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The kinetics of hydrothermal crystallization of microporous silicoaluminophosphate SAPO-5
have been studied as a function of water content using the templates tripropylamine (TPA) and
triethylamine (TEA). The investigation included the formation of the SAPO-5 phase, its growth
in large single crystals, and the size distribution of the crystals. An attempt to fit the experimental
data to kinetic models of crystallization is presented, The systems studied have been found to
be very similar except for the nucleation stage which is mainly responsible for both the dimen-
sions of the resulting crystals and for the purity of the SAPO-5 phase.

Microporous aluminophosphates and their derivatives! continue to be regarded as
promising materials for both scientific and technical purposes? and therefore are
still being investigated intensively®:*. In addition to research into their catalytic
properties, studies of materials of AFI topology have been pursued mainly in three
directions: 1. methods of synthesis and related problems?-*~!7; 2. synthesis of large
crystals®~17; and 3. new derivatives'® 2!, The procedures for synthesis are well
developed. Likewise, the growth of large crystals and the tailoring of the dimensions
of the crystals have been treated recently?'!5. However, there are still unsolved
problems with regard to phase purity and to the broad size distribution of the
crystals® 16, These shortcomings can be better solved by gaining a deeper insight
into both the kinetics and the mechanisms of the process of crystallization. Only
few papers®:” deal with the kinetics of crystallization of aluminophosphate molecular
sieves and they restrict themselves to the formation of these phases without con-
sidering crystal growth.

. Presented as a poster at the International Symposium * Zeolite Chemistry and Catalysis™,

Prague, September 8— 13, 1991.
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Crystallization of SAPO-5 Molecular Sieves 757

On the basis of previous work on the SAPO-5 system!4~17, we have studied the
kinetics of the crystallization of this molecular sieve with regard to both the crystal-
linity of the samples and the dimensions of the crystals as it depends on the water
content of the system and on the compounds used to form the reacting gel. Triethyl-
amine (TEA) and tripropylamine (TPA) were applied as templating agents, the
latter expected to yield a purer aluminophosphate phase according to refs®~8.
A comparison of the crystal growth in the systems yielding a pure SAPO-5 phase
and the same contaminated by byproducts was accepted by us as an important
step for gaining a better insight into the mechanism of crystallization.

Using the equations published earlier’ 2223, we tried to fit the time dependence
of the crystallization of the SAPQ-5 phase in the presence of TPA. We also attempted
to interprete the size distribution curves.

EXPERIMENTAL

Hydrothermal crystallization of SAPO-5 molecular sieves was carried out starting with gels
of the formal molar composition

a Al,O; . hP,05.cT.dSiO, . e H0. [x H,50,], (D

where T = template (TPA or TEA), @ 1, b= 1,¢= 155 or 31, d= 02, e = 300 to 1 000,
x =0 for ¢ = 1-55 and x = 085 for ¢ -= 3-1. We used orthophosphoric acid as the source of
phosphorus, Pural SB (pseudoboehmite) and Al(OH); sol (pseudoboehmite-like?) as the sources
of aluminium, Aerosil 380 and Ludox AS 40 as the sources of silicon, and sulfuric acid (96%,). The
gels were prepared following the commonly used methods and the details are given else-
where’*~17-2% Crystallization was carried out at 190°C under autogeneous pressure without
agitation in 50 ml PTFE vessels enclosed in steel autoclaves,

For each kimetic series several autoclaves were charged with the same gel. After appropriate
periods of heat treatment (see Results), the autoclaves were cooled down, the products were
filtered, washed, and dried at 110°C for 24 h.

The degree of crystallinity (defined as the amount of SAPO-5 crystallized at a given time) of
the samples was determined®’ by X-ray powder diffraction and the dimensions of the crystals
were measured under a light microscope?S. The morphology of the crystals was investigated
by SEM.

RESULTS AND DISCUSSION

The system Al,0;.P,0,.5i0,. TPA.H,0 containing Pural SB as the aluminium source
yields fully crystalline products composed of a nearly homogeneous population of
hexagonal prisms of SAPO-5 (Figs 1, 2). Their maximum length along the c-axis
(later called dimension) is shown below in Fig. 12. The X-ray diffractograms of the
products correspond exactly to those of crystals of AFI topology and the samples
are usually pure. Sometimes a very low content of impurities, namely the AIPO,
analogs of cristobalite and tridymite, is present. The formation of these byproducts
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is not systematically dependent on changes in synthesis conditions. The charac-
teristics of the usually inhomogeneous products of the TEA containing system have
been described elsewhere’*~17:26,

The 2?Si MAS NMR spectrum as well as the DRIFT (diffuse reflectance infrared
Fourier transform) spectrum of the products of the TPA containing system (ex-
amples for calcined samples are shown in Figs 3 and 4, respectively) show a pre-
dominant incorporation of silicon in the phosphorus sites of the framework. This
is similar to what was found in the system containing TEA!#-2:27 and identifies
the products as SAPO-5.

