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Abstract This work was focused on the synthesis and their catalytic performance on microporous materials having
various pore types and dimensitons i structures, such as the SAP(Q-34 and the SAPO-44 with CHA type, the SAPO-
17 with ERI type of three dimensional structures, and the ZSM-23 with MTT type of one dimensional structure.
Synthesized materials exhibited various acidities and the selectivities to olefin in methanol conversion. As a result, the
order of their acid strength was as follows ; SAPO-44>SAPO-34>SAPO-17>ZSM-5. On the other hand, the CHA
type materials, such as SAPO-34 and SAPO-44, had high selectivity to light olefins(ethylene or propylene), and ZSM
-23 with MTT type of one dimensional structure showed high selectivity to paraffins ovexj“ Cs~. This result is a proof
that the structure in material had strong influence on catalytic performance. In addition, a\‘surprising result is that the

catalytic selectivity 1o ethylene enhanced on Ni-corporated materials compared with the non- corporated.

1. Introduction

The aluminophosphate molecular sieves (AIPQ,) are
new class microporous crystal_lime materials with which
have potential use for catalysts.!”* Aluminophosphates
possess may structural similarities to silicates : (a)
AIPQ, is isoelectronic to SiQ,, {(b) the average of the
ionic radii of AP"(0.32A) and p**(0.1TA) is 0.28A,
which is very close to ionic radius of Si** (0.26 A), and
(¢) dense phases of AIPQO, are isomorphous to several
structural forms of SiQ,, i.e., ~and B~-quariz ; a-, 8-,
and 7-tridymite ; and «@-and [-cristobalite,"** in
which two Si atoms are replaced with a pair of Al and
P atoms. The synthesis of aluminophosphate molecular
sieves is carried out hydrothermally at a temperature in
a range of 125-250C from reactive aqueous gels con-

taining alumina, phosphate, and quaternary ammonium
hydroxide is used. The product has the following gener-
al formular :

¥R.A1,0:1.0£0.2P0syH L0

where the quantities x and y represent the amounts re-
quired to fill the microporous voids within the neutral
ATPO, framework. '
Silicoaluminophosphate molecular sieves (SAPQ
-n) ' were proposed for the extension of the
aluminophosphate materials. The incorporation cf sili-
con into framework sites was aimed to generate family
of silicoaluminophosphate materials exhibits structural
diversity, in which have three-dimensional crystal
structure. SAP0O-40, SAPO-41, and SAPO-44 have
novel structures ; SAPO-5, SAPO-11, SAPO-16, and
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SAPO-31 have the structures topologically related to
the aluminophosphates, while SAPO-17 (erionite type)
and SAPO-20(sodalite type)
topologically related to both zeolites and aluminophos-

have the structures

phates. The SAPO molecular sieves materials are also
synthesized hydrothermally at 100~200C from reac-
tive mixtures containing organic amine or quaternary
ammonium templates. The anhydrous form of crystal
SAPO-34 has a wide compositional range of :

(y-2z) R.Si,Al,PZ0O,,

where X, y, and z represent the mole fractions of silicon,
aluminum, and phosphorous ranging from 0.01-0.98,
0.01-0.60, and 0.01-0.52, respectively, with x+y+z=
1 while R is a monovalent organic cation.

Although the physical properties of various SAPQ’s
have been reported frequently, their catalytic perform-
ance in methanol conversion reaction have not yet been
fully explored. Especially, these have been used in the
synthesis of light olefins using this route in petroleum
chemistry."'~'?

In this work, therefore, various silicoaluminophos-
phates possessing different pore sizes were synthesized
by adopting the rapid crystallization method developed
by T. Inui,'¥ The SAP0O-34 and SAPO-44 with chaba-
zite type(CHA), SAPO-17 with erionite type(ERD
having 8-membered oxygen ring, and then ZSM-23
(MTT) having one-dimensional structure and 10-
membered ring were synthesized. In addition, their cata-
Iytic performance in methanol conversion reaction was
investigated, and their structure and acidity were dis-
cussed.

