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N o w ad ay s
,

ch e m i c al i n d u st ry lS e s s e n ti al t o m o d e m li vi n g of h u m a n b ei n g s

b e c a u s e it s u p plie s v ari o u s p r o d u c ts t o o u r lif e t h r o u gh m a n y ot h e r i n d u st ri e s ･ T h e

tr a n sf o r m ati o n o f th e ch e mi c al r e s o u r c e s i nt o v a ri o u s c o m p o u nd s is th e e s s e n c e s of

c h e mi c al i nd u st ri e s . T h e ch e m i c al i n d u stry h a s b e e n e m pl o y ed f o s sil f u els s u ch a s

c o al , p et r ol e u m ,
a n d n at u r al g a s a s th e r e s o u r c e s f o r th e p r o d u c ti o n of s e v e r al ch e m i c al

c o m p o u n d s ･ F o r e x a m ple
,
th e m i xt u r e of C O a n d H 2 '

W hi ch c a n b e ob t ai n ed b y p a rtial

o xi d ati o n of c o al a nd m et h a n e
,
is a n i m p o rt a n t r a w m at e ri al 払r th e p r o d u c ti o n of

m eth a n ol [1 - 5] ,
ald eh y d e s vi a h y d r o f o r m yl ati o n of ol efi n s [1 ,

6] ,
a n d h y d r o c a rb o n s

i n cl u di n g g a
.

s olin e a n d die s el f u els vi a F is ch e トT r o p s ch p r o c e s s 【1 ,
7

,
8】･

0 1ef h s
,

al c o h ols
,
a r o m ati c s a s w ell a s sy nth e sis g a s a r e b a si c r a w m at e ri al s f o r th e c o n v e r si o n of

ch e m i c al c o m p o u n d s i nt o v a ri able o n e s [1] ･ T h e ap plic atio n of t h e ch e m i c al r e s o u r c e s

d e ri v ed fr o m p etr ol e u m a n d n at u r al g a s
,
h o w e v e r

,
wi ll b e li m it ed b e c a u s e of t h eir

e x h a u s ti o n .

T h e r ef o r e
,
th e tr a n sf o r m a ti o n of th e r e n e w a bl e a n d r e c y cl ab le r e s o u r c e s h a s a n

attr a c ti v e att e n ti o n . E th a n ol d e ri v e d fr o m f e r m e n t a ti o n
,

n a m ely bio eth a n ol
,
i s o n e o f

th e p ot e n ti al r e s o u r c e s ･ R e c e n tly '
th e c o u plin g of et h a n ol int o 1 -b u t a n ol w a s p r e s e n t e d

o v e r alk ali - m o difie d z e olit e [9] ,
M g O [ 10] a n d c al ci u m p h o sp h at e [1 1] ･ I n o tlr

l ab o r at o r y , th e effe cti v e tr a n sf o r m ati o n of eth a n ol i nt o e th yl a c e t at e o v e r h et e r o g e n e o u s

c u c at aly st vi a d e h y d r o g e n ati v e c o u pli n g r e a cti o n w a s i n v e stig at ed [ 1 2 -1 4] ･

T h e d eh y dr ati o n a n d d eh y dr o g e n ati o n of al c o h ol s g i v e C O r r e SP O n din g olef h s

a n d c a rb o ny l c o m p o u n d s ,
r e sp e c ti v ely ,

a n d a r e al s o i m p o rt a n t r e a c ti o n s i n o rg a ni c



sy nth e sis ･ D i ols , w hic h h a v e t w o O H gr o u p s w ithi n its m ol e c ul e
,
h a v e b e e n wi d ely

u s e d i n t h e fiel d of o r g a ni c an d p oly m e r c h e m i st ry ･ H o w e v e r ,
th e si m pl e d eh y d r ati o n

a n d d eb y d r o g e n ati o n of diols h a v e b e e n r a r ely in v e stig at ed , w hile th e d eh yd r o g e n ati o n

of 1 ,
4 - b u t a n e di ol o v e r C u - b a s e d c at aly st h a s b e e n al r e a d y i n d u s tri aliz ed t o p r o d u c e

y
- b u ty r ol a ct o n e [1] . T hi s r e a cti o n

,
h o w e v e r

,
h a s n o t b e e n d e eply st u di ed fr o m t h e

m e ch a ni sti c vi e w p oi nt; th e e 触 ct s of c a t aly st c o m p o n e n t a n d r e a c ti o n p at b w ay 血o m

th e r e a c t a n t t o th e p r o d u c ts ･ T h e d eh y d r ati o n of 1
,
3 - di ols is r e c e n tl y in v e stig at e d i n

o u r l a b o r at o ry ,
a n d it is e ff e cti v e f o r t h e p r o d u cti o n of u n s at u r a t ed al c o h ols u s l n g C e O 2

c at aly st [1 5 ,
1 6] . H o w e v e r

,
t h e r e a s o n w h y C e O 2 is th e effi ci e nt c a t aly st f o r th e

d eh yd r ati o n of 1
,
3 - di ol s i s n o t cl a ri fi e d ･ It is e s s e n ti al f o r t h e i m p r o v e m e n t of t h e

c a t alytic p e rf o rm a n c e t o cl a ri fy th e r e a c ti o n m e ch a n i s m i n th e d eh yd r atio n of 1
,
3 -di ols

o v e r C e O 2 C a t alyst .

i .2 S y n th e si s o f y
- b u ty r ol a ct o n e fr o m 1

)
4 1b Ⅶt a n di ol

1 . 2 .1 Th e p r o d u cti o n of l
,
4 - b u t a n e di o1

1
,
4 - B u t a n e diol 血as b e e n p r o 血 c ed b y t h e r e a cti o n b et w e e n a c et yle n e a n d

f o r m ald e h y d e
,

n a m ely R ep p e p r o c e s s (S c h e m e I 一l) ･ I n t his p r o c e s■s
,
a c e tyle n e r e a c ts

w it h fo r m ald e h y d e at 1 0 0 - 1 1 0
o

C a n d O ･ 5 - 2 M P a t o p r o d u c e 2 -b u ty n
- 1 ,

4 - di ol ･ T h e

p r o d u c e d di ol is h y dr o g e n a t e d u n d e r hig h p r e s s u r e at 2 0 - 3 0 M P a t o p r o d u c e

1
,
4 - b u t a n edi ol [ 1】.

T h e u s e of e x p e n si v e a c etyl e n e a n d tig ht r e a cti o n c o n diti o n s a r e

th e dis ad v a n t ag e s of R ep p e p r o c e s s ･

2 H C H O

＋ 2 H 2

H O H
2
C

H O

C H
2
0 H

J O H

S c h e m e 1 .1 1
,
4 - B u t a n edi ol p r o d u cti o n vi a R e pp e p r o c e s s



T h e p r o d u c ti o n of 1 ,
4 -b u t a n edioi b y th e h y dr o g e n a ti o n of m al eic a n h y dri d e

,

s o - c al led K v a e r n e r p r o c e s s , is al s o c o m m e r ci al iz ed (S c h e m e l ･ 2)[1] ･ T his p r o c e s s h a s

b e e n f o c u s e d o n d u e t o t h e l e s s e x p e n si v e m al ei c a n h y d ri d e . M al ei c a nh yd ri d e
,

h o w e v e r
,
i s p r o d u c e d b y p a rti al o xid ati o n of b e n z e n e , b u t e n e s an d ” - b u t a n e [1] ,

a n d

c o m plet e o xid ati o n of th e r e a ct a n t i nt o C O 2 is i n e vit able ･ T h e C O 2 e m i s si o n i s n o t

p r ef e r able i n th e vi e w of g r e e n ch e m i str y b e c a u s e of it s hi gh gr e e n h o u s e effe ct [1 7] ,

w hi ch is th e dis a d v a n t a g e of th e K v a e r n e r p r o c e s s ･

o

せ
o

H 2
o

廿
o

2 H 2 ,

- H 2 0

2 H 2

(㌣
o

H O
O H

s c h e m e 1 .2 R e a cti o n p ath w ay f r o m m al ei c a n hy d rid e t o I
,
4 - b ut a n edi ol( K v a e m er)

R e c e ntly ,
h o w e v e r

, b r a n d - n e w p r o c e s s f o r 1
,
4 - b u t a n edi ol p r o d u cti o n w a s

i n d u st ri ali z e d b y M it s ubishi C h e m i c al C o l L td
”

J ap a n [1 ,
1 8] ･ I n th e p r o c e s s

,

1 ,3
･ b u t adie n e a n d a c e ti c a cid a r e e m plo y e d a s a r e s o u r c e

,
a n d 1

,
4 - b u t a n e di ol is

s y nth e si z e d th r o u gh th e f oll o w i n g S e q u e n c e; a C e t O X ylatio n of b ut adie n e at 70
o

C an d 7 0

b a r o v e r P d/ C c at al y st m o difi ed w ith T e
,
h y dr o g e n a ti o n at 5 0

o

C a nd 5 0 b a r o v e r P d/ C ,

a n d h yd r atio n o n a cidic i o n e x ch a n g e d r e si n (S ch e m e l ･ 3) I

叫 ＋ 2 A c O H ＋ 1/2 0 2

- H ヮ0

H 2

H 2 0
- A c O H

A c O
/ ^ / O A c

A c O
/ -

＼ ノ
-

-
O A c

0Ⅰi

H o b

s ch e m e 1 .3 1 ,4
- B u t a n e di ol p r o d u c ti o n vi a p r o c e s s d e v el o pe d by M its u bishi C h e m i c al

C o rp o r ati o n



T h e ap pli c ati o n of 1
,
4 - b u t a n e di ol i s s u m m a ri z e d i n T abl e I ll [1] ･

1
,
4 - B u t a n e di ol is m ai nly u s e d a s a r a w m a t e ri al f o r T H F i n U S A a n d W e st e r n E u r o p e ･

I n J ap a n
,
h o w e v e r

,
it i s tl S e d f o r th e p r o d u cti o n of pla stic s s u ch a s p oly b u t yl e n e

t e r ep hth al at e (P B T) . H e r e
,

th e p r o d u cti o n c ap a cit y of 1 ,
4 - b u t a n edi ol b y p ri m e

c h e m i c al fi rm s i s list ed in T ab le l ･ 1 ･ T h e R ep p e p r o c e s s is still th e p r e d o m i n a n t

m et h o d f o r th e p r o d u cti o n of 1 ,4
-b u t a n e di ol i n th e w o rld ･

1 .2 . 2 Sy n th e sis of y
- b u ty r ol a ct o n e

y
- B u t y r ol a ct o n e is a n i m p o rt a n t c o m p o u n d b e c a u s e of it s u s e a s s ol v e n t a n d t h e

i nt e m e di at e o f 2 -

p y r r olid o n e ･ I n 1 9 9 6
,

ab o u t 60 0 0 t o n e s of y
- b u ty r ol a ct o n e a r e

p r o d u c e d i n J ap a n [1] . I n th e in d u st ri al p r o c e s s e s
, y

- b u t y r ol a ct o n e i s s y nth e si z e d v i a

t w o r o u t e s; o n e is th e b y dr o g e n a ti o n of m al ei c a n h y d rid e (S c h e m e l ･2) a n d a n o th e r i s

仙 e d e b y d r o g e n ati o n of 1 ,4
- b u t a n edi ol (S ch e m e l ･ 4) ･ I n th e fわr m e r p r o c e s s

,

y
- b u ty r ol a ct o n e i s obt ai n e d a s th e i nt e r m e di at e of th e h y d r o g e n ati o n of m al ei c

a n b y d rid e i nt o 1 ,
4 -b u t a n e diol

,
a s m e n ti o n e d in t h e p r e vi o u s s e c ti o n ･ T h e

h y d r o g e n ati o n ･ o f y
- b tlt y r Ol a ct o n e i nt o 1 ,

4 - b u t an e di ol
,

h o w e v e r
,

r e q u i r e s hi gh

t e m p e r at u r e at 2 5 0
o

C a n d p r e s s tl r e at 1 0 M P a [1] ･

0 Ⅲ
- 2 H 2

H O (㌣
o

S c h e m e 1 .4 R e a cti o n of 1 ,4
-b u t a n e di ol t o y

-b u ty r ol a ct o n e

T h e l att e r p r o c e s s i s c a r ri e d o u t u n d e r m ild c o n diti o n s a n d is g r e e n e r t h a n th e

f o r m e r o n e b e c a u s e of t h e l a rg e a m o u n t of C O 2 e m i s si o n i n th e f o r m e r p r o c e s s
,

a s

m e n ti o n e d p r e vi o u sly ･ T h u s , it i s c o n si d e r e d th at th e d eh yd r o g e n ati o n of

1 ,
4 - b u t a n edi ol int o ”

-b uty r ol a ct o n e i s t h e p r o m lS l n g P r O C e S S ･ I n th e h et e r o g e n e o u s



s y st e m
,
c o p p e r - b a s ed c at aly st s a r e u s u au y e m plo y e d f o r th e p r o c e s s

.
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1 .3 .1 D ehy d r o g e n a ti o n oi l
,
3 J u t a n e di o l o v e r m e t al c a t aly s ts

I

C u
- b a s e d c at aly sts h a v e high d eh y d r o g e n ati o n a n d h yd r o g e n a ti o n ability ･ I n

t h e d eh y d r o g e n ati o n o f 1
,
2 - di ol s o v er C u

-b a s e d c at aly sts ,
d e h y dr o g e n a ti o n at 2 -

p o siti o n

O H gr o u p p r ef e r ably p r o c e e d ed a n d p r o d u c ed 針k et o al c o h ols
,

w h e r e a s th at at 1 -

p o siti o n

O H g r o u p h a rdly p r o c e e d e d [1 9] ･ F o r e x a m pl e
,

1 ,2
- b u t a n di ol is s el e c ti v el y

d e h y d r o g e n at e d o v e r C u - b a s e d c at alyst t o p r o d u c e 1 - h y d r o x y
-2 - b u t a n o n e w i th it s

s el e ctivity of 98 . 1 m ol % at t h e c o n v e r si o n of 5 0 ･ 0 % ( S c h e m e l ･5)[1 9] ･

) こ/
｡ H

- H 2

､ 此 ｡ H

S ch e m e 1 .5 R e a ctio n of 1 ,2 -b ut a n e di ol t o 1 -h y d r o x y
-2 - b ut a n o n e

I n t h e d eh y d r o g e n ati o n o f 1 ,3
-b u t a n e di ol

,
th e s el e cti v e d eh yd r o g e n ati o n of O H

g r o u p at 3 -

p o siti o n of 1
,
3 - b u t a n e di ol p r o d u c e s 4 - h y d r o x y

- 2 -b u t a n o n e
,

w hi ch is u s ed a s

a n i nt e r m edi at e f o r th e p r o d u cti o n of 3 - b u t e n
- 2 -

o n e ･
4 - H y d r o x y

- 2 - b u t a n o n e i s

m a n uf a c t u r ed b y t h e ald ol r e a c ti o n o f p r o p a n o n e a n d f o r m al d eh y d e [2 0 ,
2 1] ･ B e c a u s e

of th e in st ability a n d t o xi city of f o r m ald e h y d e
,

a n o th e r p r o c e s s t o p r o d u c e

4 - h y d r o x y
1 2 -b u t a n o e i s e x p e ct e d ･ T h e s el e cti v e d e h y dr og e n ati o n of 1

,
3 -b ut a n e diol

in t o 4 -h y d r o x y
- 2 - b u t a n o n e is a p ot e n ti al p r o c e s s t o t ak e th e pl a c e of th e p r e s e n t o n e ･

I n o u r l ab o r at o r y ,
th e d e h y dr o g e n ati o n of 1

,
3 -b u t a n e diol o v e r C u

･b a s e d c a t aly sts w a s

c a r ri e d o ut 【2 2] . T abl e 1 3 s h o w s t h e r e a c ti o n r e s ult s of 1
,
3 -b u t a n e di ol o v e r s e v e r al

c u
- b a s ed c a t al y sts . T h e c a t aly st s w ith hi gh s u rf a c e a r e a s u ch a s C u/ Al 2 0 3 an d

c u/ z r o 2 e x hibit hig h a ctivity ･ T h e s el e cti vity t o 4 - h yd r o x y
- 2 -b u t a n o n e

,
h o w e v e r

,
i s



q u it e l o w d u e t o t h e la rg e a m o u n t of p r o 血 cti o n of b ut a n o n e ･ B u t a n o n e w o uld b e

pr o d u c e d vi a d eh yd r ati o n of 4 - h y d r o x y
- 2 - b u t a n o n e t o 3 - b u t e n - 2 - o n e

)
w hi c h is

c o n s e c u tiv el y h y d r o g e n a te d i nt o b u t a n o n e ･ P r op a n o n e w o uld b e f o r m ed b y th e

d e c o m p o siti o n o f a c e t ald ol
,

w hi ch is p r o d u c e d b y t h e d eh y dr o g e n ati o n of O H g r o u p at

1 -

p o siti o n i n 1
,
3 - b u t a n e di ol ･ T h e sid e r e a cti o n p r ef e r s hig h r e a cti o n t e m p e r a t u r e a s

30 0
o

C ･ T h e p r o b abl e r e a cti o n p ath w a y fr o m 1 ,
3 -b u t a n edi ol t o p r o d u ct s i s

s u m m a ri z e d i n S ch e m e 1 . 6 . T h e 4 - h y d r o x y
- 2 - b u t a n o n e s el e cti vi t y is hig h o v e r th e

c at aly st wi th lo w s u rf a c e ar e a s u ch a s C u
,
C u/ Z n O a n d N -2 1 1

,
w hil e t h e y sh o w l o w

a c ti v it y ･ Fig ･ 1 ･1 sh o w s th e r el ati o n b et w e e n 1
,
3 -b u t a n e di ol c o n v e r si o n a n d th e

s el e ctivity t o 4 -h y dr o x y
- 2 - b u t a n o n e a n d b ut a n o n e ･ T h e s el e cti vit y t o

4 - h y d r o x y
- 2 ･b u t a n o n e d e c r e a s l n g wi th i n c r e a s i n g t h e c o n v e r si o n , w hil e t h at t o

b ut a n o n e d e c r e a s e s wi th it . T his r e s u lt s u p p o rts th at b ut a n o n e is p r o d u c ed vi a th e

c o n s e c u tiセe r e a cti o n of 4 - h y dr o x y2
-b u t a n o n e . A t this p oi nt

,
it s e e m s t o b e still

diffic ult t o p r o d u c e 4 - h y d r o x y
- 2 -b u t a n o n e fr o m 1

,
3 - b u t a n edi ol o v e r C u

- b a s ed c at aly st ･

O 一 丁 O
H 2

もメ＼

H O
- 皿
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s c h e m e 1 .6 P r o b a bl e r e a cti o n p a th w a y f r o m 1
,
3 -b u t a n e di ol t o p r o d u c t o v e r C u -b a s e d

c at aly st



1 .3 .2 D e hy d r a ti o n of 4 - hy d r o x y
- 2 -b u ta n o n e i n t o 3 -b u t e n - 2 - o n e

3 - B ut e n
- 2 -

o n e i s a n i nte r m e di at e of st e mi d s , t e rp e n oid s , m edic al dr a g s a n d

p e sti ci d e s a n d th u s i s a n i m p o rt a n t c o m p o u n d i n i n d u s t ri al ch e m i stry ･

3 - B u t e n - 2 - o n e h a s b e e n p r o d u c e d fr o m 4 - h y d r o x y
- 2 -b u t a n o n e wi th a q u e o u s

a cid c at aly sts s u ch a s s ul fu ri c a ci d a n d p h o sp h o ri c a cid . T h e s e h o m o g e n e o u s c at aly sts

n e e d t o b e r e m o v ed fr o m p r o d u c ts b y n e u tr ali z ati o n w ith b a s e aft e r th e r e a c ti o n
,

a n d

p r o d u c ti o n of l a rg e a m o u n t of s olid w a st e is i n e vit able ･ F r o m th e vi e w p oi nt of gr e e n

ch e m istry ,
th e p r o d u cti o n of b y

-

p r o d u c ts s h o uld b e r e d u c ed [1 7] ･ H et e r o g e n e o u s

c a t aly st s h a v e a n ad v a n t a g e i n th e p r o bl e m : th e s ep a r a ti o n of p r o d u c ts fr o m c at aly st is

e a s y a n d t h e r e i s n o n e e d t o n e ut r aliz e th e h et e r o g e n e o u s c a t alyst ･

1 .3 .3 D e hy d r a ti o n oi l
,
3 -b u t a n e di ol o v e r m e ta l o xid e c at a ly s ts

l
,
3 - B u t a n e di ol is p r o d u c e d vi a al d ol r e a cti o n of a c e t ald ehy d e

l
f oll o w e d b y th e

h y d r o g e n ati o n of t h e p r o d u c e d a c e t ald ol[1] ･ 1
,
3 - B u t a n e di ol is w id ely ap p li e d a s a r a w

m a t eri al of pl a sti c s
,

s ol v e n t ,
el a s ti ci z e r

,
h u m e c t a n t a n d s o o n ･ T h e r e a cti o n of

1
,
3 - b u t a n edi ol f o r th e s y nt h e sis o f o rg a ni c c o m p o u n d s is r a r ely i n v e stig at ed ･ I n o u r

l ab o r at o ry ,
it w a s f o u n d t h at C e O 2 C a t aly z e d 1 ,3 ･ di ols i nt o u n s at u r at e d al c oh ol at 3 25

o

C
,

w hile 1
,
3 - di ol s wi th s u b stit u e n t a t 2 -

p o siti o n a r e l e s s r e a c ti v e (S ch e m e l ･7) [1 6] ･ T h e

r e a c ti o n of di ols o v e r C e O 2 i s list e d in T abl e 1 .4 .

As h a s b e e n i n v e s tig at e d
,

ot h e r m e t al c a t aly st s wi th hig h a cidit y a n d b a si cit y

a r e n ot g o o d c at aly st f o r th e s el e c ti v e d e h y d r ati o n of 1
,
3 - di ols b e c a u s e t h e y c a t aly z e d it

i nt o g a s e o u s p r od u ct s
,

m ai nly di e n e s
,

a n d c at aly sts w it h m o d e r at e a cid - b a s e p r op e rty

a n d la n th a nid e o xid e s o t h e r t h a n C e O 2 a r･e i n a cti v e f o r 1
,
3 - b u t a n edi ol[ 15] ･

H o w e v e r
,

t h e r el ati o n b et w e e n th e c a t al yti c p erf o r m a n c e a n d it s a cid - b a s e p r op e rty w a s n o t d e eply

stu die d .



T h e r e a c ti o n m e ch a ni s m a n d a cti v e sit e o f t h e r e a cti o n of 1
,
3 - di ols w a s n o t al s o

i n v e stig at e d ･ It i s s p e c ul at e d th at th e r e a cti o n p r o c e e d s w ith r e d o x m e ch an i s m
,

a n d

r e d o x p r o p e rty of C e O 2 w o u ld pl a y a n i m p o rt a n t r oll in th e c at aly sis : i niti all y ,
th e

2 -

p o siti o n H is ab str a ct ed a s r a di c al b y C e
4 ＋

a n d H r a di c al d o n at e s o n e el e ctr o n t o
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S c h e m e 1 .7 R e a cti o n of di ol s o v e r C e O 2

r ed u c e C e
4 ＋

to c e
3 ＋

a n d H its elf is o xidi z e d t o p r o t o n , f oll o w e d b y th e ab st r a cti o n of

o n e of O H g r o u p fr o m 1
,
3 - di ol s t o gi v e u n s a t u r at e d al c o h ol s [ 1 6

,
2 3] ･

i .4 C o n stit u ti o n o f thi s th e sis

l n th e f ollo w i n g Ch ap t e r s
,
t h e r e a cti o n of diols o v e r h et e r o g e n e o u s c a t aly sts

●

w ill b e dis c u s s ed . I n t h e d e h y d r ati o n of 1
,
4 - b u t a n e di ol o v e r C u -b a s e d c a t aly st , th e

s t u d y o n th e c op p e r l o a din g ,
e ffe c t of s u p p o rt s o n c at alytic p e rf o r m a n c e

,
a n d r e a cti o n

●

p a th w a y fr o m 1
,
4 -b u t a n e di ol t o y

- b u t y r ol a c t o n e h a s n o t b e e n cl a ri fi ed y et ･ T h u s
,

1 n

C h ap t e r 2 ,
th e d e h y d r o g e n ati o n of 1

,
4 - b u t a n e diol in t o y

- b u t y r ol a ct o n e o v e r

c o p p e r - b a s e d c a t aly st is in v e stig at e d ･ T h e effe ct of th e c a t aly st c o m p o n e n t o n c at alyti c

p e rf o r m a n c e a n d th e r e a c ti o n p
ath w ay fr o m 1

,
4 -b u t a n e diol t o y

-b u ty r ol a ct o n e w ill b e



dis c u s s ed .

I n C h a pt e r 3 ,
th e d e h y d r ati o n of 4 ･ h y d o r x y

- 2 - b u t a n o n e
, w hi ch c an b e o bt ai n e d

b y d e h y d r ati o n of 1 ,3 ･b u t a n e di ol , i n t o 3 -b u t e n - 2 -

o n e i s i n v e s tig at ed . T h e opti m iz atio n

of c at alyst f o r th e r e a c ti o n a n d r e a c ti o n c o n diti o n s
,
a n d a cid p r o pe rt y of th e c at aly st th at

pl ay s a c ru ci al r oll in c at aly si s wi ll b e dis c u s s e d .

I n C h apt e r 4
,
th e d eh y d r ati o n of 1

,
3 - b u t a n ediol o v e r m e t al ･ o xi d e c at aly sts w ith

diffe r e n t a ci d a n d b a s e p r o p e rt y is i n v e stig ate d t o cl a ri fy th e effe ct of it oln C at aly sis ･

T h e c o r r el ati o n b et w e e n t h e p r o p e rt y of c a t aly st s a n d p r o d u ct distrib uti o n w ill b e

dis c u s s e d .

l n C h a pt e r 5
,

th e r e a c ti o n of 1
,
3 -b u t a n e di ol o v e r C e O 2 C at al yst w ill b e

dis c u s s e d
.

P r eli m in a rily , q u a nt u m c al c ul atio n b a s ed o n P ai r e d I nt e r a cti v e O rbit al

th e o r y w a s e m pl o y ed t o p r o v e t h e r e a c ti o n m e ch a ni s m w ith th e a s s u m ed ad s o rpti o n

s tr u ct u r e o n o x yg e n
- d ef e c t sit e of C e O 2(1 11) s u rf a c e

,
a n d it w a s d b s e rv e d th at th e

r ep ul si v e o v e rl ap o f o rbit al s b et w e e n C a n d H at o m s a t 2 -

p o siti o n i n d u c e d b y th e

i nt e r a c ti o n b et w e e n C e c a ti o n a n d H at o m a t 2 -

p o siti o n [2 3] . H o w e v e r
,
th e ab o v e

r e s ult h a s s o m e dis ad v a n t a g e s
･

.
th e a d s o rptio n m o d el e m pl o y e d in th e c al c tLl ati o n w a s

o nly
u

a s s u m e d
H

o n e
)

an d it is n o t cl e a r t h at r e a cti o n a ct u ally p r o c e e d s a t th e

o x y g e n
- d ef e c t sit e of C e O 2(1 11) s u rf a c e . C o n sid e ri n g th e is s u e s m e nti o n ed ab o v e

,
th e

a c ti v e sit e of 1 ,3
- b u t a n e diol d e h y d r ati o n

,
a d s o rpti o n st r u c t u r e bf 1

,
3 - b u t a n e diol o n

c e o 2 S u rf a c e a n d r e a cti o n m e c h a mi s m of 1
,
3 - b u t a n e di ol i nt o u n s at u r at e d al c oh ol s wi ll

b e dis c u s s e d .

R ef e r e n c e s i n C h a p te r 1
i

【1】 K . W ei s s e r m el , H .
-J . 如 p e

,
I n d u s tri al O rg a ni c C h e m i st ry,

4th ed ･
,

即ile y
- V C R ,

2 0 0 3 .



【2] A ･ B . Stil e s
,
A IC h E J . 2 3 (1 9 7 7) 3 6 2 1 3 7 5 .

[3] C . J . S ch a ck
,
M . A ; M c N eil

,
R . G . Ri n k e r

,
A p p l . C a t a l . 5 0 (1 9 8 9) 2 4 7 - 2 63 .

【4] M . A
. M c N eil , C . J . S ch a ck , R . G . R i n k e r ,

A p p l . C a t a l . 5 0 (1 9 8 9) 26 5 - 2 8 5 .

[5] G . C . C hi n ch e n
,
K . C . W a u g h ,

D . A . W h a n
,
A p p l . C a t a l ･ 2 5 (1 98 6) 1 0 1 - 10 7 .

【6] P . W . N . M . v a n Le e u w e n
,
C . Cl a v e r

,
R h o di u m C a t a ly z e d H y d r ofo r m yl a ti o n

,
臥 u w e r

A c ad e m i c s P u blis h e r s , D o rd r e cbt (2 0 0 0) .

【7] M . E . D r y,
A p pl . C a t a l . A 1 3 8 ( 1 9 9 6) 3 19 -3 4 4 ･

[8] M . E . D r y J . C h e m . T e ch n ol . B i ot e c h n o l . 7 7 (2 0 0 1) 4 3 - 5 0 .

【9] C . Y a n g ,
Y . Z . M e n g ,

J ･ C a t a l ･ 1 4 2 (1 9 9 3) 3 7 - 4 4 .

[1 0] A .
S . N d o u , N . Flint

,
N . J . C o ville

,
A p pl . C a t a l ･ A 2 5 1 (2 0 0 3) 3 3 7 - 3 45 .

【1 1] J a p a n K ok a i T ok b o K o h o , J P H ll - 21 7 34 3 ･

[1 2] K . I n ui
,
T . K u r ab ay a s hi

,
S . S at o , A p p l ･ C a t a l ･ A 2 3 7 ( 2 0 0 2) 5 3 -6 1 .

[1 3] K . I n ui
,
T . K u r ab ay a s hi

,
S . S at o

,
J . C a t al . 2 1 2 ( 20 0 2) 2 0 7 - 2 1 5 .

[1 4] K . I n ui , T . K u r ab ay a s hi , S . S at o
,
N . I chik a w a

, J ･ M ol . C a t a l ･ A 2 16 (2 0 0 4) 1 4 7 - 15 6 .

[1 5] S . S at o
,

R . T ak ah a shi
,
T . S o d e s a w a

,
N . H o n d a

,
H . S hi mi z u

,
C a t a l . C o m m u n . 4

(2 0 0 3) 7 7 - 8 1;

[1 6] S . S at o
,

R . T ak ah a shi
,

T ･ S o d e s a w a
,

N ･ H o n d a
,
J ･ M ol l C a t al ･ A 2 2 1 ( 2 0 0 4)

1 7 7 -1 8 3 .

[1 7] P . T . An a st a s ,
J ･ C I W a rm e r

,
G r e e n Ch e m is t ry : T h e o ry a n d P r a c ti c e

, O x f o rd

U niv e r sit y P r e s s
,
1 9 9 8 .

[1 8] H . O h n o
,
Sh o k u n a i(J a p a n e s e) 4 2 ( 2 0 0 0) 4年- 5 0 ･

[ 1 9] S . S at o , R ･
T ak a h a s hi

,
T ･ S o d e s a w a

, H ･ F u k u d a
, T ･ S ekin e

, E ･ T s u k u d a
, C at a l ･

C o m m u n .

,
6 (2 0 0 5) 6 07 - 61 0 ･

[ 2 0] J a p a n K ok ai To kb , o K o h o
,
J P S 5 2 - 1 2 8 3 11 ･

[ 2 1] J . T ･ H ay s
,
G ･ F ･ H ag e r , H ･ M ･ E n g el m a n n , H ･ M ･ S p u rlin

,
J ･ A m ･ C h e m ･ S o c ･

,
7 3

10



(1 9 51) 5 3 69 -5 3 7 3 .

[2 2] M aste r th e si s
,
H . F u k u d a

,
C hib a U ni v e r sit y .

【2 3] N ･ I chik a w a , S ･ S at o
,
R . T a k a h a s hi

,
T ･ S od e s a w a , J . M ol . C a t a l . A 2 3 且(2 00 5)

1 8 1 - 1 8 9 .

l l



T a ble l ･ 1 A p pli c ati o n o f 1
,
4 - b u t a n e di ol

P r o d u c ts
a

( %) T ot al u s e

A r e a Y e a r T H F A C P B T P U O t h e r s / 1 0 0 0 t o n e s

U S A 1 9 9 4 5 1 2 0 20 6 3 28 9

2 0 00 3 6 1 8 3 2 1 2 2 6 40

W e st e r n E u r o p e 1 99 2 3 5 1 6 20 2 3 6 1 0 4

J a p a n

1 99 7 3 6 1 5 24 2 0 5 1 4 0

1 9 91 1 2 6 6 1 6 6 3 8

1 9 9 7 2 8 5 5 4 1 3 67

a

T h e a b b r e vi atio n of th e p r o d u c ts a r e a s f oll o w s; T H F : t etr ah y dr of u r a n
,
A C : a c e tyle n e

c h e l ni c al s (vi 叩1 e st e r s
,

e th e r s
,
b u t a n o n e a n d s o o n) ,

P B T : p oly b u t yl e n e t et r e p btb al ate ,

P U : p oly u r e th a n e ･

1 2



T able 1 . 2 T h e p r o d u cti o n c ap a cit y of 1
,
4 -b u t a n edi ol in 1 9 9 9

a

A r e a P r o d u c e r C a p a cit y M eth o d

/ t o n e s y e a r
- 1

A si a

(J a p a n) M it s u bis bi C h e m i c al

B A S F / Id e m its u

T b n e n C h e m i c al

( K o r e a) S bi n w a

( T ai w a n) D ai r e n

U S A IS P

D u P o nt

B A S ど

E u r o 迅A S ど

5 0
,
0 0 0 M it s ubishi C h e m i c al

2 5
,
0 0 0 R e p p e

3 0
,
0 0 0 K v a e r n e r

2 0
,
0 0 0 K v a e r n e r

3 0 ,
00 0 0 Ⅹo

b

3 5 ,0 00 R e p p e

1 1 0
,
0 0 0 R e p p e

1 2 5
,
0 0 0 R ep p e

1 60 ,
0 0 0 R ep p e

IS P 9 0
,
0 0 0 R ep p e

a

D at a cite d fr o m R ef . [ 1 8] .

b
M eth o d b y th e b y d r ofb r m ylati o n of allyl alc o b ol ･

1 3



T a bl e 1 3 R e a c ti o n of 1
,
3 - b u t a n e di ol o v e r C u -b a s e d c a t aly st s

a

c at aly st
b

S A B E T
C ,

s A c 且

d
c o n v ･ s el e cti vity

e

/ m ol %

/ m
2

g
- 1

/ m
2

g
- 1

/ % H B M E K A c H A c M e

C u 1 . 2

C u / Z n O 5 . 5

C u / A 12 0 3 11 3 . 6

C u / Z r O 2 5 3 . 8

N - 21 1 38 .0

1 . 2 4 0 .8 5 5 .9 6 .1 2 . 7 1 7 .8

5 .6 6 6 .3 5 5 .5 1 9 . 9 1 .7 9 .2

3 9 .5 9 8 .
4 2 . 6 5 1 .5 3 .6 1 5 .5

1 6 .7 9 9 . 4 7 . 1 5 0 .1 3 .9 1 9 . 6

7 7 . 7 51 .4 2 4 .8 3 . 8 7 . 6

a

T h e r e a cti o n c o n diti o n s a r e a s f oll o w s ; c at al yst w ei gh t: 0 .1 0 0 g ,
1

,
3 -b u t a n e di ol fe e d

r a t e : 1 .8 c m
3
打

1
,
c a r ri e r g a s n o w r at e ( H e) : 3 0 c m

3
mi n

‾ 1
, r e a cti o n t e m p e r at u r e : 2 4 0

o

C .

