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Isolation and characterization of a novel lamellar-type
aluminophosphate, AlPO4-L, a common precursor

for AlPO4 molecular sieves
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Abstract

Several aluminophosphate molecular sieves (AlPO4-5, AlPO4-22, AlPO4-16 and SAPO-35) are formed via a common
lamellar aluminophosphate material (AlPO4-L) during hydrothermal synthesis from a gel containing
Al2O3, P2O5, SiO2 and hexamethyleneimine (HEM ) in aqueous (H2O), or non-aqueous (ethyleneglycol, EG) media.
Depending on the concentration of the template HEM, AlPO4-L transforms into AlPO4-5, AlPO4-16 and AlPO4-22,
while SAPO-L transforms into SAPO-35. AlPO4-L was isolated in a pure form from H2O as well as EG media and
characterized by PXRD, SEM, TG/DTA, TG/MS and FTIR spectroscopic techniques. It is a lamellar aluminophos-
phate, intercalating HEM and H2O, and is thermally stable up to 250°C. AlPO4-L is believed to form by the
rearrangement of macroanionic [3HEMH]3+Al3P4O3−16 sheets formed in the reaction medium. © 1998 Elsevier Science
B.V. All rights reserved.
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1. Introduction well as filling the void space and balancing the
framework charge, leading to stabilization of meta-
stable structures [4]. Meir [5] proposed that eachMicroporous and mesoporous aluminosilicates

(zeolites) and aluminophosphates (AlPO4) are type of structure can be built by characteristic
secondary building units (SBU ), which Barrer [6 ]important materials in adsorption and catalysis.

As a result, new materials and new applications of suggested to be the precursors for zeolite nucle-
ation and crystal growth. Vaughan [7] applied anknown materials are being discovered [1,2]. The

mechanisms of the formation of these materials, extended structure approach highlighting the role
of primary cations (Na+, K+, etc.) and secondaryincluding the role of organic structure-directing

agents, are also being investigated. [3] Organic cations in the formation of faujasite sheets which
condensed to generate EMT or faujasite structures.templates play a complex and cooperative role in
Davis et al. [8] proposed that hydrophobic hydra-the ordering of the inorganic building blocks, as
tion spheres of aluminosilicate species and tem-
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template silicate interactions) to form nuclei and then into a three-dimensional framework [12]. In
the present paper, we report the formation of alead to crystal growth. Kumar et al. [9] studied

this mechanism further, and found that such over- novel lamellar-type aluminophosphate (AlPO4-L)
as an intermediate in the crystallization oflapping can be enhanced using promoters.

Recently, Lohse et al. [10] have shown that zeolite AlPO4-5, AlPO4-22, AlPO4-16 and SAPO-35
molecular sieves. We have isolated this intermedi-b is formed via an intermediate aluminosilicate

layer structure. More recently [11], these inorganic ate phase in a pure form and characterized it using
XRD, SEM, TG-DTA, TG-MS and FTIR meth-ultrastructures were obtained over nanoscopic

(<10 Å), mesoscopic (10–500 Å), microscopic ods. We have used hexamethyleneimine (HEM) as
a template for the first time in the synthesis of(500–10 000 Å) and macroscopic (>10 000 Å)

length scales using vesicular lamellar and micellar AlPO4-n molecular sieves.
templates. Even though many such studies are
available on the mechanism of formation of alumi-
nosilicates, studies of the formation of AlPO4-n 2. Experimental
molecular sieves are scarce. Because of the rapid
product formation which occurs under hydrother- Synthesis of AlPO4-molecular sieves was carried

out using Catapal B (74.2% Al2O3, Vista, USA),mal reaction conditions, kinetic intermediates
cannot be easily detected. It is commonly believed orthophosphoric acid (H3PO4, 85%, s.d. fine,

India), aluminium isopropoxide ([Al(i-PrO)3],that in the early stages of AlPO4-n formation,
materials with very open structures are formed. Aldrich, USA), fumed silica (SiO2, Fluka), hexa-

methyleneimine (HEM, 98%, Aldrich) and ethy-These phases are generally of unknown structure
and have not been isolated. It is believed that the lene glycol (EG, 98%, s.d. fine, India). The reactive

gel composition was Al2O3:xP2O5:ySiO2:zHEM:gel structure transforms into a layer structure and

Table 1
Reaction gel molar compositions leading to AlPO4-L

Example Gel molar Al source Crystallization Phase Crystallization Phase
compositiona time time