2. Experimental

Preparation of catalysts
Reagents
Reagents used in preparation of catalysts were intro-
duced as follows ; tetraethyl ammonium hydroxide
(TEAOQH, 35wt% aqueous solution, Aldrich Chemical
Company LTD.), cyclohexylamine(CHA, Wako pure
Chem. Industries LTD.), and pyrrolydine(Nacalai
_tesque. Inc.) were used as the template. Aluminum
isopropoxide (AIP, Wako pure Chem. Industries LTD.),
sodium aluminates (NaAlO,, Nacalai tesque. Inc.), and
sodium hydroxide (NaOH, Nacalai tesque INC.) were
used as aluminium source. Cataloid-30 (30wt% SiO,,
Kasel Tesque.), phosphoric acid (85wt% H,PO., Nacali
nitrate ((Ni(NOs) £H.0,
Nacalai Tesque. Inc.) were used as starting materials of

Tesque. Inc.), and nickel

Si, P, and Ni, respectively.

Hydrogels preparation

In Fig. 1, the typical preparation procedure of these
catalysts is shown. The preparations were followed to
synthesis method printed by B.M. Lok, etc.” with apply-
ing to the rapid crystallization method developed in
Inui'Lab.'® In case of Ni-incorporated materials, the
ratio of Si/Ni was 40. These preparations are described
as nexts ;

NIAPSO-34 ; 30.640g of AIP was added to 63.110g
of TEAOH in a 500 ml beaker, and then stirred
vigorously with a homogenizer. The stirring was contin-
ued for 10 min. Solution of 0.173g of Ni(NOj), 6H:0
dissolved in 10ml of H,O was added to the previous mix-
ture. The mixture was stirred for 10min with a homoge-
nizer. Si0O, of 4.506g was added to the mixture and was
stirred for 20min. HsPO, of 17.294g dissolved in 10ml of
H.O was added to the previous mixture and was stirred
until homogeneous gel condition.

NIAPSO-44 ; 20.425g of AIP was added to CHA aq-
ueous solution of 4.950g was diluted to 25g of H;O. The
solution was stirred with homogenizer for 10min.
Solution of 0.218¢ of Ni(NOs) 8HLO dissolved in 5ml of
H.O was added to the previous mixture, and then the
mixture was stirred for 10min. SiO. of 6.000g was
added to the mixture and was stirred for 20min. HsPO,
of 11.518g was added to the previous mixture and was

[Eepamtion of the gel mixture (milling at room temp. for 2 h) ]

~+— Source of template

[~#— Source of aluminium

l-—— Source of metal

~+—- Source of silica (15 - 20 nm)

lea— Source of phosphorous

Y

Final gel mixture

Eydmthermal crystallization ]

[Washing by water until pH value attains 7]

1

[ Drying (at 120°C for 10 b))

1
;

F]‘abletting by using a tabletting machine ‘

lCrushing and seiving to 20~30 mesh in size_l

Fig. 1. Preparation procedure for materials.
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stirred until homogeneous gel condition.

NIAPSO-17 ; 20.425¢ of AIP was added to CHA aqg-
ueous solution of 4.950g was diluted to 25g of H.0. The
solution was stirred with homogenizer for 10min. Solu-
tion of 0.036g of Ni(NOs) 6H,0 dissolved in 5ml of H,0
was added to the previous mixture, and then the mix-
ture was stirred for 10min. SiO; of 1.000g was added to
the mixture and was stirred for 20min. H:PO, of 11.
527g was added to the previous mixture and was
stirred until homogeneous gel condition.

NiZSM-23 ; 1.193g of NaAlQ; added to
pyrrolidine aqueous solution of 4.950g was diluted to 5g
of H:0. The solution was stirred with homogenizer for
10min. Solution of 2.153g of Ni{(NOs}8H,0 dissolved. in
5.906ml of H,O was added to the previous mixture, and
then the mixture was stirred for 10min. SiO, of 59.566g
was added to the previous mixture and was stirred until

was

homogeneous gel condition.

Hydrothermal crystallization

Each precursor gel was put in Teflon tube, and all
materials were crystallized hydrothermally together
adopting the rapid crystallization method.'¥ The vessel
contained reactive hydrogel was put in a stainless steel
autoclave. Atmosphere in the autoclave was in air. The
autoclave was transferred into a dry oven, and the tem-
perature was kept at 200°C for 10h, 48h, 48h, and 24h
for NiAPSO-34, NiAPSO-44, NiAPSO-17,
NiZSM-23, respectively. Synthesized crystals were
washed by repeated cycles of centrifugation until pH 7

and

and were dried at 120°C for 10h, and were calcined at
600°C for 3h in air. Prepared materials as catalysts
were tabulated and crushed up with 20-24 mesh to pro-
vide the reaction.

Characterization of catalysts

Synthesized crystals were identified by powder X~
ray diffraction analysis(XRD), Shimazu XD-D1 with
Nickel filtered Cu Ka radiation at an angle of 20 range
from 50 to 5 degree.

