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Abstract

ZSM-5 zeolites were prepared at neutral pH by fluoride-mediated synthesis. The degree of crystallinity, the specific surface area
and the crystal size are higher than those of the zeolites prepared under alkaline conditions. Moreover, by varying the F/Si ratio
from 0.3 to 1.6, the H-[F]-ZSM-5 zeolites with crystal size ranging from 10 to 75 pm and the specific surface areas from 60 up

to 350 m%/g were obtained.

Temperature programmed desorption of pyridine was applied to characterize the zeolite acidity. A decrease of the number of
Bronsted acid sites with a higher F/Si ratio in the starting synthesis solution was observed. Based on the Hammett acidity function
Hy, a model has been developed to correlate the Bronsted acidity of the resulting zeolitic material with the amount of fluoride anions
introduced. Thus, ZSM-5 zeolites with tailored properties both at the molecular and microscopic levels are obtained.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

ZSM-5 zeolites are well-known crystalline micropor-
ous aluminosilicates that possess three-dimensional
frameworks [1,2]. Aluminum atoms in the framework
introduce negative charges, which are counter-balanced
by extra-framework cations. If such cations are hydro-
gen ions then the zeolite is a solid exhibiting Bronsted
acidity. Hydrothermal treatment results in dealumina-
tion with extra-framework Al possessing Lewis acidity.
Moreover, the pores of zeolites have uniform sizes com-
parable to molecular dimensions introducing molecular
sieve functions.
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ZSM-5 is one the most studied zeolites due to its
application in many fields like separation of gases or lig-
uids [3,4], synthesis of fine chemicals [5,6], the one-step
phenol production [5,7,8], in space research [9], and
essentially as a solid acid catalyst [10-12]. In order to ex-
tend the catalytic applications, the new synthesis routes
of ZSM-5 with controlled morphology, pore architec-
ture and surface acidity are warranted.

A significant breakthrough in the field of zeolite
synthesis occurred when hydroxyl anions were replaced
by fluorides, making the synthesis possible in neu-
tral and even in acidic media (pH =5) [13]. Later
on, Guth and Kessler developed the synthesis of
several microporous materials: aluminosilicates, alu-
minophosphates, gallophosphates via this alternative
non-alkaline route [14-18]. The use of the fluoride ion
as mineralizer (by using NH4F source) instead of the
conventionally used hydroxide ion presents several
advantages:


mailto:blouis@chimie.u-strasbg.fr 

172 B. Louis, L. Kiwi-Minsker | Microporous and Mesoporous Materials 74 (2004) 171-178

o fewer metastable phases are formed, which implies a
certain ease of preparation of any desired zeolite
[17,19,20],

e synthesis of materials not obtainable in alkaline
media like the 20-T-ring gallophosphate cloverite
(21],

e formation of large crystals with few defects which are
of interest as model host materials (for adsorption or
diffusion studies) [22],

e neutral medium (or acidic) enables the incorporation
of elements sparingly soluble in alkaline media: Co**,
Fe**, Ti** [16,17],

e direct formation of the ammonium form NH,~ZSM-
5, instead of Na-ZSM-5 avoiding repeated ion-
exchange; so only a calcination step is needed to burn
off the template and to obtain the acidic H-ZSM-5.

Recent studies have shown that even after calcination
fluorine remains occluded inside the small [4'5%67] cages
found in the MFT structure [19,23,24]. In spite of the
numerous advantages of the synthesis in fluoride media,
the presence of such highly electronegative element
modifies the electron density around the neighbouring
Si by the formation of [SiOy4,F]™ entities [23-25]. Thus,
this may also influence the catalytic properties of the
zeolite.

This study deals with the synthesis of H-[F]ZSM-5
zeolites with different F/Si ratio in order to investigate
the effect of fluorine on the physico-chemical properties
of the materials: degree of crystallinity, specific surface
area (SSA), size of the crystals, and also the zeolite acid-
ity. The aim is to tailor both chemical and morphologi-
cal microscopic properties. Furthermore, industry
continuously requires new structured catalyst packings
[3,26]. In reactors containing such packings, the pressure
drop, the flow characteristics, the mass and heat trans-
fers are found to be improved if compared to randomly
packed catalytic beds. Our previous studies reported the
in situ growth of ZSM-5 crystals on well-arranged mac-
roscopic supports (metals or ceramics) [8,27,28].

