AREE] ATH3-6]. ZnFe, 0,7 MgFe,0, 2] Fl2fo| EA| Frlli=
sed o g T2 AT, Bi-PY QA Full= dgF e
ATEH AT 58], v A-mE| B0 E A SFulol] thsto] g
Sk A7} o] Fo)F oH, o] FulAleA Bi-Ov YArAaE AlAsH
& F(allylic species)= FAsh= &S 3Fal, Mo-O+= 231
AAST ARG AT 4 T5 ek 9T gt
Bix= Fullo] &l #oIsta, Mo A8 =g} T+ vk &
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get7] o ar, Fulle] whg- e 7 Eelsle AdS
- ot} A7), ODHel| §lof Hkg-717= vlk-ik e e+ v
-5715+(Mars and Van Krevelen mechanism, MvK)7} 717 2
A3 ek MvK 7175 whEd 2le] Al Abshs 9
Al 7FA] @Alel] SJaiiA] wkg-o] W), () L] 2} dAle
EHE oA G2 E Qs 4 F2o 34, (i) sk &
S} Zu)j 9] Ab29lo) ¥k-S- T (jil) o FE 7R A AAR Sk
| ZFuj|2] Arks} #7g 0 & o] FolFITHs.

HESEY BNk ot Ful o] 42 A9l A Fuxd el glof ul
- F23 Aol AbslE FHullo] Q1S Hrlshd FHullo] S
S7Fettar B QITH9,10]. Bod, Q1S SRIA|Z ARESslo] A|lzgt
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Sl Svhe] St oplel Solel Bl Jug A
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Al = Zulj o} 7k Q1) et Ao ® AMAE PG FAA
Zufje] o] SISkl B arsielt).

o)zl iy Avjel wh= W, BiFe, ;Mo -3+ THIEA AtsHE
Faflol] Q15 Z7IeHA| HH yhg-do] Fehe= 7ol H A 1Ak
shFo] 0.12] BiFe, sMoP, | AFsHE: Fvll7) nele] Abshda43)
oA 7hg e EAS UL 12]. S Y, &
A, A7A 2 S e Eejsteld] 54 Bl vkeAdoll 2
n)zIokar el Qe 13]. ool & ArellAl= $-29] oA
4 Q1o ks delslo] FullE Alxslal ptdle] AlshErAs
A-gate] =& G4 o738 R BiFe, sMoP, | A3t
SlE 2 Ful R Aste] 1 AT kg el vl A=
ZAkeb] flato] thekst Q1 M Al E ARg-sto] FullE A|lxst
, n-7€12] ODHE F8ato] Q18] A7} 3-8 of] v A=
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2,

de ARSI A2 Fujje] E8)3ets] 548 dolrar, A}
2] 5/90] whgAel mxE Jaks Ak 213l X-
374 4] (X-ray Diffraction, XRD), A4 &&=} 247 (N, sorption
analysis), A A=A 7 4] (Scanning Electron Microscopy, SEM),
2] 2]/ (Fourier Transform Infrared Analysis, FT-IR), %2 A}l
AFs} 324 (Temperature Programmed Re-Oxidation, TPRO) 5] &
AR E s

