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Transformations of Gaseous Methanol over Supported and Unsupported
Ruthenium Containing Polyoxomolybdate Catalysts
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Catalytic features of supported and unsupported ruthenium containing polyoxomolybdate anion (Ru:Moi4)
were evaluated using the methanol transformation reaction. Decomposition of methanol into hydrogen (H») and
carbon monoxide (CO) predominantly occurred over unsupported RusMo4 whereas no acid-catalyzed reaction
(formation of dimethyl ether, DME) occurred indicating that RusMois had a weak acidity or had no acidity.
Ru;Moy4 was homogeneously loaded up to ca. 40 wt% on silica and titania that had been chemically modified
with N-(2-aminoethyl-3-aminopropyltrimethoxysilane. Ru;Mo4 catalysts supported on these modified supports
exhibited higher conversion of methanol than Ru,Mo4 catalysts either unsupported or supported on unmodified
supports, indicating that RusMo4 was highly dispersed on the modified supports. Even in the presence of water
vapor, no steam reforming of methanol or shift reaction of CO occurred over the supported RusMoy4 catalysts.
Rus,Mous catalyst supported on modified alumina support converted methanol to DME by acid-catalyzed reaction
together with the decomposition products, CO and H», indicating that the Ru-Mo14 catalyst supported on modified
alumina possessed strong acidity. FT-IR measurement of the methanol species adsorbed on Ru,Moy4 catalyst
supported on modified alumina and the contact time dependency of this reaction suggested that methanol decom-
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position proceeded via formation of formaldehyde and subsequent decomposition into CO and H,.
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FERBNEELZTWDY, F/z, LFBMEA LICHF SR
72 RuMoy 2 5 TARBEZIC L 52XV VT )V I — Vv OfE-FEA
B—REALEE Y BL R Y J — VOS-FEARE— ARG
OV L2E A, WTRORISIZN LT, HEOHSEE
ACAE IR % BRI 52 5 T E AR S Tz BRICEREICE
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DAPS-No643 & § %
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CH;OH — CO +2H,

AG=-44.9kJ-mol”! (1)
CORIBIEZODHERIE (A7 ) = VORKERGIZL LRIV
ATk F(HCHO & 323) DR B X OF HCHO D731 SUS)
IR

CH;OH — HCHO +H, (1-1)

HCHO — CO +H, (1-2)
I —FIWLBIC L BTV AF VT —F )V (DME) &7 (H0)
DR GEESUS, P52 K=915 at 598 K)

2CH;0H — CH;0CH; + H,0

AG =-34.0 kJ-mol™ (2)
F72, KIFET Cl, KRERYERIGIZ & 2 ZHibikFE (Co,)
& Hy DA

CH;0H + H,0 — CO, + 3H, (3)
BLUCO L HODY T MUBIZE D COy & Hy DARL
CO+H,0 — CO,+H, (4)
bR B,
3.2. FEB$F RuMoy, (Ru,Moy, BIhfiE) (CkB4 42/ —
IWEHRIE

RuMoy D7 Y E=7 AF M) 7 A% 623K THIEAT % &
TYEZTHBEET A2 % FT-IR MIEIC X VIR L 720 2O
MR, OKFEF U v L (NagH,RuMowOsg) AVER LTV 5
EEZS5NS, JEHE RuMoyy (RuMoy, BRI, K3 F b
UL kDAY ) — WERBIE O R % Table 112777,
R E LT CO, CO,BLUVHMRD SN, HCHO B X
U'DME 30 5N olze XY 7 — VO5MRE (Bq. (1))
AT T A R S IXER TS H, & CODMIF2E R 5,
Z 2T, H/CO IFHET2% kb5 720 ARBUGRIZEWVTKIE
BHELZVOT, KEKYWERE (Eq.(3) & ¥ 7 MG (Eq.
4)) I2E2 HOEBIFEZ 52\, F72, Bh 3.7. TH) @
L ONRDPEIEL TH TN S M BUSIEHEFT LR\ L7z T,
FIROSIZ &0 HoSER L7270, HDHWIE CONHER SN L
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Table 1 Methanol Transformation over Ru,Mo;4 Unsupported and Supported on Various Supports Modified with Organo Silane (DAPS)”
Loading CH;OH Distribution of products [mol%] H,/CO
Cat. Support . .
[wt%] conversion [%] co Co, HCHO CH;OCH; H, mole ratio

