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Fig. 1 Cumene process (3-steps reactions from benzene) and the
direct phenol synthesis from benzene in one step on Re/
HZSM-5. In cumene process, benzene converts to cumene,
cumene hydroperoxide, and then phenol using H,SO,.
Phenol yields is less than 5% .
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Fig. 2 The structure of ZSM-5 zeolite.
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Fig. 3 The preparation steps of the Re/HZSM-5 catalyst for the
direct phenol synthesis from benzene and O,. (A) Inactive
Re monomer produced by the reaction of benzene and O,,
and (B) active N-interstitial Re;, cluster produced by NHj;.
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Table 1 Catalytic performances of Re catalysts at 553 K for the direct phenol synthesis from benzene and molecular oxygen!?)

Catalyst Si0,/ALO; Method Re/lvovia%ing Reac}iﬁ)nﬁ Srz:tie1 %OF) Pheno/l ;()e}gctivity
HZSM-5 19 trace 0
Re/HZSM-5Ld] 19 CVD 0.58 trace 0
Re/HZSM-5 19 CVD 0.58 65.6 87.7
Re/HZSM-5le] 19 CVD 0.58 51.8 85.6
Re/HZSM-5.) 19 CVD 2.2 83.8 82.4
Re/HZSM-5 19 Impreg. 0.6 11.8 27.7
Re/HZSM-5 19 Phys.[e] 0.6 trace 0
Re/HZSM-5Ld] 23.8 CVD 0.58 trace 0
Re/HZSM-5 23.8 CVD 0.58 36.2 68.0
Re/HZSM-5 23.8 Impreg. 1.2 18.5 15.3
Re/HZSM-5 39.4 CVD 0.59 31.0 48.0
Re/HZSM-5 39.4 Impreg. 1.2 16.4 14.3
Re/H-Beta 37.1 CVD 0.53 18.5 12.0
Re/H-USY 29 CVD 0.60 trace 0
Re/H-Mordenite 220 CVD 0.55 26.3 23.4

[a] Catalyst=0.20 g; W/F=6.7 g, h mol~1; He/O,/NH;/benzene =46.4/12.0/35.0/6.6 (mol%). [b] Consumed benzene/Re/s. [c] Phenol
selectivity in carbon%. [d] In the absence of NH;. [e] W/F=5.2 g.,, hmol~!. [f] W/F=10.9 g, h mol~!; He/O,/NH;/benzene =46.4/12.0

/35.0/6.6 (mol%). [g] Physical mixing of MTO.
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Fig. 4 Re L;-edge XANES spectra measured at 15K for the Re/
HZSM-5 catalyst (Re: 0.58 wt%, CVD, SiO,/Al,0;=19).
(A): After steady-state reaction, (B): (A) after treatment
with NH; at 553 K, and (C): (B) reacted with 5 pulses of
benzene and O, at 553 K.
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Fig. 5 Re Lj;—edge EXAFS Fourier transforms measured at 15 K
for the Re/HZSM-5 catalyst (Re: 0.58 wt%, CVD, SiO,/Al,
05=19). (A): After steady-state reaction, (B): (A) treated
with NH; at 553K for 2h, and (C): (B) reacted with 5
pulses of benzene and O, at 553 K. Solid and dotted spectra
represent observed and fitted spectra, repectively.

Table 2 Curve-fitting results of Re Lj-edge EXAFS Fourier transforms for the Re/HZSM-S5 catalyst (Re: 0.58 wt%, CVD, SiO,/AlL,0;=19)

measured at 15 K

Catalyst Shell CN Distance/nm o%/nm? AE,

(A) after steady-state Re=0 3.5+0.2 0.173+0.001 (1.4%0.3) x10-3 R;=0.9%
reaction at 553 K Re-O 1.4+0.6 0.211+0.003 (8.4+5.3) x 105

(B) (A) treated with Re=0 0.3+0.2 0.172+0.001 (2.3+2.4) x10°5 R;=0.5%
NH; at 553 K for 2h Re-N 2.840.3 0.204+0.001 (5.8+0.9) x 105
Re-Re 5.2+0.3 0.276 +0.002 (5.2+0.2) 105

(C) (B) reacted with 5 Re=0 3.7+0.2 0.173 £0.001 (1.4£0.3) x 105 R;=1.3%

pulses of benzene and

0, at 553K Re-O 1.3£0.7 0.213+£0.003 (9.1£7.7) x10°°

All spectra were Fourier-transformed at k =30-160 nm ! and fitted in R space of R=0.10-0.32 nm.
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Fig. 6 Temperature-programmed desorption (TPD) of N, for
HZSM-5 zeolite (A) and the Re/HZSM-5 catalyst (Re: 0.58
wt%, CVD, SiO,/Al,0;=19) treated with NHj; at 553 K for
2h (O).

