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Cs-ABW zeolite nanocrystals were synthesized using a microwave-assisted hydrothermal technique without an
organic template. Using powder X-ray diffraction Rietveld refinement and spectroscopy, we found that pure
ABW-type CsAlSiO4 zeolite nanocrystals (Si/Al ratio = 1.08) with an orthorhombic structure (space group
Pc21n, a = 9.4425(21) 108; b =5.4437(11) 10\; ¢ = 8.9152(19) ;\) can be crystallized from a clear precursor so-
lution of 4Si0,:1A1,03:16Cs,0:160H,0 (180 °C, 6 min). The Cs-ABW nanoparticles had a mean particle size of
68nm and were thermally and colloidally stable. The nanocrystals—which had high accessible basic sites,

(Si—-O-AD)~Cs™, located at their external surface—were active in catalyzing the cyanoethylation of aliphatic
alcohols under non-microwave instant heating, with 100 % selectivity to the desired product and high catalyst
reusability. Furthermore, the cyanoethylation of methanol catalyzed by nanocrystalline Cs-ABW under instant
heating had equal or better reactivity than those catalyzed by other solid base catalysts.

1. Introduction

Zeolites are crystalline aluminosilicates with well-defined channels
and cavities. Zeolites are commonly used in ion exchange, catalysis, and
separation due to their unique crystalline structure and tunable surface
properties [1,2]. Dividing zeolites into fine particles (< 100 nm) cre-
ates immense external surface area and affects their magnetic, optical,
electrical, and catalytic properties [3-5], enabling structures with un-
ique properties. Thus, the application of zeolites is expanding toward
atomic energy, food, paper, drug delivery, ceramics, paints, electronics,
recording materials, lubricants, detergents, and so on [6-10]. Among
the 245 zeolite structures recognized to date, only the following fra-
meworks can be synthesized at the nanometer scale: ANA [11], *BEA
[12], EDI [13], EMT [14], FAU [15], GIS [16], LTA [17], LTJ [18], LTL
[19], MEL [20], MER [21], MFI [22], MOR [23], SOD [24], AEI [25],
AFI [26], AFO [27], and CHA [28].

Synthesizing zeolite nanocrystals involves hydrothermal treatment,
using harmful organic additives as templates to control the crystal size
of the zeolite [29-31]. Nanoscale zeolites can also be crystallized in
sodium- and potassium-rich systems where the alkali metal cations can
function as less toxic inorganic templates [14,18,21,32].
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Cesium aluminosilicate zeolites are in high demand due to their
strong base properties. However, the synthesis of Cs-zeolites is barely
reported because doing so is tedious and dangerous, which requires
high temperature (700-1200 °C), high pressure (> 1000 bar), and long
crystallization time (46 h); also, nanoscale Cs-zeolite has not yet been
reported [33-37]. The first work describing the characterization of pure
Cs-aluminosilicate with ABW topology (eight-membered ring and one-
dimensional pore channel, 3.4 x 3.8 10\2) was reported in the 1970s
[35]. Synthetic Cs-zeolite is interesting because it can be used in many
applications such as heterogeneous basic solid catalysts [38] and hosts
for immobilization of radioactive cesium [39-41]. The synthesis of Cs-
zeolite would benefit from milder, safer synthesis conditions with lower
heating temperature and pressure, so in this study we synthesize or-
ganotemplate-free nanoscale ABW-type Cs-zeolite using a more efficient
microwave heating technique.

2. Experimental
2.1. Synthesis of ABW-type Cs-zeolite nanocrystals

Nanocrystalline ABW-type Cs-zeolite was prepared with a molar
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composition of 4Si05:1A1,05:16Cs,0:164H,0. Typically, a clear alu-
minate solution was prepared by dissolving a CsOH'H,O pellet
(10.500 g, 99.5 %; Sigma-Aldrich) and A1(OH); (1.242 g, 99.9 %; Acros)
in distilled water (8.063 g) at 110 °C for 24 h under continuous stirring.
A clear silicate solution was prepared by mixing HS-40 (4.781 g, 40 %
SiO,, 60 % H,0; Sigma-Aldrich) and CsOH-H,0 powder (32.2875 g) in
distilled water (7.988 g), followed by stirring at room temperature for
10 min. Both solutions were then cooled to room temperature. The
aluminate solution was slowly added to the silicate solution under
vigorous stirring (15 min) until a clear precursor solution was obtained.
The hydrogel was then placed in a 100-mL PTFE reaction vessel and
capped, then subjected to microwave radiation at 180 °C by a micro-
wave reactor (Anton Paar’s Multiwave 3000) using 800 W power. The
solid products were purified with distilled water and then freeze-dried.
The samples are denoted as MW-nm, where n is the heating time in
minutes.

