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ABSTRACT

The performance of zeolites in catalysis and adsorption is closely related to their inner
architecture beneath the crystals surface, which however remains less studied due to
characterization limitations. Here we report the synthesis of two ZSM-5 zeolite
samples by changing only the order of mixing of Si and Al sources resulting not only
in morphological differences of the zeolite crystals but most importantly in defined
distinction in their inner architecture. The spatial Si and Al distributions and structural
properties of the ZSM-5 zeolite crystals were characterized by high-resolution
microscopy under chemically unbiased defect-selective NH4F etching. The Al-zoning
and structural features in the ZSM-5 zeolite crystals were explained by the biased
nucleation in the Si-rich aluminosilicate amorphous precursor followed by multi-stage
crystal growth in a heterogeneous feedstock. This observation was associated with the
different solubility and reactivity of the microscopic aluminosilicate domains with
various Si/Al ratios in the amorphous precursors. The zeolites with diverse structural
properties showed a high cracking activity in n-hexane cracking reaction and different
activity, stability and product selectivity in the ethylene dehydroaromatization
reaction. The comprehensive understanding of the zeolite synthesis history and their
performance in the EDA reaction revealed the chemical mixing dependent

synthesis—structure—performance correlation of the zeolite catalyst.

KEYWORDS: Zeolites; Al-zoning; Chemical mixing order; Crystallization

mechanism; Inner architecture; Ethylene dehydroaromatization



1. Introduction

Zeolites are important solid catalysts with wide applications in multiple reactions
due to their open framework structures with outstanding (hydro)thermal stability,
adjustable acidity, and unique shape selectivity '™. In practice, however, activity,
selectivity, and deactivation by coking are some other unavoidable issues that need to
be addressed independently. These inevitable consequences essentially depend on the
synthesis pathway of the zeolite catalysts. In order to improve the properties of zeolite
catalysts, the main focus was on the optimization of some readily measurable
properties such as the crystallization rate °, the crystal size and morphology °, the acid

type and concentration ", the secondary porosity '

, etc. In this regard, many
variables have been identified as important factors impacting zeolite crystallization.
For example, both the synthesis temperature and crystallization time have important

roles due to the metastable nature of zeolites '+ '°

. Besides, the type and source of raw
materials (purities, reactivity), the composition of precursor mixtures, the use of
different organic and/or inorganic structure-directing agents, order of mixing of
chemicals, agitation, and aging all have a significant impact on the properties of the

final zeolite '® "

. In recent years, the trajectory of zeolite crystal design has shifted
from the macroscopic to the microscopic level '8 This has been synchronized with the
knowledge acquired on the specific position of framework T atoms such as (Al, Ti,
etc.) that can have a vital impact on the zeolite properties '°. As a result, one of the

main interests is the development of synthetic methods towards the positioning of

framework active sites in zeolites by pre-design strategy *°. In contrast, the inner
3



architecture beneath the zeolite surface remains less explored in zeolite research. The
inner architecture describes the structural characteristics of zeolite domains hidden
beneath the outer surface of zeolite crystals. In most cases, the dimension used to
describe such an inner architecture is within the 2-50 nm scale. For example, the

presence of zeolite subunits 2" %

, and the presence of different misaligned zeolite
domains in the crystals have been reported *°. Additionally, the presence of
framework defects including silanol groups and Brensted acid sites (BAS) in the
zeolites with Al spatial location have been discussed '* 2" #**2. Since most of the
reaction events happen inside the volume of zeolite crystals. It is not surprising that an
interruption of the micropore coherence or the presence of crystal imperfection
(silanols) can impact the diffusion, adsorption, and conversion in zeolites. Likewise,
heterogeneous ZSM-5 nanocrystals with core-shell structures were synthesized, and
the impact of the element zoning phenomenon on their catalytic performance was also
investigated >, Although it may seem obvious and this can always be roughly
attributed to some ambiguous "structure-properties" dependence, a comprehensive
investigation of the inside architecture of zeolite crystals and a comprehensive
understanding of the crystal growth mechanism remain challenging due to the lack of
powerful and convincing characterization approaches *'>' 3%

In a recent study **, we investigated the inner architecture and heterogeneity of
pseudo-single ZSM-5 zeolite crystals. It was found that the zeolite crystals showed

characteristic defect (structural imperfection)-zoning and Al-zoning as a result of a

three-stage crystal growth process involving (i) the nucleation resulting in the Si-rich



innermost core formation, (ii) the fast aggregate growth leading to defect-rich zones,
and (iii) the layer-by-layer growth shaping the final morphology of the zeolite
crystals. A clear correlation between Al zoning and the spatial distribution of C and
Na for the ZSM-5 crystals in this particular system was founded.

The objective of the present study is to investigate the effect of mixing order of
silica and alumina sources on the inner architecture of ZSM-5 zeolite crystals. Several
studies have pointed out to the effect of mixing order of raw materials on the topology

5, 46-49

of the final products **, the crystallization rate , or the degree of incorporation

24,50
k “*

and distribution of Al in the framewor . However, there are still relatively few

systematic studies focusing on the effect of chemicals’ mixing order on the

arrangement of elements and defects in the zeolite crystals °'™>

. In the present work,
two ZSM-5 zeolites were prepared under identical experimental conditions following
the same synthetic recipe except that the mixing order of Al- and Si- sources (Za; and
Zsi samples) were exchanged. The different structural properties, including the
Al-zoning and defect-zoning phenomenon, inside of the two zeolite crystals have been
revealed. And the explanations for the formation of zeolites with diverse properties
have also been provided. Furthermore, the ethylene dehydroaromatization (EDA)

reaction was used performed to highlight the importance of the zeolite crystals' inner

structural properties.

2. Experimental

2.1 Zeolite synthesis



2.1.1 Synthesis of Za zeolite samples by adding Al source first to the precursor

mixture.

