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Abstract

A series of beta (β) zeolites has been synthesized in a fluoride medium and characterized by different techniques. XRD showe
majority of F–Si–β, F–Pt–β, F–Pd–β, and F–W–β materials consisted of polymorph A. W and Al were incorporated into the frame
of β, while Pt and Pd existed on the surface ofβ in the form of PtOx or PdOx oxides. The framework structures of F–Si–β, F–Pt–β, and
F–Pd–β were almost identical, as proven by29Si MAS NMR and FTIR spectra. The relative coverage of surface –OH groups decrea
the sequence H–β > H–ZSM-5> F–Al–β > F–W–β > F–Pd–β > F–Pt–β > F–Si–β(1) > F–Si–β(2). SEM revealed an especially unifor
crystalline morphology of F–Si–β(2) nucleated spontaneously and a mixed morphology of F–Si–β(1), F–W–β, F–Pt–β, and F–Pd–β in-
duced by seeding H–β. The reduced F–Pt–β and F–Pd–β were catalytically active for the asymmetric hydrogenation of tiglic acid with
appreciable enantiomeric excess value of about 9–11% without adding chiral modifiers.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Zeolites constitute an important class of catalysts
are finding wide application in the petrochemical and fi
chemical industries. Beta (β) zeolite is the only high-silica
zeolite possessing a three-dimensional system of large
(rings of 12 oxygen atoms as the minimum constricting a
tures) [1,2]. This givesβ zeolite interesting potential appl
cations in acid-catalyzed reactions where high thermal
hydrothermal stability and low steric restrictions can be
paramount importance [3–5]. Much effort has been devo
to the synthesis of commercially important beta zeolite s
beta zeolite is of great potential industrial interest as a g
catalyst for many reactions [6–12]. Another reason for
interest inβ zeolite is the possibility of synthesizing a chir
enantiomerically pure zeolite and the potential applicati
of such a catalyst in enantioselective reactions.β zeolite is
an intergrowth of two (or three) polymorphs (A, B, and C
one of them (polymorph A) being the only known real ze
lite structure showing chirality [1,2]. Certainly its small po

* Corresponding author.
E-mail address: xia1965@yahoo.com (Q.-H. Xia).
0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00154-4
s

diameter (∼ 7 Å) limits its effectiveness with only sma
molecule compounds.

The isomorphous substitution of aluminum in the b
zeolite framework by other elements such as iron [13,
boron [15], indium [16], gallium [17,18], or titanium [19
has been achieved by direct synthesis from alkaline rea
media or by a dry-gel conversion technique. By using a n
neutral nonalkaline medium, where hydroxide anions are
placed by fluoride anions as the mineralizing agent, the
Al) and (Si, B) beta zeolites were prepared in the presenc
1,4-diazabicyclo [2,2,2] octane (Dabco) and methylamin
the templates [20,21]. From similar almost neutral fluori
containing media, the synthesis of pure silica (Si, Ti),
Al), and (Si, Ga) beta zeolites was also reported in the p
ence of tetraethylammonium cations as the structuring a
[22–25].

The framework structure ofβ zeolite prepared from a flu
oride medium has been suggested to be chiral, as polym
A is predominantly different from conventionalβ zeolite.
Beta zeolite obtained shows a much better resolution o
diffraction peaks and this is probably a consequence not
of its large average crystal size (0.5–5 µm well-faceted t
cated square bipyramids) but also of its defect-free na

http://www.elsevier.com/locate/jcat
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[22,25]. Features appearing in the XRD pattern calcula
using the proposed faulted model, which usually are
well resolved in the experimental patterns, are clearly
tinguished in these beta materials. Interestingly, the shou
at the low-angle side in the first low-angle peak sugges
the material the stacking probability is lower than the us
0.6 value; i.e., the material is nearer to polymorph A than
polymorph B [22]. The experimental results match very w
the simulated structure of polymorph A.29Si MAS NMR
has ascertained the absence of connectivity defects in s
high-silicaβ zeolite as only Si (4Si) resonances appear.

The majority of heterogeneously catalyzed enantiose
tive hydrogenations used to focus on Pt or Pd-contain
Al2O3, SiO2, or active carbon catalysts for the convers
of some substrates [26–29]. There were also some suc
ful uses of Pt-containing zeolitic catalysts, such as type
ZSM-5, ZSM-35, and beta, for enantioselective reacti
[29,30]. However, to control the enantioselectivity of t
products, an auxiliary chiral modifier like(+)-cinchonine,
(−)-cinchonidine,(−)-proline, etc. had to add into the rea
tion mixtures; without the chiral modifier only one racem
mixture could be obtained [26–32]. Due to the special c
ral structure,β zeolite prepared from a fluoride mediu
is worthy of being researched as a catalyst for chiral
drogenation. However, to date no study on this system
been reported in the literature. In the present work, we
port the synthesis of siliceous (Si, Al), (Si, W), (Si, Pt), a
(Si, Pd) beta zeolites in a fluoride medium and the ef
of seeding and synthesis route on the morphology of v
ousβ zeolite crystals. The activity and enantioselectivity
as-synthesized F–Pt–β and F–Pd–β catalysts for the hydro
genation of tiglic acid was first investigated.