1 Al2O3:P2O5:1.16HEM: Catapal B 24h AlPO4-5 3d AlPO4-5+AlPO2-L
45H2O

5d AlPO4-5+AlPO4- 7d AlPO4-L+AlPO4-22
L+AlPO4-22

9d AlPO4-22
2 Al2O3:P2O5:1.35HEM: Catapal B 16h AlPO4-L+AlPO4-16 24h AlPO4-16

45H2O
3 Al2O3: P2O5:2.32HEM: Catapal B 2d AlPO4-L 11d AlPO4-L

45H2O
30d AlPO4-L+AlPO4-5

4 Al2O3:1.2P2O5:1.16HEM: Catapal B 16h AlPO4-L+AlPO4-22 24h AlPO4-22
45H2O

5 Al2O3:P2O5:1.16HEM: Al isopropoxide 16h AlPO4-L+AlPO4-16 24h AlPO4-16
45H2O

6 Al2O3:P2O5:2.32HEM: Al isopropoxide 2d AlPO4-L 11d AlPO4-L
45H2O

7 Al2O3:1.8P2O5:4.5HEM: Al isopropoxide 5d AlPO4-L 15d AlPO4-5
45EG

8 Al2O3:1.8P2O5:0.3SiO2: Al isopropoxide 5d SAPO-L 15d SAPO-35
4.5HEM:45EG

aHEM=hexamethyleneimine.
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aH2O,bEG, where the quantities x, y, z, a and b
were varied as shown in Table 1. In a typical
synthesis of AlPO4-L, 7.16 g of Catapal B was
mixed with 20 ml of distilled water, and 11.5 g of
orthophosphoric acid was added dropwise with
stirring to obtain a thick paste. A mixture of
11.64 g of hexamethyleneimine and 20 ml of water
was added to this paste and stirred well. The final
gel was charged into a Teflon-lined stainless-steel
autoclave and placed in an oven at 473 K for eight
days. The autoclave was then quenched, the pro-
duct was filtered, washed with distilled water sev-
eral times and dried at room temperature.
Hexamethylenemine dihydrogen phosphate was
prepared by mixing a 1:1 mole ratio of HEM and
H3PO4. All the samples were characterized further
by chemical analysis and XRD (Rigaku), SEM
(Jeol ), TG-DTA (Setaram), TG-MS (Sorbstar
200, Hungary) and FTIR (Nicolet 60SXB)

Fig. 1. X-ray diffraction patterns of (a) AlPO4-5, (b)
spectroscopy. AlPO4-5+AlPO4-L, (c) AlPO4-5+AlPO4-L+AlPO4-22, (d)

AlPO4-L+AlPO4-22 and (e) AlPO4-22.

3. Results and discussion
AlPO4-L was, however, not obtained in this gel
composition. When the concentration of HEMHexamethyleneimine is more basic than pri-

mary, secondary and tertiary alkylamines. It has was increased to 1.35 moles per mole of Al2O3
(example 2), within 15 h, AlPO4-L+AlPO4-16been used previously in the synthesis of MCM-22

[10], PSH-3 [11], Nonasil [12] and Dodecasil [13] appeared, which transformed into pure AlPO4-16
within 24 h. On increasing the concentration fur-molecular sieves. We have now found that HEM

can be used to synthesize different AlPO4 molecu- ther to 2.32 moles (example 3), within 48 h, the
pure AlPO4-L phase appeared and grew fully,lar sieves, depending on the synthesis conditions

(Table 1). It is found that AlPO4-5, AlPO4-22, remaining stable even up to 20 days. A similar
trend appeared when 1.2 moles P2O5 were addedAlPO4-16 and SAPO-35 molecular sieves can be

obtained using this template. Quinuclidine is the per mole of Al2O3: AlPO4-L+AlPO4-22 formed
in 15 h, and transformed into AlPO4-22 in 24 honly other template previously reported to produce

all the above four molecular sieves. When Catapal (example 4). When aluminium isopropoxide
[Al(i-OPr)3] was used (example 5), keeping allB was used (Al2O3:1.16HEM, example 1 in

Table 1) only the AlPO4-5 phase nucleated, attain- other constituents the same as in example 1,
AlPO4-L+AlPO4-16 appeared in 15 h, which leding 100% crystallinity in 24 h. Thereafter, the

crystallinity of AlPO4-5 decreased and a new phase to pure AlPO4-16. However, aluminium isoprop-
oxide gave pure AlPO4-L if the composition ofbegan to grow. Continuation of crystallization

revealed the following sequential transformation: example 3 was used (example 6). Examples 7 and
8 were synthesised in ethylene glycol. The reactantAlPO4-5�AlPO4-5+AlPO4-L�AlPO4-5+AlPO4

-L+AlPO4-22�AlPO4-L+AlPO4-22�AlPO4-22. compositions were comparable to those recently
reported [13,14] for some AlPO4 materials pre-The XRD patterns of the pure AlPO4 phases and

the mixtures are presented in Fig. 1. This trans- pared in non-aqueous media. AlPO4-L crystallized
within three days in EG medium (example 7),formation is also seen in the SEM pictures (Fig. 2).

