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Table 1

1 2

HB150 HY5.5 Z5-90H SAH-1

 
 
Table 1.  

Catalyst Activation energy 
/kJ mol–1 

Reaction 
temperature/K 

Conversion/% 

Propylene Ether Propylene Ether 

JRC-Z5-90H(1) 63 58 393-433 1.3-21.6 1.3-2.9 
JRC-Z-HY5.5 68 57 415-433 2.6-14.8 1.0-7.3 
JRC-Z-HB150 78 35 403-421 0.8-11.4 4.2-13.6 
JRC-SAH-1 45 13 411-432 2.9-10.4 1.6-2.2 
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Fig. 1 JRC-Z5-90H  

Fig. 2 JRC-Z-HB150  

Fig. 3 JRC-Z-HY5.5  
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Fig. 4 JRC-SAH-1  

Fig. 5 JRC-SM-2  
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Table 1 JRC-Z5-90H  
 [ ] k [m3kg-1s-1] 

240 6.78 10-3 
250 1.11 10-2 
260 2.27 10-2 

 
Table 2 JRC-Z-HB150  

 [ ] k [m3kg-1s-1] 

240 3.26 10-3 
250 7.62 10-3 
260 1.17 10-2 

 
Table 3 JRC-Z-HY5.5  

 [ ] k [m3kg-1s-1] 

250 3.51 10-3 
270 1.02 10-2 
290 2.87 10-2 

 
Table 4 JRC-SAH-1  

 [ ] k [m3kg-1s-1] 

280 5.73 10-3 
290 1.00 10-2 
300 2.06 10-2 

 
Table 5 JRC-SM-2  
 [ ] k [m3kg-1s-1] 

380 8.43 10-3 
400 1.41 10-2 
420 3.31 10-2 

 
Table 6  

 [ ] Ea [kJ/mol] 

JRC-Z5-90H 137 
JRC-Z-HB150 146 
JRC-Z-HY5.5 129 
JRC-Z-SAH-1 168 
JRC-Z-SM-2 128 

 
 

1) I. Takahara, et al., Catalysis letters, 105, (2005) 249-252 
2) H. Chiang, et al., Journal of Catalysis, 271, (2010) 2521-261  
3) J. Bi, et al., Catalysis Today, 149 (2010) 143-147 
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5

JRC–SM–2, JRC–SAH–1, JRC–Z–HY5.5, JRC–Z5–90H(1), JRC–Z–HB150

 

773 K 3h 0.07-0.2 mm

0.05 g 20ml min
–1

He 773 K

2h He 20 ml 

min
–1

1.31 kPa 12.1 torr, 273 K

200 mg

120  

5 Table 1

 

 

148 192 kJ mol
–1

 

 

Table 1. Activation energies for ethylene and ether formation by ethanol dehydration over 

selected solid acid catalysts. 

Activation energy 

/kJ mol
–1

 
Conversion/% 

Catalyst 

Ethylene Ether 

Reaction 

temperature/K 
Ethylene Ether 

JRC-SAH-1 148 107 473-513 1.9–19.0 15.2–44.7 

JRC-SM-2 162 103 553-593 0.4–3.4 2.1–9.1 

JRC-Z5-90H(1) 175 112 433-473 0.3–7.4 17.6–71.9 

JRC-Z-HB150 181 96 443-483 0.3–9.7 12.9–48.7 

JRC-Z-HY5.5 192 94 443-483 0.1–4.8 14.3–53.8 
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94 112 kJ mol
–1

 

Table 2

Al

 

 

Table 2. Activation energies for ethylene and ether formation by ethanol dehydration over various 

solid acids and bases. 

Activation energy 

/kJ mol
–1

 

 Activation energy 

/kJ mol
–1

 Catal. 

Ethylene Ether  

Catal. 

