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In this study, we report a simple method for the synthesis of zinc aluminophosphate (ZnAlPO,) nanoparticles possessing
stable possessing ANA-zeotype and LEV crystalline structures. The synthesised nanoparticles exhibit considerable catalytic
activity towards selective hydroxylation of toluene. The LEV structures are obtained by hydrothermal synthesis at 150-170 °C,
while the ANA structure is obtained just by a simple room-temperature mixing of the ingredients. The synthesised ANA-
zeotype nanoparticles exhibit considerable catalytic activity towards selective hydroxylation of toluene.
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Introduction

Aluminophosphate is a rich variety of microporous
structure, including 18 analogues of zeolites. However,
the neutral framework charge obtained by the presence
of AI” and P limits the materials' applications in
catalysis due to their non-acidic nature. Replacement of
the framework of Al™ and P™ ions by divalent metal
cations such as Mg, Co, and Zn or silicon produces the
MAIPO and SAPO family materials', which show
properties of zeolite like ion-exchange applications,
magnetism, acid-catalyzed reactions, and
photoluminescence™. Quantity of heteroatoms with
lower valence into AIPO, influences the creation of acid
sites and framework stability. Yet, the introduction of
more heteroatoms into the framework creates structural
instability in the material, and stability decreases as the
amount of heteroatoms increases’. In most cases, AIPO
and MAIPO materials are commonly synthesized in
hydrothermal conditions by using different structure-
directing agents that are particular to each type of
material. Heteroatom-containing aluminophosphates are
unstable after the removal of structure-directing agents
in many cases, which greatly limits their applications in
catalysis and adsorption. Synthesis of the thermally
stable MAIPO materials by using novel structure-
directing agents, where host-guest charge density”® and
fluoride ions are worked as structure-directing agents
along with organic amines to facilitate the formation of
some special cage structure, such as a double 4-ring, and
to compensate for changes in the frame work®".

LEV zeotype minerals were first discovered in 1959;
literally, up to now, only four LEV Zeotype
aluminophosphate with heteroatoms has been reported,
such as SAPO-35%" "2 CoDAF-4*"", ZnAPO-
350 and MgAIPO  ®™9 by using the following
cycloamines, such as tropine, 2-methyl-cyclohexylamine,
1,4-diazabicyclo [2.2.2]octane, quinuclidine, N,N-
dimethylpiperidine chloride, 1,2-diaminocyclohexane
(C¢H14N,, DACH), and n-methylpiperidine (C¢H;3N),
etc., as structure-directing agents (SDAs). Most of the
methods used harsh reaction conditions and templates.

Metal-supported materials are gaining attention due
to unique characteristics such as reduced diffusion path
length that generally contribute to their improved
properties in catalysis and adsorption applications. But
there is a lack of information in the literature for the
preparation of zinc-incorporated AIPO nanoparticles.
We synthesized zinc incorporating AIPO in recent years
by using tetrapropylammonium bromide (TPABr) and
fluoride as templates and co-templates'®'”. Here we have
synthesized the ZnAIPO, material possessing ANA-
zeotype and LEV crystalline structures. The LEV
structures are obtained by hydrothermal synthesis at
150-170 °C, while the ANA structure is obtained just by
a simple room-temperature mixing of the ingredients.

Experimental Section
Synthesis

The typical synthesis method involves the dispersion
of aluminum nitrate and zinc nitrate powders in a
solution of ammonium orthophosphate with vigorous
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stirring at room temperature, followed by the sequential
addition of tetrapropyl ammonium bromide and
hydrofluoric acid, leaving the resultant mixture under
stirring for one hour to obtain a homogeneous gel with
an overall molar composition of 0.11ALOs:
0.012Zn:0.36P,05:0.0018SDA:0.11HF. The obtained
resultant gel is processed by two different methods. (i)
By adding a few drops of ammonia at room temperature,
the white precipitate obtained was filtered, washed
with an abundant amount of deionized water, and
dried at room temperature overnight, followed by
calcinations for 5 hours at 500°C. The samples
obtained before and after calcination are denoted as
RT and RTC, respectively. (ii) The obtained gel was
introduced into Teflon-lined stainless steel autoclaves
and heated statically at two different conditions:
150°C and 170°C for 24 h, followed by their
calcinations at 500°C for 5 h. The samples synthesized
by hydrothermal treatment at 150°C are denoted as
HT1 and HTIC, representing before and after
calcination, respectively. Similarly, the samples
synthesized by hydrothermal treatment at 170°C are
denoted as HT2 and HT2C, representing the materials
before and after calcination, respectively.

