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ABSTRACT:It has long remained a challenge in catalysis to synthesize

technical hierarchical nanosized zeolites without growtlemmadid ‘
binders. Herein, we report a facile synthetic route to directly prepare
binderless hierarchical Ateolite in shaped form, with retained acidity@fo_\g ) Q@ w v
and su cient mechanical strengths. The preparation process consistssaf =

two steps, where an Alzeolite nanopowder igst shaped using m=) Shaped body

-— - -
: °
tetraethyl orthosilicate; the extrudate is then recrystallized @nders™ o — o < == Retained acidity
Lol
& > Q

hydrothermal conditions with the assistance of tetraethylammoniuyy
hydroxide (TEAOH) solution. The alkaline environment leads to ‘
mesopores into the zeolite, and transforms as well theirRl€rs @ binders 7 /‘N \

=) Binderless

into a zeolite framework. Selerharacterization methods were
performed to reveal the structyseoperty relationships of the materials

in powdered and shaped form. It was found that the process of TEAOH
treatment is the combination of desilication, mesopore formation, and
binder recrystallization to give zeolite Aknoparticles, resulting in the obvious increase in microporosity, acidity, and X-ray

di raction crystallinity of samples. Density functional theory calculations were also used to rationalize the recrystallization proce
Finally, the utility of the materials was demonstrated by evaluating their catalytic properties in the dehydration of 2-(4-ethylbenzoyl
benzoic acid, a reaction which is traditionally catalyzed by concentrated sulfuric acid and oleum. We found that the catalyst
technical form exhibits better catalytic performance than the powdered HB nanoparticles and higher product yield than tradition
(homogeneous) catalysts.

KEYWORDS:AI- zeolites, binders, full-crystalline monolithic zeatitesAporous materials, heterogeneous acid catalysis

1. INTRODUCTION zeolites cause pressure drop inside of the reactor. Thus, in

Zeolites have been widely applied in industries because of tHfctical application, structured zeolites (i.e., extrudates,
unique shape selectivity, excellent catalytic performance, &§jets; monoliths, and granules) withcgnt mechanical
good hydrothermal stabifityn particular, zeolite (*BEA strength are necess7arl¥), and this is d_one by adding binders
type) possesses three-dimensional and intersected 12-méusiially 3050 wt %). = A few synthetic routes have been
bered ring pore channels, and is importantly used in theroposed to shape zeolite powders into technicalfGrm.
petrochemical and chemical industries. However, this tradinfortunately, the presence of binders in massive quantity end
tional zeolite with a pore system of precisely narrowedp covering the surface of the zeolites, blocking the channels
microchannels could limit the mass transportation and thend pores, and leading to additionalgdonal limitation. This
accessibility of molecules to the inner active sites, and thigni cantly aects the zeolite acidity, and generally has a
could lead to potential side reactions and sometimes ev@ggative impact on the catalytic performance, especially for
wreck the stability of catalyst$dierarchical zeolites with an acid-catalyzed reactidns?®

additional mesopore and/or macropore network on top of and |n order to solve the abovementioned challenges, binderless
interconnecting with the micropores can maximize thgeojites are a technical solutfort® For example, Wang et

application of porosity of zeolites, which hence have arousgds g\ ,ccessfully prepared a binderless ZSM-5 zeolite applied
widespread attentiér Typically, these methods can be

divided into two categoriedop-dowri and “bottom-up _
approaches. Spegilly, the top-down methods often consist Received: August 18, 2021

in a secondary treatment of the synthesized zeolite using aCfgePted: October 25, 2021
or alkali conditions; the bottom-up approaches usually neé&gPlished:November 12, 2021
the addition of a special template during zeolite synthesis. At

present, most of the research studies have focused on the

preparation of hierarchical powder zeolites. However, powder

© 2021 American Chemical Society https://doi.org/10.1021/acsanm.1c02559
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Scheme 1. Preparation Procedure of Hierarchical Nano-Sized Full-Zeolitic Monolith

in the dehydration of crude methanol to dimethyl etherFlackTek Inc.), then ext(uded at room temperature into a qniform

reaction, which exhibited better catalytic performance arfdlindrical body by rapid extrusion molding using a MiniScrew

longer lifetime compared with traditional shaped catalysts Wiﬁ%tr;'ggt (gaf'g:’gfh rgmbggg”irr'ﬁl""' ?Agrgef[frﬁa?:d g;'z(:.e%t ;gg.”r: at
: 1 u .ou u Y, Xtru W | |

a binder. Some other groups have also reported the prepara%%@oc for 12 h and subsequently calcined in air atG4er 5 h,

ite

of binderless ZSM-5 zeolite using dry gel conversion meth ying HBs.

