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Abstract: The incorporation of metal heteroatoms into zeolites is an effective modification strategy for
enhancing their catalytic performance. Herein, for the first time we report a generalized methodology
for inserting metal heteroatoms (such as Sn, Fe, Zn, and Co) into the layered zeolite precursor
RUB-36 via interlayer expansion by using the corresponding metal acetylacetate salt. Through this
generalized methodology, Sn-JHP-1, Fe-JHP-1, Zn-JHP-1 and Co-JHP-1 zeolites could be successfully
prepared by the reaction of RUB-36 and corresponding metal acetylacetate salt at 180 ◦C for 24 h
in the presence of HCl solution. As a typical example, Sn-JHP-1 and calcined Sn-JHP-1 (Sn-JHP-2)
zeolite is well characterized by the X-ray diffraction (XRD), diffuse reflectance ultraviolet-visible
(UV-Vis), inductively coupled plasma (ICP), N2 sorption, temperature-programmed-desorption of
ammonia (NH3-TPD) and X-ray photoelectron spectroscopy (XPS) techniques, which confirm the
expansion of adjacent interlayers and thus the incorporation of isolated Sn sites within the zeolite
structure. Notably, the obtained Sn-JHP-2 zeolite sample shows enhanced catalytic performance in
the conversion of glucose to levulinic acid (LA) reaction.

Keywords: RUB-36 zeolite precursor; interlayer expansion; metal heteroatoms; isolated metal species

1. Introduction

Zeolites are considered as one of the most important porous catalysts in the process of industrial
production due to their crystalline structures, large surface area, excellent stability and uniform pore
channels [1–3]. Generally, the introduction of metal heteroatoms into zeolites is an effective modification
approach for tuning their functionality [4–6]. Therefore, zeolites with metal heteroatoms are capable
of fulfilling the practical requirements of catalytic application, and thus have attracted increasing
attention in the past years [7–9]. For example, Hong et al., obtained Fe-UZM-35 zeolite catalyst by
ion-exchange methodology, and this zeolite catalyst exhibited excellent low-temperature selective
catalytic reduction (SCR) activity [10]; Wu et al., synthesized Sn-Beta by interzeolite conversion from
Sn-ITQ-1, which demonstrated remarkable potential in various biomass conversion reactions [11];
Wang et al., reported the RhMn@S-1 catalysts that exhibit high efficacy for the C2-oxygenates production
from syngas [12].

Layered zeolites precursor, such as MWW, PREFER and RUB-39, would be a typical class of
microporous zeolites after high-temperature calcination, which also plays a critical role in the industrial
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applications [13–15]. Recently, the interlayer expansion reaction has been reported as a new and efficient
methodology for synthesis of novel zeolites by the treatment of the above zeolites precursor [16–18].
Dichlorodimethylsilane (DCDMS) or diethoxydimethysilane [Me2Si(OEt)2], as interlayer expansion
agents, provide an Si source for the interlayer space with the replacement of the organic structure
directing agent (OSDA). Notably, the insertion of Si atoms increases the pore size of the original
samples. For examples, Gies et al., obtained a new microporous structure named as COE-2 through
the interlayer expansion of layered zeolite precursor RUB-39 [19]; Tatsumi et al., prepared a novel
titanosilicate catalyst, which exhibited extraordinary catalytic ability, from a Ti-MWW precursor via
the interlayer expansion method [20].

RUB-36, discovered by Gies et al., is a layered silicate zeolite precursor [21]. After the calcination
of RUB-36 zeolite precursor at high temperature, RUB-37 zeolite with the CDO-type structure could be
successfully obtained [22]. Notably, the substitution of Al and Ti for Si in the zeolite structure has been
reported, and thus gives an active microporous catalyst [22,23]. For example, Yilmaz et al., reported a
new aluminosilicate via the interlayer expansion reaction using Al-RUB-36, which exhibited excellent
catalytic activity. Recently, Dirk E. De Vos et al., found a new interlayer expansion agent, Fe chloride,
as a replacement of DCDMS, to fill the linking sites between the layers [24,25]. As a result, the insertion
of Fe in the zeolite structure was successful via the interlayer expansion reaction for the first time.
However, the insertion of other metal heteroatoms, such as Sn and Co, in the zeolite framework by this
method is still unclear.

More recently, we have reported the interlayer expansion of the COK-5 zeolite by using an Sn
salt, bis(2,4-pentanedionate)-dichlorotin [Sn(acac)2Cl2] [26]. Very interestingly, the obtained sample,
containing tin species, was catalytically active. The successful synthesis of Sn-containing zeolites by
the interlayer expansion reaction is potentially significant for catalytic applications.