P ri o r t o t h e r e a c ti o n
,
th e c at aly sts a r e r e d u c e d i n H 2 fl o w at 3 0 0

o

C f o r 1 h ･

b
A ll th e s a m ple s e x c ept fb ∫ N - 2 11 a r e p r e p a r e d b y c o -

p r e ci pit ati o n m e tb o d ･ T h e r a ti o

o f C u t o s u p p o rt is fi x e d at 3 i n m ol a r i n all t h e s a m ple s . N - 2 1 1 is c o m m e r ci ally

a v ailabl e c at aly st s u p pli ed b y N ik ki C h e m i c al C o . , u d ･ w h o s e c o m p o siti o n i s C u : Z n O

≡ 4 9 . 3 : 4 5 .1 i n w eigh t .

c

S p e cifi c s u rf a c e a r e a ･

a
c op p e r s u rf a c e a r e a ･

a

T h e ab b r e vi atio n of th e p r o d u ct s a r e a s f oll o w s; H B : 4 - h y dr o x y
- 2 -b u t a n o n e

,
M E K :

b u t a n o n e
,
A c H : a c e t ald e h y d e

,
A c M e

, p r op a n o n e .

1 4
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○

珍
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C o n v e r si o n / %

Fig ･ 1 ･1 R el ati o n b e t w e e n 1
,
3 -b u t a n e di ol c o n v e r si o n a n d s el e c tiv iti e s at

2 4 0
o

C . T h e r e a c ti o n w a s c a r rie d o llt u n d e r s e v e r al c o n diti o n s i n o rd e r t o

c h a n g e th e c o n v e r si o n . T h e s ele cti vity t o (○) 4 - h y d r o x y
- 2 -b u t a n o n e

,

( ㊨) b u t a n o n e .
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C ぬa p息e r 2

i) e h y d F O g e 弧a 鶴v e e y c温畳z a 鮎 弧 0ぎ 且
,
錦一 触Ⅶぬ弧e 姐o漫 o v e r

c o p p e 訂- b a s e姐 c a息a且y s息

2 .且 耳n 息r o d Ⅶc t畳o n

l n S e cti o n 1 . 2 ･ 2
,
th e ad v a n t ag e s of y

- b u t y r ol a ct o n e (h e r e aft e r ab b r e vi at e d a s

G B L) p r o d u cti o n vi a th e d e h y dr o g e n a ti o n o f 1
,
4 - b u t a n e di ol (1 ,

4 - B D O) ar e m e n ti o n e d
,

c o m p a r e d t o th e s u c c e s si v e h yd r o g e n ati o n of m al ei c a n h y d rid e; mi ld r e a cti o n

c o n ditio n s a n d l o w
-l e v el e m is si o n of C O 2 .

I n th e h yd r o g e n ati o n of m al ei c a n h y d rid e

i nt o G B L
,
th r e e m ol e s of h y d r o g e n m ol e c ul e s a r e n e c e s s a r y l n O rd e r t o p r o d u c e o n e

●

m ol e o f G B L (S ch e m e 2 i n C h a pt e r 1) ,
a n d th e r e a cti o n i s c a r ri ed o ut u n d e r

hig h
-

p r e s s u r e c o n ditio n . I n t his p r o c e s s
,

m et al - b a s e d c at al ysts s u c h a s C u
,
P d a n d R u

a r e e m pl o y e d [1 -6] .

B oth h o m o g e n e o u s [ 7 -9] a n d h et e r o g e n e o u s c at alyst s [1 0 -1 3] a r e u s ed f o r th e

d eh yd r o g e n ati o n of 1
,
4 - B D O i nt o G B L ･ I n th e h et e r o g e n e o u s sy st e m

,
C u

-b a s e d

c a t aly st s a r e m ai nly e m pl o y e d [1 0 -1 3] ･ H o w e v e r
,

th e effe cts of t h e m e t al - o xid e

a d ditiv e s o n c a t al yti c p e rf o rm a n c e a n d r e a cti o n p at h w a y fr o m 1
,
4 - B D O t o G B L h a v e

n ot b e e n cl a rifie d y et .

T h e r ef o r e
,
i n this c h apt e r

,
th e eff e cts o f a d diti v e s of c o p pe r

-b a s ed c at aly st

s u c h a s Z n O
,
Z r O 2 ,

a n d Al 2 0 3 0 n th e c a t alyti c a cti vit y a r e dis c u s s e d
,

a n d th e r e a c ti o n

p ath w a y fr o m 1
,
4 - B D O t o G B L is als o i n v e stig at e d u s i n g r e a cti o n s of s e v e r al

s u b str at e s s u ch a s t et r ah y d r of u r a n ( T H F) ,
2 - h y dr o x yt et r ah y d r of u r a n (2 H T H F) ,

a nd

s u c ci n diald eh y d e (S D A ) ,
w hi ch a r e p o s sible i nt e r m ediat e s ･

L
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2 .2 丑Ⅹp e r畳m e n息a且

2 . 2 .1 C a t a ly s t p r ep a rd ti o n

c at aly st s a m ple s w e r e p r e p a r e d b y a c o n v e n ti o n al c o p r e cipit ati o n m e tb o d ･

T h r e e m e t al o xid e s
,
Z n O ,

Z r O 2 a n d Al 2 0 3 ,
W e r e e m pl o y e d a s a d diti v e s ･ T h e d e t ai l e d

p r o c e d u r e w a s d e s c rib e d els e w h e r e [1 4] ･ H e r e aft e r
,

th e c at aly st c o m p o siti o n of

c u o : z n o : z r o 2 : Al 2 0 3
= a : b : c : d w a s ab b r e vi at e d a s A - a b cd ･ F o r e x a m pl e , a

c at aly st n a m e of
㍑

A - 6 1 2 2
H

m e a n s it s m ol a r r a ti o of C u O : Z n O : Z r O 2: A 12 0 3
= 6 : 1 : 2 :

2 . T able s 2 .1 - 2 ･3 li st th e p h y si c al p r o p e r ti e s of sp e cifi c s u rf a c e a r e a a n d C u m e t al

s u rf a c e a r e a [1 4] . Th e d et ails o f t h e m e a s u r e m e n t o f C u s u rf a c e a r e a i s d e s c rib e d

els e w h e r e【1 5] ･

2 .2 .2 P r ep a r a ti o n p r o c e d u re of 2 H T H F a n d S D A

2 H T H F w a s s y nt h e si z ed a s r ef e r ri n g [1 6 ,1 7] ･ T h e d et ails a r e a s f oll o w s ･ A

m i x t u r e of 2 ,3
- dih y dr ot etr ah y d r of u r a n a n d th e f o u r

-f old v ol u m e of O ･1 m ol d m
- 3

o f

H C I s ol utio n w a s h e a t e d ab o u t 6 0
o

C fo r 1 h w ith r e fl u x - c o n d e n s e r . H e ati n g at hi gh e r

t e m p e r at u r e a n d lo n g e r r e a cti o n p e ri o d w o uld l o w e r th e yield of 2 H T H F p r o b ably

b e c a u s e of olig o m e ri z ati o n ･ A ft e r th e r e a cti o n ,
th e mi x t u r e w a s c o ol e d t o a m bi e nt

t e m p e r a t u r e a n d n e u tr ali z ed w ith O ･ 2 m ol d m
- 3

of N a O H s ol uti o n ･ 2 H T H F w a s

distille d u n d e r r ed u c ed p r e s s u r e a n d r e m a l n l n g W a t e r W a s r e m o v e d b y d ryin g o v e r

a n h y d r o u s N a 2S O 4 ･ T h e p u ri ty of 2 H T H F e x c e e d e d 9 4 % i n G C ･

S D A w a s s y n 也e si z e d a s m o difyin g t h e p r o c e d u r e d e s c rib e d i n R ef ･ 【1 8】:

2
,
5 - di m et h o x yt et r ah yd r o f u r a n a n d t h e f o u r -f old v ol u m e of O ･1 m ol d m

- 3
of H CI

s ol uti o n w e r e m i x ed i n a B a s k a n d h e at e d at 9 5
o

C f o r 3 h wi th r e n u x - c o n d e n s e r .

T h e n ,
th e r e a cti o n m i xt u r e w a s c o ol e d t o a m bi e n t t e m p e r at u r e a n d n e ut r ali z e d w it h O ･2

m ol d m

-3
of N a O H s ol utio n , f oll o w e d b y distill ati o n u n d e r r e d u c e d p r e s s u r e ･ S i n c e

1 8



ヽ

high c o n c e n tr at e d S D A s ol uti o n w a s s olidifie d
,
S D A w a s c olle ct e d b y distill atio n i n

a q u e o u s s ol utio n at l o w c o n c e n tr ati o n . T h e c o n c e n t r a ti o n of S D A i n 也e s oluti o n w a s

2 1 .O w t % .

2 . 2 .3 C a t a ly ti c re a cti o n

T h e r e a c ti o n o f 1
,
4 - B D O t o G B L w a s p e rf o r m e d in a fi x e d - b e d d o w n ･ n o w

gl a s s r e a c t o r at 20 0 - 3 0 0
o

C u n d e r at m o sp h e ri c p r e s s u r e i n H e fl o w of 30 c m
3

m i n
･1

･

p ri o r t o t h e r e a c ti o n , th e c a t al y st w a s r e d u c e d b y H 2 at th e n o w r a te of 3 0 c m
3

m i n
-1

a t

30 0
o

C f o r 1 h . A ft e r th e r e d u cti o n
,
th e c at aly st b e d w a s c o ol e d tb t h e r e a c ti o n

t e m p e r a t u r e
,

a n d t h e c a r ri e r g a s w a s s w it ch e d t o H e . T h e e 組 u e nt w a s c olle ct e d

p e ri o di c ally f o r 5 h at 0
o

C
,
a n d a n aly z e d b y F I D ･ G C (S hi m a d z u G C - 8 A) u si n g a 3 0 - m

c apilla r y c ol u m n of T C - W A X ( G L S cie n c e
,
J ap a n) . N o g a s e o u s p r o d u c ts e x c e pt H 2

w e r e d et e ct e d d u ri n g th e r e a cti o n w it h o n -li n e T C D - G C . A ty pi c al r e a cti o n w a s

c a rri ed o u t u n d e r t h e c o n diti o n at 2 4 0
o

C a n d W! F - 0 ･0 8 3 g h c m
- 3

w h e r e W a n d y a r e

c at al yst w ei gh t a n d r e a c t a nt f e ed r at e
,
r e sp e cti v ely ･

T h e r e a cti o n s of 2 H T H F a n d S D A o v e r s e v e r al c at aly st s a m ple s w e r e c a rri e d

o ut at 2 4 0
o

C w ith th e s a m e p r o c e d u r e d e s c rib ed ab o v e ･ Eit h e r 2 H T H F w it h 9 4 %

p u rity o r S D A 2 1 ･O w t % s ol u tio n w a s i nt r o d u c e d o v e r t h e f r e sh c at aly st f o r 1 h in th e

r e a c ti o n s b e c a u s e of s m all q u a n tit y of p r o d u c e d 2 H T H F a n d S D A ･

2 .3 R e s u旦t s

T able 2 .1 s u m m a ri z e s t h e e ff e cts of a d ditiv e s o n b oth th e p h ysi c al a n d

c at alyti c p r o p e rti e s of c o p pe r - b a s e d c at aly
'

s ts ･ B o th s p e cifi c s u rf a c e a r e a a n d C u

s u rf a c e a r e a d e c r e a s e a s f ollo w i n g o rd e r : A - 3 00 1 > A -3 01 0 > A - 31 00 [1 4] ･ Al l th e

s a m ple s w e r e sligh tly d e a cti v a t ed d u ri n g t h e imi tial r e a cti o n f o r 5 h ･ T h u s
,

th e

19



c at al yti c d at a w e r e a v e r ag e a c ti vit y b et w e e n 0 a n d 5 h ･ O v e r A - 3 0 01 s a m ple
,
f o r

e x a m pl e
,
t h e c o n v e r si6 n df 1

,
4 - B D O a n d s el e cti vi t y t o G B L i n th e i niti al p e ri o d f o r 1 h

w a s 7 1 . 8 a n d 9 7 ･ 3 m ol % ,
r e s p e c ti v ely ･ A t th e fi n al p e ri o d b et w e e n 4 a n d 5 h

,
th e y

d e c r e a s e d t o 6 3 . 3 a n d 9 6 .1 m ol % , r e s p e cti v ely ･ T h e c a u s e of d e a cti v ati o n w o ul d b e

t h e d ep o siti o n of c a rb o n sp e ci e s o n t o th e c a t aly st s u rf a c e
,
b e c a u s e th e d e a cti v at e d

c at aly st r e c o v e r e d it s i niti al a cti vit y aft e r th e o xi di zi n g tr e at m e n t at 50 0
o

C ･ I n

a d diti o n t o th e m aj o rit y of G B L ,
T H F

,
2 H T H F a n d s o m e u ni d e ntifi ed p r o d u cts w e r e

d et e c t e d i n efn u e n t . H o w e v e r , I sh o u ld n ot e th at 4 - h yd r o x yb ut a n al a n d S D A w e r e

n o t d et e c t e d wi thi n th e d et e cti o n li m it . G B L w a s f o r m e d e v e n i n th e r e a cti o n o v e r

A - 3 0 00
,

w hi ch is p u r e C u wi th o ut a dditiv e s ･ A s s h o w n i n T abl e 2 ･ 1
,

n o cl e a r

c o r r el ati o n b et w e e n c at alyti c a cti vity a n d C u s u rf a c e a r e a w a s o b s e Ⅳ ed i n th e bin a ry

s y st e m ･ o v e r A - 3 0 01
,
t h e c o n v e r si o n of 1 ,

4 - B O O w a s n o t s o hig h i n s pit e of it s hig h

s u rf a c e a r e a
,
a n d T H F w a s o b s e rv e d w it h r el ati v ely hig h s el e cti v it y ･ A -3 0 1 0 s h o w e d

t h e hi gh e st c o n v e r si o n of 1 ,
4 - B D O a n d s el e cti vit y t o G B L i n th e bi n a ry s y st e m s ･

A -3 1 00 w a s l e s s a cti v e th a n A - 3 0 0 0 ,
a n d 2 H T H F w a s o b s e rv e d w it h hig h s el e cti vit y ･

T a ble 2 . 2 s u m m a ri z e s th e eff e ct s of Z n O a n d/ o r Z r O 2 a d d ed t o A - 3 0 0 1 o n

b ot h th e p h ysi c al a n d c at alyti c p r o p e rti e s ･ B o th sp e cifi c s u rf a c e a r e a a n d C u s u 血 c e

a r e a w e r e m ai nt ai n e d t h eir hig h v al u e s aft e r th e a d diti o n of Z n O a n d Z r O 2 t O A -3 0 0 1 ･

It w a s al s o o b s e rv ed th a t th e a d diti o n o f Z n O a n d Z r O 2 in c r e a s e d t h e c o n v e r si o n of

1
,
4 - B D O a n d it d e c r e a s e d th e s el e cti vit y t o T H F t o g eth e r w it h i n c r e a s l n g G B L yield ･

A - 6 2 2 2
,

c o n t ai ni n g b ot h Z n O a n d Z r O 2 ,
Sh o w ed si m ila r a cti vit y t o t h at of A - 6 0 2 2

,

w hile A - 61 2 2 s h o w e d m u ch big b e r a cti vit y th a n A - 6 2 2 2 ･

T able 2 .3 s u m m a ri z e s t h e p h y si c al a n d c a t alyti c p r o p e rti e s of A - x 1 2 2 ( x =

o - 9 5) . S p e cific s u rf a c e a r e a d e c r e a s e d m o n o t o ni c ally wi th i n c r e a si n g th e c o p p e r

c o n t e n t . c u c o n t e n t did n ot a ff e ct C u s u rf a c e a r e a a r o u n d 4 0 m
2

g

- l
･ T H F w a s
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s el e cti v ely p r o d u c ed at x = 0 , w h e r e th e r e i s n o c op p e r . T h e p r o d u cti o n of T H Y
,

h o w e v e r , d r a sti c ally s u p p r e s s e d at x = 1 a n d t h e s el e c ti vity t o G E L i n c r e a s e d . T h e

c at alyti c a cti vi t y w a s e n h a n c e d w ith i n c r e a s l n g C u c o n t e n t
,

a n d th e hig h e st c a t alyti c
●

a c ti vity ,
84 .0 % 1

,
4 - B D O c o n v e r si o n a n d 9 7 .7 m ol % G B L s el e cti vity ,

w a s o bt ai n e d at

x = 6 ( A - 6 1 2 2) .

Fig s ･ 2 . 1 a n d 2 . 2 s h o w c h a n g e s i n th e c o n v e r si o n of 1
,
4 - B D O a n d in th e

s el e cti vi t y t o G B L a n d 2 H T H F wi t h ”/F o v e r A - 6 1 2 2 at r e a c ti o n t e m p e r a t u r e r a n g e

b et w e e n 20 0 a n d 3 0 0
o

C
,

r e s p e cti v ely ･ A t a n y r e a c ti o n t e m p e r at u r e , th e 1 ,
4 ･ B D O

c o n v e r si o n a n d t h e G B L s el e c ti vity in c r e a s e d w ith i n c r e a si n g W/F v al u e
,

w hil e t h e

2 H T H F s el e ctivi t y d e c r e a s ed
. Fig .

2 3 sh o w s ch a n g e s i n th e c o n v e r si o n of 1
,
4 ･ B D O

a n d th e s el e cti vi t y t o G E L a n d 2 H T H F w ith W! F v al u e o v e r a l e s s a cti v e A - 31 0 0 at

2 40
o

C . It w a s c o nfir m ed th at hi gh s ele ctivity t o 2 H T H F is att ai n e d at l o w 1
,
4 - B D O

c o n v e r si o n . T h e G B L s el e cti vi t y i n c r e a s e d w ith d e c r e a s i n g th e 2 H T H F s el e ctivity ･

●

T able 2 ･4 s u m m a ri z e s th e d eh yd r o g e n a ti o n of 2 H T H F o v e r s e v e r al C u
- b a s e d

c at aly sts a n d s u p p o rt ( A - 01 2 2) . 2 H T H F w a s d e h y d r o g e n at e d t o G B L o v e r all th e

s a m ple s ･ T h e c at alyti c a cti vit y w a s q uit e diff e r e n t: th e A -3 0 0 1 , A 3 0 1 0 a n d A ･ 31 11

s a m ple s sh o w e d m u c h hig h e r a c ti vity th a n A - 0 1 2 2
,
A - 3 0 00 a n d A -3 1 0 0 s a m ple s ･

T a bl e 2 . 5 s u m m a ri z e s t h e tr a n sf o r m a ti o n of S D A in diffe r e n t at m o sp h e r e of

H e a n d H 2 . O v e r th e n o n
-

c o p p e r s a m ple ( A - 0 1 2 2) ,
a s m all a m o un t o f S D A w a s

t r a n sf o r m e d t o G B L in b oth at m o s p h e r e s
,
a n d th e c at alyti c a c tivi ty w a s n o t affe ct e d b y

c a r ri e r g a s ･ O th e r p r o d u c ts
,
2 H T H F a n d 1

)
4 - B D O

,
w e r e al s o ob s e rv ed ･ h c o nt r a st

,

c u
- b a s ed c a t al y st s b a d littl e a cti vit y in H e 鮎 w

,
w h e r e a s th e y e 触 ctiv ely tr a n sf o r m e d

S D A t o G B L i n H 2 n o w . T his r e s ult i m plie s th at t h e f o r m ati o n of G B L fr o m S D A

r eq u l r e SJ h y d r o g e n ati o n at th e fir st st ep of th e t r a n sf o r m ati o n ･

●
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2 ｡4 D 畳s c u s si o n

2 .4 .1 E # e cts of a d diti v e s o n th e p h y si c a l a n d c a t aly ti c p r o p e r ty

A - 3 0 0 0 c at aly st , p u r e c op p e r
,

s h o w e d a bility of d eh y dr o g e n ati v e c y cliz ati o n

( T abl e 2 . 1) . O n t h e oth e r h a n d , A - 0 1 2 2 c o n t ai ni n g n o c o p p e r w a s a cti v e t o

d e h y d r ati v e cy cli z ati o n t o T H F ･ T h e r ef o r e
,

m e t alli c C u is a cti v e c e n t e r of

d eh y d r o g e n ati o n of 1 ,
4 - B D O t o G B L ･ H o w e v e r

,
n o si m ple c o r r el ati o n b et w e e n

c a t alyti c a c ti vity a n d C u s u rf a c e a r e a w a s o b s e rv ed (T abl e s 2 ･ 1 - 2 ･3) ･ H e n c e , t h e

c at alyti c a c ti vity w o uld b e g r e a tly i nf h e n c ed b y th e ad diti v e s ･

I n t h e r e a cti o n of etb a n ol t o et b yl a c e t at e 【1 4 ,
1 9】,

th e r e a cti o n p at h w ay w a s

c o n sid e r e d a s s h o w n i n S ch e m e 2 .1 .
E t b a n ol w a s i niti ally d e h y d r o g e n at e d t o

a c e t ald e h yd e
,

f oll o w e d b y h e m i a c e t ali z ati o n of et h a n ol w ith a c e t al d e h y d e ･ T h e

b y d r o x yl gr o u p of h e m i a c et al c o m p o u n d
,

w bi cb w a s n o t d et e c t e d i n t h e r e a cti o n

efn u e n t
,

w a s c o n s e c u ti v ely d eh y dr o g e n at e d t o eth yl a c e t a t e ･

- H 2

^ o H
～ ^

0 〔1
H

｡
へ ト - )一 望 ㌦ 八

｡
へ

S ch e m e 2 ･1 R e a cti o n p ath w a y f r o m e th a n ol t o ethyl a c e t at e o v e r th e c o p pe r - b a s e d c at aly s t .

A c o m p o u n d i n th e p a r e n th e si s i s n o t o b s e r v e d i n th e ethyl a c e t a t e f o r m ati o n ･

T h e e ff e ct s o f ad ditiv e s o n t h e dir e ct s y nth e si s o f eth yl a c e t a t e fr o m e th a n ol

a r e s u m m ari z e d i n R ef . [1 4] . Al 2 0 3 i n c r e a s ed C u s u rf a c e a r e a
,

a n d e n h a n c e d t h e

c at alyti c a ctitl,it y ･ T h e hig h dis p e r si o n of C u s p e ci e s w o u ld b e att ri b u te d t o th e

i n s e rti o n of al u mi n u m i o n s i n t o C u O l atti c e t o d e c r e a s e C u O p a rti cle si z e ･ H o w e v e r
,

a l a r g e a m o u n t of di et h yl eth e r f o r m ati o n w a s o b s e rv e d i n C u - Al 2 0 3 S y st e m S u ch a s

A -3 0 0 1 . Z r O 2 g r e a tly i n c r e a s e d t h e c at alyti c a cti vit y . Z n O di d n ot affe ct b oth th e

c u s u rf a c e a r e a a n d c a t alyti c a c ti vity . T h e a d diti o n of Z n O a n d Z r O 2 t O A - 3 0 01
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s u p p r e s s e d th e di et h yl et h e r f o r m ati o n . T h e d e c r e a s e i n th e s el e c tivi t y t o di et hyl eth e r

w o uld b e attrib ut ed t o n e ut r aliz ati o n of a cid sit e s of A 12 0 3 S u rf a c e wi th Z n O a n d Z r O 2 .

I n t h e r e a c ti o n of etb a n ol t o e t b yl a c e t a te o v e r th e q u at e r n a ry sy st e m
,
A - Ⅹ1 2 2

,
di etb yl

et h e r w a s o b s e rv e d at l o w c o p p e r c o n t e n t
,

w h e r e a s it dis a p p e a r e d at hig h c op p e r

c o n t e n t ･ T h e f o r m ati o n o f dieth yl et h e r w a s a tt rib ut e d t o t h e is ol at ed Al 2 0 3 S pe ci e s ,

w hi ch w a s n o t i n c o rp o r a t e d in t o C u O latti c e . A t lo w c o p p e r c o n t e n t ,
al u mi n u m i o n

w a s n o t in c o rp o r a t e d in t o C u O l atti c e c o m plet ely . T h u s , t h e i s ol at e d A 12 0 3 SP e Ci e s

e xisti ng o v e r c at aly st s u rf a c e c at aly z e t h e e th e rifi c atio n of eth a n ol t o di eth yl eth e r ･

T h e c o n t e n t of c o pp e r i n A - x 1 2 2 s a m pl e aff e cts th e c at al ytic a cti vity ,
a n d t h e hi gh e st

a cti vit y is o b s e Ⅳ e d at x = 1 2 .

I n th e p r e s e n t r e a cti o n of i ,4
- B D O t o G B L , effe cts of a dditi v e s o n c a t alyti c

a c ti vity a r e si m il a r t o t h o s e ob s e rv e d in th e et h yl a c e t a t e f o rm ati o n ( T abl e s 2 . 1 - 2 .3) .

W hile Z n O did n ot a ff e ct th e c a t alytic a cti vit y ,
Z r O 2 d r a s ti c ally e n h a n c ed it ･ T H F

w a s f o r m e d o v e r A - 3 0 0 1 s a m ple in pla c e of dieth yl eth e r f o r m e d i n th e r e a c ti o n of

eth a n ol . R a o e t al . r e p o rt e d t h at 1
,
4 - B D O i nt e r a c t ed w ith B r@ n st e d a cid site of

C r - Z S M -5 a n d w a s d eh y d r at ed t o T H F [2 0] ･ It is p r o b abl e th at T H F w o uld b e f o r m e d

o v e r a ci di c sit e s of A 12 0 3 . T h e f o r m ati o n of T H F o v e r A 1 3 0 0 1 s a m ple w a s g r e atly

s u pp r e s s e d b y th e a dditi o n of Z n O a n d Z r
'

O 2 ･ T h e c at alytic a c ti vi t y w a s e n h a n c e d i n

th e q u a t e rn a ry s y st e m ･ I n th e A ･ x 1 2 2 s y st e m s
,
T H F w a s p r ef e r e n ti ally f o r m e d at x = 0 ,

w h e r e a s it w a s g r e atly s u p p r e s s ed b y th e a d diti o n of c op p e r , w hich w o uld r e d u c e

a cidi c p r o p e rt y ･ T h e hig h e st a cti v ity w a s o bt ai n e d at x = 6 ･

2 .4 .2 K i n eti c c o n sid e r a ti o n

l n th e r e a c ti o n of 1
,
4 - ちD O t o G B L

,
t h e r e a cti o n p at h w a y w o uld b e si m ila r t o

th at of et h a n ol t o et h yl a c et a t e (S ch e m e 2 ･1) ･ T h e v ari atio n s i n th e s el e c ti vity t o G E L
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a n d 2 H T H F s h o w n i n Fig s ･ 2 ･ 1 - 2 3 s u g g e st th at 2 H T H F is th e i nt e r m e di at e i n th e G E L

s y ntb e sis 血
･

o m 1
,
4 - B D O ･ T h e r e a cti o n of 1

,
4 - B D O t o G B L is si m ply r e g a rd a s th e

c o n s e c u ti v e r e a cti o n vi a 2 H T H F a s f oll o w i n g :

k l

ちD O 2 H T H F

k 2

G B L

T h e r e a cti o n r at e c o n st a n t s of th e st e p s , 1 ,
4 - B D O t o 2 H T H F a n d 2 H T H F t o

G B L
,

w e r e d e n o t e d a s k l a n d k 2 ,
r e sp e cti v ely . Th e r el atio n b et w e e n c o n v e r si o n a nd

s el e cti vity w a s si m ul at ed , a s s u m i n g th at th e el e m e n t a r y r e a c ti o n of e a ch st ep h a s fir st

o r d e r ･ I n g e n e r al
,
th e ch a n g e i n 也e c o m p o siti o n of 1

,
4 - B D O

,
2 H T H F a n d G 古L i n th e

c o n s e c u ti v e r e a cti o n c a n b e e x p r e s s ed a s f oll o w s [2 1]:

X A
= e X P( ･k lt)

X B
= [k l/( k l

- k 2)] [ e x p(
-k 2t) - e X P( -k lt)]

Ⅹc
= 1 - ⅩA

- ⅩB

w h e r e t
,

X A ,
X B a n d X c a r e th e ti m e f a ct o r

,
th e c o m p o siti o n of 1

,
4 - B D O

,
th at of

2 H T H F a n d th at of G E L , r e s p e cti v el y ･ Eli mi n ati ng t h e ti m e f a ct o r
,
th e s el e c ti vity t o

2 H T H F a s th e fu n ctio n o f t h e c o n v e r si o n of 1
,
4 - B D O w a s o bt ai n e d

,
a s th e f oll o w i n g

●

e q u ati o n

y
= (1/ Ⅹ)/(1 - k 2/k l)[(1 - Ⅹ)

k2 /k l
-(1 -

Ⅹ)]

w h e r e x a n d y r ep r e s e n t t h e c o n v e r si o n o f 1
,
4 - B D O

)
Ⅹ ≡ 1 - X A ,

a n d th e s el e cti vit y t o

2 H T H F
, y

= X B/(1 - X A) ,
r e S P e C ti v ely ･ T h e s el e c tivi ty t o G B L is e x p r e s s e d a s 1 -

y .

T h e n
,

th e th e o r e ti c al s el e c ti v ity
-

c o n v e r si o n c u rv e c a n b e c al c ul at e d at

a p p r o p ri at e r ati o of k 2 t O k l , k 2/k l ,
W h ic h is th e v a ri abl e

. Fi g s . 2 . 4 a n d 2 .5 sh o w t h e

r el ati o n b et w e e n th e c o n v e r si o n a n d s el e c tivi ty o v e r A - 6 1 2 2 a n d A -3 1 0 0
,
r e sp e c ti v el y ,

t o g eth e r wi th t h e th e o r e ti c al c u rv e s at s e v e r al k 2/k l V al u e s . T h e c u rv e s c al c ul at e d

w ith t h e k 2/k l V al u e a t 4 8 a n d 8 w ell fit wi th th e pl ott e d d at a o f Fig s . 2 . 4 a n d 2 .5 ,
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r e sp e cti v ely ･ T h e r e s ult s i n di c at e th at t h e r e a c ti o n r a t e of t h e s e c o n d st ep is 4 8 ti m e s

f a st e r th a n th at of th e fir st st ep o v e r A -6 1 2 2 , w h e r e a s it is 8 ti m e s f a st e r o v e r A 1 31 0 0 .

T h e r ef o r e
,
th e ad diti o n o f Z n O i nt o C u c a t aly st g r e a tly d e c r e a s e d th e d e h y d r o g e n a ti o n

a bility ,
e s p e ci ally l n t h e s e c o n d st ep ･ I n th e r e d u c ti o n of A ･ 31 0 0

,
Z n O c o uld b e

p a rti ally r e d u c e d w it h C u
,
t o b e bi m et al s olid s ol uti o n . T his w o uld b e th e r e a s o n f o r

t h e d e a c ti v a ti o n o v e r A - 3 1 0 0 . T his c o n sid e r ati o n i s c o n sist e n t wi t h t h e r e s u lt sh o w n

i n T a bl e 2 ･ 4 : A - 31 0 0 is le s s a cti v e t h a n t h e ot h e r s i n th e d eh yd r o g e n ati o n of 2 H T H F t o

G B L .

T h e i niti al st e p ,
th e r e a c ti o n f r o m 1

,
4 - B D O t o 2 H T H F ,

i n cl u d e s t w o

el e m e n t a ry r e a cti o n s
, w hi ch in v ol v e t h e d eh yd r o g e n a ti o n of 1

,
4 - B D O t o

4 - h y d r o x y b ut a n al a n d h e m i a c e t aliz ati o n of 4 -h y dr o x yb u ta n al t o 2 H T H F ･

.
I n th e st e p ,

th e h e mi a c e tali z atio n w o uld m u ch fa st e r th a n d e h y dr o g e n ati o n b e c a u s e

4 - h y d r o x yb ut a n al w a s n o t o b s e rv e d in th e r e a cti o n of 1
,
4 - B O O t o G B L . T h e r ef o r e

, it

is c o n sid e r ed th at t h e d e h y d r o g e n ati o n of 1
,
4 - B D O t o 4 -h y d r o x yb ut a n al is t h e

r at e -d e t e rm i n a ti o n - s t ep in th e t ot al G B L f o r m ati o n .