transformlng the am_orphous précursors mto a ZSM-5 ,ZeOI, To obtain hierarchical samples, the HB zeolite underwent an
phase ;’Yéth the assistance of the organic structure-directigi@aline treatment in a 50 mL PTFE-lined stainless-steel autoclave
agents/*® These investigations have pointed to the feasibilitysing tetraethylammonium hydroxide solution (TEAOH, 40%
of obtaining binderless catalysts. Nevertheless, the amount@fieous solution). In particular, HBs (5 g) were mixed with a
acid sites of the as-synthesized binderless sampleﬁ;é?ni variable concentration of TEAOH solution (25, 50, 75, and 100 g),
decreased compared with the parent powder lite. and the suspensions were then heated &Clf0 48 h to obtain
Therefore, exploring a synthetic method to get structuredBs-05, HBs-10, HBs-15, and HBs-20, respectively. At the
zeolitic materials that not only maintain the textural and acid g‘fcle;'onlgfhth's gtep{) the pro?”Ct s dv‘fashec;‘g's ,ﬁ;;%dhat
properties of powdered zeolites but also have adequ or 12 h, and subsequently calcined in air :

hanical h h ined ved chall e preparation process is showfidheme.1
mechanical strength has remained an unresolved challengg.; Catalyst Characterization X-ray diraction (XRD) patterns

However, this is of great importance for industrial applicatiogs all powder samples (which were grounded into powder if it is
Besides ZSM-5 zeolites, some other frameworks have also b#fied) were recorded using a Rigaku D/max-20@étoineter
explored, for example, the shaped binderless Z3MiHidh (Rigaku, Kyoto, Japan) with Cu #adiation (40 kV, 100 mA) and a
showed a higher rate of formation of tert-butylamine than di@.OT min 1(2 ) scanning speed. To determine the total Si/Al ratio,
the binder-containing catalysts; binderless zeolites 13X, Siductively coupled plasma optical emission spectrometry (ICP OES)
and ZSM-5 made by 3D printﬁ?g)inderless zeolite NaX and SPectra were collected on a Spectro Arcos analy_zer. We carried out
A microspheres by using chitosan-assisted S)?r?tﬁasiad transmission electron microscopy (TEM) and high-angle annular

B . : . . dark-eld scanning transmission electron microscopy (HAADF-
323 ggtfsr);ﬂtheSIS route for preparing binderless zeGlite ASTEM) on a FEI (Tecnai F30 G2, The Netherlands) microscope.

g . L . In order to study the tendency of the surface area and pore volumes,
Trying to address this scientgap, we reported herein the \ye conducted nitrogen physisorption on a Micromeritics ASAP 3020
facile preparation method of a binder-free hierarchical Alinstrument (Micromeritics, Atlanta, USA) 496 °C. All samples
zeolite in shaped form, whose size ranged from 200 to 300 n\ere pretreated in vacuum at 350or 5 h before the measurement.
A series of characterization methods and density functioriéle surface area was determined by the Brukmuerett Teller
theory calculations were carried out to lift the veil of théBET) method using the adsorption branch inptipg range from
structure property relationships. Finally, the nano-sized-05 to 0.35. The pore volumes were evalugsegh af 0.99, while
materials were applied in the dehydration reaction of 2_(4’r_ncro- and mesoporosity were discriminated using the t-plot method.
ethylbenzoyl)-benzoic acid (E-BBA), which traditionally i mmonia temperature-programmed desorption; W) was

talvzed b trated sulfuri id and ol C sed to qualitatively analyze the tendency of the overall acidity of
calalyzed by concentraled sulfuric acid and oleum. LOMPal&lh, a5 The pries were carried out on a Quantachrome ChemBET

