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Abstract

Dehydration of 1,4-butanediol was investigated over Za©temperatures of 325-376. Modification of ZrQ with a small amount of sodium
hydroxide greatly enhanced the selectivity to 3-buten-1-ol. Temperature-programmed desorption of adsedieti GBI elucidated acidity and
basicity of the catalysts, respectively. The number of acidic sites on thed&@eased with increasing Na content, and disappeared at Na content
of 1.0 mol%, whereas the number of basic sites increased with increasing Na content. In the relationship between Na content and the selectivity
products, selectivities to tetrahydrofuran apbutyrolactone simply increased with the number of acidic and basic sites, respectively. However,
the selectivity to 3-buten-1-ol was maximized at an appropriate Na content. 3-Butan-1-ol is possibly formed by acid—base-concerted catalysis c
monoclinic ZrQ in the dehydration of 1,4-butanediol.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction however, is lower than that over Ce®ecause of a moderate
amount of THF produced. 1,4-Butanediol is readily dehydrocy-
Recently, we have reported that homoallyl alcohol such aslized into THF over solid acids such as SiAl203, Al,O3
3-buten-1-ol is produced in the dehydration of 1,4-butanedio[1], cation exchange resi6], and heteropoly acid¥]. Thus,
over pure Ce@at temperatures of 400—426 [1]. 3-Buten-1-  we speculated that acid—base property of Zi@fluences the
ol is synthesized with the maximum selectivity of 68 mol% andselectivity to products in the dehydration of 1,4-butanediol.
the yield of 60% at 400C. In the reaction, however, consecu-

0
tive reactions such as isomerization of 3-buten-1-ol, dehydroHo. __~_~. -H,0 = ( 7
genation and hydrogenation proceed. Ge3o catalyzes the OH Zr0, OH ,
formation of allylic alcohols from 1,3-diols at 32& [2-4]: 3- ZrO, shows attractive catalyses for various reactions such

buten-2-ol and 2-buten-1-ol are produced with the sum of thgs jsosynthesis from synthesis gas10], dehydration of sec-
selecywty >99 mol% from 1,3-butanediol. 1,4-Butaned|ol,how—ondary alcoholg11,12], hydrogenation of conjugated dienes
ever, is rarely dehydrated to 3-buten-1-ol over gaGsuchlow  [13], isomerization of 1-butenfi4], ketonization of alcohols,
temperature of 325C [1]. aldehydeg15] and carboxylic acid§l16—18] dehydrogenation

In the latest paper, we have reported that Zudth mon-  of gikylamines into nitrile§19]. ZrO, is also known as a bifunc-
oclinic crystal phase also catalyzes the dehydration of 1,4gona catalyst with acidic and basic sitf20]. ZrO, catalysts
butanediol into 3-buten-1-ol at 325-37G[S]. In the dehydra-  mqdified with ALOz and KOH have acidic and basic sites,
tion, tetrahydrofuran (THF) is competitively produced, while respectively, and are effective for the isosynthesis from synthesis
other by-products such as 2-buten-1-ol, 2-butenal, and l5a59]: a ratio of basic to acidic sites on the catalysts determines
butanol, which are obser\{e_d over GeQ@re suppressed OVer the percentage afo-Cy in the total G hydrocarbons.
ZrOz at 325°C. The selectivity to 3-buten-1-ol over the ZrO In this paper, we investigated catalytic activity of sodium-

modified ZrQ in the dehydration of 1,4-butanediol, to improve
the selectivity to 3-buten-1-ol. We also examined acid—base

* Corresponding author. Tel.: +81 43 290 3376; fax: +81 43 290 3401. properties of the catalysts using temperature-progrgmmed des-
E-mail address: satoshi@faculty.chiba-u.jp (S. Sato). orption (TPD) of adsorbed NfHand CQ. Then, we discussed
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the catalysis of Zr@ in the dehydration of 1,4-butanediol in 2.3. Characterization
connection with the acid—base properties.

The TPD of adsorbed N¥iwas measured by neutralization
titration using an electric conductivity cellimmersed in an ague-
ous solution of HSO, to estimate acidity of the catalysts, as
has been described in the TPD experiment of adsorbegl NH
[21-26] A sample (ca. 50 mg) was preheated in a quartz tube
at 500°C for 1 h under a reduced pressure of 1.3 PagM&por

A mono.cllmc ZrOzl_wn_h the average p"?‘”'c'e size ofpsn with 13 kPa was introduced to the sample at 10Gor 30 min,
was supplied by Daiichi Kigenso Chemical Industry, Japan.