2.2. Characterization

X-ray diffraction (XRD) patterns were recorded using a Bruker-AXS
D8 X-ray diffractometer, and Rietveld refinement was performed with
GSAS software. Field-emission scanning electron microscopy (FESEM)
and transmission electron microscopy (TEM) were performed with
JEOL JSM-6701F and Philips CM12 electron microscopes operated at
20 kV and 200 kV, respectively. The chemical compositions of zeolite
were determined using a Philips PW2404 X-ray fluorescence (XRF)
spectrometer. An infrared (IR) spectrum was recorded on a Perkin
Elmer Spectrum One spectrometer using the KBr pellet technique
(KBr:sample ratio = 50:1). Dynamic light scattering (DLS) and zeta
potential () analyses were done using a Malvern Zetasizer Nano Series.
Porosity analysis was performed using a Micromeritics ASAP 2010.
Thermogravimetry/derivative thermogravimetry (TGA/DTG) results
were measured using a Mettler TGA SDTA851.

2.3. Catalytic activity study

The cyanoethylation reaction was conducted as follows: Activated
nanocrystalline Cs-ABW zeolite (0.500 g), alcohol (76 mmol, methanol,
99.5 %; ethanol, 99.9 %; propanol, 99.0 %; butanol, 99.0 %; cyclo-
hexanol, 99.0 %; phenol, 99.0 %; benzyl alcohol, 99.0 %; Merck) and
acrylonitrile (19 mmol, 99 %; Merck) were added to a 10-mL quartz
vial. The vial was tightly capped, heated, and magnetically stirred
(800 rpm) in an instant heating reactor (Anton Paar’s Monowave 50).
The reaction solution was withdrawn, and the zeolite catalyst was se-
parated. The reaction products were evaluated with a GC-FID chro-
matograph (Agilent/HP 6890 GC, HP-5 capillary column) and a GC-MS
(Perkin-Elmer Clarus 500).

3. Results and discussion

The formation of Cs-ABW nanozeolites was first characterized using
powder XRD, as shown in Fig. 1. After 2min of microwave heating, a
broad band appeared at 26 = 27.5°, implying that the MW-2 m sample
was an amorphous solid (Fig. 1A(a)). After 5min of hydrothermal
heating, the amorphous hump slowly disappeared and several diffrac-
tion peaks started to appear at 260 = 18.80° [200/110], 27.52° [202/
112], and 32.90° [310/020], indicating the formation of the ABW
crystalline phase in the MW-4 m sample (Fig. 1A(b)). Heating the pre-
cursor solution for 6 min produced crystalline Cs-ABW zeolite with no
competing crystalline phases (Fig. 1A(c)). The synthesis time for crys-
tallizing the ABW zeolite framework was shorter and the pressure
during the hydrothermal process was lower (20.5 bar) in this work than
in previous works (46 h, > 1000 bar at 700-1200 °C) because the mi-
crowave electromagnetic radiation induced fast heating and high con-
tent of CsOH provided high alkalinity in precursor solution [13,34].
The XRD peaks of the Cs-ABW nanozeolite were intense and broad, due
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Fig. 1. (A) XRD patterns of (a) MW-2m, (b) MW-5m and (c) MW-6 m solids,
and (B) Rietveld refinement of the XRD pattern of ABW-type Cs-zeolite (MW-
6 m). Observed (solid line) and calculated (+ marks) XRD patterns, as well as
the difference profile (bottom) are shown. Tick marks indicate peak positions.
Inset: Crystal structure views along (a) a-direction (pore opening 8.23 x 4.39
10\2), (b) b-direction (pore opening 8.23 x 4.39 AZ) and (c) c-direction (pore
opening 5.44 x 6.40 A2). Unit-cell is boxed. Purple: Cs, yellow: Si, pink: Al and
red: O. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).

to its small crystallite size [26].

