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Experimental Section
Synthesis of pristine OSDA-free Al-rich Beta zeolite. The pristine Al-rich Beta was
synthesized via a seeding method without using any OSDA according to the literature [1]. Typically,
119.2 g Al(SO4)3-18H,0 and 28.4 g NaOH and 423.3 g water glass (SiO», 27.10 wt%; Na,O, 8.39 wt%)
were firstly dissolved in 449.6 g H,O in sequence under vigorous stirring. Subsequently, 11.4 g industrial
Beta (Si/Al=11.4) as seeds (10 wt.%) was added to give a molar composition of 1.0 SiO,: 0.1 AL,Os:
0.22 NayO : 20 H»O. The mixture was homogenized under stirring for 2 h, and then transferred into a 1
L Teflon-lined stainless steel autoclave and heated at 393 K for 5 days. The product obtained was filtered,
washed with deionized water several times, dried overnight at 373 K, and then calcined at 823 K for 6 h,
and the prepared product is denoted as Na Beta. It was converted into ammonium form via ion-exchange
with 1 M ammonium chloride solution at 353 K for 2 h, then dried at 373 K. This treatment was repeated
for three times and followed by calcination at 823 K for 6 h to give the proton type Beta, denoted as PR
Beta.
Relative crystallinity and yield calculation method. The relative crystallinity was
calculated using the equation (RC=CS/CR) based on the XRD patterns and the Na Beta as reference,
where RC was the relative crystallinity, CR was the sum of the peak intensity of 26=7.6° and 22.6° of
reference, CS was the sum of the peak intensity of 26=7.6° and 22.6° of CD Beta samples. The solid
product yield was calculated using the equation (Y=MS/MR) based on the mass, where Y was the yield,
MR was the sum mass of Beta and Al»(SO4)s in the initial aqueous solution, MS was the mass of solid
product (including Beta and natroalunite phase) recovered from the solution after the Al,(SO4)3-induced
dealumination process.
Hydrothermal stability test

For hydrothermal stability test, various Beta zeolites were put into a quartz tube with an inner diameter
of 8 mm with a continuous 20 mL min™' N flow until the temperature reached 1053 K. Then water was
fed into the reactor at a rate of 1 mL h™! at 1053 K for 2 h under the same nitrogen flow. The treated
samples were characterized by XRD and FT-IR analyses.
Chemical reactions involved in the cannibalistic dealumination (CD) process

The Gibbs free energy of Beta zeolites ((H2O*AlO3yn1(Na20*Al>03)n2(S102),3) are calculated

according to the equation: AGzeolite =n1 AG® zeolite-H,O +nl AG® zeolite-Al,O3 +n2 AG® zeolite-



Na,0+ALO; + n3 AG? zeolite-SiO, [2-3]. AGzeolite-H,O = -237.2 kJ mol™, AG® zeolite-Al,O3 = -
1690.9 kJ mol™!, AG® zeolite-Na,O+Al,O3 = -2273.1 kJ mol™!, AG® zeolite-SiO, = -855.9 kJ mol .

The Gibbs free energy of Al»(SO4)s is calculated on the physical parameters calculation software (ap
1700), AG®Alx(SOy4); = -3098.5 kJ mol™!. The Gibbs free energy of other materials are as following:
AGOH,O® K. 038MPa) = _217 3 kJ mol™!, AG'Na,SO4 = -1270.2 kJ mol™!, AG'NaAl3(SO4)2(OH)s = -

4622.4 kJ mol™', AG’NaOH = -379.5 kJ mol™!, AG’NaAlO,=-1069.2 kJ mol™! [4-5].



Table S1 Element and mass balance.