For the synthesis, 20.3 g of the tetrapropyl ammonium hydroxide (TPAOH,
Chemical Reagent Co., Ltd., 25.0% wt.% sol.) and 2.5 g of the sodium hydroxide
(NaOH, Chemical Reagent Co., Ltd., 96.0 wt.%) were dissolved in 450 g deionized
water followed by the addition of 3.75 g AI(NOs3)3;-9H,0 (Sinopharm Chemical
Reagent Co., Ltd., 99.0% wt.%) under stirring at room temperature. After the
complete dissolution of AI(NOs);-9H,O, 52 g tetracthyl orthosilicate (TEOS,
Sinopharm Chemical Reagent Co., Ltd., AR) was added, and the obtained mixture
was kept in a closed PP (polypropylene) bottle overnight under stirring at room
temperature (RT) for the hydrolysis of the TEOS. The final precursor transparent gel
with a molar ratio of 1.0 SiO,: 0.02 Al,Os5: 0.25 NaOH: 0.1 TPAOH: 100 H,O, was
transferred into a Teflon-lined autoclave and subjected to hydrothermal (HT)
treatment at 443 K for 24 h. The final product Z,; was recovered by filtration and

washed thoroughly with deionized water, and dried at 373 K in oven overnight.

2.1.2 Synthesis of Zg; zeolite samples by adding Si source first to the precursor

mixture.

For the preparation of the Zg; zeolite sample, TEOS was firstly added to the solution
prepared by dissolving 2.5 g NaOH and 20.3 g TPAOH into 450 g deionized water.
The mixture was kept stirring in a closed PP bottle overnight at RT until the thorough

hydrolysis of the TEOS. Then the Al source was added and the final precursor



mixture was kept under stirring for 1 h. The crystallization and purification processes
were carried in the same manner as for the Z,; samples described above.

Intermediate products were collected from both precursor mixtures subjected to less
than 24 h HT treatment. The solids were collected by centrifugation and washed with
deionized water thoroughly. The obtained intermediate solids were denoted as Za-x
or Zsi-x, where the suffix x represents the time of HT treatment. To remove the
organic template, the as-prepared zeolite samples were calcined at 823 K for 12 hours
under statistic air conditions with a ramp of 2 K/min. The synthesis of the Zs; was
repeated for 3 times, and the samples obtained from the second and the third batches

were named Zg;-B2 and Zg;-B3, respectively.

2.1.3 Synthesis of Zs; zeolite samples with an extended aging of the precursor.

For the synthesis of sample Zgi', the same synthesis procedures as for the Zs; was
used (Section 2.1.2). The only difference included after the addition of the Al source
was that the final precursor mixture was kept under stirring for 12 or 60 h instead of
1h before it was transferred to the autoclaves. The final zeolite products were named
as Zgi-12A and Zg;-60A, respectively.

2.2 Post-synthesis treatment of Z,; and Zg; zeolite samples by NH4F etching

The parent ZSM-5 zeolite samples (Zaj and Zg;) were treated with NH4F solution
following the method described in our previous paper **. 4 g zeolite samples were
added into 120 g NH4F solution (40 wt. %) and kept stirring under 323 K for 4 hours.

The treated samples were recovered by filtration, washed with deionized water and



dried at 373 K overnight. The products obtained after the post-synthesis treatment of
samples Za; and Zg; were denoted as Zx-AF and Zg;-AF, respectively.

2.3 Characterization

The XRD patterns of the zeolite samples were collected on a Bruker D8 Advance
instrument with Cu Ka radiation. The particle size distribution in the zeolite precursor
gels was measured with dynamic light scattering (DLS, Malvern Nano ZS).

The morphology of precursor gel particles and zeolite crystals was characterized by
a low-voltage-high-resolution field emission scanning electron microscope (SEM,
JSM-7900F, JEOL). The cross-sections of the zeolite samples were prepared with an
ion beam cross-section polisher (IB-19510CP, JEOL). The SEM-EDX mapping was
recorded with an Oxford EDS detector (EDS 170 mm x 2) following the procedure
developed by Asahina et al. >4 Before the measurement, a 3 nm Os layer was sprayed
on the surface of the zeolite cross section to improve the conductivity. The TEM
images were taken on a transmission electron microscope (TEM, JEM-2100, JEOL)
with an accelerate voltage of 200 kV.

The bulk chemical composition of zeolites was determined by XRF on an
AXIOS-Petro X (PANalytical B.V.). The surface Si/Al of zeolite crystals was
measured by X-ray photoelectron spectroscopy (XPS) using a PHI 500 spectrometer
equipped with an Al Ko radiation. Both the ¥Si and Al MAS spectra of
as-synthesized zeolite samples were collected without calcination and ion exchange

treatment. The *’Si MAS NMR spectra were recorded on a Bruker Advance 400



spectrometer using a relaxation delay of 3 s. The 2’Al MAS NMR spectra were
collected on a Bruker Advance 500 spectrometer.

The H*-form of the zeolite samples were subjected to FTIR analysis. To remove the
organic template, the as-synthesized zeolites were calcined at 823 K for 12 hours with
a ramp of 2 K/min. The calcined zeolites were then subjected to NH;" exchange. And
the procedure was repeated three times before drying overnight at 373 K. Finally, the
H*-form zeolite samples were prepared after removing the NH," under heating at 823
K for 4 h). The IR spectra of the zeolite samples were obtained on the Nicolet Magna
550-FT-IR spectrometer at 2 cm™ optical resolution. Prior to the measurement, the
H'-form zeolite samples were pressed into a ca. 18 mg self-supporting discs and
pretreated at 823 K in a vacuum of 10 Torr for 5 h. The pyridine or collidine was
used as a probe molecule to determine the acid sites of zeolite samples. The amount of
the Bronsted and Lewis sites was calculated by integrating the peaks at 1545 cm™ and
1454 cm™ of the FTIR spectra recorded under adsorption of pyridine, respectively.
The surface acidity of the zeolite crystals was using the collidine probe molecule. The
IR spectra of the samples were collected after the collidine desorption at 423k. The
calculation was carried out based on the absorbance peak between ca. 1620 and 1660
cm™' using an extinction coefficient ¢ (collidine) = 10.1 cm.umol™. The porosity of
zeolites was probed using an Autosorb iQ3 (Qutantachrome) either by Argon at 87 K
for the intermediate products or N, at 77 K for the well-crystalline zeolites. The
specific surface area and micropore volume of the samples were calculated with the

BET (Brunauer-Emmett-Teller) and t-plot method, respectively.



