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A series of monoamine, diamine, and aniline functionalized microporous silicoaluminophosphate
molecular sieves (SAPO-37) was prepared by introduction of organo-silane ligand during hydrother-
mal synthesis. The template was selectively removed by the solvent extraction method in the pres-
ence of sodium nitrate salt. The effective removal of the template was evident from FT-IR, and '3C
MAS-NMR studies. The retention of high crystallinity was evident from the powder XRD pattern
of the template-removed functionalized SAPO-37 materials. The functionalized materials showed
a high surface area in the range of 200-300 m?g~' with a pore volume of 0.2-0.4 cm3g~'. The
functionalized SAPO-37 was found to be a potential catalyst for epoxide ring opening with aniline.
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1. INTRODUCTION

Zeolites and zeolite-like molecular sieves are emerging
materials for various catalytic and adsorption processes in
the petroleum and petrochemical industries.'™ In partic-
ular, faujasite (FAU)-type zeolite, viz., zeolite-Y having
a 3D channel system with a 12-membered pore opening,
is known as a potential catalyst in fluid catalytic crack-
ing (FCC) and crude oil industry.* Microporous silicoalu-
minophosphate SAPO-37 is analogous to the faujasite-type
zeolite-Y structure, but it has been explored relatively
less compared to zeolite-Y owing to its poor structural
stability in the presence of moisture.>” In this regard,
surface functionalization of these materials with differ-
ent organosilanes might facilitate the generation of a
hydrophobic environment and may also potential cat-
alyst and adsorbents. The introduction of organosilane
into mesoporous silica based molecular sieves has been
widely investigated.>'> Generally the surface function-
alization of molecular sieves can be achieved through
two different approaches: either the post-synthesis grafting
method (ex-situ synthesis) or the direct co-condensation
method (in situ synthesis).'*'® The post-synthesis graft-
ing method has been extensively utilized for mesoporous
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materials and further, the functionalized mesoporous mate-
rials have been explored for various applications such as
metal ion capture,® CO, capture,'”2! and base-catalyzed
organic transformations.”>? However, there are only lim-
ited reports on the surface functionalization of micro-
porous molecular sieve materials.!”? Incorporation of
organosilane into the framework of faujasite-type silicoa-
luminophosphate (SAPO-37) via a direct co-condensation
method can enhance its surface hydrophobicity, which
may also help to improve its structural stability and
catalytic activities. It is worth mentioning here that in
comparison to post-synthesis functionalization, the direct
co-condensation method or in sifu synthesis involves
the uniform distribution of organosilane moiety in the
channels of framework surfaces.®? These organosilane
moieties can be covalently connected to the framework
tetrahedral sites T (T = Si, P, or Al) through an Si-O-T
bond. Herein we report the preparation of a series
of organosilanes viz. (3-aminopropyl)triethoxysilane,
N-[3-(triethoxysilyl)propyl]ethylenediamine, and N-[3-
(Trimethoxysilyl)propyl]aniline containing faujasite-type
SAPO-37 molecular sieves by the co-condensation
method. The templates present in the as-prepared materi-
als were efficiently removed through the solvent extraction
method using ethanolic sodium nitrate solution. Unlike
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extraction with mineral acids such as HCI, which leads to
the leaching of framework aluminium, the sodium nitrate
solution effectively removed the template from microp-
orous silicoaluminophosphate without dealumination. The
resultant extracted microporous SAPO-37 samples were
studied for B-amino alcohol preparation by propylene
oxide ring opening with aniline under solvent-free condi-
tions under ambient conditions.