2
･4 ･3 R e a cti o n p a th w ay # o m 1

,
4 - B D O t o G B L

A s s h o w n i n T a ble 2 ･ 4
,
2 H T H F w a s d e h y d r o g e n at e d t o G B L o v e r a n y s a m ple s ･

T h e c at alyti c a ctivi t y ,
h o w e v e r

,
i s q uit e diffe r e n t a m o n g th e s a m ple s ･ I n th e A - 0 1 2 2

a n d A - 3 0 0 0 s a m ple s
,
t h e yi eld of G B L is al m o s t th e s a m e i n spite of sp e cific s u rf a c e

a r e a of A - 0 1 22 s a m pl e b ei n g m o r e th a n 15 0 ti m e s hi gh e r th a n th e C u s u rf a c e a r e a of

A -3 0 0 0 ( T able 2
,
1) . T his m e a n s th at th e d e h y d r o g e n ati o n of 2Ii T H F m ai nly p r o c e e d s

o v e r m et alli c C u s u rf a c e
.

l n t h e bin a ry s y st e m s , A - 3 1 0 0 i$ le s s a cti v e th a n A -3 01 0

a n d A - 3 00 1 s a m ple s . T his i s p r ob abl y c a u s e d b y n ot o nly t h eir C u s u rf a c e a r e a b ut

al s o effe cts of ad diti v e m e n ti o n ed i n th e p r e vi o u s s e cti o n .
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A lth o u gh it is el u ci d ate th at 2 H T H F i s th e i nt e r m edi at e i n th e r e a cti o n of

1
,
4 - B D O t o G B L

,

'

ot h e r p o s sibl e r e a cti o n p ath w a y s
, p a rti al o xi d ati o n of T H F a n d

Ti sh c h e n k o r e a cti o n
,

a r e s till r e m ai n e d . I n t h e p a rti al o xid ati o n of T H F
,
t h e o x yg e n

s o u r c e w o uld b e b ulk o x y g e n i n m et al o xid e of ad ditiv e s a n d/ o r o x yg e n i n H 2 0
,

w hic h

w a s g e n e r a t e d d u ri n g th e d e h y dr atio n of 1
,
4 - B D O t o T H F . N eit h e r p u r e T H F n o r 5 0

m ol % aq u e o u s T H F s ol uti o n w a s r e a c t e d e v e n o v e r th e m o st r e a cti v e A - 6 1 2 2 in H e

fl o w ･ H e n c e , th e p o s sibilit y of p a rti al o xid ati o n of T H F t o G B L i s d e ni e d i n t h e

p r e s e n t sy st e m ･

T h e n
,
it w a s e x a mi n e d w h eth e r Tish c h e n k o r e a cti o n w o uld p r o c e e d o v e r t h e

s a m ple s o r n o t . T h e f a c t th at a s m all a m o u n t of S D A is tr a n sf o r m e d t o G B L i n b oth

at m o s ph e r e s of H e a n d H 2 o v e r A - 0 1 2 2 ( T able 2 .5) in di c at e s th at Ti s h ch e n k o r e a cti o n

c o uld p r o c e e d o v e r t h e mi x e d m et al o x id e s . H o w e v e r
, Tish ch e n k o r e a cti o n did n ot

o c c u r o v e r t h e C u -b a s e d c at aly st s i n H e fl o w . It i s r ep o rt e d th a t Ti sh ch e n k o r e a cti o n

r e q u i r e d b oth a cidic a n d b a si c sit e s [2 2] ,
a n d I p r e vi o u sly m e n ti o n e d th at C u ad ditio n

t o A - 01 2 2 w o uld s u p p r e s s th e s u rf a c e a cidity [1 4] . T h u s
,
I sp e c ul at e d th at si mi l a r

s u p p r e s si o n w o uld in hibit Ti s h ch e nk o r e a cti o n of S D A t o G B L o v e r A - x 1 2 2 e x c ept f o r

A - 0 1 22 ･ O n t h e o t h e r h a n d , S D A w a s tr a n sf o rm e d t o G B L o v e r t h e C u -b a s e d c a t aly st

in H 2 n O W ･ I n H 2 ,
O n e O f fo rm yl g r o u p s i n S D A w o u ld b e h y dr o g e n at ed t o b e

4 - h y d r o x yb ut a n al ･ T his c a n b e c o n v e rt ed t o G B L th r o u gh 2 H T H F . I n th e r e a cti o n

of S D A i n H 2 ,
1

,
4 - B D O w o uld b e f o r m e d b y t h e f u rth e r h y d r o g e n ati o n of

4 -h y d r o x yb ut a n al .

I n S ch e m e 2 ･2
,
I s u m m a ri z e t h e r e a cti o n p ath w a y ･ 1

,
4 - B D O is i niti ally

d e h y d r o g e n a t e d o v e r m e t alli c C u s u rf a c e t o 4 - h y d r o x y b ut a n al ･ S i n c e t h e e xi st e n c e of

4 - h y d r o x y b ut a n al w a s n o t o b s e Ⅳ e d w ithi n th e d et e cti o n li m it
,
4 -b y d r o x yb ut a n al i s s o

u n s t a ble th at it is r a pidly h e m i a c e t ali z e d t o 2 H T H F . 2 H T H F i s f u rth e r

2 6



d eh yd r o g e n a t ed t o G B L o v e r m et allic C u s u rf a c e . 2 H T H F is th e i ntr a m ol e c ul a r

h e mi a c e t al c o m p o u n d of 4 - h y d r o x y b ut a n al ･ l n th e r e a cti o n of eth a n ol t o et h yl a c e t at e

( S c h e m e 2 ･1) ,
th e e xist e n c e of h e m i a c e t al w a s n o t c o nfir m e d , w hile a c et ald e h y d e w a s

o b s e r v e d i n th e p o s sible r e a cti o n p ath w a y [1 4] . H e r e
,
it c a n b e c o nfir m ed th at

b e m i a c e t al is t h e i nt e r m e diat e i n t h e d e b y dr o g e n a ti v e e s te r 拍 c ati o n of al c o h ol .

o H
- H 2

C u

H O 〔o
- - - o H

〕 ～ C)
- o H

1
,
4 - B D O 4 -h y d r o xy b tlt a n a1 2 H T H F

i - H 2 0
- H 2iT H 2 - H 2↓c u

O 〔o - o

〕 &
o

V H F
S D A G A L

S c h e m e 2 ･2 R e a cti o n p ath w ay f r o m B D O t o G B L o v e r C u -b a s ed c at aly st ･ C o m p o u n d s i n t h e

p ar e n th e si s a r e n o t ob s e rv ed i n th e B D O r e a c ti o n .

2 .5 C o m c且Ⅶs畳o m

S y nth e si s of y
- b u ty r ol a ct o n e fr o m 1

,
4 - B D O w a s i n v e s tig at e d o v e r

C u - Z n - Z r - A トO c at aly st , T h e r el atio n b et w e e n c at aly st c o m p o siti oh a n d c at alyti c

a c ti vi ty fo r th e G B L s y nt h e si s f r o m 1
,
4 - B D O a nd th e r e a cti o n p ath w ay w e r e e x a mi n e d .

G B L w a s e ff e cti v ely f o r m e d o v e r th e C u - b a s e d c a t aly st . T h e c a t alytic a c ti vi t y w a s

g r e atly a ff e ct e d b y ad ditiv e s ,
a n d t h e m l X l n g O f m et al o xid e ad ditiv e s i n c r e a s ed

c at alyti c a cti vit y ,
th e m a xi m u m a cti v it y w a s ob t ai n ed at c a t aly st c o m p o siti o n of C u O :

Z n O : Z r O 2 : A 12 0 3
≡ 6 : 1 : 2: 2 .

Th e r e a cti o n p at h w a y w a s cl a ri fie d a s f ollo w s; 1
,
4 - B D O w a s i nitially

d e h y d r o g e n at e d t o 4 -h yd r o x yb ut a n al
,

w hi ch w a s r a pi dly h e mi a c e t ali z e d t o 2 H T H F
･

2 7



2 H T H F w a s f u rt h e r d eh y d r o g e n at e d t o G B L ･ Al l th e d eh y dr o g e n ati o n o c c u r r ed o v e r

m e t allic C u sp e ci e s ･ T h e p ath w a y s th r o u gh th e p a rti al o xid ati o n o f V H F a n d

Ti s h ch e n k o r e a c ti o n w e r e d e ni e d o v e r t h e c op p e r
- b a s e d c a t aly st s ･

R ef e r e n c e s i n C h a p te r 2

[ 1] U . H e r rm a n n
,
G . .

E m ig ,
I n d ･ E n g ･ C h e m ･ R e s ･ 3 6 (1 99 7) 2 8 8 5 - 2 8 9 6 ･

[2] A . K iik s al
,
E . K l e m m , G ･ E mi g ,

A p pl ･ C a t a l ･ A 2 2S ( 20 0 2) 23 7 - 2 5 1 ･

[3] S . M . J u n g ,
E . G o d a rd

,
S ･ Y ･ J u n g ,

K ･

- C ･ P a r k
,
J ･

U ･ C h oi ,
C at a l ･ T o d a y 8 7 (2 0 0 3)

1 7 1 -1 7 7 .

[ 4] U . R . Pillai
,
E . S abl e

- D e m e s si e
,
D ･ Y o u n g ,

A p p l ･ C a t a l ･ B 43 (2 0 0 3) 1 3 1 ･ 1 3 8 ･

[ 5] Y . H a r a
,
H . K u s ak a

,
H . I n a g aki , K ･ T a k a h a s hi , K ･ W a d ち J ･ C at al ･ 19 4 ( 2 00 0)

1 8 8 - 1 9 7 .

[ 6] M . M e s s o ri , A ･ V a c c a ri
,
J ･ C a t a l ･ 1 5 0 (19 9 4) 1 7 7 - 1 8 5 t

[ 7] J a p a n K o k a i To k b o K o h o ･ J P 1 4 - 2 3 3 7 62 (2 0 0 2) ･

[ 8] S . M u r ah a shi
,

T ･ N a o t a
,

K ･ It o
,
Y ･ M a e d a

, H ･
T a ki ,

J ･ O rg ･ Ch e m ･ 5 2 (19 87)

4 3 1 9 - 4 3 2 7 .

[ 9] Y . Li n
,
X . Z h u Y . Z h o u , J ･ O rg a n o m e t･ C h e m ･ 4 29 ( 1 9 9 2) 2 69 - 2 7 4 ･

【1 0] J a p a n K o k a i T o 的′o K o h o ･ J P O 2 - 25 5 6 6 8 (1 9 9 0) ･

[1 1] U S P a t e n t . U S 5 2 1 0 2 2 9 (1 9 9 3) .

[1 2] U S P a t e n t . U S 6 0 9 3 6 7 7 (2 0 0 0) ･

【1 3] J a p a n K o k a i To kb ,o K oh o ･ J P O 5 - 2 8 6 9 5 9 (1 9 9 3) I

【1 4] K . h ui
,
T I K u r a b a y a shi

,
S ･ S at o ,

A p p l ･ C a t al ･ A 2 3 7 ( 2 0 0 2) 5 3 - 6 1 1

[1 5] S . S at o
,
R ･ T ak ah a s hi

,
T ･ S o d e s a w a , K ･ Y u m a

,
Y ･ O b at a

,
J ･ C a t al ･ 1 9 6 ( 20 0 0)

1 9 5 - 1 9 9 .

[ 1 6] L . L eit e
,
A ･ Le b e d e v s

,
V ･ S t o n k u s

,
M ･ Fl ei sh e r

,
J ･ M o l ･ C a t a l ･ A 1 4 4 ( 1 9 9 9)

2 8



3 23 -3 2 8 .

[1 7] L ･ E ･ S ch ni e p p ,
H ･ H ･ G elle r

,
J ･ A m . C h e m . S o c . 6 8 (1 9 4 6) 1 6 4 6 - 1 6 48 .

[1 8] A ･ R ･ K a tri t z k y ,
H - Y ･ H e

,
J ･ W a n g ,

J ･ O rg . C h e m .
67 ( 2 0 0 2) 4 9 5 1 - 4 9 5 6 .

[1 9] K ･ I n u i
,
T ･ K u r ab ay a s hi

,
S I S a t o

,
J ･ C a t al

.
2 1 2 (20 0 2) 2 0 7 - 21 5 .

[2 0] Y ･ V . S u b b a R a o
,
S

.
J

. K ulk a mi , M . S u b r ah m a n y a m
,
A . V . R a m a R a o

,
I . O rg .

C h e m . 59 (1 9 9 4) 3 9 9 8 - 4 0 0 0 .

[2 1] J . M . S m ith
,
C h e m ic a l E ngin e e ri n g K in e ti c s

,
3 rd . e d .

,
M c G r a w - H ill

,
N e w Y o rk

,

1 9 8 1
, p . 8 4 .

[ 2 2] H . H att o ri , A p pl . C a t al . A 2 22 (20 0 1) 2 4 7 - 25 9 .

2 9



T abl e 2 .1 E ff e ct of ad diti v e o n p h y si c al p r o p e rt y a n d c a t alyti c a c tivi ty l n t h e

d eh y dr og e n ati v e c y cli zAtio n of 1 ,
4 - B D O

a

c at aly st S A , E T

b
s A c u

c

C o n v ･
S el e cti vity/ m ol %

/ m
2

g

-1
/ m

2

g

- 1
/ % G B L T H F 2 H T H F

A - 3 0 0 0

A - 3 1 0 0

A - 3 0 1 0

A - 3 0 01

1 . 2 1 . 2 2 7 .6

5 .5 5 . 6 2 5 .7

5 3 . 8 16 .6 6 5 . 2

11 3 .6 3 9 .5 43 .8

8 8 . 9 0 9 .6

66 . 4 0 . 5 3 1 .3

9 6 .4 0 .2 3 .1

7 0 .1 1 1 . 9 4 . 0

a

A v e r a g e c o n v e r si o n a n d s el e c ti vit y b et w e e n 1 a n d 5 h
,

c at aly st w ei ght O ･1 5 0 g ,
f e e d

r at e 1 .8 c m
3
h

･ 1

,
c a rri e r g a s n o w r at e 3 0 c m

3
m i n

- 1
a t 2 4 0

o

C ･

b
s p e cific s u rf a c e a r e a cit e d fr o m R ef ･ [1 4] ･

c

C u s u rf a c e a r e a cit ed fr o m R ef . [ 1 4] .

3 0



T able 2 ･2 E ff e ct of a d diti v e t o A - 30 01 s a m pl e o n ph ysi c al a n d c at alyti c p r o pe rt y i n

th e d e h y dr o g e n ati v e cy cliz ati o n of 1
,
4 - B D O

a

c at aly st S A B E T
b

s A c u

c

C o n v
･ S el e ctivit y/ m ol %

/ m
2

g
- 1

/ m
2

g
･ 1

/ % G B L T H F 2 H T H F

A - 6 0 0 2
d

11 3 . 6 3 9 .5 43 . 8

A - 6 2 0 2 1 0 l .0 5 2 .7 71 .0

A - 6 0 2 2 1 3 4 .4 3 6 .0 6 2 .0

A - 6 2 20 5 1 . 8 2 0 .7 5 0 . 6

A - 6 2 2 2 1 20 .1 3 9 . 7 6 7 . 4

7 0 .1 1 1 .9 4 . 0

9 6 .1 < 0 .1 3 .3

95 .1 0 . 4 3 .7

8 6 . 7 0 1 0 .1

9 2 .6 0 .1 3 .6

A - 6 1 2 2 1 3 1 . 2 40 . 3 8 4 . 0 9 7 .7 0 .2 1 .6

a

A v e r a g e c o n v e r si o n a n d s el e ctivi ty b et w e e n 1 a n d 5 h
,

c at aly st w eig 加 0 ･ 1 5 0 g ,
f e e d

r at e l ･8 c m
3
h

- 1
, c a rri e r g a s fl o w r at e 3 0 c m

3
m i n

- 1
at 2 4 0

o

C ･

b
s p e cifi c s u rf a c e a r e a cit e d fr o m R ef . [1 4] .

c

C u s u rf a c e a r e a cit ed fr o m R ef .[ 1 4] .

d
E q u al s A - 3 0 0 1 ･

3 1



T able 2 . 3 P h y si c al p r o p e rt y a n d c a t alyti c a c ti vi ty of A -

x 1 2 2 ( x = 0 - 9 5) s a m ple i n th e

d e h y dr o g e n a ti v e cy cliよati o n o f 1
,
4 - B D O

a

s A B E T
b

s A c u

c

C o n v . S el e c ti vity/ m ol %

/ m
2

g

-1
/ m

2

g

-1
/ % G B L T H F 2 H T H F

1 8 3 .3 4 3 . 5 0 .6 9 5 . 0 0 .3

1 61 . 3 3 6 . 3 5 7 .7 7 5 . 2 1 .3 4 .0

1 4 4 .7 3 5 .5 6 7 .5 9 5 . 9 0 .1 2 .3

6 1 3 1 .
2 4 0 .3 8 4 .0

1 2 9 9 .7 3 8 . 7 8 4 . 1

1 8 83 .2 4 5 . 1 7 4 .9

9 5 3 7 .3 3 1 . 6 5 6 .1

9 7 . 7 0 . 2 1 .6

9 4 . 9 0 .1 1 . 5

9 6 .1 < 0 . 1 2 . 1

93 . 2 0 .2 3 .9

a

A v e r a g e c o n v e r si o n a n d s el e cti vit y b et w e e n 1 a n d 5 h
,
r e a c ti o n t e m p e r at u r e 24 0

o

C
,

c at aly st w eigh t O ･1 5 0 g ,
f e e d r a t e l 1 8 c m

3
h

- 1

,
c a r ri e r g a s n o w r a t e 3 0 c m

3
m i n

- 1
･

b
s pe cifi c s u rf a c e a r e a cit e d fr o m R ef . [1 4] .

c

C u s u rf a c e a r e a cit e d fr o m R ef . [1 4] ･

3 2



T a bl e 2 ･4 D e h y d r o g e n a ti o n of 2 H T H F
a

C at aly st C o n v e rsi o n / % S ele cti vity / m ol %

G B L 1
,
4 - B D O

A - 0 1 2 2 25 . 6

A - 3 0 0 0 1 2
.
1

A - 3 10 0 1 2 .1

A - 3 0 1 0 7 6 .9

A - 3 00 1 ( = A - 6 00 2) 7 9 . 6

A -3 1 11 ( = A - 6 2 2 2) 8 8 . 4

1 8 .2 1 2
.
0

3 5 . 7 1 . 8

2 7 . 5 7 . 0

8 0 .3 1 3 .9

8 4 .8 6 .0

6 6 . 7 3 . 9

a

E a ch d at a w e r e ob tai n ed b y th e r e a c ti o n r e s ult s of i nitial 1 h
,

r e a cti o n t e m p e r at u r e

2 4 0
o

C
,

c a t alyst w eig ht O ･1 5 0 g ,
f e ed r at e l ･ 8 c m

3
h

- 1

, c a mi r g a s n o w r at e 3 0 c m
3

m i n
- 1

.

3 3



T abl e 2 .5 T r a n sf o r m ati o n of S D A
a

C at aly st C a r ri e r g a s C o n v e rsi o n S el e cti vit y/ m ol %

/ % G B L 2 H T H F 1
,
4 - B D O

A - 0 1 2 2 Ⅲe

A - 0 1 2 2 H 2

A - 3 0 1 0 H e

A - 3 0 1 0 H 2

A - 3 1 11 H e

A - 3 1 11 H 2

1 4 . 4 6 9 .2 3 0 . 8

1 4 .9 7 7 .8

2 .7 9 3 .8

8 9 .9 9 5 .6

0 .5 1 0 0

88 .4 9 2 . 0

21 . 4 0 .8

4 . 0

6 .
2

0 .4

0

5 .6 2 .4

a

E a ch d at a w e r e o bt ai n e d b y th e r e a cti o n r e s u lts of i nitial 1 h , r e a c ti o n t e m p e r at u r e

2 4 0
o

C
,

c at alyst w eig ht O ･1 5 0 g ,
c a r ri e r g a s n o w r at e 3 0 c m

3
mi n

- 1
･ S D A s ol uti o n of

2 1 .O w t % w a s f e d at 1 . 8 c m
3
h

-1
.

3 4
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o

C
, ( △) 2 4 0

o
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o
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2 H T H F ( o p e n s y m b ol) a n d W !F at ( cir cl e) 2 0 0
o

C
, (tria n gle) 2 4 0

o

C
,

( sq u a r e) 3 0 0
o

C o v e r A - 6 1 2 2 s a m pl e ･
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a n d W!F o v e r A -3 10 0

s a m p le at 24 0
o
C .

3 7



1 0 0

求
I - ヰ

○

己
＼

才
一

､

}
●

r ヰ

>
●

r q
ー

O
q)
-

q)

帆

8 0

6 0

4 0

2 0

,

･

i

∫

＼

.i

'

I

/

＼

∫

I

(

/

＼

d
､

/

＼

/ A
/

＼
△ ー

- ｢ 喝

0 2 0 4 0 6 0 8 0 1 0 0

1
,
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= 2 4
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= 4 8
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s olid li n e :
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,
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S y 弧蝕e s畳s o官3 - 恥弧息e 弧 -2 - o 凪e & o m 錦- ぬy d 訂O Xy
-盟-b 取直a n o 弧e

o v e r a 弧a息a s e - 甘畳0 2 C 鼠色絶息y s息

3 .且 瓦n 息r o d u c息畳o m

3 - B u t e n - 2 -

o n e ( M V K) is k n o w n a s a n i nte r m e di at e of ste r oid s
,

t e rp e n oids
,

m edi c al d r ag s
,

a n d p e sticid e s . S e v e r al r e p o rts f o r t h e p r o d u cti o n of M V K h a v e b e e n

r e c e n tly f o c u s ed o n t h e c o n d e n s a ti o n of p r o p a n o n e wi th m eth a n ol ･ C at aly sts s u ch a s

F e - C u c o m ple x [1] ,
S n O 2 d o p e d w ith r a r e e a rt h m e t al [2] ,

a n d p h o sp h o r o u s - m et al

mi x ed o xid e s [ 3] a r e e m pl o y e d i n t h e r e a c ti o n . M eth a n e i s al s o u s ed a s th e

c o n d e n s a ti o n r e ag e n t i n st e ad o f m et h a n ol o v e r M g O c atal yst [4] . O n th e oth e r h a n d
,

t h e d eh yd r ati o n of 4 - hy dr o x y
- 2 -b ut a n o n e ( H B) t o M V K i n di -

”
- b u tyl p hth al at e

i n cl u di n g s m all a m o u nt of i o din e a n d h yd r o q ui n o n e h ad b e e n r ep o rt e d [5] .
A t this

p oi nt
,
M V K is m a n uf a c t u r e d b y d e h y d r ati o n of H B c at aly z ed b y s ol ubl e a cid i n a liq uid

p h a s e ･ H B c a n b e p r o d u c e d b y c o uplin g of p r op a n o n e a n d f o m al d e b y d e i n b a si c

m e di a [6 , 7] . As m e n ti o n e d in S e ctio n l ･3
,

th e p r o d u cti o n of H B vi a th e

d eh y d r o g e n a ti o n of 1
,
3 -b t a n e di ol (1

,
3 - B D O) i s p ot e n ti al p r o c e s s

,
w h e r e a s H B is n o t

s el e cti v ely o bt ai n ed o v e r C u -b a s e d c at aly sts ･ T his w ill b e t h e t a rg et r e a ctio n fわr t h e

u tili z atio n of 1
,
3 - B D O .

T h e d e h y d r ati o n w ith 1iq uid a cid c at al y st s s u ch a s s ul fu ri c a cid
, p h o sp h o ri c a cid ,

a n d s o o n
,
a r e u s e d i n m a n y ch e m i c al p r o c e s s e s , w h ile h et e r o g e n e o u s c at aly st h a s s o m e

a d v a n t a g e s : It fa cilit at e s t h e s ep a r ati o n of p r o d u cts fr o m c at aly st a n d th e r e is n o n e e d t o

l

n e ut r ali z e th e h o m o g e n e o u s c a t aly st i n o rd e r t o e x tr a c t t h e p r o d u cts ･ H o w e v e r
,

n o

e ff e cti v e h et e r o g e n e o u s c at aly st h a s b e e n p r o p o s e d in th e d e h y dr ati o n of H B int o M V K ･
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T h e r ef o r e , i n t his ch a pt e r
,
th e d e h y d r ati o n of H B t o M V K is i n v e s tig at e d o v e r

s e v e r al m e t al o xid e s ,
a n d it is fo u n d th at a n a t a s e - Ti O 2 h a s e x c elle nt a c ti vit y f o r th e

r e a cti o n
･

I n t his p a p e r
,
也e e 触 ct of t e m p e r a t u r e o n th e r e a cti o n o v e r a n at a s e

- Ti O ヱ a n d

c o m p a ri s o n of Ti O 2 C at aly st w it h oth e r s olid c at aly st s a r e e x a m i n e d ･

3 .2 E x p e ri m e n t al .

3 .2 .1 . C a t aly s t s a m p le s

A ll th e s a m pl e s
,

e x c ept fo r t w o Ti O 2 ,
W e r e C O m m e r Ci ally a v aila bl e ･ Ti O 2

s a m ple s w e r e s u p plie d b y C at aly sis S o ci et y of J ap a n a s t h e J ap a n R ef e r e n c e C at aly st s ･

T h e s p e cific s u rf a c e a r e a of s a m ple s w a s c al c ul at e d fr o m th e a d s o rpti o n is ot h e r m o f N 2

at - 1 9 6
o

C w ith B E T m et h o d ･ T h e t e m p e r at u r e -

p r o g r a m m ed d e s o rpti o n of a d s o rb e d

a m m o ni a ( N II 3
- T P D) w a s al s o c a r ri e d o u t t o m e a s u r e a ci dit y o f th e c a t al y sts ･ A

s a m ple (1 0 m g) w a s p r e h e a t e d at 5 0 0
o

C fわr 1 也 u n d e r r e 血 c e d p r e s s u r e ･ N H S W a s

a d s o rb e d at 1 0 0
o

C fわr 10 m i n a n d e v a c u at e d fわr l b . A 鮎 r n o N H 3 b ad b e e n o b s e Ⅳ e d

i n N 2 n o w
,
t h e s a m ple w a s h e at e d fr o m 1 0 0 t o 8 0 0

o

C at h e a ti n g r at e of 10
o

C mi n
- 1

u n d e r N 2 n o w Of 9 9 m m ol m i n
-1

･ T h e d et ai le d T P D p r o c e d u r e w a s d e s c rib ed

els e w h e r e [8] . T h e o ri gin of s a m pl e s
,
t h eir s p e cific s u rf a c e a r e a a n d th e t ot al a m o u n t

of a cid a r e list e d in T able 3 .1 .

3 . 2 . 2 . C a t a ly ti c r e a cti o n

T h e r e a cti o n w a s c a r ri e d o u t i n a c o n v e n ti o n al d o w n - fl o w t u b ul a r
-

r e a ct o r at

a m bi e nt p r e s s u r e ･ A c a t aly st w a s 血a rg ed i n th e r e a ct o r
,

a n d c at al y st b e d w a s h e at e d at

a p r e s c rib e d t e m pe r at u r e i n H e c a r ri e r g a s of 3 0 c m
3

m i n

- 1

(S T P) ･ A ft e r th e c a t aly st

b e d h a d b e e n h e at e d f o r 6 0 m l n
,
liq uid H B w a s f e d i nt o th e r e a c t o r at f e e d r at e of l ･ 7
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c m
3

h
･ 1

･ T h e e 組 u e nt c olle ct e d p e ri o di c ally at 0
o

C e v e r y h o u r w a s a n aly z e d w it h

F I D - G C ( G C - 8 A
,
S hi m ad z u

,
J ap a n) wi th 30 - m c apilla r y c ol u m n ( T C - W A X) . G a s e o u s

p r o d u ct s w e r e a n aly z e d wi th o n -li n e T C D - G C ( G C - 8 A) w ith 2 - m p a ck e d c ol u m n

(P o r ap a k Q) ･

3 .3 汲e s u且息s a 凪d di s c Ⅶs si o n

Fig . 3 .1 e x hibits t h e ch a llg e S i n H B c o n v e r si o n w ith ti m e o n str e a m at diffe r e n t

t e m p e r at u r e s o v e r a n at a s e - 耶 0 2 . M V K is effi cie ntly p r o d u c e d o v e r a n at a s e - Ti 0 2 at

< 2 00
o

C ,
a s sh o w n i n S ch e m e 3 .1 . D e a c ti v a ti o n w a s c o nfir m e d at t e m p e r at u r e s high er

th a n 1 60
o

C
,

a n d it w a s f o u n d th at th e d e a cti v at e d c a t al yst s ch a n g e d th eir c ol o r f r o m

w hit e t o bla ck . T o c o nfir m th e c a u s e of th e d e a c ti v a ti o n
,
th e d e a cti v at e d s a m pl e w a s

o xidi z e d . O xid ati o n w a s p e rf o r m e d a s f oll o w i n g P r o c e d u r e; th e d eh y d r ati o n of H B
●

w a s c a rri ed o ut o v e r a n at a s e
- Ti O 2 at 35 0

o

C f o r 3 0 0 m i n , a n d th e n th e c at al y st w a s

h e at e d in th e ai r at 5 0 0
o

C f b∫ 6 0 m in , a n d c o ol e d t o 35 0
o

C . A 触 r th e o xid atio n

tr e a t m e n t
,
th e c a t aly st r e c o v e r e d th e initial a cti vit y (d at a n o t s h o w n) . T his r e s ult

s u g g e st s th at th e c a u s e o f d e a cti v ati o n is d e p o siti o n of c a rb o n s p e ci e s o n t o t h e c at aly st

s u rf a c e ･ I n g e n e r al
,

ol efi n s a r e th e p r e c u r s o r of th e c a rb o n sp e ci e s , a n d th e y a r e

f o r m e d o v e r a ci d sit e s [9] . I n this st u dy ,
M V K is th e p r e c u r s o r of c a rb o n sp e ci e s ･

T h e i mi tial st ep of th e d e a cti v ati o n w a s ad s o rp ti o n of M V K o n th e a cid site s a n d th e

ad s o rb e d M V K w a s s e q u e n ti ally p oly m e ri z ed . T h e r at e of p oly m e ri z a ti o n i n c r e a s e s

wi th i n c r e a s l n g t h e r e a cti o n t e m p e r a t u r e
,

w h e r e a s th e d e s o rpti o n r a t e of M V K als o

i n c r e a s e s ･ T h e p oly m e ri z ati o n r at e p r o b a bly e x c e e d s th e d e s o rp tio n r at e of M V K

l

ab o v e 1 60
o

C .

4 3



/ 虹- ､
｡ H

- H 2 0 Å♂

s c h e m e 3
.
1 D e hy d r ati o n o f 4 -h yd r o x y

-2 -b u t a n o n e i n t o 3 -b u t e n
- 2 - o n e

Fig ･ 3 ･ 2 d e picts t e m p e r at u r e d e p e n d e n c e of a v e r a g e c a t alytic a c ti vity of

a n a t a s e - Ti O 2 i n th e i niti al r e a cti o n f o r 3 0 0 m in ･ T h e hig h e st H B c o n v e r si o n a n d M V K

s el e c ti vit y w e r e att ain e d at 1 6 0
o

C ･ T h e H B c o n v e r si o n d e c r e a s ed with i n c r e a s i n g t h e

r e a c ti o n t e m p e r at u r e 如 m 1 60 t o 24 0
o

C
, w hile it i n c r e a s ed a b o v e 3 0 0

()

c ･ A ltb o u g b

th e s el e ctivit y t o p r o p a n o n e k ept i n lo w l e v el at < 2 4 0
o

C
,
it i n c r e a s e d ab o v e 2 4 0

o

C ･ I n

●

o r d e r t o el u cid at e th e o r lg l n O f p T O p a n O n e
,
b la nk t e s ts w e r e c a r ri e d o u t w it h o ut u s l n g

c at al y st at s e v e r al t e m p e r a t u r e s ･ P r o p a n o n e w a s f o r m e d at 2 4 0
o

C i n th e n o n - c a t alyti c

r e a c ti o n of H B (fig u r e r n o t s h o w n) ･ T h e f o r m a ti o n of p r o p a n o n e w o ul d b e att rib ut e d t o

th e th e r m al d e c o m p o siti o n of H B
,

w hi c h is th e k et ol of p r o p a n o n e a n d f o r m ald eh y d e
･

T h e c at alyti c d e h y d r ati o n of H B t o M V K a n d th e th e r m al d e c o m p o siti o n of H B t o

●

p r op a n o n e w e r e c o m p etiti v e
,

a n d th e r at e of t h e l att e r w o uld i n c r e a s e w it h i n c r e a s l n g

t h e r e a c ti o n t e m p e r at u r e a b o v e 2 4 0
o

C ･ T h e r ef o r e
)
th e H B c o n v e r si o n w a s r e c o v e r e d

a b o v e 3 0 0
o

C ( Fi g . 3 . 2) ･

Fi n all y ,
I e x a mi n ed th e c at alytic a cti vit y f o r th e H B d e h y d r ati o n o v e r s e v e r al

o xid e s a m ple s at 1 6 0
o

C ( Fig ･ 3 ･ 3) . Al th o u g h th e m e t al o xid e s s u c h a s f u tile - Ti O 2 ,

Al 2 0 3 ,
C e O 2 a n d Si O 2

- Al 2 0 3 Sh o w e d r el ati v ely hig h i niti al a c ti vi t y ,
th e y w e r e r apidly

d e a c ti v a t e d . T h e Si O 2
- A 1 2 0 3 Sh o w e d t h e l a rg e s t d e a cti v ati o n ･ T h e o th e r s a m pl e s

,

f u til e
- Ti O 2 ,

Al 2 0 3 ,
a n d

.
C e O 2 e X hibit e d m o d e r at e d e a c ti v ati o n ･ T h e y sh o w e d

d e a c ti v a ti o n e v e n at 1 2 0
o

C
,

w h il e th e s el e cti vity t o M V K i s hig h i n all t h e s a m pl e s

( T abl e 3 ･1) ･ P r o p a n o n e i s th e m aj o r b y
-

p r o d u ct w ith 1 - 2 m ol % s el e cti vit y ･

D e h y d r ati o n of al c o h ols is r e a dily c at aly z e d b y a cid s [1 0] ･ H o w e v e r , th e d e a cti v ati o n
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is p r ob a bly c a u s e d b y t h e str o n g i nt e r a cti o n of M V K wi th a cid sit e s t o f o r m c a rb o n

sp e ci e s o n t h e c at alyst s u rf a c e
,
a s dis c u s s ed ab o v e .