Sodium-modified Zr@ samples were prepared by impregna—and then evacuated at 100 for 1 h to remove the physisorbed

tion, incipientwetness. Sodium hydroxide (NaOH) solution with NH3 onthe catalyst. After no Nhad been observeq inglow,
. . the sample was heated from 100 to 6@Dat a heating rate of
the concentration of 3—40 mmol dr was impregnated to the

o min—1 -]
monoclinic ZrGQ to obtain precursors. Other modified ZrO ,[100 ect:hrglrnwitrle T\ge;zk CVZVZ ?)Lﬁ)lrg (Ijr::?o ér:—zleegtei?cocr:?)izlz\lctgivit
were prepared by the impregnation using either LiOH, KOH, or 9 gas, y

H3POy solution with the concentration of 8 mmol drhinstead ;enlllocuonrltzlfn(ljr;gsgrgf dmm0|:fmiisit(g?esglgtlméscagf)é-l_izethe
of using NaOH. Finally, the precursors were dried at 10@or dhw y 9

24h and calcined at 40C for 3 h in air. The ZrQ catalysts, conductivity of the solution. A cumulative amount of desorbed
. o . . NH3 was obtained as a function of the desorbed temperature and
which are modified with NaOH, LiOH, KOH, and4RQ;, are . . . . . o
. . then differentiated to give a TPD profile as an acid strength distri-
abbreviated as Na-Z#)Li-ZrO,, K-ZrO,, and P-ZrQ, respec- . . R
tively bution. In this paper, the number of the acidic sites is calculated

A tetragonal ZrQ was prepared by adding a 0.5 moldn n the. temperature range from 100 to 6@by an gssgmpnon
; - : . . in which one NH molecule adsorbs to one acidic site on the
NaOH solution into a solution of zirconyl nitrate

. X . o, catalyst surface.
(ZrO(NGs)2-2H,0) with the concentration of 5mass% ™ rpp ot 2gsorbed CQwas also examined by neutraliza-
under stirring at room temperature. The mixture was furthe

r. . . . 3 0 .
stirred at room temperature for 1 h and allowed to stand at roodtr%On titration in 2.0 mmol dm™ of an NaOH solution to estimate

temperature for 24h. The resulting precipitate was filtere asicity of the catalyst, as has been described elsevjére

. o . . he catalyst loaded in a quartz tube was preheated atG00
and washed with distilled water until the pH of the solut|onfor 1h under a reduced pressure in the same way as the NH
became ca. 9.5. The precipitate was dried at°T1€r 24 h to P y

. . . adsorption described above. After the pretreatment, the quartz
obtain a precursor. Finally, a tetragonal £r@as obtained by tube was filled with CQ gas at room temperature for 72 h. The

calcinating the precursor .at 500 fqr 3hin air. following procedures for TPD experiment of adsorbecb@@re
CeQ was a commercially available reagent and was pur-

s o Wako Pue Cremicl sty L, JapasOB ey S0n010 e T of csoricent o
was supplied by Dia Catalyst, DC-2282. 9 2

ber of the basic sites is defined as the number of desorbed CO
in the temperature range from 25 to 6@
2.2. Catalytic reaction The specific surface areas of samples were calculated with
BET method using nitrogen adsorption isotherm-dt96°C.