Hydroxylation reaction

The hydroxylation reaction was carried out in a
round-bottom flask under reflux conditions with
constant cold water flow and constant stirring. In a
typical reaction study, 1 mL of toluene, 5 mL of
acetonitrile, and 50 mL of catalyst were taken in a
round bottom flask, followed by the addition of 5 mL
of 50% H,0; in a drop-wise manner. The temperature
then increased up to 70°C, and this temperature was
maintained for 4 h. The reaction mass was then
cooled out, and the product was collected by filtration
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and analyzed by GC/MS. The performance of the
catalyst after three reaction cycles was also evaluated,
where the catalyst was separated by filtration and
dried at 100°C.

Characterization

Powder X-ray diffraction patterns of the samples
were recorded on a Regaku Dmax III B equipped with
a rotating anode and CuKa radiation. SEM images
were recorded to obtain particle morphology on the
Quanta 200f instrument in the Netherlands. The IR
spectra of both samples were recorded on the
Thermonicolate 8700 instrument, Thermoscientific
Corporation, USA.

Results and Discussion

The X-ray diffraction patterns of ZnAIPO,4 samples
shown in Fig. 1 indicate that the room-temperature
synthesized sample (RT) exhibits an ANA zeo-type
crystalline structure that retains even after the removal
of the template by calcination (RTC) and supports the
structural stability of the material. However, the other
two materials synthesized by hydrothermal treatment
(HT1 and HT2) exhibit LEV zeo-type crystalline
structures, and after calcinations, they form semi-
crystalline materials, and some of the XRD peaks
disappear (HT1C and HT2C). Generally, the LEV
structure is known for its structural instability and
collapses immediately after the removal of the
structure-directing agent.

The structural identity of ZnAIPO4 samples has
been confirmed by FTIR spectra (Fig. 2). The samples
exhibited the featured vibrational bands associated
with the [PO,4]"unit (1127, 504 cm™), Al (748 cm™)"®,
and the two bands obtained at 1009 and 990 cm™
relegated to the vibrations of Zn-O-P"?°. The
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Fig. 1 — Wide angle XRD patterns of ZnAIPO,4 samples, (a) before calcination and (b) after calcinations
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additional bands observed in the samples before
calcination (which disappeared after calcination) are
related to the stretching vibrations of the SDA. The
EDX analysis (Fig. 3) also confirms the presence of
zinc, alumina, and phosphorous species in the
samples.

SEM images of all the ZnAIPO4 samples before
and after calcination are shown in Fig. 4, where the
sample synthesized at room temperature (RT) exhibits
spherical morphology before and after calcination
(RTC). The hydrothermally synthesized samples HT,
HT1C HT2, and HT2C exhibit bunches of flake-like
structures with 1 um size. Overall, the SEM results
indicate the difference in structural morphology of the
ZnAlPO, samples synthesized at three different
conditions, but the structure morphology is retained
after the calcination. The XRD, FT-IR, and TEM
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envision the presence of Zn in two forms: cystalline
ZnAlIPQ, and dispersed Zn particles on the ZnAlPOj,.
The presence of bivalent Zn in the cystalline
framework of AIPO, created the acidity, which is
measured by the TPD of ammonia. As shown in
Fig. 5, among the three samples, the RTC sample with
the ANA phase exhibited higher acidity. The
structural stability of the ZnAlPO, samples is also
confirmed by the TGA analysis (Fig. 6), where the
synthesized samples revealed a weight loss of
70—140°C related to the desorption of sorbed water and
a high temperature weight loss of up to 440°C related
to the decomposition of organic template *'. There is no
further weight loss observed above 450°C.