Ethylene Ether 

Fe2O3 65   TiO2–ZnO 80 62

ZRO–4 77   Al2O3–MgO 80 59

Fe2O3–ZrO2 79   Al2O3–ZrO2 99 59

Fe2O3–Al2O3 89   TIO–4 114 137

ZrO2(MEL631) 94   TiO2–ZrO2 140 126

ZnO 95   SAH–1 148 107

SiO2 104   SM–2 162 103

Y2O3 108   TIO–8 166 117

Co3O4 108   ALO–6 208 108

CaO 119      

MgO 133    not detected.   

CEO–3 134      

ZrO2 147      

ZrO2/ZrO2/CaO 154      

 

Table 3

Y  

 

Table 3. Conversion and selectivity of solid acids for cyclohexane isomerization. 

Catal. Reaction temperature Conversion/% Yield/% 

JRC-Z-HY5.5 673 5.0 3.7 

JRC-Z-HB150 593 5.6 3.9 

JRC-Z-HM20 493 10.9 10.8 

SZA 373 0.7 0.7 

 

5



( 1)
( 2) 5 (JRC-SM-2, JRC-SMA-1, JRC-Z5-90H, JRC-Z-HB150, 

JRC-Z-HY-5.5)   
 

H2OCH3

O

H

O O

(1)

+ (CH3CO)2O + CH3COOH
O CH3

O

OH
( )

(500 , 1 h) N2

N2

135-120  (2 mmol)
 (2 mmol) o- (1 mL) (50 mg)

60-80  (1 mmol)  (1.2 mmol) (20 
mg 50 mg) (3 mL) GC-MS
GC-FID  

( 1) 135 30%
(V0) Table 1 120, 125, 130 

Fig. 1
Table 1 (Ea)

 
( 2) 80 

30% (V0) Table 
2 60, 65, 70, 75 Fig. 2

Table 2
(Ea)  
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Table 2 Acetylation of cyclohexanol 
Catalyst V0

 a / mmol g-1 h-1 Ea / kJ mol-1 
Z-HB150 12.17 66
Z5-90H 4.71 65
SAH-1 2.99 81
Z-HY5.5 1.72 103
SM-2 0.18 80

a T = 80   

2.8 2.9 3 3.1-1

0

1

2

3

4

1000/T K-1

ln
(V

0 
/ m

m
ol

 h
-1

 g
ca

t-1
)

Z-HB150

Z5-90H

SAH-1

Z-HY5.5

SM-2

Fig. 2 Arrhenius plot for acetylation of cyclohexanol. 
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Fig. 1 Arrhenius plot for Claisen-Schmidt condensation. 

Table 1 Claisen-Schmidt condensation  
Catalyst V0

 a / mmol g-1 h-1 Ea / kJ mol-1 
Z-HB150 18.38 26
Z5-90H 1.54 85
SAH-1 2.93 92
Z-HY5.5 0.85 140
SM-2 0.38 102

a T = 135   
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α-  
 

 

 

 

α-

β-

β- CaO SrO

1-3)

4)

α-

 

 

 

JRC-SM-2 JRC-SAH-1 JRC-Z-HB150 JRC-Z5-90H JRC-Z-HY5.5

α-  

α- 100ml 473 

K 1 α- 62.5 mmol

GC-FID

Shimadzu GC-2014 CBP20-25-M25   

 

 

Table 1 343 - 393 K

α-

β-

JRC-SM-2 JRC-SAH-1 > JRC-Z-HB150 

> JRC-Z5-90H > JRC-Z-HY5.5 >> JRC-SM-2

JRC-SAH-1

 

Table 1. Results for α-pinene isomerization on various reference catalysts 

Catalyst 
Reaction temperature 

/ K 

Reaction rate 

/ mmol g-1 h-1 

Distribution (%)a 

1 2 3 4 5 6 7 8 

JRC-SAH-1 

(Si/Al = 2.1) 

