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The organic hydride method utilizes the reversible hydrogenation-dehydrogenation cycle of aromatic hydro-
carbons for the storage and transportation of hydrogen. If low-grade hydrogen containing CO impurity is used
in the hydrogenation process, storage and purification of hydrogen can be attained simultaneously. This study
investigated the effect of Pd on SiO,, Al,O3 and SiO,-Al,Oj catalyst supports on the hydrogenation of naphthalene
in the presence of CO. Pd/Al,Os catalyst had the highest activity for hydrogenation using pure hydrogen.
However, Pd/SiO,-Al,O3 showed the highest activity using 2% CO/H,.  All catalysts allowed only the hydroge-
nation of naphthalene to proceed and no CO hydrogenation was observed. CO probe FT-IR spectra were
observed at elevated temperatures. Desorption behavior was dependent on the catalysts and, especially on the
lower wavenumber side, strongly adsorbed CO changed more significantly with the catalyst. CO desorption
behavior of Pd/SiO,-Al,O3 indicated weak Pd-CO bond. Deconvolution of the IR spectra showed that the acidity
of the SiO>-Al,O3 support decreased the electron density of Pd, resulting in weakening of the Pd-CO bond, which
promoted the high hydrogenation activity in the presence of CO.
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Table 1 Support Composition and Surface Characteristics of Supported Pd Catalysts
Catalyst Support composition Specific surface area  CO chemisorption ~ Average particle size  Pd dispersion
T Si0, [wt%]  ALO; [wt%] [ gop '] [umol * gea '] [nm] [%]
Pd/ALL,O; 0 100 194 74 3.8 39
Pd/SAH 71.4 28.6 511 57 4.9 30
Pd/SAL 86.2 13.8 560 33 8.4 18
Pd/SiO, 100 0 320 76 3.7 40

FrBLILENTEL720, NS NI FEDOE 5% 57
FBEIER AR SN DY L LAAS, ZOEMAIKEC
I, RH e L CAEEEICZ 5 CORELbDNE 107D,
CO 12 & 2 B SUL - il pe 3 % 35 1 L 7- il B SE Ass ko b1 %o
CO FFHE T DOHFE MR FEATSICE T A ods6liy, #HE
5 ORI TdH 5 Suzuki® 5 OFME DA & Hbi, HEF Pd filtlf
A% Metal-CO fEETREEDSTH N 728 CO BIFUS % #AT &9, F
TV FERLET NI VARFEBICR D EIEETH L Z L
HEL W5,

AT, EARFERARE, ARk E LCLIFLIRERAShT
V5 Si0-ALOS ™D ZHRMKIC VY, BRDSIEAE 12 5 2 B
WEEMAE L, £, COFET T 75 L v RFIHEE L
Pd-CO &4 R IE DORIRNE % PA BT BE OB P HEE L1,

2. ® B&

2.1, fAEEEAR

WENOMEED EFiZE L ) PAHIFEI 2 wt% LD LI
AL /oo ARIZ 1L ALO; (Neobead-GB, KL T3),
Si0, (Silbead, /KEFE(LFTH), 2D Si0,-ALO; (JRC-SAH-1
F 7213 JRC-SAL-2, fili#f LIk T3) % H\vr720 Si0r-ALO; D
ALOs & B %1%, SAH 7%28.6 wt% T SAL 2513.8wt% T %
(Table 1), Pd HiBR{ETH % PACl, /KA (PACL % 0.1 M (1 M=
1 mol-dm™) MEERVATIZIEE) 1245« O E I 2, 1 h iR,
WIETCTADEBREL, 130C TS g7, Z0%,
500C T3 h#E L, 500C T5h DKFEEICEIT- 72 (HilH
J£4.5C -min™"), RICHE, 1L 100 mesh DUT IR L 720

2.2. MEOXYy S 2UtE—-a>

BET JLRMFEME 1L SA-6200 (JEHHIERT) % H\v, i
12300C T30 min O R 1T - 72,

XRD (X-ray diffraction) {#Hl%E(2(% RINT-Ultima MI/Bu (35
) 27z MBI CuKa M E B L, MESRMIIEE
JE40kV, EEIRA40mA, ¥ 7)) ¥ 71H0.01 degree, A¥ ¥
¥ M 4 degree -min~! T1T o 72,

CO LA EH5EIC1E BP-1 (KA % v7z. wirE
& L CRtER RO BRI (500T) T1h OXKFERITEITV,
f5e W TR EE T30 min DN 7 LS % 4T o 720 HIE I,
27C TNV Y ARG L DS CO %/7S)VAL, il co
FrERDL, b, {byEmtE Pd/ICO=1 L WEL, Pd5F
B, PARFEEEM L,

