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Pentasil zeolite, B-ZSM-5 and Al-ZSM-5, have been synthesized hydrothermally using orthoboric acid and sodium
aluminate, respectively, with ethyl silicate-40 so as to obtain a gel mix with Si02/M,0; = 22 (where M = B or Al) employing
a tetrabutylphosphonium bromide (TBPBr) template at temperatures of 423, 448, and 473 K. The crystallization kinetics
followed by XRD, FTIR, and SEM studies clearly demonstrate the influence of the size of the hetero atoms on the rate of
nucleation and crystallization. The values of the apparent activation energies for nucleation and crystal growth indicate
that both nucleation and crystal growth are faster for the A1-ZSM-5 system than for the B-ZSM-5 system. Avrami-~Erofeev
parameters for both systems have been evaluated. Correlations were found between the kinetics of crystallization and the
characteristics of the formed crystal. SEM pictures show similar, but larger sized, crystals for the Al-ZSM-5 system than
those of the B-ZSM-5 system. XRD, FTIR, and chemical analysis have revealed that the mechanism operating during
crystallization is the same, and that hetero atoms become incorporated with the framework during the nucleation step,

itself, with boron at a slower rate.

Zeolites whose silica frameworks contain substituents
other than aluminium are found in nature.! Such structures
can be prepared in the laboratory, either by crystallization'-
or by framework modification with various reagents.* A more
frequently mentioned zeolite in this regard, particularly in
the patent literature, is boron containing the pentasil zeo-
lite ZSM-5 (a boralite). In boralite, boron occupies the
typical site of the framework aluminium. The incorpora-
tion of boron in pentasil zeolite (MFI and MEL) structures
has been claimed since 1978. Evidence for this substitu-
tion was obtained from measurements of the size of the unit
cell* and from magic-angle spinning (MAS) NMR data.*¢
In the preparation of B-ZSM-5 (B-MFI), mainly the tetra-
propylammonium cation*’ " and alkylamines'' are being
used. B-ZSM-11, another boralite with the MEL structure,
is being prepared using the versatile tetrabutylammonium
hydroxide (TBA) as a template.'>'* Using the tetrabutylphos-
phonium cation (TBP), pure Al-ZSM-5 has been reported for
the first time under specific synthetic conditions using a poly-
meric silica source' instead of the common monomeric silica
source. The literature shows that most of the work on boralite
has been devoted to its synthesis, characterization'?'>—'" and
reactions.'™? The kinetics part of their crystallization still
remains insufficiently examined. It was therefore thought
worthwhile to examine the kinetics of both the process of
nucleation and crystalilization of MFI boralite using the TBP
template itself. In this study we compared the rates of nu-
cleation and crystallization of the B-ZSM-5 and Al-ZSM-5
zeolites from the their gel mix containing a S10,/M,0; ratio
of 22 (M = B or Al) using the tetrabutylphosphonium (TBP)
cation template in separate batches; also, the influence of
the temperature on the rates of crystallization was studied.

The activation energy for nucleation and crystallization and
the Avrami—Erofeev parameters were determined so as to
understand the crystallization mechanism.

Experimental

The materials used for synthesis runs were ethyl silicate-40
(Pentameric silicate ester containing SiO, 40% by wt, Mettur Chem-
icals, S.India), sodium aluminate (Anala R), orthoboric acid (Anala
R), tetrabutylphosphonium bromide (TBPBr) (E. Merck), sodium
hydroxide (Anala R), and demineralized water.

The experiments were performed using gel mixtures of molar
composition, 0.48 TBPBr:4.1 Na,O:M»03:22 SiO;:735 H.O
(where M = B or Al). In a typical experiment, 40 g of ethyl
silicate-40 was diluted with 50 ml of deionized water and stirred
mechanically for one hour to obtain solution A. After orthoboric
acid 1.5 g (or 2.6 g of sodium aluminate) was dissolved in 50 mi
of water, tetrabutylphosphonium bromide (2 g in 5 ml of water)
was slowly added to it with stirring to obtain solution B. Solution
B was added to solution A with constant stirring. A solution of
sodium hydroxide (3.2 g in 40 ml of water) was added in a thin
stream to obtain gel mix of pH 9.5£0.2. The thus-obtained gel mix
was transferred into a 300 ml capacity steel autoclave and held at
a temperature of 448 K in an air oven. At fixed time intervals the
reaction vessel was taken out from the thermostat, and the products
were removed, washed with distilled water, dried at 393 K, and
finally calcined at 823 K for 5 h. X-Ray diffraction patterns of the
M-ZSM-5 in a powder form were collected on a Rigaku X-Ray
diffractometer with Ni-filtered Cu Ka radiation. The percentage
crystallinity was estimated” based on the ratio of a peak area of
26 = 22—25° peaks of the solid product to that of the reference
sample of ZSM-5 with 100% crystallinity.

