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Abstract

In order to synthesize the NiAPSO-34 crystal with a pure CHA structure having a uniform size and stable catalytic
activity, factors having influence on the crystallization at gel preparation were investigated. The results showed that the
mixing order of starting materials influences on the crystallization rate. The concentration of the template was related to the
morphology of crystals and the crystallinity, while the particle size obtained was controlled by the silica source and the
amount of nickel. Moreover, it was elucidated that the mixing orders of starting materials influences on the crystal growth

Ž .rate. Seed crystal addition SAPO-34; 0.8 mm and ultrasonic-wave treatment after the gel formation were effective in
decreasing smaller particle size and in narrowing the size distribution. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The understanding of the factors controlling
the genesis of micropores is of primary impor-
tance for a rational design of catalysts. The
influence of experimental conditions on gel for-
mation for aluminosilicate molecular sieves has
been discussed previously; several works are
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available discussing the synthesis conditions for
w xthe structure types obtained 1–4 . It is very

useful to find optimum and reliable conditions
of gel formation for the synthesis.

The synthesis and characterization in wide
range of metal-substituted silicoaluminophos-
phate have also been reported in recent years.
Although the synthesis of SAPO-type crystals
w x5,6 has been discussed in the literature, de-
tailed factors affecting the gel preparation have
not yet been investigated in detail. These papers
report that the metals were incorporated into the
framework with tetrahedral coordination at ini-
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tial stage of the gel formation for CoAPSO-5
w x6,7 . They discussed the phase of cobalt in gel
preparation, but factors having influence on the
NiAPSO-34 crystal synthesis were not reported.

As is well known, nickel-containing SAPO-
34, having a CHA topology which can be pre-
pared via the synthesis procedure described in
Scheme 1, which is used for high ethylene
synthesis from methanol, has been subject to
great interests. The physicochemical properties
of nickel-containing SAPO-34 was sensitive to
preparation conditions and much care should be
taken in order to obtain high-quality products.
When high degrees of heterosubstitution are
attempted, it is difficult to attain high-purity

w xsamples 8,9 . In addition, minor changes in the
synthesis conditions can sensitively lead to the

w xdifferent topology 10 . Under undesirable con-
ditions, the NiAPSO-34 was frequently obtained
with impurity assigned to SAPO-5 material.

The crystallization process for NiAPSO-34
crystal was studied in the present work in order
to understand the influence on gel chemistry
and gel preparation, and an optimum set of
experimental conditions for the synthesis of pure
NiAPSO-34 structure was suggested.

Scheme 1. Structure and XRD pattern of CHA type.

2. Experimental

2.1. Reagents used for gel mixture preparation

Reagents used for the preparation of gel mix-
ture were as follows: 35% aqueous solution of

Žtetraethyl ammonium hydroxide TEAOH,
.Aldrich Chemical was used as the organic tem-

Ž .plate. Aluminum isopropoxide AIP, Wako ,
Ž .phosphoric acid 85% H PO , Nacalai Tesque ,3 4

Ž Ž .and nickel nitrate Ni NO 6H O, Nacalai3 2 2
.Tesque were used as the starting materials of

Al, P, and Ni ingredient of NiAPSO-34, respec-
tively. As the silica source, the Cataloid-30
Ž . Ž30% SiO , Kasei Tesque , fumed silica 99%2

.SiO , Nacalai Tesque , and tetraethyl orthosili-2
Ž Ž Ž . .cate Si O C H , Wako were used.2 5 4

2.2. Sample preparation

The catalyst was prepared by applying the
rapid crystallization method introduced by syn-
thesis method of SAPO-34 described in the

w xpatent literature 11 .