So, the work is aimed on the understanding of the tri-
ple-scale design of zeolite materials from the regulation
of surface acidity (molecular scale), defined crystal size
and morphology (microscopic level) up to the reactor
with structured catalytic bed (macro-scale).

2. Experimental
2.1. Synthesis of H-[F]ZSM-5 materials

The synthesis mixture was prepared by adding to
demineralised water at room temperature: sodium
aluminate (52.5 wt% NaAlO,, Riedel-de-Haén), tetra-
propylammonium bromide (TPA-Br, 99%, Merck-Su-
chardt), and ammonium fluoride (NH4F, >98%,

Fluka). Then, tetraethyl orthosilicate (TEOS, 98%,
Merck-Suchardt) was introduced under vigorous stir-
ring. The mole ratios were as follows: TPA-Br:TEOS:
NaAlO,:NH4F:H,0 = 0.07:1:0.012:0.3-1.6:80. The pH
was adjusted to 7 by adding a few drops of hydrofluoric
acid solution (40 wt%).

The mixture was homogenised and aged for 3 h. The
gel was then poured into an autoclave and maintained
for 135 h at 443 K. The crystalline material was filtered,
washed with demineralised water and dried at 393 K.
The H-forms were obtained by 5 h calcination at 773
K in air.

For comparison a synthesis in alkaline media was
performed. The mole ratios were as follows: TPA-OH:
TEOS:NaCl:NaAlO,:H,O = 2.2:5.6:3.4:0.13:1000. The
mixture was homogenised and allowed to age during a
time of 3 h. Similar synthesis conditions (time, tempera-
ture, pressure) were used to produce both [F]-ZSM-5
and non-fluorinated materials.

The yield of the synthesis was defined as the ratio of
silicon incorporated into the zeolite matrix to the initial
amount of silicon in the synthetic mixture.

2.2. Characterisation

The specific surface areas (SSA) and the porosity of
the zeolites were measured by nitrogen adsorption—
desorption at 77 K with a Sorptomatic 1900 instrument
(Carlo—Erba). Prior to the measurements, the samples
were heated for 2 h in vacuum to 523 K. The SSA (inter-
nal + external surfaces) were determined by the BET
method.

The X-ray diffraction (XRD) spectra were acquired
on a D500 Siemens powder diffractometer (6/26) using
monochromatised Cu-K,; radiation (1= 1.5406 A) in
the range of 20 from 5° to 50° with a step of 0.04° every
8 s.

XRD was used to validate the synthesis procedure, in
respect to the crystalline structure comparing the pat-
terns obtained with the JCPDS tables. Afterwards the
degree of crystallinity (Q) was determined. It was calcu-
lated as the sum of the seven highest reflections in the
XRD pattern [29] referred to this sum of the most crys-
talline sample with F/Si = 1.1, which degree of crystal-
linity was set to O = 1.

The XPS study was performed to determine the
chemical composition of the surfaces. The measure-
ments were carried out via a PHI-550 ESCA system
(Perkin—Elmer) with energy variation between 0 and
1100 eV using K, radiation of Mg.

Scanning electron microscopy (SEM) was employed
to study the morphology of the zeolite crystals. The
SEM images were recorded with a JEOL JSM-6300F
electron microscope operated at a voltage of 5 kV. The
Si/Al ratio of the crystals was determined by energy-dis-
persive X-ray (EDAX) analysis in the SEM chamber.
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The temperature programmed desorption (TPD) of
pyridine was used to titrate the different types of acid
sites (Lewis and Bronsted) of the zeolites in order to
evaluate their acid-base properties. The measurements
were performed in a Micromeritics AutoChem 2910
analyser provided with a quartz plug-flow reactor. A
ThermoStar 200 (Pfeiffer Vacuum) mass-spectrometer
was used to analyse the gas-phase composition. It was
calibrated by gas-chromatography using mixtures of
known composition. The catalysts were pre-treated by
heating at 823 K in He for 2 h.