2.4 Evaluation of zeolite samples in n-hexane cracking reaction

The catalytic test of zeolite samples in n-hexane cracking reaction was carried out
using a throughput four-parallel fixed-bed reactors unit. Different amounts of the
same catalyst with a particle size of 0.2-0.5 mm were put in each reactor (20, 40, 60
and 80 mg) and pre-treated at 813 K under nitrogen flow for 12 h. Diluted n-hexane
(99.99 % pure from Sigma Aldrich) in nitrogen flow was then injected in the reactors
at 813 K with a molar ratio of 11 (Pn2/Py-hexane = 11). Catalyst’ activity is measured by
estimating the conversion at different values of the weight hour space velocity
(WHSV). Reaction products were analyzed on-line by GC450 gas Chromatography
equipped with a Cp-Al,03/Na,SOy4 capillary column (50 m, 10 um) coupled with a

FID detector. The turn over frequency (TOF, h), was calculated as followed:

TOF = W, with A: g hexane/h/ Eeatalysts [pr]: the acidity was determined
py n—-hexane

by pyridine adsorption followed by IR (umol/gcatalyst), and the Mp_pexane 1S the
molar weight of the n-hexane (g/mol).

2.5 Evaluation of zeolite samples in ethylene dehydroaromatization reaction.

The catalytic performance of the zeolite samples was tested in ethylene
dehydroaromatization reaction in a fixed-bed continuous flow quartz reactor under
atmospheric pressure at 973 K. Ethylene (Air Liquid, > 99 %) was diluted in a
nitrogen flow with a partial pressure of 0.005 MPa. Under standard conditions, the
ethylene gas weight hourly space velocity (WHSYV, g of injected C,H4 per hour and

per g of catalyst) was 14 h~ ! and the gas hourly space velocity was 240 000 ml gca{l
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h™'. Prior to the catalytic test, the zeolite samples were compacted with a pressure of
3 tons, crushed and sieved to obtain a homogeneous mash of 0.2 - 0.4 mm.

Firstly, the zeolite samples were pre-treated under nitrogen flow (100 mL min™) for
one hour at 973 K with a heating rate of 10 K min'. Then the gas feed was switched
to the gas mixture of ethylene diluted in N, (5% C,H4/N,). The gaseous products and
hydrogen were analyzed on-line by a Varian CP-3800 gas chromatograph equipped
with an FID detector connected to a fused silica J&W GS-Gaspro capillary column
(60 m x 0.32 mm x 4 um) and a TCD connected to a J&W PoraPLOT Q-HT capillary
column (25 m x 0.53 mm x 20 pm).

2.6 Characterization of spent zeolite catalysts

After 10 hours of reaction, the feed gas was stopped and switched to a nitrogen flow
while the reactor was quenched under an external airflow. The amount of coke in the
spent zeolite catalysts was quantified by thermogravimetric analysis using a SDT
Q600 TA thermogravimetric analyzer. The spent catalyst was kept for 30 min in a dry
air stream under a flow rate of 100 mL min™' and then heated with a rate of 10 K min™
till 1173 K. Once the final temperature was reached, the temperature was kept for 10

min followed by cooling.

3. Results and discussion

3.1 Similarities of Z,; and Zg; zeolite samples

11
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Figure 1. Structural analysis of Zg; and Z,; zeolite samples: (a) XRD patterns, (b) N,
physisorption isotherms at 77 K, (c) FTIR spectra of the acidity region after pyridine
desorption at 423 K, and (d) 27A1 NMR spectra of the as-synthesized Zg; and Zy,

samples.

The alternation of the mixing sequence of Al and Si sources did not change the
macroscopic properties of the synthesized zeolite samples. Both precursor mixtures
resulted in highly crystalline and phase-pure ZSM-5 zeolites (Figure 1a). The shape of
the two N, physisorption isotherms are similar (Figure 1b). The micropore volume of
Zsi and Zpa; are close to each other (Table 1). While the occurrence of narrow
hysteresis loop at a relative pressure of 0.5 indicates the presence of mesopores in
both samples, a similar mesopore volume was measured for both Zg; and Z,, (Table

1). The acidity of both Zg; and Zx; zeolites was measured by FT-IR using pyridine as a

12



probe molecule. The total acidity of Za; and Zg; zeolite samples is similar, while the
Za zeolite has a slightly lower amount of Brensted acid and a higher amount of Lewis
acid than Zg; (Figure 1c and Table 1). The >’ Al NMR spectra (Figure 1d) exhibit both
Zsi and Za; possessing sole tetra-coordinated framework Al species which is in good
consistency with the acidity and elemental analysis. Similarly, the bulk Si/Al ratio of
samples Zg; and Z,; determined by XRF is 18.0 and 20.3, respectively (Table 1).

Table 1. The porosity data, bulk and surface Si/Al ratios, and the acidity properties

determined by chemisorption of pyridine for Zs; and Z 4 zeolite samples.

S ample SBETa Vmicrob Vmesoc S 1/ Ald Sl/ Ale
(pmol/g)  (umol/g)

Zsi 412 0.15 0.06 18.0 11.9 389 80

Zal 408 0.16 0.06 20.3 14.8 353 121

* Specific surface area calculated by the BET method. b Micropore volume calculated
with the t-plot method. © Mesopore volume (Vineso = Viotal — Vmic). 4 Si/Al measured by
XRF. © Si/Al determined by XPS. " The Bronsted (Bpy) and Lewis (Lpy) acidity
determined by pyridine adsorption by IR.