The size and shape of the crystals were examined using a scan-
ning electron microscope (SEM; JEOL 2000 JS model) after coating
with evaporated Au film. The composition of the intermediates and
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final samples were obtained by chemical analysis. Silica was deter-
mined gravimetrically. Aluminium, boron and phosphorous were
determined using inductive coupled plasma (ICP) analysis. The
organic cation present in the zeolite was calculated from the phos-
phorous content by assuming that one mole of TBP corresponds to
one mole of phosphorous.

Results and Discussion

X-Ray diffraction and SEM pictures of the intermediates
and final products of synthesis confirm the formation and
development of only the MFI-type zeolite phase during the
crystallization period. A typical X-ray pattern of B-ZSM-5
synthesized from a gel mixture containing S10,/B;05 = 22
is shown in Fig. 1. The crystallization kinetics of M-ZSM-5
(M = Al and B) using the TBP cation in the reaction temper-
ature range 423-—473 K are illustrated in Fig. 2. The TBP
cation plays a structure-directing role during nucleation by
arranging silica tetrahedra in an orderly manner. The crystal-
lization curves indicate a considerable influence of the reac-
tion temperature on the kinetics of the crystallization process.
The sigmoidal nature exhibited by the crystallization curves
is characteristic of a process involving two distinct stages:**
(a) an induction period when nuclei are formed; and (b) a
crystal-growth period when nuclei grow into crystals. Fol-
lowing the course of crystallization by examining the X-ray
diffraction pattern of the solid as a function of the crystal-
lization time provides information about the induction period
and crystal-growth period. If it is assumed that the rate of
nucleation is inversely proportional to the induction period,
then it is evident from the Fig. 2 that the rate of nucleation
decreases as the crystallization temperature decreases. It is
also clear from Fig. 2 that the rate of crystal growth increases
with the crystallization period and passes through the max-
imum rate at 50—70% of the total crystallinity followed by
a slow increase while approaching 100% crystallinity. The
higher rates of nucleation and crystal growth at a higher
reaction temperature suggest the enhanced solubility of the
aluminosilicate (or borosilicate) gel on increasing the crys-
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Fig. 1. Typical XRD of B-ZSM-5.
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Fig. 2. Crystallization curves for B-ZSM-5 and Al-ZSM-5
systems.

tallization temperature, which exerts a beneficial effect on
the crystallization process.”® The curves in Fig. 2 show that
the higher is the temperature the faster is the rate of nu-
cleation and crystallization, irrespective of the nature of the
substituent atoms in the framework that is forming.

Assuming that the formation of nuclei stable enough not
to redisolve, but to grow into a crystal, is an energetically
activated process, since nucleation is the rate-determining
step during the induction period, the apparent activation en-
ergy for nucleation (£,) was calculated from the temperature
dependence of the rate of nucleation,

din1/6 —E,
d1)T = R’

M

where 0 is the induction time i.e. the point on the crystal-
lization curve where the conversion to the crystalline phase
is just starting and T is the absolute temperature. Similarly,
E., the apparent activation energy for crystal growth, was
calculated from the temperature dependence of the rate of
crystallization. The crystallization rate? is defined as the
rate of conversion at 50% of the total conversion level in
terms of the percent conversion per hour,

dinl/6 _—E

di/T ~ R’ @

where @ is the time taken for 50% crystallization, which does
not include the induction period. Linear plots obtained by
applying the Arrhenius equation to the crystallization curves
are shown in Fig. 3. The activation energy for the nucle-
ation (E,) values derived from these plots are summarized
in Table 1. E, and E., found to be higher for the B-MFI
system than for the AI-MFI system, suggest that nucleation
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Table 1. Activation Energy of Nucleation (E,) and Crystallization (E.)

System"" Source of organic Si02/M;04 E/kImol ™! E./kJmol ™"
B-ZSM-5 TBP-Br 22 48.7 39.1
(present study)
Al-ZSM-5 TBP-Br 22 43.1 45.6
(present study)
Al-ZSM-5%¢ TPA-Br 90 134.4 76.5
Al-ZSM-5% TPA-Br 11 35 166
Al-ZSM-57 TPA-OH 28 107 81
Al-ZSM-57 TPA-Br 90 355 83.6
Al-ZSM-5%* TPA-Br 70 25 29
ZSM-5% TPA-Br Al free 38 46
a) Superscripts given are reference numbers.
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Fig. 3. Arrhenius plots for nucleation and crystallization of 3
B-ZSM-5 and Al-ZSM-5 systems.
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and crystallization must occur slower with the B-MFI system Fig. 4. Avrami-Erofeev plots for B-ZSM-5 and Al-ZSM-5
than with the Al-MFI system. These are apparent and not real systems.

values of E,, and E, because they are functions of many syn-
thesis parameters, such as the synthesis time, temperature,
pH, source of raw materials, etc. However, these values
are comparable with those reported for the crystallization of
ZSM-5 in the TPA system?*?*~2* in the literature.