Fig ･ 3 ･ 4 s h o w s T P D p r ofile s of N H 3 ad s o rb e d o n t h e s a m ple s ･ T h e t ot al

a m o u n t s of a cid sit e s a r e list e d in T able 3 .1 . It i s ob vi o u s th at Si O 2
- A l2 0 3 i s th e

str o n g e s t a cid c at aly st i n this st u dy , a nd th at A l2 0 3 h a s th e s e c o n d hi gh e st a cidit y o n it s

s u rf a c e . It c a n b e c o nfir m e d th at a n at a s e - Ti O 2 h a s o nly w e a k a cid sit e s b e c a u s e th e

T P D p e ak is l o c a t ed at 1 2 5
o

C ･ It s h o uld b e n o t e d th at th e a cidity of r u tile - Ti O 2 is

hi gh e r th a n t h at of a n a t a s e
- Ti O 2 ･ T P D p r ofile of C e O 2 is si mi l a r t o t h at of

a n a t a s e - Ti O 2 , a n d S i O 2 h a s n o N H S a d s o rb e d o n its s u rf a c e a t 1 0 0
o

C
.

T h e N H 3
- T P D r e s ult s s u p p o rt th e sp e c ul ati o n a b o u t t h e d e a cti v a ti o n of th e

c at alysts ,
e x c ept f o r C e O 2 : th e s a m pl e s wi th str o n g a cid s u ch a s Si O 2

- A l2 0 3 ,
Al 2 0 3 a n d

f u til e - Ti 0 2 W e r e d e a cti v at ed
,

a nd th e d eg r e e of th e d e a cti v ati o n f oll o w s th e a cid

str e n gth of t h e s a m ple s ･ Si O T Al 2 0 3 W ith th e st r o n g e st a cid it y e x hibit ed t h e st e ep e st

d e a cti v ati o n b eh a vi o r a m o n g t h e s a m pl e s . A l 2 0 3 Sh o w e d m o r e r apid d eg r a d ati o n i n

c a t aly sis th a n f u til e - ¶ 0 2 ,
W bi c b is att rib ut e d t o t h e hig h e r a cidit y o n A 12 0 3 S u 血 c e ･ I n

spit e of th e si m il a r a cidity ,
d e a c ti v a ti o n b eh a vi o r is di ff e r e n t b et w e e n a n at a s e - Ti 0 2 a n d

C e O 2 . T h e c a u s e o f th e diff e r e n c e c a n n o t b e e x pl ai n e d in th e T P D st u d y ･ R e d o x

n at u r e of C e O 2 w o uld b e c o r r el at e d w ith th e d e a c ti v a ti o n . T h e a cti v a ti o n of al c o h ol s

o v e r c e o 2 f o r th e d e h y d r ati o n of 1 ,3
- B D O t o 3 -b u t e n - 2 - o l a n d tr a m s - 2 - b ut e n

- 1 -

ol [11]

a n d t h e d eh y d r atio n o f 1 ,
4 - B D O t o 3 -b u t e n -1 - ol [1 2] h a v e b e e n r ep o rt e d

,
a n d lt h a s

b e e n c o n cl u d ed t h at t h e r e d o x p r o p e rty of C e O 2 Pl ay s a c ru ci al r ol e i n th e c at al yti c

d eh yd r ati o n of di ols .

N o a cid sit e s a r e o b s e rv ed o n SiO 2 S u rf a c e i n t h e N H r T P D a n aly sis
.

H o w e v e r
,

e v e n si O 2 wi th th e w e ak e st a cidity a s w ell a s a n at a s e - Ti O 2 Sh o w s s t able c o n v e r si o n ･ It
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is s u rp r l S l n g th at th e d eh y d r ati o n of H B t o M V K
,

w hi ch is p r o b ab ly st a bili z e d b y th e
● ●

c o nj u g at e d d o u ble b o 鴫 pr o c e e d s o v e r t h e l e s s a ci di c S i O 2 at 1 6 0
o

C ･ N a m ely , th e

d e h y d r ati o n o f H B r e q u lr e S W e ak a cid sit e s
,

a n d str o n g o n e s i n d u c e u nf a v o r able

d e a cti v ati o n b e c a u s e of str o n g in te r a cti o n b et w e e n M V K a n d t h e a cid sit e s ･

3 .4 C o m cl Ⅶsi o n

4 ･ H y d r o x y
- 2 - b u t a n o n e w a s c o n v e rt e d t o 3 -b u t e n

- 2 - o n e wi th 9 8 ･8 m ol %

s el e cti vity o v e r a n at a s e - Ti O 2 C at aly st
,

a n d n o d e a cti v a ti o n w a s o b s e rv e d a ･t 1 6 0
o

C ･

p r o p a n o n e w a s p r od u c e d a s a b y
-

p r o d u ct i n t h e th e r m al d e c o m p o siti o n o f

4 - h y d r o x y
-2 - b u t a n o n e ab o v e 24 0

o

C ･ A ci di c c at alyst s s u ch a s Al 2 0 3 a nd Si O 2
- A l 2 0 3

w e r e d e a cti v at e d b e c a u s e th e st r o n g a ci d sit e s i nt e r a c t e d wi th 3 -b ut e n - 2 - o n e t o f o r m

c a rb o n a c e o u s s p e cie s ･ W e ak a cid sit e s of a n a t a s e - Ti O 2 a n d Si O 2 a r e S uffi cie nt f o r t h e

d e h y d r ati o n o f 4 -h y d r o x y
-2 -b u t a n o n e t o 3 -b u t e n - 2 - o n e ･

R ef e r e n c e s i n C h a pt e r 3

[1] M . S at o
,

S . A k ab o ri
,

M ･ K a t a d a
,

I ･ M ot o y a m a
,

H ･ S a n o
,

Ch e m ･ L ett ･ (1 9 8 7)

1 8 4 7 - 1 8 5 0 .

【2] N . L . V . C a r r e n o
,
H ･ V ･ F aj a r ad o ,

A ･ P ･ M a ci el
,
A ･ V al e n ti ni

,
F ･ M ･ P o n t e s

,
L ･ F ･ D ･

P r ob st
,
E . R . Le it e

,
E . L o n g o

,
J . M ol . C a t a l

. A 2 0 7 (2 0 0 4) 91 - 96 ･

[ 3] J a p a n K ok a i To kb , o K o h o ･ JP O 5 - 0 0 9 1 4 6 ･

【4] E . R u ck e n st ei n ,
B ･ M ･ R e d d y ,

A p p l ･ C a t a l ･ A 1 2 1 (1 9 9 5) 1 5 9 - 1 67 ･

[5] N . A . M il a s
,
E ･ S a k al

,
J ･ T ･ Pl ati

,
J ･ T ･ Ri v e r s

,
J ･ K ･ G l a d di n g , F ･ X ･ G r o s si

,
Z ･ W eis s

,

M . A . C a m p b ell ,
H

.
F . W right J ･ A m ･ C h e m ･ S o c ･ 7 0 ( 1 9 4 8) 1 5 9 7 -1 60 7 ･

[ 6] J . T . H a y s
,
G ･ F ･ E ag e r

,
H ･ M ･ E n g el m a n n

,
H ･ M ･ S p u rli n , J ･ A m ･ C h e m ･ S o c ･ 7 3
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(1 9 5 1) 5 3 6 9 - 5 3 7 3 .

【7] J a p a n K ok a i Tok b )o K oh o J P S 5 2 - 1 2 8 3 11 .

[8] S ･ S at o , K ･ T a k e m a ts u , T ･ S o d e s a w a
,
F ･ N o z aki

,
B ull

. Ch e m . S a c
. Jp n . 6 5 (1 9 9 2)

1 4 8 6 - 1 4 9 0 .

[9] C ･ H ･ B a rt h ol o m e w
,
A p pl .

C a t al
. A 21 2 (2 0 0 1) 1 7 - 6 0 .

[1 0] J ･ M c M u r r y ,
F u n d a m e n t als of O rg a ni c C h e m istry ,

third e d
,

B r o o k s/ C ol e
,

C alif o r ni a
, 1 99 4 .

[1 1] S . S a t o
,
R . T ak a h a shi

,
T . S o d e s a w a

,
N . H o n d a

,
H . S hi mi z u

,
C a t al

.
C o m m u n . 4

(20 0 3) 7 7 -8 1 .

[1 2] S ･ S a t o ,
R

.
T ak ah a s hi , T ･ S o d e s a w a

,
N . Y a m a m o t o

,
C a t al . C o m m u n . 5 (2 00 4)

3 9 7 - 40 0 .
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1 0 0

求 9 0
＼

G3

･表 8 0
”

q)

>

g 7 0
U

碑
a: 6 0

5
1 0 0 2 0 0 3 0 0

Ti m e o n str e a m / m i n

Fig . 3 .1 C h a n g es i n H B c o n v e r si o n w ith ti m e o n s tr e a m o v e r

a n ata s e - Ti O 2 . T h e r e a cti o n w a s c a rri ed o u t at ( 0 ) 1 2 0
o

C
, ( @ ) 1 6 0

o

C
,

( △) 2 0 0
o

C
, ( A ) 24 0

o

C
, ( □) 3 0 0

o

C
, ( 由) 3 5 0

o

C . C at aly s t w eig h t
,

o 1 0 5 0 g; H B fe e d r a te
,
1 ･7 c m

3
h

- 1

; H e n o w r a t e
,
3 0 c m

3
m i n

- 1
･
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Fig . 3 12 C h a n g e s in a v e r a g e H B c o n v e r sio n a n d s ele cti viti e s to M V K

a n d p r o p a n o n e at 1 2 0 - 3 5 0
o

C o v e r a n at a s e - Ti O 2 . ( @ ) H B c o n v e r si o n
,

( ○) M V K s ele ctivity , ( △) p r o p a n o n e s el e c tivity . T h e r e a c ti o n

c o n diti o n s a r e th e s a m e a s th o s e i n Fig . 1 .
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o
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- Ti O 2 , ( △) Al 2 0 3 ,

( A ) c e o 2 ,( ロ) s i O 2
- Al 2 0 3 a n d ( 棉) si O 2 ･ C at aly st w eig h t

,
0 ･15 0 g ･
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2 ,( e) A 12 0 3 ,

a n d (i) Si O 2
- Al 2 0 3 .
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T abl e 3 .1 T h e c at aly sts u s e d f o r th e r e a c ti o n ･

c at aly st O rigin S A B E T S el e c ti vity
a

A cidit y
b

/ m
ュ

g

-1
/ m ol % / 〃m ol g

- 1

a n a t a s e - Ti 0 2

f u tile - Ti O 2

A l2 0 3

C e O 2

S iO 2
- Al 2 0 3

S i O 2

T I O - 4 (J ap a n R ef e r e n c e C at aly st) 5 5 98 ･8 4 ･5

TI O - 3 (J ap a n R ef e r e n c e C at aly st) 4 0 9 7 ･1 3 0 ･8

D C - 2 2 8 2 ( D i 且 C at alyst)

( W a k o P u r e C h e m i c al I n d u s try)

N 6 3 1 - L (N ik ki C h e m i c al)

Q - 1 0 ( F uji Sily sia C h e m i c al)

20 0 9 6 .1 1 6 6

20 9 7 . 9 4 .7

4 2 0 9 6 .8 4 40

2 9 5 9 7 .4 2 . 4

a

s el e cti vit y t o M V K i n th e r e a cti o n of H B at 1 6 0
o

C s h o w n i n Fig ･ 3 ･3 ･

b
T o t al a cidity m e a s u r e d b y N H 3

- T P D (Fig . 3 .
4) .
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C ぬa p息e 訂格

C a息a 柳畳c 汲e a c 鮎 n oぎ且
,
3 - 甑Ⅶ息a m e d畳o且o v e T S O漫畳d a c畳d s

乱且 瓦m忠r o d u c 朗o n

U n s at u r at e d al c o h ol s a r e i m p o rt a n t c o m p o u n d in i n d u stri al ch e m istry b e c a u s e

t h e y c a n b e u s e d a s r a w m a te ri al a n d int e r m e di ate s of p e sticid e s
,

m e dici n e s a n d s o o n .

S el e cti v e h yd r o g e n ati o n of u n s at u r a t ed c a rb o n yl c o m p o u n d s t o tl n S at u r at ed al c o h ol s h a s

b e e n e x t e n si v ely i n v e stig ated : i n t h e h o m o g e n e o u s s y st e m
,
th e st oi c hio m e tri c r e a g e n t ,

N a B H 4/la nth a n oid e chl o rid e [1] a n d R u ･ c o m pl e x s y st e m [ 2
,3] ar e r e p o rt e d t o sh o w

eff e ctiv e a bility f o r t his r e a cti o n ･ I n th e h et e r o g e n e o u s s y st e m
,
C r - m o difi e d R a n e y

- Ni

[4] ,
S n - P t/ N yl o n [ 5] a n d M / z e olit e ( M = R u

,
P t

,
R h) c at aly sts [6] sh o w g o o d c at alytic

p e rf o r m a n c e f o r th e s el e cti v e h y dr o g e n a ti o n o f u n s at u r a t e d k et o n e s i nt o u n s at u r at e d

al c o h ol s ･ R e c e n tly ,
n o v el c a t aly st s y st e m s u ch a s M e e r w ei n

- P o n n d o rf - V e rl e y

r ed u cti o n o v e r Z r(0 - か P r) o n m e s o p o r o u s m ol e c ul a r si e v e [ 7] ,
a n d s u p p o rt e d - A u

c a t aly st [ 8 ,9] a r e p r e s e n t e d .

It h a s b e e n f o u n d th at C e O 2 h a s c a t alyti c a c ti vit y f o r th e s el e ctiv e d e h y dr atio n

o f 1
,
3 - di ols [1 0 ,

1 1] a nd 1
,4 - B D O [1 2] t o u n s at u r a t e d al c oh ols . F o r e x a m pl e

,
1

,
3 - B D O

is d e h y d r at e d i n t o 3 -b u t e n
- 2 -

ol a n d t r a m s - 2 - b ut e n ･1 - ol at 3 25
o

C wi th 畠el e cti vit y of 5 6 - 9

m ol % a n d 35 ･5 m ol %
,

r e s p e cti v ely [ 11] ,
w hile 1

,
4 - B D O r eq uir e s t h e r e a cti o n

te m p e r at u r e a b o v e 3 75
o

C t o b e a cti v at e d
,

a n d th e s el e c ti vity t o 3 -b u t e n
- 1 -

o l is 68 ･1

m ol % 【1 2] . T h e m e ch a nis m of t h e d eh y d r ati o n of 1
,
3 - B D O o v e r C e O 2 (1 11) s u rf a c e

w a s i n v e s tig at e d
,
a n d it w a s c o n cl u d e d th at th e o x y g e n

- d ef e ct sit e of C e O 2 (1 11) s u rf a c e

p r o b ably th e a cti v e sit e f o r t h e d e hy d r a ti o 血 o f 1
,
3 ･ B D O t o u n

l

s a t u r at e d al c o h ol s【1 3] .

It is w ell k n o w n t h at a cid a n d b a s e c a t aly z e al c o h ol s t o d eh y d r at e-i nt o ol efi n s

[1 4] . H o w e v e r
,
th e r e a c ti o n of di ols o v e r a ci d -b a s e c at aly sts h a s n o t b e e n d e e pl y

5 3



i n v e s ti g at e d . T h e r ef o r e
,
i n t his st u d y ,

th e p r o m l S l n g a cid c at aly sts f o r th e d e h y d r ati o n
● ●

o f 1
,3

- B D O i nt o u n s a t u r a t ed al c o h ol a r e i n v e s tig at e d . T h e e ff e ct of a cid a n d b a s e

p r op e rti e s of th e c at aly st s o n th e c a t alyti c a c ti vit y a n d s el e c ti v it y t o p r od u cts a r e

dis c u s s e d .

4 .2 E x p e ri m e n t al

l u s e d f o u r m e t al o xi d e s s u ch a s Si O 2
- A 1 2 0 3 ,

A 12 0 3 , Z r O 2 a n d f u tile - T i O 2 .

S i O 2
- A 1 2 0 3 ( N 63 1 - L) , A 1 2 0 3 ( D C 2 2 8 2) a nd Z r O 2 ( R S C -1 0 0) w e r e s u p plie d fr o m N ik ki

C h e mi c al
,
D i a C at aly st a n d D aii chi Ki g e n s o K a g a k u K o g y o C o

l
Lt d ･

,
r e s p e c ti v ely ･

Ti 0 2 W a s S u p plie d b y C at al y sis S o ci et y of J a p a n
,
J ap a n R ef e r e n c e C at al y st T I O - 3 ･

T h e sp e cifi c s u rf a c e a r e a of S i O 2
1 Al 2 0 3 ,

Al 2 0 3 ,
Ti 0 2 a n d Z rO 2 W e r e 4 2 0

,
2 0 0

〉
4 0 a n d

1 0 0 m
2

g

- 1

)
r e sp e c ti v ely ,

w hi ch w e r e e s ti m at e d b y B E T m eth o d u s l n g N 2 is oth e r m at

- 1 9 6
o

C .

T e m p e r at u r e - P r o g r a m m ed D e s o rpti o n s ( T P D) of N H 3 a n d C O 2 W a s C a r ri e d o ut

t o e v al u at e th e a cid a n d b a s e p r o p e rti e s ,
r e s p e cti v ely . T h e n u m b e r s of a ci d a n d b a s e

sit e s w e r e e s ti m at e d fr o m th e n e u tr aliz ati o n
-tit r ati o n c u rv e s of H 2 S O 4 a n d N a O H

s ol uti o n
,
r e sp e cti v ely ･ T h e p r o c e d u r e of T P D w a s d et ail e d in el s e w h e r e [1 5] ･

T h e c at alyti c r e a c ti o n s o f al c o h ols w e r e c a r ri e d o ut in a c o n v e n ti o n al fix e d - b ed

d o w n - n o w r e a c t o r . 1
,
3 - B u t a n e di ol , 1 - b u t a n ol a n d 2 -b u t a n ol w e r e p u r ch a s e d fr o m

W a c o P u r e C h e mi c al I n d . Lt d ･

,
J ap a n

,
a n d u n s at u r a t e d al c o h ol s s u c h a s 3 - b ut e n - 1 - o 1

,

3 - b u t e n
-2 -

o l a n d 2 - b u t e n - 1 - o l w e r e p u r c h a s e d fr o m T o k y o K a s ei K o g y o C o .

,
L t d .

,

J ap a n . Al l t h e r e a g e n ts w e r e u s e d w ith o u t f u rth e r p u ri fi c ati o n ･ T h e c a t aly st b ed w a s

h e a t e d i n a n

･

N 2 n o w at a r at e O f 3 0 c m
3

mi n
-1

at th e d e si r e d r e a cti o n t e m p e r at u r e of

2 0 0 - 3 7 5
o

C a n d k ept fb ∫ 1 也 as th e p r etr e at m e n t ･ T h e r e a cti o n w a s c a rri e d o u t i n th e

N 2 伽 w at a r at e of 3 0 c m
3

m i n
- 1

･ T h e n
,
a r e a ct a n t w a s f e d i nt o th e r e a ct o r a t a liq u id
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fl o w r at e o f l ･7 c m
3

h
-1

･ A liq uid efflu e n t w a s c olle ct e d w ith ic e t r a p a nd a n aly z ed

p e ri o di c all y e v e ry 1 h b y F I D - G C (S hi m a d z u G C - 8 A e q uip p e d wi th 3 0 m le n gt h of

T C - W A X c ol u m n) a n d g a s e o u s p r o d u cts w e r e a n aly z ed b y o n -li n e T C D - G C (S hi m ad z u

G C - 8 A e q uip p e d wi th 6 m le n gth of V Z ･7) . T h e p r o d u ct s w e r e id e ntifie d wi th G C - M S

(S hi m a d z u G C M S - Q P 5 05 0 A) .

S el e cti vi t y t o p r o d u ct
,
S

,
w a s c al c ul a t ed wi t h f ollo w i n g e q u ati o n :

●

( a m o u n t of p r o d u c t) ×(th e n u m b e r of c a rb o n a t o m s i n t h e p r o d u c t)
S =

(t ot al a m o u n t of p r o d u ct s)

乱3 R e s Ⅶ且t s

Fig ･ 4 ･1 sh o w s N H S
-

a n d C O B
- T P D p r ofil e s of th e c at aly sts

,
a n d T abl e 4

.1 lists

th e p h y si c al p r o p e rti e s of th e m . T h e d e s o rpti o n of N H 3 W a s Ob s e rv e d o v e r all th e

c at aly st s ･ Si O 2
- A l 2 0 3 S h o w e d th e la rg e st a n d a sy m m e t ri c d e s o rptio n p e ak of N Ii3 ･

T his a s y m m e try I m pli e s th at S iO 2
- A 1 2 0 3 h a s a cid sit e s wi th diffe r e nt str e n gth ･ Ⅰ

●

d e c o n v ol ut e d th e d e s o rptio n p e ak int o t w o p e ak s w ith G a u s si a n fittin g ,
a s s h o w n i n Fig .

4 ･1 A ･ T h e pe ak s c e n t e r e d at 2 7 9 a n d 4 1 4
o

C ,
r e s p e cti v ely ･ A l2 0 3 a n d Ti O 2 h a d

s y m m e tri c d e s o rp ti o n p e a k of N 耳3 C e nt e r e d at 3 45 a nd 3 4 2
o

C
,
r e s p e cti v ely ,

w hile th e

a m o u n t of a cid sit e s o f A 12 0 3 i s c a . fi v e ti m e s l a rg e r th a n th at of Ti O 2 . Z r O 2 S h o w ed

th e w e ak e st a nd b r o a d d e s o rpti o n p e ak c e n t e r e d at 2 1 4
o

C ･ T his s u g g e sts th at Z r O 2 h a s

t h e w e ak e st a cid sit e s a n d it s a m o u n t i s th e s m alle st . I n th e C o l
- T P D

,
I c o ul d n ot

c o nfir m th e d e s o rpti o n of C O 2 fr o m Si O 2
- Al 2 0 3 a n d Ti O 2 , W h e r e a s Al 2 0 3 a n d Z r O 2

h a v e a s m all d e s o rpti o n p e a k c e n te r e d
'

a r o u n d 1 1 0
o

C . T h e s e r e s ults i n di c at e t h at

S iO 2
- Al 2 0 3 a n d Ti O 2 h a v e n o b a s e sit e s o n th ei r s u rf a c e

,
a n d Al 2 0 3 a n d Z r O 2 h a v e w e ak

b a s e sit e s t o g eth e r wi th a cid o n e s . H e n c e
,
it w a s s u m m a ri z e d th at th e s eq u e n c e s of

5 5



a cid a n d b a s e p r o pe rt y of th e c at al yst s a s Si O 2
- A 12 0 3 > Al 2 0 3 > Ti O 2 ,

> Z r O 2 ,
a n d A 12 0 3

> z r O 2 ≫ si O 2
- A lま0 3 ,

Ti 0 2 ,
r e sp e cti v ely .

Fig ･ 4 ･2 sh o w s th e a cti viti e s of t h e c at aly st s a t diff e r e n t r e a cti o n t e m p e r a t u r e s ･

C o n v e r si o n of 1
,
3 - b u t a n e diol m o n o t o n o u sly l n C r e a S e d wi th i n c r e a s l n g t h e r e a c ti o n

●

t e m p e r at u r e o v e r all t h e c at alyst s ･ Si O 2
- A l 2 0 3 C at aly z e d th e d eh y d r ati o n of

1
,
3 - b ut a n edi ol at t h e lo w e st r e a c ti o n te m p e r at u r e a m o n g t h e c at al y st s . A 1 2 0 3 , Ti O 2

a n d Z r O 2 r eq uir e d th e t e m p e r at u r e a r o u n d 25 0
,

3 5 0 a n d 3 5 0
o

C t o a c ti v at e

1
,
3 - b u t a n e di ol

,
r e sp e cti v ely . T abl e 4 ･2 s u m m a ri z e s th e p r o d u c t di st rib uti o n i n t h e

r e a cti o n r e s ults of 1
,
3 - b u t a n e di ol o v e r th e c at al y sts . 3 - B u t e n - 1 - o l w a s th e m aj o r

●

p r o d u ct o v e r Si O 2
- Al 2 0 3 ,

Ti O 2 a n d Z r O 2 at a n y t e m P e r at u r e S ･ F o r m ald eh y d e a n d

4 - m eth yl
l l

,
3 - di o x a n e

,
h o w e v e r

,
w e r e m ai nly o bt ai n e d o v e r A 12 0 3 ･ W ith i n c r e a s i n g th e

●

r e a cti o n t e m p e r at u r e
,

th e s el e cti vit y t o 1
,
3 -b u t a di e n e

,
th e c o n s e c u ti v e d eh y d r ati o n

p r o d u ct f r o m u n s at u r at e d al c oh ols ,
i n c r e a s e d w hile t h at t o u n s at u r a t e d eth e r s

,
th e

bi m ol e c ul a r d e h y d r atio n p r o d u ct s fr o m u n s at u r at e d al c o h ol s , d e c r e a s e d o v e r

Si O 2
- Al 2 0 3 . Ti O 2 a n d Z r O 2 e x hibit e d si m il a r c o n v e r si o n l e v el of 1

,
3 - b u t a n e di ol at th e

s a m e r e a cti o n t e m p e r at u r e . T h e c o m p o u n d s s u ch a s 3 - b u t e n - 2 - o n e
,

2 -b u t e n al
,

1 - b u t a n ol a n d 2 -b u t a n ol w e r e p r o d u c e d vi a d e h y d r o g e n ati o n a n d/ o r h y d r o g e n a ti o n a n d

w e r e o bt ai n ed w it h r el ati v ely la rg e s el e cti vitie s o v e r ¶ 0 2 a n d Z r O 2 . O v e r Z r O 2 ,

3 - b u t e n
- 2 1

0 l w a s p r ef e r ably p r o d u c e d c o m p a r e d t o th e oth e r c at al y st s
,

w h e r e

3 -b u t e n - 2 - o n e a n d b u t a n o n e w e r e m aj o r b y
-

p r o d u ct s .

I t e s t e d th e d eh yd r ati o n of 1 - b u t a n ol a n d 2 - b u t a n ol i n o rd e r t o c o n fir m th e

di ff e r e n c e of r e a cti vit y of O H g r o u p s of th e b u t a n ol . T ab le s 4 3 a n d 4 ･4 s u m m a ri z e th e

r e a cti o n r e s ul t s of 1 - a n d 2 -b u t a n ols o v e r Si O 2
- Al 2 0 3 ,

Ti O 2 a n d Z r O 2 , r e sp e cti v ely . I n

th e r e a cti o n o f 1 -b ut an o1
,
S i O 2

1 A 12 0 3 e x hibit e d th e high e st a cti vit y e v e n th o u gh th e

r e a cti o n t e m p e r at u r e o v e r Si O 2
- Al 2 0 3 W a s l o w e r t h a n th at o v e r Ti O 2 a nd Z r O 2 b y 1 2 5
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o

C ･
Ti O 2 Sh o w ed m o d e r at e a c ti vity a n d Z r O 2 h a rdly a ctiv ate d 1 - b u t a n ol at 3 5 0

o

C .

2 - B u te n e s w e r e m ai nly p r od u c e d o v e r Si O 2
- A l 2 0 3 ,

W h ile 1 - b u t e n e w a s p r e d o mi n a n tly

ob t ai n e d o v e r Ti 0 2 a n d Z r O 2 ･ I n ot e th at b ut yl b ut y r at e w a s p r o d u c ed o v e r Z r O 2 W ith

th e s el e cti vit y o f 2 2 ･ 2 m ol % ･ I n t h e r e a c ti o n of 2 -b u t a n ol
, t h e c at alyti c a c ti vit y sh o w e d

si mi la r t e n d e n cy a s th e c a s e of 1 - b u t a n ol
,
i . e

. Si O 2
- A 12 0 3 > Ti O 2 > Z r O 2 . Ci s - 2 -b u t e n e

w a s m ai nly p r o d u c e d o v e r SiO 2
- A l2 0 3 a n d Ti O 2 ,

W h e r e a s 1 -b tlt e n e W a s Ob t ai n e d w ith

th e la rg e s t s el e cti vity o v e r Z r O 2 ･ ･ T h e r e a cti vit y of 2 - b u t a n ol w a s m u c h high e r th a n

1 -b u t a n ol o v e r th e c at aly sts .

I al s o e x a mi n e d th e r e a cti vit y of u n s a t u r a t ed al c o h ol s o v e r Si O 2
- A 1 2 0 3 a n d

Ti O 2 . T h e r e s ult s o v e r S iO 2
- A l2 0 3 a n d Ti O 2 a r e list ed in T abl e s 4 .5 a n d 4 .6

,

r e sp e cti v el y ･ O v e r S i O 2
- A l 2 0 3 ,

2 - b ut e n - 1 - ol a n d 3 -b ut e n -2 - ol w e r e p r e d o mi n a n tly

d e h y d r at ed int o 1
,
3 - b u t adie n e at th e s a m e c o n v e r si o n le v el ･ O n t h e c o n tr a ry ,

3 ･ b u t e n - 1 ･ o l w a s s u bj e ct t o d e c o m p o siti o n t o p r o d u c e p r op e n e a n d f o r m ald eh yd e wi th

th e hi gh e st s el e ctivi t y a n d th e d eh y d r ati o n i nt o 1
,
3 - b u t adie n e did n ot effe ctiv ely p r o c e e d .

F u rt h e r m o r e
,
t h e r e a cti vi ty o f 3 - b u t e n -1 - ol w a s l o w e r t h a n t h o s e of 2 - b u t e n -1 - o l a n d

3 - b u t e n - 2 - o 1 . T h e r e a cti vit y of u n s at u r a t e d al c o h ol s o v e r Ti 0 2 W a s S u m m a ri z ed a s th e

●

f oll o w i n g S eq u e n c e : 3 -b u t e n
- 2 -

o l > 2 - b u t e n
- 1 - o l > 3 - b u t e n

-i - o1 . T h e c o n s e c u ti v e

d eh y d r atio n i nt o 1
,
3 - b u t a die n e p r o c e e d ed fわr all th e u n s at u r a t ed al c o h ol s

,
w hile th e

s e v e r al sid e r e a c ti o n s w e r e al s o p r o m o t e d o v e r Ti O 2 . C o n s eq u e n tly ,
th e p r o d u c t

distrib u ti o n w a s v e ry c o m ple x .

4 .4 D i s c Ⅶs si o m

4 ･4 .1 EH e c ts of a cid a n d b a s占 p r o p e rti e s of
-

c a t aly sts o n c a taly ti c

p e rjTo r m a n c e

l n t his st u d y ,
f o u r c at al y sts w ith di ff e r e n t a cid a n d b a s e p r o p e rti e s w e r e
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e m pl o y e d t o i n v e s tig at e th e effe cts of th e s e p r op e rti e s o n c a t al ytic p e rf o r m a n c e ･

si O 2
- A 1 2 0主s h o w e d t h e hig h e st a ctivi t y b e c a u s e it c at aly z e d t h e d eh y d r ati o n of

1
,
3 - b u t a n edi ol at th e lo w e s t t e m p e r a t u r e a m o n g t h e c at aly st s I t e st ed ･ T h e n ,

th e

s e q u e n c e of th e c at al yti c a cti vit y c a n b e s u m m a ri z e d a s f oll o w s ; S i O 2
･ A 12 0 3 > A 12 0 3 > >

Ti o 2
= Z r O 2 ( Fig . 4 .2) . It s h o w s g o od c oi n ci d e n c e w ith th e a cidity of c at al y st s

'

･ th e

m o s t a cidi c c at aly st
,
S i O 2

- Al 2 0 3 ,
e x hibit ed t h e hi gh e st a cti vity fo r th e r e a c ti o n of

1
,
3 - b u t a n e diol . T h e s e r e s ults i m ply th at th e d eh y d r ati o n of 1

,
3 -b u t a n edi ol is c at al y z e d

at a cid sit e s of th e c a t alysts .