3.2 Differences between Z,, and Zg; zeolite samples
3.2.1 Macroscopic properties

While there are several similarities between samples Za; and Zg;, the alternation of
the mixing order of Al and Si sources changes substantially the morphology of the
zeolite crystals. The Za; sample is shown as isolated zeolite crystals with a

homogeneous particle size of ca. 5~7 um covered with faceted layers (see SEM
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images in SI, Figure S2). In contrast, the Zg; sample contains zeolite crystals with a
broader particle size distribution and diversified appearance (Figure S3). There are
both isolated and aggregated zeolite crystals in this sample (Figure S3a). The
multi-faceted zeolite crystals with a round morphology can also be seen in this sample
(Figure S3b, c¢). In addition, particles with smooth surface and coffin-shaped
morphology are presented (Figure S3d). The synthesis of the Zs; was repeated 3 times
and the results were reproducible. From the second and third synthesis batches
(samples Zgi-B2 and Zs;i-B3, respectively), similar aggregated crystals with coffin
shape, and broad size distribution were identified (Figure S4a and S5). Therefore, the
difference in crystals morphology and size is originated from the sequence of
chemical addition, either Si or Al added first.

The Si MAS NMR spectra of the two samples contain three peaks at -106 ppm,
-112 ppm and -115 ppm (Figure S6). From the deconvolution of the spectra, the Si/Al
ratio of 25 and 14 for samples Za; and Zg; respectively was determined. The
difference in the elemental analysis result and the results from the deconvoluted *°Si
NMR spectra suggests the diverse internal structure for the Zg; and the Z,;. The FTIR
spectra (Figure S7) show the same type of hydroxyl groups for both Z,; and Zg;
zeolite samples, including the hydrogen-bonded hydroxyl nests (3500 cm™), the
hydroxyl associated with framework (3610 cm™) and extra-framework (3780 cm™ and
3670 cm'l) aluminum species (AlOH), the internal (3715 cm'l) and external (3740

cm'l) silanols (SiOH) *°. The Za, zeolite contains a higher amount of external silanols

14



and hydroxyls associated with extra-framework aluminum species. On the other hand,
the Zg;i zeolite sample contains a higher amount of hydroxyl nests.

The Si/Al ratios calculated based on the ’Si MAS NMR spectra (25 and 14 for
samples Za; and Zg;, respectively) differ from the ones determined by XRF (20.3 and
18.0 for samples Z; and Zg;, respectively; Table 1). This difference can be explained
by considering both the *’Al MAS NMR spectra (Figure 1d) and FTIR analysis
(Figure S8) for as-synthesized and H'-form zeolite samples, respectively. Despite the
sole presence of tetra-coordinated Al species in the as-synthesized samples (Figure
1d), negligible amount of the extra-framework Al was also observed for the H'-form
zeolite samples in both FTIR spectra (Figure S7) and *’A1 MAS NMR spectra (Figure
S8). These extra-framework Al species are probably produced during the calcination
and ion exchange procedures applied to the samples and they are probably related to
zeolite framework defects. The structural defects can be detected by *’Si NMR. A
diversified chemical composition determined by **Si NMR compared with the XFR
analysis was found '>. The similar Al-rich crystal surface was confirmed by

combining the XPS and XRF analysis™® *’

. The results suggested preferential
nucleation of the Si-rich gel species **. Additionally, the zeolite crystals in sample Zs;
exhibited a lower surface Si/Al ratio (11.9) compared with that of sample Z,; (14.8).
Consistently, the FTIR spectra recorded under adsorption of collidine (Figure S9)

merely interact with the Bronsted acid sites on crystals outer surface revealed the

higher amount of crystal surface acidity of sample Zg; (9 pmol-g™") in comparison to
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sample Zja; (4 umol-g'l). These results further highlight the different crystal
architecture of the two zeolite samples.

3.2.2 Dissolution behavior

The similarities and differences of samples Za and Zs; were measured
macroscopically. Yet the structural similarities and differences beneath the outer
surface of zeolite samples have been little explored. Here we study the dissolution

behavior of both Z4; and Zs; zeolites in fluoride medium aiming to obtain information

about the internal architecture of the zeolite crystals.

Figure 2. Zeolite samples characterized by SEM: Zx-AF (a) and Zg;-AF (b) and by

TEM: Z-AF (c¢) and Zg;-AF (d). Scale bar = 1um.

Both as synthesized Z,; and Zs; zeolites prior to calcination were treated by

concentrated NH,F following the procedure described by our group **. After the
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fluoride treatment using the same experimental conditions, both samples, Z,-AF and
Zsi-AF, showed a weight loss of ca. 50 wt.% and an increased Si/Al ratio in
comparison to the parent samples (Zx; and Zg;). The Si/Al ratio of 23.5 for the Za-AF
and 31.5 for the Zg;-AF was measured. The 27Al NMR spectra verified the sole
presence of tetra-coordinated framework Al species in both samples Zgi-AF and
Za-AF (Figure S10), showing that the extra-framework Al species are not formed
during the treatment. The Z-AF zeolite sample contains crystals with an egg-like
structure (Figures 2a, b) including the innermost and Si-rich core (egg yolk), the
middle and defect-rich zone (egg white), and the outermost and uniform-oriented shell
(egg shell) *. Similarly, the Zs-AF zeolite sample contains crystals with a multilayer
structure. However, the Zgi-AF crystals contain fewer “egg-white” and more
“egg-shell” parts than the Z,-AF crystals (Figures 2a, b). The Z-AF zeolite crystals
appear as a nano-sponge. The innermost and condensed core of the Zs-AF zeolite
sample is hidden inside the nano-sponge. The presence of a dense core is only
observed by TEM (Figure 2c). On the other hand, a similarly condensed core in the
Zsi-AF zeolite sample is observed directly by SEM (Figures 2b and S11). The distinct
presence of the outmost shell and the bare core part in the Zgi-AF zeolite sample is
also confirmed by TEM (Figures 2d and S12). The reproduced zeolite samples of Zs;
(Zsi-B2 and Zg;-B3) were also subjected to NH4F treatment; the results demonstrated
the distinctive dissolution behavior and internal architecture of the Zg; (Figures S4b-d