Powder 100 none 16 28.7 5.1 none none 66.2 2.3
Si-1 38 DAPS-No643 34 34.4 2.1 1.8 none 61.8 1.8
Si-2 38 No643 13 28.5 3.1 none none 68.4 2.4
Si-3 0 DAPS-No643 0 — — — — — —
Si-4 0 No643 0 — — — — — —
Ti-1 23 DAPS-TIO4 45 352 1.2 trace none 63.5 1.8
Ti-2 23 TIO4 16 28.1 2.8 none none 69.1 2.5
Ti-3 0 DAPS-TIO4 0 — — — — — —
Ti-4 0 TIO4 0 — — — — — —
Al-1 39 DAPS-ALOS 69 21.3 0.9 none 352 42.7 2.0
Al-2 39 ALOS8 21 29.9 14 none trace 68.6 2.3
Al-3 0 DAPS-ALOS 30 7.0 none none 80.7 123 1.8
Al-4 0 ALOS8 86 1.4 none none 96.5 2.6 1.9

a) Organic moieties of DAPS were removed by pretreatment before the reaction.

Flow rate 20 cm®-min~', CH;0H 5.0 vol%, N, Balance, Reaction temp. 598 K.

ZEZ oMb, BiFEAY ) —VORKEKE (Eq.(1-1) 12 & DEMLZALIAE L wEEZ bND, 72, KIEH TIO4 %

HLDTHAH, HCHO Sl B2 35 2 EDIR AR b
WVHEEIZ X DRI N TWA (3.8, HTHIR), CODHEIL
51mol% ® CO AR E ML, CODRBILE (2c0 —
CO+C) PHEFTL TV EEZLNL, T2, CO,D—HRIE,
RuMoy DIEFIEFEIZ L B A ¥ /) — )V % 7212 HCHO DERLEE
THERLTWDLEEZBNL, —F, DME B8O SN2 h -
7oz &id, BRI X 2 BUG (Eq.(2) I SAWI EEIR
LTWwb, 5|2, ZofFEIE, &5 7a b v RuMo,, (K
FF P alE) o7a by (HY) [ DME 24K S5 7517
DFROERTIZIE R DRV, HDWVIIKEF MY Y LEFO
H" OMEAFIREICE R L TV ARnI E 2R L TWh,
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S (Eq.(1-1)), CO DAL B LV H, 2 EK L %\
COBLU CO,DEUEH A F /) — VOGERIGE & L I2h
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o

{H1K1Z DAPS 1567 % =7 (TIO4) %H\Vv5 (Ti-1) & X%
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J. Jpn. Petrol. Inst.,
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7V 3 IO DME R E T S 7200121E, TV
IFHEEBLOY T Uy 7)) U IHEIDAPS OB R EZ D
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PHEHEESND O KIE ST T O DME Vi E I
96.8mol% TH 5 &H 5, ALOSTHRTIZIZITFMIEL T
Wb EDGhoTtze L L, EiEHT ALOSHHES Ru,Mo,, fill
(Al-2) [ DME %4 L&V L7z T, Al2 TidIEMED
DME A H2S RuMo IC X D HEbNTnWb EEZ LD,

ALO8 % DAPS CTi5flis % (Al-3) & A%/ — Vi b3iLis,
V4575, DME 137 B4 L 720 DAPS-ALO8 DHERMLER |2 X
), DAPS ICHERT 2 HWIEIER2NSA5, 71 FiL ALOSD
W EICEET 5, ZORE, ALOSEKEIZV ) A-T V3 F
FEASER L, BRBEAARBIL -2 5N 5, HETHR X
912, RuMoysld DAPS I5£iHE L Ic B Ec EE b S o
T, Al-1 D342 DAPS-ALOS 25 b D5k 1% Ru;Mo s TED
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Table 2 Effects of Contact Time on Distribution of Products