2. Experimental

2.1. Synthesis

The raw materials used were TEOS (tetraethyl ortho
icate, 98%, Aldrich), TEAOH (tetraethyl ammonium h
droxide, 35 wt% in water, Aldrich), hydrofluoric aci
(40 wt% HF, Aldrich), Pt(NH3)4(NO3)2 (98%, Aldrich),
Pd(NO3)2 (97%, Aldrich), (NH4)2WO4 (99%, Aldrich),
aluminum powder, NaAlO2, KCl, NaOH, aerosil-200 sili-
ca, NH4NO3, and deionized water. NaZSM-5 (Si/Al = 25)
and NaY (Si/Al = 4.7) were commercial products. Oth
chemicals used were methanol (99.8%, redistilled),S-(+)-
α-methylbutyric acid (98%),R-(−)-α-methylbutyric acid
(97%), and tiglic acid (98%).

2.2. H–β

The mixture of 120 g of 20 wt% TEAOH solution
2.2267 g of NaAlO2, 0.90 g of KCl, and 0.15 g of NaOH wa
stirred until it became a transparent solution. Then 32.59
aerosil-200 silica was added. The resulting homogeneou
a

-

l

was transferred into a Teflon-lined stainless-steel autoc
and heated to 170◦C statically. After 40 h, the autoclave wa
quenched, the content filtered, and the solid washed
deionized water. After drying at 96◦C overnight, the solid
was calcined at 540◦C for 20 h. The resultant white soli
Na–Al–β was ion-exchanged with 20 wt% of NH4NO3 so-
lution at 60◦C three times into NH4-Al–β . Each time, 1 g
of Na–Al–β was stirred with 25 ml of NH4NO3 solution
at 60◦C for 3 h. Finally, NH4–Al–β was decomposed int
H–β at 500◦C for 3 h. H–ZSM-5 (Si/Al = 27.5) and H–Y
(Si/Al = 6.7) was prepared by using the same ion-excha
procedure and recalcination.

2.3. F–Al–β , F–Pt–β , F–Pd–β , F–W–β

The mixture of 21.8 g of 35 wt% TEAOH solution, 20.4
of 98 wt% TEOS, 4 g of water, and the compounds c
taining Al (0.4 g of Al powder), Pt (6.0 ml of 0.05 M
Pt(NH3)4(NO3)2 solution), Pd (3.0 ml of 0.1 M Pd(NO3)2

solution), or W (0.4 g of (NH4)2WO4) was stirred overnigh
at room temperature to become a homogeneous sol. T
after, about 0.40 wt% of H–β seeding powder was adde
into the precursor sol of F–Pt–β , F–Pd–β , and F–W–β un-
der vigorous stirring to accelerate the crystallization, and
stirring was kept for another 2 h. Then 2.7 g of HF so
tion was added dropwise into the sol under vigorous stirr
The resulting gel was crashed and transferred into a Te
lined stainless-steel autoclave. The crystallization was s
cally carried out at 140◦C for 12 days for F–Al–β and for
6 days for the other samples. After that, the autoclave
quenched, the content filtered, and the solid washed
deionised water. After being dried at 96◦C overnight, the
solid was calcined at 550◦C for 8 h. Note that F–Pt–β and
F–Pd–β were pre-reduced in a flow of pure hydrogen
400◦C for 10 h prior to catalytic tests, and the respect
dispersion of metal Pt or Pd (active species) onβ was 65%
or 69%.

2.4. F–Si–β

The mixture of 21.8 g of 35 wt% TEAOH solution, 20.4
of 98 wt% TEOS, and 4 g of water was stirred overni
at room temperature to become a homogeneous sol. In
synthesis of F–Si–β(1), about 0.39 wt% of H–β seeding
powder was added to the precursor sol and stirred for
other 2 h before 2.7 g of HF solution was added dropw
In the synthesis of F–Si–β(2), to the resultant sol merel
2.7 g of HF solution was added together without seed
The subsequent procedures were similar to those desc
in the former text, in which F–Si–β(1) and F–Si–β(2) were
crystallized at 140◦C for 6 and 12 days, respectively. ED
determination showed that the Si/Al ratio in two siliceous
beta crystals was more than 5000.
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2.5. Impregnation of Pd-supported catalysts

Pd-supported catalysts with a PdO loading of 0.64 w
(Si/Pd = 316.7) were prepared through an impregnat
method as follows: 2 g of powder supports (HZSM-5, H–β,
and H–Y) pre-dried at 300◦C overnight were added into
certain amount of 0.1 M Pd(NO3)2 solution and the mix
ture was vigorously stirred at room temperature for 24
Then the suspension was dried at 60◦C overnight, followed
by calcinations at 550◦C for 10 h in a flow of air. Prior to
catalytic tests, these catalysts were pre-reduced in a flo
pure hydrogen at 400◦C for 10 h, and the dispersion of P
metal on three catalysts was determined to be 35% for/

HZSM-5, 48% for Pd/H–β , and 57% for Pd/H–Y, respec-
tively.

2.6. Characterization of catalysts

All of the solids (calcined) were characterized by a S
madzu XRD-6000 X–ray diffractometer using Ni-filter
Cu-Kα radiation operating at 40 kV/30 mA. The scanning
range was 2θ = 3–60◦ or 2θ = 5–10◦. The relative crys-
tallinity was evaluated by comparing the area of the ch
acteristic peaks (2θ = 7.7◦, 22.5◦) of the solid product with
that of the reference sample F–Si–β(1) induced by seedin
H–β in a fluoride medium. Autosorb-1 was used to de
mine the N2 adsorption–desorption isotherms of the sa
ples. Prior to the measurements, the samples were deg
at 300◦C overnight. The BET-specific surface area was
culated using the BET equation in the range of relative p
sures between 0.05 and 0.25. The BJH method was us
calculate the pore volume and pore size distribution of
samples.

