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Abstract

A series of betag) zeolites has been synthesized in a fluoride medium and characterized by different techniques. XRD showed that the
majority of F-Si8, F-Pt-8, F—Pd-8, and F-W-8 materials consisted of polymorph A. W and Al were incorporated into the framework
of B, while Pt and Pd existed on the surfacefoin the form of PtQ or PdQ. oxides. The framework structures of F—8j-F—Pt-8, and
F—Pd-8 were almost identical, as proven BYSi MAS NMR and FTIR spectra. The relative coverage of surface —OH groups decreased in
the sequence 8-> H-ZSM-5> F-Al-8 > F-W-8 > F-Pd$ > F-Pt8 > F-Si-8(1) > F-Si-8(2). SEM revealed an especially uniform
crystalline morphology of F-Sp<2) nucleated spontaneously and a mixed morphology of B3} F-W-8, F—Pt-8, and F-Pd§ in-
duced by seeding K- The reduced F-PB-and F-Pd#s were catalytically active for the asymmetric hydrogenation of tiglic acid with an
appreciable enantiomeric excess value of about 9-11% without adding chiral modifiers.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction diameter ¢ 7 A) limits its effectiveness with only small
molecule compounds.

Zeolites constitute an important class of catalysts and The isomorphous substitution of aluminum in the beta
are finding wide application in the petrochemical and fine zeolite framework by other elements such as iron [13,14],
chemical industries. Betgs] zeolite is the only high-silica  boron [15], indium [16], gallium [17,18], or titanium [19]
zeolite possessing a three-dimensional system of large ringshas been achieved by direct synthesis from alkaline reaction
(rings of 12 oxygen atoms as the minimum constricting aper- media or by a dry-gel conversion technique. By using a near-
tures) [1,2]. This give$ zeolite interesting potential appli-  neutral nonalkaline medium, where hydroxide anions are re-
cations in acid-catalyzed reactions where high thermal andplaced by fluoride anions as the mineralizing agent, the (Si,
hydrothermal stability and low steric restrictions can be of Al) and (Si, B) beta zeolites were prepared in the presence of
paramount importance [3-5]. Much effort has been devoted 1,4-diazabicyclo [2,2,2] octane (Dabco) and methylamine as
to the synthesis of commercially important beta zeolite since the templates [20,21]. From similar almost neutral fluoride-
beta zeolite is of great potential industrial interest as a good containing media, the synthesis of pure silica (Si, Ti), (Si,
catalyst for many reactions [6—12]. Another reason for the A|) and (Si, Ga) beta zeolites was also reported in the pres-
interesting zeolite is the possibility of synthesizing a chiral, ence of tetraethylammonium cations as the structuring agent
enantiomerically pure zeolite and the potential applications [22_25.
of such a catalyst in enantioselective reactighgeolite is The framework structure ¢f zeolite prepared from a flu-
an intergrowth of two (or three) polymorphs (A, B, and C),  oride medium has been suggested to be chiral, as polymorph
one of them (polymorph A) being the only known real zeo- A is predominantly different from conventiong! zeolite.
lite structure showing chirality [1,2]. Certainly its small pore  geta zeolite obtained shows a much better resolution of the

diffraction peaks and this is probably a consequence not only
~* Corresponding author. of its large average crystal size (0.5-5 pm well-faceted trun-
E-mail address: xial965@yahoo.com (Q.-H. Xia). cated square bipyramids) but also of its defect-free nature
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[22,25]. Features appearing in the XRD pattern calculated was transferred into a Teflon-lined stainless-steel autoclave

using the proposed faulted model, which usually are not and heated to 17AC statically. After 40 h, the autoclave was

well resolved in the experimental patterns, are clearly dis- quenched, the content filtered, and the solid washed with

tinguished in these beta materials. Interestingly, the shoulderdeionized water. After drying at 9& overnight, the solid

at the low-angle side in the first low-angle peak suggests in was calcined at 540C for 20 h. The resultant white solid

the material the stacking probability is lower than the usual Na—Al-8 was ion-exchanged with 20 wt% of NNOs so-

0.6 value; i.e., the material is nearer to polymorph A than to |ution at 60°C three times into N+AI-g. Each time, 1 g

polymorph B [22]. The experimental results match very well of Na—Al-8 was stirred with 25 ml of NBNO3 solution

the simulated structure of polymorph A’Si MAS NMR at 60°C for 3 h. Finally, NH—Al-8 was decomposed into

has ascertained the absence of connectivity defects in such &g at 500°C for 3 h. H-ZSM-5 (SiAl = 27.5) and H-Y

high-silicag zeolite as only Si (4Si) resonances appear. (Si/Al = 6.7) was prepared by using the same ion-exchange
The majority of heterogeneously catalyzed enantioselec- procedure and recalcination.

tive hydrogenations used to focus on Pt or Pd-containing

Al,03, SiOy, or active carbon catalysts for the conversion

of some substrates [26-29]. There were also some success?-3- F-Al-8, F-Pt-8, F-Pd—g, F-W-8

ful uses of Pt-containing zeolitic catalysts, such as types Y,

ZSM-5, ZSM-35, and beta, for enantioselective reactions  The mixture of 21.8 g of 35 wt% TEAOH solution, 20.4 g

[29,30]. However, to control the enantioselectivity of the f 98 wios TEOS, 4 g of water, and the compounds con-

products, an auxiliary chiral modifier likét+)-cinchonine, taining Al (0.4 g of Al powder), Pt (6.0 ml of 0.05 M