CO-TPD (temperature-programmed desorption) ill%E Tl, CO
AL A5 S SE R O 2 ~ ) 7 LB T T27TC 55 500C
FTHIEL (5C-min™), Fi#fEL 72 CO % TCD (thermal con-
ductivity detector) TELsk L 720 %3, KT Co WA RED R
2 % 728 PAIALO, D ¥ — 7 T & L HEICHIE 2 1T > 720
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CO 71— 7 FT-IR (Fourier transform infrared spectroscopy)
MI%E 1213 JASCO FT/IR-350 (HAG0) % &k CT1T - 720
flEE 2 R 10mm O 7 4 A 7 IZHH L 7%, RiLEE LT
400T T1h DOKFERIT, HOWTHILETIh OEEHER* 7o
720 27C FTHHL /2%, 20 Torr (1 Torr=133.322Pa) ® CO
%38 A L 20 min fR¥F L 720 RIS, FiEimBEE (27~400C) T
30 min EZEPEL L 7214, 27C T CTHHILMEE T - 720 HIE
Sk fiee2 om™, FSMIEL320H & L7z, WIESHEL, N
AT A YIRS, o ABEE W CRIESEER 1T 5 72,

2.3. FI7RLKFEERE

775 L RFACSIRE, BER, T -, M
WEMRIAT vV AREA— 7 L—7 (100ml) % v
TATo720 F7F LV VIEALZF 7% LY (Merck) &\
VFA 7 2 VR0 ppm RGICHE L2 b oL,
AR AL AT L & L CRUSHTIZS00C T1h OKFERITEY
To72e 7% 1L >78mmol (1.0g) (En-FY T 40mi il
BIRSETEHM L7z BUSH AZIdkFET/2132% O CO %ilt
G LIAZEEH, RISTEELLDOHN AL 098MPa (77—
JE) EA L7z FEFRHEEIX 1000 rpm THTVY,  BUSEE R (& A7K
ZTFF 75 L yARFEKETLh COFHETF 74 L rkFElL
FIETO05~2h 1T o720 NUBTRDEE S & OH ZAD5HI2IE,
ZNZ1FID (hydrogen-flame ionization detector)-# A 7 1<
75 7 (EESUERT ; GC-18A, DB-17 capillary column (J & W)),
TCD-H A7 u~ 777 (EBHEEIEAT ; GC-8A, active carbon)
Wz, BUCEEEIIWBEE L TRD 2720, REIBIZBWT
7 N5) YEIREIL100% TH Do TOF (¥ — » F —/N—H#Hj)
ESUBHEE & COMLFRARMEDRER I LB L 72,

3. BREBE

3.1. REFFHE

i L 723846 XRD MIERE R % Fig. 112777, ALOsIHEE
LU Sio R, FNENHAIN S y-ALO;, JEFE Si0, & 7R
L720 SiOr-ALO;#HMIL, FEE % SiO HskE b b/ o —
=27 %RLTEY, THETHRENZIELE SiOrALO; R L
TWwh, —H#MIZ, FEEE 7% Si0-ALO; IX 215 (Si0, &
ALOy) DL KBEILLTWB I EZRLT V5 B9,

AL 7o F AR Pd il O REAFME % Table 110 F & D72,
Pd 381X, Pd/SiO>-ALO; 2% PA/ALO; & Pd/Si0, (#740%)
WZHARE DRl E 5720 72, Pd/SiOr-ALO; Tld Pd/SAL
(17.5%) A Pd/SAH (30.3%) & 0 bIEGHE 2o 720

3.2. FI7HRLKFECRIE

MAEZETBIOCOFGHETF 75 L v REAMKICHEZ
Table 212777, #MKETF 74 L v KRS OLETIE
Pd/ALO; 758 b T W ME% 7R L7z (Pd/ALO;>Pd/SAH>PJ/SAL >
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Pd/Si0,) s —7, TOF Tld Pd/Si0rALOs S & ) B\ MEE IR L,
Pd/SAL %%# b &% - 72 (Pd/SAL>Pd/SAH>Pd/ALO;>Pd/Si0,)