2.3. Factors inÕestigated in gel mixture prepa-
ration

2.3.1. Group 1: influence of the mixing order
Mixing order of starting materials of the Al,

P, Si, and Ni sources is important essentially to
obtain a homogeneous gel mixture. The various

Ž . Ž . w xmixing methods are summarized in a , b 12 ,
Ž . w xand c 13 of Fig. 1. The methods were each

Ž .named as orderly mixing method OMM , si-
multaneous phosphate dropping method
Ž . Ž .SPDM , and patent method PM , respectively.
The molar composition of gel formed was 0.2
Ž .TEA O: 0.2 Al O : 0.2 P O : 0.06 SiO :2 2 3 2 5 2

0.0015 NiO: 10 H O.2

2.3.2. Group 2: influence of the template con-
centration

The gel mixture was prepared according to
Ž .the orderly mixing method OMM as shown in
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Fig. 1. Preparation methods for the gel mixtures of NiAPSO-34
Ž . Ž . Ž .crystals for Groups 1–4 . a Orderly missing method OMM ,

Ž . Ž . Ž .b simultaneous phosphate dropping method SPDM , c patent
Ž .method PM .

Fig. 2. The template concentrations of the gel
mixture were 0.10 M, 0.15 M, 0.20 M, 0.25 M,
and 0.30 M, fixing the aluminum concentration
to 0.20 M. Other ratios were set to 0.2 M
Al O : 0.2 M P O : 0.06 M SiO : 0.0015 M2 3 2 5 2

NiO: 10 M H O.2

2.3.3. Group 3: influence of the nickel amount
The gel mixture was prepared by OMM. The

composition of the gel prepared was 0.15 M
Ž .TEA O: 0.20 M Al O : 0.20 M P O : 0.06 M2 2 3 2 5

SiO : xM NiO: 10 M H O. Amount of the2 2

added Ni corresponded to the ratio of SirNi, as
10, 20, and 40.

2.3.4. Group 4: influence of the silica source
and AlrSi ratio

ŽThe silica sources were Cataloid-30 30%
. ŽSiO , Kasei Tesque , fumed silica 99% SiO ,2 2

.Nacalai Tesque , and tetraethyl orthosilicate
Ž Ž . .Si OC H , Wako . The OMM method again2 5 4

adapted mixing order and AlrSi ratio of the
mixture was set to 6.

2.4. Other factors inÕestigated after preparation
of gel mixture

2.4.1. Group 5: influence of the addition of seed
crystal

Used gel mixture was made by OMM to
Ž .molar gel composition of 0.2 TEA O: 0.22

Al O : 0.2 P O : 0.06 SiO : 0.0015 NiO: 102 3 2 5 2

H O. After the gel formation, SAPO-34 seed2

crystal of 0.5 wt.% was added to the gel mix-
ture, and the final mixture was stirred until
homogeneous as shown in Fig. 2.

2.4.2. Group 6: influence of the ultrasonic waÕe
treatment

The sample obtained in Group 5 was further
subjected to 100 W ultrasonic treatment at 608C
for 30 min as shown in Fig. 2.

2.4.3. Group 7: influence of the hydrothermal
synthesis time

Used gel mixtures were prepared by methods
introduced in Group 1. The autoclave contain-
ing a gel mixture of known substrate concentra-
tions was placed in temperature-programmed
dry oven. Heating rate was 38Crmin until
2008C. The temperature was kept at 2008C, and
then the time was checked in each time from 1
h to 5 h during synthesis. The relation between
the crystallinity and hydrothermal-treatment time
was estimated for three methods described in
Section 2.3.1 for the experiments.