(—)-cinchonidine(—)-proline, etc. had to add into the reac- Pt(NHg)4(NOs)2 solution), Pd (3.0 ml of 0.1 M Pd(N§),

tion mixtures; without the chiral modifier only one racemic solution), or W (0.4 g of (NH)2WO4) was stirred overnight

mixture could be obtained [26-32]. Due to the special chi- 4 1qom temperature to become a homogeneous sol. There-

ral structure,8 zeolite prepared from a fluoride medium after, about 0.40 W% of Hg seeding powder was added
is worthy of being researched as a catalyst for chiral hy- ;. 'y o precursor sol of F—P#-F—Pd-8, and F~W-8 un-

grogenatlor:. (Ij—|_owt(:]velr.,tto ?ate r:o terUdy on tht's syljtem hasoler vigorous stirring to accelerate the crystallization, and the
een reported In the literature. n the present work, we re- stirring was kept for another 2 h. Then 2.7 g of HF solu-

port the synthesis of siliceous (Si, Al), (Si, W), (Si, Pt), and tion was added dropwise into the sol under vigorous stirring.

(Si, Pd) beta zeolites in a fluoride medium and the effect . .

: . - The resulting gel was crashed and transferred into a Teflon-
of seeding and synthesis route on the morphology of vari- lined stainless-steel autoclave. The crystallization was stati
ousp zeolite crystals. The activity and enantioselectivity of o ' i

p Y y y cally carried out at 140C for 12 days for F—Al8 and for

as-synthesized F—ft-and F-Pa catalysts for the hydro- ¢ days for the other samples. After that, the autoclave was

genation of tiglic acid was first investigated. guenched, the content filtered, and the solid washed with
deionised water. After being dried at 96 overnight, the
solid was calcined at 55@ for 8 h. Note that F—P{-and
F—Pd-8 were pre-reduced in a flow of pure hydrogen at
2.1. Synthesis 400°C for 10 h prior to catalytic tests, and the respective
dispersion of metal Pt or Pd (active species)fowas 65%

The raw materials used were TEOS (tetraethyl orthosil- O 69%-
icate, 98%, Aldrich), TEAOH (tetraethyl ammonium hy-
droxide, 35 wt% in water, Aldrich), hydrofluoric acid 24 F-g-g
(40 wt% HF, Aldrich), Pt(NH)4(NOz)> (98%, Aldrich),
PA(NGs)2 (97%, Aldrich), (NHi)2WO4 (99%, Aldrich), . .
aluminum powder, NaAlg, KCI, NaOH, aerosil-200 sili- The mixture of 21.8 g of 35 wt% TEAOH solution, 20.4 g
ca, NHiNOs, and deionized water. NaZSM-5 (il = 25) of 98 wt% TEOQS, and 4 g of water was stirred overnight
and NaY (SfAl = 4.7) were commercial products. Other ~at room temperature to become a homogeneous sol. In the

2. Experimental

chemicals used were methanol (99.8%, redistill&d);+)- synthesis of F-Sig(1), about 0.39 wt% of HB seeding
a-methylbutyric acid (98%),R-(—)-a-methylbutyric acid powder was added to the precursor sol and stirred for an-
(97%), and tiglic acid (98%). other 2 h before 2.7 g of HF solution was added dropwise.
In the synthesis of F-SB{2), to the resultant sol merely
2.2. H-B 2.7 g of HF solution was added together without seeding.

The subsequent procedures were similar to those described
The mixture of 120 g of 20 wt% TEAOH solution, inthe former text, in which F-Sp{(1) and F-Si(2) were
2.2267 g of NaAIQ, 0.90 g of KCI, and 0.15 g of NaOH was  crystallized at 140C for 6 and 12 days, respectively. EDX
stirred until it became a transparent solution. Then 32.59 g of determination showed that the/8i ratio in two siliceous
aerosil-200 silica was added. The resulting homogeneous sobeta crystals was more than 5000.
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2.5. Impregnation of Pd-supported catalysts dispersive X-ray (SEM-EDX) analysis was also conducted

on the JEOL JSM-5600LV scanning electron microscope us-

Pd-supported catalysts with a PdO loading of 0.64 wt% ing a silicon detector operating at an accelerating voltage of
(Si/Pd= 3167) were prepared through an impregnation 15 kV and a beam current of 1.0 nA under vacuum at®10

method as follows: 2 g of powder supports (HZSM-5,/H— 107 mbar. The element used for optimization was copper,
and H-Y) pre-dried at 300C overnight were added into @  and all quantitative results belows2vere set to zero.
certain amount of 0.1 M Pd(N§)» solution and the mix- 295) MAS NMR spectra were obtained at 300 K with

ture was vigorously stirred at room temperature for 24 h. 5 Bryker FT NMR, DRX-400 MHz instrument operating
Then the suspension was dried at@overnight, followed at 79.46 MHz and 35 s of recycle delays. The chemical
by calcinations at 550C for 10 h in a flow of air. Priorto  gpift of 29s;i (in ppm) was based on the external Si}H
catalytic tests, these catalysts were pre-re'duced'in a flow Ofas a reference. ICP elemental analysis was performed with
pure hydrogen at 40% for 10 h, and.the dispersion of Pd a Perkin-Elmer Optima 3000DV spectrometer. Calibration
metal on three catalysts was determined to be 35% fgr Pd standards with different concentrations were prepared by di-
HZSM_5’ 48% for PdH-—$, and 57% for PAH-Y, respec- luting the corresponding standard metal solutions. Pt or Pd
tively. metal dispersion ofi was determined by equilibrium hydro-
gen chemisorption at room temperature in AUTOSORB-6B
(Quantachrome). Prior to Hadsorption analysis, the sam-