with the traditionally homogeneous acid catalyst, the binde§pog chemisorb instrument. The samples (0.14 g, €&, B@sh)
free hierarchical nano-sized Adeolite showed prominent \ere loaded into a quartz U-reactor and degassed in helium for 1 h,
advantages, such as shape selectivity, and stable hydrothesntathen, the temperature was cooled to°@5®r 30 min NH
stability. adsorption. Then, we removed the weakly adsorbgdoyt
constant hellium purging after the initial adsorption. Taking helium in
20 mL min* as a carrier gas, desorption was recorded from 150 to
2. MATERIALS AND METHODS 600 °C at a rate of 15C min ' Fourier transform infrared

2.1. Catalyst Preparation.NH, Al- zeolites (with particles of spectroscopy (FTIR) was employed to distinguish the acid sites of
ca. 200300 nm and total Si/Al ratio of 39) were supplied by Daliandi erent samples. The spectra for surface hydroxyl (OH) vibrations
Ligong Qiwangda Chemical TechnologyAlH zeolite (herein, and pyridine adsorption were recorded with a Nicolet 10 FTIR
indicated as HB) was obtained from the calcination of AlH spectrometer ranged from 4000 to 400!cwith an optical
zeolites under dry air at 54Dfor 6 h. HB zeolite (100 g) was mixed resolution of 4 cm. The detailed measurement process has been
with tetraethyl orthosilicate (83.3 g, 20% aqueous solutionyeported in our previous wdfk.Solid-state nuclear magnetic
homogenized at room temperature in a speed mixer (SpeedMixeesonance experiments were carried out on an Agilent DD2-500
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MHz spectrometer (Agilent Technologies Inc, California, USA). Ider Waals forces. We converged self-consistientelectronic
particular,?®Si magic angle spinning nuclear magnetic resonananergies to % 10 7 eV atom® and atomic forces for geometric
(MAS NMR) experiments were performed with a 4 s repetition timerelaxation using the conjugate gradient algorithm to less than 0.02 eV
4000 scans, and contact time of 1.5 ms.*Biespectra were A L. The Gamma point was used to sample the surface Brillouin zone.
referenced to 4,4-dimethyl-4-silapentane sulfonate S6aIMAS
NMR spectra were acquired at 130.2 MHz using a 4 mm MAS NM

probe with 14 kHz spinning speed. T spectra were referenced B’ RESULTS AND DISCUSSION

to 1% AI(NQ); aqueous solutions. The microcomputational Table loutlines the textural properties of all samples. The total
tomography (microCT) of the shaped bodies was performed in gj/| ratio is 39 over the HB sample; this valseincreases

BIR Actis 130/150. The generator and detector wetk while the over HBs, due to the presence of a siliceous binder, and then

sample was rotated; the scanning plane was horizontal. The X-r . - . .
spectra were collected onaa panel detector, which converted the Ga%ps upon increasing the concentration of the base during

collected spectra in raw data and sent them to the computer, wheétikaline treatment, reachingnal Si/Al ratio of 32 over HBs-

they were processed as black/white images. The voxel of the imagBs The textural properties of the samples are atdeciby

here presented isx77 x 7 m. Segmentation of 2D slices obtained the extrusion and TEAOH treatment: the increased mesopore
from the microCT technique was carried out by means oburface area passes from 95in HB to 1381|in HBs-15 and
AvizoMercury software. The mechanical resistance (or crushigg 153 n3g 1in HBs-20. This corresponds to a 60% mesopore
strength) of the shaped zeolites was measured using the Instron 5.96%5ce area increase betweenrthend the last sample. In
system (Instron). The shaped zeolite was positioned between t ﬁﬁ with previous observationg® the slight drop ir§, ee,

compressing disks of the system and subjected to an increasing 10 i~
until breakage. The force applied at the breaking point was registeRe%serVEd over HBs-05 and HBs-10 is likely due to the presence

with an accuracy of 0.2%. of the binder blocking the surface of the catalyst. The increase
2.3. Catalyst Performance. Dehydration reaction of E-BBA in mesoporosity is obviously observed by the pore volume data