Sample No. Phase Total (g) Si(g) Al(g) Na(gd S(g H(g O(
Feeding 1 Na Beta 10002 354P 79° 68° <1 - 499f
Materials 2 Alx(SO4)3 3572 <1 57 <1 100 - 200f
(dry base) 3 Sum 1357 354 136 68 100 - 699
4 Beta zeolite 8602 354 45¢ 24 - 1f 458f

CDBeta-7.6 5  Natroalunite 4482 - 91¢ 26¢ 72 7* 252f
6 Sum (solid) 1308 3540 136° 28 72 8 710

7 NaxSO4 124 <1 <1 40 28 - 56°

DeAl Bata 8 Beta zeolite 876% 354 45b 18° <1 1f 458f
-7.6 9 NaOH 275% - - 158 - 7f 110f

10 Sum (Solid) 1151 3540 45 176 - 8 568

“ The weight of solid was the sum amount of Si, Al, Na, S, H and O.

b The amounts were determined by ICP analysis.

¢ The weight of Al element (No. 4) was obtained according to the framework Si/Al ratio for Beta
zeolite (Si/Al = 7.6) and the Si amount.

4 The weight of Na element in CD Beta (No. 4) was calculated according to the molecular formula
of Beta after CD treatment.

¢ The weight of Al and Na elements in Natroalunite (No. 5) were obtained as No. 6 - No. 4.

/The weight of H and O elements were calculated according to the molecular formula of zeolite,
natroalunite, NaOH and Na,SOj.

Nos. 1 and 2 are the initial feeding materials, consisting of Na Beta and Al(SO4)3, and we take 1000 g
Na Beta as the initial feeding quantity for convenience. CD Beta consists of two phases of Beta and
natroalunite (Nos. 4 and 5), containing Si, Al, Na, S, H, O elements. In the CD process with Al>(SO4)3,
43% Al of Na Beta was extracted from zeolite skeleton, and the framework Si/Al ratio increased from 4.3
to 7.6. Most aluminum species existed in the natroalunite phase. Meanwhile, sodium sulfate was
generated (No. 7), 97% Na ions were extracted from the zeolite, and the Si/Na ratio increased from 4.3
to 145, that is, the zeolite phase in CD Beta was almost proton type Beta zeolite. Among them, 37.3% Na
ions were involved in the dealumination reaction (equation 2), and 59.7% sodium was involved in the
by-reaction (equation 3). When the concentration of Aly(SOy); was increased to 1.12mol L, more
percentage of Na ions were reacted in the dealumination reaction (55.2%), and more Al species was
removed from the Na Beta, resulting in the DeAl Beta with framework Si/Al ratio of 12. After washing
with low concentration of NaOH, the natroalunite phase was completely removed from CD Beta, leaving
a pure Beta phase with a higher Si/Al ratio of 7.6. Overall, we calculated the element and mass balance
of the whole process based on the experimental data, and Al:(SO4); was almost 100% involved in

the reaction.
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Fig. S1 Basic physicochemical properties of industrial Beta zeolite: (A) XRD pattern,
(B) SEM image, (C) FT-IR spectrum, (D) N: sorption isotherm, (E) pore size
distribution curve, (F) FT-IR spectrum in the hydroxyl region (in proton form), (G)
NH;3-TPD profile. Physicochemical properties of industrial Beta zeolite after
hydrothermal stability test: (H) XRD pattern, (I) SEM image, (J) FT-IR spectrum, (K)

N2 sorption isotherm and (L) pore size distribution curve.