All of the solids (calcined) were characterized by a Shi- glggo\gire zvr? cua(';edl at 2(?0 f(()jr 1 2 eqused o statlc%;go
madzu XRD-6000 X-ray diffractometer using Ni-filtered or 2 h, and placed under dynamic vacuum at

Cu-K, radiation operating at 40 k80 mA. The scanning 10" 3 h [33].

range was 2 = 3-60 or 29 = 5-1C°. The relative crys-

tallinity was evaluated by comparing the area of the char- 5 7 Catalytic hydrogenation

acteristic peaks @= 7.7°, 22.5) of the solid product with

that of the reference sample F—8i&) induced by seeding

H—g in a fluoride medium. Autosorb-1 was used to deter-  In a glove box under a nitrogen atmosphere, a 150-ml
mine the N adsorption—desorption isotherms of the sam- stainless-steel Parr reactor was charged with 200 mg of pow-
ples. Prior to the measurements, the samples were degasseger catalyst (pre-dried at 18C in a vacuum oven overnight)

at 300°C overnight. The BET-specific surface area was cal- and 168 mg of tiglic acid for hydrogenation. To the reactor
culated using the BET equation in the range of relative pres- was added 32 ml of methanol as the solvent. The reactor
sures between 0.05 and 0.25. The BJH method was used tQVaS then closed and pressurized to 13.8-55.2 QanrHS_
calculate the pore volume and pore size distribution of the g;re and stirred for 10 h at room temperature. After 10 h,
samples. the solid powder of catalyst F—Pgd-was filtered to sepa-

A Simadzu FTIR-8700 Fourier transform infrared spec- rte it from the reaction mixture liquid, washed several times
trophotometer was used to determine the framework vibra- | ith methanol. dried at 180C in a vacuum oven overnight

tions of beta zeolites. The mixture of KBr and sample solid and then re-used in the next reaction (Hessure: 27.6 bar).

powoéler (f200:121 was carefully fgg?g%nnqrsn? pressecli( into @ Note thatin one run 200 mg of PH-ZSM-5 was used as the
[)OUP W? er urt1 era pressurg Od bet i(;gmezlv?ur)o\g- catalyst, while 300 mg of siliceous F—$i-was added as the
rational spectra were recorded between an M modifier. The conversion (mol%) and e.e. (%) (enantiomeric

. . l
with a resolution of 4 cm- excess) of products was determined by a HP-6890 series gas

The FTIR spectra of surface hydroxyl groups were . : S
recorded using a Shimadzu FTIR-8700 Fourier transform chromatog-raph equipped with an FID and a CP-ChlrgsH-
L-VAL capillary column where H was used as the carrier

infrared spectrophotometer having a resolution of 2-&¢m .
and connected to a PFEIFFER vacuum system. Before scan925: The hyplroggmsed products wér¢—)- andS-(+)-a-
ning, a self-supporting round wafer (20 mg, with a pressure methylbutync acids, an'd the appearance of GC peaks was
of 6 tcnm2) of the sample was evacuated at 380for5hin ~ observed in the following sequence: methan®bi(+)-a-
an IR cell under a residual pressure of §nbar. The rela- ~ Methylbutyric acid,R-(—)-a-methylbutyric acid, and tiglic
tive coverage of surface hydroxyl groups of the samples was acid, where the retention time was calibrated by syringing
evaluated by comparing the integrated area of the hydroxyl @ solution of each standard compound in methanol into the
bands (30003750 cm) to that of the H8 zeolite. GC system. The e.e. (%) value was calculated to be equal to
The morphology of crystalline materials was observed (Sk — Ss)/(Sr + Ss) x 100%, whereSg and Ss stand for
using a JEOL JSM-5600LV scanning electron microscope the respective selectivity at-(—)- andS-(+)-enantiomers.
under vacuum at 1®-10"" mbar. The siliceous sample TON (turnover number) characterizing the activity of cat-
must be coated with Pt sputtering prior to the determination. alyst was equal to (moles of productgnoles of metal Pt
The average size of crystal particles was calculated accord-or Pd in the catalysts). GC error for the determination of
ing to SEM pictures. Scanning electron microscope-energy-e.e. (%) value was withig-2%.

2.6. Characterization of catalysts
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Table 1
Synthesis parameters, crystallinity, and compositions of all zeolite samples
Sample Seedirfy Time Temp. Crystallinit} Si/M molar ratid®

(Wt%) (d) °C) (%) Gel Product
F-Si-8(1) 0.39 6 140 100 o0 > 5000
F-Si-8(2) 0 12 140 103 00 > 5007
F-Pt-g 0.40 6 140 138 31D 321.3
F-Pd-8 0.40 6 140 139 314 319.6
F-W-8 0.39 6 140 94 69 64.3
F-Al-8 0 12 140 76 & 6.6
H-B 0 (40 h 170 75 202 30.6
H-ZSM-5 £ £ 175 £ - 27.5
H-Y - £ 100 £ - 6.7

@ H-B powder as seeding crystals.

b The relative crystallinity (%) is evaluated by comparing the area of the main pe@iks 727°, 22.5) of the solid product with that of the reference
sample F-Sig(1).

¢ M stands for metals such as Al, Pt, Pd, or W, angMBiatio is calculated based on ICP analysis.

d Si/M ratio is calculated based on EDX determination.

€ Not determined.