2. EXPERIMENTAL SECTION

2.1. Chemicals

Pseudoboehmite (76% Al,O,; ACE, India), fumed sil-
ica  (Aerosil-200),  (3-amoninopropyl)triethoxysilane,
N-[3-(triethoxysilyl)propyl]ethylenediamine, and N-[3-
(trimethoxysilyl)propyl]aniline were purchased from
Sigma Aldrich, ortho-phosphoric acid (H;PO,; 85%) was
received from Merck. Aqueous solution of tetramethyl-
ammonium hydroxide (25 wt%; TMAOH), aqueous
solution of tetrapropylammonium hydroxide (40 wt%;
TPAOH; Tritech Chemicals), Aniline (99% from CDH),

Propylene oxide (99% from Spectrochem) were used as
received form.

2.2. Preparation of Functionalized SAPO-37

SAPO-37 with different aminosilane functionalities
was prepared under hydrothermal conditions by the
co-condensation method. In a typical procedure, first
SAPO-37 precursor was prepared by using a molar
gel composition of 1.0 (TPA),0:0.025 (TMA),0:1.0
AlL,05:1.0 P,05:0.43 Si0,:50 H,0.°* About 5.25 g of
pseudoboehmite was dissolved in diluted orthophosphoric
acid and aged for 12 h while stirring, and the resulting
mixture was called solution A. Another solution (B)
was prepared by adding a calculated amount (1.03 g) of
fumed silica into a mixture containing 40.5 g of TPAOH
(40 wt% in H,0) and 0.73 g of TMAOH (25 wt%
in H,0). Solution B was added into solution A with
continuous stirring and subsequently stirred overnight
at room temperature. The resultant synthesis gel was
crystallized for 8 h at 200 °C in a Teflon-lined auto-
clave to obtain SAPO-37 precursor. A known amount of
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Powder XRD pattern of as-prepared SAPO-37-xN (A), SAPO-37-xNN (B) and SAPO-37-xAN (C) (where x = 0.04 (a), 0.16 (b), 0.24 (c),
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organosilane, for example (3-aminopropyl)triethoxysilane,
was added to the above-prepared SAPO-37 precursor
and the resulting gel was allowed to crystallize for 16 h
at 200 °C. The obtained amino silane functionalized
SAPO-37 materials were filtered, washed with ethanolic
water, and dried in an air oven at 80 °C. An identical
procedure was followed for the preparation of SAPO-
37 with  N-[3-(triethoxysilyl)propyl]ethylenediamine
and  N-[3-(trimethoxysilyl)propyl]aniline. The sam-
ples prepared using (3-amoninopropyl)triethoxysilane,
N-[3-(triethoxysilyl)propyl]ethylenediamine, and N-[3-
(trimethoxysilyl)propyl]aniline are denoted as SAPO-
37-xN, SAPO-37-xNN, and SAPO-37-xAN respectively
(where x ranges from 0.04 to 0.40 M) with respect to the
above molar composition. The templates present in the
as-synthesized materials were removed by a novel solvent
extraction method by refluxing about 1 g of sample in
100 ml of ethanol (EtOH) containing 0.3 g of sodium
nitrate at 80 °C for 6 h. The final extracted samples
were denoted as SAPO-37-xN-ex, SAPO-37-xNN-ex, and
SAPO-37-xAN-ex, respectively.

2.3. Characterization Methods
Powder X-ray diffraction patterns of all the materi-
als were collected on Briiker-D8 high resolution X-ray
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diffractometer with Cu-Ka radiation (A = 1.5418 A),
between 26 range of 4-40°, with a scan speed and step
size of 0.5°/min and 0.02° respectively. FT-IR spectra were
measured on Briicker optic model tensor 27 FT-IR spec-
trometer in the range of 400-4000 cm~! using KBr meth-
ods. Solid-state NMR experiments were carried out on a
Bruker AVANCE 400 wide bore spectrometer equipped
with a superconducting magnet with a field of 7.1 T using
a 4 mm double resonance magic angle spinning (MAS)
probe operating at resonating frequencies of 79.4, and
104.26 MHz for 2°Si, and '3C respectively. The samples
were packed in 4 mm zirconia rotors and subjected to a
spinning speed of 10 kHz: single pulse experiment with
pulse duration of 4.5 us and a relaxation delay time of
6 s were used for recording all »Si, and *C MAS NMR
patterns. All chemical shift values are expressed with
respect to 2,2,-dimethyl-2-silapentane-5-sulfonate sodium
salt (DSS) for the ?°Si and 'C nucleus. The morphol-
ogy of the materials was studied using scanning elec-
tron microscopy (SEM, JEOL, JSM 6610 LV with gold
sputter coater JEC 300). Nitrogen adsorption/desorption
isotherms were recorded on Micromeritics ASAP 2020,
USA. The samples were degassed at 250 °C for 12-14 h
under 0.1333 Pascal pressure and analysis was carried
out at —196 °C prior to each analysis. The BET surface
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Figure 2. Powder XRD pattern of extracted SAPO-37-xN-ex (A), SAPO-37-xNN-ex (B) and SAPO-37-xAN-ex (C) (where x = 0.04 (a), 0.16 (b),