2. A
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2-1. E0f M=

L ATtol| M ARE-E BiFe, ;sMoP, | AF3HE vl 2] Al = Aah)
2252 @ 52 3HE(Bi(NO,)5-5H,0, 98%, Samchun), ZATA0] 14
3= (Fe(NO5);-9H,0, 98.5%, Samchun), =2] B elAt 9} 5 Al=3}
E((NH,)¢Mo0,0,,-4H,0, 99%, Samchun), 2142~ = - (Ammonium
dihydrogenphosphate, ©]3} ADHP, NH,H,PO,, 99%, Junsei), 214}
I 220] Y E H(Diammonium hydrogenphosphate, ©]3} DAHP, (NH,),
HPO,, 99%, Junsei), 14H(Phosphoric acid, ©]3} PA, H;PO,, 85%
Samchun), Q1:HE 2] | e (Triethylethyl phosphate, ©]3} TEP, (C,H;),PO,,
Sigma, 99.8%), 24}38}?1 (Phosphoric pentoxide, ©]3} PP, P,0s, Kanto,
98%) 2} S Lo - (NH,OH, 28-30 vol.%, Samchun)y= &4 3
AHE-BEL AL, FHul A =2 o 2ok BT = 1:0.659]
= H|Z Ak ko) Za| AT AT DA o] T8RS 10%2)
ko 2 Al B 75 mLe] Srell AAE] 7t st SaliAl
AoHEY A). 2 EARRIE S 45 mLe] S5l 7HEstHA
3£ B). 7 B ES 3] S3A17 F, A 98 B
gl HH3] H7lskar, Ak H7FAIZL $ 60 °CollA 102 F<t
< kR Uo} oMo & pH 5744 A8}t
RL, 60 °CollA] 3AI3E IHEIGITE S H SN2 S
71(EYELA, N-1000)5 A}§-310] Zg2] g5 #7138k 100 °CollA]
24417 A2 ol 2°C-min! 9] F2 FEZ 600 °CollA] 2A17F B2t
715 ST 2Adste] SR ARSSIGITE A Frll= A
29 ¢l AFA o] W} BiFeMoP-x2 EASF 1L, o] uf] x= A %]

AHEE Q1 A E QJm] st

2-2. Hf SYEM

Az Fulf o] A4S A9 R7] 9138 Siemens D-500571715
ARE31] XRD 43S 4385190} o] w] ARE-gh 29} 7 30 mA,
50 kvolar, 0.12°min™ ] FAF 4512, 26=10~60°2] 9]l =gt
ATt Fujo] vEAEA] W F 7| 3T -196 °CE] AA AL 2
SFoflA] MicromeriticsA k2] ASAP 20208 AHE-35to] Aagahyo®
Z7J315i T} v 8-S BET(Brunauer-Emmett-Teller)?] = ©]-8-3}F
o] P/P,=0.05~0.2 <] el S gro= F43la, F 71+
¥)= PIP,=0.9959141 9] F&EF o7 AAkegit) Fulj o] Adu) =
Thermo Jarrell AshAF2] Polyscan 61E7]7]& AR5l ICP Y4 &
AR or ST Frie] 73 el whE AdE Yok 9
3| Bruker optic IFS 66/S FT-IR7|7| & A}-g-ako] Z4koict. wal,
Zu) 9] S Carl ZeissAF2] SEM LEO-15307]7] 2 AFg-3Fo]
2ot

BiFey s MoP 1-x AF8HE 2] A48} 548 ototi] 915 2
2714 7] (Quadruple Mass Spectrometer, Pfeiffer, QMS 200)5 A&
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slo] TPRO A ¥ F=38ISich. U-AE nkg-71ell 0.1 go] s &
L T BF ol £ H5 5°Cmin 0 & AR2o4 420°C
Fe 2 ollA] 1A7E Bt SAIFAT Eel 3
7Y E vHE &, SEE FAE A
A3t IATFERE AL, 19171 BlellA] A0 & Wzt
A0 5% 0,/N,Z 20 cm’ min 2 Z&]FHA A0l 700 °C
7HA) 10 °C'min 0.2 58810 AR EE= AkA0] kS QMSE
SISk o m/=16(-0), 18] L 32(-0)2] QMS A &5 AESIIT)