Kinetics of Nucleation and Crystallization. It was
shown that the process of zeolite nucleation and crystal-
lization represented by sigmoid curves, such as that of
shown in Fig. 2, can be described mathematically by the
Avrami-Erofeev equation,”®

In{1/(1 - a)] = ko), 3)

where a and ¢ are the fractional conversion and reaction time,
respectively, and k and m are rate constants. The data of Fig. 2
were fitted to Eq. 3 and linear plots of In () vs. In[1/In(1—
a)], from which the calculated values of m and k are given in
Fig. 4. The values of k and m obtained from these linear plots
are compared and listed in Table 2. The salient feature of

Table 2 is in accordance with the thermodynamic expectation
of a decrease in k and an increase in m as the temperature of
the zeolite synthesis decreases. The increase in k indicates a
faster rate of nucleation, and the decrease in m signifies faster
crystallization.?> Table 2 shows that the values of k obtained
for the Al-ZSM-5 system are higher than those of B-ZSM-5.
This clearly indicates a faster rate of nucleation in the case of

Table 2. Avrami—Erofeev Parameters

m kx10°
Reaction
temperature B-ZSM-5 Al-ZSM-5 B-ZSM-5 AIl-ZSM-5
K
423 11.9 9.5 55 6.3
448 7.2 6.4 10.6 11.6
473 5.6 4.3 17.1 18.7
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the Al-ZSM-5 system. Similarly, a lower value of m in the
case of AI-ZSM-5 than those with B-ZSM-5 indicates faster
crystallization of AI-ZSM-5. The power m stands for the sum
of two other constants, one indicating the number of stages
in the nucleation process and the other indicating the number
of directions in which crystal-growth propagation occurs.
The values of m, assuming that the number of directions
in which the crystal growth propagation occurs viz., shape
of the crystal, are the same (Fig. 5) in both crystallization
processes, reveal that the number of stages leading to stable

e
®® BRI E

Tl WRBRTE P

Fig. 5.

Kinetics of the Crystallization of the B-ZSM-5

nuclei of a size stable enough not to redissolve, but to grow
into a crystal, are supposed to be more in the case of B-ZSM-
5 than those leading to stable Al-ZSM-5 nuclei formation,
due to less stability of BO, tetrahedra compared with AlO4
tetrahedra in the secondary building unit.

Scanning Electron Microscopy and Chemical Analy-
sis. Scanning electron micrographs of intermediates of
both systems taken at intervals of the crystallization process
at 448 K are shown in Fig. 5. In the initial stages of (untill 60
h of heating) crystallization of a gel mixture, only the amor-
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SEM pictures of B-ZSM-5 and Al-ZSM-5 systems of crystallization at 448 K. B-ZSM-5 at 60 h (5A), 70 h (5B), 95 h (5C),

135 h (SD), and Al-ZSM-5 at 40 h (5a), 60 h (5b), 80 h (5¢), and 120 h (5d).
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phous phase is present, as evident from Fig. SA. Figure 5B
shows slightly developed crystals at 70" h. The coexistence
of amorphous with crystalline phases (60% crystallization)
is clear in Fig. 5C, which represents the intermediate drawn
at 95™ h. Figure 5D shows better outlined crystals of hexag-
onal shapes; these crystals are drawn at 135" h. Similar
shaped, but always larger sized, crystals are observed for the
Al-MFI system, as shown in pictures Figs. 5a, 5b, 5¢, and 5d
representing intermediates drawn at 40 h, 60 h, 85 h, and 120
h, respectively, during the crystallization period. The hexag-
onal nature of the crystals is attributed to the controlled or
limited directional growth occurring in the B-MFI system,
similar to the Al-MFI system of the same SiO,/M;,0j3 ratio
of the starting gel, but without any secondary growth over
them.