(density 1.1783) was carried out under atmospheric pressure inb@caus¥.s,.changes from 0.11 in HB to 0.18gt in HBs-

batch reactor. In a typical experiment, E-BBA (2 g) was loaded inD, in accordance with ca. 60% increase. In addition, compared

the reactor (25 mL) under neat conditions (i.e., without any solventyyith traditional shaped sample HBs, the crushing strength of

and heated to reach the reaction temperaturé @18t this stage, all shaped samples after TEAOH treatment is increased after

E-BBA (melting point 13&, boiling point 343C) was completely : . - . .
solubilized. Preliminary quantitative high-pressure liquid chromato harllng, meeting industrial strength requirements (>10 N

raphy (HPLC) analysis of the liquid ensured no degradation of th m )- . .

starting materials at this stage. Then, under vigorous stirring (500Figure 2,b shows the Nsotherms and corresponding pore
rpm), the shaped zeolite catalyst (2 g, which was sieved o 20 size distribution of all samples, respectively. Based on the
mesh) was added, and the suspension was kept at the reactgmape, the isotherm of HB can be attributed to a type-I,
temperature for 60 min. Upon completion of this step, an aliquot ghdicating the material consisting of micropores and limited
the reaction solution was collected and immediately analyzed gyesopores. Meanwhile, for HBs, HBs-15, and HBs-20, a
HPLC (Waters 1525, SunFirggColumn, 5 m, 150x 4.6 mm). composite of typical type-l and type-IV with a H1 hysteresis

The liquid phase was the mixture ofOH CH;OH, and o : :
tetrahydrofuran (1:1:1 volumetric ratio) aoaing rate of 0.5 mL loop can be observed, indicating the existence of relatively

min L. The UV detector of the HPLC was set at 274 nm wavelengtf'Oré mesopores. Moreover, the pore size distribiitiome(
The calibration curves were linear for E-BBA= (0.9995) and 2-  2b) indicates that the mesopores are bimodal with pore sizes of

EAQ (R = 0.9997). ca. 3.8 and 612 nm. Concerning the peak centered at 3.8 nm,
2.4. Density Functional Theory Calculations.To understand  this has been observed elsewhere and indicates that the zeolite
the crystallization process, a periodic superse(1) was usedto  contains internal mesopores connected to the surface via
represent the zeolite topologyiglire ). The crystallographic  mijcropores (probably those of theeolite itself). On the
other hand, there is a trend that the size of larger mesopores
was gradually increased from 6 to 12 nm, as the concentration
of TEAOH solution increased. The formation of mesopores
after TEAOH treatment is corroborated by the micrographs
shown inFigures & andS1 Figure &, in particular, shows the
slow transformation of the amorphous binder and the presence
of mesopores in the crystals. Afsgure B highlights the
consistency of the observed average mesopore size with the
pore size distribution shown kigure 2 Finally, energy-
dispersive system (EDS) maps show the very uniform
distribution of Si and Al species in the HBs-2.0 sample,
which would be unexpected when a purely siliceous binder
(Si0,, came from the calcination of tetraethyl orthosilicate sol)
is also present in the sampigy(re 8). Based on the overall
composition and textural analysis, we can state that the shaping
process increases the Si/Al content and slightly r&jgees
o and pore volume due to the existence of theb@i@er that
structure of was taken from the database maintained by thegyers also the surface sites of zeolite. After TEAOH treatment

International Zeolite Association. All periodic DFT calculations wer, P : ;
conducted with the CASTEP code in Materials Studio. We use nd calcination, the micrographs show no areas of higher

generalized gradient approximation of PBE form to describe electrﬁﬂncentraﬂon of Si,' toqether, with an increas_e F’f MEsopore
exchange and correlation. Ultrasoft pseudopotentials and a plane waigace area and Si/Al reduction. These data indicate a partial

cuto energy of 400 eV were used for core and valence statédesilication of the zeolite, but they are not conclusive whether
respectively. All calculations were performed spin polarized and thie binder is also removed via desilication or rather

Figure 1.Periodic supercell ¢ 2x1) representing the Alzeolite
topology.
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Table 1. Composition and Texture Properties of All Samples
catalyst — SUAP  Se°(MPQY)  Sess (MG Voore € gY Vi (€MPgY)  Viness (6MPg?)  crushing strength (N mr)