(8]
oo

AMEEASIHEZ (Oxidative dehydrogenation, ODH)
€12] ODH HH-2 U3 27 25 mm¢&] 91379 (inconel) 74 2]
1% ST A3t atellA] AATBIGITE WS- Heoll A28t BiFe ¢
MoP, ;-x AF3HE Fvl] 0.5 g& WH&-7] ol FXA 7] 3L 2 2(50 em®
min) {917] StellA 5°Cmin'Y] $ FTZ 500 °C7HA] A
7)1, 227 B9t A F 5 5 o Cmin o) WAL ER WL el
420 °C7HA] B2t W e w2 1Rl AR v 1/
3.75/52] & RIZ 31 F 5 78 em’® min 2 23S o|u) 74
F-7<; 5= (Gas Hourly Space velocity, GHSV):= 9,360 cm®-g cat.”!-h!
O 2 ARSI 15813} Aae= 55 28 7] (Mass Flow Controller,
Brooks 5820 E MFC)Z ©]-&3}9] k-3 &3] ¢} 1, 52-&
U o] gato] A|&A 07 TGt o]wf] Gto] Fs]
131 &= JEE A2 mx1/8"E FIAIA -2 53T
HHS- 712~ FID(ALOyKCL Z 9, 50 mx0.32 mm)$£} TCD (Porapak
A%, 2 mx1/8") FAE717F &2 E o] Q= TtAdRrtE g E
(Varian, CP3800)% w4315t} 16l ODH HH§-2] = Rk =
& Epag) Hhgol] oJsk el o] 3} vh-oll &l &t trans/cis-2-
el Aankgo) 9] o] AkslERA ) AAlE Ao | AAlE e A
FAIE kst 20 2 AEH T 9k A ER =, ZaFel 9
St w g, of| gty > 2 o] HEE QT 971, trans/cis-2-F- <
C4 ZARToll 8= o] 917] wlFol] ODH 4Fg-2] WE-E2 7H3s)
o] AT p-FEle] M-S WH-H p R E 0 BE T
nRle] B R U] AXlslint. FEfr Qo] HE gl 8
BAE V)F 0T AEE A1, RETQY] 82 n-
glo] Ag-g2) Fefcicle] dEe] o2 ALt
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Fig. 1. XRD patterns of the BiFe,;sMoP, ;-x oxide catalysts (A) before
and (B) after 14 h ODH reaction: (a) x=ADHP, (b) DAHP,
(c) PA, (d) PP, and (e) TEP.

PARIC] BisMo,Fe, 0, 0] T2 A0 2 B 31, Fe,(MoO,),%h
A& BiPO/do] 2 Ao = AEHGITH 58 431 BisMo,Fe 0,
ABO,2| 20| E(scheelite) -322] B AF2] 2] Mo¥ 47} Feol 7=
Qlgt FPX|Fhel o3l A4 HrH14]. BisMo,Fe, 0,2 A3t E+
AR Q1 Aol whet thE A ] 910 M, BiFeMoP-ADHP Ak
35 S 7|F 0= 100%2] AAIEE ZHe Zlo g /gt
Z} Zjje] Al A s=E ALttt Alikd A sl o
&9 4 & 7+ 33tk BiFeMoP-ADHP > BiFeMoP-DAHP >
BiFeMoP-TEP > BiFeMoP-PP > BiFeMoP-PA(Table 1). B3 13-

Table 1. Textural properties of the BiFe, ;;MoP,, ;-x catalysts prepared with varying phosphorous precursors

Composition (mol ratio)*

P precursor in BiFey gsMoPy ;X" Sppr(m? gh) Voore (em® g Crystallinity (%) B Te Mo P
ADHP 3.1 0.002 100 1.00 0.65 1.08 0.11
DAHP 33 0.003 84 1.00 0.64 1.08 0.10
PA 3.7 0.008 63 1.00 0.64 1.07 0.11
PP 34 0.011 69 1.00 0.65 1.07 0.09
TEP 2.9 0.001 72 1.00 0.64 1.08 0.10

The catalyst composition was determined from ICP analysis. These values were calculated as the molar ratio of each component as referencing Bi.
PADHP: Ammonium dihydrogenphosphate, NH,H,PO,; DAHP: Diammonium hydrogenphosphate, (NH,),HPO,; PA: Phosphoric acid, H;PO,; PP: Phosphoric

pentoxide, P,Os; TEP: Triethylethyl phosphate, (C,Hs);PO,.
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A, 5 Fulje] Jsks dEsb] f1ste] 1441712] ODH ¥k 5 =
uj o] XRD #4418 381911, 1 A3E Fig. 1(B)ll VFERYSIT
H1-3- % BiMoFeP-x A18lE Sm¢] XRD #4 A3, T 8742 Wk
A Fuo] Ayt Aol Ax|sTE 1 ik A 2 ko 7 whE
=T Fey(M00,),] & Whg- F-of] A 2] ARkA] 11, FeMo0,2] Al