The XRD pattern of Cs-ABW nanozeolite (MW-6 m) was indexed
using the TREOR indexing program, and the crystallographic data are
shown in Tables S1 and S2 (see Supporting Information). Table 1 lists
the unit cell parameters of MW-6 m estimated using Rietveld refine-
ments, compared with reported values [34]. Profile fitting with Riet-
veld refinement gave a quality fit (Fig. 1B), and all of the computed
structural parameters agree with reported values. The Cs-ABW structure
had a Pc2;n space group and lattice parameters of a = 9.4432(9) i\,
b =5.4441(4) A, c = 8.9158(7) A, and V = 458.36(10) A%. All the
peaks were attributed to this structure, so this model accounts for pure
synthesized Cs-ABW nanozeolite. The fit quality was also demonstrated
by the low R-expected (R.,), R-unweighted (R,), and R-weighted pat-
tern (Ry;) reliability factors as well as a goodness-of-fit (XZ) close to 1
(Table 1) [42].

The coordinates of the Cs* extraframework cations, Al, Si, and O
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Table 1

Crystallographic data of CSABW zeolites.

Published*

Current work

Crystallite size
Data collection

200 X 120 X 60
(um?)

70 X 50 x 6 (nm®)

X-ray facility Oxford Diffraction PANalytical X'Pert
Xcalibur PRO

X-ray radiation Mo K, Cu K,

Wavelength (A) 0.70926 1.5406

Scan type /@ 26

260 range (°260) 3.000-62.000 5.000-50.000

Step size (°) 0.5 0.02

Unit cell

Space group Pc2.n Pc21n
(Orthorhombic) (Orthorhombic)

a @) 9.414(1) 9.4432(9)

b (&) 5.435(1) 5.4441(4)

c @A) 8.875(1) 8.9158(7)

a (deg) 90 90

B (deg) 90 90

vy (deg) 90 90

v (&% 457.9(4) 458.36(10)

Chemical composition

Refined structure [Cs]-[SiAlO4]-xH,0 [Cs]-[SiAlO,]

yH>0
Si/Al ratio 1.00 1.00
Rietveld refinement
No. observations n.d.” 1798
No. geometric restraints n.d.” 0
No. structural parameters n.d.” 49
No. profile parameters n.d.” 11
R, = [T Py )/sw(y*>)?? n.d.” 0.0610
Rep = [(N-P + Q)/Zwi(y™)*1*  nd” 0.0764
Ryp = [Ewi(" =y 2/sw(y®)%Y nd” 0.0817

2

2 = Rup/Rexp)” nd.” 1.143

* Reference [34].
# n.d. = not determined.

atoms in the ABW structure framework were refined, and its crystal
structure was viewed along the a-, b- and c-directions (inset of Fig. 1B).
The ABW framework consisted of eight-membered ring (8MR) pore
channels running along the [010] direction (inset of Fig. 1B(b)), where
the Cs extraframework cations were merely located at the center of the
8MR channels and 6MR voids. All these results agree with the crystal
structure proposed by Gatta et al. [34], determined by single-crystal
XRD.

Fig. 2a shows an FESEM image of the Cs-ABW nanozeolite, revealing
that the nanocrystals were discrete and showed no agglomeration. DLS
analysis revealed a Cs-ABW nanozeolite with a narrow particle size
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distribution, which agrees with the FESEM analysis. The nanocrystals
had a size range of 45-88 nm with an average hydrodynamic size of
~68 nm. The nanocrystals showed a zeta value of -52.6 mV, and they
showed no sedimentation in water for over a month, demonstrating
their long-term stability in colloidal form. Such nanocrystals, with high
dispersibility and colloidal stability, are useful in advanced applications
such as sensors, atomic energy production, ceramics, paints, electro-
nics, recording materials, lubricants, and detergents. [3]. A TEM image
of nanoscale Cs-ABW zeolite is also shown (inset of Fig. 2b), revealing
oval crystals with an average crystallite size of 70 nm and it agrees with
DLS analysis. Unlike conventional hydrothermal heating, which in-
volves external heating, microwave irradiation heats the alkaline sol
mixture internally, directly, and evenly [43-45], thus enhancing the
solubilization of zeolite precursors in the alkaline medium. Such unique
heating could enhance the supersaturation condition where zeolite
nucleation is preferable to crystal growth, helping to form Cs-ABW
zeolite nanocrystals that are smaller and more uniform [21].

Fig. 3 shows EDX analysis, with elemental maps of Cs-ABW nano-
zeolite revealing the Si, Al, O, Cs atoms and overlay localization. In-
terestingly, these four elements were abundant and evenly distributed
among all granules. Quantitative XRF spectroscopy (Table 2) indicates
that Cs had the highest weight percentage due to its heavy atomic
weight. The Si/Al ratio was 1.08, while the Cs/Al ratio was 1.02. Thus,
the synthesized nanocrystalline Cs-ABW had a composition of
Cs1.102A11.080511.00004.017, Which is close to the stoichiometric formula
of its conventional counterpart, CsAlSiO4 (Table 1) [34].