Table 3 contains details of the chemical analysis of the
intermediates and final products of both systems, taken at
various time intervals of the crystallization process at 448
K. The Si0;/M,05 ratio (though different for the boron
and aluminium systems) of the intermediates remains almost
constant during crystal growth throughout the crystalliza-
tion period. This shows that both systems crystallizes by
the solid—solid transformation mechanism, which involves
the rapid formation of innumerable nuclei, and consequently
microcrystallites of zeolite due to the interaction of template
molecules with metallosilicate hydrogels.”® The amount of
TBP in the solid increases with the crystallinity in the B-
ZSM-5 system due to an increase of microcrystallites of ze-
olites with an increase of time. A large amount of TBP
was already present at low X-ray crystallinity, and was con-
stant with time in the case of Al-ZSM-5. This shows that
a large number of microcrystallites are formed even at low
crystallinity in the Al-ZSM-5 system, probably is due to
the greater stability of Al containing a secondary building
unit. From Table 3 it is further observed that a phosphorous
residue is retained in channels of zeolites after calcination in
both systems. The phosphorous residue of different amounts
in the zeolite channel may enhance the shape selectivity of
the products of reactions that may be catalyzed by M-ZSM-
5 (M = Al or B), due to space constraints and acidity change.
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The change in crystallinity after calcination shows the re-
lease of boron from the zeolite framework due to a thermal
instability. Thus, the change in the SiO,/B,0O; ratio during
calcination is due to deboronation of B-ZSM-5 at higher
temperature.

Infrared Spectroscopy.  The B-ZSM-5 and Al-ZSM-
5 pentasil zeolite spectra, best observed for self-suported
wafers with respect to KBr pellets, were compared (Fig. 6).
In both cases, the IR spectra were typical of pentasil the ze-
olite. The well-defined IR bands at 800 and 450 cm~! and
the saturated region 1000—1300 cm ™! are characteristics of
the SiOy tetrahedral, while the vibrational band at 550 cm ™!
confirms the presence of five-member rings of the pentasil
structures. A new band observed for the B-ZSM-5 system

b
=2
o
~
@
9
=4
o
-
=
£
n
5 la
-
-

500

1 i
2000 1500 1000

Wavenumber /cmi?
Fig. 6. Infrared spectra of a) B-ZSM-5, b) Al-ZSM-5.

Table 3. Composition of the Intermediates and the Final Products

System % S]Oz M203 SiOz/MzO} TBP H20
Crystallinity mol % mol % mol % mol %
10 85.3 1.35 63.2 0.84 7.28
35 86.2 1.39 62.0 1.08 6.16
B-ZSM-5 69 87.9 1.43 61.5 1.29 5.75
100 87.8 1.49 58.9 1.48 4.96
789 94.2 0.67 140.6 0.82 —
15 76.1 0.95 80.1 1.29 5.78
Al-ZSM-5 35 76.8 0.94 81.7 1.33 5.32
79 77.5 1.0 77.5 1.38 5.05
100 77.8 0.98 79.4 1.42 4,78
96" 86.4 0.97 89.0 0.78° —

a) Calcined at 823 K for 5 h in air.

b) mol % of phosphorous after calcination.
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Table 4. Reaction Time and IR Crystallinity

System Reaction IR crystallinity % XRD
time/h AssolAaso crystallinity
45 0.15 0
B-ZSM-5 80 0.30 20
90 0.40 50
135 0.78 100
Calcined
B-ZSM-5 0.65 78
40 0.20 0
Al-ZSM-5 80 0.38 30
90 0.70 80
120 0.80 100

at 920 cm™! can be assigned to the presence of the tetra-
coordinated framework boron, and is observed in all boron
pentasils.'>"* However, for a calcined boron sample a strong
band also appears at 1380 cm~!, which can be assigned to
tricoordinated-framework boron.'*" The transformation of
the absorption band at 920 cm™! to one at 1380 cm~' upon
calcination is logically assigned to a change of boron coor-
dination from tetrahedral to trigonal.

The intensity ratio (Asso/Asso) of the double-ring vibration
and the 450 cm~! band of the SiO,4 bending may be used as
a measure of the crystallinity of zeolites. Table 4 shows that
the Asso/A4s50 values were found to increase linearly with the
degree of crystallinity of both systems. The IR spectroscopic
technique was not dependent on the thershold partical size,
because the X-ray diffraction technique is used to examine
the micro structure of the precrystalline solid phase. The
band observed at 550 cm~! was tentatively assigned to the
presence of such substructural units as a double 5 ring. Ta-
ble 4 indicates the presence of microcrystallites of ZSM-5
precursors in apparently amorphous materials.

Conclusion

TBP acts as a structure-directing agent during nucleation
by arranging silica tetrahedra in an orderly manner and leaves
a phosphorous residue of different amounts in the zeolite
channel after calcination in both cases. The phosphorous
residue may offer better shape selectivity of the products.
The slow rate of nucleation and crystallization of B-ZSM-5
results in simillar-shaped, but smaller sized, crystals and the
incorpotration of a greater number of boron atoms compared
to aluminum in the framework. The uniformity of the result-
ing crystals has the advantage of exibiting uniform catalytic
activity and selectivity of the products.
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