The pyridine-containing mixture (~3 vol.% in He)
was obtained by saturation at room temperature in a
bubble column with anhydrous pyridine (>99.8%, Flu-
ka) and was introduced into the reactor with a sample
(30 mg) at 473 K until adsorption equilibrium was at-
tained. After purging with He for 5 min a TPD was
started with the temperature ramp of 10 K/min up to
1173 K in a He flow of 20 ml STP/min. The outlet gas
stream was monitored for H>,O (18 m/e), CO, (44 m/e)
and pyridine (52 and 72 m/e).

3. Results and discussion
3.1. Elemental analysis and BET

The synthesis yields for all samples were about
71 + 5%.

The Si/Al ratio of the zeolite prepared with a ratio F/
Si=1.6 was found to be 41. Moreover, the chemical
composition of this sample was also analysed by XPS
(Fig. 1). The presence of Al (signal at 70 eV) confirms
that ZSM-5 was obtained, rather than silicalite-1. Fluo-
rine has also been detected (690 eV) after the template
removal. Its atomic composition was estimated to be
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Fig. 2. Specific surface areas as a function of the F/Si ratio.

1.6 wt%. This indicates that F~ anions are not only pre-
sent as a charge-balancing ion of the organic template,
but retained inside the zeolite channels. Recent studies
[19,23,24] have undoubtedly shown that even after tem-
plate removal, fluorine stays inside the small [4'5%6%]
cages found in the MFI structure.

Fig. 2 presents the plot of the SSA values against the
F/Si ratio. It appears that the SSA values are related to
the amount of fluoride introduced into the synthesis
mixture and can be varied from 60 up to 350 m?/g.
The total pore volume of the fluorinated materials was
about 0.27 cm®/g, which is in line with the literature data
[30].

3.2. Powder X-ray diffraction and SEM studies

Fig. 3 presents an XRD pattern of H-{F]ZSM-5
(F/Si =1.1) showing the characteristics of the MFI
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Fig. 1. XPS spectra of calcined H-{F]ZSM-5 (F/Si = 1.6) zeolite.
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Fig. 3. XRD pattern of H-[F]ZSM-5 (F/Si = 1.1).
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Fig. 4. Degree of crystallinity as a function of the F/Si ratio.

structure [2,31]. This sample was found to be the most
crystalline and therefore its degree of crystallinity (Q)
was set to unity.

Fig. 4 shows the degree of crystallinity as a function
of the F/Si ratio. It can be seen that the Q values are
close to unity for the samples with F/Si ratio 0.9-1.6.
At lower and higher fluoride concentrations (F/Si = 2)
the zeolites are only partially crystalline. The depend-
ence of the crystallinity on the F/Si ratio has the same
trend as the SSA (see Fig. 2). This suggests that the
structural parameters of the zeolites are related to the
amount of fluoride introduced in the synthesis mixture.
This follows the observations made by Corma and
coworkers who reported that fluoride ions may catalyse
the condensation reaction involved in Si—O-Si bond for-
mation [42].

The size of the crystals is found to be dependent on
the fluoride concentration (Fig. Sa—d). The typical pris-
matic morphology of the ZSM-5 crystals is seen in the
SEM micrographs. Fig. 5a confirms the presence of
amorphous material for F/Si = 0.3-0.5. The crystals ob-
tained with fluoride are larger than those produced by

the synthesis in alkaline media, where a size of about
5 um was observed [28].

Furthermore, their crystallinity is also about 20%
higher. Because of the superior quality of the products,
there is considerable interest in understanding the role
that the fluoride anions play in the synthesis of zeolites
under these conditions. The replacement of OH™ by
F~ ions as mineraliser appears to be a prerequisite for
the formation of both large and well-crystallised
crystals.

Table 1 summarises the data obtained by XRD and
SEM studies. It is seen that a higher concentration of
F~ in the synthesis solution leads to the formation of
larger crystals. It can be concluded that the syntheses
via this unconventional route allows to vary the size of
the crystals maintaining high crystallinity Q = 1. Since
a part of the F~ ions remain in the zeolite structure after
the template removal, the chemical properties and thus
the catalytic behaviour can be affected [23,24].