Herein, we report a generalized methodology for the insertion of heteroatoms (such as Sn, Fe, Zn,
and Co) into a layered zeolite precursor RUB-36 by interlayer expansion. RUB-36 zeolite precursor,
as a 2D lamellar precursor, is treated individually with Sn(acac)2Cl2, iron acetylacetonate [Fe(acac)3],
bis(2,4-pentanedionato)zinc [Zn(acac)2], and cobalt acetylacetonate [Co(acac)2] at 180 ◦C for 24 h, and
thus forms the products of Sn-JHP-1, Fe-JHP-1, Zn-JHP-1, and Co-JHP-1 respectively. As a typical
example, the obtained Sn-JHP-1 zeolite and calcined Sn-JHP-1 (Sn-JHP-2) are investigated in detail.

Various characterizations, including X-ray diffraction (XRD), inductively coupled plasma (ICP),
diffuse reflectance ultraviolet-visible (UV-Vis) spectroscopy, X-ray photoelectron spectroscopy (XPS) and
temperature-programmed-desorption of ammonia (NH3-TPD) techniques, confirm the incorporation
of isolated Sn sites in the zeolite structure. Very importantly, the obtained Sn-JHP-2 zeolite after the
high temperature calcination displays excellent catalytic performance in the conversion of glucose to
levulinic acid (LA) reaction.

2. Results and Discussion

Figure 1 shows the schematic diagram of the topological conversion of layered RUB-36 to RUB-37
zeolite, layered Sn-JHP-1 and Sn-JHP-2 zeolite. After calcination of the OSDA (dimethyldiethyl
ammonium cation) and thus the condensation of silanol between the neighboring layers, the CDO
type zeolite (RUB-37) can be obtained. In addition, layered Sn-JHP-1 is synthesized by insertion of Sn
species through interlayer expansion reaction, which creates a novel material with catalytically active
sites linking the layers. Moreover, the condensation product is denoted as Sn-JHP-2 zeolite.

Figure 2 shows the XRD patterns of RUB-36, RUB-37, Sn-JHP-1, and Sn-JHP-2 samples. The first
peak in the XRD pattern of RUB-36 (Figure 2a) is at about 8.14◦, whereas the following treatment with
Sn(acac)2Cl2 gives Sn-JHP-1 (Figure 2c) with the first peak at about 7.56◦, indicating the increase in
the interlayer distance, which is attributed to the insertion of Sn sites between the neighboring layers.
In contrast, the first peak of RUB-37 shifts to 9.76◦ (Figure 2b), indicating the condensation of silica
species between the layers due to the removal of the OSDA. This phenomenon was similarly observed
for Sn-JHP-1 (7.56◦, Figure 2c) and Sn-JHP-2 (7.90◦, Figure 2d). Moreover, the first peak of Sn-JHP-2
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zeolite exhibits a smaller shift than that of the RUB-37 zeolite, confirming the connectivity between the
Sn and the zeolite framework. From the ICP data, the Si/Sn ratio was determined to be 160, as shown
in Table 1.Crystals 2020, 10, x 3 of 10 
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Table 1. Parameters of the samples.

Sample BET Surface Area (m2g−1) Micropore Volume (cm3g−1) Si/Sn

RUB-37 288 0.12 ∞

Sn-JHP-2 362 0.17 160
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Figure 3 gives the SEM images of RUB-36, RUB-37, Sn-JHP-1, and Sn-JHP-2 samples. All of the
samples present similar morphology. Therefore, it could be concluded that the treatment does not
affect the morphology of the sample.
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Figure 3. SEM images of (a) RUB-36, (b) RUB-37, (c) Sn-JHP-1 and (d) Sn-JHP-2.

Figure 4 displays the N2 sorption isotherms of (a) RUB-37 and (b) Sn-JHP-2, which gives the
related parameters, as shown in Table 1. Very interestingly, Sn-JHP-2 exhibits larger BET surface
area (362 m2g−1) and micropore volume (0.17 cm3g−1) than that of RUB-37 (288 m2g−1, 0.12 cm3g−1),
validating the interlayer expansion successfully.
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Figure 4. N2 sorption isotherms of (a) RUB-37 and (b) Sn-JHP-2.

