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Direct synthesis of the organic and Ge free Al
containing BOG zeolite (ITQ-47) and its application
for transformation of biomass derived moleculesy

Qintong Huang,?® Ningyue Chen,? Lichen Liu,® Karen S. Arias,® Sara Iborra, (2 °
Xianfeng Yi,© Chao Ma,® Weichi Liang,® Anmin Zheng, &2 ¢ Chuanqgi Zhang,? Jibo Hu,?
Zilin Cai,® Yi Liu,® Jiuxing Jiang 2 *@ and Avelino Corma () *f

Aluminosilicate boggsite (Si/Al-BOG) has been hydrothermally synthesized without adding organic
structure-directing agents (OSDAs) in the synthesis gel using the borosilicogermanium ITQ-47 (Si/B-
ITQ-47) zeolite as seeds. The introduction of the costly and environmentally less benign phosphazene
organic structure-directing agent is not required to grow the zeolite. Physicochemical characterization
experiments show that Si/Al-BOG has good crystallinity, high surface area, tetrahedral A®* species, and
acid sites. In order to test the catalytic performance of the zeolite, the synthesis of L L-lactide from L-
lactic acid was performed. Si/Al-BOG exhibits 88.2% conversion of L-lactic acid and 83.8% LL-lactide

rsc.li/chemical-science

Introduction

Zeolites and zeotypes are the most successful molecular sieve
inorganic materials. In this group of microporous materials,
aluminosilicates offer many advantages over phosphates, ger-
manates and other substituted silicate zeolite subgroups.* They
offer excellent thermal stability, strong acid sites and
exchangeable extra-framework cations that enable applications
as catalysts, detergents and gas separation materials. Thus, it is
highly desired to directly prepare the aluminosilicate counter-
parts of emerging new zeolites. Currently, among the 252
zeolites accepted by the International Zeolite Association (IZA),
there are about 115, which can be synthesized as aluminosili-
cates by direct hydrothermal synthesis.> The rest are borosili-
cates,’ gallosilicates,* zincosilicate® and germanosilicate® that
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selectivity, which are better than those of other zeolites studied up to now.

could only be transformed into aluminosilicates by post-
synthesis treatments,” i.e., aluminum reinsertion. Here, we
provide an alternative method to synthesize the structurally very
interesting and technologically promising zeolite boggsite (ITQ-
47), directly as an aluminosilicate instead of the reported sili-
coborogermanate, without adding the expensive organic
structure-directing agents (OSDAs) in the synthesis gel.
Organotemplate-free seed-directed synthesis is regarded as
a “green route” for synthesizing zeolites because this synthesis
approach is economically and environmentally benign.® For
instance, Beta(BEA),” RUB-13(RTH),"” ECR-1(EON),"* Levyne
(LEV),"> ZJM-2 (FER),"® ZJM-4 (TON)," Z]M-6 (MTT)," ZSM-34
(OFF-ERI),'* ZSM-12 (MTW),"” heulandite (HEU),'* UZM-4
(BPH),'* Mazzite (MAZ),'> MCM-68 (MSE),° MCM-22 (MWW),>!
NU-87 (NES),?* SUZ-4 (SZR),?* CIT-1 (CON),>* SSZ-48 (SFE),>* VPI-
8(VET),*® and EMC-2(EMT)* have been successfully synthesized
by this route. However, all the above-mentioned zeolite
syntheses use seeds and gels with the same chemical compo-
sitions, i.e., Si/Al seed vs. Si/Al gel,*»"*>>?% Si/B seed vs. Si/B
gel,'***** and Si/Zn seed vs. Si/Zn gel.>* Notably, Luo® and
Yokoi* have attempted to synthesize Si/Al-SSZ-48 and Si/Al-
RUB-13 through the partial substitution of B with Al in the
borosilicate gel, using Si/B-SSZ-48 and Si/B-SSZ-13 as seeds
respectively. Unfortunately, the complete substitution attempts
failed, and the issue remains unsolved. Here, we present the
possibility to grow the Ge free aluminosilicate boggsite starting
with the boron germanosilicate form of boggsite (ITQ-47) as
a seed and an aluminosilicate synthesis gel. Moreover, we could
avoid the use of any organic template by this approach. This is
particularly interesting because boggsite has been only
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synthesized in the presence of a very expensive and less envi-
ronmentally friendly OSDA.