The dehydration of 1,4-butanediol was carried out in a fixed-XRD patterns were recorded with M18XHF (Mac Science).
bed flow reactor, which was made of glass with inside diameter
of 20 mm, under atmospheric pressure of He at temperatures 8f Results
325-375C. Prior to the reaction, a catalyst sample, 0.3-1.0g,
was preheated in the He flow at 500 for 1 h. After the cat- 3.1. Dehydration of 1,4-butanediol over modified ZrO-
alyst bed had been set at a prescribed temperatures between
325 and 378C, 1,4-butanediol was fed into the reactor atalig-  Table llists distribution of products in the dehydration of 1,4-
uid flow rate of 1.77 crih~1 together with a He gas flow of butanediol over various catalysts. Over phosphorous-modified
73mmol irt. An effluent collected periodically was analyzed ZrO, (P-ZrQ) and tetragonal Zr§) THF is mainly produced
by gas chromatography (GC-8A, Shimadzu, Japan) with a 3Gogether with a small amount of 3-buten-1-ol at 325 while
m capillary column (TC-WAX, GL Science, Japan) and GC-MS+-butyrolactone is hardly produced. Over Ge@t 425°C,
(GCMS-QP5050A, Shimadzu, Japan) with a 30-m capillary col-3-buten-1-ol is produced with a small amount of THF and
umn (DB-WAX, Agilent Technologies, USA). Gaseous productsy-butyrolactone. AIO3 selectively catalyzes the dehydrative
such as 1,3-butadiene were analyzed by on-line gas chromatogyclization of 1,4-butanediol into THF at 27&. 3-Buten-1-

2. Experimental

2.1. Catalyst preparation

raphy (GC-8A) with a 1-m packed column (Porapak Q). ol and THF are produced from 1,4-butanediol at a ratio of ca.
As has been shown ifig. 2 of Ref. [5], ZrO, catalysts 1:1 over monoclinic Zr@ at 325°C.
have stable conversion of 1,4-butanediol at 325with time In the dehydration of 1,4-butanediol over sodium-modified

on stream after the initial 3 h. Then, we evaluated the catalyti@rO, (Na-ZrQp) at 325°C, the conversion of 1,4-butanediol
activity using the average conversion and selectivity in the initialgradually decreases with increasing Na cont&able 1. Fig. 1
5h. shows the relationship between Na content and the selectiv-
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Table 1 100 —=5===0
Distribution of products in the dehydration of 1,4-butanediol over various cata-
lysts at 325C r T
Catalyst Conversion Selectivity (mol%) i“\‘ 80 [- —
o —_
) 3-Buten-1-ol THF GBL  Othefs £
QL
Monoclinic ZrO, 39.1 45.7 51.1 0.4 2.8 .g 60
0.3 Na-Zrg 37.1 51.4 37.7 1.3 9.6 g
0.5Na-Zrg 24.1 64.5 31.0 1.4 3.1 = - ]
1.0 Na-Zr@ 18.5 70.6 21.5 1.8 6.1 S
1.5 Na-ZrG 18.7 71.8 20.8 2.1 5.3 g 40 |- .
3.0 Na-Zrg 12.7 67.2 7.9 53 196 5 i A
5.0 Na-ZrQ 7.0 61.8 65 161 156 g
1.5 Li-ZrO, 19.1 63.5 27.9 1.0 7.5 Y oy
1.5K-Zro, 19.0 63.6 26.9 3.9 5.6
1.5P-Zr@ 99.9 11.4 80.6 0.6 7.4 i
Tetragonal Zr@ 59.4 16.3 80.6 0.7 2.4 0 | L
CeQ’ 73.0 55.4 7.7 4.6 32.3 250 300 350 400 450
Al,05¢ 100 0.0 99.3 0.0 0.7 (A) Temperature /°C
Catalytic activities are average for initial SW/F=0.18@ ghcnt3, 80
@ The number of the catalyst name is a content of alkali or phosphorus atoms ! ! !
(mol%). I |
b Others include 1,3-butadiene, 2-hydroxytetrahydrofuran, 2-buten-1-ol, 2- a b
butenal, and 1-butanol. A
¢ Reacted at 425C. 60 = 7]
d Reacted at 275C, W/F=0.113 g hcnt3, the catalytic data was cited from R A s
Ref.[1]. g T JEEEN N 1
E S
. . . . . . = 40— , S =¥
ity in the dehydration of 1,4-butanediol over sodium-modified £ / & .
.« . . . L
ZrOy at 325°C. The selectivity to 3-buten-1-ol increases with R jol N 4
. . - \
increasing the Na content, and exceeds 70% at Na contents /‘/"’—" \
of 1.0-1.5mol%. The selectivity to THF steeply decreases, 20 [~ b \ -
. . v,
and that toy-butyrolactone (GBL) gradually increases with 8
increasing the Na content. At high Na contents above 1.5 mol%, i Q
the selectivity to 3-buten-1-ol gradually decreases as the Na N . | , | | .
content increases because of increase in the selectivity to 250 300 150 200 450
butyrolactone, which results from the dehydrogenative cycliza- (B) Temperature / °C

80

60

40

Selectivity / mol%

20

1]

Fig. 1. Relationship between Na content and the selectivity to the products in
the dehydration of 1,4-butanediol over sodium-modified ZeD 325°C and

Na* / (Na* + Zr'™) / mol%

WIF=0.18 ghcnt3. (a) 3-buten-1-ol, (b) THF, (c)-butyrolactone (GBL).