3. Resultsand discussion

3.1. Characterization of structure of beta zeolites | B . Fsip

L F-Pt-p
L\ L A4 F-Pdp

W_A A F-W-p
) . F-ALB

In our study, TEAOH was used as the base and the
structure-directing agent to template the formation gof
framework in a fluoride medium. When TMAOH was used
to replace TEAOH as the base and template, the solid was al-& |
ways amorphous. When HS-40 silica sol, NaOH, and TEACI
were used as raw materials, even if the seeding crystals@
(H-B) were added, the recovered solid was still amorphous.
In the synthesis of F-Alg, the Al source was Al§*~ anions
coming from the reaction between Al powder and &n-
ions. Table 1 lists the synthesis parameters, crystallinity, and
compositions (ICP or EDX analysis) of all samples, where
the respective 3M ratio in the products was HAl = 30.6
for H-8, Si/Al = 6.6 for F—Al-8, Si/W = 64.3 for F-W-3,

TY/c|

INTE

iaal

F

Si/Pt= 3213 for F-Pt-$, and SyPd= 3196 for F-Pd-8. - Hp

EDX determination shows that the/# ratio in F—Si-8(1) . : . __TEACHNaOH+TEOS+HH
and F-Si$(2) was> 5000, indicative of their siliceous na- o 10 20 30 40 50 60
ture. When the area under the main peales£2.7°, 22.5°) 208

is compared to the standard highly crystalline zeolite F—

Si—-B(1) (induced by seeding Hs-in a fluoride medium), Fig. 1._XRD pqtterns of beta samples and amorphous phase synthesized in
the relative crystallinities from 75 to 139% are obtained for 2 flucride medium.

all crystalline solids. XRD patterns in Fig. 1 show that the

solids, except for the bottom one, are highly crystallhe  Ref. [22]) in the F-Si8, F-Pt-8, F—-Pd-8, and F-W-8 ma-
zeolite. Features appearing in the XRD patterns calculatedterials is lower than the usual value of 0.6; i.e., the majority
using the proposed faulted model [1,22], which usually are of these materials consist of polymorph A with chiral struc-
not well resolved in the experimental patterns, are clearly ture, consistent with the observations reported in [22,25].
distinguished in almost all solids except pl-and F-Al-8 The results show that F—$i—F-Pt-8, F—Pd-8, and F-W-
with a low Si/Al ratio of 6.6. As shown in Fig. 2, a clear B materials are constituted of chiral porous channels. Note
strong peak appears at the low-angle side (abdi8°720) that the peak at about® 20 in the X-ray spectra of some

in the first low-angle peak (about&®® 20) for F-Si-8, F- samples may be ascribed to the appearance of crystalline im-
Pt-8, F—Pd-8, and F-W-, while for F—Al-8 this peak be- purities such as ZSM-5 or ZSM-12(5%). As compared
comes an ambiguous shoulder peak and shifts to abd8t 7  with the other samples, two clear diffraction peaks at 39.8
(29); however, the same peak cannot be observed f@r&—  and 46.4 20 appear in the XRD patterns of F—Btand F-

all. This suggests that the stacking probability (as defined in Pd-8. Obviously, these two peaks should be assigned to the
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Fig. 2. Comparison of characteristics of X-ray diffraction at a low angle of
various beta zeolites.

existence of PtQand PdQ on the surface of. The results
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F-Al-p

F-W-p

F-Pd-p

F-Pt-p

.......................................

110
CHEMICAL SHIFT (ppm)

Fig. 3.29Si MAS NMR spectra of different beta zeolites.

assigned to @ sites [5,15]. The formation of Ywas as-

show that noble metals Pt and Pd were not incorporated intosumed to originate from structural defects (Si—Or Si—

the framework lattice of zeolites, while W and Al were intro-

OH groups), necessary for counterbalancing the charge of

duced into the frameworks of zeolites, further proven by the TEAT. However, for siliceoug zeolite synthesized in a flu-

fact that after calcinations, colorless F—&land F-W-8,
grey F—Pt$8, and brown F—-Pd8- were obtained. Once F—
Pt-8 and F-Pd# were reduced in the flow of hydrogen,
PtO, and PdQ were converted to black Pt and Pd metals
dispersed orB, which are active species in the hydrogena-

oride medium only & resonances at110 to—117 ppm
appeared in th&’Si MAS NMR spectrum, and nine different
crystallographic tetrahedral sites were resolved [22,25,36].
As can be observed in Fig. 3, the spectrum of calcined F-
Si—8(2) is similar to that reported in the literature and shows

tion. The addition of metal precursors during the synthesis well-resolved lines in the range 61085 to —1165 ppm

of F—Pt-8 and F—Pd# actually led to a good dispersion of

noble metals Pt and Pd in the chiral pores in which the de-

corresponding to ® species (-Si(OSj) occupying more
than seven different crystallographic tetrahedral sites, which

termined dispersion was 65% for Pt or 69% for Pd, higher ascertains the absence of connectivity defects in this sam-

than 48% on PtH-g prepared by impregnation. However,
high Al content in a fluoride medium and in a conventional
alkaline medium led to a mixed phase of polymorphs A, B,
and C without chirality, as exhibited by the XRD patterns of
the F-Al-8 and H-8 samples, in which only an ambiguous
shoulder was observed at the low-angle side of abdi&7
20.