Boggsite is a natural rare aluminosilicate mineral zeolite that
possesses intersecting 10-ring (5.1-5.2 A) and 12-ring (7.2-7.4 A)
channels open to the external surface. The unique pore archi-
tecture and aluminosilicate composition endow Boggsite with
potential applications in shape-selective acid catalysis.
However, as mentioned before, boggsite zeolite mineral is
extremely rare, and only small quantities have been found in
North America and Antarctica.® Recently, Corma and
coworkers® successfully synthesized the BOG zeolite as bor-
osilicogermanium (Si/B-ITQ-47) by employing a phosphazene
OSDA. Unfortunately, Si/B-ITQ-47 presents the following limi-
tations: (a) the phosphazene OSDA and germanium oxide are
necessary, environmentally unfriendly and very expensive even
for laboratory synthesis, (b) the phosphate residue after calci-
nation has to be necessarily removed to avoid the blocking of
the channels, and (c) tetrahedral aluminum sites can only be
created by Al reinsertion after washing out boron atoms
(Scheme 1a). Here, we will demonstrate the successful direct
hydrothermal synthesis of the aluminosilicate form of the BOG
zeolite by seed-directed synthesis that can help to overcome the
limitations mentioned above. Then, the direct synthesis of the
aluminosilicate BOG-type zeolite (Si/Al-BOG) could be achieved
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with a moderate Si/Al ratio of 9.1 without adding any OSDA to
an aluminosilicate synthesis gel, by using Si/B-ITQ-47 (calcined
or uncalcined) as the seed. The Si/Al-BOG shows high adsorp-
tion ability and high acidity after ammonium exchange/
calcination. Besides, the Si/Al-BOG crystals from the synthesis
can be used as seeds for a second synthesis Scheme 1.

Experiments
Synthesis of the ITQ-47 seeds

Firstly, Si/B-ITQ-47 seeds were prepared with the gel molar ratio:
0.0235 Si0, (TEOS):0.0016 GeO,:0.001 H;BO;: 0.010 Pi-
phosphazene, H,0/(SiO, + GeO,) = 10, and ITQ-47 (1) seed
crystals (5 wt% based on the total silica amount).*® This gel was
transferred to a Teflon lined stainless-steel autoclave and
heated at 150 °C at its autogenous pressure under tumbling for
25 days. The as-synthesized Si/B-ITQ-47 zeolite was recovered by
filtration and dried at 100 °C. The calcined Si/B-ITQ-47 (Si/B-
ITQ-47-cal) was obtained by calcining Si/B-ITQ-47 in air at
550 °C to degradate the OSDA located inside of the pores.