A Simadzu FTIR-8700 Fourier transform infrared sp
trophotometer was used to determine the framework vi
tions of beta zeolites. The mixture of KBr and sample so
powder (200:1) was carefully ground and pressed in
round wafer under a pressure of 5 t cm−2. The framework vi-
brational spectra were recorded between 400 and 4000 c−1

with a resolution of 4 cm−1.
The FTIR spectra of surface hydroxyl groups w

recorded using a Shimadzu FTIR-8700 Fourier transf
infrared spectrophotometer having a resolution of 2 cm−1

and connected to a PFEIFFER vacuum system. Before s
ning, a self-supporting round wafer (20 mg, with a press
of 6 t cm−2) of the sample was evacuated at 350◦C for 5 h in
an IR cell under a residual pressure of 10−6 mbar. The rela-
tive coverage of surface hydroxyl groups of the samples
evaluated by comparing the integrated area of the hydr
bands (3000–3750 cm−1) to that of the H–β zeolite.

The morphology of crystalline materials was obser
using a JEOL JSM-5600LV scanning electron microsc
under vacuum at 10−6–10−7 mbar. The siliceous samp
must be coated with Pt sputtering prior to the determinat
The average size of crystal particles was calculated acc
ing to SEM pictures. Scanning electron microscope-ene
f

d

o

-

-

dispersive X-ray (SEM-EDX) analysis was also conduc
on the JEOL JSM-5600LV scanning electron microscope
ing a silicon detector operating at an accelerating voltag
15 kV and a beam current of 1.0 nA under vacuum at 10−6–
10−7 mbar. The element used for optimization was cop
and all quantitative results below 2σ were set to zero.

29Si MAS NMR spectra were obtained at 300 K w
a Bruker FT NMR, DRX-400 MHz instrument operatin
at 79.46 MHz and 35 s of recycle delays. The chem
shift of 29Si (in ppm) was based on the external Si(CH3)4

as a reference. ICP elemental analysis was performed
a Perkin-Elmer Optima 3000DV spectrometer. Calibrat
standards with different concentrations were prepared b
luting the corresponding standard metal solutions. Pt o
metal dispersion onβ was determined by equilibrium hydro
gen chemisorption at room temperature in AUTOSORB
(Quantachrome). Prior to H2 adsorption analysis, the sam
ples were evacuated at 200◦C for 1 h, exposed to static H2 at
300◦C for 2 h, and placed under dynamic vacuum at 300◦C
for 3 h [33].

2.7. Catalytic hydrogenation

In a glove box under a nitrogen atmosphere, a 150
stainless-steel Parr reactor was charged with 200 mg of
der catalyst (pre-dried at 180◦C in a vacuum oven overnigh
and 168 mg of tiglic acid for hydrogenation. To the reac
was added 32 ml of methanol as the solvent. The rea
was then closed and pressurized to 13.8–55.2 bar H2 pres-
sure and stirred for 10 h at room temperature. After 10
the solid powder of catalyst F–Pd–β was filtered to sepa
rate it from the reaction mixture liquid, washed several tim
with methanol, dried at 180◦C in a vacuum oven overnigh
and then re-used in the next reaction (H2 pressure: 27.6 bar
Note that in one run 200 mg of Pd/H–ZSM-5 was used as th
catalyst, while 300 mg of siliceous F–Si–β was added as th
modifier. The conversion (mol%) and e.e. (%) (enantiom
excess) of products was determined by a HP-6890 serie
chromatograph equipped with an FID and a CP-Chira
L-VAL capillary column where H2 was used as the carri
gas. The hydrogenised products wereR-(−)- andS-(+)-α-
methylbutyric acids, and the appearance of GC peaks
observed in the following sequence: methanol,S-(+)-α-
methylbutyric acid,R-(−)-α-methylbutyric acid, and tiglic
acid, where the retention time was calibrated by syring
a solution of each standard compound in methanol into
GC system. The e.e. (%) value was calculated to be equ
(SR − SS)/(SR + SS) × 100%, whereSR andSS stand for
the respective selectivity ofR-(−)- andS-(+)-enantiomers
TON (turnover number) characterizing the activity of c
alyst was equal to (moles of products)/(moles of metal P
or Pd in the catalysts). GC error for the determination
e.e. (%) value was within±2%.
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Table 1
Synthesis parameters, crystallinity, and compositions of all zeolite samples

Sample Seedinga Time Temp. Crystallinityb Si/M molar ratioc

(wt%) (d) (◦C) (%) Gel Product

F–Si–β(1) 0.39 6 140 100 ∞ > 5000d

F–Si–β(2) 0 12 140 103 ∞ > 5000d

F–Pt–β 0.40 6 140 138 317.0 321.3
F–Pd–β 0.40 6 140 139 314.4 319.6
F–W–β 0.39 6 140 94 69.1 64.3
F–Al–β 0 12 140 76 6.4 6.6
H–β 0 (40 h) 170 75 20.2 30.6
H–ZSM-5 –e –e 175 –e –e 27.5
H–Y –e –e 100 –e –e 6.7

a H–β powder as seeding crystals.
b The relative crystallinity (%) is evaluated by comparing the area of the main peaks (2θ = 7.7◦, 22.5◦) of the solid product with that of the referenc

sample F–Si–β(1).
c M stands for metals such as Al, Pt, Pd, or W, and Si/M ratio is calculated based on ICP analysis.
d Si/M ratio is calculated based on EDX determination.
e Not determined.
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3. Results and discussion