The ZnAIPO, with ANA-zeotype exhibits both
acidity and metal function due to the presence of
Zn. Hence, the material is expected to exhibit catalytic
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Fig. 2 — FT-IR spectra of ZnAIPO,4 samples (a) before calcination and (b) after calcinations
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activity towards bi-functional acid catalysis. Hence,
this sample (RTC) is tested for its activity towards
toluene hydroxylation by using H,O, as an oxidizing
agent. The toluene hydroxylation reaction is
conducted at 70°C for 4 h, and the reaction products
obtained in the conversion of toluene are given in
Table 1. A possible mechanism is given in Scheme 1.
Here, hydroxylation at aromatic carbon was observed
to be the major reaction to produce cresols
(85% selectivity) (product A) and 2-methyl-1,

4-benzoquinone (5% selectivity) (product B), which
supports the chemo-selective nature of the catalyst.
However, a low selectivity for side chain oxidation
and hydroxylation products, i.e., benzaldehyde and

Fig. 4 — SEM images of ZnAlIPO, samples: (a) RT, (b) HTI,
(¢) HT2, (d) RTC, (¢) HT1C and (f) HT2C

benzyl alcohol (10% selectivity) (product C+D), was
also observed in the product. Among the cresols,
para-cresol is the major product (46%) that makes the
present process important for pharmaceutical,
polymer, and dye industrial applications. Below 70°C,
less conversion of toluene is observed; above this
temperature, the selectivity of cresol is very low, and
reused catalysts also show very good conversion of
toluene and selectivity of cresols.

Table 1 — Performance of ZnAIPOj, in toluene hydroxylation *
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#70°C, 0.8 g Toluene , 1.7 g 50% H,0,, 2 mL acetonitrile,
0.16 g catalystat4 h

Catalyst Conversion toluene (%)  Selectivity (%)
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Fig. 5 — TPD spectra of the synthesized ZnAIPO,
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Fig. 6 — TGA plot of the synthesized ZnAIPO,
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Table 2 — Various catalytic systems used for hydroxylation of toluene with H,O,

S. No Catalyst Temperature Time  Solvent Conversion Selectivity (%) oandm:p Ref
o 0,
O ® ) A C+D  Others
1 ZnAIPO4RTC) 70 4 CH;CN 30 85 10 5(B) 54:46  This work
2 ZnAIPO4(RTC)(Reused) 70 4 CH;CN 28 60 30 10(B) 58:42  This work
3  V-AIPO, 80 24 CH;CN 28.4 21.8 725 1 55:45 22
4 Cu-AlPO, 60 3 14 69 27 4 72:28 23
5 Cr-AlPO,* 375 — 9.19 0 253 747 0 24
9  V-AIPO-31° 100 22 CH;CN — 5 95 0 5:0 25

20, oxidizing agent and ° oxidizing agent TBHP
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Scheme 1

Though the selective hydroxylation reactions were
reported on metal AIPO4 materials earlier, most of the
reactions took place at the side chain, and the selective
hydroxylation (90%) at the benzene ring of arenes was
not observed on such systems (Table 2). We are
reporting the chemo-selective nature of ZnAIPO,
(RTC) for the hydroxylation of arenes. This clearly
indicated the new type of active sites created in
ZnAlIPO, that are responsible for the novel chemo-
selective properties of the catalyst for the production of
cresol, and the subject is expected to open up new
applications of these materials. The preferential
polarizability of the C-H in the benzene ring to that of
the methyl group in the present study may be due to the
strong interaction of ZnAlPO, with the electron-rich
benzene ring. Further, the performance of the ZnAlPO,
catalyst in the present study is observed to be superior
to that of the ZnAlPO,-based catalysts reported in the
literature® > (Table 2). A reference experiment
conducted in the absence of a catalyst, using only

H,O,, ascertained that no reaction occurred and
confirmed the catalytic role of ZnAIPO,. However, the
other two samples exhibiting LEV structure (HT1C
and HT2C) did not show any catalytic activity, which
may be due to the less acidic nature of this phase.

Conclusion

In summary, the present study describes a novel
method for the synthesis of LEV and ANA-zeotype
nanostructures of ZnAlPO, materials exhibiting
high thermal stability. The synthesis of ZnAIPO,
possessing the ANA-zeotype reported here and the
material were also observed to exhibit considerable
catalytic activity towards selective hydroxylation of
toluene. These findings open up further studies to
explore the potentiality of this class of material for
various high-temperature applications. The LEV-
zeotype nanostructures of ZnAlPO, obtained in the
present study provide a simple synthesis method using
a simple organic template, TPABr, with a sorter
synthesis time of just 24 h. Moreover, the material
retains its structure even after the removal of organic
templates through calcination, which further reveals
the suitability of these materials for various types of
high-temperature applications.
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