Synthesis of the Si/Al-BOG zeolite

The Si/AlI-BOG zeolite was then hydrothermally synthesized
from synthesis gels with a molar composition of SiO, : (0.25-
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Scheme 1 The comparison between the two methods to prepare an aluminosilicate from zeolite BOG with strong acid sites. (a) Post-synthesis
of ITQ-47; (b) seed-directed Si/Al functionalization (note: "autoclave” represents hydrothermal synthesis, "B — Al" indicates post-synthesis
treatment of the Si/B-ITQ-47-cal to obtain exchanged Al-ITQ-47, “Na* — NH;*" indicates ammonium exchange of zeolites, “@" means the
core—shell growth and “/" means the secondary nucleation growth. The chemical formulae are determined by ICP and elemental analysis).
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0.28) Na,O : (0.012-0.020) Al,O; : 20 H,O and adding 5 wt% of
the as-synthesized ITQ-47 or 6.7 wt% of the calcined ITQ-47
synthesized above (based on the total silica amount), as fresh
or after calcination to remove the template, respectively. After
stirring at room temperature, the mixtures were transferred into
autoclaves for crystallization at 125 °C for 14 days. Then, the
samples washed with deionized water were dried at 100 °C, and
named Si/Al-BOG (when synthesized with the OSDA containing
seeds), and S.,-Si/Al-BOG (when synthesized with the OSDA free
calcined seeds). The acidic form of the Si/Al-BOG (H-Si/Al-BOG)
zeolite was obtained by ion-exchange with 1 M NH,NO; aqueous
solution at 50 °C for 5 h (1 g of Si/Al-BOG zeolite in 50 mL of
solution), followed by calcination at 550 °C for 5 h. When the Si/
Al-BOG zeolite was used as seeds for a second synthesis, the
sample denoted as Si/Al-BOG-2"¢ was obtained under similar
synthesis conditions. For comparison, the AI-ITQ-47 was
prepared by a B-Al exchange process. The chemical composi-
tion of Si/B-ITQ-47, Si/B-ITQ-47-cal, exchanged Al-ITQ-47, Si/Al-
BOG, H-Si/Al-BOG, S.,-Si/Al-BOG, and Si/Al-BOG-2"9, is given in
Tables S1 and S2.7 Detailed information on zeolite synthesis
can be found in the ESL %" The yields of Si/Al-BOG, S, -Si/Al-
BOG, and Si/Al-BOG-2" are 30.3%, 26.6% and 29.5% calcu-
lated by using the formula:

Yield = (Wproduct - Wseed - deorphous)/( VVSiO2 + WA1203)

Results and discussion

The powder XRD patterns of the Si/B-ITQ-47 seed (Fig. 1b), as-
synthesized Si/AI-BOG (Fig. 1c), NH," exchanged and calcined

(¢) SVAI-BOG

Intensity (a.u.)

||I | M l n (b) SU/B-ITQ-47

(a) Simulated

5 10 15 20 25 30 35 40
20 (degree)

Fig.1 Powder XRD patterns of (a) BOG simulated, (b) Si/B-ITQ-47, (c)
Si/Al-BOG, (d) H-Si/Al-BOG, (e) Si/Al-BOG-2", (f) Si/B-ITQ-47-cal,
and (g) Scai-Si/Al-BOG.
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acidic form of the H-Si/Al-BOG zeolite (Fig. 1d), re-seeded
product Si/Al-BOG-2"? (Fig. 1e), Si/B-ITQ-47-cal seed (Fig. 1f),
and direct synthesis with calcined seed S.,-Si/Al-BOG (Fig. 1g)
samples are well fitted with simulated BOG XRD (Fig. 1a).
However, the slightly broadened XRD peaks around 25° in Si/Al-
BOG-2"? and S,-Si/AI-BOG samples imply the presence of an
amorphous impurity (Fig. S17).