343 69.2 tr 48 6 tr 36 2 8 tr 

348 116 tr 47 8 tr 35 2 7 tr 

353 422 tr 50 2 2 37 2 7 tr 
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JRC-Z-HB150 

(Si/Al = 75) 

343 13.9 tr 43 4 5 38 4 8 tr 

353 32.5 tr 43 4 5 36 3 9 tr 

373 66.6 tr 45 3 4 37 3 8 tr 

JRC-Z5-90H 

(Si/Al = 45) 

363 13 tr 48 4 3 37 3 5 tr 

373 20.5 tr 46 5 3 38 3 5 tr 

383 36.8 tr 47 4 3 37 3 6 tr 

JRC-Z-HY5.5 

(Si/Al = 2.8) 

373 7.98 tr 50 10 tr 30 2 8 tr 

383 12.6 tr 51 8 tr 33 Tr 8 tr 

393 36.8 tr 51 9 tr 31 2 7 tr 
a 1 : α-fenchene, 2 : camphene, 3 : β-pinene, 4 : α-terpinene, 5 : limonene, 6 : γ-terpinene, 7 terpinolene, 8 others. 
 

Fig.1 Arrhenius plot

JRC-SAH-1 (181 kJ mol-1) > JRC-Z5-90H (60.0 kJ mol-1) > 

JRC-Z-HY5.5 (55.7 kJ mol-1) > JRC-Z-HB150 (53.5 kJ mol-1)

JRC-Z5-90H JRC-Z-HY5.5 JRC-Z-HB150 JRC-SAH-1

JRC-SAH-1

 

 

 

 

 

 

 

1 ) R. Ohnishi, K. Tanabe, S. Morikawa, T. Nishizaki, Bull. Chem. Soc. Jpn., 1974, 47, 571. 

2 ) T. Yamamoto, T. Tanaka, T. Matsuyama, T. Funabiki, S. Yoshida, J. Phys. Chem. B, 2001, 105, 1908. 

3 ) T. Kitano, T. Shishido, K. Teramura, T. Tanaka, J. Phys. Chem. C, 2012, 116, 11615. 

4 ) A. Corma, S. Iborra, A. Velty, Chem. Rev., 2007, 107, 2411. 

Fig.1 Arrhenius plots of a-pinene 
isomerization on various catalysts. 

 : JRC-SAH-1, ● : JRC-Z-HB150,  
▲ : JRC-Z5-90H, ■ : JRC-Z-HY5.5 
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HMF, [1]
HMF

HMF [2,3]

Pyruvaldehyde: PA

1  
 

 
0.1 g PA 0.1 M, 2.0 mL 383 K, 1 h

HPLC HPX-87H 303 K
(RI) 5 mM =(

)x100/(PA )  
 

 

 

Amberlyst-15 H2SO4 Sc(OTf)3

Yb(OTf)3 [4] PA
ene-diol rearrangement 

 

 PA  (%)  (%) 
- 16 - 

H2SO4 16 15 
Amberlyst-15 9 6 

Sc(OTf)3 94 94 
Yb(OTf)3 74 48 

Nb2O5·nH2O 78 78 
JRC-SAL-3 76 52 

JRC-Z-HM20 23 12 
JRC-Z-HB150 26 6 
JRC-Z-HB25 54 36 
JRC-Z5-90H 42 19 

Pyruvaldehyde
(PA)

+H2O

Lactic acid (LA)
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MPV Meerwein-Ponndorf-Verley Reduction
2 MPV

[5,6]  
5

JRC-SAL-3 JRC-Z-HB25
 

 
 
Reference 
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4224. 
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2, 625. 
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1-

 

 

JRC-Z5-90H (MFI90S), JRC-SZ-1 (SZ-1), JRC-Z-HB150 (HB150), 

JRC-Z-HY5.5 (FAU5.5) MFI90S Si/Al2

MFI MFI100L ( ) Si/Al2 = 25 MFI

MFI25S MFI25L ( ) Si/Al2 = 15 MOR MOR15S MOR15L ( )