Contact time CH;OH Distribution of products [mol%] H,/CO
Entr " .
y [s] conversion [%] Co CcoO, HCHO CH;OCH; H, mole ratio
1 0.015 12 29.7 trace 2.5 none 67.8 2.2
2 0.030 27 30.5 1.1 1.1 none 67.2 2.2
3 0.060 45 353 1.2 trace none 63.6 1.8
4 0.090 59 31.7 1.5 trace trace 66.6 2.1
5 0.120 78 31.8 1.3 trace trace 66.9 2.1

Catalyst 23 wt% Ru,Mo,;s/DAPS-TIO4, Apparent density 1.0, Flow rate 20 cm**min™', CH;0H 5.0 vol% , N, Balance,

Reaction temp. 598 K.

NTnWbEEZLNE, LA > T, Al-1D DME ARIZHE
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S5Nbe 3.2, TRz X912, FEHEEED RuuMoy, OKEF b
Uy A8 o7 b i3 DME ZAK T 513 E05EERTIE %
Vo AI2DUSHER S EET S &, K E RuMoy, DFHEAEH]
I2E D RuuMoyy DFEIREDSSKE < %), DME AR MIZZ% o7z
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WZRBEN L 724G 5, RuMoyy H B 72 2 S ER s S e pl L 72 & %
ZT\5b,

3.5 EMEBEOXE

DAPS 156 TIO4H$F RusMoy, fillit (Ti-1) 12k B A% /=)L
BSOS BT B k] O #2%E % Table 21787 BRfliieEH]
MEVEE (Entry 1,2) 123V T, HCHO DAEATH T 238
DN, BMEEHAREL 2D AR Lz, T &
13, RuMoull B A%/ —)LdD CO & H, ™D 4 iR FUE 1%
HCHO ##H T 2R OHFHET AT L 2R LT b, fillfi I
DO AEFEIZDOWTIE3. 8. HTHRD, Tz, FAERAE <
B L72AN HYyCO Wds2 IZiii 5 2 &, 24 ) — )b
SRS (Bq. (1) ANETEIRWICED L ERTE S,

3.6. #EBZIE

DAPS 15404405 Ru,Moy, fill# (Table 10 Si-1, Ti-18 &
WAL-D) DAY ) — VEALRORIEZEILE L OHE KW 5545 O
BEZELE N ENFig. 1B X O'Fig. 2128 ¥, Si-1BL W
Ti-1 TSR & L DS X T ) — VOIRLEREIMET Lz, 3
WREDEE A D L, Si-1 TREUSKE & & B 12 CO 255 —
Ji, MWLz, 72, COSb I8Nl 72, Si-1®
HyY/CO %, I FL®O2%ET Tl o724, HAcigmL, 22k
275720 TUE CO DAL IUEAE: 2 AT L7272 TH
LEBbNhd, —7J5, Ti-1 TIERWAIHOELIZIEE A LR
<, 6043 LIFED HyCO 13131220 TH o720 TDT EDS Ti-1
Tld, A5 —VOsEEIE (Bq. (1) AN3IEERIGIHEITS
LT ENDOID. 3.3 HTHAZ L )12, ko L5612 &
) RuMoyy D FENTE S, A5 7 — VOl b h L3
bo FUBDMEITIZHE) A & ) — ViE(LROETIX, HELETD
Ru,Moy D DI T & 5 Wit RuuMoyy DRIZE b ok
EZbND, BIREORE LI ON W E0s, 25
= VOREALROETIIZEICL2bDEeELONDL, — )
Al-1 O AL O T I Si-1 R Ti-2 ICH~_/ME L, AL O
RuMoy 25 b ZEIZE BN ENT WL I EERL TV A,

DME 4G (Bq. (2)) 3AKDERZHED . EiRoKIZ LI
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(@) SiO1: 38 wt% Ru,Mos/DAPS-No643 (Si-1), () TiO,: 23 wt%
Ru,Mos/DAPS-TIO4 (Ti-1), (&) Al,O5: 39 wt% Ru,Mo1s/DAPS-
ALOS8 (Al-1), CH;0H 5.0 vol%, Nj: balance, Flow rate:
20 cm?-min "', Reaction temp.: 598 K.