The elemental analysis results of Si/B-ITQ-47, Si/B-ITQ-47-
cal, exchanged Al-ITQ-47, Si/Al-BOG, H-Si/Al-BOG, S.,-Si/Al-
BOG and Si/AI-BOG-2" are summarized in Tables S1 and S2.+
ICP analysis of Si/Al-BOG, Scu-Si/Al-BOG, and Si/Al-BOG-2"¢
shows that Si/Al ratios are 9.1, 10.9, and 7.8, respectively, which
are higher than that of the naturally occurring boggsite mineral
(Si/Al = 4.2). Compared to the total 12.63% of C, N, and P weight
percentage coming from the OSDA in the Si/B-ITQ-47, Si/Al-BOG
and Si/Al-BOG-2"¢ contain only 5.15% and 2.62% phosphazene
template of the Si/B-ITQ-47 seed, respectively. Furthermore, the
C/P ratio (11.3) and N/P (5.1) ratio for Si/B-ITQ-47 are quite close
to the theoretical values (10 and 4, respectively), indicating the
structural integrity of the phosphazene molecules, whereas, the
C/P = 14.98, N/P = 7.17 for the Si/Al-BOG and C/P = 17.48, N/P
= 4.47 for the Si/Al-BOG-2™9, are far from theoretical values
implying the partial decomposition of phosphazene during the
hydrothermal synthesis. The S.,-Si/Al-BOG sample still
contains 0.80% of phosphate and 0.46% carbon species.
Nevertheless, it is clear that with the S.,-Si/Al-BOG sample, any
structure-directing effect of the potential residual OSDA
remaining in the Si/B-ITQ-47-cal seed can be neglected since we
could not detect nitrogen in the final sample. As is known, the
phosphate species (in this case coming from the calcined
seeds), usually remains in the channel of the zeolite. The
sodium content of H-Si/Al-BOG is 0.01% that is about the
experimental error of ICP analysis indicating the completeness
of NH," ion exchange. Si/Al-BOG, S,-Si/Al-BOG and Si/Al-BOG-
2" show a similar weight loss, ca. 10% below 200 °C that could
be attributed to adsorbed and coordinated water. The 6.0% and
2.7% weight loss of Si/AI-BOG and Si/Al-BOG-2"" between 200
and 600 °C roughly correspond to the removable carbon and
nitrogen content of phosphazene coming from the seed, ie.,
4.6% and 2.4% respectively, whereas, the S.,-Si/Al-BOG shows
a minimal (1.3%) weight loss between 200 and 600 °C (Fig. S27).
Scanning electron microscope (SEM) images of Si/B-ITQ-47
(Fig. 2a and S3at) show a layer stacking morphology with rela-
tively uniform crystal size distribution, displaying a length of 3—-
7 um and a width of 0.5-2.5 pm, whereas, the Si/Al-BOG crys-
tallites (Fig. 2b and S3cf) exhibit a randomly intergrown
spindle-like morphology, i.e., a mixture of large crystallites (3-
14 um in length and ~2 um in width) and small crystallites (0.5-
2 um in length and ~0.5 pm in width). The particle size
distribution shows two peaks centered at 1.5 pm and 5.5 pm
(see particle size distribution in Fig. S3b and df). Note that the
amount of small crystallites corresponds to 91% of the total.
The Scanning Transmission Electron Microscopy-Energy
Dispersive spectroscopy (STEM-EDS) mapping of the small Si/
Al-BOG zeolite crystallite confirms the presence of Si, Al, P, Ge
and B atoms in the Si/Al-BOG sample (Fig. 2d-i). Notably, there
is a clear boundary of element distribution, which delimits the
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Fig. 2 SEM images of (a) Si/B-ITQ-47 seed, (b) Si/Al-BOG, and (c) Si/
Al-BOG-2". (d) STEM image of a selected crystal of Si/Al-BOG; TEM
element mapping of (e) Si, (f) AL, (g) P, (h) Ge, and (i) B corresponding to
STEM images.

crystal into two parts, the inner part is P and Ge rich (coming
from Si/B-ITQ-47 seeds), whereas the outer part is aluminum-
rich (coming from Si/Al-BOG). Interestingly, B atoms do not
follow the trend; they redistribute among the core-shell structure.
The detailed mechanism is under investigation. Furthermore,
EDS line-scan cross-section analysis of a single crystallite (Fig. S4t)
also indicates that the Ge-containing nucleus is surrounded by the
aluminosilicate shell. Taking into account the fact that these
small crystallites in the Si/Al-BOG sample are clearly much smaller
than the starting Si/B-ITQ-47 seeds, we speculate that a large part
of the parent Si/B-ITQ-47 should be transformed into smaller
entities/nucleus containing B, P, and Ge during the hydrothermal
treatment. Those nucleuses could further result in the core-shell
growth*® to form the small final crystals during the crystallization
process, following the mechanism illustrated in Scheme 1b.
Nevertheless, high-resolution TEM shows an excellent crystallinity
of Si/AI-BOG (Fig. S57). The crystallographic axis of Si/Al-BOG was
found by electronic diffraction (Fig. S67).