HB 39 614 95 0.33 0.22 0.11

HBs 42 557 113 0.31 0.18 0.13 5
HBs-05 40 530 70 0.30 0.20 0.10 11
HBs-10 34 612 64 0.30 0.24 0.06 12
HBs-15 33 687 138 0.35 0.23 0.12 12
HBs-2 0 32 671 153 0.40 0.22 0.18 14

@Descriptions of the acronyms are given ifviiterials and Methad®Si/Al by ICP-OESBET method%-plot method applied to the,N
isotherm&/,,,c Was calculated from, Wdsorbed g/ p, = 0.99V, o= Voore  Vimicro

270
A B 38 C
2401 B o= 141%
o ) |
5 210 5 12 2 [N\ gw=134%
5 3 2 | N\ G 128%
= 1801 3 5
= \g W E &l = 104%
3 2
150
£ = 100%
120+ T T T r r T T T T
00 02 04 06 08 1.0 1 10 100 10 20 30 40
p/po ! - d,/nm 260/ degrees
D E F 1445
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Absorbance / a.u.
Absorbance / a.u.

B

100 200 300 400 500 600 3800 3600 3400 3200 1700 1600 1500 1400

Ti*C Wavenumber/cm™ Wavenumber/cm™?

Figure 2.Characterization of all samplesadisorptiondesorption isotherms al96°C (a), corresponding pore size distribution by BJH (b),
XRD patterns with relative crystallinity (c),sNW¥D prole (d), and FTIR-OH (e) and FTIR-pyridine (f).

recrystallizes in some other forms. To address this point, wan be explained, suggesting that the amorphous silica binder
have conducted additional characterizations. in HBs, in the presence of TEAOH and at high temperature,
In particular, the XRD patterns of all samples are shown has recrystallized into an Akeolite phase. In fact, no
Figure 2. Six characteristic diction peaks of Alzeolite can  signi cant structure damage after the treatment and no other
be seen in all samples, and the crystallinity can thus peaks assigned to side frameworks can be aderithis
calculated by the sum of areas of thesepéaKsking the  aspect is not surprising, considering that, under the
crystallinity (, 100%) of HB as a reference, the relativeexperimental conditions, TEAOH is known to act as a
crystallinity () of other samples was calculated. For thatstructure directing agent in the solution and in the alkaline
matter, HBs have the lowest crystallinity of 97%, in line witanvironment and the Si(vinder initiates the secondary
the fact that an amorphous binder is present. Then, therystallization to give Alzeolite.
crystallinity linearly increases with the TEAOH treatment. In To obtain deeper insights into the Al distribution and
particular, HBs-15 and HBs-20 have much higher relativecatior:” 2°Si and?’Al MAS NMR data were obtained
crystallinity than HB. This increase in crystallinity is surprising-igure %, while the?’Al MQ MAS NMR plots are shown in
and, if the base treatment is responsible for the observethure S2The results further prove that the framework Al
formation of mesopores and eventually for the destruction species increased after TEAOH. In particular, the spectra show
the siliceous binder, we would expect a reduction of the samplsingle broad signal in the isotropic dimension corresponding
crystallinity after TEAOH treatment, mainly because théo four-coordinate Al species in the framework. It is interesting
alkaline treatment has partidiestroyet the framework. to note that thé’Al NMR intensity of HBs-20 is very small
Instead, the increased crystallinity (and the absence of acympared to HB, indicating that the TEAOH treatment was
other reection assigned to other phases, such as pdre Sithot only desilication but also dealumination at the same time.

12000 https://doi.org/10.1021/acsanm.1c02559
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Figure 3.TEM micrographs of all samples. (a) HRTEM micrograp

of HBs-20 with characteristic mesopores. (b) STEM and ED
mapping of oxygen, aluminum, and silicon of HBs-20 (c).
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Figure 4.%°Si (left) and?’Al (right) MAS NMR spectra of all

samples.