Fig. 1 Time Course of Methanol Decomposition over Ru,Moi4/

DAPS-supports

A BB VR D B Rk D > v v ) RS L, fil
BOEERLET ERIT, LA L, ZROKPERT D Al-1
IZBWT, HUSIEDSR S /NS VT L3R AL JFIA &
HHRVWIEERL TS, MGk E & 12 DME DA =
DA LML 720 21U Al-1 OEEREEFEEAT598 K (2 BT 5 K
RO ZLL T VWA THLEEZ ON D,

3.7. KESRMOZE

IR Puo=2.5 kPa DEEMFIZHE VT, FUGIREES98 K 12
B 5 ZOZROBIIFHFEHEIL, Peo=2.5kPa, Py,=5.0kPa,
Pome<0.1kPa &SRO LN D, L7zA>T, TOKRERSLED
%M Tld, DME QAR FIIFEEICIHTE 5, KEKE
TTORIBIZBIT D A F ) — VEELERE X O 54 O #%k
%24t % Table 312" 3 FHLZ@EY), X5/ — VOGRS
(Eq. (1)) PMFITBINWIHEIT L7z & IS, Al-1 TORED
K&, MRS EToO DME ARG KIS & o TKIEIZ
R ENT 720, A¥ ) —VOSHENENL-EEZON
bo T, KBHEHETDIZHP0HLET COomITKE LM
LAaro722 &5, RuMoy filtfiiid x & 7 — )V OIRZELE
Kt (Eq.(3)) BLUY 7 MG (Eq. (4)) 1SR 5 il sk
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(H): H,, (@): CO, (®): CO,, (A): HCHO, and (X): CH;0CHs.

N,: Balance, Reaction temp.: 598 K.

Flow rate: 20 cm®*min~', CH;0H: 5.0 vol%,

Fig. 2 Changes in the Distribution of Products as a Function of Reaction Time over (a) 38 wt% Ru,Mo;4/DAPS-
No643 (Si-1), (b) 23 wt% Ru,Mo,4/DAPS-TIO4 (Ti-1), and (c) 39 wt% Ru,Mo,4/DAPS-ALOS (Al-1)

Table 3 Effects of H,O Vapor on Conversion and Distribution of Products

Reaction time CH,OH Distribution of products [mol%] H,/CO

Cat. [min] conversion [%] co Co, HCHO CH;OCH; H, mole ratio
Si-1 30 47 30.6 1.9 none none 67.4 2.2
60 39 30.5 2.2 none none 67.2 2.2
90 36 31.6 2.2 none none 66.3 2.1
120 32 30.6 2.1 none none 67.4 2.2
Ti-2 30 83 29.1 1.2 none none 69.7 2.4
60 68 28.2 1.6 none none 70.3 2.5
90 59 29.0 1.6 none none 69.5 2.4
120 61 28.1 1.7 none none 70.1 2.5
Al-1 30 61 29.1 1.3 none none 69.7 2.4
60 65 29.1 1.0 none trace 70.0 2.4
120 58 28.2 1.2 none trace 70.6 2.5

Entry number Si-, Ti- and Al- are 38 wt% Ru,Mos/DAPS-N0643, 23 wt% Ru,Mo4/DAPS-TIO4 and 39 wt% Ru,Mo;4#/DAPS-
ALOB8 catalyst, respectively. Flow rate 20 cm’min~', CH;OH 2.5 vol%, H,O 2.5 vol%, N, Balance, Reaction temp. 598 K.