The incorporation of W and Al into the framework gf
seriously affected the resolution of crystallographic tetra-

hedral sites in the products as well, as shown in Fig. 3.

ple [22,25]. Compared with those of F-8i2), the spectra

of calcined F-Ptg and F-Pd# show obvious broadening
of the lines and a weak broad resonance appears in 99

to —104 ppm range, corresponding to a low concentration
of Q2 sites, possibly ascribed to the negative effect of PtO
or PdQ, oxides on the crystallization. For the calcined F-
W-3, the tendency of broadening of the lines in the range
of —110 to—117 ppm remarkably intensifies, where about
three to four different crystallographic sites are resolved;
a weak broad resonance appears in-#i®0 to—108 ppm

The chiralg zeolite structure has been proven to be free of range assigned to the formation of (-Si(QB)W)1) or

connectivity defects in these materials i MAS NMR,

(—Si(OSiy(OH),) defects due to the incorporation of W into

while a great concentration of these defects is detected in thethe framework of8. Along with the incorporation of Al into
conventional samples [22,34,35]. The literature reported that the framework of F—Al8, only two strong broad resonances

for siliceousp zeolite synthesized in a traditional hydroxide
medium, there were two resonances in A& MAS NMR
spectrum, one of which located at aboeu1109 ppm as-
signed to @ sites and the other appearing-al016 ppm

at—1105 and—1150 ppm and two weak shoulder peaks at
—108 and-112 ppm are observed in the range of resonances
corresponding to ®sites. Additionally, two clear broad res-
onances appear in thel00 to —108 ppm range as well,
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Table 2
BET surface area, pore volume, surface —OH relative coverage, and crystal
size of 8 zeolites and ZSM-5 zeolite

Sample BET surface  Pore volume  —OH relative Crystal
area (¢/g) (c/g) coverage (%)  size (um)
F-Si-8(1) 6289 0.32 278 1-4
F-Si-8(2) 587.9 0.30 237 7-15 =
F-Pt-8 5350 0.28 339 1-4 ”E
F-Pd-8 5563 0.28 374 1-4 <
F-W-8 5359 0.28 459 1.5-3.5 a F-W-p
F-Al-8 5065 028 473 8-16 D X AR
H-8 6504 035 100 0.3-1 9 (xx—xxxxxxx
H-ZSM-5 4409 0.24 558 0.5-1.2 (a] F-Pd-p
H-Y 7354 042 n.d. 0.5-2 < A RRRRR TS e o S
—OH relative coverage (%) is evaluated by comparing the integrated area of % el
the hydroxyl bands (3000-3750 ch) to that of the H8 zeolite; n.d.: not 5'
detected. >

indicative of an increase of density of connectivity defects
in F-Al-A. Based on the observations with XRD afitbi
MAS NMR, we can come to the conclusion that, in the case
of F—Pt-8 and F-Pd#, pure silica beta frameworks with
high crystallinity were formed and large particles of RtO
and PdQ were present on the surface of these crystals.

Table 2 shows that the BET surface area and the pore vol-
ume of all 8 zeolites are much larger than those of ZSM-5,
which is consistent with the differences in their pore diame-
ters. The BET surface area and pore volume g8 aamples
decrease in the following order: 8= F-Si-8(1) > F-Si—
B(2) > F—-Pd8 > F-Pt-8 ~ F-W-8 > F—Al-g. The small
crystal size with 0.3—1 pm determined by SEM made a big
contribution to the large BET surface area of fHzeolite,
while the big crystal size with 8-16 um resulted in the low
BET surface area of F—AB- However, for othep samples
synthesized in a fluoride medium it is difficult to correlate
the BET surface area with their crystal sizes. It should be
pointed out that the yield of the H-sample (based on sil-
ica) was only about 70 wt%; however, for all fluorinatgd
zeolites, that was larger than 95 wt%. It means that amor-
phous phase in small amounts might still be contained in
some samples synthesized from a fluoride medium, further
decreasing the BET surface area and pore volume of the
samples. In addition, the BET surface area and pore vol-
ume of H-ZSM-5 and H-Y are determined to be 4409
(0.24 cn¥/g) and 735.4 rfy/g (0.42 cni/q).

The change in the shape of;Mdsorption—desorption
isotherms for H-ZSM-5, Hg, and all 8 samples synthe-
sized in a fluoride medium is depicted in Fig. 4. Clearly, all
samples displagype | isotherms, which is a typical charac-
teristic of microporous solids [37]. The hysteresis loop of the
H-B sample was not detected by our method, which could
be associated with the morphology consisting of uniform,
round, small crystals (0.3—1 pm). For all other samples,
atype Hy hysteresis loop was observed on the isotherms of
these samples at a relative pressure higher phiag = 0.45.

The type Hy hysteresis loop is often associated with phase
transitions of nitrogen, but in the case type | isotherm

alysis 219 (2003) 74-84 79

.+.++—+-++—++++"'+"""'+"‘*:+‘:T—r
0 0.2 0.4 0.6 0.8 1
p/po

Fig. 4. Nitrogen adsorption—desorption isotherms of various zeolites.