3.1. Characterization of structure of beta zeolites

In our study, TEAOH was used as the base and
structure-directing agent to template the formation oβ
framework in a fluoride medium. When TMAOH was us
to replace TEAOH as the base and template, the solid wa
ways amorphous. When HS-40 silica sol, NaOH, and TE
were used as raw materials, even if the seeding cry
(H–β) were added, the recovered solid was still amorpho
In the synthesis of F–Al–β , the Al source was AlF63− anions
coming from the reaction between Al powder and F− an-
ions. Table 1 lists the synthesis parameters, crystallinity,
compositions (ICP or EDX analysis) of all samples, wh
the respective Si/M ratio in the products was Si/Al = 30.6
for H–β , Si/Al = 6.6 for F–Al–β , Si/W = 64.3 for F–W–β ,
Si/Pt= 321.3 for F–Pt–β , and Si/Pd= 319.6 for F–Pd–β .
EDX determination shows that the Si/M ratio in F–Si–β(1)

and F–Si–β(2) was> 5000, indicative of their siliceous na
ture. When the area under the main peaks (2θ = 7.7◦, 22.5◦)
is compared to the standard highly crystalline zeolite
Si–β(1) (induced by seeding H–β in a fluoride medium),
the relative crystallinities from 75 to 139% are obtained
all crystalline solids. XRD patterns in Fig. 1 show that t
solids, except for the bottom one, are highly crystallineβ

zeolite. Features appearing in the XRD patterns calcul
using the proposed faulted model [1,22], which usually
not well resolved in the experimental patterns, are cle
distinguished in almost all solids except H–β and F–Al–β
with a low Si/Al ratio of 6.6. As shown in Fig. 2, a clea
strong peak appears at the low-angle side (about 7.08◦ 2θ )
in the first low-angle peak (about 7.68◦ 2θ ) for F–Si–β , F–
Pt–β , F–Pd–β , and F–W–β , while for F–Al–β this peak be-
comes an ambiguous shoulder peak and shifts to about 7.18◦
(2θ); however, the same peak cannot be observed for H–β at
all. This suggests that the stacking probability (as define
-

Fig. 1. XRD patterns of beta samples and amorphous phase synthesi
a fluoride medium.

Ref. [22]) in the F–Si–β , F–Pt–β , F–Pd–β , and F–W–β ma-
terials is lower than the usual value of 0.6; i.e., the majo
of these materials consist of polymorph A with chiral stru
ture, consistent with the observations reported in [22,
The results show that F–Si–β , F–Pt–β , F–Pd–β , and F–W–
β materials are constituted of chiral porous channels. N
that the peak at about 8.8◦ 2θ in the X-ray spectra of som
samples may be ascribed to the appearance of crystallin
purities such as ZSM-5 or ZSM-12 (< 5%). As compared
with the other samples, two clear diffraction peaks at 39◦
and 46.4◦ 2θ appear in the XRD patterns of F–Pt–β and F–
Pd–β . Obviously, these two peaks should be assigned to
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Fig. 2. Comparison of characteristics of X-ray diffraction at a low angle
various beta zeolites.

existence of PtOx and PdOx on the surface ofβ . The results
show that noble metals Pt and Pd were not incorporated
the framework lattice of zeolites, while W and Al were intr
duced into the frameworks of zeolites, further proven by
fact that after calcinations, colorless F–Al–β and F–W–β,
grey F–Pt–β , and brown F–Pd–β were obtained. Once F
Pt–β and F–Pd–β were reduced in the flow of hydroge
PtOx and PdOx were converted to black Pt and Pd met
dispersed onβ , which are active species in the hydroge
tion. The addition of metal precursors during the synth
of F–Pt–β and F–Pd–β actually led to a good dispersion
noble metals Pt and Pd in the chiral pores in which the
termined dispersion was 65% for Pt or 69% for Pd, hig
than 48% on Pd/H–β prepared by impregnation. Howeve
high Al content in a fluoride medium and in a conventio
alkaline medium led to a mixed phase of polymorphs A
and C without chirality, as exhibited by the XRD patterns
the F–Al–β and H–β samples, in which only an ambiguo
shoulder was observed at the low-angle side of about 7.08◦
2θ .

The incorporation of W and Al into the framework ofβ

seriously affected the resolution of crystallographic te
hedral sites in the products as well, as shown in Fig
The chiralβ zeolite structure has been proven to be free
connectivity defects in these materials by29Si MAS NMR,
while a great concentration of these defects is detected i
conventional samples [22,34,35]. The literature reported
for siliceousβ zeolite synthesized in a traditional hydroxi
medium, there were two resonances in the29Si MAS NMR
spectrum, one of which located at about−110.9 ppm as-
signed to Q4 sites and the other appearing at−101.6 ppm
Fig. 3.29Si MAS NMR spectra of different beta zeolites.