3.1. Acid Base Characterization.lt is often essential to
characterize the acidity of the samples because most of the
industrial reactions utilize the acidic sites of zeolites, and the
purpose of this study is to restore the acidity of shaped zeolites.
The acidity has been determined by,WAD proles and
FTIR spectra. As shownRmure @, the desorption peaks at
200 220 and 350400°C correspond to weak and strong acid
sites, respectivéRCompared to HB, the intensity of the two
desorption peaks in HBs both decreased because of the
addition of the silica binder, which dilutes the acid sites.
Especially compared with the results of, Bl we can see
from Table 2 the values of pyridine adsorption decreased
more signicantly, indicating the decreased accessibility of acid
sites, which have been blocked by the binder. After TEAOH
treatment, the total acidity of zeolite is restored, especially for
pyridine adsorption. Considering the size of moleculgs (NH
and pyridine), it was deduced that the combination of
desilication and conversion of the binder into zeolite Al-
structure mainly improves the unobstructed pore channel of
the formed nano-sized zeolites and the accessibility of acid
sites. In HBs-20, the acidity recover, and even to the extent
that the adsorption value for Nias increased, which can be
attributed to additional aluminum sources that transform into
Al sites in the framework during TEAOH treatment.

As shown inFigure 2, we have studied the hydroxyls
( OH) related to Bransted acidity (3600 and 3550)cand
those representative of isolated silanols on the external surface

1 (3740 cm?).*%** The structured HBs display a reduced

antensity of 3610 crhrelated to Brgnsted acidity compared to
the parent nano-sized HB, which correspond to the lower Al
content resulting from the abundant binders and the formation
of Al-rich debris, respectively. After TEAOH treatment (e.qg.,
HBs-15 and HBs-20), the bands at 3740' dmecome
prominent, indicating the presence of substantial defects
because of the hierarchical strucftifeAt the same time,

the intensity of 3610 cmhas the tendency to grow back,
indicating that the Brgnsted sites are gradually recovered due
to the transformation of the Si®@inder into the zeolite
framework and realumination due to TEA®H To further

con rm our conclusions, we have used pyridine as a probe
molecule, which could distinguish the internal and external
surface acidity, to investigate the overall acid sitesrientli
positions of zeolites. As we can seefigoie 2, all spectra
display three peaks at 1545, 1445, and 1633which are
ascribed to Brgnsted acid sites, Lewis acid sites, and Brgnsted
acid sites on the external surface, respectively. Owing to the
massive inert binders, which could cover the external surface
and dilute the acid sites, all peaks in HBs drastically decreased
compared with parent powder zeolites. On the other hand, the

Table 2. Amount and Distribution of Acid Sites on the Materials

catalyst
HB
HBs
HBs-05
HBs-10
HBs-15
HBs-20

NH; adsorption

pyridine adsorption

G (mmol g G” (mmol g*) CwiCs () Ces'( mol g?) Cis” ( mol g) CedCis( )
0.28 0.29 0.97 160 347 0.46
0.24 0.23 1.04 15 153 0.10
0.24 0.34 0.71 66 235 0.28
0.31 0.27 1.15 109 252 0.43
0.34 0.27 1.26 123 282 0.44
0.35 0.30 1.17 143 263 0.54

aAmount of NH adsorbed on weak acid sifésnount of NH adsorbed on strong acid sifésnount of pyridine adsorbed on Brgnsted acid
sites “Amount of pyridine adsorbed on Lewis acid sites.
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intensity of the samples after TEAOH treatment increaseatystalline zeolite improves the mechanical strength of the
obviously, indicating the recovery of acidity, especially fsamples as well, as showrTamble 1 where the crushing
HBs-15 and HBs-20, which coned the transformation of strength goes from 5 N mhof HBs to 14 N mm' over HBs-
amorphous inert binders into the zeolite phase and th20. In summary, the shaping and alkaline process with TEAOH
redistribution of aluminum sources, in line with aboveimproves the dusion property due to the formation of macro,
mentioned conclusions. Such redistribution issddny the  meso, and micropores, as well as the mechanical strength.