FIFEAEREGR VI ENRG D o720 EDERNS, KESR
AETIZ BT L HHEE RuMoy liEIZ X & — V43 BUG % (3
IZBIRIHEATS LT EDVHE IR o720
FHHTREZLIZ, AL TIE SO BW T H LR
TSV, 2O L, KOFETIZBWTH ALO; 1A I
D RuMoy lZBE LI wWEREROT N L, Zhuxtl, £
HOKELET TSi-1 B LU Ti-1 ITBWTUIELEIMET L
ZF DR Si-1>Ti-1 > AL DEE %2 o720 ZOFFNL, 84k
OWREBLUOBBEORIEFM L TH L, LA ->T, HEF
RuoMo, filt i D& 1251k o S5 K A3l O R4 B BAtR 5 2 &
ERET 5, L L, BALEAMET LCH AR oMz EL
TWRWIEDRS, XY ) — VRO G A 51 = X A HEALE
T, EEEESRL L Cwb EEZONE, UEDZ Ehb,
HEOBIEE % H# L T RuMoy 2 ZEL ST L2 &1L
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0, IHEE RuMoy il OTEESLA IR CE L L EZ L5,
3.8. FT-IR IC & % 5Ff
Ru;Mo/DAPS-ALO8 FICWEZE L7-E ) ¥ D IR A2 b
V% Fig. 31”0 WA ABREE T L Y AT v FERAICHE L
728 YV ENEIN1450 8 £ UV 1540 cm ™~ ISHFERILE — 2~
ERTZEPHSN TS Y, RuyMo/DAPS-ALOSZIEZ D
FEI I A 7R & 7w (Fig, 30043) 25, ) Vv 2B AT 5 &,
1450 & 1490 cm ™ 2 E) ¥ 2D HEEIDNATHBL L 72
(Fig. 3 (A))o 1450 cm™ OWLINIE 623 K 12 BT b ZE AL
L (Fig. 3 (C)), MVERIRE 2450 )L A AW AH AL-LICHFES
LIEDHLPTHDL, ZNHDFERIE, DME SR WHET
RS B ROCERTEY A F 2% AI-LIZIRTEET B & v D) EERfE R
EELHIET 5,

ALLLICEAE L7z A% 7 — VHEO IR HIE 21T 72/ B %
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Dotted line: Ru,Mos/DAPS-ALOS evacuated at 623 K for 2 h, (A):
evacuated at 373 K for 15 min after an exposure of Ru,Mo,;4/DAPS-
ALOS to pyridine vapor at 1 Torr (1 Torr = 133.322 Pa) for 10 min,
(B): evacuated at 523 K for 15 min after an exposure of Ru,Moi4/
DAPS-ALOS to pyridine vapor at 1 Torr for 10 min, (C): evacuated
at 623 K for 15 min after an exposure of Ru,Mo;s/DAPS-ALOS8 to
pyridine vapor at 1 Torr for 10 min.

Fig. 3 FT-IR Spectra of Pyridine Species Adsorbed on RusMo4/

DAPS-ALO8
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(A) Methanol adsorption at 473 K for 1 h under a pressure of 20 Torr.
(B) Methanol adsorption at 598 K for 1 h under 20 Torr.

Fig. 4 FT-IR Spectra of CH30H Species Adsorbed on Ru,Mo4/
DAPS-ALOS8 Adsorption at 598 K under the Pressure of
20 Torr (1 Torr=133.322 Pa) for 10 min

Fig. 41277 F o A1 BICA Y ) — )L E 43K THAESEL LY
HEAE LAY 7 = VIZEE S5 HI (29658 L O
1455 cm™) DIAHC, X b F IR S BRI (2920,
2870, 1510, 1407 cm™) & 7+ — A — FEIZRIE S5 B
WZAX (2870, 1585, 1610, 1355cm™) ASHI L7221, X512,
573 K TG S8 5 EWYHTAE L7z A 8/ — )V OSEHERIUATH
B, AMFVEBIOBERVAT VT FEIRESNLL W
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VN ¥ — 2 £72960, 2950, 2860, 1600, 1380, 1360 cm™
RO LNz SO EDD, ALl ETAY = )ViEA XY
FE LTSS HIE, $/2Eq. (1) ORUGHREEE LCls
RNVLATIVTe FEEZART S KIE (Bq.(1-1) #&T, Ko
KIS (Eq.(1-2)) (2L Z EAVRE NIz, S OfbmIL, SR
TSR R BRI (] 5/ S i & X1 HCHO B3l B3 5 FEBR
WEREBEAT L, T2, WAERNVLAT VT FiE (HCOO-M
BLUHCO-M),) 2B SN EHIRINAR SRS Z i,
RuyMoy DI TEERIC L 2L LT ERZR LTS, 2
NHEAY ) = VERRISOFERBER L L —FT 2,