assigned to Q3 sites [5,15]. The formation of Q3 was as-
sumed to originate from structural defects (Si–O− or Si–
OH groups), necessary for counterbalancing the charg
TEA+. However, for siliceousβ zeolite synthesized in a flu
oride medium only Q4 resonances at−110 to −117 ppm
appeared in the29Si MAS NMR spectrum, and nine differe
crystallographic tetrahedral sites were resolved [22,25
As can be observed in Fig. 3, the spectrum of calcined
Si–β(2) is similar to that reported in the literature and sho
well-resolved lines in the range of−108.5 to −116.5 ppm
corresponding to Q4 species (–Si(OSi)4) occupying more
than seven different crystallographic tetrahedral sites, w
ascertains the absence of connectivity defects in this s
ple [22,25]. Compared with those of F–Si–β(2), the spectra
of calcined F–Pt–β and F–Pd–β show obvious broadenin
of the lines and a weak broad resonance appears in the−99
to −104 ppm range, corresponding to a low concentra
of Q3 sites, possibly ascribed to the negative effect of Px
or PdOx oxides on the crystallization. For the calcined
W–β , the tendency of broadening of the lines in the ra
of −110 to−117 ppm remarkably intensifies, where ab
three to four different crystallographic sites are resolv
a weak broad resonance appears in the−100 to−108 ppm
range assigned to the formation of (–Si(OSi)3(OW)1) or
(–Si(OSi)3(OH)1) defects due to the incorporation of W in
the framework ofβ . Along with the incorporation of Al into
the framework of F–Al–β , only two strong broad resonanc
at−110.5 and−115.0 ppm and two weak shoulder peaks
−108 and−112 ppm are observed in the range of resonan
corresponding to Q4 sites. Additionally, two clear broad re
onances appear in the−100 to −108 ppm range as wel
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Table 2
BET surface area, pore volume, surface –OH relative coverage, and c
size ofβ zeolites and ZSM-5 zeolite

Sample BET surface Pore volume –OH relative Cryst
area (m2/g) (cm3/g) coverage (%) size (µm

F–Si–β(1) 628.9 0.32 27.8 1–4
F–Si–β(2) 587.9 0.30 23.7 7–15
F–Pt–β 535.0 0.28 33.9 1–4
F–Pd–β 556.3 0.28 37.4 1–4
F–W–β 535.9 0.28 45.9 1.5–3.5
F–Al–β 506.5 0.28 47.3 8–16
H–β 650.4 0.35 100 0.3–1
H–ZSM-5 440.9 0.24 55.8 0.5–1.2
H–Y 735.4 0.42 n.d. 0.5–2

–OH relative coverage (%) is evaluated by comparing the integrated ar
the hydroxyl bands (3000–3750 cm−1) to that of the H–β zeolite; n.d.: not
detected.

indicative of an increase of density of connectivity defe
in F–Al–β . Based on the observations with XRD and29Si
MAS NMR, we can come to the conclusion that, in the c
of F–Pt–β and F–Pd–β , pure silica beta frameworks wit
high crystallinity were formed and large particles of Ptx

and PdOx were present on the surface of these crystals.
Table 2 shows that the BET surface area and the pore

ume of allβ zeolites are much larger than those of ZSM
which is consistent with the differences in their pore diam
ters. The BET surface area and pore volume of allβ samples
decrease in the following order: H–β > F–Si–β(1) > F–Si–
β(2) > F–Pd–β > F–Pt–β ≈ F–W–β > F–Al–β . The small
crystal size with 0.3–1 µm determined by SEM made a
contribution to the large BET surface area of H–β zeolite,
while the big crystal size with 8–16 µm resulted in the l
BET surface area of F–Al–β . However, for otherβ samples
synthesized in a fluoride medium it is difficult to correla
the BET surface area with their crystal sizes. It should
pointed out that the yield of the H–β sample (based on si
ica) was only about 70 wt%; however, for all fluorinatedβ

zeolites, that was larger than 95 wt%. It means that am
phous phase in small amounts might still be containe
some samples synthesized from a fluoride medium, fur
decreasing the BET surface area and pore volume of
samples. In addition, the BET surface area and pore
ume of H–ZSM-5 and H–Y are determined to be 440.9 m2/g
(0.24 cm3/g) and 735.4 m2/g (0.42 cm3/g).

The change in the shape of N2 adsorption–desorptio
isotherms for H–ZSM-5, H–β , and all β samples synthe
sized in a fluoride medium is depicted in Fig. 4. Clearly,
samples displaytype I isotherms, which is a typical chara
teristic of microporous solids [37]. The hysteresis loop of
H–β sample was not detected by our method, which co
be associated with the morphology consisting of unifo
round, small crystals (0.3–1 µm). For all other samp
a type H4 hysteresis loop was observed on the isotherm
these samples at a relative pressure higher thanp/p0 = 0.45.
The type H4 hysteresis loop is often associated with ph
transitions of nitrogen, but in the case oftype I isotherm
l

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

character is indicative of microporosity [37]. The appeara
of a type H4 hysteresis loop on the isotherms of microporo
ZSM-5 (∼ 5.5 Å) andβ (∼ 7.0 Å) materials, resulting from
the poor uniformity of crystal size distribution, can be a
cribed to the contribution of capillary condensation of2
in interparticles or in agglomerates. As expected, the B
pore diameter distributions (calculated based on the ads
tion branch) of H–ZSM-5, H–β , F–Al–β , F–Si–β(1), and
F–Si–β(2) were determined to be smaller than 10 Å, ty
ical of microporous solids, as shown in Fig. 5. Howev
for F–W–β , F–Pt–β , and F–Pd–β a visible mesoporous siz
distribution is centered at 17.4–17.9 Å. Since a mesopo
inflection was not distinctly observed on the isotherms
these samples, therefore, the appearance of mesoporou
distribution cannot be assigned to the formation of reg
mesopores in the solids but could be ascribed to the cont
tion of irregular mesoporous interparticulate void space [3