COMFTETNF 74 L v KFL O bz T, FKET
TV UIKEAEOR R L KRECER D, PUALO;, PA/SiO,
IZHA PA/SiOrALO; 23 L D) &<, PA/SAL 258 b &\ MEX R L
7z (Pd/SAL>Pd/SAH>Pd/Si0,>Pd/ALOs). —75, TOF ig,
Pd/Si0>-ALO; A% Pd/ALO;, Pd/SiO, 12N\ TOF # 7% L,
PA/SAL IZBWTIEFH L {mWEZ/R L7z (Pd/SAL>PJ/SAH>
Pd/Si0,>Pd/ALOs) 0 %38, COFIETF 74 L v KRELRILD
TOF %, FUGHIZ CO & BiHMEHOMEN D 575, 43 Pd
T TE ) T 72728, A2 TOF & 7% %, Pd/SiOrALO;
i, MKFETF 75 L Y KREABUL TS PAd/ALO;, Pd/Si0 12
ALY EWTOF 278755, COFAETF 75 L KFALKIE
DTOF T LD Vo Z)EHWEEZRT I &5, CODAEMIC
LD OIS PICR L 572 TOCOHFHETF 75 L
YARFACSIE DRSS, Al (Pd) & CO D& TR A
Lo TRESER DL ZEPHREND, T2, COFETTS
75 L UKFEAE T, $XRTOMEET CO EILFIZ0% T
HY, CHy % & D COKFEAERWIIMER S N roTzs HEF
Pd filtf: (Pd/A1,0;) 2% CO KFALIEZETSET, F 751
VIRFEALRIS % BIRANEIT S5 2 L I3FEE S I L ) B
ZETHhHEDY, SEOEEREOLEAS, 2o Pd ok
PETAIARIC IR SRR S, 57 5 L U RFE LS OE D
AHAE RGN L TE D T EHMER SNz, F72, BRMEHEGkT
&5 SiOr-ALO IZHHFE L 72354, S OEERSML TILa R

O 7-ALO,
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Fig. 1 XRD Patterns of the Supports: Al,O3, SiO,, SAL and SAH

TN ESTACY (Rl A

3.3. CO RiBRiBE

CO 7 U — 7 FT-IR 2 & 2 F IR BLEE M 2> &, £l o
Pd-CO #5 A& & 20 COWMEREL <72 (Fig. 2). Pd I
ANOWEFE CO D IR AT MVIZBWT, 2100~ 2000 cm™ 3T
¥ =27 by TR FORIGH &8 EICEHRINCEE L7z Co
# (linear CO) ZJR)E S 41, 2000 ~ 1750 cm™ W 13 245
AN L 72 COE (bridged CO, multibonded CO) |ZJ7E &
N5, FEMOBEHEEMOILE TIE, &8 L CO DREEH LK
HIE5V 1950 cm™ DL L OB B OB O L3 S 25 m S
729, KM ORI TY, I OEBEEM ORI S HiEE L 3
WZ EIIHERETE DAY, 1950 cm™ & D IR o BiEED L%
TR TIER IR 2 o T, HRIZ, 100T BEZedrkik
D IR A7 NV, PA/ALOs;, Pd/SiO, 7% & V) E R L dOWLIX
i CLPBEEL TW 2wl L, Pd/SiOrALO; TN EL
MOV OBLEE LA X TWize 20728, Si0r-ALO; RIHE
Pd il OIRfRR o IR TlE, I (2200~ 1700 cm™) @
Pd-CO ¥ A BN EI L %2 5. Table 312, Fig. 20F I
9 SR O ¥ — 7 AR L R T, T XTOHSIMEICE
W, Wi CO A EE L 725814 (X PA/SAL>Pd/SAH > Pd/SiO, >
Pd/ALO; TH 1), Pd/SiO;-ALO; D Pd-CO FEEFREEAT L V) §uv
CEERBELTVS, 72, Fig. 30 CO-TPD f#IZ X 5 CO
BiEED L3 &b, IROFREFABOMEMER L 7282
1, iR (27 ~100T) 12815 CO D iR 413 Pd/SAL
(32%) >Pd/SAH (21%) >Pd/Si0, (14%) >Pd/ALO; (8%) &
%Y, COFNEL)BEWEERTLEDS kol TS
DFER LY, PA-COMEREDFFNIE, B 5212 PA/ALOS>
Pd/SiO,>Pd/SAH>PA/SAL TH 1), Pd/SiOrALO; 1E Pd/ALO;,
Pd/SiOy (2L, & D §5Wv PAd-CO A ZFHD 2 L2350 - 726
Z @ Pd/Si0;-ALO; DI PAd-CO #E AL, COBFHETF 7
7L Y IRFELRIS CRWEEZ R L2 ERO—D2 & LTHEITS
N, RISEFICER Pd B TA°CO THE SIS W A2
bNbe FIZ, & bHE PAd-CO KA TR % D Pd/SAL T,
CO THEINTVARWIEEEPEEET L720, 7751
VIKFALBIE S & ) % AT L, FLANT O TOF (LR IS 7
LHEBbNL, 512, PAUSALIFHMAKETF 74 L vkH#EL
FE®D TOF & @&\ 728, COFFAE FD AT D TOF IZE 512
FWEEAR L2 EDEZ 572 (Table 2)o