Fig. 2. Temperature-dependence of catalytic activity of monoclinic and sodium-
modified ZrQ in the dehydration of 1,4-butanediolétF = 0.18 g h cnt3. (A)
Conversion of 1,4-butanediol and (B) selectivity to (a) 3-buten-1-ol and (b) THF
over monoclinic ZrQ (broken line) and Zr@modified with 1.5 mol% Na (solid
lines).

tion of 1,4-butanediol. In addition, Na-ZgGshows the high-
est selectivity to 3-buten-1-ol among the three alkali-modified
ZrOo.

Fig. 2shows temperature dependence of catalytic activity of
Na-ZrQ, at Na content of 1.5 mol%, together with pure mono-
clinic ZrO,. The average conversion for initial 5 h increases as
reaction temperature increasegy, 2A). The addition of sodium
decreases the conversion of 1,4-butanediol at the same reaction
temperature. At temperatures of 325—-3T5 the selectivity to
3-buten-1-ol over the Na-Zris higher than that over pure
monoclinic ZrQ, and exceeds 62 mol%:ig. 2B). On the other
hand, the selectivity to THF over Na-ZsQ@ecreases to below
28 mol%.

Fig. 3depicts change in the composition of reactant and prod-
ucts with contact time in the dehydration of 1,4-butanediol over
Na-ZrQ, at Na content of 1.5mol%, at 353C€. The contact
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80

60 —

40

NH, desorption (a.u.)
(=9

Composition / mol %

20

0.1 0.2 0.3 0.4 0.5 0.6 | . | . | . | . | )

W/F/ghem® 100 200 300 400 500 600
Fig. 3. Change in the composition of reactant and products with contact time (A) Temperature /°C
in the dehydration of 1,4-butanediol over Zr@odified with 1.5mol% Na
at 350°C. (a) 1,4-butanediol, (b) 3-buten-1-ol, (c) THF, (d) stepwise products L— T T T T T
including 1,3-butadiene, 2-buten-1-ol, 2-butenal and 1-butanol.
/\_,*,ﬁ g

time, W/F, is defined as a time factor in a flow reactor, where
W andF are a catalyst weight and a flow rate of 1,4-butanediol, 3 f
respectively. The composition of 1,4-butanediol decreases as the E
contact time increases. The composition of 3-buten-1-ol,i.e. the 2 e
space-time yield, increases with increasing the contacttime. The & 4
total yield of by-products including 1,3-butadiene, 2-buten-1-ol, 'q?f
2-butenal and 1-butanol, which are converted from 3-buten-1-ol, 8
is less than 1.0 mol% a¥/F below 0.3® g hcnt 2 at 350°C. N\f c
3.2. Characterization of sodium-modified ZrO; catalyst /¥__ b

Fig. 4illustrates TPD profiles of Ngland CQ adsorbed on T~ a

the catalysts. Inthe TPD experiments of adsorbed (#ity. 4A), — ]

both monoclinic and tetragonal Zgtave desorption peaks at 0 200 400 600

around 300C. In the ZrQ modified with NaOH, the desorption (B) Temperature /°C

peak at 300C declines gradually with increasing Na content, ig 4. TPD spectra of (A) Nktand (B) CQ adsorbed on the catalysts. (a) Mon-

and disappears at Na content of 1.0 mol%. In addition, no newclinic zro;, (b) 0.3 Na-ZrQ, (c) 1.5 Na-ZrQ, (d) 1.5 P-ZrQ, (e) tetragonal

desorption peaks are observed in the Na-ZMhe ZrQ mod-  ZrO, (f) CeQy, (9) Al203. The NH-TPD profile of AbO; is cited from Ref.

ified with HsPOy (P-ZrQ,) also has desorption peak at around [25]:

300°C without new desorption peak. These results indicate that

modification of Zr@ with acidic and basic solutions does not has both acidic and basic sites, as showFign 4. Moreover, the

vary the original acid strength of ZBOAI,O3 has desorption basic sites are present ca. three times as much as the acidic sites

peak at ca. 430C [25], which is higher than those of the ZsO onthe monoclinic Zr@. As the Na contentincreases, the number

samples. Ce®has no desorption peak in the temperature rangeof acidic sites steeply decreases and disappears at Na content
In the TPD of CQ adsorbed on the modified Zp@Fig. 4B), of 1.0 mol%, while number of basic sites gradually increases

the CQ desorption peaks are obtained at around°X2th the  (Table 3. Modification of Zr&Q with H3POy causes the decrease

catalysts used in this study, and no new desorption peaks ainethe number of basic sites. In addition, modification with NaOH

observed. On the other hand, desorption peak is obtained ahd POy results in a slight change in the original specific

around 150C for CeQ catalyst. The results indicate that these surface area of monoclinic ZgOThe tetragonal Zr@also has

catalysts have weak basic sites on the surface, and thatli@sO both acidic and basic sites, where the basic sites are present ca.

stronger basic sites on its surface than the other catalysts ustidee times as much as the acidic sitess@4 also has much

in this work. basic sites than acidic sitéRable 2also lists densities of acidic
Table 2summarizes the physical properties of the catalystand basic sites of the samples calculated by dividing the number

used in this work. The monoclinic ZgOwithout modification  of sites by specific surface area. The densities of acidic and basic
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Table 2
Physical properties of various catalysts
Catalyst§ SAP(m?2g1) Number of Number of Density of Density of
acidic site§ basic site$ acidic sites basic sites
(wmolg~?) (wmolg™?) (nm2) (nm2)
Monoclinic Zr&, 99.7 82.1 232 0.496 1.40
0.3Na-Zrg 94.0 44.7 314 0.286 2.01
0.5 Na-ZrQ 97.7 47.2 371 0.291 2.29
1.0 Na-ZrQ 96.2 0 343 0 2.17
1.5 Na-ZrQ 97.1 0 396 0 2.46
3.0 Na-Zrg 96.2 0 516 0 3.23
5.0 Na-ZrQ 94.4 0 671 0 4.28
1.5P-ZrQ 107 142 103 0.802 0.581
Tetragonal Zr@ 90.2 47.8 133 0.320 0.888
CeQ 20.0 0 50.7 0 1.53
Al,03 205 56.2 333 0.165 0.978

Catalytic activities are average for initial 5W/F=0.18 gh cnt3,
2 Numbers of the name are contents (mol%) of sodium or phosphorus.
b Specific surface area gg1).
¢ Calculated from amount of desorbed Bl the temperature range from 100 to 6@
d Calculated from amount of desorbed £i@ the temperature range from 25 to 60D
€ The datum is cited from Ref25].

sites on the unmodified monoclinic ZsQ@re roughly twice as capacity of CQ than tetragonal Zr@does in the TPD exper-
large as those on the tetragonal one. iment of adsorbed C®[28]. This is also consistent with the
Fig. 5 shows the relation between selectivities to the majompresent results that monoclinic Zs@& more basic than tetrag-
products and number of acidic and basic sites. The selectiwnal one. Thus, it is obvious that the crystalline structures of
ity to THF increases with increasing the number of acidic siteZrO; influence the acid—base property.
(Fig. 5A). However, the selectivity to 3-buten-1-ol seems to  Cerrato et al. reported that several OH groups were present
be independent of the acidity. In contrast, the selectivity-to on the surface of monoclinic ZgZalcined in air even at 60
butyrolactone increases with increasing the number of basic sités FTIR spectroscopj29]. We speculate that the ZpBurface
(Fig. 5B), while the selectivity to 3-buten-1-ol shows a maxi- is covered with OH groups, and that the surface OH groups
mum. of ZrO, are ion-exchanged with Nao form ONa species by
Fig. 6 illustrates XRD profiles of the Zr@catalysts used neutralization with NaOH. If a proton of OH groups of ZrO
in this study. The diffraction peaks of the monoclinic Zr&re  surface is exchanged with sodium cations, all the acidic OH
observed at2=24.3, 28.4, 31.6, 34.5, 41.0°, 45.3, 50.T groups would be converted into ONa species at Na content of
and 55.5, and those of the tetragonal one are at=30.2, 0.70 mol%, which is calculated from the number of total acidic
35.1°,50.4, and 60.1. The sodium- and phosphorous-modified sites of monoclinic ZrQ(Table 2. Thus, itis reasonable that the
ZrO, catalysts have the monoclinic structures. The monocliniacidic sites disappear at Na content of 1.0 mol% in the present
structure of ZrQ is maintained even after the modification. In work.