Fig. 4 shows an IR spectrum of the nanocrystalline Cs-ABW zeolite.
The IR bands at 3465 and 1665 cm ™! were attributed to the stretching
and bending modes of O—H groups of adsorbed water and silanol, re-
spectively [46]. The strong bands at 1130, 1062, 986, and 449 cm !
were attributed to the vibrational frequencies of the T—O—Si bonds
(T = Si, Al) [47]. The IR bands at 541, 608, and 671 cm ™! were
characteristics of the double zigzag chain (dzc) in the ABW zeolite.
Also, the weak shoulder band at 859cm™' was attributed to the
bending vibration of the free surface silanol (Si—OH) groups of zeolite
[48].

Fig. 5a shows TG/DTG curves of the Cs-ABW (MW-6 m) nanocrys-
tals. The first stage of weight loss (0.26 %) below 160 °C with an en-
dothermic signal came from the release of physisorbed water [49,50].
The next stage of endothermal weight loss (0.75 %) below 400 °C was
originated from desorption of chemisorbed water from the external
surface of zeolite, and the weight loss (0.49 %) above 400 °C came from
dehydroxylation (condensation) of silanol groups [48]. After combus-
tion at 900 °C, ~98.5 % of the sample remained as an unburned solid,
and the ABW crystal structure did not collapse even at 900 °C.

The TG/DTG results were further supported by an N, adsorption
isotherm, where the nanoscale Cs-ABW zeolite exhibited a Type V ad-
sorption-desorption isotherm (Fig. 5b). Furthermore, a type H3

Intensity (a.u.)

10 100 1000
Size (nm)

Fig. 2. (a) SEM image and (b) DLS plot of nanoscale Cs-ABW (MW-6 m). Inset of (b) shows the TEM image of Cs-ABW zeolite nanocrystals.
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Fig. 3. Element distribution map (SEM/EDX) of nanoscale Cs-ABW (MW-6 m).

hysteresis loop appeared at high P/P, due to the close packing of na- 7F
nocrystals. An external surface area of 25 m?/g and a total pore volume T S~ —
of 0.11 cm®/g were measured. No microporosity appeared because the 2 8 o
pores were blocked by the Cs* extraframework cations (inset of g P = g
Fig. 1B). Nevertheless, this nanocrystalline material can be used as a §
solid catalyst because its external surface has highly accessible basic o
sites, (Si—O—Al)"Cs™. e
To demonstrate this, we performed a model cyanoethylation reac- g ] S
tion between acrylonitrile and various alcohols to study the potential of g = &
the Cs-ABW zeolite nanocrystals as a solid base catalyst. Without the @ = 2
zeolite catalyst, none of the alcohols showed conversion, even after 2 h. [ N |
In contrast, the superior catalytic performance of Cs-ABW nanozeolite Qo
was clearly demonstrated as acrylonitrile reacting with aliphatic alco- o
hols (acid-strengthening, high pKa) showed high conversion and high i
selectivity (100 %) within 30 min at 60 °C (Table 2), revealing that the 4000 " 36I00 " 32I00/’ 16'00 ' 12l00 ' 860 " 400
cyanoethylation reaction was an activated catalytic reaction. 4
. . Wavenumber (cm™')
However, the conversion decreased as the carbon chain length of
the alcohols increased, though the pKa values were almost identical Fig. 4. FTIR spectrum of nanoscale Cs-ABW solid (MW-6 m).
Table 2
Cyanoethylation of alcohols with acrylonitrile catalyzed by nanocrystalline Cs-ABW zeolite.”
CN
ROH -+ 22 NN — o e W
Alcohol Acrylonitrile 3-Alkoxypropanenitrile
Entry Alcohols Conversion (%) T (°C)
pKa value® 10 min 20 min 30 min
1 Methanol 15.3 95.12 100 100 60
2 Methanol” 15.3 95.04 100 100 60
3 Ethanol 15.9 77.64 89.02 92.16 60
4 Propanol 16.1 41.57 61.96 72.55 60
5 Propanol® 16.1 22.74 38.58 49.60 60
6 Propanol 16.1 98.47 100 100 100
7 Butanol 16.1 92.94 96.86 98.18 100
8 Butanol? 16.1 92.91 96.57 97.75 160
9 Cyclohexanol 16.0 0 0 0 160
10 Phenol 10.0 4.71 7.84 10.59 160
11 Benzyl alcohol 15.4 0 0 0 160
@ Reaction conditions: Cs-ABW (MW-6 m, 0.50 g), alcohol (76 mmol), acrylonitrile (19 mmol).
Y 5th run of Entry 1; “oil bath heating (autoclave).
d

3rd run of Entry 6.
¢ ref. [51].
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Fig. 5. (a) TG/DTG curves and (b) nitrogen gas adsorption (close symbols) and desorption (open symbols) isotherms of nanoscale Cs-ABW zeolite (MW-6 m).