2.5. Characterization of samples

Synthesized samples were identified by pow-
Ž .der X-ray diffraction analysis XRD , Shimazu

Fig. 2. Treatment process after the gel mixture preparation for
Ž .synthesis of NiAPSO-34 crystal for Groups 5 and 6 .
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ŽXD-DI with nickel filtered Cu Ka radiation 30
.kV, 30 mA at an angle of 2u range from 5 to

508. The scan speed was 18rmin and time con-
stant was 1 s. The diffraction angles of 22.08

and 9.78 were selected to discuss the crys-
tallinity of synthesized samples. Particle size
and shape were observed by scanning electron

Ž .microscope SEM with Hitachi-Akashi. BET
surface areas of crystals were measured by ni-
trogen gas adsorption with continuous flow
method using a gas chromatograph equipped
with a TCD detector at the liquid nitrogen tem-
perature in mixing gas of nitrogen and helium
flow as the carrier gas with Shimadzu Flow
sorbs 2-2300. Particle size distribution of sam-
ples was obtained after ultrasonic wave treat-
ment with 120 W in water for 10 min. Dynamic

Ž .light scattering DLS spectrophotometer of
Photal Otsuka Electronics, ELS-8000SA was
used at a 908 angle. The analysis was deter-
mined by weight-based distribution.

ŽAcidity was estimated by TPD temperature-
.programmed desorption profiles of pre-ad-

sorbed NH using with a Quadruple Mass Spec-3
Ž .trometer M-QA100F of BEL Japan Adsorp-

tion of ammonia was done at above 1008C to
restrain influence of water. The desorption of
NH was measured on mass number 16 by3

Q-Mass detector with a constant heating rate of
108Crmin at the temperature range from 1008C
to 6008C.

3. Results and discussion

3.1. Influence of the Õarious factors inÕolÕed in
gel mixture preparation

(3.1.1. Influence of the mixing order for group 1
)samples

The crystallinity of samples synthesized by
various mixing methods are shown in Fig. 3.
This result shows that predominantly the method
Ž . Ž .b SPDM exhibits the faster and higher crys-
tallinity, which means that the very homoge-

neous gel can be obtained with transparent sol
Ž .type in the method b . However, some gel

Ž . Ž .mixtures by the methods a and c were semi-
transparent and cloudy in mixing steps. This is
ascribed to pH change in gel mixture such that
the pH of gel mixture during mixing steps was

Ž .very stable in gel mixture of b kept to pH 7,
via spontaneous addition of phosphoric acid to
other reagents, while the pHs in gel mixtures of
Ž . Ž .a and c were abruptly changed by addition of
template in final or first steps. Abrupt change of
pH at gel preparation stage could already change
gel mixture to dense form before hydrothermal
treatment, and this mixture could be easily
changed to other phase than SAPO-34. As a
result, such relationship between pH and crys-
tallization time for three methods is incurred as
shown in Fig. 3. Crystallization time varied
according to the mixing method, and in particu-

Ž .lar, the b method had the shortest time in these
cases. The crystallization time was acquired by
observing the corresponding peak intensity in
XRD patterns; the peak intensity increased ac-
cording to increase in time of hydrothermal
treatment in all samples. Especially, the crys-
tallinity was the highest after 5 h of hydrother-
mal treatment, and XRD intensities did not grow
up afterwards. From these results, it was con-
cluded that the crystallization already finished
during 5 h at 2008C.

Fig. 3. Change of the crystallinity and the pH correspond to the
time of hydrothermal treatment on NiAPSO-34 crystals synthe-

Ž .sized by various mixing orders hydrothermal treatment: 2008C .
Shaded circles: OMM, full circles: SPDM, open circles: PM.
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Fig. 4. Effect of template concentration on crystallinity for the
Ž .NiAPSO-34 crystals synthesized by OMM for 0.2 mol Al O .2 3

3.1.2. Influence of the template concentration
( )for group 2 samples

In synthesis by patent method, the concentra-
tion of template was just 0.2 M at 0.2 M of
aluminum. The concentration of template is very
important for controlling pH of gel mixture. In
general, pure SAPO-34 crystal is acquired when
the pH at gel preparation stage is neutral. These
concentrations were ranging from 0.1 to 0.3 M
at constant of aluminum concentration of 0.2 M.
These results are shown in Fig. 4. When the
concentration was below 0.5 M, the crystal
easily changed from CHA to AFI type. On the
other hand, crystals with low crystallinity and
low yield were obtained over 0.35 M template
concentration. The best template concentrate was
0.25 M based on 0.2 M Al O . At this point,2 3

the pH was 7.49.