and S13).
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The inner structure of zeolite crystals was further characterized by SEM combined
with EDX spectroscopy. The cross-sections of zeolite crystals are shown in Figure 3.
As reported previously, the Z,; zeolite crystals show a single whitish circle under the
electron beam irradiation **. Interestingly, there are multiple layers of such circular
feature in the case of Zg; zeolite sample. The reason for the existence of such whitish
zones remains unknown. The preferential etching of Na-rich and/or defect-rich zones
* transforms the dense middle layer of Z,; zeolite crystals into a more porous layer.
On the other hand, the “egg white” part almost disappears in the case of the Zg;-AF
zeolite (Figure 3d). The observed dissolution behavior implies that various
defect-zoning in the two zeolite crystals is present, i.e., the defect sites in the Zg;

crystals are more enriched in the egg-white regions. These findings are consistent

with the SEM and TEM results presented in Figure 2.
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Figure 3. Cross-section SEM images of parent zeolite samples Z; (a) and Zg; (b), and
NH4F treated zeolite samples Za;-AF (¢) and Zgi-AF (d). Scale bars = 1 um. The

preferentially dissolved regions are marked in the SEM images with arrows.

Figure 4. SEM images and cross-section SEM-EDX mapping of samples Zg; (a and c)
and Z; (b and d). Scale bar = 5 pum. (the figures for Z; (b and d) are quoted from our

. 44
previous research paper ).

The spatial element distribution in the zeolite cross-section images was analyzed by
SEM-EDS. The SEM-EDS mapping results (Figures 4 and Table 2) show a similar
Al-zoning in both Zs; and Zja; zeolite samples. As the Zs; sample is heavily
aggregated, it is difficult to distinguish one crystal from other. The conclusion we
may draw is that the Al distribution in Zg; zeolite crystals is not homogeneous. After
NH4F etching of sample Zg;, the periphery of the crystals becomes more distinct and

clearer (Figure S14). In comparison to the parent sample (Zs;), the Si/Al of the Zg;-AF
19



zeolite is increased as measured by point analysis (Figure S14 and Table S1). This
result suggests the preferential dissolution of Al-rich zones during the NH4F
treatment. This result is in line with the XRF analysis showing that the NH4F etching
of the Zg; zeolite results in a sharp increase of the bulk Si/Al ratio from 18.0 to 31.5.
Noticeably, the increase of the Si/Al ratio for the Zgsi-AF zeolite sample is much
higher than that of Z4;. The bulk Si/Al increased from 20.3 to 23.5 after NH4F etching
under the same treatment conditions as applied for sample Z; **. This observation
points out the distinct difference in the Si and Al distributions of samples Zg; and Za,.
More specifically, the dissolved parts in the Zg; zeolite should have a much higher
amount of Al than in the Z4 zeolite, thus pointing to a more biased element (Si, Al,
Na', and TPA") distribution in the Zg; zeolite sample.

Initial gel precursor for sample Zg; were prepared and subjected to extended aging
time (12 and 60 h) prior hydrothermal synthesis to rule out the effect of aging
treatment on crystals features. In comparison with the original sample Zs;, the new
one obtained after aging of the precursor gel for 12 h (Zsi-12A) shows similar crystal
morphology (Figure S3 e-f). Even after aging for 60 h of the precursor gel, the final
crystals (Zs;-60A) still retain the same shape (Figure S3 g-h). The Zg-12A shows
similar chemical composition (Si/Al = 18.7, Table S2) as the original sample Zg;, and
still Al-rich crystal surface despite of the slightly higher Si/Al (Si/Al = 16.0, Table
S2). The zeolite samples (Zs;-12A and Zs;-12A) obtained after extended aging of the
gels exhibit similar regioselective dissolution behavior in NH4F solution (Figures
S15-S17). The SEM-EDX analysis confirms the siliceous innermost core of sample
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Zsi-12A-AF (Figure S15f). In addition, the measured Si/Al of the Zs;-12A-AF sample
(Si/Al = 39.2, Table S2) further indicates that the different aging duration did not

cause changes on the inner architecture of the final product.
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Table 2. Element composition of Zg; and Za; zeolite samples determined by EDX at

selected zones presented in Figures 4a and b. (the data for Z,; is quoted from our

previous research paper **).
Zones in Zones in
Si? Al® Si/Al° Si? Al® Si/Al®

sample Zg; sample Za,

1 2842  0.99 28.7 1 30.31 0.84 34.8

2 2894 1.14 254 2 29.33 1.62 17.5

3 2725 1.60 17.0 3 28.26 2.19 12.4

4 26.00 2.92 8.9 4 27.92 1.47 18.3

a: the relative atomic content of elements (%) measured by EDX; b: the atomic Si/Al
ratio calculated based on the EDX results.

3.2.3 Effect of mixing order of Si and Al on the evolution of Z4; and Zg; zeolite

samples

As noted above, the exchange of the mixing order of chemicals for the preparation
of samples Za; and Zg; resulted in multi-layer structures distinguished by Al-zoning
and defect-zoning in the inner part of the zeolite crystals. The two Za; and Zs; zeolites
have different Si/Al ratios and different solubility in NH4F solutions as shown in
Figures 2-4 and Table 2. As stated by Corma, all the intelligence is already contained
in the starting reagents that undergo mysterious self-assembly under auxiliary heating
in a closed environment °*. Thus, the way how the TO, tetrahedra (T: Si**, A", etc.)
are mixed and organized may significantly impact the macroscopic properties of the

final outcomes. In the following section, the procedures for the preparation of the
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precursors and their continuous evolution during the hydrothermal treatment will be

disclosed (Scheme 1).
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Scheme 1. Schematic presentation of ( I) the preparation of precursor mixtures for

SO3L +
fCONIY +

the synthesis of Z,; and Zg; zeolites and ( II) the evolution process of the precursors
resulting in fully crystalline zeolites (A: the initial nucleation stage; B: the fast

aggregate growth process; C: the layer-by-layer growth).