500 1  80 mg O2

500 , 1 h 1-  ( ) 8.5 mmol

343 - 423 K GC-FID (Shimadzu QC-2014)

t-

 

500 1  500 mg 400 

1 

  

 

Table 1, 2 1-

 (Ea),  (A) Si/Al2

MFI

Ea A (Table 2: MFI90S vs. MFI100L MFI25S vs. MFI25L)

MFI  

MOR

 (Table 2; MOR15S vs. MOR15L) Ea A

MFI MOR A MFI 3

Ea 30 kJ SZ

MOR

MOR 1  

423 K 1-

Fig. 1 MFI90S

BEA150 BEA150

MFI90S MFI

MFI BEA150
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Table 2. Arrehenius parameters for 

esterification between 1-octanol and pentanoic 

acid. 

Catalyst 
Ea 

(kJ mol-1) 

A 

(mol-1 h-1 g-1) 

MFI90S 74 4.4×108 

MFI100L 63 1.3 ×107 

MFI25S 66 1.6×107 

MFI25L 53 1.8×105 

MOR15S 37 2.3×103 

MOR15L 36 3.2×103 

SZ 48 3.3×105 

 

Friedel-Crafts BEA

( )

MOR90 BEA

 MOR

  

 

Table 1. Characterization of catalysts used in this study. 

Catalysta 
Crystal sizeb 

(μm) 

SBET 

(m2 g-1) 

Peak wavenumber of adsorbed 

pyridine (ν19b) (cm-1) 
Acid amount 

(mmolg-1) 

B /(B+L) ratio 

(%) 
Brønsted acid Lewis acid 

MFI90S 0.5 407 1544  1456  0.3  89  

MFI100L 9.8 431 1544  1454  0.4  85  

MFI25S 0.9 424 1544  1455  0.9  92  

MFI25L 2.1 413 1543  1454  1.0  95  

MOR15S 3.1 549 1542  1454  1.0  92  

MOR15L 12 555 1542  1455  1.1  99  

MOR90 3.4 560 1544 1455  0.5  93  

BEA150 0.5 684 1546 1452 0.3 88 

FAU5.5 2.4 549 1542 1454 0.8 61 

SZ-1 ― ― 1541  1445  0.2  72  
a For zeolites, structure type + Si/Al2 ratio + crystal size (S: small, L: large). b Calculated from external surface 
area evaluated by a N2 adsorption isotherm with a t-plot analysis assuming a spherical crystal. 
  

 

Fig. 1 Conversion in esterification of 1-octanol and 

pentanoic acid, pivalic acid, and decanoic acid over 

various catalysts. 
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Fig. 2 JRC-Z5-90H JRC-Z-HB150

JRC-Z-HB150 (151 kJ mol-1) > JRC-Z5-90H (141 kJ mol-1)

0.03 mmol g-1 0.2 mmol g-1

110 kJ mol-1 0.03 mmol g-1

(Py) IR (Table 1)

60 kJ mol-1 70 kJmol-1

Z5-90H 0.32 mmol g-1, HB150  0.23 mmol g-1

Py IR HB150

Z590H ( 110 kJ mol-1)

2 Py IR

3 (JRC-Z-HY5.5

JRC-SM-2 JRC-SAH-1)  

 

Fig. 2 Differential heats of adsorption of ammonium on JRC-Z5-90H and JRC-Z-HB150 at 403 K 
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, 
, 

, CO , 
 (JRC-Z5-90H, JRC-Z-HY5.5, JRC-Z-HB150, JRC-SAH-1, JRC-SM-2)  

 

50 mg  20 mm ,  IR 
JRC-SM-2 , 20 mg 773 K 1 , 

, 153 K CO , CO FT-IR (FT/IR-4100, 
Jasco) , IR

  
 