F u rt h e r m o r e
,
th e r e a cti o n of 1 - a n d 2 - b u t a n ol s w a s c a r ri e d o u t o v e r Si O 2

- A l 2 0 3 ,

Ti O 2 a n d Z r O 2 t O dis c u s s t h e r e a c ti o n m e ch a ni s m of 1
,
3 - b u t a n e di ol d eh yd r ati o n ( T abl e s

4 3 a n d 4 . 4) . It sh o uld b e n o t e d th at 2 - b u t a n ol is m o r e r e a c ti v e th a n 1 - b u t a n ol ･ T his

r e s ult s u g g e sts t h at r e a c ti o n s h o uld p r o c e e d vi a c a rb o c a ti o n a s t h e i nt e r m edi at e :

s e c o n d a ry c a rb o c ati o n
,

w hi c h is p r od u c e d fr o m th e eli m in ati o n of O H gr o u p fr o m

2 - b u t a n ol ,
i s m o r e st a ble th a n p r l m a ry O n e W hic h is d e ri v e d fr o m 1 - b u t a n ol ･ T h e

p r o d u ct distrib u ti o n f r o m b u t a n ol s o v e r a cidi c Si O 2
- A 1 2 0 3 a n d Ti 0 2 al s o s u p p o rt s th e

a cid - c at al y z e d m e ch a nis m ･ Z ai t s e v p r o d u cts a r e m ai nly o bt ai n e d w it h a cid -

c a t aly z e d

m e ch a ni s m [1 4] ,
a n d 2 - b u t e n e s

,
Z ait s e v p r o d u ct ,

w e r e m ai nly p r od u c e d fr o m 2 - b u t a n ol ･

1 - B u t e n e i s , h o w e v e r
,

s el e c ti v el y p r o d u c e d fr o m 2 - b u t a n ol o v e r Z r O 2 ･ It is w ell

k n o w n t h at Z r O 2 giv e s H o 任 m a n p r o d u ct s f r o m s e c o n d a r y al c o b ols 【16 ,1 7] ･ i w o ul d

lik e t o m e n ti o n th at b u tyl b u t y r at e w a s p r o d u c ed w ith a m o d e r at e s el e cti vity fr o m

1 - b u t a n ol o v e r Z r O 2 ･ It is p o s sible t o c o n sid e r th at th e r e a cti o n f r o m 1 - b u t a n ol t o b u tyl

b ut y r at e p r o c e ed s vi a Ti s h c h e n k o r e a c ti o n of n -b u tyl ald eh y d e [ 18] o r h e mi a c et al

f o r m ati o n [19 - 2 1] ･
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4 ･4 ･2 D iH e r e n t p r o d u c t - di strib u ti o n a m o n g th e c a t aly sts

T h e d eh yd r ati o n of 1 ,3 - di ols o v e r C e O 2 C a t aly st h a s b e e n al r e a d y r ep o rt ed

【1 0 ,
ll

,
1 3】,

a n d it is c o n cl u d ed th at th e r e a cti o n i s p r o m o t e d b y r a dic al m e 血a nis m

【11 ,
1 3] . H e n c e

,
1

,
3 ･ b u t a n e di ol w o uld b e a c ti v a t e d w it h diffe r e n t m e ch a nis m b et w e e n

a cid c at al y st s a n d C e O 2 ･ A c t u ally , t h e d ist rib uti o n of th e d e h yd r at e d p r o d u ct s of

1
,
3 - b u t a n e di ol w a s diff e r e n t e a c h oth e r . 3 - B u t e n - 2 - ol an d t r a m s

- 2 _ b tlt e n
_ 1 _ ol w e r e

s el e c ti v ely p r o d u c ed o v e r C e O 2 ,
W hil e 3 - b u t e か1 -

ol w a s p r ef e r ably o btai n e d o v e r a cid

Si O 2
- A 1 20 3 ,

W hi c h w a s th e s tr o n g a cid c at al y st wi th n o b a s e sit e s o n it s s u rf a c e
,

a s

s h o w n i n Fig ･ 4 ･1 ･ G e n e r ally ,
al c oh ol s a r e d eh y dr at ed t o g i v e Z aits e v p r o d u cts o v e r

a cid c at aly sts a s m e n ti o n ed ab o v e [14] ･ T h u s
,
2 -b u t e n - トot sh o uld b e p r o d u c e d a s th e

m ai n d e h y d r ate d p r o d u c t s o v e r a cid c at aly st s ･ I el u cid at e d t h e r e a c ti vit y of t m s a t u r a t e d

al c o h ol s i n th e c o n s e c u ti v e r e a cti o n (T abl e s 4 ･5 a n d 4 . 6) . 1
,
3 - B u t adie n e w a s p r o d u c e d

o v e r S i O 2
- A l 2 0 3 .

T h e s el e cti vity t o 1
,
3 - b u t adi e n e i n c r e a s e d w hile th o s e t o u n s a t u r at e d

al c o h ol s d e c r e a s ed w it h i n c r e a si n g th e c o n v e r si o n of 1 ,
3 -b ut a n e diol ( T a bl e 4 . 2) .

1
,
3 - B ut a die n e c o uld b e p r o d u c ed fr o m u n s at u r a t e d al c oh ols o v e r Si O 2

- A 12 0 3 ,
W hile

3 - b u t e n -1 -

ol w a s l e s s r e a cti v e th a n 2 - b u t e n
-1 -

ol a n d 3 - b tlt e n - 2 - o1
,

a n d r e m ai n ed in th e

r e a c ti o n mi xt u r e ( T abl e 4 3) . H e n c e
,
th e l o w s el e cti vit y t o 2 -b u t e n - 1 - ol is p r o b a bly

c a u s e d b y th e f a st e r c o n s u m pti o n r a t e of 2 - b u t e n
- 1 -

o l th a n th at of 3 -b u t e n l -

o l . H e r e
,

I w o uld lik e t o m e n ti o n th e p r o d u cti o n of p r o p e n e . 3 - B u t e n - 1 1 0 l w a s d e c o m p o s e d i nt o

p r o p e n e o v e r S iO 2
- A 12 0 3 ( T a ble 4 .5) ,

w hile it w a s n o t o b s e rv e d i n th e r e a cti o n of

1
,
3 -b u t a n edi ol (T abl e 4 . 2) . T his di ff e r e n c e is p r o b ably att rib ut e d t o th e c o n diti o n s f o r

e a ch r e a ct a n t: t h e r e a cti o n of u n s at u r a t e d al c o h ol s w a s c a rri e d o ut at t wi c e l o n g e r

r e sid e n c e
-ti m e t h a n th at of 1

,
3 - b u t a n e di ol

,
i . e . u s l n g t W i c占 a m o u n t of c at aly st w ei gh t

,

a nd at 血igh t e m p e r at u r e of 25 0
o

C ･ S u ch s e v e r e c o n diti o n s m a y p r o m o t e th e

p r o d u cti o n of p r o p e n e fr o m 3 -b u te n
- 1 -

ol o v e r S iO 2
- Al 2 0 3 .
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3 - B u t e n - 1 ol w a s t h e m ai n p r o d u ct f r o m 1
,
3 - b u t a n e di ol o v e r Ti O 2 , W hile

2 - b u t e n
- 1 -

ol w a s pr o d u c ed w it h hig h s el e cti vit y a n d 3 - b u t e n - 2 - o l w a s r a r ely p r o d u c e d ･

T h e l o w e r s el e cti vit y t o 2 - b u t e n
･1 -

ol is n o t attrib ut e d t o th e c o n s e c u ti v e d e h y d r ati o n

i n t o b ut adi e n e b e c a u s e b ut a di e n e w a s n o t f o r m ed o v e r Ti O 2 (T abl e 4 . 2) . I n th e

r e a cti o n of 2 -b u t a n ol o v e r Ti O 2 ,
Cis - 2 - b u t e n e w a s m ai nly o bt ai n e d

,
a n d th e s el e c ti vit y t o

1 -b u e n e w a s hi gh er t h a n th at t o tr a m s
-2 -b u t e n e (T a bl e 4 ･ 4) ･ I n th e r e a c ti o n of

1 ,3
- b u t a n e di ol , h o w e v e r

,
ci s -2 - b u t e n -1 - ol w a s l e s s s el e cti v e t h a n t r a m s - 2 - b ut e n

- 1 - ol; th e

s el e cti viti e s t o ci s ･ a n d tr a m s
- 2 - b u t e n

- 1 -

o l w e r e 3 . 2 a n d 8 .0 m ol % at 35 0
o

C
,

r e s p e c ti v el y . T h e f o r m a ti o n of ci s - 2 - b u t e n
-1 -

ol m ay b e r e st ri ct ed b y th e l a rg e s t e ri c

hin d r a n c e i n d u c ed b y th e O H g r o u p at 3 -

p o siti o n i n 1
,
3 - b u t a n e di ol

,
a n d t h u s

,

3 - b u t e n - 1 - ol t T

/ O uld b e m ai nl y p r od u c e d o v e r Ti O 2 .

Al th o u g h Z r O 2 h a d th e w e a k e s t a cidit y a m o Tlg th e c a t aly st s e m pl o y e d i n this

st u d y , its a cti vit y w a s c o m p a r abl e t o th at of Ti 0 2 ( Fig . 4 .1) . T h u s
,
th e d e h y d r ati o n of

1
,
3 -b u t a n o di ol p r o b ably d o e s n o t p r o c e e d w ith a cid - c a t aly z e d m e c h a nis m o v e r Z r O 2 .

R e c e n tly ,
I h a v e r ep o r te d th e s el e cti v e d e h y dr ati o n of 1

,
4 -b u t a n e di ol i nt o 3 -b u t e n -1 - ol

o v e r Z r O 2 a n d c o n cl u d ed th at th e a cid -b a s e p r o pe rt y o f Z r O 2 Pl ay s a c ru ci al r oll in th e

r e a c ti o n 【2 2
,
2 3] . It is s p e c ul at e d th at th at 1 ,3

- b u t a n e di ol als o d e h y d r at e d i n th e s a m e

m e c h a ni s m a s i n th e c a s e o f 1
,
4 -b u t a n e di ol . H e r e

,
I w o uld lik e t o e m p h a si z e th at t h e

a ci d - b a s e c o n c e rt e d m e ch a nis m r at h e r t h a n si m pl e a cid c at aly sis p o s si bly elu ci d at e s th e

hi gh s ele cti vit y t o 3 - b u t e n
- 2 -

o l o v e r Z r O 2 ( T abl e 4 ･1) ･
P ri m a r y O H g r o u p i n

1 ,3
- b u t a n edi ol c a n b e r e a dily a ctiv at e d i n th e m e ch a mi s m b e c a u s e 1

,
4 -b u t a n e diol

,
w hi ch

h a s t w o p ri m a ry O H gr o u p s ,
i s d eh y d r at e d i nt o 3 - b u t e n - 1 -

o 1 [2 2 ,
2 3] ･ I n th e

a cid - c at aly z ed d eh y dr atio n
, p r l m a ry O H g r o n p is le s s a cti v e a s m e n ti o n e d ab o v e ･

O v e r Ti O 2 a n d Z r O 2 ,
t h e p r o d u cts dist rib u ti o n w a s v e ry c o m pl e x . T his

c o m pl e xity is c a u s ed b y th e sid e r e a cti o n s; h y d r o g e n a ti o n a n d d e b y d r o g e n a ti o n ･ T h e
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d et ails a r e e x pl ai n e d in t h e n e x t s e cti o n .

Al 2 0 3 S h o w e d u n lq u e C a t alytic p e rf o r m a n c e i n th e r e a c ti o n of 1
,
3 - b u t a n e di ol:

4 - m e th y ト1
,
3 - di o x a n e a n d fo r m al d e h y d e w e r e o bt ai n e d w ith m o d e r at e s el e cti vitie s .

4 - M e th y ト1 ,3
- di o x a n e c a n b e p r o d u c e d vi a a c e t aliz ati o n of f o r m ald eh y d e w ith

1 ,3
- b u t a n e diol a n d f o r m ald eh yd e ･ F o r m ald e h y d e w o uld b e p r od u c ed vi a th e

r e v e r s e - ald ol r e a cti o n of 4 - h y d r o x y
- 2 - b u t a n o n e

,
w hi c h is p r o d u c e d b y d e h y d r o g e n a ti o n

of O H g r o u p at 3 -

p o siti o n i n 1
,
3 - b u t a n e di ol ･ H e r e , i f a c e a p u z zlin g q u e sti o n :

p r op a n o n e s h o uld b e p r o d u c e d b y th e d e c o m p o sitio n of 4 -h y d r o x y
- 2 -b u t a n o n e

･

H o w e v e r
,
th e a m o u n t of p r op a n o n e d o e s n o t m at ch wi th t h at of f o r m ald eh y d e ( T a bl e

4 ･ 2) I A t this p oi nt ,
th e s e p h e n o m e n a a r e n o t e x plai n able .

4 ･ 4 3 R e a c ti o n p a th w a y P o m 1
,
3 - B D O t o p r o d u c ts

S e v e r al p r o d u ct s w e r e o b s e rv e d o v e r th e c at aly st s ･ U n s at u r at e d eth e r s (1 7 i n

T able 4 . 1) w e r e f o r m e d o nly o v e r Si O 2
- A l2 0 3 . T his w o uld b e att ri b ut e d t o th e l o w

r e a cti o n t e m pe r at u r e o v e r Si O 2
- A l 20 3 ･ G e n e r ally , e th e ri fi c atio n of al c o h ols p r o c e e d s

at l o w e r t e m p e r at u r e b e c a u s e s y n th e si s of et h e r s fr o m al c o h ol s is a ki n eti c c o n tr ol

r e a cti o n .

3 - B ut e n - 2 - o n e w a s th e m aj o r b y
-

p r o d u c t f r o m 1 ,3
- b u t a n edi ol o v e r Ti O 2 a n d

Z r O 2 ,
a nd it c a n b e sy n th e si z e d vi a t w o r o u t e s : o n e is t h e d eh y dr ati o n of

4 - h y d r o x y
- 2 -b u t a n o n e t h at is p r o d u c e d b y d e h y d r o g e n ati o n of 1 ,3

- b u t a n e di ol ,
a n d

a n o th e r i s t h e d eh y d r o g e n ati o n of 3 -b u t e n
･ 2 -

ol . It i s d e d u c e d th at th e f o r m e r r o u t e i s

p r ob able b e c a u s e Ti O 2 a n d Z r O 2 m ai nly c at aly z e d th e d e h y d r ati o n of m o n o al c o h ol s

( T abl e s 4 . 3 a n d 4 . 4) ,
alt h o u gh 3 - b u t e n -2 -

o n e w a s p r o d u c ed wi th th e s el e c ti vity of 10 . 7

m ol % i n th e r e a c ti o n of 3 -b u t e n 2 -

ol o v e r Ti 0 2 ( T able 4 .6) . I n C h a pt e r 3
,
I dis c u s s e d

th at t h e d eh y dr ati o n of 4 -h y d r o x y
- 2 - b u t a n o n e o v e r TiO 2 a nd it i s d eh yd r ate d at th e

6 1



r e a cti o n t e m pe r at u r e a s l o w a s 1 6 0
o

C [2 4] . T h e p r o d u c ed 3 - b u t e n
- 2 -

o n e is p r o b abl y

h y d r o g e n a t e d i nt o b ut a n o n e
,

a n d it m a y b e f u rth e r h y d r o g e n a t ed t o p r od u c e 2 - b u t a n ol ･

2 - B u t a n ol c a n b e al s o p r o d u c e d b y th e h yd r o g e n a ti o n o f 3 -b u t e n
- 2 - ol ･

4 - H y d r o x y
- 2 - b u t a n o n e i s e a sil y d e c o m p o s e d i nt o p r o p a n o n e a n d f o r m ald e b yd e

at t e m p e r at u r e s a b o v e 2 4 0
o

C [2 4] ･ T h e a c e t aliz ati o n of f o r m al d eh y d e wi th

1
,
3 - b u t a n e di ol effe ctiv el y p r o c e e d s o v e r A 12 0 3 ,

a S dis c u s s e d i n t h e p r e vi o u s s e cti o n ･

T h e d eh y d r o g e n ati o n of O H gr o u p at 1 -

p o siti o n i n 1
,
3 -b u t a n e di ol p r od u c e s

a c e t al d ol , a n d it w o uld b e d e c o m p o s e d int o a c et ald e h y d e at t h e r e a c ti o n t e m p e r at u r e ･

T h u s p r o d u c ed a c et al d eh y d e c o uld b e b y d r o g e n at e d i nt o e tb a n ol ･

1 ･ B u t a n ol w o uld b e p r o d u c e d b y t h e h y d r o g e n a ti o n of 3 - b u t e n
- 1 -

ol a n d

2 - b u t e n
-1 -

o1 . 2 - B u t e n al is o bt ai n e d b y t h e d e h y d r o g e n a ti o n of 2 - b u t e n - 1 - ol ･ B u t a n al

c a n b e p r o d u c e d vi a d e h y dr o g e n ati o n of 1 -b u t a n ol a n d h y d r o g e n ati o n of 2 - b u t e n al ･

H e r e
,
I s u m m a ri z e t h e p r o b a ble r e a cti o n p ath w ay s f r o m 1

,
3 -b u t a n e di ol t o

p r o d u c ts d et e ct e d i n t his w o rk a s s h o w n i n S ch e m e 4 ･1 ･

4 .5 C o n cl u si o n

T h e r e a c ti o n of 1
,
3 - b u t a n e di ol o v e r s e v e r al c a t al y sts w it h diffe r e n t a cid - b a s e

p r o p e r ti e s w a s i n v e stig at e d ･ T h e c at alyti c a cti vit y w a s r ul ed b y it s a cidit y ･ T h e

st r o n g a cid sit e s of S i O 2
- Al 2 0 3 C a t al y z e d t h e d e h y dr ati o n of 1

,
3 -b u t a n e di ol i nt o

u n s at u r at e d al c o h ol s
,

w hi c h w a s f u rt h e r d e h y d r at e d i nt o 1 ,3
-b u t a die n e at hi gh

c o n v e r si o n l e v el . T h e w e ak a cidi c c at aly st s ,
Ⅵ 0 2 a n d Z r O 2 , p r o m o t e d n o t o nly th e

d e h y d r ati o n of 1
,
3 - b u t a n e di ol b ut al s o s e v e r al sid e r e a cti o n s s u c h a s b y d r o g e n ati o n a n d

d e b y d r o g e n a ti o n ･
A s th e c o n s e q u e n c e

,
t h e p r o d u ct s di strib uti o n w a s c o m ple x o v e r

th e s e c at al ysts ･ Al 2 0 3 e n h a n c e d th e d e c o m p o siti o n of 1
,
3 - b u t a n e di ol i nt o

f o r m ald e h y d e ･ T h e p r o d u c e d f o r m ald e h y d e a n d 1
,
3 -b u t a n e di ol f o r m e d a n a c e t al
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c o m p o u n d
,
4 - m et hy ト1

,
3 - di o x a n e .

R ef e r e n c e s i n C h a pt e r 4

[1] A ･ L ･ G e m al
,
J ･ L u c h e

,
J ･ A m ･ C h e m ･ S o c . L O B (1 9 8 1) 5 4 5 4 - 5 45 9 .

[ 2] T ･ O h k u m a
,

H ･ O o k a
,

T
･
Ik a ri y a , R ･ N o y o ri , J . A m ･ C h e m . S o c . 1 1 7 ( 1 9 9 5)

1 0 4 1 7 - 1 0 4 1 8 .

【3] M ･ H e r n a n d e z ,
P

･ K al c k , J ･ M ol ･ C a t al ･ A 1 16 ( 19 9 7) 1 31 ･1 46 .

[4] P ･ S ･ G r a d efE
,
G ･ F o r mi c a

,
T e tr a h e d r o n L eft. 1 7 (1 9 76) 4 68 1 - 46 8 4 .

[5] Z ･ P olt a r z e w ski
,
S ･ G al v a g n o

,
R ･ Pi etr o p a ol o , P . S t aiti , J , C a t al . 1 02 (1 9 8 6) 19 0 ･ 1 98 ,

[ 6] D ･ G ･ Bl a ck m o n d ,
R

･ O u k a ci , B ･ Bl a n c , P ･ G alle z o t
,
J . C a t al . 1 3 1 (1 9 91) 4 0 l - 4 11 .

[ 7] M ･ D e b ru y n
,
D . E ･ D e V o s

,
P ･ A . J a c o b s

,
A d v ･ S y nth . C at al . 3 4 4(2 0 0 2) 11 20 ･ 11 25

.

[ 8] P . C l a u s
,
A p pl . C a t al . A 2 9 1 ( 20 05) 2 2 2 - 2 2 9 .

[ 9] C ･ M ilo n e
,
R ･ I n g o gli a

, A . Pist o n e , G . . N eri , F . F r u s t eri
,
S . G al v a g n o

,
J . C a t al .

,
2 2 2

( 2 0 0 4) 3 4 8 - 3 5 6 .

【1 0】S . S at o
,
R . T ak a h a s hi

,
T . S o d e s d a w a

,
N . E o n d a

,
H . S hi mi z u

,
C a t a l , C o m m u n .

,
4

( 2 0 0 3) 7 7 -8 1 .

【11】 S . S at o
,
R . T ak ah a shi

,
T . S o d e s d a w a

,
N . H o n d a

,
J . M ol . C a t al . A 2 2 1 (2 00 4)

1 7 7 - 1 8 3 .

[1 2] S . S a t o , R . T ak ah a s hi , T . S o d e s d a w a
, N . Y a m a m o t o , C a t al . C o m m u n .

,
5 ( 2 0 0 4)

3 9 7 - 4 0 0 .

[1 3
'

] N . I c hik a w a
,
S . S a t o

,
R . T ak a h a shi

,
T . S o d e s a w a

,
J . M ol . C a t al . A 2 3 1 ( 2 0 05)

1 8 ト1 8 9 .

[1 4] J . M c M u r r y ,
F u n d a m e n t al s of

～
o rg a 7 u

'

c C h e m ist;y ,
third ed

,
B r o o k s/ C ole ,

C alif o r ni a
,
1 9 9 4 .

[ 15] S . S a t o ,
K

.
T ak e m a ts u

,
T . S o d e s a w a

,
F . N o z aki

,
B ull ･ C h e m ･ S o c ･ Jp n ･

,
6 5 ( 1 99 2)
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1 4 8 6 - 1 49 0 .

【1 6] B . H . D a vi s
,
P . G a n e s a n

,
I n d ･ E n g ･ C h e m ･ P r o d ･ R e s ･ D e v ･

,
1S (1 9 7 9) 1 9 ト1 9 8 ･

[1 7] S . C h o k k a r a m , B . H . D a v i s
,
J ･ M ol l C a t al ･ A

,
LI B (1 9 9 7) 89 - 9 9 ･

[1 8] H . H a tt o ri
,
A p pl ･ C a t a l ･ A

,
2 2 2(2 0 0 1) 24 7 -2 5 9 ･

[1 9] N . I chik a w a
,
S . S a t o

,
R . T a k a h a s hi ,

T ･ S o d e s a w a , K ･ I n ui
,
J ･ M o l l C at al ･ A , 2 1 2

( 20 0 4) 1 9 7 - 20 3 ･

[2 0] K . l n ui
,
T . K u r ab ay a shi ,

S ･ S at o
,
J ･ C a t al ･

,
2 1 2 (2 0 0 2) 20 7 - 2 1 5 ･

[2 1] K . I n ui
,

T . K u r a b a y a s hi , S ･ S at o
,

N ･ I chik a w a , J ･ M ol ･ C at al ･ A
,
21 6 (2 0 0 4)

1 4 7 - 15 6 .

[ 2 2] N . Y a m a m o t o
,
S . S at o , R . T ak ah a shi

,
K ･ I n u i

,
C a t al ･ C o m m u n ･

,
6 (2 00 5) 4 8 0 - 48 4 ･

[2 3] N . Y a m a m o t o ,
S . S at o

,
R ･ T a k ah a shi ,

K ･ I n ui
”
J ･ M ol l C a t a l

･ A ,
24 3 (20 0 6) 5 2 - 59 ･

[2 4] N . I chik a w a , S . S at o
,
R ･ T ak ah a s hi

,
T ･ S od e s a w a

,
C a t al ･ C o m m u n ･

, 6 (2 0 0 5) 1 9 - 2 2 ･
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T able 4 ･ 1 S p e cifi c s u rf a c e a r e a a n d a cid a n d b a s e p r o p e rty of c a t aly st

C at aly st S A
a

N H S
- T P D C O 2

- T P D

/ m
2

g
- 1

T
b
/

o

c A
c

/ p m ol g

･ 1
T

b
/

o

c A
c

/ p J m Ol g
･1

Si O 2
- A 12 0 3 4 2 0

A l2 0 3 2 0 0

Ti O 2 40

Z r O 2 1 0 0

3 0 3 4 40

3 4 5 1 6 6

3 4 2 3 0 .8

2 1 4 1 0 .
4

1 1 3 33 3

11 5 2 3 2

a

S p e cific s u rf a c e a r e a ･

b
T e m p e r a t u r e a t w hi ch t h e d e s o rpti o n p e ak c e n t e r e d .

c

N u m b e r of a cid o r b a s e sit e s .
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T able 4 ･3 R e a c ti o n of 1 - b u t a n ol o v e r Si O 2
- A l 2 0 3 ,

Ti O 2 ,
a n d Z r O 2

a

c at aly st ¶∋m p ･

b
c o n v ･

c

s el e cti vit y / m ol %

/
o

c / % 1 -b u t e n e i -2 -b u t e n e c _ 2 _ b u t a n e b ut a n al ot h e r s
d

Si O 2
- A 12 0 3 2 25 2 8 .4 2 4 . 9 3 6 . 0

Ⅵ 0 2 3 5 0 11 . 7 5 2 . 7 11 .4

Z r O 2 3 5 0 3 .3 5 9 . 2 0

3 2 .
2 2 . 8 4 .1

1 5 .9 7 .5 1 2 .5

0 11 . 7 29 .1

a

T h e r e a cti o n w a s c a r ri e d o ut u nd e r f oll o w i n g c o n ditio n s : c at al yst w eig h t
,
0 ･1 5 0 g;

r e a ct a n t f e e d r at e
,
1 .7 c m

3
h

- 1
; c a r ri e r g a s , N 之( 30 c m

3
mi n

- 1

) .

b
R e a c ti o n t e m p e r at u r e ･

c

C o n v e r si o n .

a
o th e r s a r e di -

n
-b u tyl eth e r a n d b utyl b u ty r at e ･

T a bl e 4 .4 R e a cti o n o f 2 -b u t a n ol o v e r Si O 2
- A l2 0 3 ,

Ti O 2 ,
a n d Z r O 2

a

c at aly st T e m p ･

b
c o n v ･

a

s el e c ti vity / m ol %

/
o

c / % 1 - b u t e n e i - 2 _ b u t e n e c
-2 - b tlt e n e b ut a n o n e oth e r s

d

Si O 2
- A l 2 0 3 2 2 5 76 .1 14 . 4 4 5

.
3 3 7 ,8

Ⅵ 0 2 3 5 0 6 3 . 8 31 .0 1 8 . 4 4 1 .3

1 . 0

7 . 5

Z r O 2 35 0 3 9 . 2 7 0 .5 7 . 5 8 .9 10 .4

1 .5

1 . 8

2 .7

a

T h e r e a cti o n c o n diti o n s a r e th e s a m e a s t h o s e i n T abl e 4 .3 .

b
R e a cti o n t e m p e r a t u r e

･

c

C o n v e r si o n .

d
o t h e r s a r e n o t id e ntifi e d .
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T able 4 .5 R e a cti o n of u n s at u r at e d al c o h ol s o v e r Si O 2
- A l 2 0 3 at 25 0

o

C
a

R e a c t a n t C o n y . /･ % S ele cti vity
b

/ m ol %

41 . 5 1 8
c

(5 8 . 0) ,
1 6 (1 2 ･ 8) ,

5 (1 1 ･ 0) ,
ll ( 6 ･ 9) ,

9 (5 ･6)

7 6 . 7 16 ( 9 2 . 8) ,
5 (5 ･3)

7O .8 1 6 (9 3 .0) ,
2 (2 ･6) ,

1 2 (2 ･0)

a

T h e r e a c ti o n w a s c a r rie d o ut un d e r f oll o w i n g C O n diti o n s : c a t al y st w ei gh t
,
0 ･3 0 0 g;

r e a c t a n t f e e d r at e
,
1 . 7 c m

3
h

-1
; c a r ri e r g a s

,
N 2(3 0 c m

3
m i n

- 1

) .

b
N u m b e r s of th e r e a ct a n ts a n d of th e p r o d u ct s e x c ep t 18 a r e th e s a m e a s th o s e i n T abl e

2
,
a n d n Ⅵm b e r s i n p a r e nt h e s e s i n di c at e th e s el e c ti vity ･

c

P r o p e n e
･

T able 4 . 6 R e a cti o n of u n s at u r a t ed al c oh ol s o v e r Ti 0 2 at 3 7 5
o

C
a

R e a c t a n t C o n y . / % S el e ctivity
ち
/ m ol %

3 8 .2 1 6 (5 0 . 0) ,
1 3 ( 1 3 1 2) ,

9 (1 1 ･4) ,
5 ( 8 ･1) ,

6 ( 4 ･0)

5 3 .3 16 (7 1 . 3) ,
5 (11 ･ 9) ,

9 (3 ･3)

7 0 . 2 1 6 (7 0 .
2) ,

4 (1 0 ･7) ,
1 0 (4 ･0)

a

T h e r e a cti o n c o n diti o n s a r e th e s a m e a s th o s e i n T a ble 4 .5 e x c e pt f o r th e t e m p e r at u r e ･

b
N u m b e r s of th e r e a c t an ts a n d of t h e p r o d u ct s a r e th e s a m e a s th o s e i n T a bl e 4 ･2

,
a n d

n u m b e r s i n p a r e n t h e s e s i n di c at e th e s el e c ti vity ･

6 8
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(A)

( a)

(b)

( c)
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(B)

Fig . 4 .1 T P D p r ofil e s o f( a) Si O 2
- A l2 0 3 ,(b) Al 2 0 3 , ( c) Ti O 2 , (d) Z r O 2 ･

T h e p r o b e m o le c ul e s a r e (A) N H S , ( B) C O 2 .

L

T h e d otte d lin e s i n Fig ･

4 ･1 A ar e th e d e c o n v olu tio n of th e p r o file o f S iO 2
- A 12 0 3 a c c o rdin g t o

r y 9 1 1 C C l

'

n n f l

'

什 1

'

T l α
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O

c
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C ぬ訊P息e r 5

鼠e 盈C息畳o 弧 0野且
,
3 - 馳覗息a 皿e姐息o且o v e T C e O 2

5 ｡且 Ⅰn息r o d u c 朗o m

C e O 2 is a n i m p o rt a n t c o m p o n e nt a s th e s u p p o rt of th r e か W a y C a t al y st
,

w hi ch i s

s e r v e d t o d e c o m p o s e th e e x h a u s t of a u t o m o bil e i nt o n o n t o xi c C O 2 ,
N 2 a nd H 2 0 . It is

al s o u s e d i n th e o rg a ni c s y nt h e si s s u ch a s d e h y d r o g e n a ti o n of eth ylb e n z e n e i nt o s ty r e n e

[1] ,
o rth o - s el e c ti v e al k yl atio n p h e n ol e m plo yi n g al c oh ol s a s t h e alk yl ati o n r e a g e n t 【2 - 4]

a nd sy m m et ri c k et o n e f o r m a ti o n fr o m p ri m a ry al c oh ols [ 4 -1 0] a n d c a rb o x yli c a cid

[1 1 - 1 4] ･

As m e n ti o n e d i n C h apt e r 1
, C e O 2 eff e cti v ely a cti v at e s 1 ,3

･d i ols i n th e

f o r m ati o n of u n s at u r at ed al c oh ols [1 5 -1 7] . It i s w ell k n o w n th at al c oh ols a r e

d eh y d r at ed wi th a ci d a nd b a s e c a t al y st [18] . As s h o w n i n th e p r e vi o u s ch a pt e r
,

h o w e v e r
,
s olid a cid c at aly st s a r e n o t s uit a bl e f o r th e efficie nt p r o d u cti o n o f u n s a t u r at e d

al c o h ol s fr o m 1 ,3
- B D O : sid e r e a cti o n s s u ch a s d eh yd r o g e n ati o n

,
d e c o m p o siti o n ,

c o n s e c u ti v e r e a cti o n of p r o d u c ed u n s a t u r at e d al c o h ols d e c r e a s e th e s el e c tivi ty t o th e m .

It is c o n si d e r ed th at r e d o x p r o p e rty of C e O 2 Pla y s a c r u ci al r oll in th e

d eh y d r atio n of 1 ,3
- di ol s [15 - 1 7] , a n d t h at o x y g e n - d ef e ct sit e of m o st st able C e O 2 (11 1)

s u rf a c e w o ul d b e t h e a c ti v e sit e f o r th e d e h y dr ati o n of 1
,
3 -di ols [1 7] . H o w e v e r

,
th e r e

a r e s o m e q u e sti o n s :(i) is r e ally (1 11) s u rf a c e a c ti v e f o r 1 ,3 - di ols d eh y dr ati o n? (･ii) h o w

m a n y d efe ct s e xist o n C e O 2 S u rf a c e? a n d (iii) d o e s 1
,
3 - di ols ad s o rb o n o x y g e n

- d ef e ct

sit e of C e O 2( 11 1) ?