The infrared spectra in Fig. 6 show that the vibrat
bands ranging from 350 to 1300 cm−1 of F–Si–β , F–Pt–β,
F–Pd–β , and F–W–β frameworks are quite distinctly re
solved. For F–Pt–β and F–Pd–β samples, about 18 frame
work vibration bands appeared at 354.9, 374.1, 426.3, 45
474.5, 524.6, 576.7, 623.0, 642.3, 667.3, 677.0, 73
775.3, 790.8, 808.1, 825.5, 1105.1, 1238.2 cm−1; however,
the weak vibration at about 355 cm−1 was invisible for F–
W–β and F–Si–β . The visible vibration bands of F–Si–β ,
F–Pt–β , F–Pd–β , F–W–β , and F–Al–β are more than thos
of H–β . In contrast, the bands at 355, 667, 677, 737, 7
808, and 825 cm−1 cannot be observed at all for H–β , while
for F–Al–β only three bands at 355, 667, and 677 cm−1 are
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Fig. 5. Nitrogen adsorption pore size distribution of various zeolites

invisible. It means that synthesis in a fluoride medium
result in a higher resolution of all vibration environme
of framework elements. This also shows that the inco
ration of Al into β framework in either a fluoride medium
or a non-fluoride medium largely decreases the numbe
oscillators locating in different vibration environments.
Ref. [39], the IR vibration modes from 300 to 1250 cm−1

have been, respectively, assigned to asymmetric stretc
vibration mode (950–1250 cm−1), to symmetric stretching
vibration mode (650–820 cm−1), to T–O bending vibration
(300–650 cm−1). The weak band at about 355 cm−1 for F–
Pt–β , F–Pd–β , and F–W–β may be related to the vibratio
of weak mesopores consisting of interparticle void spa
Fig. 6 also shows that the skeletal vibrations ofβ zeolite
are totally different from those of ZSM-5 zeolite, whic
is because the frameworks of ZSM-5 andβ zeolites are
respectively, consisting of different structural units. In p
ticular, the vibration of terminal Si–OH at about 947 cm−1,
which is very strong for the H–β sample, cannot be ob
served at all for F–Si–β , F–Pt–β , F–Pd–β , and F–W–β;
however, that becomes a small shoulder band and shif
about 948 cm−1 for ZSM-5 and F–Al–β . This shows tha
there is a much higher concentration of hydroxyl groups
H–β than on other zeolites, further indicating that there
plenty of defects of connectivity on H–β [22].

3.2. Surface –OH relative coverage

FTIR spectra between 4000 and 2500 cm−1 of H–β , H–
ZSM-5, and allβ zeolites synthesized in a fluoride mediu
are shown in Fig. 7. In the present work, the H–β sample ex-
hibits clear strong absorbance bands at about 3731.7, 36
 ,

Fig. 6. IR vibration spectra of frameworks of various zeolites.

and 3536.7 cm−1 and shoulder bands at about 3691
3683.4, 3660.2, 3575.3, 3559.8, and 3457.5 cm−1. For H–
ZSM-5, only about five absorbance bands with weak in
sity are observed to locate at about 3733.6, 3714.3, 36
3621.6, and 3525.0 cm−1, respectively. These respective h
droxyls were assigned to isolated silanols, locating in
region 3730–3742 cm−1, and to associated hydroxyls wi
bridging OH bands in the region 3685–3600 cm−1 [40]. As
we know, the framework ofβ nucleates and grows in a mo
difficult manner than that of ZSM-5 in the alkaline mediu
resulting in the increase of surface defects of connect
on H–β [3,19]. As compared with H–β , the relative cover
age of surface –OH on allβ zeolites synthesized in a fluo
ride medium showed a drastic reduction, especially for
isolated –OH absorbance band at 3733 cm−1, as shown in
Fig. 7. The F–Al–β sample exhibits more hydroxyl band
at about 3733.6, 3691.1, 3679.5, 3656.4, 3633.2, 359
3579.2, 3563.7, 3540.5, 3517.4, and 3457.5 cm−1, while for
F–Si–β , F–Pt–β , and F–Pd–β these hydroxyl bands weake
and become ambiguous.

Table 2 shows the relative coverage of surface –OH o
samples, which has been calculated as a relative area
tion percentage (%). The relative coverage of surface –
on different zeolite materials varies rather remarkably, wh
gradually reduces in the following sequence: H–β > H–
ZSM-5> F–Al–β > F–W–β > F–Pd–β > F–Pt–β > F–Si–
β(1) > F–Si–β(2). The relative coverage of surface –OH
F–Al–β , F–W–β , and F–Pd–β is nearly 37–47% of that o
H–β , whereas that on F–Pt–β and F–Si–β drops to abou
34% and 24–28% of H–β , respectively. These results sho
that theβ materials synthesized in a fluoride medium
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Fig. 7. Comparison of the relative coverage of surface –OH groups on
ous zeolites.

more hydrophobic than those synthesized in conventi
ways. We can come to the conclusion that crystallization
fluoride medium greatly decreases the number of conne
ity defects in the framework of the zeolite products, furth
diminishing the coverage of surface hydroxyl groups, es
cially of isolated silanols.

3.3. Control of morphology

SEM was used to observe the morphology of various
olite crystals and to detect the crystal size distributions
listed in Table 2 and displayed in Figs. 8–14. Very clea
the crystal sizes ofβ zeolites synthesized in a fluorid
medium are much larger than those of H–β (0.3–1 µm),
H–Y (0.5–2.0 µm), and H–ZSM-5 (0.5–1.2 µm) synth
sized in traditional hydroxide media. F–Si–β(1), F–Pt–β ,
F–Pd–β, and F–W–β have almost similar crystal size o
about 1–4 µm. The crystal size of F–Si–β(2) (7–15 µm)
without seeding (Fig. 13) is much bigger than that of F–
β(1) (1–4 µm) induced by H–β (Fig. 9). Whereas the bi
crystal size of F–Al–β (8–16 µm) (Fig. 14) is a result of co
interaction by Al and F for the spontaneous nucleation
growth of beta framework in a longer crystallization peri
of 12 days.