BET surface areas of materials were measured by ni-
trogen gas adsorption with continuous flow method
using a gas chromatography at the liquid nitrogen tem-
perature in mixing gas of nitrogen and helium flow as
the carrier gas with Shimadzu Flow sorbs 2-2300.

Size and shape ‘of materials were observed by
scanning electron microscope (SEM) with Hitachi-
Akashi.

Acidity of material was estimated by TPD profiles of
pre-absorbed NH; determined by a Rigaku micro
thermo gravimetric analyzer thermoflex TG 8110
equipped with thermal analysis station TAS 100. The

3

“tion column :

preparamon was explained jas follows ; A 150mg por-
tion of sample with powder form: was- placed in sample
pan. It was heated up 500 G at a constant heating rate
of 20°C/min in a flow of nitrogen at a flow rate of 50ml
/min to remove absorbed water. The sample was cooled
down to 50°C and N, was replaced as mixed gas con-
taining 5% NH; balanced with N,. After the NHs was
adsorbed on whole available acid sites of sample at that
temperature, which ,was'.re{cognized as no further in-
crease in the sample weigﬁt, the mixing gas was re-
placed as N, again. This saniple was heated up from 50
C t0 80C at a heating rate of 1°C/min, and then kept
at the temperature until significant decrease in the sam-
ple weight was observed. The sample was heated up
from 80C to 600 at a heating rate of 10°C/min to
desorb-the almost adsorbed NH..

Reaction method on methanol conversion

The methanol conversion reaction to hydrocarbon
using microporous materials as catalysts was carried
out by a continuous flow apparatus as shown in Fig. 2,
under the following conditions ; catalyst ’weight 2 0.

325g, GHSV : 2000/h, gas compositions : 20mol% -
methanol (saturator temp : 34C)-80mol% N, (flow

rate : 15ml/sec), reaction temperature : 450°C, reac-
tion time I 1h, crushed catalyst size : 20-24raesh, reac-
inner size 0.5cm, temperature of connéct-
ed heating tape : above 50°C

Reaction preparation

A 0.325g of a catalyst crushed up with 20-24mesh
form was placed in the reaction column and packed up

Fig. 2. Schematic diagram of fixed-bed flow-type reaction ap-
paratus. 1. Needle valve ; 2. Flow meter; 3. Three-way stop-
cock ; 4. Purge ; 5. MeOH ; 6. Water bath ; 7. Ribbon heater : 8.
Tubular reactor; 9. Electric furmace ; 10. Catalyst; 11. Quartz
wool ; 12. Thermocouple ; 13. Sampling port ; 14. Trap ; 15. Soap
~film flow meter ; 16. Temperature controller.



120 FAaesA Aod A2F (1999)

the top and bottom with quartz wool. The N; gas as bal-
ance gas was flowed to the reaction column with cata-
lyst. The catalyst was heated up to 500°C at constant
heating rate of 15C/min to remove the adsorbed
water. The temperature was kept for 10min. It was
cooled down to reaction temperature with cooling rate
10C/min. The temperature of reaction was kept for
30min. And then the N; gas was changed to mixing gas,
N gas of 80mol% and methanol gas saturated of 20mol
% at the reaction temperature for 1h. After 1h, the re-
action products were ejected with a 1ml injector and
were determined by three FID-type gas chromatogra-
phy and one TCD-type. The columns of VZ-10 for
analysis of gaseous hydrocarbons, SILICON-OV-101
for analysis of gasoline range hydrocarbons, and
Porapark T for analysis of methanol and dimethylether
were used.

Preparation of coke analysis

The produced coke was investigated using DTG tech-
niques with DT-40 of Shimazu, detailed as fol-
lows : A weighed amount(ca.20mg) of a sample was
placed in a sample pan and heated from 300°C to 700C
at a heating rate of 10°C/min in a 40ml/min air flow.
The reference sample was 20mg of @-alumina. The
data was acquired from the decrease of weight.

3. Results and Discussion

Physical properties of materials

Their pore structures are summarized in Table 1. The
SAPO-34 and 44, are the CHA type with 8-oxygen
membered ring in three dimensional structure, and
SAPO-17 is ERI type also with three dimensional struc-
ture, on the other hand, ZSM-23 has 10-oxygen
membered ring in one dimensional structure.