For the synthesis of the Za; zeolite (Scheme 1( I)), the aluminum nitrate was firstly
dissolved in NaOH and TPAOH solution resulting in an Al-containing solution with a
pH of 12.89. The Al species in that solution exists primarily as monomeric ions
(AI(OH)4) or simple dehydration products such as AlO, *°. Then the Si source
(TEOS) was added and gradually hydrolyzed in the homogeneous alkaline solution.
The released Si species interact intimately with the Al species through the hydrolysis
and dynamic condensation process. The generated aluminosilicate species are mainly
involve with the TPA™ cations due to the negatively charged surface ®, while the Na*

cations mainly exist in the solution °'. Finally, the obtained precursor mixture appears
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as a transparent sol (Figure 5a) contain low-weight aluminosilicate homogeneous
particles with a size of 5 nm at a pH of 11.09 (Figure 5b) %

The preparation of Zg; precursor mixture started by hydrolysis of the silica source
(TEOS) in the presence of NaOH and TPAOH (Scheme 1( I)). The spontaneous
condensation of Si species leads to the formation of colloidal silica particles with an
average size of 2-3 nm at a pH of 11.60 (Figure 5b). Then the same amount of the Al
was dissolved in water and added drop-wise into the Si-containing mixture. This
resulted in a milky gel (Figure 5a) containing particles with a size of ca. 200 nm

(Figure 5b); the addition of polyvalent AI**

cations may cause coagulation of the
particles (Scheme 1( I)). The refractive index and density of the precipitate are both
higher than in the surrounding liquid, and the precipitate is visible (Figure 5a) °'. The
final pH of the Zs; precursor mixture was 11.07. Importantly, both precursor mixtures
have the same gel composition and similar pH.

The silicon environment in both precursor mixtures was probed by 2°Si MAS
NMR-CP spectroscopy (Figure 5c). Same Si species were detected in the two
precursor mixtures, including the Qg4 (Si(4Si)) species occurring at ca. -110 ppm and
Q3 (Si(3Si1)) species at ca. -96 ppm. In the Z; precursor mixture, the hydrolyzed Si
species instantly interact with the Al in the solution, resulting in a dispersed Al
species (Scheme 1) in the final precursor gel (lower amount of Q4 species). In
contrast, during the hydrolysis of TEOS, Si gel particles preferentially are generated
with enriched Q4 (Si(4S1)) species. Along with the addition of Al source, the synthesis

mixture still contains higher amount of Q4 species (Si(4S1)) 61 (Scheme 1).
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Figure 5. (a) Photos of the precursor mixtures used for the synthesis of Z,; (I) and Zsg;
(IT) zeolites samples, (b) particle size distribution of precursor mixtures Z,; and Zsg;
measured by dynamic light scattering (DLS), (¢) *’Si MAS NMR-CP spectra of the
freeze-dried precursor mixtures Za; and Zs;, and (d) evolution of the crystallinity
(blue) and pH (red) in precursor mixtures Za; and Zs; during the hydrothermal
treatment (the curves for Z,; in b and d are quoted from our the previous research

paper *%).

The precursor mixtures were transferred into Teflon-lined autoclaves and subjected
to heating in a convection oven at 443 K for up to 24 h (Scheme 1( II)). Intermediate
samples, Za-x and Zgi-x were collected during the synthesis and subjected to
characterization. After 2 h heating, the first intermediate samples, Zx;-2 and Zg;-2
were amorphous (Figure S18). Both samples contained ultra-small nanoparticles
(Figures S19 and S20), however the Zgi-2 sample contains particles with a higher

degree of aggregation in comparison to the Zs-2 sample. This microscopical
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observation corresponds to the particle size distribution determined by DLS (Figure
5b). After 4 h of heating, the intermediate samples, Zs;-4 and Za-4 contained already
the Bragg peaks associated with the appearance of the MFI phase (Figure S18), with
the former being more crystalline than the latter. The higher crystallinity of Zg;-4 was
further supported by the higher micropore volume (Table S3), which is attributed to
the physisorption of Ar molecules in the micropores of the zeolite (Figures S21 and
S22). In addition, the presence of round-boat-shaped crystallites with a flat surface
and a deficiency in Al content in the case of Zgi-4 sample were observed (Figures
S23a, b and S24). The ubiquitous presence of these regular-shaped crystallites in the
intermediate samples (Figure S23), fully crystalline (Figure S3d) and the NH4F
treated samples (Figures 2, 3, S11 and S12) in the case of Zg; zeolite is clearly
observed. In contrast, the sample Z,;-4 contained irregular-shaped aggregates without
regular-shaped crystallites (Figures S25a, b).

The difference in the early stage of crystallization is evidently observed for samples
Zsi and Za;. While in both cases the Si-rich parts in the sol or hydrogel undergo the
structure reorganization first (Scheme 1(II)), as the surface adsorption of aluminium
significantly retards the dissolution of silica ®*, the nucleation environment in the case
of Zg; should be richer in Si, which is in turn more favorable for the occurrence of the
first crystallites (Figures 5d and S18). This leads to a more heterogeneous distribution
of Si and Al in the Zg; precursor system (Scheme 1(II)). Apparently, the mixing order
of Si and Al changes substantially the hydrolyzation rate and condensation of Si and
Al species which has a direct impact on their evolution and subsequent nucleation and
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growth. In general, the Si-rich zone is more favorable for nucleation in the precursor
system thanks to its higher solubility and attraction to the organic template. On the
other hand, since the bulk composition of the two precursors are essentially the same,
the preferential consumption of Si source for nucleation will leave behind a relatively
Al-richer aluminosilicate sol/gel (Scheme 1(II)), which is the nutrient source for the
following crystal growth.