The X-ray diffraction (XRD) pattern of industrial Beta (Si/Al=11.4) displayed well-resolved diffraction
peaks characteristic of the BEA* topology with a relatively high crystallinity (Fig. SI1A). The industrial
Beta consisted of nanoparticles (Fig. SIB). In Fig. SIC, a band about 1088 cm™ with a shoulder band at
about 1220 cm™ arising from asymmetric T-O-T stretching vibrations, a band around 790 cm™ assigned
to symmetric T-O-T stretching and characteristic skeletal vibrations at 575, 525 and 459 cm™! belong to
the BEA* topology [6-9]. Fig. S1D displayed nitrogen sorption isotherm of industrial Beta, giving total
surface area and micropore volume of about 577 cm’ gt and 0.18 cm’ g, respectively. In addition, the
external surface area of 144 cm’ g and mesopore volume of 0.27 cm® g, might be related to the
aggregation of nanoparticles. Furthermore, the mesopores with size of 2 - 10 nm were observed in the
pore size distribution of the industrial Beta (Fig. SI1E). Fig. SIF showed the IR spectra in the region of
hydroxyl stretching vibration, giving five peaks with the wavenumber centered at 3500, 3610, 3660, 3735,
and 3745 cm™', which attributed to the hydrogen bonded silanol nests, hydroxyl related to framework Al,
hydroxyl related to extra framework Al, non-acidic hydroxyl groups at defect sides inside the crystals,
and the terminal silanols on the external surface [10-14]. Fig. S1G showed NH3-TPD curve of industrial
Beta, showing two desorption peaks centered at about 450 K and 612 K, which were attributed to weak
and strong acid sites. Fig. SIH-L showed XRD, SEM, FT-IR, N, sorption isotherm and pore size
distribution curve after hydrothermal stability test of the industrial Beta. The crystallinity of the pristine
industrial Beta sample was assumed to be 100% and the relative crystallinity slightly decreased to 89.6%
based on the sum of the peak area of 20=7.6° and 22.6°in XRD patterns. It could be seen from SEM
image that its morphology does not change after hydrothermal treatment. FT-IR spectra also
demonstrated the preservation of the BEA* topology. However, N> sorption isotherm showed an obvious
decrease of the microporous surface area and volume (159 cm? g and 0.10 cm® g') after hydrothermal
treatment (Table S2), lower than the fresh industrial Beta (433 cm’ g and 0.18 cm’ g”!, respectively).
The pore size distribution curve of industrial Beta determined by NLDFT analysis after hydrothermal
treatment revealed a smaller amount of mesopores in the range of 2 - 10 nm than the parent industrial

Beta zeolite.
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Fig. S2 XRD patterns of the Na Beta (a) and resultant CD Beta prepared with different
mass of ethanol: 0 g (b), 0.25 g (c), 0.5 g (d), 0.75 g (e), and 1 g (). The asterisks (*)
indicate the diffractions attributed to natroalunite. Other treatment conditions, 1 g Na

Beta : 0.695 g A1>(SO4)318 H20 : x g ethanol : 1.46 g H>O; temp., 423 K time, 6 h.

The influence of ethanol on Al-rich Na-type Beta dealumination process was explored. The XRD
patterns explicitly verify that parent Na Beta and the corresponding treated samples possess the BEA*
topology. Besides the diffraction peaks due to Beta zeolite, those attributable to the natroalunite phase
are also observed in the patterns of CD Beta. Unlike the CD process of NaY (Si/Al=2.4) in our previous
published work where EtOH/H >0 medium decreased the dealumination rate and reduced the damage of
the FAU framework [15], the peak intensity of both Beta and natroalunite phase were comparable despite
the vibration of ethanol amount, indicating that the addition of ethanol in the process of Al(SO4)3
dealumination hardly effected the crystallinity, probably due to the higher Si/Al ratio of Na Beta

(Si/Al=4.3) than NaY.
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Fig. S3 pH value change in aqueous solution (A), solid product yield and relative
crystallinity (B) of the Na Beta and resultant CD Beta with different mass of ethanol.
Other treatment condition, 1 g Na Beta : 0.695 g Al>(SO4)318 H2O : x g ethanol : 1.46
g H>O; temp., 423 K; time, 6 h.

Fig. §34 investigated the pH value change of Al>(SO4); solution before and after the dealumination
process with different ethanol amounts. The generation of natroalunite (NaAl3(SO4)>(OH)s) consumes
the OH ions in the solution and reduced the pH value. The pH values decreased from about 3.1 to about
1.9 in all the Al>(SOy); solutions with different ethanol amounts. The solid product yield and relative
crystallinity of all CD Beta samples were also similar and about 90% and 78%, respectively (Fig. S3B).