The pure form of the new intermediate phase transforming into AlPO4-5 in ten days, which was
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(a) (b)

(c) (d)

Fig. 2. SEM photographs (aqueous medium) of (a) AlPO4-5, (b) AlPO4-5+AlPO4-L, (c) AlPO4-L+AlPO4-22 and (d) AlPO4-22.

stable in this medium for a long time (at least 90 O2− can be interconnected to form double-crank-
shaft structures, which can be viewed as the build-days). The transformation of AlPO4-L into

AlPO4-5 can be seen clearly in the SEM pictures ing blocks for AlPO4-n molecular sieves such as
AlPO4-5, AlPO4-21, AlPO4-C and AlPO4-11. Lipresented in Fig. 3. Introducing silica (0.3 M) into

this composition (example 8) led to SAPO-35 et al. [18] considered the triple crankshaft formed
by the interconnection of single crankshafts asthrough SAPO-L instead of AlPO4-5 [15].

SAPO-35 was also found to be stable in this building blocks of VPI-5, AlPO4-H3 and tridymite.
However, it was Oliver et al. [19] who demon-reaction medium.

The fact that all the above structure types were strated experimentally the formation of such
crankshaft structures. They showed that whenobtained from similar reaction mixtures suggests

the existence of a close structural relationship pseudoboehmite reacted with H3PO4 in the pres-
ence of triethylamine in a non-aqueous medium,between these phases, possibly linked through a

common precursor AlPO4-L phase. Richardson primarily anionic [AlP2O8H2]− chains were formed
which hydrolysed to form Al–O–P chains ofet al. [16 ] and Keller et al. [17] have postulated

that crankshaft-type chains formed by an alternat- different configurations. These chains formed
double- or triple-crankshaft chains of differenting connection of Al3+ and P5+ through bridging
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(a) (b)

(c) (d)

Fig. 3. SEM photographs (non-aqueous medium) of (a) AlPO4-L, (b) AlPO4-L+AlPO4-5, (c) AlPO4-5 and (d) AlPO4-L (aqueous
medium).

configurations, the precursors of AlPO4-n materi- boehmite was reacted with H3PO4 in the presence
of the HEM template, [AlP2O8H2]−[HEMH]+als. Even though they characterized structurally

them using XRD methods, no pure phases were chains were produced which hydrolyzed to form
–Al–O–P– crankshaft-type chains, similar to thoseobtained.

Fig. 4 presents the XRD patterns of the suggested for triethylamine by Oliver et al. [19].
Double- or triple-crankshaft chains were formedAlPO4-L and AlPO4-16 obtained from the aqueous

medium, and SAPO-L and SAPO-35 obtained by condensation of these chains to produce the
intermediate AlPO4-L lamellar structure. Being afrom the non-aqueous medium. Fig. 4 shows that

the AlPO4-L obtained in this study was a highly very open structure, it hydrolyses further into
secondary chain-building units which reassemblecrystalline material, and also indicates the absence

of any hexamethyleneimine dihydrogen phosphate to form more stable condensed AlPO4-n molecu-
lar sieves.impurity. There were three sharp diffraction lines

at d values of 14.2, 7.1 and 4.8 Å, indicating the The lamellar AlPO4-L material (Fig. 4) was
stable only up to 250°C. Heating to higher temper-product to be a short-range ordered lamellar-type

aluminophosphate. It seems that when pseudo- atures to remove the occluded template led to an



282 N. Venkatathri et al. / Microporous and Mesoporous Materials 23 (1998) 277–285

Fig. 5. TG-DTA patterns of (a) AlPO4-5 and (b) AlPO4-L.

along with the template. The other two exothermic
peaks, at around 415 and 567°C for AlPO4-L and
at 380 and 474°C for AlPO4-5, are due to the
oxidative decomposition of the occluded template.
The slightly higher temperature of combustion ofFig. 4. X-ray diffraction patterns of (a) AlPO4-16, (b) SAPO-L,

(c) SAPO-35, (d) HEM dihydrogen phosphate and (e) AlP the template in AlPO4-L than in AlPO4-5 may be
O4-L. due to the collapse of the lamellar structure above