3.3. Acid-Base properties: Bronsted acid sites titration

The acid-base surface properties of the fluorinated
zeolites were investigated via TPD of pyridine. The
chemisorption of pyridine allows to distinguish between
Bronsted acid sites (one pyridine molecule forming one
pyridinium ion, PyH") and Lewis acid sites (binds pyri-
dine coordinately, PyL).

Fig. 6a shows the TPD profile obtained on the ZSM-
5 with the F/Si=1.6. The pyridine desorption takes
place without decomposition and apparently occurs
from two types of sites. The desorption from the first site
corresponds to the peak between 250 and 330 °C, while
the second site is responsible for the peak between 530
and 580 °C. The peak below 330 °C (LT) is assigned
to the pyridine coordinated on Lewis sites (PyL) and
on non-acidic silanol groups [32]. The high-temperature
desorption peak (HT) is assigned to the strongly ad-
sorbed pyridine on Bronsted acid sites [33]. The H-
[F]-ZSM-5 sample was also exchanged several times in
a NaCH30 solution in THF [34]. The HT peak was
not observed in the spectra, indicating a loss of the
Bronsted acid sites (see Fig. 6b). This confirms the pre-
vious assumption that the HT peak is assigned to the
adsorption of pyridine on Bronsted acid sites. Further-
more, for H-MFI samples, one molecule of pyridine ad-
sorbs on one OH site forming 1:1 complexes [35].
Therefore, the amount of the Bronsted acid sites can
be determined by measuring the adsorbed pyridine on
the OH groups (HT peak in the TPD profile).

Fig. 7 presents the dependence of the number of
Bronsted acid sites of the crystalline H-[F]ZSM-5
samples (F/Si=0.9, 1.1, and 1.6) on the F/Si ratio.
For comparison, a zeolite was synthesised under alka-
line conditions in the same manner as the fluorinated
materials, transformed to the H-form via three-time
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Fig. 5. SEM micrographs of fluorinated materials: (a) F/Si = 0.3 (left); F/Si = 0.5 (right); (b) F/Si=0.9; (c) F/Si=1.1; (d) F/Si= 1.6.

exchange with ammonium chloride [34] followed by cal-
cination in air for 5 h at 773 K. It is noteworthy that an
increase of the concentration of fluorides in the synthesis
gel tends to decrease the number of Bronsted acid sites
in the resulting material.

For the zeolite sample with F/Si = 1.6, and having a
Si/Al = 41, the theoretical amount of Bronsted acid sites
should be about 0.4 mmol H*/g. The measured value
for the sample having a F/Si = 1.6 is about 0.05 mmol
H"/g,coite. Therefore, the fluoride anions really present
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Table 1
Degree of crystallinity and size of the crystals in different samples

Sample F/Si

Degree of crystallinity Size of the crystals

0() (um)
0.3 ~0.1 10.2x2.1x0.6
0.5 0.463 34.5x7.5%2.7
0.9 0.991 18.3x7.5%2.9
1.1 1 54.0%8.1x5.4
1.6 0.992 76.3x 13.8 x 10.0
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Fig. 6. TPD of pyridine from the (a) fluorinated zeolite with F/
Si = 1.6, (b) [Na]-back-exchanged fluorinated sample F/Si = 1.6.
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Fig. 7. Surface concentration of Bronsted acid sites as a function of
the F/Si ratio.

an effect on the total amount of Bronsted acid sites. Har-
ris and coworkers [36] have shown that the presence of
fluoride ions can complex aluminum atoms and form
AlFx species (shown by REDOR NMR techniques),
thus avoiding the formation of Bronsted acid sites.
Therefore, it appears to some extend that the presence
of fluoride anions tend to decrease the incorporation
of aluminum inside the zeolite framework.

Moreover, the HT desorption peak is also shifted to-
ward lower values while increasing the fluorine content:
from 611 °C for the sample having a F/Si = 0.9 to 550 °C
for the sample with F/Si = 1.6. The sample synthesised
in the presence of an alkali media presents a HT peak
with a maximum at 633 °C.

It follows that both the number of Bronsted sites and
also their strength are reduced while increasing the con-
centration of fluorides in the gel.