character is indicative of microporosity [37]. The appearance
of atype Hy hysteresis loop on the isotherms of microporous
ZSM-5 (~ 5.5 A) andg (~ 7.0 A) materials, resulting from
the poor uniformity of crystal size distribution, can be as-
cribed to the contribution of capillary condensation of N
in interparticles or in agglomerates. As expected, the BJH
pore diameter distributions (calculated based on the adsorp-
tion branch) of H-ZSM-5, HB, F-Al-8, F-Si-8(1), and
F-Si-8(2) were determined to be smaller than 10 A, typ-
ical of microporous solids, as shown in Fig. 5. However,
for FW-8, F—Pt-8, and F—Pd$ a visible mesoporous size
distribution is centered at 17.4-17.9 A. Since a mesoporous
inflection was not distinctly observed on the isotherms of
these samples, therefore, the appearance of mesoporous size
distribution cannot be assigned to the formation of regular
mesopores in the solids but could be ascribed to the contribu-
tion of irregular mesoporous interparticulate void space [38].
The infrared spectra in Fig. 6 show that the vibration
bands ranging from 350 to 1300 cthof F-Si-8, F-Pt-5,
F-Pd-8, and F-W- frameworks are quite distinctly re-
solved. For F-Ptg and F-Pd# samples, about 18 frame-
work vibration bands appeared at 354.9, 374.1, 426.3, 459.0,
4745, 524.6, 576.7, 623.0, 642.3, 667.3, 677.0, 736.8,
775.3, 790.8, 808.1, 825.5, 1105.1, 1238.2 ¢rhowever,
the weak vibration at about 355 cthwas invisible for F—
W-g and F-Si$. The visible vibration bands of F-Si+
F-Pt-8, F—Pd-8, F-W-8, and F—Al-8 are more than those
of H-4. In contrast, the bands at 355, 667, 677, 737, 775,
808, and 825 cm! cannot be observed at all for d-while
for F-Al-g only three bands at 355, 667, and 677 ¢nare
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Fig. 5. Nitrogen adsorption pore size distribution of various zeolites.

invisible. It means that synthesis in a fluoride medium can
result in a higher resolution of all vibration environments
of framework elements. This also shows that the incorpo-
ration of Al into 8 framework in either a fluoride medium
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Fig. 6. IR vibration spectra of frameworks of various zeolites.

and 3536.7 cm! and shoulder bands at about 3691.1,
3683.4, 3660.2, 3575.3, 3559.8, and 3457.5 tniFor H-
ZSM-5, only about five absorbance bands with weak inten-

or a non-fluoride medium largely decreases the number of Sity are observed to locate at apout 3733.6, 3714.3_, 3683.4,
oscillators locating in different vibration environments. In 3621.6,and 3525.0 cnt, respectively. These respective hy-

Ref. [39], the IR vibration modes from 300 to 1250 thn

droxyls were assigned to isolated silanols, locating in the

have been, respectively, assigned to asymmetric stretching{)egion 3730-3742 cm, and to associated hydroxyls with

vibration mode (950-1250 cm), to symmetric stretching
vibration mode (650-820 cn), to T-O bending vibration
(300-650 cml). The weak band at about 355 cifor F—
Pt-8, F—Pd-8, and F—W-8 may be related to the vibration
of weak mesopores consisting of interparticle void space.
Fig. 6 also shows that the skeletal vibrationsfokeolite
are totally different from those of ZSM-5 zeolite, which
is because the frameworks of ZSM-5 afidzeolites are,
respectively, consisting of different structural units. In par-
ticular, the vibration of terminal Si—-OH at about 947 thn
which is very strong for the H8 sample, cannot be ob-
served at all for F-Sig, F-Pt-8, F—Pd-8, and F-W-35;

ridging OH bands in the region 3685-3600hj40]. As
we know, the framework g8 nucleates and grows in a more
difficult manner than that of ZSM-5 in the alkaline medium,
resulting in the increase of surface defects of connectivity
on H-B [3,19]. As compared with Hg, the relative cover-
age of surface —OH on all zeolites synthesized in a fluo-
ride medium showed a drastic reduction, especially for the
isolated —OH absorbance band at 3733 ¢pras shown in
Fig. 7. The F-Al8 sample exhibits more hydroxyl bands,
at about 3733.6, 3691.1, 3679.5, 3656.4, 3633.2, 3598.4,
3579.2,3563.7, 3540.5, 3517.4, and 3457.5 trwhile for
F-Si-8, F—Pt-8, and F—Pd# these hydroxyl bands weaken

however, that becomes a small shoulder band and shifts toand become ambiguous.

about 948 cm' for ZSM-5 and F-Al8. This shows that
there is a much higher concentration of hydroxyl groups on
H-g than on other zeolites, further indicating that there is
plenty of defects of connectivity on H{22].

3.2. Surface—OH relative coverage

FTIR spectra between 4000 and 2500 ¢nof H-8, H—
ZSM-5, and allg zeolites synthesized in a fluoride medium
are shown in Fig. 7. In the present work, thefHsample ex-

Table 2 shows the relative coverage of surface —OH on all
samples, which has been calculated as a relative area frac-
tion percentage (%). The relative coverage of surface —OH
on different zeolite materials varies rather remarkably, which
gradually reduces in the following sequence: > H-
ZSM-5> F-Al-8 > F-W-8 > F-Pd-8 > F-Pt-8 > F-Si—

B(1) > F-Si-8(2). The relative coverage of surface —OH on
F-Al-g8, F-W-8, and F—Pd$ is nearly 37-47% of that on
H-8, whereas that on F—Pg#-and F-Si$ drops to about
34% and 24—-28% of Hg, respectively. These results show

hibits clear strong absorbance bands at about 3731.7, 3615.8hat the 8 materials synthesized in a fluoride medium are
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Fig. 8. SEM picture of HB seeding crystals synthesized in an alkaline
medium.
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Fig. 7. Comparison of the relative coverage of surface —OH groups on vari-
ous zeolites.

more hydrophobic than those synthesized in conventional
ways. We can come to the conclusion that crystallization in a
fluoride medium greatly decreases the number of connectiv-
ity defects in the framework of the zeolite products, further
diminishing the coverage of surface hydroxyl groups, espe-
cially of isolated silanols.