I n t his ch a pt e r
,
i n o rd e r t o i n v e stig at e t h e a b o v e i s s u e s

,
th e fa c t o r s th at a ff e ct

t h e c a t alytic p e rf o r m a n c e of C e O 2 a n d t h e a ctiv e sit e f o r th e d e h y d r atio n of 1
,
3 -di ol s a r e

dis c u s s ed . 1 ,3
- B D O is u s ed a s th e r ep r e s e n t ati v e of 1

,3 - di ol . F u rth e r m o r e
,

th e
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r e a c ti o n m e ch a nis m of 1
,
3 -di ol d eh yd r ati o n o v e r C e O 2 is al s o dis c u s s e d ･ C e O 2

c a t aly sts w ith di ff e r e n t s p e cific s u rf a c e a r e a a r e e m pl o y e d t o c o n fir m th e eff e cts o n

c a t alyti c pe rf o r m a n c e ･ C o m p u t ati o n al t e ch niq u e s b a s e d o n D e n sity F u n c ti o n al T h e o ry

( D F T) a nd P air e d l nt e r a cti n g O rbit al ( P l o) t h e o ry a r e al s o u s e d t o i n v e stig at e t h e

a d s o rpti o n of 1
,
3 - B D O a n d r e a cti o n m e c h a ni s m

,
r e sp e cti v ely ･

5 .2 E x p c ri m c n t a1

5 . 2 .1 C h a r a c te riz a tio n of C e O 2 S a m p le s

x -

r a y di ff r a c ti o n p att e r n s w e r e r e c o r d e d o n a X R D 7 0 0 0 (S hi m ad z u
,
J a p a n)

w it h th e C u - K α r a diati o n (九 = 0 .1 5 4 n m) a s th e X -

r a y s o u r c e ･

T h e s p e cific s u rf a c e a r e a of th e c at aly st w a s c al c ul at e d wi t h th e B E T eq u ati o n

u s i n g i s oth e r m of th e N 2 a d s o r pti o n a ト 1 96
o

C ･ T h e a v e r a g e p a rti cle si z e of th e C e O 2

w a s e s ti m a t ed w ith e q u ati o n ,
D = 6 / (S x d) (E q ･ ( 1)) ,

w h e r e D , S A a n d d w e r e a v e r a g e

p a rti cl e si z e , s p e cifi c s u rf a c e a r e a an d d e n sit y of C e O 2 (d - 7 ･ 1 g c m
-3

) ,
r e sp e c ti v el y ･

T e m p e r a t u r e -

p r o g r a m m e d r e d u c ti o n (T P R) w a s m e a s u r e d u n d e r f oll o w i n g

p r o c ed u r e . A b o u t 3 0 m g of C e O 2 W a s fi x e d in th e q u a rt s t u b e ･ T h e H 2 m 2 ( H 2

c . n c e n tr ati o n of 1 0 v ol . %) m i x ed g a s w a s fl o w ed at th e r at e of 1 0 c m
3

mi n
- l

･ T h e

c at aly st b e d w a s g r ad u ally h e at e d fr o m 2 5 t o 9 0 0
o

C at th e h e ati n g r at e of 5 K mi n
- 1

a n d

H 2 C O n S u m p tio n w a s m o nit o r e d w ith T C D ･

T r an s m is si o n el e ct r o n m i c r o s c o p y ( T E M , J E M -2 01 0
,
J E O L) w a s e m pl o y e d t o

o b s e Ⅳ e th e m o rp h olo g y of C e O 2 p a rti cle s i n th e s a m pl e s c al ci n e d at 5 0 0 a n d 1 0 00
o

C ･

5 . 2 . 2 C a t aly ti c r e a cti o n

c e o 2 C at al y sts e m pl
･

o y e d i n t his st u d y w e r e s u p plie d b y D aii cbi Ki g e n s o

K a g ak u K o g y o C o ･

,
L t d ･ Al l t h e c a t aly st s w e r e c al ci n e d at 5 0 0 -1 0 0 0

o

C b ef o r e th e
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e x p e ri m e n t s t o c o n t r ol t h e sp e cific s u rf a c e a r e a a n d p a rticl e si z e of C e O 2 . T h e

r e a cti o n s w e r e c a rri e d o ut w it h c o n v e n ti o n al fix ed - b e d d o w n
- 血o w r e a c t o r u n d e r

a t m o sp h e ri c p r e s s u r e . P ri o r t o th e r e a c ti o n
,
a C e O 2 S a m ple (0 .5 - 2 . O g) w a s p r eh e at e d in

th e fl o w r e a ct o r i n N 2 g a s n o w at 5 0 0
o

C f o r l h ･ A ft e r th e c a t aly st b e d h ad b e e n

c o ol ed at th e p r e s c ri b ed te m p e r at u r e
,
r e a c t a n t w a s f e d int o t h e r e a c t o r a t a liq uid fl o w

r a t e of 1 0 c m
3
h

- 1
t o g eth e r wi th a n N 2 flo w o f 3 0 c m

3
mi n

･ 1
･

Efflu e n t s a m pl e s c olle cte d

p e ri o dic ally w e r e a n aly z e d b y g a s c h r o m at o g r a p h y ( G C - 9 A
,
S hi m ad z u

,
J a p a n) w ith a

c apilla ry c ol u m n of T C - W A X (3 0 m
,
G L S cie n c e l n c

,
J ap a n) o v e r a t e m p e r at u r e r a n g e

c o n tr oll e d fr o m 60 t o 20 0
o

C at a h e a ti n g r at e of 1 0 K mi n
1 1

･ G a s e o u s p r o d u ct s s u ch a s

1
,
3 ･ b u t a die n e w e r e a n aly z e d b y o n

-li n e g a s ch r o m at o g r a p h y ( G C ･ 8 A
,
S hi m a d z u) wi th a

1 -

m p a c k ed c ol u m n (P o r ap ak Q) ･ Si n c e th e c a t alyti c a c ti vity is st abl e
,
a s r ep o rt e d i n

R ef ･ 【16] ,
b oth th e c o n v e r si o n of 1

,
3 - B O O a n d th e s el e cti vity t o e a ch p r o d u ct a r e

a v e r a g e d i n th e initi al 5 h t o e v al u at e th e c at alyti c a ctivi t y .

5 .2 .3 C a lc ul a ti o n m e th o d

5 .2 .3 .1 D F T c al c ul a ti o n

D F T c al c ul ati o n w a s p e 血 - ed u s l n g D M ol
3

p r o g r a m m o u n t e d o n M S

M o d eli n g 3 .0 p a ck a g e [1 9
,
2 0] . E a ch C e O 2( 1 1 1) s u rf a c e m o d el w a s g e o m e tri c ally

opti mi z e d at

.
th e le v el of t h e l o c al d e n sit y ap p r o xi m ati o n ( L D A) u sin g

V o sk o - W ilk - N u s s ai r ( V W N) fu n cti o n al [2 1] . A l s o d o u bl e - n u m e ri c -

p ol a ri z e d ( D N P)

b asis s et i s u s e d [1 9 ,
2 0] ,

w hi ch is e q tli v al e n t i n a c c u r a c y t o 6 - 3 1 G
* *

d o u ble z et a cl a s s

G a u s si a n o rbit al b a sis s et . T o t al el e ctr o ni c e n e rg y c o n v e rg e n c e c rit eri a in th e

g e o m e tri c al o pti m iz ati o n w e r e s e t t o l O
‾4

a
.
u

. (1 a
.
u .

≡ 26 25
.
5 kJ m ol

‾ 1

) a n d th e

l

s elf -

c o n si st e n t field (S C F) c o n v e rg e n c e c rit e ri a d mi n g g e o m et ri c al op ti m i z ati o n w e r e

s et t o 1 0
- 4

a ･ u ･ o nly th e r p oint in t h e B rill o ui n - z o n e w a s s a m ple d ･ U si ng th e
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o pti mi z e d m od els ,
a s i n gl e -

p oi n t el e c tr o ni c e n e rg y c al c ul ati o n w a s e x e c u t e d at th e l e v el

o f g e n e r ali z e d g r a di e nt ap p r o xi m ati o n ( G G A) o f P e r d e w - B u rk e
- E n z e rh o f ( P B E)

fu n cti o n al [2 2] . D N P b a sis s et s w e r e als o u s e d a s i n t h e c a s e of g e o m e try o pti m i z ati o n ･

S C F c o n v e rg e n c e c rit e ri a of G G A el e c tr o ni c c al c ul ati o n w e r e s e t t o 1 0
- 5

a ･ u ･

B rill o ui n - z o n e i n t e g r ati o n w a s p e 血 r m ed u si n g 2 ×2 ×1 M o n k h o r s トP a ck grid [ 2 3】･

c e o 2(1 1 1) s u rf a c e m o d el w a s c o n st r u ct e d a s a sl ab -

g ap m o d el[2 4] ･ Fir st ,
th e

o pti m i z e d b ulk st ru ct u r e i s sli c e d al o n g w it h th e s pe cifie d pl a n e ･ I n t h e n e x t st e p ,

e m pt y s p a c占 th at h a s a d eq u a t e h ei ght is c r e at e d al o n g wi t h z - a xis a nd o nl y 2 D

p e ri o di city i s t a k e n i nt o a c c o u n t ･
O u r sl ab m o d el h ad si x

-l ay e r thi ck n e s s a n d th e

h eig ht o f t h e e m pt y s p a c e w a s s et t o 10 A ･ T h e n
,
l atti c e p a r a m e t e r s of t h e m od el

,
a s

sh o w n i n Fig . 5 . 7 , w e r e a - b - 15 .3 0 4 A
,
c = 1 4 . 6 8 4 A

,
a - 6 0 ･0 0 d eg r e e

,
a nd P -

y
-

9 0 ･ 0 0 d eg r e e
･

T h e s e p a r a m et e r s w e r e fi x ed d u ri n g f oll o w i n g g e o m et ri c al

o p ti m i z ati o n .

5 . 2 .3 .2 P I O c a l c ul a ti o n

p I O th e o ry p r e s e n t ed b y F uji m ot o e t al l [ 25
,
26] ar e e x e c u t ed t o a n aly z e th e

o rb it al int e r a c ti o n s b et w e e n 1
,
3 - B D O a n d C e O 2(11 1) s u rf a c e w it h opti m u m g e o m e tr y

o b t ai n e d b y D F T c al c ul ati o n ･ A n t h e P l o c al c ul atio n s a r e e x e c u t e d w it h q u a n t u m

ch e m i c al a p pli c ati o n s oft w a r e L U M M O X
T M

[ 2 7] ･
P l o c al c ul ati o n s s u c c e s sf ully

e m pl o y e d t o c o n fir m th e in t e r a cti o n b et w e e n th e t w o s u b str at e s a n d t o d et e r mi n e

q u a n tit a ti v ely 也e i nt e r a cti n g o r bit al th at p la y e d a n i m p o r t a n t r oll i n cb e m i s o rp ti o n

[2 8 - 3 1] . T h e m ol e c ul a r o rbit als a r e d et e r m i n e d b y E xt e n d ed H ti ck el th e o r y ,
a nd th e

E xt e n d e d H tick el p a r a m et e r s [ 3 2
,
3 3] u s e d in t his st u d y a r e list e d i n T able 1 of R ef ･【1 7] ･

T h e alg o rith m o f P lo th e o ry is s u m m ari z ed in lit e r at u r e s [2 5 ,26 ,2 8 13 1] ･ P I O th e o ry

q u an tifie s th e i m p o rt a n c e o f P I O s b et w e e n t w o f r a g m e n t s
,
A a n d B ･ I n thi s st u d y ,

A
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a n d B a r e 1 ,3
･ B D O a n d C e O 2(11 1) s u rf a c e

,
r e sp e cti v ely . T h e i m p o rt a n c e of P I O s is

e v al u at e d b y eig e n v al u e ( E V) ,
a n d PI O s a r e l ab el e d a s P I O 叫 W h e r e n m e a n s t h e

s e q u e n c e of th e i m p o rt a n c e of PI O s : PI O -1 is t h e m o st i m p o rt a n t Pl o a n d PI O -2 i s t h e

s e c o n d m o st i m p o rt a n t P I O ･ V al u e of o v e rl ap p o p ulati o n ( O P) e v al tL at e S th e attr a cti v e

o r r ep ul si v e r ol e th at th e P l o pl ay s i n th e a d s o rp ti o n s y st e m : P I O wi t h p o siti v e O P pla y s

attr a c ti v e r ol e i n th e a d s o rpti o n , alt e r n ati v ely P lo w ith n e g ati v e O P affe ct s r e p ul siv ely ･

5 .3 汲e s Ⅶ且t s

5 ･3 ･1 C h a r a c t e riz a ti o n of C e O 2 C a t aly sts c al ci n e d a t diH e r e n t

t e m p e r a t u re s

T able 5 ･1 s u m m a ri z e s th e s p e cifi c s u rf a c e a r e a
,
S A

,
th e a v e r ag e p a rti cle si z e

,
D

,

of C e O 2 C al ci n e d at diffe r e n t t e m p e r at u r e . W it h i n c r e a s i n g th 8 C al ci n ati o n s

t e m p e r at u r e , S A o f C e O 2 d e c r e a s ed w h e r e a s D i n c r e a s e d .

Fig . 5 .1 s h o w s th e X R D p r ofile s of t h e C e O 2 wi th di ff e r e n t c al ci n ati o n s

t e m p e r at u r e . A ll th e p e ak s w e r e id e ntifi ed fr o m th e n u o ri t e st ru ct u r e of C e O 2 . T h e

di ff r a c ti o n p e a k s o f t h e C e O 2 b e c a m e sh a rp w it h d e c r e a s l n g S A
,
i . e . i n c r e a s i n g D .

Fig . 5 . 2 s h o w s th e T P R p r ofile s of t h e c a t aly st s . T h e r ed u cibility of C e O 2 W a s

s tr o n gl y d e p e n d e n t o n S A . T h r e e H 2 C O n S u m Pti o n pe a k s a r e o b s e rv e d i n t e m p e r at u r e

r a n g e s o f < 3 00
,

3 0 0 ･ 6 0 0
,

a n d > 6 0 0
o

C ･ T h e p e ak s at < 6 0 0
o

C i n c r e a s e d w it h

i n c r e a s l n g th e S A
,

w h e r e a s t h e pe a k at > 6 0 0
o

C sli gh tly d e c r e a s e s , T h e r ed u cibilit y of
●

C e O 2 S a m ple s i s s u m m a ri z e d i n T abl e 5 ･1 ･ T h e H 2 c o n s u m pti o n w a s n o r m ali z ed a s t h e

q u a n tit y of C e
3 ＋

i n th e T P R p r o c e s s ･ I n t h e T P R p r o c e s s
,
3 0 -4 0 % of t ot al C e

4 ＋

c a ti o n s

w e r e r e d u cible . T h e r e d u cibility at <6 0 0
o

C i n c r e a s ed w it h in c r e a s i n g S A ･ It sh o uld b e
■

i

m e n ti o n e d t h at t h e t e m p e r a t u r e a t w hi ch r e d u cti o n b e gi n s b e c o m e s l o w e r wi th

i n c r e a s i n g S A . T h e r e d u cti o n b e gi n s at c a . 2 0 0
o

C o n t h e s a m ple c al ci n e d at 5 0 0
o

C
,
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w hil e it s t e m p e r at u r e i n c r e a s e s t o c a ･ 35 0
o

C o n th e s a m pl e c al ci n ed at 1 0 00
o

C ･

Fig s ･ 5 ･3 an d 5 ･4 e x hibit th e T E M i m ag e s of o n th e s a m pl e c al ci n ed at 5 0 0
o

C

a n d 1 0 0 0
o

C ) r e sp e cti v ely ･ T h e p a rti cle si z e s of C e O 2 e sti m a t e d fr o m Fig s ･ 5 ･ 3 a n d 5 ･4

w e r e 7 . 2 a n d 5 3 .0 n m
,
r e sp e cti v ely ･ T h e p a rti cl e of C e O 2 C al ci n ed at 5 0 0

o

C sh o w e d

s p h e ri c al sh ap e
, w h e r e a s th at c al cin e d at 1 00 0

o

C l o o k e d rb o m bi c -lik e sb a p e ･

5 .3 .2 R e a cti o n of l
,
3 - B D O o v e r C e O 2

Fi g ･ 5 ･5 sh o w s ch a n g e s i n c o n v e r si o n a n d s el e c ti vit y w ith S A i n d eh y d r atio n of

1
,
3 - ちD O at 3 2 5

o

C ･
T abl e 5 ･2 al s o s u m m ari z e s th e p r o d u ct di st rib uti o n i n t h e r e a cti o n ･

I n th e d e h y d r atio n , m aj o r P r o d u ct s w e r e 3 - b u t e n - 2 - o l a nd t r a n s ･ 2 加 te n - 1 ･ o1 ･

B y
-

p r o d u c ts s u ch a s m eth a n ol a n d eth a n ol w e r e o bt ai n e d
,

w hil e n o 1 )3
-b u t ad ie n e w a s

d et e c t e d . T h e c o n v e r si o n of 1
,
3 - B D O i n c r e a s e d w it h i n c r e a s i n g S A ,

a n d it r e a ch ed a
◆

m a xi m u m v a h e of 3 5 . 8 % at 7 4 m
2

g

- 1
･ T h e s el e cti vit y t o th e u n s at u r a t ed al c o h ols

d e c r e a s e d w ith in c r e a s i n g S A ･ T h e s u m of th e s el e cti vity t o t h e u n s a t u r at e d al c o h ol s
●

e x c e e d s 9 7 % at 1 3 m
2

g
- 1

･ B y
-

p r o d u ct s w e r e r a r ely p r o d u c e d at 1 3 m
2

g
- 1

,
b u t th e

a m o u n t s i n c r e a s ed wi th i n c r e a s i n g S A ･ I n t ri n si c a cti vity b a s e d o n u nit s u rf a c e a r e a ,
th e

sp a c e -ti m e -

yi eld ( S T Y) of u n s at u r at e d al c o h ol s , w a s e s ti m a t ed wi th th e r e a c ti o n r e s u lt s ･

T h e S T Y v al u e d r a sti c ally d e c r e a s e d wi th i n c r e a s i n g S A ･

5 . 3 . 3 I n v e s tig a ti o n of 1
,
3 - B D O a d s o rp ti o n o n C e O 2(1 11) s u rf a c e w ith

D F T a n d P I O c alc u l a ti o n s

Fig . 5 . 6 s h o w s th e st r u ct u r e of C e O 2(1 1 1) s u rf a c e e m pl o y e d i n D F T c al c ul ati o n ･

Fig . 5 . 7 d epi ct s th e o p ti m i z e d st ru c t u r e of o x y g e n - d ef e c t i ntr o d u c e d o n th e C e O 2(11 1)

s u rf a c e i n t h e D F T c al c ul atio n s . T h e r el a x ati o n of t h e s u rf a c e w a s o b s e r v e d : t h e thir d

l a y e r 0
2 -

a ni o n s a r o u n d t h e o x y g e n - d ef e ct w e r e m ig r a t e d t o w a rd th e o x yg e n - d ef e ct sit e
,
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w hile t h e s e c o n d l a y e r C e
4 ＋

c ati o n s a r o u n d t h e d efe ct m ig r at e d t o w a rd th e op p o sit e

dir e cti o n ･ T h e r el a x ati o n of th e o u t m o s t s u rf a c e O
2 ･

a ni o n s w a s h a r dly o b s e rv e d .

T h e a d s o rpti o n g e o m e try of 1 ,3 - B O O o n th e o x y g e n -d ef e c t sit e of C e O 2(11 1)

s u rf a c e w a s i n v e stig at e d
. T w o o pti mi z e d st ru ct u r e s w e r e obt ai n e d fr o m diffe r e n t

st a rti n g g e o m et ri e s f o r th e c al c ul ati o n s , a s sh o w n i n Fig s . 5 .8 a n d 5 .9 . T h e

n o m e n cl at u r e of t h e at o m s i n 1
, 3

- B D O w a s d efi n e d a s s h o w n i n Fig . 5 ･ 1 0 ･ Th e

a d s o r pti o n m o d e s sh o w n i n Fig s ･ 5 .8 a n d 5 . 9 w e r e d epi ct e d a s S tr u ct u r e s 1 a n d 2
,

r e sp e cti v ely ･ I n th e Str u ct u r e 1
,
t w o o x yg e n at o m s i n I ,3

- B D O i nt e r a ct e d wi th t w o C e
l

a n d C e
3

c ali o n s . H o w e v e r , i n th e S tr u c t u r e 2
,
H

2 α

at o m a c c e s s ed C e
2

c a li o n i n ad diti o n

t o t h e i nt e r a cti o n b et w e e n t w o o x y g e n at o m s i n 1 ,3
- B D O a n d C e

l
a nd C e

3
c a li o n s a s

o b s e rv e d i n S tr u c t u r e i . An oth e r s ig nifi c a n t diffe r e n c e i n th e st r u c t u r e s w a s th e
▼

m ol e c ul a r st r u ct u r e of I
,
3 -B o o : th e m ole c ul e i n S tr u c t u r e 1 is li n e a r , a n d th at i n

St r u ct u r e 2 w a s r i n g e d th r o u gh h y d r o g e n b o n di n g of O H g r o up s . T h e di st a n c e i n t h e

●

h y dr o g e n b o ndi n g of H
l

- o
3

w a s 1 .8 8 4 A , w hich w a s l a rg e r th a n t h e b o n d le n gt h s of

C - 0 a n d C ･ C
.

T a ble 5 . 3 liste d th e st ru c t u r e p a r a m e t e r of fr e e a n d ad s o rb ed 1
,
3 - B D O

(St ru ct u r e s 1 a n d 2) ･ T h e a d s o rpti o n e n e rgi e s of th e 1
,
3 - B D O o nt o t h e o x y g e n

- d ef e雪t

sit e i n Str u c t u r e s 1 a n d 2 w e r e
- 9 8

.8 a n d -1 0 2
. 7 kJ m ol

- 1

,
r e sp e cti v ely (T a ble 5 . 4) .

1 n

s tr u ct u r e 1
,
t h e el o n g ati o n of C

2
- H

2 α

b o n d b y 0 .0 13 A aft e r th e a d s o rpti o n
,

w h e r e a s n o

s tr et chin g of C - 0 b o n d s w a s o b s e rv e d ･
I n St ru ct u r e 2

,
th e b o n d le n gth s of C

l
- o

l
a n d

c
3

- o
3

w e r e el o n g at e d t o g eth e r w ith th e el o n g ati o n of C
2

- H
2 α

b o n d
,
w hil e t h e oth e r b o n d

le n gth s w e r e r a r ely ch a n g e d b ef o r e a n d aft e r t h e a d s o rpti o n .

A ( C e 9 0 3 6 H 2 6)
12 -

cl u s le , m o d el is b uilt fr o m St ru ct u r e 2 f o r th e P l o

c al c ul atio n s a n d t h r e e c u t - o u t pla n e s (Ⅰ) -(ⅠⅠⅠ) w e r e d efin ed
,

a s sh o wn i n Fig . 5 . ll ,
t o

o b s e r v e t h e o rbit al i nt e r a cti o n s b et w e e n t w o o x y g e n at o m s i n 1
,
3 - B D O a n d C e c ati o n s ,

b e t w e e n H
2 α

a nd C e
2

a n d b et w e e n C
l

- o
l

a n d C e
l

,
r e sp e ctiv ely ･ Fig ･ 5 ･

1 2 e x hibit s th e
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c o u n t e r m ap s of P I O -1 t o 6 ･ P I O s 1 -6 r e p r e s e n t ed th e i nt e r a c ti o n b et w e e n o x y g e n

at o m s i n 1
,
3 ･ B D O a n d C e c ati o n s (Fig . 5 .1 2 a -i) I P I O s 1 - 4 sh o w ed i n

-

p h a s e i nt e r a c ti o n

b et w e e n 1
,
3 - B D O a n d ( C e 9 0 ｡ 6 H 2 6)

1 2 ‾

cl u st e r . I n th e P I O - 3 , o u トof -

p h a s e i n t e r a cti o n

b et w e e n 0
1

a n d C
l

i n d u c ed b y i n
-

p h a s e i nt e r a c ti o n b et w e e n 0
1

a n d e e
l

w a s al s o

o b s e rv e d a s sh o w n i n Fi g ･ 5 ･1 2 g ･ P l o -5 d e pi ct e d t h e o u t - o f -

p h a s e i nt e r a c ti o n b et w e e n

H
2 α

a n d C
2

, w hi c h w a s i n d u c e d b y i n -

p h a s e i nt e r a cti o n b et w e e n H
2 α

a n d C e
2

( Fi g ･

5 .1 2 h) . I n c o n tr a st t o P l o -5 ,
th e o u t - of -

p h a s e i nt e r a cti o n b et w e e n I-
2 α

a n d C
2
i n P l o -6

w a s n o t o b s e rv e d
,

alth o u gh i n -

p h a s e i n t e r a cti o n b et w e e n =
2 α

a n d C e
2

w a s c o nfir m ed

(Fig . 5 . 1 2i) . T h e E V
,
O P a n d L C A O r e p r e s e n t ati o n of P I O - 1 t o 6 w e r e list e d i n T abl e

5 . 5 .

T h e ad s o rpti o n of 1
,
3 - B D O o n C e O 2(1 11) s u rf a c e wi th o ut th e o x y g e n d ef e ct

,

n a m ely st oi chi o m e tri c s u rf a c e
,

w a s al s o i n v e stig at e d ･ Fi g ･ 5 ･1 3 sh o w s th e o pti mi z e d

str u ct u r e of t h e 1 , 3
- B D O o n th e st oi chi o m e tri c C e O 2(1 11) s u rf a c e (S t ru c t u r e 3) ･ T h e

a d s o rpti o n e n e r g y of St r u c t u r e 3 w a s - 8 2 . 7 kJ m ol
- 1

( T a bl e 5 ･
4) . T h e st r u ct u r e

p a r a m et e r o f St ru ct u r e 3 w a s al s o s u m m a ri z e d i n T abl e 5 ･ 3 ･ I n St ru ct u r e 3 , 0 - H b o n d s

i n 1
,
3 - B D O a r e el o n g at e d .

A d diti o n ally , th e ad s o rpti o n o f 1 - a n d 2 -b u t a n ol o n o x y g e n - d et e ct ed a n d

st oi chi o m et ri c C e O 2(11 1) s u rf a c e is i n v e s tig at e d w ith D F T c al c ul ati o n s ･ T h e

a d s o rptio n e n e r g l e S Of 1 -

a n d 2 - b u t a n ol ,
t og eth e r w it h th o s e of 1

,
3 - B D O

,
o n

o x yg e n - d ef e ct ed an d st oi chi o m et ri c C e O 2(11 1) s u rf a c e a r e s u m m a ri z ed i n T abl e 5 ･4 ･

T h e a d s o rp ti o n e n e rg i e s Of t h e m o n o
-

al c o h ol s w e r e s m alle r th a n th o s e of 1
,
3 - B D O o n

b ot h o x y g e n - d ef e c t sit e a n d st oi chi o m e t ri c s u rf a c e o f C e O 2( 11 1) ･ Fig s ･ 5 ･1 4 a n d 5 ･1 5

e x hibit th e ad s o rpti o n st ru c t u r e of l ･ a n d 2 - b u t a n ol o n o x y g e n
- d ef e ct sit e of C e O 2(1 11) ,

r e s p e cti v ely ･ T h e 1 - a n d 2 - b u t a n ol l o c a t ed o n o x y g e n - d ef e c t sit e a s filli n g th e

o x y g e n - d ef e ct p oi nt w it h 0 at o m s i n th e m ･
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5 .4 D 畳s c 覗S S畳o m

5 ･4 11 D ef e c t s it e s of C e O
2 W ith di# e r e n t p a rti cl e si z e s

lt is k n o w n th at o x yg e n d ef e ct sit e s e xi st i n a C e O 2 P a rticl e w ith o ut t h e

r e d u cti o n b y H 2 [3 4 ,3 5] : th e c o n c e n t r a ti o n o f o x y g e n d ef e c t sit e s i n c r e a s e s w ith

d e c r e a s i n g th e C e O 2 P a rti cle si z e
･ K o s a cki et al ･ h a v e r e p o rt e d a r el ati o n s hip b et w e e n

th e c o n c e n t r ati o n of o x y g e n d ef e ct
,
N

,
a n d th e e n t h alp y of f o r m ati o n of o xy g e n d ef e cts

,

A H
,
at th e t e m p e r at u r e , T , a s f ollo w s [3 4]:

N = N o e x p ( A H / 3k T) ( 2)

w h e r e N () a nd k a r e t h e c o n c e n tr a ti o n of o x y g e n at o m s i n C e O 2 l attic e
,
N o

= 4
.9 9 × 1 0

2 2

c m
- 3

,
a n d B olt z m a n n c o n s t a n t , r e s p e cti v el y ･ Th e r ef o r e

,
it c a n b e d e s c rib ed wi t h

a r r a n gi n g E q .(2) a s f oll o w s :

N 5 9 8
- N o ( N 3 0 0/ N o)

30 0 / 5 9 8

(2
'

)

w h e r e N 3 0 0 a n d N 5 9 8 a r e th e c o n c e n tr ati o n of o xy g e n d ef e ct s a t 27
o

C a n d 3 2 5
o

C
,

r e s pe cti v ely ･ U si n g t h e r ep o rt e d v al u e of o x y g e n d ef e c t c o n c e n tr ati o n at 2 7
o

C
,
N 3 0 0

[ 3 4] ,
th e c o n c e n tr ati o n of o x yg e n d ef e ct at th e r e a c ti o n t e m p e r at u r e of 3 2 5

o

C
,
N 5 9 8 ,

is

e s ti m at e d . As s u m i n g th at th e o x yg e n d ef e c ts e xist h o m o g e n e o u sl v w ith in C e O 2

◆

p a rti cl e , t h e s u rf a c e d e n sity o f o x y g e n d efe cts p e r u nit s u rf a c e a r e a at 3 2 5
o

C
,
N s

,
i s

e s ti m at ed w ith t h e fわll o w i n g E q . (3):

N s = N 5 9 8 × F /(d X S A) (3)

w h e r e F is th e fr a cti o n of s u rf a c e o x y g e n at o m s i n th e C e O 2 0 C t a h e d r al p a rti cle sh o w n

i n Fig . 5 .1 6 . It i s d efin e d a s f ollo w s :

F =
丑 幽

T h e t ot al n u m b e r of o x y g e n a t o m s i n C e O 2 P a rti cle

2 2
2 n

2
- 2 n ＋ 1

∑ n
2

＋ ∑( ” - 1)
2 1/ 3 ×(2 〝

3
… )

( 4)

w h e r e ” is th e n u m b e r of o x yg e n a t o m s o n t h e si d e of(11 1) s u rf a c e
,
a n d is r el at e d t o th e
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p a rti cl e si z e
,
D n m (Fi g . 5 .1 6) ,

a n d c a n b e d e s c rib e d a s f oll o w s :

D = 0 .3 8 3 ×2
l
a
x ( ” - 1) (5)

T abl e 5 . 6 s u m m a ri z e s t h e c al c ul ati o n r e s ults of t h e fr a cti o n of s u rf a c e o x y g e n at o m s
,
F

,

t h e c o n c e n t r ati o n ,
N 5 9 8 ,

S u rf a c e d e n sit y ' N s
,

a n d s u rf a c e fr a cti o n of th e o x yg e n d ef e ct

sit e s
,
C

,
at 3 2 5

o

C . It i s r e a s o n abl e t h at b ot h s u rf a c e d e n sity ,
N s

,
a n d s u rf a c e f r a c ti o n of

o x yg e n d ef e ct sit e s , C ,
d e c r e a s e w ith i n c r e a s l n g th e C e O 2 p a rti cl e si z e ･

5 .4 .2 C h a r a c t e ri z a ti o n of C e O 2 C a t a ly s ts c alci f W d a t diH e r e n t

l

t e m p e r a t u r e s

T h e p h y si c al p r o p e rti e s of C e O 2 C al ci n ed at di ff e r e n t t e m p e r at u r e s a r e

s u m m a ri z e d i n T abl e 5 ･ 1 : t h e s p e cifi c s u rf a c e a r e a of th e c at aly sts d e c r e a s e s wi th

i n c r e a s i n g th e c al ci n ati o n s t e m p e r at u r e
,

w hi c h is c a u s e d b y th e a g g r e g ati o n of t h e C e O 2
●

p a r ti cl e
･

It i s o b s e rv e d t h at th e p e a k s of X R D p r ofil e s sh a r pe n w it h i n c r e a s l n g th e

c al ci n ati o n s t e m p e r at tlr e ( Fi g . 5 .1) ,
w hi ch ap p a r e n tly r e n e cts th e c r y st al gr o w th of C e O 2 ･

T h e T E M i m a g e s of C e O 2 C al ci n ed at l o w a n d hig h t e m p e r at u r e ap p a r e n tly e x hib it th e

ag g r e g ati o n of C e O 2 P a rti cl e s ( Fi g s ･ 5 ･3 a n d 5 ･ 4) ･

T h e c h a n g e i n t h e s h ap e of th e p a rti cl e is als o c o n fir m e d fr o m sp h e ri c al p a rti cle

t o rh o m bi c s h ap e ･ W a n g et a l l i n v e s ti g at e d th e ch a n g e i n th e sh a p e of th e C e O 2

p a rti cle s w ith diffe r e n t si z e [3 6] ･ T h e y r e p o rt e d t h at C e O 2 P a rti cl e w h o s e si z e r a n g e d

3 -1 0 n m i s c o m p o s e d of t r u n c a t e d o ct ah e d r al sh ap e e n cl o s e d b y ( 1 0 0) a n d ( 1 11) f a c e ts ,

w h e r e a s it b e c o m e o ct ah e d r al e n cl o s e d o nly b y ( 1 11) f a c et w it h i n c r e a si n g th e p a rti cl e

si z e . T his p h e n o m e n o n i s c a u s e d b y r a pid g r o w th of th e p a rti cl e al o n g < 1 0 0 >
,

w hi c h

r e s ults i n th e di s ap pe a r a n c e of ( 1 0 0) fa c et
･

It i s r e a s o n able t o c o n sid e r th at

c e o 2i l l l) f a c et s b e c o m e p r e d o m i n a n t o n s u rf a c e b e c a u s e s e v e r al r e s e a r ch e r s r e p o rt e d

t h at ( 11 1l f a c e ts f o r m th e m o s t st abl e s u rf a c e s a m o n g ot h e r f a c et s of C e O 2 [3 6 - 4 0] ･
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S e v e r al r e s e a r c h e r s h a v e r e p o rt e d th e r e d u cibility of p u r e C e O 2 d u ri n g th e T P R

p r o c e s s [4 1 - 4 3] ･ B r u c e e t al . r ep o rt e d th at th e T P R of C e O 2 wi th diffe r e n t S A :

r e d u cti o n p e a k o b s e rv ed at < 7 0 0
o

C h a s a li n e a r c o r r el ati o n wi th S A [41 ,4 2] . T his is

c oi n cid e nt wi th t h e p r e s e n t r e s ults (Fig ･ 5 ･ 2) . I n th e T P R p r ofile s ,
th e r e d u cib ility of

C e O 2 b y u si n g H 2 C O n S u m Pti o n w a s c al c ul at ed ( T able 5 .1) . T h e r e d u cibility m e a s u r e d

b y H 2 C O n S u m Pti o n at <6 0 0
o

C is r o u gh ly p r o p o rti o n al t o S A a nd F ( T a bl e 5 . 6) . T h u s ,

th e T P R p e ak s at < 6 00
o

C c a n b e a s s ig n e d t o b e th e r e d u c ti o n of s u rf a c e C e
4 ＋

.
I n

ad ditio n ,
it is o b vi o u s th at th e T P R p e ak at > 6 0 0

o

C is c a u s ed b y th e r e d u cti o n of C e
4 十

i n t h e t) ulk C e O 2 ,

I n S e cti o n 5 ･ 3 .1
,
it w a s s h o w n th at th e t e m p e r at u r e at w hi ch r e d u cti o n b e gi n s