The morphology of H–β (Fig. 8) is nearly a round ba
with uniform crystal size. The SEM pictures of F–Si–β(1),
F–W–β , F–Pt–β , and F–Pd–β look rather similar: the uni
formity of the crystals is quite poor, and these samples c
sist of truncated square bipyramid crystals with differ
sizes, rodlike crystals with different diameters, and polycr
talline aggregates with irregular shapes. The morpholog
Fig. 8. SEM picture of H–β seeding crystals synthesized in an alkali
medium.

Fig. 9. SEM pictures of F–Si–β(1) synthesized with H–β seeding of
0.39 wt%: (a) full view and (b) local amplification.

siliceous F–Si–β(1), as viewed fully (a) in Fig. 9, exhibit
quite rough uniformity; however, once amplified locally (
it looks very complicated, consisting of nonuniform crysta
As viewed fully (a′) and amplified locally (b′) in Fig. 13,
the morphology of F–Si–β(2) looks very uniform and per
fect in a singular shape of truncated square bipyrami
which the number of rodlike crystals and twin crystals
negligible, as reported by Hazm et al. for gallium–beta z
lite [25]. Note that F–Al–β with a morphology of symmetri
cally faceted truncated square bipyramid was contamin
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Fig. 10. SEM picture of F–Pt–β synthesized with H–β seeding of 0.40 wt%

with some amorphous solid mainly consisting of noncrys
lized Al species and silica as determined by EDX analys

The different morphologies of F–Si–β(1) and F–Si–β(2)

have experimentally revealed the induction effect of se
ing crystals on the morphology ofβ zeolite in a fluoride
medium. The results suggest that spontaneous nucleat
a fluoride medium resulted in the formation of crystals w
especially uniform crystalline morphology, while the pre
ence ofβ zeolite seeding made mixed crystals consisting
different shapes. A possible formation mechanism of F–
β(2) can be described below: the beta framework was s
taneously nucleated in the presence of fluoride anions, s
and a trace amount of impurities to form numerous tiny c
tal nuclei; thereafter, the soluble F-containing silica spe
surrounded these crystal nuclei to grow into uniformly la
crystals with prolonging the crystallization time to 12 da
similar to the case of F–Al–β . However, the addition of H–β
seeding largely shortened the crystallization time to 6 d
and induced a relatively complicated morphology, as in
case of F–Si–β(1), F–W–β , F–Pt–β , and F–Pd–β .

3.4. Catalytic activity in chiral hydrogenation

Tiglic acid is a simple and reactive molecule among
saturated acids, and there is only the chiral center in
molecular configuration of hydrogenised product meth

Fig. 11. SEM picture of F–Pd–β synthesized with H–β seeding of
0.40 wt%.
n

,

Fig. 12. SEM picture of F–W–β synthesized with seeding H–β of 0.39 wt%.

butyric acid, which is advantageous as a model molec
When one gas chromatograph equipped with a CP-Chir
L-VAL capillary column is used to analyze the reactant a
products, two chirally hydrogenised products of tiglic ac
i.e.,R-(−)- andS-(+)-α-methylbutyric acids, are well sep
arated chromatographically. Prior to catalytic tests, all th
or Pd-containing catalysts (in Table 3) were pre-reduce
400◦C for 10 h, and the respective metal dispersion was
tected to be 35% for Pd/HZSM-5, 48% for Pd/H–β , 57%
for Pd/H–Y, 65% for F–Pt–β , and 69% for F–Pd–β . Obvi-
ously, the metal dispersion on those catalysts with iden

Fig. 13. SEM pictures of F–Si–β(2) synthesized without seeding: (a′) full
view and (b′) local amplification.
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Fig. 14. SEM picture of F–Al–β zeolite synthesized without seeding.

metal contents prepared by hydrothermal synthesis is hi
than that by impregnation.

For the hydrogenation of tiglic acid at room temperat
in a Parr reactor, Pd/HZSM-5, Pd/H–β , and Pd/H–Y dis-
played good activity under H2 pressure of 27.6 bar; howeve
only a racemic mixture of the hydrogenised products was
quired with an enantioselectivity (%) close to zero, implyi
the lack of chirality of these catalysts. F–Pt–β and F–Pd–
β were highly active for the hydrogenation of tiglic ac
under pressures of H2 in which the active species for hy
drogenation was Pt or Pd metals dispersed onβ [41]. When
F–Pt–β (reduced) was used as the catalyst, along with
increase of H2 pressures from 13.8 to 55.2 bar, the conv
sion of substrate rapidly increased from 10.6 to 56.7 mo
The TON value also displayed a gradual increase from 1
to 92.1 (mol of products/mol of Pt) with the increase of H2
pressure. This is understandable because increasing th2
pressure increases the moles of H2 molecules as one of th
reactants, further enhancing the catalytic conversion of
strate molecules. In contrast to F–Pt–β , F–Pd–β (reduced)
showed higher catalytic activity for this reaction in the ran
of H2 pressures from 13.8 to 55.2 bar. At a low H2 pres-
sure of 13.8 bar, after 10 h about 46.5 mol% of tiglic a
could be converted. When the H2 pressure was increased
27.6 bar, the conversion was elevated to 82.6 mol%. Fur
increase in the pressure of H2 to 41.4 bar or higher led to
one 100 mol% conversion of tiglic acid. The TON value a
showed a remarkable increase from 74.8 to 161.0 (mo
products/mol of Pd). The notable difference in catalytic a
tivity of F–Pt–β and F–Pd–β for the hydrogenation of tiglic
acid may be due to one fact, that the capability of pallad
metal for the adsorption and decomposition of molecular
drogen is much stronger than that of platinum metal [4
Comparatively, under identical H2 pressure the TON valu
and conversion of catalysts exhibit a decrease in the
lowing order: F–Pd–β > Pd/H–β ≈ Pd/H–Y > Pd/HZSM-
5 > F–Pt–β .