250°C, trapping the fragmentation products of the
template in the former materials. TG-MS showedamorphous material. However, when Si was intro-

duced, SAPO-L was stable up to 350°C. Elemental (Fig. 6) that HEM decomposed in a He atmo-
sphere into NH3, CH2NCH2 and CH4, leaving aanalysis of AlPO4-L showed the chemical composi-

tion to be Al2O3:1.3P2O5:2HEM, similar to the carbonaceous residue behind. TG-MS also
revealed a higher temperature of desorption of the[Al3P4O16]3−3[HEMH]+ chains suggested by

Oliver et al. [19]. fragmentation products from AlPO4-L as com-
pared to AlPO4-5.The TG-DTA curves (Fig. 5) for AlPO4-L and

AlPO4-5 revealed the presence of three stages of FTIR spectra of AlPO4-L and AlPO4-5 in the
framework vibration region are presented inweight loss, as summarized in Table 2. The large

initial endothermic weight loss of about 18% in Fig. 7. AlPO4-L showed bands at 1150(w),
1030(vs), 904(sh), 760(w), 670(s), 606(vw),the range 25–300°C reveals the presence of large

amounts of water molecules occluded in the layers 547(m), 584(m) and 430(vw) cm−1. The assign-

Table 2
TG/DTA analysis of AlPO4-L and AlPO4-5

Structure Weight loss (temperature range, °C ) Peak positions (°C)

Stage I Stage II Stage III Stage I Stage II Stage III

AlPO4-L 17% 8% 8% 111 415 567
(25–285) (285–489) (489–526)

AlPO4-5 6.4% 5% 6.5% 85 360 474
(25–211) (211–404) (404–715)



283N. Venkatathri et al. / Microporous and Mesoporous Materials 23 (1998) 277–285

Fig. 6. TG-MS patterns of (a) AlPO4-5, (b) AlPO4-22 and (c)
AlPO4-L. (1) H2O, (2) NH3, (3) CH2NCH2 and (4) CH4.

ments for these bands, based on literature data,
are given in Table 3 in comparison with those of
AlPO4-5. All the band positions of AlPO4-L were

Fig. 7. Diffuse reflectance FTIR spectra of (a) AlPO4-5 and (b)shifted to lower wave numbers as compared to
AlPO4-L.AlPO4-5.

The transformation of the reaction gel into
different AlPO4-n molecular sieves through a layer- molecular fitting technique. It was found that the

inter-layer distance is ~14.0 Å, with the templatestructure AlPO4-L is shown schematically in Fig. 8.
The formation of [AlP2O8H2]− chains and and water molecules clatherated between the

layers. This distance is in fair agreement with the[Al3P4O16]3− layer chains by the reaction of
Al2O3, H3PO4 and template has been proposed by distance (14.2 Å) obtained from the XRD results.

Thermal analysis data have revealed the presenceOliver et al. [19]. When these charged layer chains
are assembled, occluding HEMH+ species between of two types of occluded HEM molecules, i.e.

weakly held neutral HEM and strongly held pro-layers, we obtain the stable structure of AlPO4-L.
The distance between these –Al–O–P– layers in tonated HEM (HEMH+), between the alumino-

phosphate sheets. Weakly bound neutral HEMthe AlPO4-L structure shown in Fig. 8 was calcu-
lated by a molecular modelling method using the molecules desorbed below 250°C, while the

strongly bound HEMH+ species desorbed afterpackage Insight II, supplied by Molecular
Simulation Inc., USA. The template and the water decomposition at higher temperatures. Depending

upon the concentration of HEM, P2O5 and themolecules were built as molecular models. The
packing of the molecules was performed by a medium of synthesis (aqueous or non-aqueous),

Table 3
FTIR bands for AlPO4-L and AlPO4-5 synthesized from hexamethyleneimine template

Sample Asymmetric stretching Symmetric stretching Double rings T–O–T bending Pore opening

Internal External Internal External

AlPO4-L 1150(w) 1030(vs), 904(sh) 760(w) 670(s) 606(vw) 547(m) 430(vw)
AlPO4-5 1215(w) 1130(vs) 725(m) 700(m) 645(vw) 565(m) 425(vw)
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Fig. 8. A schematic route for the formation of AlPO4 molecular sieves from the layer material (AlPO4-L).

the AlPO4-L layer structure transformed into Acknowledgement
AlPO4-5, AlPO4-16, AlPO4-22 and SAPO-35.
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4. Conclusions
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