● ●

b e c a m e l o w e r w it h i n c r e a s i n g S A , i . e . d e c r e a s l rlg D . T his is e x plain e d b y t h e f a ct th at

e nt h alp y of f o r m ati o n of o x y g e n d efe ct sit e s d e c r e a s e s wi th d e c r e a s i n g th e C e O 2

t

p a rti cl e si z e [3 4] ･ T h e n u m b e r of d ef e ct sit e s al s o i n c r e a s e s wi th i n c r e a si n g

t e m p e r a t u r e ( Eq . 2) . I n T able 5 .6
,
b o t h th e s u rf a c e d e n sity a n d th e s u rf a c e f r a cti o n of

o x yg e n d ef e c t sit e s at 3 2 5
o

C in c r e a s e w ith i n c r e a s i n g S A of th e C e O 2 ･ I n p a rti c ul a r
,

th e s u rf a c e fr a c ti o n of o x y g e n d ef e ct sit e s
,

C (th e l a st c ol u m n i n T a bl e 5 .6) ,
i s

p r op o rti o n al t o S A . I n th e la rg e st C e O 2 P a rticl e s
,

o x y g e n - d ef e ct sit e s w ith s m all

d e n sit y a r e m o sq y o n th e i l ll) f a c e ts b e c a u s e ( 1 1 1) fa c et s w o uld b e p r ed o mi n a n t o n

th e l a rg e C e O 2 P a rticl e
,

a s dis c u s s e d i n th e p r e vi o u s s e cti o n ･ h c o n tr a st
,
i n th e

s m all e st C e O 2 P a rti cl e s
,
th e d ef e c ts wi th hig h d e n sity a r e o n th e w h ol e f a c e ts ･ I n a n y

c a s e
,
it i s r e a s o n able th at C e O 2 S a m ple s a r e hig hly r e d u c e d u n d e r th e r e a cti o n c o n diti o n s

t e st e d i n t his w o rk . T h e c o rr el ati o n b et w e e n r e d u cibility of C e O 2 a n d c a t alytic a cti vi t y

w ill b e dis c u s s e d i n th e f ollo w i n g S e c ti o n .
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5 .
4 .3 R e a c tio n oi l

,
3 - B D O o v e r C e O 2

T h e r e a c ti o n of 1
,
3 -b u at a n e di ol w a s c a r ri ed o u t u s i n g C e O 2 W it h diffe r e n t

●

p a rti cl e si z e ･ T h e c o n v e r si o n of 1 ,
3 - B D O in c r e a s e d w ith i n c r e a s l n g S A

,
w h e r e a s th e

s el e cti vit y t o u n s at u r at e d al c o h ols ,
m ai nly 3 -b u t e n - 2 - ol a n d tr a m s

- 2 -b u t e n -1 -

o1
,

i n c r e a s e d . T h e in c r e a s e i n th e u n s at u r at e d al c oh ols s el e cti vit y is attri b ut ed b y th e

s u p p r e s si o n of b y
-

p r o d u c ts p r o d u cti o n s u ch a s m e th a n ol a n d et h a n ol (Fig ･
5 ･5) ･ T h e

>
*

S T Y of u n s at u r at e d al c o h ol s i n c r e a s ed w ith i n c r e a s l n g S A
〉
i n oth e r w o rd , d e c r e a s i n g t h e

p a rti cle si z e of C e O 2 '
D ･ T h e s e r e s ult s o b vi o u sl y i n di c at e th at th e a cti v e sit e f o r

d e h y d r ati o n of 1
,
3 - B D O i n t o u n s at u r at e d al c oh ols in c r e a s e wi th i n c r e a s i n g D ･ As

d is c u s s e d i n t h e p r e vi o u s s e cti o n s
,
th e i n c r e a s e i n D d r a s ti c ally aff e ct s th e s u rf a c e

m o rp h ol o g y of C e O 2 : ( 11 1) f a c e ts b e c o m e p r e d o m i n at e o n th e s u rf a c e a n d th e n u m b e r

of o x y g e n d ef e ct s d e c r e a s e ･ T h u s
,
it i s d e d u c e d t h at ( 1 11) f a c et s a r e a c ti v e f o r t h e

d eh y d r ati o n of 1
,
3 -b u t a n e d ol i nt o u n s a t u r a t ed al c o h ol s ･

5 .
4 .4 I n v e s tig a ti o n of th e a d s o rp ti o n sit e oi l

,
3 - B D O o n C e O 2(111)

I n th e p r e vi o u s s e c ti o n s
,
it i s d ed u c e d t h at ( 11 1) f a c et s a r e a cti v e f o r th e

d eh y d r ati o n of 1
,
3 -b u t a n e d ol i n t o u n s at u r a t e d al c o h ols ･ T h e n

,
th e a d s o rpti o n of

1
,
3 - B D O o n o x yg e n - d ef e c t sit e a n d st oi c hi o m e t ri c C e O 2(1 11) s u rf a c e w a s i n v e s ti g at e d

b e c a u s e o x y g e n
- d ef e cts s h o uld e xi st o n C e O 2(11 1) s u rf a c e t o s o m e e x t e n t ( T able 5 ･ 6) I

D F T is a p o w e rf ul t o ol t o i n v e s tig at e t h e a d s o rp ti o n s t r u ct u r e of ch e mi c al

c o m p o u n d s o n th e m o d el ed s u rf a c e
,
b e c a u s e D F T c a n t ak e c o r r el ati o n - e x c h a n g e e n e rg y

h t o c o n sid e r ati o n
,

w hi ch is e s s e n ti al i n o rd e r t o e s ti m at e t h e a c c u r at e ad s o rpti o n e n e rg y ･

I n t h e c al c ul ati o n s
,

w ell - o r d e r e d s u rf a c e t h at h a d n o disl o c at ed l atti c e p a rts i s e m pl o y e d ,

alth o u gh t h e y oft e n a c t a s a cti v e sit e i n c a t aly sis [49] ･ Fig s ･ 5 ･ 3 a n d 5 ･4 s h o w T E M

i m a g e s of th e m o st i n a cti v e a n d a c ti v e C e O 2 C at aly st , r e sp e cti v ely ･ B ei n gj u d g e d fr o m
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t h e s e i m ag e s
,
th e s u rf a c e of th e m o st a cti v e C e O 2 i s n at c o m p a r e d t o t h at of le s s a c ti v e

o n e ･ If th e c o o rdi n ati v ely u n s at u r at e d sit e s s u ch a s s t ep ,
t e r r a c e a n d ki n k w e r e a c ti v e

f o r th e d e h y d r ati o n o f 1
,
3 - B D O , C e O 2 wi th t h e s m alle st p a rti cle w o uld b e t h e m o st

a ctiv e f o r t h e r e a cti o n
,

c o n tr a ry t o th e a ct u al r e s ult . T h e r ef o r e
,
it is c o n sid e r e d th at

st oi c hio m e tri c o r o x y g e n - d ef e ct sit e o n n at C e O 2( 11 1) s u rf a c e p r o vid e s th e a cti v e sit e .

T h e a d s o rp ti o n e n e rg y of 1
,
3 ･ B D O o n s t oi chio m e tri c a n d o x y g e n

- d e
l

f e c te d sit e

of C e O 2(1 11) is list ed i n T abl e 5 . 4 . T h e e n e rg y of a d s o rpti o n o n o x y g e n
- d ef e ct sit e i $

l a rg e r th a n th at o n s t oi c hi o IT l e tri c s u rf a c e
. T his i n di c at e s th at 1 ,3

- B D O p r ef e r ably

ad s o rb s o n o x y g e n -d ef e ct sit e of C e O 2(11 1) . T w o a d s o rpti o n st r u c t u r e s of 1 ,3
･ B D O o n

o xy g e n - d ef e c t sit e w e r e ob t ai n e d a s s h o w n i n F ig s . 5 .8 a n d 5 .9
,

n a m ed a s Str u c t u r e 1

a n d 2
)

r e sp e cti v el y ･ S tr u ct u r e 2 is m o r e s t able th a n Str u ct u r e 1 b y 3 ･9 k J m ol
･ 1

･ It

als o sh o uld b e n o t ed t h at C
l

- o
1

,
c

3
- o

3
a n d C

2
- H

2 α

b o n d s a r e el o n g at e d aft e r ad s o rpti o n

i n th e f o r m of S tr u ct u r e 2 ( T abl e 5 .3) . T his r e s ult s u g g e sts th at th e s e th r e e b o n d s a r e

a c ti v at e d b y th e a d s o rpti o n o n t o th e o x y g e n
- d ef e ct sit e of C e O 2(1 11) s u rf a c e

,
a n d it al s o

s h o uld b e m e n ti o n e d th at th e s e a c ti v at e d b o n d s a r e w ell c oi n cid e nt w ith th e r e a cti o n

r e s ult : 3 - b u t e n
- 2 -

ol a n d tr a m s
- 2 - b u t e か1 -

ol a r e s el e ctiv ely p r o d u c e d o v e r C e O 2 .
I n

o rd e r t o o bt ai n 3 - b u t e n - 2 - ol fr o m 1
,
3 - B D O

,
th e cl e a v ag e of C

l
- o

l
a n d C

2
- H

2 α

b o n d s is

r e q ui r ed
,

a n d in th e s a m e m a n n e r
,
th at of C

3
- o

3
a n d C

2
- H

2 α

b o n d s cl e a v a g e s h o uld

o c c u r t o p r o d u c e tr a m s - 2 ･b u t e n
- トoュ. H e n c e , it s u p p o rts th at a n o x y g e n

- d ef e ct sit e of

C e O 2(1 1 1) is th e a cti v e sit e of th e d e h y dr ati o n of 1 ,3
-b t u an e di ol ･

P I O c al c ul ati o n s w e r e e x e c u t e d i n o rd e r t o i n v e stig at e t h e o rbit al i nt e r a c ti o n

b et w e e n 1 ,3
- B D O a n d C e O 2(1 11) s u rf a c e . Fig . 5 .l l sh o w s th e ( C e 9 0 36 H 2 6)

1 2 ‾

cl u st e r
-1

,
3 - B D O ad s o rpti o n st ru ct u r e

,
w hi ch is m o d el ed fr o m St ru c t u r e 2 , f o r th e P l o

c al c u l ati o n . As k n o w n g e n e r ally ,
t w o C e

4 ＋

c ati o n s a r e r e d u c e d t o C e
3 ＋

o n e s p e r o n e

o x yg e n - d ef e ct f o r m ati o n ･ T h e ch a rg e of th e cl u st e r
,

- 1 2
,

a s s u r e s th at t w o of ni n e C e
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c ati o n s a r e ch a rg ed ＋3 a nd th e oth e r s a r e ＋4 i n th e PI O c al c ul ati o n ･

T h e i n
-

p h a s e a n d o u t -

o f -

p h a s e i nt e r a cti o n s b et w e e n o x y g e n at o m s i n 1
,
3 - B O O

a n d C e c ati ｡ n s a r e o b s e rv e d i n p l o -1 t o 4 ( Fig . 5 . 1 2 a - d) a n d P l o - 5 (Fig ･ 5 ･1 2 e) ,

r e s p e c ti v el y ･ It c a n b e c o m p r e h e n d w h eth e r th e P I O is i n -

p h a s e o r o u トof -

p h a s e

i nt e r a cti . n b qt w e e n 1
,
3 - B D O a n d (C e 9 0 3 6 H 2 6)

12 -

cl u s t e r fr o m O P of e a ch P l o : t h e O P

v al u e s of P I O s 1 - 4 a r e p o siti v e
,

w h e r e a s th at of P l o -5 is n eg ati v e (T abl e 5 ･5) ･
T h u s

,

p I O s 1 - 4 r ep r e s e n t th at 1 ,3
- ちD O is a n c h o r e d o n t h e o x yg e n d ef e c t sit e of C e O 2(111)

s u rf a c e b y th e i nt e r a cti o n b et w e e n t w o 0 at o m s a n d C e c a ti o n s ･

p I O - 3 al s o s h o w s th e o u トof -

p h a s e i nt e r a cti o n b et w e e n 0
1

a n d C
l

,
i ･ e ･ 2 py

o rbit al of 0
1

at o m is i nt e r a cti n g w ith o p p o sit e ph a s e of 2 py o rb it al of C
l

at o m (6t h r o w

i n T abl e 5 .5) A P lo -5 r e p r e s e n ts th e o u t - of -

ph a s e i nt e r a cti o n b et w e e n H
2 α

a n d C
之

at o m s; 1 s o rbit al of H
2 α

is i nt e r a c ti n g wi th op p o sit e ph a s e of 2 s o rbit al o f C
2

at o m i n

P I O - 5 ( l ot h r o w i n T a ble 5 ･5) I T h e y r e s ult in t h e a cti v ati o n of C
l

- o
l

a n d C
2

- =
2 α

b o n d s
,

a n d el o n g ati o n o f t h e b o nd l e n gt h s ( T a ble 5 ･3) ,
alt h o u g h s u ch i nt e r a c ti o n s a r e

h a rdly vi s u ali z e d b et w e e n 0
3

a n d C
3

p r o b ably b e c a u s e of th e l o n g dist a n c e of 0
3

- c e
3

,

w hi ch c a u s e s i n e ff e cti v e o v e rl ap of t h e o rbit als b et w e e n O
3

an d C e
3

at o m s ･ I n
-

ph a s e

i nt e r a cti o n b et w e e n H
2 α

a nd C e
2
is c o nfi r m e d i n P l o - 6

,
w hi ch in di c at e s t h at 1

,
3 - B D O is

c o o rdi n at e d th r o u gh th e i nt e r a cti o n b et w e e n H
2 α

a n d C e
2

a t o m s ･ J u dgi n g fr o m t h e

c o un t e r m ap o f P l o - 6 (F ig . 5 ･1 2i) ,
it m a y b e c o n sid e r e d t h at P l o - 6 r e p r e s e n ts th e

o u トof -i n t e r a c ti o n b et w e e n H
2 α

a n d C
2

. H o w e v e r , P I O -6 w o uld n ot r ep r e s e n t th e

a c ti v ati o n of H
2 α

- c
2
b o n d b e c a u s e l s o rbit al of H

2 α

i nt e r a ct s w it h th e s a m e p h a s e of 2 s

. rbit al a n d w i th o p p o sit e p h a s e of 2 p x o rbit al of C
2

at o m (1 2th r o w i n T abl e 5 ･5) ･ T h e

dir e c ti o n o f 2 p x o rbit al of C
2

at o m i s v e rti c al t o th at of H
2 Q

- c
2

b o n d ･ T h u s , P l o - 6

r e p r e s e n ts o nly
t h e i n -

p h a s e i nt e r a c ti o n b et w e e n H
2 α

a n d C e
2

･

I n ad diti o n t o ( C e , 0 3 6 H 2 6)
1 2 -

, o th e r C e O 2 Cl u st e r s , s u c h a s C e 9 0 18 a n d C e 2 00 4 0 ,
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w it h t h e c h a rg e o ト 2 ar e b uilt fr o m St r u c t u r e 2 t o c o n fir m t h e v alidit y of t h e cl u st e r

e m pl o y e d f o r th e s e ri e s o f P lo c al c ul ati o n s ･ T h e r e s ult s of th e c al c ul ati o n a r e sligh tl y

diffe r e n t a m o n g th e th r e e C e O 2 Cl u st e r s
, w h e r e a s th e y a r e e s s e n ti ally th e s a m e :

1
,
3 - B D O m ol e c ul e i s a n c h o r e d b y th e i nte r a c ti o n b et w e e n t w o o x y g e n a t o m s i n

1
,
3 - B D O a n d C e c ati o n s

,
a n d o u トof ･

p h a s e i nt e r a cti o n b et w e e n =
2 α

a n d C
2

w h ich is

i n d u c ed b y t h e i n -

p h a s e i nt e r a cti o n b et w e e n H
2 α

a n d C e
2

a r e ob s e rv e d . T h u s
,
i n th e

E xt e n d e d H tick el c al c ul ati o n
,
it c a n b e s aid th at th e ch a rg e of t h e cl u st e r p r o b ably gi v e s

◆

f e w effe ct o n th e r e s ults [4 4] .

5 .4 .5 R e a c ti o n m e c h a ni s m of l
,
3 - di o ls d e hy d r a ti o n

T h e S T Y of u n s at u r a t ed al c oh ols d e c r e a s ed w it h d e c r e a s l n g th e p a rticl e si z e of

C e O 2 W hile th e n u m b e r of th e o x y g e n - d ef e ct sit e o n s u rf a c e i n c r e a s e d . I n th e ab o v e

dis c u s si o n
,
it w a s c o n cl u d e d th at o x yg e n - d ef e ct site o n C e O 2(1 11) s u rf a甲 W O uld b e th e

a cti v e sit e of th e d eh y d r ati o n of 1
,
3 - B D O . W hile f a c e ts o th e r t h a n ( 111) e xist o n th e

s u rf a c e of C e O 2 wi th s m all p a rticl e a n d th e y a r e n o t p r ob a bly a ctiv e f o r th e d e h y d r ati o n

of 1
,
3 - B D O

,
S T Y of u n s at u r at ed al c o h ol s sh o uld i n c r e a s i n g W ith d e c r e a s l n g t h e p a rti cle

si z e . P r eli mi n a r y ,
it w a s p r o p o s ed th at t h e d eh yd r atio n of 1

,
3 - di ol s o v e r C e O 2

p r o c e e d s n o t vi a th e m e ch a ni s m p r o m ot ed b y a cid o r b a s e b u t vi a r e d o x m e ch a ni s m

[1 5 - 1 7] . I n f a c t ,
a cid o r b a s e c a t aly sts a r e n o t s uit able f o r th e s el e c ti v e d e h yd r atio n o f

1
,3

- di ol s i nt o u n s at u r at e d al c oh ols a s m e n ti o n ed i n C h ap t e r 4 ･ T h e a cid a n d b a s e

p r o p e rt y of C e O 2 W a s i n v e stig at e d b y N H 3
- a n d C O 2

- T P D
,

r e s p e cti v el y ,
a n d th e y

r e v e al e d th at C e O 2 h a s v e ry w e ak b a s e sit e s o n its s u rf a c e an d th e e xi ste n c e of a cid sit e s

w a s h a rdly c o nfir m e d ･ H e n c e ,
t h e r e a cti o n m e ch a ni s m w a s p r o p o s e d a s f ollo w s

(S ch e m e 5 .1) : in t h e i nitiatio n st e p , P - H at o m i s r adi c ally eli m in at ed fr o m 1 ,3
- di ols a n d

H r a di c al d o n at e s o n e el e ctr o n t o C e
4 '

c ali o n t o r e d u c e C e
3 '

,
a n d H r adi c al its elf w a s
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o xidi z ed i nt o p r o t o n ･
≠ e n

,
o n e of th e O H g r o u p w a s r a di c ally eli m i n at ed 加 m di ol t o

p r o d u c e u n s a t u r a t ed al c o h ol ,
a n d C e

3 ＋

d o n at e s o n e el e ct r o n t o p r o t o n o r O H r adi c al t o

p r o d u c e H 2 0 a n d it w a s o x idi z e d i nt o C e
4 ＋

･
H e r e

,
it is e m ph a si z e d th at C e

4 ＋

pl a y s a n

i m p o rt a n t r oll i n th e c at aly si s ･ S e v e r al r e s e a r ch e r s ob s e Ⅳ e d C e O 2(1 1 1) s u rf a c e w ith

o x y g e か d efe ct b y S T M [4 5 ,
4 6] a n d A F M [ 4 7 ,48】･ O n th e s u rf a c e wi th hig h

o x y g e n
-d ef e ct c o n c e n t r ati o n

,
th ey r ep o rt ed h at d efe ct a r e p r e d o mi n a n tl y f o r m ed a s

以

1i n e

d ef e ct
”

o r
"

tri a n gl e d efe ct
”

,
a s sh o w n i n Fi g ･ 5 ･1 8 ･ Th e m o st of C e c a ti o n s e x p o s ed o n

li n e d ef e ct a n d t ri a n gl e d ef e c t sh o uld b e C e
3 ＋

)
a n d C e

4 ＋
w o uld h a rdl y e xi st ･ T h e r ef o r e ,

all o f t h e o x y g e n
- d ef e ct d o n o t a c t a s a c ti v e sit e

,
an d th e n u m b e r of C e

4 ＋
c ati o n s o n

o x y g e n -d ef e c t sit e of C e O 2(111) s u rf a c e i s t h e k e y p oi nt t o c o m p r e h e n d t h e c at alyti c

pe rfo r m a n c e ･

It h a s b e e n r ep o r t e d th at th e r e a c ti o n of 1 ,
3 - B D O o v e r C e O 2 wi t h th e sp e cifi c

s u rf a c e a r e a of 2 0 m
2

g
-1

p r et r e a t ed i n H 2 Str e a m a t P r e s c ri b ed r a n g e d b et w e e n 1 0 0 - 9 0 0

o

c ( T abl e 5 .7) [1 6] .
T h e c at alytic a c ti vi t y w a s r a r ely a ffe ct ed u p t o t h e p r etr e at m e n t

t e m p e r a t u r e of 6 0 0
o

C ,
a n d it gr a d u ally d e c r e a s e d w it h in c r e a s l n g th e t e m p e r a t u r e ab o v e

6 0 0
o

C .
T h e T P R p r ofile of C e O 2 Sh o w s th e t w o p e ak s; th e p e ak b el o w 6 0 0

o

C i s

c a u s e d b y t h e r ed u c ti o n of t h e s u rf a c e a n d t h at a b o v e 6 0 0
0

c is b ulk ( Fig ･ 5 ･2) ～ T h e

s p e cifi c s u rf a c e a r e a w a s n o t a ff e ct e d u p t o t h e r e d u cti o n t e m pe r at u r e of 6 0 0
o

C ･

H e n c e
,
t h e n u m b e r of th e s u rf a c e o x y g e n d ef e ct s h o ul d i n c r e a s e w hile th e c a t alytic

a cti vity w a s n o t i m p r o v e d p r o b ab ly b e c a u s e of t h e f o r m a ti o n of li n e d efe cts a n d/ o r

t ri a n gle d efe ct s ･
T h e p r e tr e at m ep t at hig h t e m p e r a t u r e ab o v e 6 0 0

o

C
, s p e cifi c s u rf a c e

a r e a d r a s ti c ally d e c r e a s e d w ith i n c r e a s i n g th e t e m p e r at u r e
,

w hi ch is p a rtly b e c a u s e of

th e d e c r e a s e i n th e c a t alytic a c ti vi ty ,
a n d p a rtly b e c a u s e of th e o v e r - r ed u cti o n o f C e O 2 ･

w hil e 1
,
3 - di ol s a r e d e h y d r at ed i nt o u n s a t u r a t e d al c oh ols at 3 2 5

o

C
,

m o n o - al c oh ols a r e m ai nl y d e h y dr o g e n at e d e v e n a t t h e r e a c ti o n t e m p e r a t u r e > 4 00
()

c
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o v e r C e O 2 [ 1 6] ･ T h e D F r c al c ul ati o n c o n c e mi n g th e a d s o rpti o n of 1 - a n d 2 - b u t a n ol

o n o x y g e か d ef e ct sit e o f C e O 2(1 11) s u rf a c e w a s e x e c ut e d i n o r d e r t o e x a mi n e t h e

diffe r e n c e i n th e r e a cti vity b et w e e n 1
,
3 - di ols a n d m o n o

-

al c o h ol s . 1
,
3 - D i ol a nd

m o n o
- al c o h ols ad s o rb o n o x y g e n - d ef e c t sit e of C e O 2(11 1) s u rf a c e i n diffe r e n t m a n n e r

,

a s sh o w n i n Fig ･ 5 ･ 9 a n d n g s ･ 5 ･1 4 a n d 5 ･1 5
,

r e s p e cti v ely ･ T h r e e C e c ati o n s a r e

e x p o s e d at th e o x y g e n d ef ct sit e (Fig . 5 . 7) . T w o 0 at o m s i n 1
,3 - B D O inte r a ct w ith t w o

c e c a ti o n s a n d β- H at o m
,
i . e , H

2 Q

a t o m i n F ig . 5 .1 2
,

w e akly i nt e r a c ts w ith a n o th e r C e

c ati o n , w h e r e a s 1 -

a n d 2 -b u t a n ol ad s o rb a s filli n g th e o x y g e n
- d ef e c t p oi nt a nd 〟- H at o m

i n b ut a n ols s e e m e s n o t t o i nt e r a c t wi t h C e c ati o n ･ T h e diff e r e n c e i n th e a d s o rpti o n

s tr u ct u r e b et w e e n 1 ,3
- di ol a n d m o n o

-

al c oh ol o n o x y g e n - d ef e c t of C e O 2(1 11) is

p r ob ab ly th e c a u s e of th e diffe r e n c e i n th e r e a c ti vity o v e r C e O 2 . A s m e nti o n ed a b o v e
,

β- H eli mi n ati o n w o uld b e th e i niti ati o n s t ep of th e d eh y d r ati o n of 1
,
3 - B D O o v e r C e O 2 ,

a n d it w o uld b e t r u e t o i n th e d eh y d r ati o n of m o n o
- al c o h ols . H o w e v e r , β- H at o m i n

m o n o
-

al c o h ol s d o e s n o t i nt e r a c t wi t h s u rf a c e C e c a ti o n (Fig s . 5 .1 4 a n d 5
.
1 5) I

T h e r ef o r e
,
t h e d eh y d r ati o n of m o n o - al c o h ol s h a r dly p r o c e ed o v e r C e O 2 .

5 .5 C o n c且u si o n

T h e d eh y d r ati o n of 1
,
3 - B D O i n t o u n s at u r at ed al c o h ols o v e r C e O 2 W a s

i n v e s tig at ed . T h e r e a c ti o n r e s ults w e r e g r at ef ully aff e ct e d b y th e p a rticle si z e of C e O 2 .

T h e S T Y of u n s at u r a t e d al c oh ol s i n c r e a s e d w ith i n c r e a s i n g t h e p a rti cle si z e of C e O 2 ,

w hic h is b e c a u s e th e a cti v e f a c ets of ( 1 11) b e c a m e p r e d o mi n at e w ith t h e gr o w th of

C e O 2 P a rti cl e . T h e a d s o rp ti o n s tr u ct u r e of 1 ,3
- B D O o n C e O 2(11 1) s u rf a c e w a s

i n v e s tig at e d w ith D F T c al c ul ati o n ･ 1 ,3
- B D O p r ef e r a bly a d s o rb s o n o x y g e n - d ef e ct

sit e s . It w a s al s o c o nfir m ed t h at a cti v ati o n of t w o C - 0 b o n d s a n d o n e C - H b o n d in th e

m e th yle n e g r o u p at 2 ･

p o siti o n i n 1
,
3 - B D O aft e r t h e a d s o rpti o n

,
w hich is c oi n cid e nt wi th

8 9



th e r e a cti o n p r o d u ct s 加 m 1
,
3 - b t a n e di ol o v e r C e O 2 ･ T h e n u m b e r of o x y g e n - d ef e ct

sit e s o n th e s u rf a c e of C e O 2 W it h di ぽe re nt p a rti cl e si z e w a s e sti m at e d
,
a n d is l a rg e r o n

t h e s m alle r p a rti cl e si z e ･
H o w e v e r

,
all of th e o x y g e n - d ef e c ts d o n o t a ct a s a cti v e sit e o f

th e s el e cti v e d e h y d r ati o n of 1
,
3 - B D O i nt o u n s at u r at e d al c o h ol s ･ O x y g e n - d ef e c t sit e s

a r e f わr m ed a s li n e d ef e c t o r tri a n gle d ef e ct in th e r e g l O n Of big b o x y g e n d ef e c t

c o n c e n tr ati o n
,

a n d t h e m o st o f C e c a ti o n s e x p o s e d o n li n e d ef e ct s o r tri a n gle o x y g e n

d ef e c ts a r e C e
3 ＋

. It is s p e c ul at ed th at t h e d e h yd r ati o n p r o c e ed e d vi a r ed o x of

c e
4 '

- c e
3 '

- c e
4 '

. H e n c e
,

o v e r -r e d u c e d s u rf a c e w ith l a rg e n u m b e r of o x y g e n - d ef e ct

sit e s d o e s n o t a ct a s a cti v e sit e .

R ef e r e n c e s i n C h a p t e r 5

[1] A . T r o v a r elli , C .
L eit e n b u rg ,

M ･ B o a r o ,
G ･ D ol c e tti

,
C a t a l ･ T o d a y ,

5 0 (1 99 9)

3 5 3 -3 6 7 .

[ 2] S . S a t o
,
K . K oi z u m i ,

F ･ N o z aki
,
A p pl ･ C a t al ･ A 1 3 3 (1 99 5) L 7 - L I O ･

【3] S . S at o
,
K . K oi z tl m i ,

F ･ N o z aki
,
J ･ C a t a l ･ 1 7 8 (1 9 9 8) 2 6 4 - 2 7 4 ･

[4] S . S at o
,

R . T ak a h a shi
,
T ･ S o d e s a w a

,
K ･ M a st u m o t o

,
Y ･ K a m i m u r a

,
J ･ C a t a l ･ 1 8 4

(1 9 9 9) 1 8 0 ･ 1 8 8 ･

[ 5] H . Id ri s s
,
C . D i a g n e

,
J ･ P ･ H i n d e r m a n n

,
A ･ Ki e n n e m a n n

,
M ･ B a rt e a u

,
J ･ C a t a l ･ 1 5 5

(1 9 9 5) 2 1 9 - 23 7 ･

[6] A . Y e e
,
S . J . M o rri s o n

,
H ･ Id ri s s , J ･ C a t a l ･ 1 8 6 (1 9 9 9) 2 7 9 - 2 9 5 ･

[ 7] N ･ Plint
,
D ･ G h a v al a s

,
T ･ V ally , V ･ D ･ S o k ol o v ski

,
N ･ J ･ C o vill e

,
C a t al ･ T o d a y 4 9

(1 9 9 9) 7 1 - 7 7 ･

[8] Y . K a m i m u r a
,
S . S a t o

,
R ･ T a k a h a s hi

,
T ･ S o d e s a w a

,
M ･ F u k ui

,
C h e m ･ L ett ･ ( 2 0 0 0)

2 3 2 - 23 3 .

[ 9] Y ･ K a m i m u r a
, S ･ S at o

,
R ･ T a k a h a? hi ,

T ･ S o d e s a w a , T ･ A k a s hi
,
A p p l . C a t al ･ A 2 5 2
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( 2 0 03) 3 9 9 - 4 1 0 .

[1 0] T ･ A k a shi
,
S ･ S a t o

,
R ･ T ak ah a s hi , T ･ S o d e s a w a

,
K . I n ui

,
C a t a l . C o m m u n

.
4 ( 20 03)

41 1 - 4 1 6 .

【1 1] M ･ G lin ski
,
J ･ Ki j e n s ki

,
A ･ J a k u b o w s ki , A p p l . C a t al . A 且2 8 (1 9 9 5) 2 0 9 - 2 1 7 .

[ 1 2] J ･ St u b e n r a u ch
,
E ･ B r o sh a

,
J ･ M . V o h s

,
C a t al . T o d a y 2 S ( 1 9 9 6) 4 3 1 ･ 44 1 .

[ 1 3] T ･ S ･ H e n d r e n , K . M ･ D o ol e y ,
C a t al . T o d ay $ 5(2 00 3) 3 3 3 - 3 51 .

[1 4] 0 ･ N ag a shi m a
,
S ･ S at o

,
R ･ T a k ah a s hi

,
T ･ S o d e s a w a

, J ･ M ol l C a t al . A 2 2 7 (20 05)

2 31 - 2 3 9 .

[ 1 5] S ･ S a t o , R . T a k a h a s hi
,
T . S o d e s a w a

,
N . H o n d a

,
H . S hi mi z u

,
C a ta l . C o m m u n . 4

(2 0 0 3) 7 7 -8 1 .

[16] S ･ S at o
,

R
･

T a k ah a shi , T . S o d e s a w a
,

N . H o n d a
,
J . M ol . C a t al . A 2 2 1 (2 0 0 4)

1 7 7 - 1 8 3 .

[1 7] N ･ I chik a w a
,
S ･ S a t o , R ･ T ak a h a s hi , T . S o d e s a w a

,
J . M ol . C a t al . A 23 1 (2 0 0 5)

18 1 - 1 8 9 .

[1 8] J . M c M u r ry ,
F u n d a m e n t als of O rg a ni c C h e m i stry ,

th i rd ed
,

B r o o k s/ C ole
,

C alif o rn i a
,
1 9 9 4 .

【1 9] B . D ell ey ,
J . C h e m ･ P h y s .

9 2 (1 99 0) 5 0 8 - 5 1 7 .

[ 20] B . D ell ey ,
J . C h e m . P h y s .

1 1 3 (2 00 0) 7 7 5 6 - 7 7 6 4 .

【21] S . J . V o s k o , L . W ilk , M . N u s ai r , C a n
. J . P hy s . 5 S (1 9 80) 1 2 0 0 -1 21 1

.

[ 2 2] J . P . P e rd e w ,
K . B u rk e

,
M . E rn z e rh o f

,
P h y s . R e v . L ett . 7 7 (1 9 96) 3 8 6 5 - 3 8 6 8 ･

[ 2 3] H . J . M o n k h o r s t
,
J

.
D

.
P a ck

,
P h y s R e v ･ B 1 3 ( 19 7 6) ,

5 1 8 8 ･ 5 1 9 2 ･

[2 4] C . R . A . C a tl o w , L . A ck e r m a n n
, R .

G ･ B ell
,
F

.
C o r a

,
D ･ H ･ G a y ,

M ･ A ･ N y g r e n
,
J ･ C ･

P e r eir a
,
G . S a s tr e

,
B . S l at e r

,
P . E . Si n cl ai r , F a r a d ay . D is c . 1 0 6 (1 9 9 7) 1 -4 0 .