On the whole, the ethanol was not necessary for the dealumination of Na Beta.

Relative crystallinity (%)



Fig. S4 SEM images of the Na Beta (a, b) and resultant CD Beta prepared with different
mass of ethanol, 0 g (c, d) and 0.75 g (e, f). Other treatment condition, 1 g Na Beta :

0.695 g Alx(S04)3'18 H20 : x g ethanol : 1.46 g H>O; temp., 423 K; time, 6 h.

SEM images (a, b) of Na Beta show intergrown crystals with a truncated octahedral morphology and
well-defined surfaces. After dealumination by Al;(SO,)3 with different ethanol amounts (c-f), the
morphology showed no obvious change, and natroalunite phase with rough ball-shaped crystals could

be clearly seen.
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Fig. S5 XRD patterns of (A) CD Beta and (B) DeAl Beta prepared with a different
Al>(SO4)3 concentration of 0 M (a), 0.16 M (b), 0.32 M (¢), 0.48 M (d), 0.64 M (e), 0.8
M (), 1.12 M (g), and 1.44 M (h). The asterisks (*) indicate the diffractions attributed
to natroalunite. Other treatment condition: 1 g Na Beta : x g Al2(SO4)318 HoO : 1.46 g

H>O; temp., 423 K; time, 6 h.

As shown in Fig. S5A, with the increase of Al>;(SO4)s3 concentration, the diffractions of natroalunite
became more intense, while the intensity of the reflection peaks attributed to Beta phase after selectively
removing the natroalunite phase was gradually weakened, indicating that more natroalunite generated

by extracting FAL.
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Fig. S6 FT-IR spectra (A) of Na Beta (a), CD Beta-7.6 (b), DeAl Beta-12 (c), CD Beta-
7.6 (d), and DeAl Beta -12 (e).

After CD treatment, although the bulk Si/Al ratio decreased from 4.3 in Na Beta to 2.1 in CD Beta-7.6
and 1.9 in CD Beta-12, respectively, the band of asymmetric T-O-T stretching vibrations blue-shifted
after CD process, indicating part of the FAL species in Na Beta were removed. The wavenumbers of these
vibrations of DeAl Beta-7.6 (Fig. S6c) and DeAl Beta-12 (Fig. S6e) were comparable with those of
corresponding CD Beta, meaning that the washing step did not affect the framework Si/Al ratio. The
skeletal vibrations at 575, 525 and 459 cm™ of CD Beta-7.6 (Fig. S6b) and CD Beta-12 (Fig. S6d) became
weak because of the coexisting natroalunite compared with Na Beta (Fig. S6a), but these vibration bands
of DeAl Beta-7.6 (Fig. S6¢c) and DeAl Beta-12 (Fig. S6e) were found to become more pronounced after
removing natroalunite, stronger than that of Na Beta (Fig. S6a), characteristic of highly crystalline Beta

zeolite.
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Fig. S7 XRD patterns (A) of Na Beta (a) and Al(SO4)3 (b), AICI3 (c), AI(NO3)3 (d)
treated Na Beta samples with the same AI** content, or H2SO4 (e) treated Na Beta
samples with the same SO4> concentration with Al>(SO4)3. XRD patterns (B) of Na
Beta (a) and Alx(SO4)3 (b), AICI3 (c), AI(NO3)3 (d), H2SO4 (e) treated Na Beta samples
with the same pH condition. The asterisks (*) indicate the diffractions attributed to
natroalunite. Other treatment condition: 1 g Na Beta : x g Al salts or H2SO4: 1.46 g

H>O; temp., 423 K; time, 6 h.