addition, no new peaks, which are ascribed to®@aNgCOs, In contrast, the number of basic sites increases with the
phosphates etc., are observed in the modifiechbZ&alysts. increase in Na contenTéble 9. The results indicate that ONa
groups, which are formed by ion exchange of the surface OH
4. Discussion groups on ZrQ with NaOH, adsorb Cg namely an ONa group
functions as a basic site. Excess sodium cations are agglomer-
4.1. Surface properties of ZrO- ated to form sodium hydroxides or carbonates, which act as basic

sites. They would be present as microparticles onthe catalyst due

ZrO, has been known as a bifunctional catalyst with acidicto not being detected by XRD.
and basic sitef20,27] Xu et al. reported that monoclinic ZgO In the P-ZrQ, the kPO loading (1.5 mol%) is calculated
had both acidic and basic sites on its surface in the TPD expeto be 123umol g1, which corresponds to the difference in the
iments of adsorbed Ngdand CQ [20]. They found that pread- basic sites between pure monoclinic and P-Zrthis indicates
sorbed NH enhanced the adsorption of post-adsorbing @0  that the loaded kPO, neutralizes the surface basic site as a
the case that acidic and basic sites were located closely. Ononovalent acid. Therefore, residual basic sites are still present
the other hand, this type of interaction was not found on solicdon the P-ZrQ, which is clarified in the TPD experiment of
acid such as Si®@-Al,O3 or solid base such as MgO. In the adsorbed C® (Table 3. Parida and Pattnayak studied on the
present study, both weak acidic and basic sites are present éffect of HsPO, on textural and acidic properties of Zs@B0].
the monoclinic ZrQ. This is consistent with their results. It has The addition of HPO, caused a phase transition from mono-
also been reported that monoclinic Zr@as larger adsorption  clinic into tetragonal even at 2.24 wt.% of B0 (2.8 mol%).
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Selectivity / mol %
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Fig. 6. XRD profiles of the catalysts used in this study. (a) MonoclinicaZrO
(b) 1.0 Na-ZrQ, (c) 10.0 Na-ZrQ, (d) 1.5 P-ZrQ, (e) tetragonal Zr@

by solvation with water: the formation rate of THF decreased by
1 hydration of the protons with wat§r], and water inhibited the
reaction because of strong adsorption of water on active acidic
= sites of acidic resifi6].

THF is predominantly produced over P-Zr(JQable 1. Large
amount of acidic sites with the strength equivalent to the unmod-
, | ified monoclinic ZrQ contributes the selective production of

0 200 400 600 800 THF. Although weak acidic sites of Zglare related to the for-

(B) Number of basic sites / tmol g-1 mation of THF from 1,4-butanediok{g. 5A), THF is produced

Fig. 5. Relationship between selectivities to (a) 3-buten-1-ol, (b) THF, and (c even over Na-Zr@without ac.@c sites, on which Néigas Car-]

v-butyrolactone and number of (A) acidic and (B) basic sitesofsodium-modifiec})_e adsorbed at 10@: In addlt_lo,n’ Ce@ has Onl,y W,eak ba,SIC

210,. sites on its surface without acidic sitésd. 4), which is consis-
tent with the previous studg6]. The density of weak basic sites

. on CeQ, 2.54umolm2, which is calculated by dividing the
In our study, however, the phase transition was not observeH Q p“ y N

umber of basic sites (50ufnol g—1) by its specific surface area
at 1.5 mol% loading. The addition of R® with a concentra- (S0pnol g =) by b

0.0ntg1), is in good agreement with 2.1-2u8nol m—2 of
tion up to 15.7 wt.% increased the number of acidic sites ang g) d g A46n

h ii ¢ d 4th e reported in the previous study. A small amount of THF
the speciiic surface a_rg{aO]. Second components caused t €is produced in the dehydration of 1,4-butanediol over the non-
enhancement of specific surface area of Zabd they strongly acidic CeQ [1]. In this sense, THF is readily formed even over

influence the crystal structufal].