3.3. Control of morphology

SEM was used to observe the morphology of various ze-
olite crystals and to detect the crystal size distributions as
listed in Table 2 and displayed in Figs. 8-14. Very clearly,
the crystal sizes of8 zeolites synthesized in a fluoride
medium are much larger than those of H€0.3—1 pm),
H-Y (0.5-2.0 pm), and H-ZSM-5 (0.5-1.2 um) synthe-
sized in traditional hydroxide media. F—-$ic), F-Pt-8,
F-Pd-8, and F-W-8 have almost similar crystal size of
about 1-4 pm. The crystal size of F-Bi2) (7-15 pm) Fig. 9. SEM pictures of F-Sp(1) synthesized with Hg seeding of
without Seeding (Flg 13) is much blgger than that of F—Si— 0.39 wt%: (a) full view and (b) local amplification.

B(1) (1-4 um) induced by Hs (Fig. 9). Whereas the big

crystal size of F—Al8 (8—16 um) (Fig. 14) is a result of co-

interaction by Al and F for the spontaneous nucleation and siliceous F-Sig(1), as viewed fully (a) in Fig. 9, exhibits
growth of beta framework in a longer crystallization period quite rough uniformity; however, once amplified locally (b)

of 12 days. it looks very complicated, consisting of nonuniform crystals.
The morphology of H8 (Fig. 8) is nearly a round ball ~ As viewed fully (d) and amplified locally (§ in Fig. 13,
with uniform crystal size. The SEM pictures of F—8i&), the morphology of F-Sig(2) looks very uniform and per-

F-W-8, F-Pt-8, and F—Pd3 look rather similar: the uni-  fect in a singular shape of truncated square bipyramid in
formity of the crystals is quite poor, and these samples con-which the number of rodlike crystals and twin crystals is
sist of truncated square bipyramid crystals with different negligible, as reported by Hazm et al. for gallium-beta zeo-
sizes, rodlike crystals with different diameters, and polycrys- lite [25]. Note that F—Al8 with a morphology of symmetri-
talline aggregates with irregular shapes. The morphology of cally faceted truncated square bipyramid was contaminated
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Fig. 10. SEM picture of F—PB-synthesized with Hg seeding of 0.40 wt%. Fig. 12. SEM picture of F-W§-synthesized with seeding t#-of 0.39 wt%.

with some amorphous solid mainly consisting of noncrystal-

lized Al species and silica as determined by EDX analysis.
The different morphologies of F—$8¢1) and F-Si8(2)

have experimentally revealed the induction effect of see

butyric acid, which is advantageous as a model molecule.
When one gas chromatograph equipped with a CP-Chirasil-
d- L-VAL capillary column is used to analyze the reactant and
ing crystals on the morphology ¢f zeolite in a fluoride products, two chirally hydrogenised' progiucts of tiglic acid,
medium. The results suggest that spontaneous nucleation irl-€-+ R~(=)- andS-(+)-a-methylbutyric acids, are well sep-

a fluoride medium resulted in the formation of crystals with arated chromatographically. Prior to catalytic tests, all the Pt
especially uniform crystalline morphology, while the pres- or Pd-containing catalysts (in Tgble 3) were prejreduced at
ence ofg zeolite seeding made mixed crystals consisting of 400°C for 10 h, and the respective metal dispersion was de-
different shapes. A possible formation mechanism of F—Si— (ected to be 35% for RFHZSM-5, 48% for PdH-£, 57%
(2 can be described below: the beta framework was spon-for Pd/H=Y, 65% for F-Pt#, and 69% for F-Pdg- Obvi-
taneously nucleated in the presence of fluoride anions, silica,0US!y: the metal dispersion on those catalysts with identical
and a trace amount of impurities to form numerous tiny crys-
tal nuclei; thereafter, the soluble F-containing silica species
surrounded these crystal nuclei to grow into uniformly large
crystals with prolonging the crystallization time to 12 days,
similar to the case of F—A- However, the addition of H5-
seeding largely shortened the crystallization time to 6 days
and induced a relatively complicated morphology, as in the
case of F=Sig(1), F-W-8, F-Pt-8, and F—Pd§5.

3.4. Catalytic activity in chiral hydrogenation
Tiglic acid is a simple and reactive molecule among un-

saturated acids, and there is only the chiral center in the
molecular configuration of hydrogenised product methyl-