0.24 (c), 0.32 (d) and 0.40 (e)).
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area was calculated in the relative pressure range (p/p,)
0.05-0.3, over the adsorption branch of the isotherm. The
soluble basicity of the functionalized SAPO-37 was deter-
mined by argentometric titration using 0.1 N AgNO,.** In
particular procedure 500 mg of sample was treated with
5.21 g of 35 wt% HCI in 50 ml EtOH for 2 h followed by
2-3 times washing with ethanol and then dried to remove
the excess of HCI. Then with 4.6 g of 69 wt% HNO; in
50 ml ethanol was added to the dried sample and stirred
for 2 hours. The solid was filtered and washed very well
with EtOH. Both the filtrate and washing were combined
and treated with 50 ml of 0.1 N solution of AgNO; under
stirring condition. The formed precipitate of AgCl was fil-
tered washed and then dried under dark condition prior to
weighing the precipitate.

2.4. Catalytic Studies on Epoxide Ring Opening

The catalytic activities of the extracted organo-
functionalized SAPO-37 materials were investigated for
the ring opening of propylene oxide with aniline to
get (B-amino alcohol. The procedure involve by taking
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Wavenumber (cm’

10.7 mmol of aniline and 16.0 mmol of propylene oxide
in a round bottom flask having 100 mg of functionalized
SAPO-37 catalyst. The resulting mixture was stirred for
7 h at 35 °C. After reaction the products were separated
by dissolving a calculated amount of toluene followed by
filtration. The separated products were analyzed using gas
chromatography (GC) with FID detector. Further the prod-
ucts were confirmed through GC-MS and subsequently by
'H and ®C NMR spectra after isolation through column
chromatography. The GC-MAS results were consistent
with the molecular weight of the isolated products. The
filtered catalyst was washed with ethanol and reused after
dried at 80 °C.

3. RESULTS AND DISCUSSION

Figure 1 shows the powder XRD patterns for all the as-
synthesized samples of SAPO-37, SAPO-37-xN, SAPO-
37-xNN, and SAPO-37-xAN (x = 0.04, 0.16, 0.24,
0.32, and 0.40) which exhibited well-resolved reflec-
tions characteristic of faujasite-type SAPO-37 framework
structure.’*3%3 The crystallinity of the materials was
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Figure 3. FT-IR spectra of as-prepared SAPO-37-xN (A), SAPO-37-xNN (B) and SAPO-37-xAN (C) (where x = 0.04 (a), 0.16 (b), 0.24 (c), 0.32 (d)

and 0.40 (e)).
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retained even at higher concentrations of organosilane
loading. Additional very weak reflections that were evi-
dent on samples prepared using relatively low organosi-
lane functionality at 26 of around 8 and 21 could be
from the conversion of SAPO-37 into AFI-type SAPO-5
phase. The powder XRD patterns of the solvent extracted
various organosilane functionalized SAPO-37 is shown in
Figure 2. All the samples retained the reflection character-
istics of the faujasite phase with relative broadening of the
peaks due to the presence of the functional group on the
framework sites. It is worth mentioning here that, unlike
literature reports where the SAPO-37 structure converted
to amorphous phase after removing template, in the present
studies samples retains high crystallinity even after tem-
plate removed by extraction. The above fact supports the
proposal that the organosilane functionality present in the
framework facilitates stabilization of the SAPO-37 frame-
work structures.