Selectivity / mol%

207

very weak acidic surface.

Basic sites have an ability to dehydrogenate alcohols to
4.2. Formation of THF and y-butyrolactone the corresponding carbonyl compounds. It was reported that

alkali earth catalysts, such as Rb@ and Sr/AbO3, catalyzed

Itis well known that 1,4-butanediol is selectively dehydratedthe dehydrogenation of 2-propanol into propanone, which was
into THF over strong acid catalysf$,6,7]. THF is selectively  well adopted to evaluate the basicity of catalyi&8,33] 1-
produced in the dehydration of 1,4-butanediol oves@y [1], Propanol and 2-propanol were dehydrogenated into propanal
which has strong acidic sites on the surface together with bas&nd propanone, respectively, over Zn—Mica due to a prefer-
sites Fig. 4). Baba and Ono reported that the formation rateence for its basicity more than acidifg4]. In the dehydro-
of THF was proportional to the concentration of proton in thegenative cyclization of 1,4-butanediol over copper-based cat-
liquid-phase dehydrative cyclization of 1,4-butanediol with het-alyst at 240 C, y-butyrolactone was selectively produced via
eropoly acid7]. Generally, acidity of protonic acids is weakened two-step dehydrogenatidB5]: one is the dehydrogenation of
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1,4-butanediol to 4-hydroxybutanal and the other is the dehydrcs. Conclusions

genation of 2-hydroxytetrahydrofuran, which is the hemiacetal

of 4-hydroxybutanal, tg-butyrolactone. Since the selectivityto ~ Catalytic activities of sodium-modified monoclinic Zg@r
v-butyrolactone increases with increasing the number of basithe dehydration of 1,4-butanediol into 3-buten-1-ol were inves-
sites Fig. 5B), y-butyrolactone is probably formed through the tigated at 325-375C. The selectivity to 3-buten-1-ol of the
dehydrogenative cyclization of 1,4-butanediol on basic sites obriginal monoclinic ZrQ was enhanced by the modification

ZrO;. with sodium hydroxide, whereas the formation of THF was sup-
pressed.

4.3. Relationship between acid—base property and the The temperature-programmed desorption (TPD) experiments

selectivity to 3-buten-1-ol of adsorbed NBland CQ were performed to evaluate the acid-

ity and basicity of catalysts, respectively. It was confirmed that

We have already reported that 3-buten-1-ol can be formeboth acidic and basic sites were present on monoclinic,ZrO
from 1,4-butanediol over pure Ce@t high temperatures of Madification with sodium hydroxide onto ZrQOed to decrease
400-425'C [1]. CeG shows specific catalytic activity in some in the acidic sites, whereas led to increase in the basic sites.
reactions, such as dehydration of 1,3-diols into allylic alco- In the dehydration of 1,4-butanediol over sodium-modified
hols [2—4], ortho-selective alkylation of phenol with alcohols ZrO, at 325°C, the selectivity to products varied with the
[26,36,37] and ketonization of alcoh¢87,38], aldehyde, ester amount of sodium hydroxide modified. The selectivity to THF
[39], and carboxylic acid40]. We explained the catalyses of steeply decreased with decreasing acidic sites, whereas that to
CeQ through redox mechanisf$,4,26,37] We speculate that butyrolactone increased as basic sites increase. In contrast, both
3-buten-1-ol is also formed over pure Ce@a redox mecha- acidic and basic sites cooperatively catalyze the dehydration of
nism, not through acid—base catalysis. 1,4-butanediol into 3-buten-1-ol over monoclinic zrO

In the review of Tanabe and Yamagudii7], acid—base
bifunctional catalyses over ZgCare introduced: orientation of
acid—base pair sites is vitally important for the bifunctional catal
ysis. Inthe dehydration of 2-butanol, Zs@ominantly catalyzes
the formation of 1-butenfl1]. Over the ZrQ, both H' of ter-
minal methyl group and OH are simultaneously abstracted
from 2-butanol to form 1-butene. Both acidic and basic site
on ZrQ, concertedly play a role of catalysis, which is confirmed
by poisoning tests with-butylamine. It is proposed that acidic References
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