4. Modelling of zeolite acidity by the Hammett acidity
function H,

The difference in the acidity strength of the zeolite
with F~ inside cavities can be due to the electron induc-
tive effect (acceptor character of F~ anions), where F
atoms could accept electronic density from the neigh-
bouring Si, decreasing the Si-O bond length, thus
decreasing the lability of the proton [23,37]. Since Bron-
sted acid sites act as counter ions for [SiO4,F]™ entities
[23-25], their lability, and thus their acidity is decreased.
Fig. 7 shows the exponential dependence of the number
of Bronsted acid sites on the F/Si ratio. So, it can be rep-
resented by Eq. (1), or in linear form by Eq. (2):

H] =48] (1)
In[H"] =1n4 — B[F ] (2)

So, after linearization of Eq. (1), the proportionality
between the logarithm of the concentration of Bronsted
acid sites and the concentration of F~ anions is ob-
tained. By replacing the natural logarithm by the loga-
rithm in base 10, one comes to Eq. (3):

_10g10[H+] = —log;y4 + B[Fi]/ In10 (3)

The decrease observed in the Bronsted acidity with a
higher concentration of fluorides in the zeolite can be
based on the Hammett acidity function Hy as described
in Eq. (4):
pH = —log,;4 + B[F|/In 10

<= Hy = —log,y4 + B[F"]/In 10 4)

Hammett’s principle claims that the concentration of
[H] cannot satisfactorily characterise the acidity due to

the [H*] solvated diversely. Therefore, the ability of pro-
ton transfer to a base depends on the nature of the med-
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ium [38]. Hammett and Deyrup were the first to suggest
a method for measuring the degree of protonation of
weak bases in acid solutions [39]. In dilute aqueous solu-
tions, as the activity coefficients tend to unity, the
Hammett acidity function Hy becomes identical with
pH.

Therefore, the last equation (Eq. (4)) presents the
equivalence between the pH scale used in liquid media
and the Hammett acidity function Hy used in strong
acid media. This assumption is confirmed by the fact
that Hammett explored the whole H,O-H,SO, range
up to 100% sulphuric acid, and Haw and coworkers esti-
mated the HZSM-5 acidity to about 70% H,SO,4 [40].
Furthermore, Rys and Steinegger have developed a
model relating the sorption of bases in acid solids with
the sorption of the same bases in acid solution [41].
Their results showed that Hammett’s postulate, i.e. that
bases with similar structure have similar activity coeffi-
cients in homogeneous acid solutions also holds within
the pore structure of solid acids [41].

So, the acid strength of the fluorinated materials (ex-
pressed in decreasing values for Hy) appears to be pro-
portional to a decrease of [F~] values, which is in line
with our experimental results. The presence of fluorine
inside the zeolite after calcination can be the reason
for such linear dependence between the acidity and the
concentration of F~.

The resulting relationship (Eq. (4)) from this model,
allows an estimation of the acidity function Hy of these
fluorinated zeolites.

Depending on application requirements, one should
be able to tailor the acidity of MFI zeolites by varying
the concentration of F~. Moreover, this should allow
the controlling of the chemical properties with an appro-
priate and defined crystal size. This synthesis strategy
can be employed to prepare less acidic ZSM-5 zeolites,
having relatively large and well-defined crystals (>10
pm). Nevertheless, this work shows that the acidity,
the crystallinity and the particle size are not independent
variables. So, it would be difficult to prepare a very
acidic zeolite having a large crystal size.

Fortunately, the triple-scale design is possible, if these
molecular and microscopic properties are conjugated
with an appropriate macroscopic characteristics of
structured reactors [8,27].

5. Conclusions

H-[F]ZSM-5 zeolites with high crystallinity and high
specific surface area were synthesised and characterised
by physico-chemical techniques. By varying the concen-
tration of fluorides in the gel, it is possible to tailor the
size of the crystals and their surface acidity.

An exponential dependence between the number of
Bronsted acid sites on the zeolite surface and the con-

centration of fluorides was observed. A model was pro-
posed to characterize the zeolite acidity by the Hammett
acidity function H,,.

Innovative structured zeolitic materials can be pro-
duced via a fine tuning of the molecular, micro- and
macroscopic properties.
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