After 4 h of hydrothermal treatment, both samples become partially crystalline. The
sigmoidal crystallization curves describing the synthesis of both samples are depicted
in Figure 5d. With the sharp increase of the sample crystallinity, an increase of
surface roughness of the previously smooth-surface crystallites in the case of Zg;-6
was observed (Figures S23c and d), where the profile of the round-boat-shaped
crystallites was still distinguishable. On the other side, the Z-6 sample contained
irregular-shaped crystals (Figures S25¢ and d). The crystallinity of the samples
increased accompanied by a slightly delayed steep of increased pH of the solution
(Figure 5d). After the first stage of crystallization which corresponds to the
occurrence of the zeolite core (egg-yolk) nucleated in a Si-rich environment, the
second stage characterized by the fast amorphous-to-crystalline transformation is
proceeding. The second stage is characterized by the fast and oriented attachment of
aluminosilicate particles to the zeolite core (Figures 5d, S23 and S25). This results in
the formation of the middle layers enriched in defects (Figures 2 and 3). The
continuous condensation of silicate species and the growth of zeolite crystals lead to

63, 64

the release of the OH" into the solution . The pH of the synthesis media increases
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(Figure 5d), which favors the dissolution and/or reorganization of the Al-rich
aluminosilicate gels (Scheme 1( II)). This results in the formation of the Si-rich core
and the gradual decrease of the Si/Al of the particles from the core to the rim (Figure
4 and Table 2).

After 12 h of heating, the zeolite crystals have similar morphology (Figures S23 and
S25). The crystallinity of the samples changed negligibly (Figures 5d and S18) which
is consistent with the slightly improved micropore volume (Figures S17, S22, and
Table S3) and similar pH variation in the mixtures (Figure 5d). This last stage
corresponds to the asymptotic phase of the sigmoidal growth, in which the curve
approaches a plateau, and the crystal growth is dominated by a layer-by-layer
mechanism that shaped the morphology of the zeolite crystals and leads to the
densification of the aggregates.

While the general crystallization trend in the two synthesis systems is the same, one
can notice that the two curves crossed at ca. 5 h of crystallization time, indicating a
faster nucleation but a slower crystallization for sample Zg; in comparison to sample
Za;. This is consistent with the micropore volumes measured for these two samples
(Table S3 and Figure S22). This change can be related with the different consumption
of Si during the nucleation and early growth stage in sample Zg;. This is reasonable if
one considers the mass balance of the two synthesis systems. Namely, the two
precursors have the same bulk composition, but the nucleation in the case of Zg;
consumes more Si than in the Z,; (Scheme 1( I)). Thus, the aluminosilicate precursor
has higher Al content during the crystal growth stage in the case of Zs; A higher pH is
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required to hydrolyze the Al richer aluminosilicate gel, in order to provoke the
transformation from amorphous-to-crystalline particles.
3.2.4 Catalytic behaviors of Z, and Zg; zeolite samples in n-hexane cracking and
ethylene dehydroaromatization reactions
a) n-hexane cracking reaction

The n-hexane cracking reaction was used to characterize the acidic properties of the
zeolite samples. The turnover frequencies (TOF) per Bronsted acid sites of samples
Zsi and Za; in comparison to the parent Zp sample are summarized in Table 3. The
TOF of the parent Zp sample is 314 h™, which is 2.6 to 3.5 times lower than for
samples Zs; and Z,, respectively. Additionally, the TOF for a series of commercial
ZSM-5 catalysts free of EFAL species with Si/Al ratios ranging from 10 to 75 are
presented in Figure S26.

Table 3. The turnover frequency (TOF) per Bronsted acid site of zeolite catalysts in

n-hexane cracking reaction

Catalysts Zs; Z Al Zp (Reference)

TOF (h™) 814 1092 314

The higher cracking activity of samples Zs; and Z,, in comparison to the parent Zp
zeolite is ascribed to the presence of EFAL through an exaltation of BAS strength
%67 Indeed, a combined MAS NMR with DFT study showed the interactions
between the BAS and Lewis acid sites (LAS) leading to an increase of the acid site

strength of the zeolite catalyst®®. Moreover, the higher cracking activity of samples
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Zathan Zg; are attributed to the higher amount of EFAL species as shown by FTIR
and 2’ Al NMR spectroscopy (Figure s7 and S8).
b) Ethylene dehydroramatization reaction

69-71
S

EDA is a process involving the protonation of ethylene by BA and further

reactions, the oligomerisation and protolytic cracking, proceeding via carbenium ions

697174 and low olefin partial pressure (Pcons) >

as intermediates. High temperature
78 have been reported to constrain the oligomerisation reaction. For example, the
ethylene conversion at 475 °C under atmospheric pressure using dilute ethylene (Pcona
= 0.013 MPa) is only 2 % > over ZSM-5 catalyst (Si/Al = 103). On the other hand,
over 83 % conversion over the same catalyst at 350 °C with a Pcops of 0.1 MPa was
reported 7. Since ethylene activation depends on the Bronsted acid site density, more
specifically on the concentration of next-nearest neighbors of Al centers’®, the

ethylene transformation can be used as a good descriptor of the textural properties of

zeolites.
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Figure 6. (a) Conversion of ethylene on Zgs;and Zx; zeolite samples as a function of
the time on stream, and (b) deactivation rates of Z,; and Zg; zeolite samples based on
the assumption of an exponential function. /nset in (b): the deactivation constant (kg).
Molar selectivity of the formed products at iso-conversion, i.e. (c) initial time on
stream and (d) the conversion of 3%. (e¢) Coke amount recovered as a function of the

time on stream for Zg; and Z; zeolite samples and (f) oxidation temperature of the

coke as a function of its amount.
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The ethylene conversion on the two samples as a function of the time on stream is
depicted in Figure 6a. The reaction was carried out at a low contact time and therefore
no induction period is reported ''. The initial conversion is similar for both samples
(~9%). The TOF (turnover frequency) computed from the concentration of BAS for
the two zeolite catalysts (145 h™' for Z, and 119 h' for Zg;) is nearly the same and
comparable to that reported in the open literature ®. The catalysts started to deactivate
and reached a plateau stage at 1 h and 4 h for samples Zs;i and Za,, respectively.
Assuming an exponential function 7 the calculated deactivation constant is presented
in Figure 6b. Noticeably, Zs; showed an almost twice faster deactivation rate (0.7 h™)
than the Zx (0.4 h™"). After the quick deactivation period, the two zeolite catalysts
reached a plateau stage. Specifically, the ethylene conversion over the Zg; zeolite was
stable with a conversion of ~ 3%, while only half for the Z, zeolite is measured. It is
important to point out that the catalytic test in an empty reactor achieves only 0.5% of
conversion, which indicates that there is no significant thermal dimerization/cracking
reaction.