The morphology of the crystals grown in the TPA containing system (Figs 1 and 2)
shows that:

a) the aspect ratio (length/width) of the crystals increases with water content
{dilution) in the reacting gel and this agrees with previous observations for systems
containing TEA2:'3715;

FiG. 1
Crystalline phases of SAPO-5 obtained from
the TPA containing system at e == 1000

[Eq. (D], | bar & 10 pm

FiG. 2
Epi;axial overgrowing of SAPO-5 crystals (TPA containing system, ¢ = 300 [Eq. (/)], 1 bar

~ 10 um)
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Crystallization of SAPO-5 Molecular Sieves 759

b) the crystals (especially at a lower dilution of the reacting gel) are partially
overgrown epitaxially along the c-axis by thin needles of the same material (Fig. 2).
A similar phenomenon has been observed for the system containing TEA but only
at higher contents of SiO, in the reacting gel'®*?”. This shows an important role
of small SiO, additives in the gel chemistry and/or the crystal growth, particularly
because of the observation that the largest SAPO-5 crystals can be grown at an
SiO, content of 0-3 mol (ref.'?).

/ |
FiG. 3 { \
Characteristic example for 2°Si MAS NMR N N) ‘\u MWMWWW
of a calcined SAPO-5 sample grown in the RN
TPA containing system (compare ref.2% for T T
the TEA containing system) o e ’

T T T T T T - 1
4000 387C 3740 36810 3480 3350 3220 ~ - 2960
Y, cm

FiG. 4
Characteristic example for DRIFT spectrum of calcined SAPO-5 sample grown in the TPA
containing system (compare ref.2% for the TEA containing system)
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The kinetics of TPA-SAPO-5 crystal growth is illustrated in Fig. 5. The length of
the period necessary for reaching full crystallinity (as determined from the surface
area of the X-ray peaks)®’ increases linearly with the dilution of the reacting gel
(Fig. 6). The shape of the kinetic curves depends on the dilution of the system as
well, and it is changing from a seemingly linear steep slope at the beginning of the
crystallization process to an S-shaped curve indicating an “induction” period?® for
the diluted gel (Fig. 5). A very similar shape of the kinetic curves can be observed
for the TEA containing system with the only difference that the yield of SAPO-5
is lower. The S-shaped curve with a very sharp jump is especially well pronounced

——

- w8 10 F

S0

<
T
Y
5
S
i
i
.
SN

.
b

70+ -
G ] ol e
B0 120, 20 200 622 R 1200
Fi1G. § FiG. 6
Kinetics of SAPO-5 crystallization in the The period of time necessary for maximum
TPA containing system. Degree of crystalli- crystallinity of SAPO-5 samples in the TPA
nity as the function of time at different water containing system as a function of water
contents. A e = 300, B e = 500, C e = 1000 content (dilution) e [Eq. (])]
[Eq. (1)}, Y in arbitrary units
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i - [=]
] . ° o o r 100
IMX — 0,
Bm 7 “° A a4 4 e
] + 60
100 4 Fic. 7
° L 40 L C
aca ¢ Kinetics of SAPO-5 .crystallization in the
10 o=f, L 20 TEA containing system at e= 750 and
L aaka A c= 3,1 [Eq. (I)): A degree of crystallinity
0 o " 2 ' o0 ) 'h — (z) and O maximum crystal length (/_,,) as

functions of time
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when an excess of the template is applied (Fig. 7). We conclude that:

a) the formation of the SAPO-5 phase (without paying any attention to the dimen-
sions of the crystals) is relatively rapid, while its beginning is defined by the gel
composition and particularly by the dilution (Figs 5 and 7);

b) the growth of the crystals (with respect to dimensions) is a relatively quick
process (Fig. 7);

c) the growth of SAPO-5 crystals to large dimensions (up to tens and hundreds
of pm) is possible only during the initial period of slow increase in crystallinity con-
nected obviously with a slow nucleation rate. The rapid increase of the formation
of the SAPO-5 phase results from an acceleration of the nucleation process and/or
from reaching the critical size?® of the nuclei. This is in agreement with the conclu-
sions reached from considering the size distribution of the crystals (see below).

We attempted to fit the experimental kinetic data to the equations
K = ki" (2)
proposed by Ciric?? and Zhdanov??® and
K =1 = exp(=(ke)) 3)

proposed by Weyda and Lechert’, where: K is crystallinity, ¢ reaction time, k crystal
growth rate, n pseudo-reaction order.

Since Eq. (2) cannot reflect the levelling off of the crystallization process, the fitting
of the experimental data has been restricted up to a crystallinity of about 509;.
The results for both models describzd by Eqs (2) and (3) are given in Table I together
with the squares of the correlation coefficients (r?).