Table 3
Comparative catalytic performance of nanoscale Cs-ABW with other reported
catalysts on cyanoethylation of methanol reaction.

Catalyst Conversion (%) t(min) T (°C) Heating mode  Ref.
Nanosized Cs- 100.0 20 60 Instant heating  Present
ABW work
MgO 98.7 120 50 Reflux [52]
Mg(OH), 62.4 120 50 Reflux [52]
CaO 94.7 120 50 Reflux [52]
Ca(OH), 30.6 120 50 Reflux [52]
SrO 98.9 120 50 Reflux [52]
BaO 78.2 120 50 Reflux [52]
KOH/alumina 85.3 120 50 Reflux [52]
KF/alumina 52.3 120 50 Reflux [52]
Mg-Al 98.0 90 50 Reflux [53]
hydrotalcite
Mg-Al-O-Bu'- 92.0 36 25 Reflux [54]
hydrotalcite
Zeolite NaA 85.4 720 150 Autoclave [55]
Zeolite NaA 48.7 720 150 Reflux [55]
Zeolite MgO/ 98.0 15 -2 Microwave [56]
Cs,N'Y
LiNKX-2 14.0 840 150 Autoclave [571
NaNKX-2 58.9 840 150 Autoclave [571
KNKX-2 69.2 840 150 Autoclave [57]
CsNKX-2 89.9 840 150 Autoclave [57]

2 Not stated.

(Entries 1, 3, 4, 6, and 7). Furthermore, little to no conversion appeared
when bulk molecules of cyclic alcohols (cyclohexanol, phenol, and
benzyl alcohol) were used (Entries 9-11). We also compared heating
methods—non-microwave instant heating versus oil bath heating
(loaded in autoclave)—in the cyanoethylation of propanol (60 °C,
30 min). The first method showed a higher reaction conversion (72.55
%) (Entry 4) than the second one (49.60 %) (Entry 5). We also tested
the reusability of the solid catalyst, finding that its conversion efficiency
barely decreased and demonstrating its high recyclability (Entries 2 and
8).

The catalytic performance of the Cs-ABW nanozeolite was also
compared with related catalysts in the cyanoethylation of methanol
(Table 3) [52-57]. The reaction catalyzed by the Cs-ABW nanocatalyst
under instant heating (100 %) showed more conversion the reactions
catalyzed by other solid base catalysts (oxides: 78-99 %, alumina
composites: 52-85 %, zeolites and aluminophosphite zeotypes: 14-90
%) under reflux and autoclave conditions. Furthermore, the Cs-ABW
nanozeolite showed catalytic performance comparable to hydrotalcites
(92-98 %) and zeolite MgO/Cs,NaY (98 %), the latter conducted using
microwave heating. These results suggest that the instant heating
technique used here can mimic microwave heating (fast heat transfer
and homogenous heating) via strong stirring and rapid heating, offering
an alternative to the existing catalytic system [58].

4. Conclusion

We performed microwave synthesis of nanoscale Cs-ABW zeolite
without using organotemplates. The ABW framework was crystallized
within 6 min at much lower temperature (180°C) and pressure
(~20bar) than the conditions reported before (700-1200
°C, > 1000 bar, 46 h). The nanocrystals were colloidally and thermally
stable, and they were active in the cyanoethylation of aliphatic alcohols
with acrylonitrile. Furthermore, the cyanoethylation of methanol cat-
alyzed by nanoscale Cs-ABW (100 % conversion) under instant heating
was comparable or even more reactive than those catalyzed by other
heterogeneous base catalysts (oxides: 78-99 %, alumina composites:
52-85 %, zeolites and aluminophosphite zeotypes: 14-90 %, hydro-
talcites: 92-98 %, zeolite MgO/Cs,NaY: 98 %) under microwave, au-
toclave, or reflux conditions. Thus, this nanoscale zeolite shows great
potential in advanced applications, particularly in thin film and cata-
lytic processes.
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