(3.1.3. Influence of the nickel amounts for group
)3 samples

As depicted in Table 1, the particle size was
controlled by Ni amount added. The peak inten-
sity observed from XRD pattern explains that

the crystallinity decreased with increasing Ni
amount, and the increase in Ni amounts led to
the small particles as shown in the SEM picture.
From this result, it could be supposed that the
number of nucleus was increased by addition of
nickel source at gel formation stage, while the
rate of crystal growth was not decreased. There-
fore, addition of nickel source resulted in smaller
particles. Furthermore, it can also control the
acid density of the crystal. Apparently, silicon
displaying acidity in crystal was replaced by
nickel, and resulted in a decrease of acid sites.

3.1.4. Influence of the silica source and amount
( )for group 4 samples

Fig. 5 shows particle size distribution ob-
tained by DLS test. The particle size of sample
prepared from tetraethyl orthosilicate was uni-
form and smaller than that from other silica
sources. However, the yield was less those that
with other silica sources. On the other hand,
particle size distribution of the sample prepared
from silica sol was wider than that from te-
traethyl orthosilicate. According to Demuth et

w xal. 14 , the alumina and silica source had influ-
ence on crystal size being ascribed to differ-
ences in diffusion rates of these metal solved in
water.

In Fig. 6, correlation between crystallinity
and Al:Si ratio is shown. At Al:Si of 5, the
crystallinity was the highest. However, for ra-
tios above 5, the crystallinity was down again,
and crystals were mixed with impurity assigned
to SAPO-5. From this result, it is suggested that
the Al:Si ratio control is necessary for synthesis
of crystal with pure type.

Table 1
Effect of Si:Ni molar ratio on properties of NiAPSO-34 crystals

Amount of Ni Crystallinity Surface area Crystal size Acid density in crystal
2 2Ž . Ž . Ž . Ž . Ž .Si:Ni for SAPO-34 100% m rg mm mmolrm

100 100 585 1–1.5 4.55
40 98 565 0.7–1.0 4.05
20 73 504 0.3–0.8 2.02
Experimental methods XRD BET SEM NH -TPDrBET3
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Fig. 5. Effect of silicon source on distribution of particle size for
the NiAPSO-34 crystals synthesized by OMM. Used silicon

Ž . wU ŽUU .x Ž . Ž .source: a Silica sol a.d.:874 nm 545 , b Si OC H2 5 4
wU ŽUU .x Ž . wUa.d.:622 nm 561 , and c Fumed silica a.d.:916 nm
ŽUU .x U UU Ž 2 .547 . a.d.:average diameter, BET surface area m rg .

3.2. Influence of factors after gel mixture prepa-
ration

(3.2.1. Influence of the seed crystal addition for
)group 5 samples

Seed crystals of desired molecular sieve zeo-
lites is commonly added to a synthesis mixture
to promote crystallization of certain zeolites
phases and to increase the rate of crystallization.
However, the effect of seed crystal addition and
the relevant crystallization mechanism have not
been thoroughly assessed or understood. Fig. 7
shows that addition of seed crystal has influence
on distribution of particle size. The particle size
of samples with seed crystal was smaller with a
sharper distribution, compared with that without

Fig. 6. Effect of Al:Si molar ratio on crystallinity for the
NiAPSO-34 crystals synthesized by MOM.

Fig. 7. Effect of seed crystal addition on the distribution of
Ž . Ž .particle size. a With addition of seed crystal, b without addi-

tion of seed crystal.

seed crystal. The particle size depended on the
size of seed crystal added. When the seed crys-
tal with smaller size was used, obtained particle
size decreased as well. On the other hand, the
crystallinity was much higher and the crystal-
lization rate was faster in the crystal with addi-
tion of seed crystal than that without seed crys-
tal, as shown in Fig. 8. The measured crystal-
lization time was similar in both samples with
or without seed crystal; however, the crys-
tallinity was higher in the sample with seed
crystal. In addition, the crystallization rate was
frequently enhanced by seed crystal addition to
a synthesis mixture.