The Si/Al-BOG sample prepared with the Si/B-ITQ-47-cal seed
(Scar-Si/AI-BOG sample) also shows a bi-modal morphology. As
can be seen in Fig. S3e,t a mixture of large (3-8 um in length
and ~1.5 pm in width) and small crystallites (0.5-2 pm in length
and 0.2-0.5 pm in width) is observed (Fig. S3ff). The large
crystallites show similar size and morphology to the parent Si/B-
ITQ-47-cal while the vast majority of the crystallites also exist as
much smaller particles. Furthermore, STEM-EDS mapping
observations on several typical areas of this sample fail to detect
the core-shell structure on the small crystallites (Fig. S77).
Therefore, it is speculated that the dissolution-recrystallization
mechanism (secondary nucleation) plays a predominant role
during the formation of S.,-Si/AI-BOG (Scheme 1b). Such
a difference could be caused by the faster dissolution of the Si/B-

12106 | Chem. Sci,, 2020, 1, 12103-12108
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ITQ-47-cal seed since the bulky OSDA molecules were removed
by calcination, which further facilitated the formation of the
nucleus. If so, it can be expected that the use of Si/Al-BOG for
a second seed-mediated growth of the BOG zeolite will exhibit
a similar product morphology since no bulky OSDA is present in
the Si/AlI-BOG sample. Indeed, as can be seen in the morpho-
logical characterization of the Si/Al-BOG-2"? sample (Fig. 2¢ and
S8t), similar behaviors are witnessed as for the S.,-Si/Al-BOG,
indicating that the secondary nucleation mechanism is also
the main pathway of crystallization.

Fig. S91 shows the N, sorption isotherms of the Si/B-ITQ-47-cal
and sodium form/acid form of Si/Al-BOG, Si/Al-BOG-2"? and S...;-Si/
Al-BOG samples. Si/B-ITQ-47-cal shows a comparable Brunauer-
Emmett-Teller (BET) surface area, i.e., 600 m”> g~ " vs. 582 m”> g~
and micropore volume, ie., 0.22 cm® g~ " vs. 0.22 cm® g~ ' to those
of the Si/B-ITQ-47-cal reported in the literature. The BET surface
area and micropore volume for the sodium form of Si/Al-BOG (522
m? g%, 0.20 cm® g7 %), Si/Al-BOG-2" (391 m? g%, 0.15 cm® g %),
and S,-Si/Al-BOG (496 m” g, 0.19 cm® g ') are lower than those
of Si/B-ITQ-47-cal, due to the presence of some amorphous mate-
rial present in the sample as well as the presence of Na" in the
channels (Table S3}). Without surprise, the acid forms of H-Si/Al-
BOG (582 m? g%, 0.22 cm® g~ %), H-Si/Al-BOG-2"? (458 m* g~ *, 0.17
em® ¢7%), and H-S,-Si/AI-BOG (528 m” g~ %, 0.20 cm® g™ ) reveal
the extra surface area and pore volume released during the Na*
removal by ion exchange treatment.