4. # B

EB)TTFUVBT =4 vy o—#%, +FVIVT=7 4 (Ru=0)
THEBLVT=T724 Ru) GERVAIXFVEY T T VEBEO
7 vEZT LT MY A, (NH,) oNagRu,Mo 4050 14H,0 % &
KL, TOEYTFUVERT =4 ¥ (RuMoy,) DOt %
5 ) —VOERBOE & G CEHIG L7z ATLEIC X 0 AT 2
RuyMoy DKFET ) 7 A3EOFEEEE 1255\ 729 DME % A K
B9 IR A Y ) — Va5 fE L TCO & H, A L 720

DAPS CiLEMBHi S itk (S VA, F4=7, 7IVI )
L2 RuMoy EEVIHERE (40 wt%) F CLEI 5 EEHE
ENDAEE, FEHERE B L O RIEMIFE AR RusMoy, flfi 1
W, A& ) = VERALERAKIGIZM L Lz KOFETIZBW
Th, CO,DERIFIZEALEIMET, X%/ — IVOKFEKK
BUG (Bq.(3)) &£ COTY7 b (Eq.(4) iZE ALK
SV EDRHS Mo LzA > T, $HE: Ru,Moy filt
EEIRIIC A S ) = Ve DR B 2 L0 ho T,

KT VI FEHWzE &, K& RuMoy DM EEHIC
VIR CEE AT 5 /20, BSOS IC £ 5 DME
WHEER L 720 RFEEIAFIT L D DME AR IZIIHI S, 25 /) —
WV DS RSB AT IR AT L 726
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AL & IV N | % N =y

IR FRFE G B T 7R B R T

HEEBLOHFHEFELV T = 2EFRV A FVEY) TT— |
(RuMoy,) DffBEEEES X & 7 — VEBLSIC & 0 57 L 72,
JEfHFE RuMoy ETlE, BHIIAY /= vokE (Hy) &—
L% (CO) ~DIEIIBAHELT L7z F 7z, BRSO (2
AFIVIE—F)V, DME) 12lE& A EHETES, RuMoy 1213
HABFEE LRV, b L IFEERENITVZ L 2355205 72,
N-Q-T73I/ZFNWV)3-73I/7aENVINIAFL LT T
BiisN/-2 ) BB LT & = 7IZHE & 1172 Ru,Moy, fill i 1%
JEIEFE B & RS MHEAIERE L ) D Ew X ¥ — Vil
ZRL72e SO EDS, BHIHAEIC RuMoyy 13550 HE
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wE il RTR EM, RE S5

B, 577-8502 KBRAFH AT /INETT3-4-1

ENTVDEZEWGoTe KOFLETIIBWTY, HE
Ru,Mos filtli £ C A & 7 — L OKFESE R CO ¥ 7 MRS
HAT L e r o720 BHIT IV 3 F % RugMoy, DIAEE L THW /2
L&, XY= VOGRERY, COB LV HIIMA T DME
AHRAMBEROS DL & L TR oI, BTV I RICHERS
172 RusMoy flBEASSR VIR 2 L T 5 T EDRS Nz, &
i 7V X F$HEF RuMoy, il - oW 2 & 7 — LD FT-IR #ll
EB L M KO RN S, X5 ) — VR R IV A
TVTE FOEREZDO5HE2RETHEITT S I LIS
720
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