Interestingly, when F–Pt–β and F–Pd–β catalysts were
applied in the hydrogenation of tiglic acid, about 9–11% e
value was directly obtained without the addition of chi
modifier (Table 3), in whichR-(−)-enantiomer was dom
r

inant, further showing the chirality of pore channels ofβ

zeolite synthesized in a fluoride medium. This very low e
value indicates a low-purity chirality ofβ channel structure
as proven by XRD patterns and other characterizations
expected, in the reaction system consisting of Pd/HZSM-5
and F–Si–β an extremely low e.e. value of about 3.4% w
achieved. However, this might not indicate a possible ef
of selective adsorption of one of the products in the pore
the asymmetric zeolite in the reaction mixture, but could
an effect of a chiral modifier imposed by F–Si–β the most.
For the F–Pt–β and F–Pd–β catalysts, the e.e. values we
changing in the range of 8.9–11.0%. And when F–Pd–β was
re-used under H2 pressure of 27.6 bar, the e.e. value sta
more or less constant (about 10.4%) with an 82.6 mol% c
version. Considering the rigid structure ofβ zeolite and its
recyclable and regenerable characteristics, thus, this
rather significance, as it opens up a possibility of synthe
ing the recoverable chiral porous solid catalysts in the fut
which has been pursued by synthesis chemists.

4. Conclusions

A series of beta zeolite materials, such as F–Si–β , F–
Pt–β , F–Pd–β , F–W–β , and F–Al–β , has been crystallize
from a fluoride medium in the presence or absence of Hβ

seeding and characterized by different techniques. XRD
terns suggested that the stacking probability in the F–Sβ,
F–Pt–β , F–Pd–β , and F–W–β materials was lower tha
the usual value of 0.6, i.e., the majority of these mater
consisted of polymorph A with chiral structure. The c
ral siliceousβ framework has been proven to be free
the connectivity defects by29Si MAS NMR. The IR vi-
bration spectra showed that synthesis in a fluoride med
could result in a higher resolution of all vibration enviro
ments of framework elements. The BET surface area
pore volume of allβ samples decreased in the followin
order: H–β > F–Si–β(1) > F–Si–β(2) > F–Pd–β > F–Pt–
β ≈ F–W–β > F–Al–β . Interestingly, for F–W–β , F–Pt–β ,
and F–Pd–β a visible mesoporous size distribution at 17.
17.9 Å was detected.

The relative coverage of surface –OH groups show
a gradual reduction in the following sequence: H–β > H–
ZSM-5 > F–Al–β > F–W–β > F–Pd–β > F–Pt–β > F–
Si–β(1) > F–Si–β(2). Spontaneous nucleation in a fluori
medium resulted in the formation of crystals with especia
uniform crystalline morphology, while the presence of Hβ
zeolite seeding made mixed crystals consisting of diffe
shapes. Pd/HZSM-5, Pd/H–β , Pd/H–Y, F–Pt–β , and F–
Pd–β were catalytically active for the hydrogenation of tig
acid in the range of H2 pressures from 13.8 to 55.2 bar; ho
ever, for this reaction an appreciable e.e. value of 9–1
was merely achieved over the F–Pt–β and F–Pd–β catalysts,
without the addition of chiral modifiers, further showing t
low-purity chirality of pore channels ofβ zeolite synthesized
in a fluoride medium.
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Table 3
Catalytic activity of F–Pt–β, F–Pd–β, and other Pd-containing catalysts for the chiral hydrogenation of tiglic acid

Catalyst Metal dispersion Hydrogen pressure Conversion TONa Selectivity (%) e.e.

(%) (bar) (mol%) S-(+) R-(−) (%)

Pd/HZSM-5 35 27.6 68.7 105.9 – – 0
Pd/H–β 48 27.5 78.4 120.9 – – 0
Pd/H–Y 57 27.6 76.9 118.6 – – 0
F–Si–β + Pd/HZSM-5 27.5 65.5 101.0 48.3 51.7 3.4

F–Pt–β 65 13.8 10.6 17.2 45.5 54.4 8.9
27.6 32.1 52.1 45.4 54.6 9.2
41.4 50.2 81.6 45.5 54.5 9.0
55.2 56.7 92.1 45.3 54.7 9.4

F–Pd–β 69 13.8 46.5 74.8 44.8 55.2 10.4
27.6 82.6 133.0 44.9 55.1 10.2
41.4 100 160.9 44.5 55.5 11.0
55.2 100 44.7 55.3 10.6

1stb 27.6 82.6 133.0 44.9 55.1 10.2
2nd 27.5 83.1 133.8 44.7 55.3 10.6
3rd 27.4 82.8 133.3 44.7 55.2 10.5
4th 27.6 82.7 133.1 44.8 55.2 10.4

Redistilled methanol was used as the solvent, and reactions were carried out at room temperature for 10 h.
a TON equals (mol of products/mol of Pt or Pd in the catalysts).
b Number of recycles of the catalyst F–Pd–β.
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