[2 5] H . F uji m ot o
,
N . K og a

,
K . F u k ui

,
J . A m . C h e m ･ S o c ･ 1 03 (1 98 1) 7 4 5 2 - 745 7 ･

[2 6] H . F uji m ot o
,
A c c . C h e m ･ R e s . 20 (1 9 8 7) 4 48 - 45 3 ･
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[2 7] T . M ot oki
,
A . S hig a

,
J ･ C o m p ut a ti o n al C h e m

･
2 5 (20 0 4) 1 0 6 - 11 l ･

[2 8] A . S hig a
,
H . K a w a m u r a

- H ir a b ay a s hi , T ･ S a s aki , J ･ M ol ･ C a t a l ･ 8 7 (1 99 4) 2 43 - 26 1 ･

[2 9] A . S hi g a
,
H . K a w a m u r a

- H ir ab ay a s hi , T ･ S a s a ki
,
J ･ M ol l C a t a l ･ A 9 8 ( 1 9 9 5) 1 5 - 2 4 ･

[3 0] A . S hig a
,
J . M ol l C a t a l ･ A 1 4 6 (1 9 9 9) 3 25 -3 3 4 ･

[3 1] M . I s hid a
,
T . S u z u ki , H . I chih a shi ,

A ･ S hig a
,
C a t a l ･ T o d a y 8 7 ( 2 0 0 3) 1 8 7 ･ 1 9 4 ･

【3 2] G . B u r n s
,
J ･ C h e m ･ P hy s ･

4 1 (1 9 6 4) 1 5 2 1 - 1 5 2 2 ･

[ 3 3] P . P y yk k 6 ,
L . L . b h r J r ･

,
I n o rg ･ C h e m ･ 20 (19 81) 1 95 0 - 1 9 5 9 ･

[3 4] I . K o s a c ki
,
T . S u z u ki , H .

U ･ An d e r s o n
,
P ･ C ol o m b a n

,
S olid St at e I o ni c s 1 4 9 (2 0 0 2)

9 9 - 1 0 5 .

[3 5] S . T s u n ek a w a
, T . F u k u d a

,
A ･ K a s u y a

,
S u rf ･ S ci ･ 4 5 7 (2 0 0 0) M 3 7 - M 4 0 ･

[3 6] Z . L . W a n g ,
X . F e n g ,

J ･ P hy s ･ Ch e m ･ B 1 0 7 (2 00 3) 1 3 5 6 3 - 1 3 5 6 6 ･

[3 7] S . N . J a c o b s e n
,
U . H el m e r s s o n

,
R ･ E rl a n d s s o n

,
B ･ S k a r m a n

,
L ･ R ･ W alle n b e rg ,

S u rf

S ci . 4 2 9 (1 9 9 9) 2 2 - 3 3 ･

[3 8] Z . L . W a n g , J . P hy s . C h e m ･ B 1 0 4 ( 2 0 0 0) 1 1 5 3 - 11 75 ･

[3 9] T . X . T . S a yle
,
S . C ･ P a rk e r

,
C ･ R ･ A ･ C atl o w

,
S u rj: S ci ･ 3 1 6 (1 99 4) 3 2 9 -3 3 6 ･

[4 0] J . C o n e s
'
a

, S u rf . S ci . 3 3 9 (1 99 5) 3 3 7 - 3 5 2 ･

[ 4 1] L . A . B ru c e
,

M . H o a n g ,
A . E ･ H u gh e s

,
T ･ W ･ T u rn e y ,

A p pl ･ C a t al ･ A 1 3 4 (1 9 9 6)

3 5 1 - 3 6 2 .

[4 2] P . Z i m m e r
,
A ･ T s ch o e p e

,
R ･ B ir ri n g e r

,
J ･ C a t al ･ 2 0 5 (2 0 0 2) 3 3 9 - 3 4 5 1

[4 3] Y . Li
,
A . D ･ H e

, Q ･ Z h u
,
A ･ Z h a n g ,

B ･ Z u , J ･ C a t al ･ 2 21 (2 0 0 4) 5 8 4 - 5 9 3 ･

【4 4] B . I ri g o y e n
,
A ･ J u a n

,
S ･ h r r o n d o

,
N ･ An ad e o

,
S u rf S ci ･ 5 2 3 (2 0 0 3) 2 5 2 - 2 6 6 ･

[4 5] H . N 6 r e n b e rg ,
G ･ A ･ D ･ B ri g g s

,
S u rf ･ S ci ･ 4 02 ･4 0 4 (1 9 9 8) 7 3 4 - 7 3 7 ･

[4 6] H .
N 6 r e n b e rg ,

G ･ A ･ D ･ B ri g g s
,
S u rf S ci ･ 42 4 (1 9 9 9) u 5 2 - L 3 5 5 ･

[4 7] K . F u k ui
,
Y ･ N a m ai

,
Y ･ I w a s a w a

,
A F P l ･ S u rf ･ S ci ･ 1 8 8 (2 0 0 2) 2 5 2 - 25 6 ･

[4 8] Y . N a m ai
,
K ･ F uk ui

,
Y ･ I w a s a w a

,
C a t al ･ T od a y 8 5 (2 0 0 3) 7 9 - 91 ･
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【4 9] J ･ M I T h o m a s
, W ･ J ･ T h o m a s

,
I n t r o d u c ti o n t o th e P ri n c t

･

p l e of H e t e r o g e n e o u s

C a t a ly sis
,
A c a d e mi c P r e s s

, b n d o n
,
1 98 1 .

93



T a ble 5 11 C e O 2 S a m ple s u s e d i n this st u d y a n d th eir p h y si c al p r o p e rti e s

T c
a

SA
b

D
a

R e d u cibility
d

( %)

(
o

c) ( m
2

g

‾ 1

) ( n m ) < 6 00
o

C > 6 0 0
o

C T bt al

5 0 0 1 4 1

6 0 0 7 4

8 0 0 4 2

9 0 0 23

1 0 0 0 1 3

6 . 0 (8 .0) 2 1 ･6

ll .4 (1 0 . 8) 1 0 ･7

2 0 .1 (1 7 .4) 4 ･ 7

3 6 .7 (2 6 . 8) 2 ･ 0

65 .0 (3 7 . 0) 2 ･ 5

2 2 .1 4 3 . 7

1 7 . 8 2 8 . 5

2 3 . 9 2 8 .6

2 6 .5 2 B .5

2 7 . 6 3 0 .1

a

C al ci n ati o n t e m p e r at u r e of C e O 2 ･

b
s p e cific s u rf a c e a r e a c al c ul at ed b y B E T m et h o d u s l n g N 2 is ot h e r m at -1 9 6

o

C ･

c

p a rti cl e si z e of C e O 2 is c al c ul ate d b y E q . (1) ,
a n d n u m b e r i n p a r e n th e si s i n di c at e s a

p a rti cl e di a m et e r e sti m at ed b y S h e r r e r
'

s e q u ati o n i n t h e ( 11 1) p e ak of F ig ･ 5 ･1 ･

d
c e

3 ＋

/( c e
3 ＋

＋ c e
4 ＋

)
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T a bl e 5 ･2 C a talyti c a c ti vi t y i n t h e d e h y dr atio n o f 1 ,3 - B D O at 3 25
o

C .

S A C o n v e r si o n
a

s el e c tivi ty ( m ol % )
a

,
b

( m
2

g

ー 1

) ( %) 3 B 2 0 t2 B I O c2 B I O I B O M E K M e O H E t O H A c H 2 P O A c M e

1 4 1 3 5 . 4 3 7 . 2 2 4 .7 1 . 8

7 4 3 7 .1 4 7 .3 3 2 . 6 2 .1

4 2 3 3 .3 5 3 . 0 3 5 .0 2 .2

23 2 8
.0 5 7 . 6 3 6 .9 1 .9

1 3 2 1
.
2 5 8 .1 3 7 .8 1 .9

0 . 6 3 . 6 1 7 .5

0 . 8 1 .7 8
. 9

0 .8 1 . 0 4
. 0

0 . 5 0 . 0 1
. 3

0 . 2 0 . 0 0
.
4

7 .1 0 .3 0 . 8 4 , 2

3 .7 0 .0 0 . 0 1 .6

2 .3 0
.
2 0 .0 1

.0

1 . 1 0 . 0 0 .2 0 .1

1 . 0 0 . 0 0 .0 0 . 5

a

A v e r ag e a c ti vity i n th e initial 5 h ･ W !F = 0 ･0 5 g h c m
･ 3

.

b
3 B 2 0

,
3 -b u t e n

- 2 -

o l; t2 B I O
,

t r a m s - 2 - b u t e n 心 ol; c 2 B I O
,

Gis - 2 -b u t e n - 1 - o l; 1 B O ,

1 -b u t a n ol; M E K , b ut a n o n e; M e O H , m e th a n ol; Et O H , et h a n ol; A c H
,

･
a c e t ald e h y d e; 2 P O

,

2 -

p r o p a n ol; A c M e
, p r o p a n o n e

‥
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T able 5 .3 Str u ct u r e p a r a m et e r s f o r f r e e a n d a d s o rb ed 1
,
3 - B D O m ol e c ul e t o g et h e r w ith

th e b o n d l e n gth o f 0
1

- c e ,
o

3
- c e a n d H

2 a
- c e

a

･

b o n d le n gth
b
/ A

fre e Str u c t u r e 1 Str u ct u r e 2 Str u c t u r e 3

c
l

_ Ⅲ
1 α

1 . 11 4 1 . 1 0 6

c
l

- H
l乃

1 .1 0 3 1 .11 7

c
l

_ o
1

1 .4 0 1 1 .4 0 0

c
2

_ H
2 α

1 .1 0 4

c
2

_ H
2瓜

1 . 10 3

c
3

_ H
3

1 .10 5

c
3

_ o
3

1 .
4 3 4

c
4

_ H
4 α

1 .1 0 0

c
4

_ H
4 B

1 .1 0 0

c
4

_ H
4† 1 .1 0 3

o
1

_ H
O l

o . 9 8 6

o
3

_ H
O 3

o .9 7 3

o
1

_ c e
l

o
3

_ c e
3

1 .1 1 7

1 .1 0 4

1 .1 0 8

1 .4 2 4

1 .1 0 0

1 .10 1

1 .1 0 2

1 .2 0 2

0 . 9 77

2 . 4 9 6

2 .6 4 1

H
2 α

_ c e
2

3 .2 7 9

1 .1 0 4 1 .1 0 7

1 .1 0 4 1 .1 0 7

1 .
4 1 8 1 . 4 2 5

1 .1 1 3

1 .1 0 1

1 .1 0 9

1 . 4 51

1 . 1 0 2

1 .1 0 2

1 .1 0 2

0 . 9 86

0 . 9 8 4

1 .1 0 2

1 .1 0 4

1 . 1 0 9

1 .4 1 8

1 .1 0 2

1 .1 0 0

1 . 1 0 2

1 .0 3 7

1 .5 1 0

2 .5 6 5 2 .
4 81

2 .6 7 3 2 . 3 7 8

2 .5 00 3 . 1 9 4

a

T h e n o m e n cl at u r e of e a ch at o m i s th e s a m e a s sh o w n i n Fig .
5 . 1 0 .

b
u n d e r -li n ed n u m b e r s m e a n l a rg e c h a n g e i n t h e b o n d le n gth aft e r ad s o rpti o n ･
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T a bl e 5 ･4 A d s o rpti o n e n e r g l e S O f 1 -

, 2 ･b ut a n ol a n d 1
,
3 - B O O o n o x yg e n -d et e c t e d a n d

st oi c bi o m et ri c C e O 2(1 11) s u rf a c e
a

.

A d s o rb at e o x yg e n - d ef e ct sit e s t oi chi o m et ri c s u rf a c e

1 - b u t a n o1

2 - b u t a n ol

1
,3

- B D O

-8 0 .1 _ 64 .5

-4 6 . 6 - 6 6 .2

- 98 .8 ,

- 10 2 . 7 - 82 .7

a

T h e u nit of e n e rg y is kJ m o r
l

･
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T a ble 5 ･ 6 C e O 2 S a m pl e s u s e d in this st u d y a n d th eir p h ysi c al p r op e rti e s

S A D n
a

F
b

N 3 0 0
C

N 5 9 8
d

N E
E

C
f

( m
2

g
- 1

) ( n m) ( c m
･3

) (c m
- 3

) ( n m
-2

) ( %)

1 41 6 ･0 1 2 0 ･ 2 27 1 , 3 ×1 0
2 0

2
.5 ×10

21
o .5 7 7 . 2

7 4 1 1 ･ 4 2 2 0 . 13 0 1 .8 ×1 0
1 9

9
.4 ×10

20
o .2 3 2 . 9

4 2 2 0 ･1 3 8 0 ･0 76 8 1 .7 ×1 0
1 8

2 .9 ×10
2O

o .o 7 4 0 .9 4

2 3 3 6 ･ 7 6 9 0 .O 4 3 2 5 .0 ×i o
17

1 . 6 ×1 0
2 0

o .o 4 2 0 .5 3

1 3 6 5 ･0 1 2 1 0 ･0 2 4 6 2 .9 ×1 0
17

1 . 2 ×1 0
2 0

o . o 3 2 0 .4 1

a

N u m b e r of o x yg e n a t o m s c o n si sti n g t h e p a rti cl e wi t h th e D is c al c ul at e d b y E q ･ ( 5) .

b
F r a cti o n of s u rf a c e o x y g e n at o m s i s c al c ul at e d b y E q ･(4) .

c

C o n c e n tr ati o n of o x y g e n d ef e c t at 27
O

c is cit ed fr o m R ef .[3 4] .

d
c o n c e n tr a ti o n of o x y g e n d ef e ct at 3 25

o

C is c al c ul at e d b y E q .(2
,

) .

e

S u rf a c e d e n sity o f o x yg e n d ef e ct sit e s a t 3 2 5
o

C is c al c ul at ed b y E q .(3) .

f
p e r c e n t a g e e x p r e s si o n of s u rf a c e o x yg e n d ef e cts is e sti m at e d b y u s i n g t h at th e

●

c o n c e n tr a ti o n of o u t m o s t o x y g e n of 7 ･ 9 n m
-2

, w hi ch is cit e d fr o m R ef .[4 8] .
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T abl e 5 . 7 E fEe ct of H 2 P r e tr e at m e n t Of C e O 2 0 n th e c at alyti c r e a c ti o n of 1
,
3 - B D O at

3 25
o

C
a

,
b

,
c

P r et r e at m e n t C o n v e r si o n S el e cti vit y ( m ol % ) S A

(
o

c) ( %) 3 - b u t e n - 1 - o l t r a n s 1 2 - b u t e n -1 - o1 ( m
2

g
- 1

)

1 0 0 6 1 . 6 5 6 .1

2 5 0 6 0 . 0 5 6 . 2

3 2 5 60 .3 5 6 . 2

5 0 0 5 9 . 4 5 6 .1

6 0 0 5 7 . 5 5 4 .5

7 00 4 1 . 0 5 3 . 9

8 0 0 2 9 .6 5 2 . 3

90 0 1 0 . 8 5 1 . 8

3 5 . 6 2 0 . 4

3 4 .9

3 4 . 9

3 5 . 4 2 0 .3

3 5 .3 1 8 .4

3 6 .7 9 . 0

3 6 .4 2 . 3

3 5 . 2 2 . 1

a

R e a cti o n r e s ults a r e cit e d b y R e f . [1 6] .

b
T h e s a m ple s a r e p r et r e a t e d un d e r H 2 fl o w of 7 3 m m ol h

- 1
f o r 1 h at p r e s c ri b e d

t e m p e r at u r e ･

c

R e a cti o n w a s c a r ri e d o u t u n d e r f oll o w l n g c o n diti o n s : c a t aly st w eig ht: 0
･
3 g ,

r e a c t a n t

f e e d r at e : 2 . 0 1 c m
3
h

- 1

,
c a r ri e r g a s : N 2 ( fl o w r at e 7 3 m m ol h

-1

) .

1 0 0
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Fig ･ 5 ･1 ⅩR D p r o file s o f C e O 2 W ith di ff e r e nt c al ci n atio n s t e m pe r at u r e
,

T c ･ T c is( a) 5 0 0
,(b) 6 0 0

, ( c) 8 0 0
, (d) 9 0 0
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o
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4
1b

5
血

6
th

l a y e r

l ay e r

l a y e r
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l ay e r

I ay e T

o
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c e
4 '

毛さ一壷
o

2 -

2
-j &0

‾

c e
4 ' ー ー ー ー ー ー ー ー ー

o
ヱ

(ら)

F ig . 5 .6 S t ru ct u r e o f C e O 2(l 1 1) s u rf a c e e m pl o y e d i n D F T c al c u l ati o n L

( a) t o p y i e w
, (b) sid e vi e w .
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也
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l ay e , C e
4 ･ /

6 % y e , .
2 1 /

(ち)

Fig . 5 . 7 0 pti mi z e d st ru c t u r e o f o x y g e n - d e fe c t in t r o d u c e d C e O 2(1 11)

s u rf a c e . ( a) t o p vi e w
, ( b) sid e v i e w ･ h th e sid e vi e w

,
a l s t l a y e r 0

a t o m th at is o v e rl a p p l n g wi th o x y g e n - d e f e ct sit e
,

n a m ely X a s sig n e d i n

th e t o p vi e w
,
is r e m o v e d in o rd e r t o cle a rly v is u ali z e 也 e o x y g e n - d e fe c t

sit e .

1 0 7
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( a)

A

‾′O ))

#

( c)

F ig 1 5 ･8 An a d s o rp t1 0 n O f 1
,
3 - b u t a n e di ol o n o x y g e n - d e fe c t sit e of

c e o 2(11 1) s u r fa c e o pti m i z e d b y D F T c al c u l ati o n (S t ru ct u r e 1) . ( a) t o p

vi e w
, (b) sid e vi e w

, ( c) 丘o n t vi e w . I n th e sid e vi e w
,

a l らt l a y e r 0 a t o m

a s si gh n e d a s X in Fig . 5 . 7 w a s r e m o v e d 1

1 0 8
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A

( a)

#

(b)

阜

( c)

Fig . 5 . 9 An a d s o r ptl O n O f I
,
3 - b u t an e di ol o n o x y g e n - d e fe ct sit e o f

C e O 2(1 1 1) s ur f a c e o p ti m i z e d b y D F T c al c ul ati o n ( S t r u c t u r e 2) . ( a) t o p

v ie w
, O )) sid e vi e w

, ( c) fr o n t v i e w
.

h th e sid e vi e w
,

a l st l a y e r 0 at o m

a s si gh n e d a s X i n Fig . 5 . 7 w a s r e m o v e d .

1 0 9
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th e at o m s i n 1
,
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,
3 - b u ta n e di ol f o r

P I O c al c u lati o n s wi th c u t 1 0 u t pl an e s ･ ( a) t o p vi e w
, O )) sid e vi e w

, ( c)
& o n t vi e w ･ h l th e sid e vi e w

, a l st l ay e r 0 at o m a s si gh n e d a s X h F ig .

5 .7 w a s r e m o v e d .

11 1



A

J

*

J

∫

車
■

二,

r
I

I

ヽ
■′

J

t

∫

∴ト
ゝ

▲

'

ヽ

/

汁

(a)

(d)

㌔

1

(g)

ゃ
れ

T

∫

O ))

( e)

㌔

車車
並

立
･

･:

共
O l)

I

㌔

J
J

ヽ

( c)

(り

A

■
r

/

i

∫

ノ
｢

ち
_ヽ

(i)

二主
〟

Fig .
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, (b) PI O 1 2
, ( c) PI O - 3

,

( d) Pl o - 4
, ( e) PI O - 5

, (i) Pl o - 6
, ( g) Pl o - 3

, (h) P I O 1 5
, (i) P I O 1 6 . ( a - i) a r e
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, ( g) & o m

(1I) ,
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( a)

痩

(b)

i _

( c)

F ig . 5 . 1 3 An a d s o r p ti o n o f 1
,
3 - b u t 弧 e di ol o n st oi c hi o m e tri c C e O 2(1 11)

stJ rf a c e o p ti m i z e d b y D F T c alc u l ati o n ( st ru c t u r e 3) . ( a) t o p v i e w
, 仲) sid e

v ie w
, ( c) 丘o n t vi e w .

1 1 3



( a)

(也)

Fig ･ 5 ･ 1 4 A d s o r p tl O r) S t n l C t u r e O f 1 - b u t a n ol o n o x y g e n - d e fe ct sit e o f

c e o 2(1 1 1) s u rfTa c e . ( a) t o p vi e w
, (b) sid e v i e w ･ h th e sid e vi e w

,
a l らt

l ay e r 0 at o m a s si gh n e d a s X in Fig ･ 5 ･7 w a s r e m o v e d ･
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( a)

i.
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(也)

F ig ･ 5 ･ 1 5 A d s o r pt 1 0 n St ru c t u r e O f 2 - b u t a n ol o n o x y g e n - d e f e ct sit e o f

c e o 2(Il l) s u rf a c e . ( a) t o p vi e w
, (b) sid e vi e w

･
h th e sid e v i e w

,
a l s t

l a y e r 0 at o m a s si gh n e d a s X in F ig ･ 5 ･ 7 w a s r e m o v e d ･

1 1 5



( 1 1 1)

戚 J

1

l

1

¶

iJl

. 3 8 3 f m
･

7

Fig ･ 5 ,
1 6 M o d el o f C e O 2 P ar ti cl e fo r th e e sti m ati o n o f

fr a c ti o n o f s u rf a c e o x y g e n at o m . ( a) P e r s p e cti v e vi e w
, (b)

c r o s s
-

s e c ti o n i m a g e o f C e O 2 P a rti cl e al o n g < 1 0 0 > di r e c ti o n ･

B all s e x p r e s s o x y g e n a ni o n s
,

an d c e ri u m c ati o n s a r e n ot d r a wn

Fig ･ 5 ･
1 7 I m a g e s o f th e c h an g e ill th e m o r p h わl o g y o f C e O 2

p a rti cl e wi th i n c r e a s l n g th e p a rti cl e si z e
,
D ･

1 1 6
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醍e 弧 e 野鼠風紀⑬弧C鳳覗S畳o 弧S

T h e p r e s e n t th e si s h a s d e s c rib e d th e st u di e s o n t h e u tiliz ati o n o f 1 ,3
- a n d

1
,4

- b u t a n e di ol ( B D O) ･ F o u r diffe r e n t r e a c ti o n s o f b u t a n e di ols w e r e i n v e s tig ate d a n d 丑

p r o p o s e d th at th ey a r e p r o m l S l n g Ch e mi c al r e s o u r c e s f o r t h e v al u a ble p r o d u c ts ･

I n C h a pt e r 2
,
th e d e h y d r o g e n ati o n of 1 ,4

- B D O i nt o †
- b uty r ol a c t o n e ( G B L) w a s

i n v e stig at e d o v e r C u
- b a s e d c a t aly st s w ith m e t a トo xid e ad diti v e s s u ch a s Z n O

,
Z r O 2 a n d

A 12 0 3 ･ T h e a d diti o n of A 12 0 3 e nl a rg ed th e sp e cific a n d C u s u rf a c e a r e a
,

w h e r e a s th e

c a t alyti c a cti vi t y o f C u - A l 2 0 3 W a s n o t hig h ･ T h e c y clic d e h y d r ati o n of 1
,
4 - B D O inをo

t etr ah y d r of u r a n ( T H F) p r o c e e d ed o v e r C u
- A l 2 0 3 d u e t o high a cidity of A l2 0 3 . Z r O 2

d r a sti c ally e n h a n c e d c at alyti c p e rf o r m a n c e w hile Z n O h a rdly affe ct e d it ･ T h e r e a cti o n

p at h w a y w a s c o n cl u d e d a s f oll o w s : i nitially , 1 ,
4 - B D O w a s d e h y d r o g e n at e d i n t o

4 - h y d r o x y b u t a n al
,

w hi c h w a s r apidly tr an sf o r m e d i n t o 2 - h yd r o x yt et r a h y d r of u r a n

( 2 H T H F) ･ 2 H T H F w a s f u rth e r d e h y d r o g e n at e d t o p r o d u c e G B L . It w a s c o n cl u d e d

th at t h e a cti v e c e n t e r o f d e h y dr o g e n a ti o n i s m e tallic C u .

I n C h apt e r 3
,

e ff e c ti v e c at alyst s f o r th e d e h y d r ati o n of 4 - h y d r o x y
- 2 - b u t a n o n e

( H B) ,
w hi ch c a n b e o bt ai n e d vi a d e h y d r o g e n ati o n of 1

,
3 - B O O

,
i n t o 3 -b u t e n - 2 - o n e

( M V K) w e r e i n v e s tig at e d . It w a s f o u n d t h at a n a t a s e - Ti O 2 ,
W hich h a d q uit e w e a k a cid

sit e s
,

e x hibit ed g o o d p e 汝)r m a n c e . T h e c a t aly st s w it h st r o n g a cid site s s u c h a s

S i O 2
- A 1 2 0 3 ,

A 1 2 0 3 ,
a n d f u til e - Ti O 2 W e r e r a pidly d e a cti v at e d d u e t o th e d ep o siti o n of

c a r b o n s p e ci e s ･ T h e r e a cti o n t e m p e r at u re at 1 6 0
o

C w a s opti m al : t h e t e m p e r at u r e s

b el o w a n d a b o v e 1 6 0
o

C i nd u c e d th e d e a c ti v a ti o n b e c a u s e of th e p o IS O n l n g Of p r o d u c e d

M V K a n d d e p o siti o n of c a rb o n sp e ci e s , r e s p e cti v ely .

Ⅰn C h a pt e r 4
,
t h e e x a m i n ati o n of t h e r e a cti o n of 1

,
3 - B D O o v e r f o u r c at aly sts

w ith diffe r e n t a ci d -b a s e p r op e rty w a s d e s c rib e d ･ T h e c at al yti c a c tivi ty w a s affe ct e d b y
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th e a cidit y of t h e c at aly st s ･ T h e p r o d u ct s dist rib uti o n w a s q uit e di 批r e nt o v e r th e

c at aly sts ･ O v e r Si O 2
- Al 2 0 3 '

1
'
3 - B D O w a s p r ef e r ably d e h y d r at e d int o 3 - b u t e n - 1 - o l a n d

it w a s c o n s e c u ti v ely d e h y d r ate d int o 1
,
3 -b u t a die n e ･ Al 2 0 3 C a t aly z e d 1

,
3 - B D O i nt o

4 - m e th yl
-1

,
3 - di o x a n e

,
w h ich w a s a c e t al c o m p o u n d of 1

,
3 - B D O wi t h f o r m ald e h y d e ･

o v e r Ti O 2 a n d Z r O 2 , P r o d u ct distrib u ti o n w a s q uit e c o m p li c at ed b e c a tl S e Of s e v e r al

r e a cti o n s s u c h a s d eh yd r ati o n
,

d eh y d r o g e n a ti o n
,

h y d r o g e n a ti o n a n d d e c o m p o siti o n

p r o c e e d e d ･ T h e u n s at u r a t e d al c o h ol s w e r e f o r m ed o v e r a cid -b a s e c at aly sts ,
b u t n o t

s el e c ti v ely .

I n C h apt e r 5 , th e r e a c ti o n of 1
,
3 - B D O o v e r C e O 2 ,

th e a c ti v e sit e
,

a n d t h e

r e a cti o n m e c h an is m of 1
,
3 - B D O d eh y dr ati o n i nt o u n s at u r at e d al c oh ols o v e r C e O 2 W e r e

i n v e s ti g at e d . J u dgi n g fr o m t h e r e a cti o n r e s ult s , it w a s sp e c ul at e d t h at pla n e (1 1 1) w a s

a n a cti v e s u rf a c e f o r th e d eh y d r atio n ･ S e q u e n ti ally ,
t h e a d s o rpti o n of 1

)
3 - B D O o n

( 111) s u rf a c e w ith/ w ith o ut a n o x y g e n
- d ef e c t w a s i n v e s tig at e d w it h c o m p u t ati o n al

t e c h niq u e . 1 ,
3 - B D O w a s p r ef e r ably ad s o rb ed o n th e o x y g e n - d ef e c t sit e of C e O 2(11 1)

a n d it w a s c o n 血 m e d th at th e el o n g atio n of C
2

- =
2 α

,
c

l
- o

l
a n d C

3
- o

3
b o lld s i n 1

,
3 - B D O

,

w hic h c o rr e sp o n d t o t h e a cti v at e d p a rt in a c t u al d eh y d r atio n of 1
,
3 - B D O ･ T b e r efb r e

,
it

w a s c o n cl u d e d th at o x y g e n - d ef e ct sit e of C e O 2(11 1) s u rf a c e w a s th e a c ti v e o n e
,
a n d th at

th e r e a c ti o n p r o c e ed e d f ollo w i n g m e c h a ni s m : i niti ally '
H

2 α

w a s r a di c ally ab str a ct e d b y

c e
4 ＋

c a ti o n . Ⅲ r a dic al d o n at e d o n e el e ct r o n t o r e d u c e C e
4 ＋

l o C e
3 十

a n d th e 冗 r a di c al

it s e lf w a s o xidi z e d t o p r ot o n ･ T h e n
,

o n e of t h e O H g r o u p s w a s ab st r a ct e d r adi c ally t o

f o r m u n s at u r at e d al c oh ols
,

a n d th e O H r a dic al a n d p r ot o n c o m bi n e d t o p r o d u c e H 2 0

w it h a c c epti n g o n e el e ct r o n 加 m C e
3 ＋

,
a n d C e

3 十

w a s o xi diz e d i nt o C e
4 ＋

･

1 2 0



L ist of p u b且ic ati o 皿

C h a p te r 2

u

D e h y dr o g e n a ti v e cy cli z atio n o f 1
,
4 - b u t a n e diol o v e r c o p p e r - b a s e d c at aly st

”

N ･ I chik a w a
,
S ･ S at o

,
R ･ T ak a h a s hi , T ･ S o d e s a w a

,
K ･ I n ui

, J ･
M ol

l C a t al . A 2 12 (2 0 0 4)

1 9 7 - 2 0 3 .

C h a p te r s

川

S y nt h e si s of 3 - b u t e n
- 2 - o n e f r o m 4 -h y d r o x y

- 2 - b u t a n ol o v e r a n a t a s e
- Ti 0 2 C at aly st

け

N ･ I chik a w a
,
S ･ S at o

,
R ･ T ak a h a shi , T ･ S o d e s a w a

,
C a t al . C o m m u n . 6 ( 2 00 5) 1 9 -2 2 .

C h a p te r 4

"

C at alytic r e a c ti o n of 1 ,3
- b u t a n edi ol o v e r s olid a cid s

”

N
. I chik a w a , S . S at o

,
R . T a k ah a shi

,
T . S o d e s a w a

, wi ll b e s u b mi tt ed t o J . M ol . C a t al . A .

C h a p te r 5

”

P I O st u d y o n 1
,
3 -b u t a n e ediol d e h yd r ati o n o v e r C e O 2(11 1) s u rf a c e

”

N ･ I chik a w a
,
S

･ S at o , R ･ T ak a h a s hi
,
T ･ S o d e s a w a

,
J ･ M ol ･ C a t a l . A 2 3 1 ( 2 00 5) 1 81 - 1 8 9 .

u

D e h y dr atio n of b ut a n e di ols o v e r C e O 2 C at aly st s w it h di ff e r e nt p a rti cl e si z e
n

A ･ Ig a r a s hi
,
N ･ I c hik a w a

,
S ･ S at o

,
R ･ T a k ah a shi

,
T

･ S o d e s a w a , a c c e pt ed i n A p pl . C a t a l ･ A ･

〃

T h e o r e ti c al i n v e s tig ati o n of th e a d s o rpti o n of 1
,
3 -b u t a n ediol o n o x y g e n - d et e ct e d

C e O 2(1 11) s u rf a c e
”

N ･ I chik a w a
,
S ･ S a t o

,
R

･
T ak ah a shi

,
T

･ S o d e s a w a , H a r u n o ri F ujit a
,
T ak a shi A t o g u chi

,

A ki n o b u S hig a
, J . C a t al . s u b mi tt ed .

R d at ed a rticle s

"

E ffe cti v e f o m ati o n of eth yl a c e t at e fr o m e th a n ol o v e r C u - Z n - Z r - Al - 0 c a t aly sts
''

K
･ I n ui , T ･ K u r ab ay a shi

,
S ･ S a t o , N ･ I chik a w a

,
J . M ol. C a t al . A 2 1 6(2 0 0 4) 1 4 7 - 15 6 .

1 2 1



A e 駄弧O W 且e 姐g e m e 狐色

T b e p r e s e n t th e si s h a s b e e n c a r ri e d o u t u n d e r t h e s u p e r vi si o n of P r of e s s o r

T o shia ki S o d e s a w a a t G r ad u at e S c h o ol of S cie n c e a n d T e ch n ol o g y ,
C hib a U ni v e r sity ･

T h e a u th o r w o uld lik e t o e x p r e s s g r a tit u d e t o P r of e s s o r T o shi aki S o d e s a w a f o r

his g uid a n c e i n t h e a c c o m plis h m e n t of this st u dy ･ T h e a u t h o r a ck n o w l e d g e s P r of e s s o r

S at o s hi S at o
,
P r o f e s s o r F u m ihi k o A k ut s u

,
P r of e s s o r S h o g o S hi m a z u

,
a n d P r of e s s o r

K y oic hi S ait o f o r r e vi e w i n g t h e p r e s e n t tll e Si s a n d th eir u s ef ul a d vi c e ･

●

T h e a u th o r a ck n o w l ed g e s D r
. K a ni c hir o I n u i f o r his a s si st a n c e i n a p a rt of

e x pe ri m e n t a n d h elpful dis c u s si o n .

T h e a u th o r g r at e fu lly w is h e s t o e x p r e s s t h a n k P r of e s s o r S at o s hi S at o f o r his

a s si st a n c e i n l a rg e p a rt o f t his st u d y ,
a n d t o th a n k D r . R y oji T ak a h a shi f o r his v al u abl e

dis c u s si o n a n d h elpf ul s u g g e stio n .