The FT-IR spectra of functionalized SAPO-37 materi-
als obtained with different amines (monoamine, diamine,
and aniline) are shown in Figure 3. All the samples
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showed framework secondary-building-unit (SBU) vibra-
tional bands at around 561 and 535 cm~!, correspond-
ing to the double-six membered (D6R) faujasite structure
of SAPO-37. The functionalized materials showed addi-
tional vibration bands at 1487 and 1560 cm™', which
are attributed to the bending vibration of the NH and
NH, functionality present in organosilane-functionalized
SAPO-37 framework. The intense band in the region of
1108 cm™! corresponds to the asymmetric stretching of
T-O-T (T = Si, Al, and P). The presence of CH, groups
derived from the linker moiety of organosilane was evident
from stretching vibration bands that appeared in the range
of 2700-3000 cm~!. All of the template-extracted sam-
ples showed drastic decreases in the intensity of the vibra-
tional band that appeared around 2700-3000 cm ™! (Fig. 4),
suggesting the effective removal of template from the
functionalized SAPO-37 framework. However, the func-
tionalized SAPO-37 retained the bending vibration bands
at around 1487 and 1560 cm™!, clearly suggesting that
amine functionalities are retained on the framework sites
after template extraction.
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Figure 4. FT-IR spectra of extracted SAPO-37-xN-ex (A), SAPO-37-xNN-ex (B) and SAPO-37-xAN-ex (C) (where x =0.04 (a), 0.16 (b), 0.24 (c),
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Figure 5. N, sorption of extracted SAPO-37-xN-ex (A), SAPO-37-xNN-ex (B) and SAPO-37-xAN-ex (C) (where x = 0.04 (a), 0.16 (b), 0.24 (c),

0.32 (d) and 0.40 (e)).

The N, sorption isotherms of template-extracted SAPO-
37-xN-ex, SAPO-37-xNN-ex, and SAPO-37-xAN-ex (x =
0.04, 0.16, 0.24, 0.32 and 0.40) obtained using differ-
ent concentrations of organosilane ligands are shown in
Figure 5. The textural properties, such as the BET sur-
face area (Sggr), micropore surface area (S,), micropore
volume (V,), and total pore volume are summarized in
Table I. The isotherms of all the extracted samples are typ-
ical of type I with a sharp uptake in the relative pressure
(p/p,) region below 0.1. The increase in concentration of
the functional group on SAPO-37 results in decreases in
the surface area and pore volume, which are evident in the
case of SAPO-37-xN-ex, and SAPO-37-xNN-ex materials.
However, in the case of SAPO-37-xAN-ex, an increase in
propyl-aniline functionality facilitates an increase in the
surface area, might be due to the presence of heavy organic
(aniline) functional moiety, which has difficulty fitting into
the framework sites. Thus propyl-aniline silane partially
condensed on the external framework sites, which gen-
erated hierarchical pores after template extraction, as is
evident from the hysteresis in the N, sorption isotherm
as well as the surface roughness evident from SEM
analysis.

J. Nanosci. Nanotechnol. 16, 9298-9306, 2016

The incorporation of organosilane into the framework
of SAPO-37 was investigated by *Si and C MAS
NMR spectra. 2Si MAS NMR spectra of functionalized
SAPO-37 obtained from different organosilane functional

Table I. Textural properties of extracted SAPO-37-xN-ex, SAPO-37-
xNN-ex and SAPO-37-xAN-ex samples.