The molar selectivity of the products at the initial time on stream at 9% conversion
(Figure 6c¢) and at 3% conversion (Figure 6d) are shown. The steady-state results for
Zs; are shown in Figures 6¢ and d. The initial molar selectivity was comparable
(Figure 6¢). Benzene and propylene were found in large proportions. However, at 3%
ethylene conversion (the plateau stage of the Zgj), the two zeolite catalysts
demonstrated markedly different product selectivity (Figures 6¢c and 6d). Butene,

which is scarce at the beginning of the reaction, increased dramatically to 68% using
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the Zg; zeolite catalyst, while in the case of Z,,, the increase is only 23% (Figure 6d).
Furthermore, at lower ethylene conversion, the two zeolite catalysts formed different
proportions of methane to propylene (C1/C3). When compared to the initial stage of
the reaction (Figure 6c¢), the Z,; catalyst maintained nearly the same ratio of derived
methane to propylene (Figure 6d), whereas the Zs; catalyst produced nearly the same
amount of methane and propylene (C1/C3 molar ratio is equal to 1, Figure 6d), much
higher than its initial ratio. The difference in product selectivity is related to the
higher cracking activity of samples Za; than Zg;, as shown in the case of n-hexane
cracking reaction (Figure S26).

The formation of coke on the two zeolite samples was investigated throughout the
reaction lifetime. From the thermogravimetric analysis, the coke amount and oxidation
temperatures were determined (Figure S27). The coke content plotted as a function of
the time on stream is presented in Figure 6e. Both catalysts displayed the same amount
of coke after 10 hours of reaction. However, a difference occurred at a lower reaction
time on stream. Namely, the initial coking rate is faster for sample Zs; (Zsi: 45 mg geaf '
h'; Zai: 35 mg geo ' h™), explaining its faster deactivation rate (Figures 6a and b). As
revealed by the FTIR analysis (Figure S7), a higher amount of hydroxyl nests was
found in sample Zg; that may act as a coke trap and lead to a faster coke deposition. In
addition, all peaks in the differential thermal analysis (Figure S27) shifted to higher
temperatures with increasing the coke amount in the zeolite samples (Figures 6f and
S27). This is most likely related to a decrease of coke accessibility as the content
increases. The Zs; shows a considerably higher coke combustion temperature than Z 4
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on a comparative basis (Figure 6f). The microscopy study (Figures S2 and S3) revealed
a wider particle size distribution of sample Zsi which would hinder the coke
combustion. In addition, a higher amount of silanol species was found in sample Zx,
which is considered to promote coke combustion. As a result, the Zg; sample displayed
a higher coke combustion temperature than sample Za;.

As can be seen from the results shown above, despite the fact that the two zeolite
samples synthesized using the same precursor compositions have similar porosity and
acid properties, they differ in the catalytic performance. The deactivation behavior
and product selectivity clearly revealed a distinction between samples Zg; and Za,.
This study revealed the crystallization process and dissolution behavior of zeolites in
two systems and the intimate synthesis-structure relationship was disclosed. Herein,
the distinct catalytic behavior further underlines the significance of the crystal internal
architecture, manifesting the significance of rationalized crystal engineering and more
specifically, the control of Al sitting and distribution in the amorphous units formed
prior the zeolite synthesis. It is worth mentioning that while most works focus on the

impact of chemical sources on the spatial distribution of Al in zeolite frameworks,

80, 81 36, 83-86
5

such as the Si source , the Al source ™, and the structure-directing agents
the present work details the impact of the chemical mixing order on the spatial
distribution of Al in zeolites on meso- or macro-scales and the effect on their catalytic
performance. This enriched the toolkit for the tailored design of zeolite crystals with
required properties.

4. Conclusions
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In summary, the alternation of the mixing order of Si and Al sources in the
synthesis of zeolites did not impact the bulk composition, porosity, and acidity
properties, however, it resulted in a substantial change of their inner architecture. The
comprehensive study of the zeolite structures from both the top-down deconstruction
of the as-synthesized zeolite crystals using the chemically unbiased NH4F etching and
the bottom-up tracking of the crystallization history is disclosed. Compared with the
synthesis of zeolite Z,; by adding Al source first to the precursor mixture, the
synthesis of zeolite Zs; by adding Si source first resulted in a zeolite sample with a
more diversified macroscopic morphology and more biased spatial distribution.

The different partitioning of Al is caused by the alternation of the chemicals’
mixing order that changes substantially the hydrolyzation and condensation rates of Si
and Al species, which has a direct impact on their evolution and subsequent
nucleation and growth. The Si-rich zone is more favorable for nucleation in the
precursor system due to its higher solubility and attraction to the organic template. As
a result, the preferential consumption of Si source for nucleation leaves behind a
relatively Al-richer aluminosilicate sol/gel for the following crystal growth when the
bulk composition of the two precursors is essentially the same.

The two zeolite samples with different inner architectures showed obviously
different catalytic activity, product selectivity and coking behavior in the EDA
reaction, manifesting intimate synthesis-structure-performance relationship. Recently,
an intriguing work was published by Rimer and his colleagues suggesting that it was
possible to tailor the spatial distribution of Al and Si at the mesoscale by careful
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selection of the synthesis parameters®. Further investigation of synthesis parameters
including but not limited to chemical reagents of different reactivity and way of
mixing for the tailored design of zeolite crystals at a single crystal level for targeted

applications are highly valuable.
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