& g0 T ol Fe] AbaPdE)7) uk-go] ey uje}
HESEQ 156l o3l Fe¥'o Akl deiolr Fe?'ol el 2hely
ers v gt

BiFeMoP-x At3l2 Frjjo] nj gz 1 7] 34y 78w 749
Z:H]E Table 16 HERAGILE Frjo] A LAR]E BiE 71E0%
sto] 7t B2 0] EH]E ool Fulle] Bl AlxE v Alkkeie]
H7het ol de] )9} A o] ARSIt it A} BiFeMoP-x
AbshE 7} 2 YA E Tk AEAS 5 ok o) vl
2 7] 3= 2937 m? ¢! 123 0.001~0.011 em® g2 WSl

() 11061063  gq,

I 620
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Fig. 2. FT-IR spectra of the BiFe,sMoP ;-x oxide catalysts: (a) x=
ADHP, (b) DAHP, (c) PA, (d) PP, and (e) TEP.

A FAEom, AR 9l Ao w2 e w9
At

BiFeMoP-x AF312 2] FTIR 4] A 3= Fig 20 YERAIth
FT-IR 4] A7} AHEH 55 S AE 9} p-0 Ajto] 3= Sith
537 em'3} 1063 em! IRE ti= APEA] 73220 (PO, 2] P-02] Al
T T P=02] @ 2ol oJ8) #E ] F0]vH15]. 962 cm™
5t P-0-P2] &5 212 T E ) 30]3[16], ~1100 cm™
F9diel 33 PO, 2 vl AlEF Foll wAE T Fo|th17].
=4 FAE Y A9, 950~700 cm™ 2] %ol A Mo-0 HHE 3]
=7}, 600~500 cm™ 2] oA Bi-02} Fe-02] X5 R =7} 125
SITH18-20]. TRkst 91 AT & A 23 BiFeMoPx AH3HE &)<
G ARG Q1 AA 2l Adglo] B A% FElEA vl F ARt
FEE BACh(Fig. 3). 91¢] Az theFet Q1 A5 AHE-st
o A|Z¢k BiFeMoP-x AtslHE 0l ARS-H Q1 A2 5ol n}
54, 7327 549 T35 Ao 7t B A ekgkor, 17}
Ageta Qe 2] The ool = Sole2 Sulo) B2 54
o= FaE wIAA] =t & ¢ Qi

Fig. 49} Table 201 7] th2 Q1 A4 2 A% 3 BiFeMoP-x At
32 Zuf) Aol 144)7F ODH W& 5, §ES- Aol th3t ¢l A+
AQ] Fake 1 AT R HERSITE BE SajjellA FER
A} o atslekart F AP ER BEE S, Pl HajabEel
CH,, C,Hy 58] A =o] File= vg HEH ek gk e 5
= W82 7] FE71ZS AL 144]712] HES-0] X3 Etk o]
B2 sl FHEEA] kokal v Eo] a4 FUTsICIT. Fig. 4
oA Bz mfe} o], AR Q1 WA 9] 52l whef AlshEA
3} REE-ol|A] BiFeMoP-x AFslE Z1| 9] WEE-E/d2 & xlo|& U}
YSith, QIakS: 219) A= ARg-st Ful7t 71 52 Fele] A
FES YeRolar, Fale] Mehg-e vy} 2 AR skl
t}; BiFeMoP-PA > BiFeMoP-PP = BiFeMoP-TEP > BiFeMoP-DAHP
> BiFeMoP-ADHP. F-E}t] qlle]] t &t A B 2] 7-%-, BiFeMoP-ADHP
AsHE Sz} O ¢l ATAR AlRE ) FollM 7 e -
EfT] ol X8 5(89.8%)E LFEMI 9131, BiFeMoP-TEP AFs}E vl 7}
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Fig. 4. Catalytic performance of the BiFe,;;MoP, ;-x oxide catalyst
in the ODH of n-butenes at 420 °C after a 14 h reaction on
stream, plotted as a function of the phosphorous precursor.
Reaction conditions: 0.5 g catalyst, T=420 °C, 1-butene/air/
steam=1/3.75/5, and flow rate=78 cm> min™.,