In both cases the growth rate k decreases and » increases with the dilution of the
system. The second model offers a better fitting, though it does not reflect the change

TasLE |
Crystallization parameters calculated from Eqgs (2) and (3) and the squares of the correlation
ceefficients r2 for the TPA containing system

Water Eq. (2) Eq. (3)
11 L e — S . e
2 2

[Eq. (D) k n r k n r

300 997.1073% 1395 099 3859.107% 1186 099
500 42 .107% 2136 0-96 2:582.1072 1305 098
1 000 23 .1077  4-204 098 1-743.107%  1:506 098
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FiG. 8

Relative crystallinity of SAPQO-5 samples
C,.; in the TPA containing system as a func-
tion of time: experimental values (points —
compare Fig. 6) and their fitting to Eq. (3).
Lines A, B and C for e = 300, 500 and 1 000
in Eq. (J), respectively
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Size distribution of crystals (dependence of relative frequency f,., on particle size in pm) of
SAPO-5 in the TPA containing system as a function of crystallization time: e = 300 [Eq. (/)]
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of the shape of the crystallization curve to an S-curve. Examples of the kinetic curves
for the TPA containing system [Eq. (3)] are shown in Fig. 8.

Size distributions of the crystals are presented in Fig. 9 (system with TPA, dilution
300) and in Fig. 10 (system with TEA, dilution 600). Both illustrations have the
same character irrespective of the different gel components and the dilutions em-
ployed. Their shape is reminiscent of probability distribution curves, except for
the tail extended in the direction of larger crystals. The curves shift with time in
a regular way towards ever larger crystals until the point at which the most rapid
growth of SAPO-5 ends (that is until the end of the most steep part of the kinetic
curve is reached). Then the size distribution curves start to broaden but only in the
direction of larger crystals. The coincidence of shifting and broadening shows that
the nucleation process is stopped which can be caused by large changes in the com-
position of the reacting gel and/or by competitively rapid formation of the SAPO-5
phase. The last step of the growth of crystals (reflected by a broadening of the size
distribution curve) proceeds due to the consumption of the remainders of material
present in the mother liquor. One can not exclude a further growth of larger crystals
at the expense of the smallest crystals. This broadening of the size distribution
curve results obviously in a decrease of its maximum. These conclusions are re-
inforced by the plot of maximum of the size distribution curves against time (Fig. 11)
indicating that both, TPA and TEA containing system undergo the same mechanisms
of crystal growth.

However, the relationship between the largest crystal dimensions and the dilution
of the reacting gel show a considerable difference between the two systems (Fig. 12).
The dilution causes a much stronger increase in the crystal dimensions for the TEA
than for the TPA containing system. This may suggest different mechanisms ol
nucleation in both systems which can be concluded as well from the longer initiaf
period of slowly increasing crystallinity in the first system (Figs 5 and 7, and
refs'#:1%). This might be the reason why in the TEA containing system certain by-
products can form!4'1%:27 and why their amount is increasing with dilution: the
dilution, due to a slowing-down of the nucleation rate, enables the SAPO-5 crystals
to grow larger but simultaneously it allows the formation of byproducts to become
a more and more competitive process. In the TPA containing system, even at a dilu-
tion of 1000, the nucleation rate remains rapid enough to avoid the formation of
any byproducts but, at the same time, it inhibits the growth of larger SAPO-5
crystals.

CONCLUSIONS

The composition and especially the dilution of the reacting gel are important factors
in the growth of SAPO-5 crystals. The content of SiO, influences markedly the
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morphology of the crystals. The nucleation rate decreases with the dilution of the
system. The formation of the SAPO-5 phase and the growth of individual crystals
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(the dimensions of which depend on the number of nuclei) proceed rapidly. At the
end of the rapid formation of the SAPO-5 phase, the nucleation process is stopped
and the rest of unreacted gel is consumed for a further growth of crystals already
formed. This causes a broadening of the size distribution curve. The formation of
byproducts depends on the relationship between the competitive nucleation rates
of SAPO-5 and the byproducts. Though both systems investigated differ in the
composition of the reacting gel, the mechanisms of SAPO-5 crystal growth are
similar except for a different nucleation process. In the TPA containing system,
the SAPO-5 phase is obtained solely but the system is less sensitive to dilution and
therefore very large crystals do not grow. In contrast, the TEA containing system

o o TEA

TPA

|
0 Jr T T
0 S0 100 th 150

Fic, 11

Maxima of the size distribution curves (/. (Figs 9 and 10) as a function of time for TEA and
TPA templates

T T - T T T T
400 TEA '1
e !
pm i
2004 TPA -
|

0 1

T T T T L T P A 10100
0 400 600 g
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Fi1G. 12

Maximum crystal length (/,,,,) as a function of water content in the gel at ¢ = 1:55 [Eq. (/)] for
TEA and TPA templates
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is able to yield larger crystals but the sample is ailways contaminated by byproducts
in amounts increasing with the size of the crystals (with dilution).

The work was supported by the Bundesministerium fiir Forschung und Technik, the Polish Com-
mittee for Scientific Research (KBN), and the AIF fund of DECHEMA.
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