Surface area (m?g~!)  Volume (cm®g™!)  Amine

contents

Micropore Micropore Total ~ mmol

Samples surface area  Sppr volume volume (N) g~!
SAPO-37-0.04N-ex 219.9 271.3 0.11 0.56 0.24

SAPO-37-0.16N-ex 187.9 252.6 0.09 0.31 -
SAPO-37-0.24N-ex 42.0 112.8 0.02 0.37 0.69
SAPO-37-0.32N-ex 27.4 84.4 0.01 0.31 1.05
SAPO-37-0.40N-ex 34.6 87.7 0.01 0.31 1.46
SAPO-37-0.04NN-ex  220.0 202.0 0.11 0.26 0.25
SAPO-37-0.16NN-ex 174.2 219.6 0.08 0.25 1.46
SAPO-37-0.24NN-ex 114.3 188.0 0.05 0.50 1.67
SAPO-37-0.32NN-ex 88.5 123.9 0.04 0.16 2.05
SAPO-37-0.40NN-ex 47.6 82.8 0.02 0.38 -

SAPO-37-0.04AN-ex  200.1 287.0 0.10 0.47 0.30
SAPO-37-0.16AN-ex 131.7 212.5 0.06 0.31 1.00
SAPO-37-0.24AN-ex  222.7 239.9 0.11 0.43 1.46
SAPO-37-0.32AN-ex 111.4 241.5 0.05 0.65 1.80
SAPO-37-0.40AN-ex  263.8 362.3 0.13 0.37 1.77
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Figure 6. Si MAS NMR of SAPO-37-0.16N-ex (a), SAPO-37-
0.16NN-ex (b) and SAPO-37-0.16AN-ex (c).

groups such as SAPO-37-0.16N-ex, SAPO-37-0.16NN-
ex, and SAPO-37-0.16AN-ex are shown in Figure 6.
All the samples showed peaks at around —96, —105,
and —110 ppm, corresponding to Si (3Al, Si), Si (2Al,
2Si), and Si (0Al, 4Si) environments.*>* An additional
peak with strong intensity appeared at around —70 ppm,
which corresponds to condensed silicon in an organosi-
lane environment (T sites), clearly supporting the pres-
ence of an organo-functional group covalently bonded on
the surface of SAPO-37 framework. The '*C MAS NMR
spectra of SAPO-37-0.16N-ex, SAPO-37-0.16NN-ex, and
SAPO-37-0.16AN-ex showed intense peaks at 10, 20, and
44 ppm, which were derived from the propyl linker moi-
ety present in functionalized SAPO-37 (Fig. 7). Two addi-
tional peaks were evident on SAPO-37-0.16NN-ex at 36.5
and 50.2 ppm, corresponding to the ethylene moiety of the

2%0 ' 2(I)0 ' 150 ' l(I)O ' 5I0 ' 0
Chemical shift (ppm)

Figure 7. '*C MAS NMR spectra of SAPO-37-0.16N-ex (a), SAPO-
37-0.16NN-ex (b) SAPO-37-0.16AN-ex (c).
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propyl-ethylene-diamino silane linker. Similarly, SAPO-
37-0.16 AN-ex showed additional peaks at around 117 and
134 ppm derived from the aromatic ring of the aniline-
propyl-silane moiety. It is evident from the *C MAS NMR
studies that organo-functionality is present in the SAPO-37
framework, which is in agreement with FT-IR studies.

The external morphologies of the SAPO-37 function-
alized with different organosilanes were studied through
SEM. The SEM images (Fig. 8) of SAPO-37 with different
organosilane functionalized SAPO-37 materials possessing
different concentrations of silane showed typically octa-
hedral morphology of faujasite structure with high crys-
tallinity. The surface roughness increased with increasing
concentration of organo-functional silane. The shape and
size of the particles changed when the concentration of
organosilanes was varied.