EDS micrographs shown Figure 8, which show no 3.3. Zeolite Recrystallization Mechanism.To further
preferential locations for the Al atoms and homogeneous Anderstand the recrystallization process, we performed plane-
distribution. wave, supercell DFT calculations, studying the position of Si or

Overall, this combination of results over the powderedl rearranged into the zeolite framework. In particular, the
materials suggests a combination of desilication, mesop#feation energies of Si or Al inefent T sites and the
formation, and binder recrystallization to give zeolite Al- adsorption energy of Nif the obtained derent sites to
whose size ranged from 200 to 300 nm. In fact, if théletermine the acidity of the corresponding bridged hydroxyl
secondary crystallization would not happen, the microporosiffoup were calculated. As showfigure @, the location
acidity, and XRD crystallinity would decrease rather than
increase. Hence, the samples are made by the cooperation A 25
between secondary crystallization and @¢silication. In w
summary, TEAOH solutions played a dual role in the post- 201
treatment. On the one hand, Obf TEAOH could dissolve 151
Si species of parent-shaped; Ak the other hand, TEAf '

e 1.0 |
TEAOH can promote recrystallization as a template. These
two completely reverseeets are in dynamic equilibritim. 154 Al
The concentration of TEAOH solutions sicaitly aects

the pore structure properties of zeolite crystals. Moderate 2.0
concentration TEAOH solutions tend to perform recrystalliza-
tion e ects with parentas seeds and transformed dissolved Si
species into the zeolite phase, contributing to a new zeolite
shell. Therefore, at appropriate concentration of TEAOH
solutions, desilication and recrystallization occurred simulta-
neously, and the rate of mesopore formation and crystal
growth would reach to some extent balance. Gplgithe
number of micropores exceeds parent powdemdile the
number of mesopores increases. At this point, if the
concentration of TEAOH continues to increase, the
desilication will be deepened resulting in the increasing
number of mesopores at the expense of micrdpores.

3.2. Characterization of the Shaped BodiesCharacter- ) ) _ ] ) )
ization of the shaped bodies was also undertaken to underst&ffiyire 6.Location energies of Si or Al (a) and adsorption energies of
the distribution of the macropores and analyze the mechani®4fs (b) for di erent T sites in zeolites during the recrystallization
stability of the materials. In particular, microCT image rocess.

Figure % for HBs-20 reveal irregular macropores (in blue . . C
(()n g[]he Ie?t image and in black on ?he right micPograpk(u, WhiCB—Eergles of Al were more negative than those of Si, indicating

AE eV

T1 T2 T3 T4 T5 T6 T7 T8 T9
T sites

oo

111
. AV,
-1.31

1.4

AEyus [ €V

T1 T2 T3 T4 T5 T6 T7 T8 T9
T sites

are well distributed over the whole sample. The pores ha at, during the possible recrystallization, Al is more favorable

elongated to sub-rounded shape and appear to be acces a{ et into the framework of the zeolite. More importantly, it

L o found that for nine @rent T sites of Al; the Al location
from the surface. 'I_'he_macroporosny IS ca. .3/0 of '_[he who %@n be divided into two groups: (i) T1, T2, and T7, located in
volume. Recrystallization of amorphous Bi@ders into ' o !

a ve-membered ring linked to two channels of zeolite, which
have relatively high location energies and low Brgnsted acidity
(Figure ®); (i) T3 T6, T8, and T9, most of which located at
intersection of channels with good accessibility, and have lower
location energies and high Brgnsted acidity. Based on this
analysis, the latter T sites (TI®, T8 and T9) tend to
rearrange aluminum sources into the framework from a
thermodynamic viewpoint and the resulting acidity is higher.
The calculated results corroborate that, under the experimental
conditions and in the presence of the siliceous binder, the
aluminum source in TEAOH careetively be transformed
into framework Al and the acidity of zeolites is increased.