3.2.2. Influence of the ultrasonic waÕe treat-
( )ment for group 6 samples

Although studies of ultrasonic wave treat-
ment for precipitation product have been re-

Ž .Fig. 8. Effect of seed crystal addition on crystallinity. a Without
Ž .addition of seed crystal, b with addition of seed crystal.
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Fig. 9. Effect of ultrasonic-wave treatment on particle size.

ported, their influences were not certified. From
the SEM picture in Fig. 9, the particle size of
sample with ultrasonic wave treatment is 1r5 to
as that without ultrasonic wave treatment. It was
suggested that the number of nucleus increased,
while the rate of crystal growth decreased by
ultrasonic-wave treatment at gel formation stage.

The corresponding of particle size distribu-
tion are shown in Fig. 10. The particle distribu-
tion broadly dispersed around 400 nm to over
900 nm for the sample without ultrasonic wave
treatment, while dispersed between 250 nm and
530 nm for that with ultrasonic wave treatment.
Apparently, the gel mixture becomes of per-

Fig. 10. Effect of ultrasonic-wave treatment on the distribution of particle size.
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Fig. 11. Effect of various temperature on hydrothermal treatment
Ž . Ž . Ž . Ž .time. a 1508C, b 1708C, c 2008C, and d 2208C.

fectly homogeneous phase by ultrasonic wave
treatment before hydrothermal treatment.

(3.2.3. Influence of the crystallization time for
)group 7 samples

In this work, the synthesis temperature was
varied from 1508C to 2208C. It is known that
the crystallization of SAPO-34 begins at 1508C,
and the preferred temperature to obtain a pure
phase of clear SAPO-34 crystals is around
2008C; as the higher and lower reaction temper-
atures lead to a dense aluminophosphate phase,
similar to tridymite, a few SAPO-5 types were

w xformed. In the report of Grebner et al. 15 , the
growth process of DOH crystals is discussed,
and it was emphasized that most of the nucle-
ation takes place during heating to the final
reaction temperature. Furthermore, the final
temperature had effects on the amount of nucle-
ation and morphology. However, the heating
rate was not considered with respect to particle
size distribution. Fast heating rates cause smaller
number of nuclei due to the fact that the nuclei
formed grow faster and consumption of precur-
sors from the reaction gel is accelerated. This
reduces the supersaturation below the nucleation
threshold, and thus, no more nuclei can be
formed. However, not only particle size but also
degree of purity was important. In Fig. 11, the
relation between temperature of hydrothermal
treatment and crystallinity are shown. The higher
the hydrothermal temperature, the faster the

crystallization was. However, at 2208C, the
crystallization time was the shortest of 2 h, but
the crystal was mixed with impurity. Obviously,
proper temperature is necessary for crystalliza-
tion of gel mixture. In particular, at 2008C, the
pure crystal was acquired successfully in a short
time.

4. Conclusion

The morphology of SAPO-type molecular
sieves was influenced by many factors at the gel
preparation. The mixing order was very impor-
tant to control hydrothermal time and morphol-
ogy. When the SAPO was synthesized by simul-
taneous phosphate dropping method, the crys-
tals with CHA type were acquired with perfect
cubic type, although the yield decreased. The
pH was affected by template concentration, the
silica source, and its amount, which controlled
the rate of crystal growth and morphology. The
nickel amount incorporated into the framework
affected the crystal size. Excellent crystallinity
was achieved by hydrothermal synthesis at
2008C. In addition, seed crystal addition
Ž .SAPO-34; 0.8 mm and ultrasonic-wave treat-
ment after the gel formation were effective
means to generate smaller particle size with
narrow size distribution.
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