Thoroughly characterized organo-functionalized SAPO-
37 was studied for base-catalyzed ring opening of propy-
lene oxide with aniline under solvent-free conditions
(Scheme 1). The I-(phenylamino)propan-2-ol (c) and
2-(phenylamino)propan-1-ol (d) were obtained as the
major product with small amount of di-alkylated aniline
(Scheme 1). The fractional amount of dialkylated aniline
with tertiary amine groups was either formed directly from
(a) or from regioisomers (c) or (d). The products were sep-
arated by column chromatography and confirmed by 'H
and *C NMR spectra. All of the reactions were carried out
with an aniline-to-propylene oxide molar ratio of 1:1.5 at
35 °C for 7 h. The conversion was calculated with respect

Figure 8. SEM images of as-prepared SAPO-37-0.04N (a), SAPO-
37-0.40N (b), SAPO-37-0.04NN (c), SAPO-37-0.32NN (d), SAPO-37-
0.04AN (e) and SAPO-37-0.40AN (f) (Scale represents 2 pm).

J. Nanosci. Nanotechnol. 16, 9298-9306, 2016
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Scheme 1.

Table II.

NH, O Catalyst
—_—
7h /35°C
b

Catalytic behavior of functionalized SAPO-37 for epoxide
ring opening with aniline.

Selectivity (%)

Catalyst Conversion (%) Mono-alkylated Di-alkylated
SAPO-37-0.04N-ex 57.3 86.4 13.6
SAPO-37-0.16N-ex 81.2 73.8 26.2
SAPO-37-0.24N-ex 71.9 80 20.0
SAPO-37-0.32N-ex 64.2 84.2 15.8
SAPO-37-0.40N-ex 20.7 92.9 7.10
SAPO-37-0.04NN-ex 54.5 86.8 13.2
SAPO-37-0.16NN-ex 78.4 81.8 16.7
SAPO-37-0.24NN-ex 71.9 80.2 19.8
SAPO-37-0.32NN-ex 38.0 92.7 7.3
SAPO-37-0.40NN-ex 14.0 98.6 1.4
SAPO-37-0.04AN-ex 58.3 86.5 13.5
SAPO-37-0.16AN-ex 71.9 80 20
SAPO-37-0.24AN-ex 85.0 70.8 29.2
SAPO-37-0.32AN-ex 69.5 82.5 17.5
SAPO-37-0.40AN-ex 69.6 84.9 15.1

to aniline by gas chromatography. The catalytic data for all
the samples (viz. SAPO-37-xN-ex, SAPO-37-xNN-ex, and
SAPO-37-xAN-ex, with x = 0.04, 0.16, 0.24, 0.32, and
0.40) are summarized in Table II. It is clear from the table
that the conversion of aniline increases with the amine
concentration present in the catalyst increases from 0.04
to 0.24 and reaches the maximum conversion when the
catalyst have an amine functionality concentration in the
range of 0.16 or 0.24. A further increase in amine concen-
tration, a decrease in conversion was evident which might
be due to decrease in surface area and surface exposed
active sites. In the case of SAPO-37-xAN-ex, the catalytic
conversion remains identical; this might be due to the pres-
ence of aniline functional group on the external surface of
the SAPO-37 framework, which was evident from surface
area analysis, in which the SAPO-37-0.40AN-ex sample
showed the maximum surface area. The catalytic activity
remained intact after several recycling runs.

4. CONCLUSION

First time a series of monoamine, diamine and ani-
line organo-functional groups were incorporated into the
SAPO-37 framework by co-condensation method. The
presence of -NH and —-NH, functionality was evident from
FT-IR and *C-MAS NMR studies. The covalent grafting
of organo-functional group was evident from *’Si-MAS

J. Nanosci. Nanotechnol. 16, 9298-9306, 2016
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Pictorial representation of propylene oxide ring opening with aniline.

NMR and "*C-MAS NMR spectra. The powder XRD
pattern of templated extracted samples retained faujasite
type SAPO-37 structure. The introduction of aniline silane
functionality enhances the surface area owing to the pres-
ence of hierarchical pore. The functionalized materials
were shown as promising catalysts for epoxide ring open-
ing at ambient conditions.
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