Fig. 11. SEM picture of F-Pgs- synthesized with Hg seeding of Fig. 13. SEM pictures of F-Sp{2) synthesized without seeding: Ydull
0.40 wt%. view and (&) local amplification.
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inant, further showing the chirality of pore channelspf
zeolite synthesized in a fluoride medium. This very low e.e.
value indicates a low-purity chirality f channel structure,
as proven by XRD patterns and other characterizations. As
expected, in the reaction system consisting of H#FASM-5
and F-Si$ an extremely low e.e. value of about 3.4% was
achieved. However, this might not indicate a possible effect
of selective adsorption of one of the products in the pores of
the asymmetric zeolite in the reaction mixture, but could be
an effect of a chiral modifier imposed by F—Bithe most.
For the F-Ptg and F-Pd# catalysts, the e.e. values were
changing in the range of 8.9-11.0%. And when F-fdmas
re-used under Hpressure of 27.6 bar, the e.e. value stayed
more or less constant (about 10.4%) with an 82.6 mol% con-
version. Considering the rigid structure gfzeolite and its
metal contents prepared by hydrothermal synthesis is higherrecyclable and regenerable characteristics, thus, this is of
than that by impregnation. rather significance, as it opens up a possibility of synthesiz-
For the hydrogenation of tiglic acid at room temperature ing the recoverable chiral porous solid catalysts in the future,
in a Parr reactor, PAHZSM-5, PgH-g, and PgH-Y dis- which has been pursued by synthesis chemists.
played good activity underipressure of 27.6 bar; however,
only a racemic mixture of the hydrogenised products was ac-
quired with an enantioselectivity (%) close to zero, implying 4. Conclusions
the lack of chirality of these catalysts. F—Btand F—Pd-
B were highly active for the hydrogenation of tiglic acid A series of beta zeolite materials, such as FASiF—
under pressures of Hin which the active species for hy-  pt-g8, F-Pd-8, F-W-8, and F-Al-8, has been crystallized
drogenation was Pt or Pd metals disperseg@d¢al]. When from a fluoride medium in the presence or absence g H-
F-Pt-$ (reduced) was used as the catalyst, along with the seeding and characterized by different techniques. XRD pat-
increase of I pressures from 13.8 to 55.2 bar, the conver- terns suggested that the stacking probability in the F&Si—
sion of substrate rapidly increased from 10.6 to 56.7 mol%. F—Pt-8, F-Pd-8, and F-W-8 materials was lower than
The TON value also displayed a gradual increase from 17.2the usual value of 0.6, i.e., the majority of these materials
to 92.1 (mol of productamol of Pt) with the increase of H consisted of polymorph A with chiral structure. The chi-
pressure. This is understandable because increasingythe Hral siliceousg framework has been proven to be free of
pressure increases the moles ofHolecules as one of the  the connectivity defects by°Si MAS NMR. The IR vi-
reactants, further enhancing the catalytic conversion of sub-bration spectra showed that synthesis in a fluoride medium
strate molecules. In contrast to F—-B{-F—Pd-8 (reduced) could result in a higher resolution of all vibration environ-
showed higher catalytic activity for this reaction in the range ments of framework elements. The BET surface area and
of Hy pressures from 13.8 to 55.2 bar. At a low Hres- pore volume of all3 samples decreased in the following
sure of 13.8 bar, after 10 h about 46.5 mol% of tiglic acid order: H8 > F-Si-8(1) > F-Si-8(2) > F-Pd-8 > F-Pt—
could be converted. When thexlpressure was increased to g ~ F-W-8 > F-Al-g. Interestingly, for F-W3, F-Pt-8,
27.6 bar, the conversion was elevated to 82.6 mol%. Furtherand F—-Pd# a visible mesoporous size distribution at 17.4—
increase in the pressure obHo 41.4 bar or higher led to  17.9 A was detected.
one 100 mol% conversion of tiglic acid. The TON value also  The relative coverage of surface —OH groups showed
showed a remarkable increase from 74.8 to 161.0 (mol of a gradual reduction in the following sequence:A+t H-
productgmol of Pd). The notable difference in catalytic ac- ZSM-5 > F-Al-8 > F-W-8 > F-Pd-8 > F-Pt8 > F-
tivity of F—Pt-8 and F—Pd$ for the hydrogenation of tiglic ~ Si-8(1) > F-Si-8(2). Spontaneous nucleation in a fluoride
acid may be due to one fact, that the capability of palladium medium resulted in the formation of crystals with especially
metal for the adsorption and decomposition of molecular hy- uniform crystalline morphology, while the presence offH—
drogen is much stronger than that of platinum metal [41]. zeolite seeding made mixed crystals consisting of different
Comparatively, under identicalHressure the TON value  shapes. P(HZSM-5, PgH-8, Pd/H-Y, F—Pt-8, and F-
and conversion of catalysts exhibit a decrease in the fol- Pd-8 were catalytically active for the hydrogenation of tiglic
lowing order: F-PdB > Pd/H-8 ~ Pd/H-Y > Pd/HZSM- acid in the range of blpressures from 13.8 to 55.2 bar; how-
5> F-Pt-8. ever, for this reaction an appreciable e.e. value of 9-11%
Interestingly, when F—PB-and F—Pd$ catalysts were  was merely achieved over the F—Ptand F—Pd§# catalysts,
applied in the hydrogenation of tiglic acid, about 9-11% e.e. without the addition of chiral modifiers, further showing the
value was directly obtained without the addition of chiral low-purity chirality of pore channels ¢ zeolite synthesized
modifier (Table 3), in whichR-(—)-enantiomer was dom- in a fluoride medium.

Fig. 14. SEM picture of F-Alg zeolite synthesized without seeding.
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Table 3
Catalytic activity of F—Pt8, F—Pd-8, and other Pd-containing catalysts for the chiral hydrogenation of tiglic acid
Catalyst Metal dispersion Hydrogen pressure Conversion gON Selectivity (%) e.e.
(%) (bar) (mol%) S-(+) R-(-) (%)
Pd/HZSM-5 35 276 687 1059 — - 0
Pd/H-B 48 275 784 1209 — — 0
Pd/H-Y 57 276 769 1186 — — 0
F-Si-8 + Pd/HZSM-5 275 655 1010 483 517 34
F-Pt-8 65 138 106 17.2 455 544 89
27.6 321 521 454 54.6 9.2
414 502 816 455 545 9.0
55.2 56.7 921 453 547 9.4
F-Pd-8 69 138 465 748 448 552 104
27.6 826 1330 449 551 102
414 100 1609 445 555 110
55.2 100 447 553 106
1sP 27.6 826 1330 449 551 102
2nd 275 831 1338 447 553 106
3rd 274 828 1333 447 552 105
4th 276 827 1331 448 552 104

Redistilled methanol was used as the solvent, and reactions were carried out at room temperature for 10 h.

@ TON equals (mol of productsnol of Pt or Pd in the catalysts).
b Number of recycles of the catalyst F—Fd—
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