3.4. Application in Heterogeneous Acid Catalysis.
The structured binder-free Alzeolite nanoparticles were
applied in the dehydration reaction of E-BBA to 2-ethyl-
anthra%uinone (2-EAQ) performed at atmospheric pressure in
Figure 5.X-ray tomography micrographs of HBs-20 in shaped forma ask’=>® This reaction is very important for the synthesis of
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ne chemicals and pharmaceuticals, which is traditionallyThis result is commed plotting the conversion of E-BBA
catalyzed by concentrated sulfuric acid and oleum catalyatsd the selectivity to 2-EA®igure SB DFT calculations
leading to severe environmental pollution and unsatisfactomere carried out to get the energy lgrofor E-BBA
yield. In fact, the 2-EAQ product is an important raw materiahtramolecular dehydration over Adnd uncover the type
used in the synthesis of hydrogen peroxig@,JHHydrogen of active sites involved in the process. The reaction path is
peroxide (HO,) is a highly e cient and green oxidant because shown in Figure S# it starts with the E-BBA physical
it has the highest content of active oxygen. As a result, tadsorption, followed by a 8 bond cleavage, giving adsorbed
demand of 2-EAQ worldwide in 2021 is more than 40000 tora-EAQ and KD products, which desorb. In particular, the O
and expected to increase at the rate of 8%. The most widélybond formation takes place between th®©@roup of the
applied industrial synthetic route for producing 2-EAQ is th&-BBA molecule and'ldn H- zeolite. Therst intermediate
phthalic anhydride method using concentrated sulfuric acid bas to go through a large transition state) (fisough H
oleum as a catalyst. This process, howevers suom transfer from the CH bond of ethylbenzene to the O atom of
environmental post-treatment problem. Therefore, under th@ O, forming a CC bond. This step is rate-determining due
dual pressure of fast-growing demand of 2-EAQ antb its large intrinsic activation barrieEE 51.92 kcal mo).
environmental protection, producers eagerly need a nddowever, itis crucial to highlight that the acidity of the catalyst
environmental benign catalyst to replace the concentratéicritical to the reaction because it plays a key role in the H
sulfuric acid and oleum catalysts. transfer from the CH bond of ethylbenzene to the O atom of

In general, the dehydration reaction of E-BBA catalyzed & O, suggesting that the framework aluminum species with
sulfuric acid and the oleum catalyst, even though they coudttong Bregnsted acidity are active sites in E-BBA intra-
produce the desired products by intramolecular dehydratiomolecular dehydration.
they also unavoidably give undesired oligomers or other
byproducts resulting from lack of shape selectivity, which thds CONCLUSIONS

. . 3
cause unsatisd yield (below 30%) to 2-EAQ” On the | o report, we have developed a facile synthetic route for
contrary, our structured binder-free Akolite nanoparticles the preparation of structured binder-free Aolite with

showed excellent catalytic performance. As shBignii@ 7 etained acid sites and sient mechanical strength, through a

process that involves mesopore formation and binder
recrystallization to give zeolite AM/e have studied the
physicochemical properties of the powdered and structured
samples through a variety of characterization methods, such as
N, physisorption, IR, NMR, XRD, (S)TEM, NFPD, and

X-ray tomography. DFT calculations corroborate that, under
the experimental conditions and in the presence of the
siliceous binder, the aluminum source in TEAOH can
e ectively be transformed into framework Al, which well
explains the reason of the increased acidity of zeolites after
TEAOH treatment. We chose the dehydration reaction of E-
BBA as probe reaction to evaluate the catalytic performance of
all samples. Satisfactorily, the as-synthesized nanoparticle
samples showed outstanding catalytic performance with
excellent yield of production 85%, which was far higher than
the traditional acid catalyst due to their unique shape
selectivity, retained acidity, developed textural structure, and
su cient mechanical strength. We strongly believe that our
results provide insights into the preparation and optimization
of zeolite catalysts with practical applications and fundamen-
tally uncover the mechanism consisting of binder migration

) . _ _ into the framework and acidity recovery.
Figure 7.Reaction scheme for E-BBA df_shydratlo_n_ (a), yield to 2-
EAQ product over all samples. (b) Reaction conditions: temperature ASSOCIATED CONTENT

210°C, 1 bar, catalyst 2.0 g, E-BBA 2.0 g, reaction time 60 min.
*
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the yield to the desired 2-EAQ product dropped dramaticalyitPS://pubs.acs.org/doi/10.1021/acsanm.1c2559
from approximately 80% in the parent powder HB catalyst to  Additional characterization data of the mateHalB)
53% in the shaped HBs containing massive binders, while for
catalysts hydrothermally treated by TEAOH solutions, the
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