Table 2. Catalytic performance for the ODH of 1-butene on the BiFe,
MoP, ;-x catalysts

P precursor in Conv.? Selectivity (wt%) Yield (wt%)
BiFeysMoPy-x (%) 1,3-BD CO, 1,3-BD
ADHP 43.0 89.8 9.0 38.6
DAHP 64.5 85.2 12.6 55.0
PA 79.5 85.1 13.7 67.7
PP 75.4 88.4 9.7 66.7
TEP 75.5 84.4 133 63.7

The conversion and selectivity were obtained after an 14-h ODH reaction,
Reaction conditions: 0.5 g catalyst, T=420 °C, 1-butene/air/steam=1/3.75/

5, and total flow rate=78 cm® min™".

7 ke el A0 RSO, &L A le] 5

del] He <l @ o|akslelao] AMBE= ¢19] A 2} ¥
slo] & 7401% T A QFEARE FEFT] Q1] A B = 84-90%,
O Aks ek MBI = 9~13.7% WS Ulof|lA] oF7he] Afols Bejs

stk oheE < Xd?xﬂ% A}g-5t0] A %38k BiFeMoP-x 4181 Z1j
’Jell 4] ODH Ht-§- A3}, BiFeMoP-PA AFslHE Zull 71 713 <=3
FAS JeERYQITE 9 E)) AlollA] Belo] Askg3} Relr]<le T
g2 217} 79.5%9) 67.7%2] 215 LFERAISITE o] AatE
E] 3 21§ 27035} 7812) ODH Wh-golA] QARS A4 2 ALg-a}
o] g% BiFe, sMoP, , AH3HE Znl7} 718 2gkaict & 5= QIgi)
BiFeMoP-x At3He E1jj9] 19 & Ajatsle] A S dolry) 9
3} TPRO 48 =3131% 11, 71 A 3= Fig. 50l LERASIT
Fig. 50 Vel vlel o] BE FHull= I F 719 3=7) s
Atk 100~250 °C(a-§4 =) Afololl A W31 H] i ¢ 3 =7}, 280~420
oC(B-7]1)2] Wlelx] F A w77t B QI o3 T 9
BiFeMoP-x *Ji}ﬁ vl ] w0} g J]F0) 3, g A
Eejudl Fa} A o) Astel gl 9)=0]th21,22]. ODH RE&lA]
Fu|o] &2 AR} AkA0) o3 Sl o] Ate} 3} go]
Atk el A Q1rh22,23]. TPRO #4 AjollA g-9]29] 254
Sile] A} AL2o] o)A RS ERi: WA R A 0% A
G A A T}k AT e Akl Fujje] A
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Fig. 5. TPRO profiles of the BiFe, ;sMoP ;-x oxide catalysts: (a) x=
ADHP, (b) DAHP, (c) PA, (d) PP, and (e) TEP. The mass sig-
nal (m/z=32, -O,) was detected using a MS detector.
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Fig. 6. Correlation curve between the ability for re-oxidation and
the yield of 1,3-BD.
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Fig. 7. The reactant composition dependence of the catalytic per-
formance in the ODH reaction on the BiFe, (sMoP, -PA oxide
catalyst, plotted as a function of the reactant composition.

Table 3. Feed compositions employed for the ODH reaction on the
BiFe, ¢sMoP, ;-PA catalyst

Reactants Component (%)
I-butene  frans-2-butene  cis-2-butene  others®
1-butene 99.3 0.1 0.1 0.5
2-butenes - 62.0 374 0.6

®Main impurity is #-butane.
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