When Na Beta was treated by Al;(SOy)s at pH of 3.1, natroalunite was formed, and the framework
Si/Al ratio increased from 4.3 for Na Beta to 7.6 for CD Beta. When the treatment was conducted using
AICI;, AI(NO3); with the same AP or H:SO4 with same SO/ of Al:(SO4); (Fig. S7A), no crystalline
natroalunite phase was formed except for the case treated by H,SOy solution. The strong sulfuric acid
extracted a small amount of framework Al and Na atoms and reacted with SO to form limited amount
of natroalunite phase, and the framework Si/Al ratio of the resultant Beta zeolites remained in a low
value of 4.9, indicating negligible dealumination. Moreover, there was no natroalunite phase when using
AICI;, AI(NO3)s and H,SO4under the same pH of 3.1 (Fig. S7B), mainly because natroalunite could not
be formed without the simultaneous presence of SO+ and AP* in the aqueous solution. Thus, the

formation of natroalunite was critical to realize cannibalistic dealumination using Al sources.
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Fig. S8 FT-IR spectra of CD-Beta-7.6 after pyridine adsorption and desorption at
different temperatures of 323K (a), 423K (b), 523K (c), 623K (d).

As shown by the pyridine-adsorbed IR spectroscopy, the obvious band at 1542 cm™ of CD Beta-7.6

revealed the presence of Bronsted acid sites in proton type Beta zeolite.
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Fig. S9 2’A1 MAS NMR spectrum of the DeAl Beta-7.6 after calcination at 823 K for
6 h.

The DeAl Beta-7.6 after calcination exhibited a resonance at ~57 ppm in the ’Al MAS NMR spectrum,
which is typically assigned to tetrahedrally coordinated aluminum in zeolite framework, and there was
no resonance ascribed to octahedral coordinated extra-framework aluminum species between 0 and 3

ppm [17], indicating stable structure of DeAl Beta-12 after CD process.
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Fig. S10 Whole XPS spectrum (A), Si 2p XPS spectrum (B) and Al 2p XPS spectrum
(C) of industrial Beta.

XPS spectrum can reveal the external surface composition of zeolite [18-20]. The calculated Si/Al

ratio by XPS spectrum on the surface of industrial Beta was 5.1.



Fig. S11 TEM images of DeAl Beta -12.

Obvious bright spots were observed in the DeAl Beta-12 zeolite after the dealumination process,
indicating that large amount of FAL was extracted by Al>(SO4); (Fig. S10a). As shown in Fig. S10b, the
characteristic crystal lattice fringes and intracrystal mesoporous (holes, yellow circle) could be observed
for DeAl Beta-12 zeolite within the same crystal, verifying that the crystalline structure of Beta zeolite

crystals was well maintained and mesopores were created by dealumination.
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Fig. S12 XRD patterns of PR Beta (a), PR Beta after hydrothermal stability test (b),
DeAl Beta-7.6 (c), DeAl Beta-7.6 after hydrothermal stability test (d), DeAl Beta-12

(e) and DeAl Beta-12 after hydrothermal stability test (f).

As shown by XRD patterns after hydrothermal stability test, there was no decrease in intensity for
DeAl Beta-7.6 and DeAl Beta-12 and their relative crystallinity were 104% and 109%, respectively
compared with the parent DeAl Beta, indicating that the BEA* topology was totally preserved (Fig. S11,
b and c), but the intensity of PR Beta with a lower Si/Al ratio obviously decreased after steaming (rvelative

crystallinity was 85%), indicative of a relatively poor hydrothermal stability (Fig. Slla).



1235 1090

Transmittance (%)

1200 1000 800 600 400

Wavenumber (cm™)

Fig. S13 FT-IR spectra of PR Beta (a), DeAl Beta-7.6 (b), and DeAl Beta-12 (c) after

hydrothermal stability test.