The XRD patterns of all the materials synthesized
are shown in Fig. 3. The peak patterns of all the materi-
als accorded well to those mentioned in patents. Their
surface areas were 580, 490, 400 and 230m?*/g for
SAPO- 34, SAPO-44, SAPO-17, and ZSM - 23,

Table 1. Physical properties of materials

Materials AlOs/Si0; ratios Pore systems
SAPO-34 3.03 8 3.8x3.8***
SAPO-44 2.13 8 3.8x38**
SAPO-17 14.30 8 3.6x5.1***
ZSM-23 0.02 10 45x5.2*

*Pore system ; bold face numerals are number of tetrahedra de-
fining a channel ; light face numbers designate channel dimen-
sions( A ) ; asterisks indicate whether 1-, 2-, or 3-dimensional
(for example, *indicates one-dimension)

Surface area (m¥/g)

a) 230

NN TV NRE:

dbdido o

=

Intensity (Skcps)

15 25 35
26 /deg (CuKa)

Fig. 3. XRD pattern for as-synthesized materials. (a) SAPO-
34, (b) SAPO-44, (¢) SAPO-17, and (d) ZSM-23

respectively. These results show that three dimensional
structure has larger surface areas than that in one di-
mensional structure.

In Fig. 4, the shapes of materials are shown. The
SAPO-34 and 44 had same shape as cubic types, how-
ever the size was lager in SAPO-44 than the SAPO-
34. On the other hand, SAPO-17 and ZSM-23 have a
cylinder and round type, respectively

Acidity for materials

The NH;-profiles of all the materials are shown in
Fig. 5. These profiles consist of two peaks : one appears
at a low temperature range 150~ 180C and the other
appears at a high temperature range 420~470C.
These low and high desorption peaks correspond to the
weak and strong acid sites, respectively. As shown,
SAPO-17 showed only one peak for desorpticn of NH;
at around 150~180°C, and ZSM-23 also exhibited one
broad peak at around 200~ 300C. For the SAPD-34
and SAPO-44, two desorption peaks at a low tempera-
ture range around 150~180°C and at a high tempera-
ture range around 400-450C were observed. It is gen-
erally accepted that the low and high temperature
desorption peaks correspond to the weak and strong
acid sites, respectively, and therefore, the order of acid
strength was increased as follows ; ZSM-23<SAPO-
17<SAPO-34<SAPO-44. However the acid amounts
in SAPO-34 was much than that in SAPO-44.



a) SAPO-34

¢) SAPO-17

Fig. 4. SEM photographs for materials.
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Fig. 5. NH;- TPD profiles for various microporous materials,

tion

b) SAPO-44

(@) ZSM-23

Catalytic performances on 'methanol conversion reac-

Fig. 6 shows the result for methanol conversion reac-
tion on prepared catalysts. The products were deter-
mined after methanol convérsion reaction at 450°C for
1h. On SAPO-44 and SAPO-17 with the 8 oxygen
membered ring, the selectivities to olefins were high. In
general, with an increase in particle size and acid
strength, the selectivity to light olefins has been de-
creased.' In spite of having the stronger acid strength
and the larger particle size inSAPO-44 compared with .
SAPO-34, the selectivity to ethylene was more in-
creased. This was attributed that the acid amount of
SAPO-84(9.06 zmol/m? was much than-that of SAPO
~44(7.99 gmol/m? . From this result, it was confirmed
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DME C2Cs Ci= G= Cs=

Materials  Conv.(%)

ZSM-23 100

SAPO-17 950

SAPO-44 960

SAPO-34 98.0

20 40 60 80 100
Product distribution (C-wt %)

Fig. 6. Product distribution for methanol conversion on various
microporous materials. Reaction conditions : GHSV 2000/h,
Temperature 450C, Time on stream 1h, MeOH 20mol% diluted
by N,

Materials  Conversion DME Cz= C3= Ca=
(%)
NiZSM-23 100
(Si/Ni=40)
NiAPSO-17 97.8 Ch 5 %
(Si/Ni=40)
N2
NiAPSO-44 99.0 N 1 %
(Si/Ni=40) X

0 20 40 60 80 100
Product Distribution (C-wt%)

NiAPSO-34 98.7
(Si/Ni=40)

Fig. 7. Product distribution for methanol conversion on Ni-
corporated microporous materials. Resction conditions : GHSV
2000/h, Temperature 450, Time on stream 1h, MeOH 20mol
% diluted by N.

that the acid amount has more strongly influence on
catalytic selectivity than acid strength. On the other
hand, ZSM -23 was rather exhibited higher selectivity
to paraffins over Cs~. This result attributed to low
shape selectivity resulted from one dimensional struc-
ture in ZSM-23. The methanol conversion for all cata-
lysts obtained as above 95%.