3.4, CO 7O—7 FT-IR DK B

PR FOBEFHEEDOREEFRL7-0, 27C HEPLAHZD
IR A7 )V (Fig. 2) DI HER AT > 72858 % Fig. 41577,
WL EE L 7200 (LR 2 A & LF1-3, HF1-3 & L, HFI-3

Table 2 Naphthalene Hydrogenation with Pure Hydrogen and in the Presence of CO

Naphthalene hydrogenation with pure hydrogen®

Naphthalene hydrogenation in the presence of CO®

Catalyst
Conversion [%] TOF [107s7] Conversion" [%] TOF*? [1073 s71] CO conversion®” [%]
Pd/AL O3 16.2 46.5 20.8 30.2 0
Pd/SAH 13.8 52.7 44.4 89.9 0
Pd/SAL 124 82.0 57.9 254.0 0
Pd/SiO, 11.5 34.3 29.3 40.0 0

a) Reaction conditions: feed gas, H,; reaction temperature, 50T ; reaction time, 1 h; catalyst weight, 0.1 g.
b) Reaction conditions: feed gas, 2%CO mixed Hp; reaction temperature, 150C ; reaction time, 2 h (b1) and 0.5-2 h (b2); catalyst weight, 0.1 g.
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Pretreatment: reduction by H; at 400 for 1 h and evacuation for 1 h.  CO adsorption: 20 Torr (1 Torr = 133.322 Pa)

of CO at 27C for 20 min.

Evacuation temperature: 27, 100, 200, 300 and 400TC.

Fig. 2 IR Spectra of CO Adsorbed on Pd Catalysts after Evacuation at High Temperature: (a) Pd/ALO3, (b) Pd/SiO,,

(c) Pd/SAH, and (d) Pd/SAL

Table 3 Relative Peak Area of CO at the 2200-1700 cm™ Absorption
Band in FT-IR Measurements (Fig. 2)

Relative peak area” in the range of 2200-1700 cm™ [%]

Catalyst

27T 100T 200C 300C 400T
Pd/ALO; 100 73 34 9 0
Pd/SiO, 100 66 23 5 0
Pd/SAH 100 53 18 1 0
Pd/SAL 100 31 3 0 0

a) Based on peak area at 27C evacuation (= 100%).

1% linear CO, LF1-3 & bridged CO, multibonded CO |ZJ7 /8 S5,
INENDOE =7 by THEBEZAD7 T 7 OHEMIZR Lz,
=DM & 78 L 72 linear CO f1, Pd 21 I EHRTZW]
#HL7-COME (HF1), PAREO I —F—F /213 % v 7 12
L7:COfE (HF2), Pd°" 2R L7-COM (HF3) &JilE L
722972, multibonded CO & & O @ bridged CO (%, Pd (111)
112 L 72 multibonded CO # (LF1), Pd (111) EIZWEFE L
7z bridged CO f& (LF2), Pd KM DT v I F 723 RIaHA M
Wi L 72 bridged CO ff (LF3) &JFME L 722072,

Fig. 4125\ T, Pd/ALO; DA Pd* W75 L 7= linear CO f
(HF3) b3t s, kS AHEIEH L7z Pd OFALEN
EZBMND, MO linear CO Tl (HF1, HF2) (3 XTOfET
FAELTBY, &L PA/SAL (2083, 2100 cm™) >Pd/
SAH (2075, 2095cm™")>Pd/SiO, (2067, 2088 cm™') =Pd/
ALO; (2067, 2088cm™) &7 1), Pd/SiOrAlLO; THEMEEEIA~
Y7 MLTW, —fBIZ CO DMHERE (veo) 1ZE&BET
BEICHIETHY), COPEBIIWET HBI2IE, CONSHE
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Fig. 3 Temperature Programmed Desorption of CO from Pd
Catalysts: (a) Pd/ALO;, (b) Pd/SiO», (c) Pd/SAH, and (d)
Pd/SAL