It can be seen from the vibrations of fingerprint region of FT-IR spectra that the structural units of
BEA* topology were well maintained in hydrothermal test. Meanwhile, the asymmetric T-O-T stretching
vibration has moved to higher wavenumbers, especially for PR Beta (from 1048 to 1090 cm™), indicating

that further dealumination of Beta zeolites occurred during the hydrothermal treatment.
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Fig. S14 XRD patterns (A) of DeAl Beta-12 (a) and further dealumination of DeAl
Beta-12 zeolites with different concentrations of HNO3 solution at ambient
temperature (293 K): 1 M HNOs (b), 3 M HNO:s (¢), 6 M HNO3 (d); or under 413 K
reflux condition: 1 M HNO3 (e), 3 M HNOs (f), 6 M HNO;s (g). Si/Al ratios (B) of the
further dealumination zeolites as a function of acid concentration in ambient
temperature (black line) or under 413 K reflux condition (red line). Other further

dealumination conditions: 1/s (mass)= 20; treating time, 2 h.

DeAl Beta-12 was further dealuminated by acid leaching with an aqueous HNO3 solution for 2 hours
at ambient temperature (293 K) or under 413 K reflux condition, and the HNO3 concentrations used were
1 M, 3 M, and 6 M, respectively. It was reported that the structure of Al-rich Beta zeolite (Si/AlI=5)
completely collapsed upon strong mineral acid treatment, which resulted in the formation of high lattice
defect concentrations and diminished the stability of the crystal structure [21]. In contrast, the Beta
structure almost remained intact after the CD process followed by the acid treatments (Fig. S144),
suggesting the pre-dealumination by Al(SO4)s could stabilize Beta structure. Further acid leaching
drastically increased the Si/Al ratio from 12 to 39 by further removal of Al atoms from zeolite framework
(Fig. S14B). Thus, the Al-rich Beta can be efficiently dealuminated by Al>:(SO4); followed by the acid

leaching, giving tunable Si/Al ratios.
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Fig. S15 TG curves of used PR Beta (a), DeAl Beta-7.6 (b), and DeAl Beta-12 (c),

and industrial Beta (d) after the TIPB cracking reaction for 3 h.

TG curves of samples showed two weight losses. The one before 473 K can be attributed to the
physically adsorbed water, while weight losses in the range of 673 - 873 K can be assigned to the coke
[23,24]. The results showed that the coke amount of PR Beta (Fig. S15a) reached up to 10.3 wt%, which
indicated that the relatively small micropores in Beta zeolites significantly affected the mass transport in
catalytic reaction, resulting in severely coke formation and deactivation of catalyst. A lower amount of
carbon deposition (9.2 wt%) was observed for DeAl Beta-7.6 (Fig. S15b) after CD process. With further
dealumination, DeAl Beta-12(Fig. S15c) showed a much lower carbon deposition, only 4.3 wt%, mainly
due to its hierarchical pore system (Fig. 74Ae) and less acid sites than PR Beta. However, the industrial
Beta (Fig. S15d) had the highest carbon deposition (13.4 wt%), probably due to nanosized crystals and

Al-rich surface, resulting in the highest initial activity and fastest coke deposition rate.
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Fig. S16 Reaction scheme of TIPB cracking (showing only main products). Reaction

conditions: temp., 573 K; cat., 0.2 g; WHSV, 7.2 h'!.

The cracking of TIPB was a successive reaction with the main products of diisopropylbenzene (DIPB)
isomers, isopropylbenzene (IPB), and benzene (BZ), and the product distribution provided information
concerning the extent of cracking degree. The stronger the catalytic capacity of the catalyst, the more

products of deeper cracking [22, 23].
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Fig. S17 XRD patterns of used PR Beta (a), DeAl Beta-7.6 (b), DeAl Beta-12 (c¢), and

industrial Beta (d) after the TIPB cracking reaction for 3 hours.

The catalysts after the TIPB cracking reaction were analyzed by XRD. Despite the presence of coke

deposition after the reaction, the structure of the four catalysts showed high crystallinity.
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Fig. S18 Reaction scheme of acylation of anisole with acetic anhydride. Reaction

conditions: temp., 353 K; cat., 0.1 g; anisole, 5.23 g; acetic anhydride, 5 mmol.

In the Friedel-Crafts acylation of anisole with acetic anhydride reaction, the p-methoxyacetophenone

(p-MAP) was the main product with the selectivity over 98% [25, 26].
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