Figure 1 CO JRC-Z5-90H, 
JRC-Z-HY5.5 JRC-Z-HB150 , CO , 
JRC-Z5-90H JRC-Z-HY5.5 CO CO (2230 cm-1 2216 cm-1, 
2197-2187 cm-1) CO
JRC-Z-HB150>JRC-Z5-90H>JRC-Z-HY5.5 JRC-SAH-1
JRC-SM-2 CO CO
JRC-SAH-1 (2230 cm-1 2216 cm-1, 2197-2187 cm-1) JRC-SM-2 (2200-2177 cm-1) 

 

 
Figure 1. 153 K CO  
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( )  

 
IRMS ( )-TPD ( ) 1)

( 2) H0
3)) 4)

 
5) 10 mg 1 cm

IR
773 K 40 kPa (300 Torr)

773 K 15 min 373 K
82 μmol s-1 He 3.3 kPa 10 K min-1 773 K

IR 10 K 1 (
) 373 K 13 kPa 30 min 30 min

He IR MS
IR -

MS
NH3 (1200 cm-1 Si-O 1600 

cm-1 ) NH4 (1450 cm-1 )

 
10, 12, 6.0, 1.9 kPa

773 K  
(mol kg-1) (nm-2)

1 1 JRC-SAH-1 JRC-SZ-1
 

 
1: ( ) 

Sample [Al] Surface area
Average ammonia desorption heat Average ammonia desorption heat

mol kg-1 m2 g-1 mol kg-1 nm-2 kJ mol-1 mol kg-1 nm-2 kJ mol-1

JRC-SAH-1 511 0.1672 0.671 112.4 0.0204 0.082 124.5
JRC-SM-2 642 0.0038 0.004 0.0581 0.054 127.3
JRC-SZ-1 67 0.1211 0.486 136.5 0.0084 0.034 226.6

JRC-Z5-90H(1) 0.36 0.1494 141.2 0.0000
JRC-Z-HB150 0.22 0.0744 135.9 0.0004 159.8
JRC-Z-HY5.5 4.44 0.1159 128.2 0.0911 121.0

Brønsted acid site Lewis acid site
Number Number

 
 

SM-2
SZ-1 HY5.5 SM-2

 

: 
1

2
( )

JRC-SAH-1 JRC-SZ-1
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n-  
 

 
 

 
 

n-

JRC-Z5-90H
JRC-Z-HB150 JRC-Z-HY-5.5 JRC-SM-2 JRC-SAH-1 Pt/Al2O3

n- 573 603 K
i) Pt/Al2O3

ii) 
5

 
n-

 
 

 
773 K 2 h n-

 
n-  

VZ-10 3 mm 2 m
FID-GC N2 30 mL min-1 n-

6.4 μmol 250 mg N2 1 h
773 K 798 K JRC-Z-HY-5.5 JRC-SM-2 JRC-SAH-1

823 , 873 898 K  
 

BELSORP-aqua 298 K
573 K 1 h  

 
 

iso-

50 wt%H4SiW12O40/SiO2  
573 K n-  33% iso-  71%  

1 798 K JRC-Z5-90H
JRC-Z-HB150 JRC-Z-HY5.5 > JRC-SM-2 > JRC-SAH-1

Pt/Al2O3 588 K JRC-Z5-90H (0.28) > 
JRC-Z-HB150 (0.18) > JRC-Z-HY5.5 (0.08) > JRC-SM-2 (0.06)  JRC-SAH-1 (0.06), 

mmol g-1 h-1 2
n-
JRC-Z5-90H (90 kJ mol-1) < JRC-Z-HB150 (101 kJ mol-1) < JRC-Z-HY5.5 (176 kJ mol-1) < 
JRC-SAH-1 (287 kJ mol-1) JRC-SAH-1
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100 K
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4 3 P/P0 

< 0.05

 

1 n- 798 K . 2 n- . 

3 n- 798 K
JRC-SAH-1 898 K . 

4 . 
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