Effect of metal incorporated to framework

In general, zeolitic materials possess lots of acid sites
and certain acidic strengths, attributed to their high Al
contents and tetrahedral Al sites, respectively. Howev-
er, as the addition of silica (SAPQ) and/or other metal
ions to the structure, it was introduced changes in both
of catalytic performance and acidity. Therefore, if the
Si was substituted by other transition metals, the acid
sites should be decreased. For the enhance of ethylene
selectivity, we tried to decrease in acidity as incorporat-
ed metal to framework. As a result, Ni-incorporated
materials were successively synthesized.

5
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Fig. 8. TPO profiles for coke deposited on microporous materi-
als. Reaction conditions: GHSV 2000/h, Temperature 450TC,
Time on stream 1h, MeOH 20mol% diluted by N.

The distribution of products after methanol conver-
sion reaction for nickel-incorporated materials at 450
‘C for 1h are shown in Fig. 7. The selectivities to ethyl-
ene in all catalysts were enhanced in comparision that
of non-metal incorporated materials. This is the result
of decrease in acidity of Ni-incorporated materials. In
particular, on NIAPSO-34, the selectivity to ethylene
increased above 15% compared with SAPO-34.

After the reaction for 1h, the amounts of coke depos-
ited on the materials were analyzed by TPO and the
profiles are shown in Fig. 8. Compared with ZSM-
23, the amount of coke deposited on SAPO-34 with
three dimensional structure decreased. This is a result
that the steric effect was weaken in ZSM -23 with one
dimensional, and therefore, the coke formation was pro-
gressed continually compared with in three dimensional
structure.

Mechanism on methanol conversion

The reaction mechanism, in which methanol conver-
sion to hydrocarbon can be considered as follows
scheme 1 ; it is generally accepted that the methanol
conversion reactions go on by the formation of ethylene
as the initial alkéne product. Various mechanisms'*'®
have been proposed for the initial formation of ethylene
from methanol and carbenoid species, carbonium ion or
oxonium ion/oxonium ylide were suspected as the inter-
mediate. However, once ethylene is formed, the reac-
tions are continued by a completely different mecha-
nism. Ethylene is methylated with methyl cation from
methanol or dimethylether yielding propylene and step-
wise methylation of alkenes take place. On the NiAPSO
-34 materials, methylation of alkenes goes on much
faster than the initial formation of ethylene. It is facts
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1) Dimethyl ether formation

a) CHsOH + H* — CHzOHz*

b) CH3OHz* + CHsOH —# (CH3)20 + H20 +H*

2) First C-C bond formation- - - Carbene, Oxonium, Methyl ¢ation mechanism
©) (CHs2O + H' — (CH3)}20*H — CHIOH + [CHb]* |
d) {CH3]* + (CH3)20 —™ [H"'(I:HZOCHJ]’ ~——»CH3CH20CH3 + (Hj
3) Oligomerization Cho T Call + CHiOH

Cr-se (a) + CHaOH - H20
< (b) + C2-5= >

Higher molecular weight 1)

olefins, Co+=
Cet= -H2 . . R .
———» Aromatics (~» Fused-ring aromatics —» coke) 2)
+H2
Crs= 5 Aliphatics 3)

Scheme 1. Reaction mechanism expected for the methanol con-
version on microporous materials.

that the addition of alkenes having lower carbon chain
was grown up to alkenes having higher carbon chain in
materials with larger size and strongér acidity, prompt-
ly, However, smaller size materials could prevent that
oligomerization generated continually, as having fast
diffusion rate, or shorter station time in material.

4. Conclusion

This work was focused on the synthesis and their cat-
alytic activity on microporous materials having various
pore types and dimensions, such as SAPO-34, SAPO-
44, and SAPO-17. These results were exhibited as fol-
lows ;

1) The selectivity to olefin was increased on CHA
type such as SAPO-34 and SAPO-44, and the selectiv-
ity to paraffins over Cs~ was increased on ZSM-23
with one dimensional structure.

2) On Ni-incorporated materials, the selectivity to
light olefins (ethylene or propylene) was enhanced com-
pared with non-metal incorporated materials.

3) After the reaction for 1h, the amounts of coke de-

%Gsned on SAPO-34 with three dimensional structures
decreased compared with ZSM 23 with one dimension-
al structure.
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