B dBLEN o-fit 5, B X OEEN S CO O JUE A TEBLE~
DO -G Lo TEETLZEDBMOENT VD, FD72D
Veo IREBETHEOZEAZ L VBB Z 21, ZOBENIEUE
RS COfiL Y b, EMANEE COTHELZITRTWVW
ENEZOND, B SN linear CODOE WY 7 Mg,
PAETFHEEDKTEZRL, BFREEVKTICLY Pd225 CO
A it 52 WA &L EZOND, O PdETE
FEORTIE, SiOrALO;HKDEEMEEIZBEFR L T 5 2 & o5
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(a) Pd/A1,0s, (b) Pd/SiO,, (c) Pd/SAH, and (d) Pd/SAL. Values for each spectrum are the wavenumber (cm™") values

of the deconvoluted bands indicated.

Pretreatment: reduction by H, at 400°C for 1 h and evacuation for 1 h. CO adsorption: 20 Torr (1 Torr = 133.322 Pa) of

CO at 27C for 20 min, then evacuated for 30 min.

Fig. 4 Deconvolution of the IR Spectra of CO Adsorbed on Pd Catalysts after Evacuation at 27C

BEN, PdETHEEIL PA/SAH IR PASAL TL DT LT
V372, Satsuma®® & & Takahashi®® 5 O#iE25, SAL & SAH
DRI DT DI SAL AL WVAS, IZIFFABETH L 2 & 2R
LT, —7F, WHEOHBEILTF VT I ViEEEE v
Hashimoto®™ 5 O L), SAL 2% SAH [ZHARTHVERN %
O EPMEINTVDE, TNLDOFEZHTR L L,
linear CO DI E T 7 MIMEIRE KT T 5 2 EHVREE
N, EENE L DS D SAL I L 72 Pd il T, PAE
THEENLIVETLAZENEZ LN D, PAd-CO KA HRED
9 (Fig. 2, Fig. 3) #EBICAND &, BRI S OFEALEIL Pd
BTEEORKTZFIEREI L, & 512 Pd-CO FEAEIRE DA
FRHIERITIENEZOND,

Si0;-ALO; RHHFF Pd BEIZBE§ 5 SN O DGR LS, COTE
T F 745 Ly KREASIE Ol #EE Y & Pd-CO &5 121X
o C BIFRAHBAS /L S 1, PAd-CO #& A TR TVl (T &
TEEDTE AT AR E N7z (PA/SAL>PA/SAH>PA/Si0,>Pd/
ALO3) o & BT, SiOF-ALO; DFRMEE 1L PAd BT HIEL KT S 4,
ZDHH\ PA-CO FHEREEIZRERE LTz, 20 &) ICERME
REHWLZ ET, COZXDEETOWEI M ON,
BARKDKFALRE % & ) #ITS 5 2 E D HHRETH 5o EKihfL
KEZHENA ¥ T4 FEOKREIFHIFET 5 LTkl
BIEVERTRTHY, SHOMEDS EOHKRICHET 2 HH
TR STz,
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HEENA BT A FEIEHEEBERICKE DWW % KFEAL - B
KRFFILZE R L7KFE DU - Wk i CTh oo ZORFEM
WL LT COo 2 atRaBMKESHERTRETHIIL, KED
FEEL & WP A IR I2AT 2, B2k E 2 /L 2 LN TE D,
ZIT, CORBARFZERNIZF 75 LV KFARSICBIT S
fil EARAR DB DOV TR AT o 720 MBI IZIEF Pd filfl
B, 3HARIZ 1 ALOs, Si0,, SVALL DR 7% 2 2fE3H O
Si0,-ALO; & i L 720 MiKFExE FH V72 KRELUSIZ BTl
Pd/ALO: A b M VIR LR Z IR L7z, COREGKRFE R A7
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A TIE PA/SIOr-ALO A b H\VER LR Z TR L 72, 3 XTOfil
BTF 75V ORIKRFESN, COKRFALRILIMAIZE
7 T L2 H o 720 CO 70— 7 FT-IR |2 & 5 St
END, KO CO BIlEREE, 48 L CO DIEAHIERN
SRR ORI TR > TB Y, Pd/SiOr-ALO; A5
Pd-CO#AMBEER LT IRAXRYZ MVOEBSHEHELD,
SiOr-ALOHEDEMEE T PAETHELINT S5 2 L3
REN, THZ LA PI-COFMEEMELGFHD, COFILETS 74
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