N-interstitial Re,, cluster

Interstitial N in Re, framewark

Fig. 7 The proposed structure of the N-interstitial Re;, cluster sup-
ported in the pore of HZSM—-5 modeled by DFT. (a) View
from the pore of HZSM-5, and (b) Side view. Red: Re,
green: N, blue: O, yellow: Al, and gray: Si.

AI355A THYD, Re 75 AX—DHF A XFTHh LD
/INEV, Reg DML 3 DL L - 7o ST,
C OMFLPE CREL I NN, TNHDST 5 A
2 =RV OE, ZOMEOMIESLIC X HEENK
TWEEZIOLNS,

5. 7x/—IVEESHRICOMKELED
RE

INFE TOREBITO/BRN O, EWIRIGHKICIE Re™*
DFFSANFF A Re €/ ~— (RS B4RL,
INET /) —IVEBRRIGICHER R TCH AT V/EZT
ERIGESHE D EHDICERERF2RNAL /2 N R FPHail
Re 7 5 A X =W+ 5 LB 51 L7 (Fig.
3, INHLOFEDEL LPMBIERECH 5O EH L
PICT H2DIT, TNHD2ODOREERREICIED o
i, RINGFTHAN/ YV EBFEST 7 AW/ L AR
JEFEBR A AT - 72, Fig. 8 IC HHES (A) U N RF @il
Re 7522 —B)ZNENDOXRX /Y /LR ET £/ —
JVEREE R L 7o, BEHESE (A) 1T\ VeV EBFRES T &
JIIVATEAL T, NvEVORRERIGT 4 < T8
T, T/ —IVOERIZR N - T,

—F, TVEZT EORIGIC & - TS ®7NFET
WauB Re 7 5 A% —B)iE, Nv¥ v LEELRIGL,
94 DFREIRET T = /=) &AEK L/ (Fig.8), XtV
LR DORE IV A EREBIRKIG S /2L T A, 2 Ofi
T Fig. 8 O XD IR FL CERICE S 24, ZOM7
r /= IVOFEREISESEORT TR T35 2 L7k <,
WL TH > Tce MESTHNVEVERIGL, Ko
TEBEER T OREN AN & LR E % TRt

B

< 4f1 I I 1 I | 1 Y 100
&

o

3 - b
£ sf " g
= 1. 2
gl g
= [
-] <40 2
i 5

i
S 1% =
§ obD—e—0 o—a—u—uo
o 1 2 3 4 5 6 7 8
Number of pulse

X
<«
©

Phenol formation rates and phenol selectivity of pulse reac-
tions with benzene on the supported Re/HZSM-5 catalyst
(Re: 0.58 wt%, CVD, SiO,/Al,0;=19). O: the phenol for-
mation rates of pulse reactions with benzene and molecular
oxygen on the Re monomer (A), m: the phenol formation
rates of pulse reactions with benzene and molecular oxygen
on the Re cluster (B), A: the phenol selectivity of pulse reac-
tions with benzene and molecular oxygen on the Re cluster
(B), <: the phenol formation rates of pulse reactions with
benzene on the Re cluster (B).
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Design of Novel Re Catalyst for Direct Phenol
Synthesis and Characterization of Its Catalytically
Active Structure

Mizuki TADA

Graduate School of Science, The University of Tokyo,
7-3-1 Hongo, Bunkyo—ku, Tokyo 113-0033

Yasuhiro IWASAWA Graduate School of Science, The University of Tokyo,
7-3-1 Hongo, Bunkyo—ku, Tokyo 113-0033

Abstract A novel Re catalyst was prepared on HZSM-5 zeolite for direct phenol synthesis from benzene and
molecular oxygen. The supported Re catalyst exhibited the highest phenol yield (9.9% conversion) and
phenol selectivity (94%). The structure of catalytically active Re species supported on HZSM-5 was charac-
terized by XAFS analysis and we found that ammonia produced a novel N-interstitial Re cluster, which was the
active species for the direct phenol synthesis.
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