To quantify the amorphous phase inferred by a broad XRD band
around 25° in spectra of the Sq,-Si/Al-BOG and Si/Al-BOG-2", 2°Si
NMR spectroscopy was carried out and the peaks were deconvo-
luted (Table S4, Fig. S101). Firstly, we assign four peaks, i.e., —112,
—108, —102, and —98 ppm to Q4, Q3, Q2, and Q1, respectively. And
then, the broad differential spectrum peak around —105 ppm
automatically appears, that can be attributed to the amorphism.*
Following the same procedure, S,-Si/Al-BOG and Si/AI-BOG-2"? are
proposed to contain about 18% amorphous phase. Notice that 9%
amorphous species is also detected in Si/Al-BOG, though the broad
XRD peak around 25° was not clearly shown for this sample
(Fig. S17), and enlarged SEM images of Si/Al-BOG (Fig. S3ct), Si/Al-
BOG-2™ (Fig. S6T) and S..-Si/AI-BOG (Fig. S3et) present no obvious
amorphism. *’AI-MAS-NMR spectroscopy (Fig. S11f) shows an
intense resonance peak at 57.8 ppm, which is attributed to tetra-
hedrally coordinated Al centers.**** Compared with ITQ-47
prepared by aluminum reinsertion, the spectrum of the Si/Al-BOG
is 2.8 ppm downfield. The negligible peak around 0 ppm indi-
cates that the extra-framework hexacoordinated Al atoms are
mostly avoided in the seed directed synthesis.

The NH;-TPD profile of H-Si/Al-BOG presents desorption peaks
around 146 °C, 401 °C, and 550 °C, corresponding to NH; adsorbed
on acid sites with different heats of adsorption (Fig. S12}).*
Further infrared spectra of pyridine absorbed H-Si/Al-BOG at
desorption temperatures of 150 °C, 250 °C and 350 °C in a vacuum
show clear peaks at 1546 cm™ ' and 1454 cm™ ', which can be
associated with Bregnsted and Lewis acid sites respectively. This
indicates that strong Brensted (=Al-OH-Si=) sites and Lewis acid
sites are present in the H-Si/Al-BOG sample (Fig. S13T). We quantify
the acidity of H-Si/Al-BOG by the catalyst poisoning method using
pyridine as the probe molecule.*® The intercept of x-axis of the plot

This journal is © The Royal Society of Chemistry 2020
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between i,i-lactide yield (%) and the amount of pyridine added
(Fig. S147), provides the concentration of the acidic sites, which is
found to be 251.3 umol g .

Zeolites have demonstrated shape selectivity for the synthesis of
the optically pure r,t-lactide from t-lactic acid.*” The BOG structure
has interconnected 12- and 10-ring channels and Brensted acid
sites, which is ideal for the direct conversion of concentrated
aqueous L-lactic acid to L,i-lactide. Fig. 3 shows the comparison of
the catalytic performance of H-form of the Si/Al-BOG zeolite with
several commercially available zeolites at a reaction time of 4 h at
144 °C in o-xylene. The results in Fig. 3 show that the acidic form of
the H-Si/Al-BOG zeolite exhibits higher total conversion and higher
yield and selectivity for 1,-lactide than the commercial ZSM-5
zeolite (CBV3024E, Si/Al = 15), and substantially higher than
Beta (CP811, Si/Al = 12.5) and MOR zeolites (CBV20A, Si/Al = 10).
Thus, the aluminosilicate form of BOG shows potential as a zeolite
catalyst for the transformation of biomass-derived platform mole-
cules. Meanwhile, the recycling performance in Fig. S157 shows
that the catalyst retained most of the catalytic activity after five
cycles of reaction. Fig. S161 shows that the catalytic performance of
H-S.,-SI/AI-BOG is comparable with H-Si/AI-BOG. Fig. S17f
provides a demonstration of quantification of the products using
"H-NMR. The pore structure of the boggsite formed by 12 x 10-ring
pore channels, together with the improved synthesis method opens
new opportunities for the use of aluminosilicate BOG in catalysis.

Conclusions

In conclusion, we have shown in this work the possibility to
directly synthesize the aluminosilicate form of boggsite in the
absence of OSDAs. This result is not only of fundamental
interest, but it opens practical opportunities for industrial

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

application of this exciting zeolite structure that combines large
and medium pores in the structure. When compared with
conventional H-beta and H-ZSM-5 zeolite catalysts, the acidic
form of H-Si/Al-BOG exhibits higher conversion of r-lactic acid
and higher selectivity for r,.-lactide.
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