Figure 5 shows the UV-Vis spectra of (a) RUB-37, (b) Sn-JHP-1 and (c) Sn-JHP-2. From Figure 5,
the obvious peaks in the RUB-37 sample are not observed due to the fact that no Sn is present. On the
contrary, both Sn-JHP-1 and Sn-JHP-2 samples contain one major peak at approximately 240 nm.
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This phenomenon is reasonably assigned to isolated tin species in the samples, in good agreement
with the reported literatures [26,27].
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Figure 6 shows the Sn 3d5/2 and 3d3/2 spectrum of the Sn-JHP-2, giving the binding energies of
486.9 eV and 495.7 eV respectively, which are clearly higher than the binding energies of the SnO2

crystals (485.8 eV and 494.4 eV) [28,29]. This result confirms the insertion of isolated Sn sites between
adjacent interlayers.
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Figure 7 shows the temperature-programmed-desorption of ammonia (NH3-TPD) curves of
(a) RUB-37 and (b) Sn-JHP-2. Obviously, Sn-JHP-2 has higher acid content than that of RUB-37 owing
to the contribution of Sn species in the zeolite (Si/Sn = 160). Thus, the Sn-JHP-2 with more acidic sites
would be helpful for the catalytic performance.
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Furthermore, the catalytic performance of RUB-37 and Sn-JHP-2 are tested by the conversion
of glucose to levulinic acid (LA) reaction [30,31]. Generally, the transformation of glucose to LA
is catalyzed by Bronsted- and Lewis-acid sites of the materials, and the ionic liquid media could
retain the stability of acidic sites of the materials in the process of reaction, which has been widely
reported in the literature [32,33]. In the process of reaction, the RUB-37 gives very low LA yields
(1.3%) due to the absence of acidic sites. In contrast, the LA yields increase to 61.3% when Sn-JHP-2
is employed. The isolated Sn sites connected with the zeolite framework are hence considered to
be catalytically active sites, giving the excellent catalytic performance. This performance is also
remarkable compared with that of other catalysts such as boric acid (42%) [34], Al2O3 (49.7%) [35]
and tin phosphate (58.3%) [36]. The above catalyst is also analyzed after reaction, which is named as
Sn-JHP-2-r. The XRD pattern of Sn-JHP-2-r (Figure S1) shows that the sample still exists as a perfect
zeolite structure. ICP analysis displays that the Si/Sn ratio of Sn-JHP-2-r is at about 167, suggesting no
Sn species loss in the catalyst after reaction.

Similarly, Zn-JHP-1, Fe-JHP-1, and Co-JHP-1 samples are also successfully synthesized via the
same method, confirming its universality of insertion metal heteroatoms into the layered zeolite
precursor RUB-36 by interlayer expansion. Figure 8 shows the XRD patterns and UV-Vis spectra of
(a) Zn-JHP-1, (b) Fe-JHP-1 and (c) Co-JHP-1. All of the as-synthesized samples exhibit peaks with
lower angles (approximately 7.6◦) in their XRD patterns than that of the RUB-36 sample, which are
also caused by the insertion of the metal species between the neighboring layers. Correspondingly,
the UV-Vis spectra of all of the samples further confirm the insertion of heteroatoms (Zn, Fe, and Co) in
the zeolite framework, in good agreement with the results reported in the recent literature [24,36–40].
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3. Materials and Methods

3.1. Materials

The following chemicals were utilized: iron acetylacetonate (AR, Aladdin Chemistry
Co., Ltd. Shanghai, China), bis(2,4-pentanedionato)zinc (AR, Aladdin Chemistry Co., Ltd.
Shanghai, China), cobalt acetylacetonate (AR, Aladdin Chemistry Co., Ltd. Shanghai, China),
bis(2,4-pentanedionate)-dichlorotin (AR, Aladdin Chemistry Co., Ltd. Shanghai, China), and
hydrochloric acid (AR, Sinopharm Chemical Reagent Co., Ltd. Shanghai, China). RUB-36 zeolites
were supplied by BASF SE. All the chemicals were used directly without further purification.

3.2. Synthesis

In a typical example for synthesis of Sn-JHP-1 and Sn-JHP-2, 0.2 g RUB-36 zeolite, 10 mL HCl
(0.7 M) and 0.026 g Sn(acac)2Cl2 were stirred for 4 h at room temperature. The mixture was then
transferred into a stainless steel reaction vessel, sealed and heated at 180 ◦C for 24 h. After filtration
and drying, the white power could be obtained, which was named as Sn-JHP-1. After the calcination
at 550 ◦C for 5 h, the final product could be obtained, which was named as Sn-JHP-2.

The typical examples for synthesis of Zn-JHP-1, calcined Zn-JHP-1 (Zn-JHP-2), Fe-JHP-1,
calcined Fe-JHP-1 (Fe-JHP-2), Co-JHP-1 and calcined Co-JHP-1 (Co-JHP-2) are shown in the
supporting information.

3.3. Methods

XRD data were measured at room temperature with a Rigaku Ultimate VI X-ray diffractometer
(40 kV, 40 mA) using CuKα (λ = 1.5406 Å) radiation. SEM experiments were carried out on Hitachi
SU-8010 electron microscopes. The sample composition was determined by ICP with a Perkin-Elmer
3300DV emission spectrometer. UV-Vis analysis, using BaSO4 as the internal standard sample,
was performed on a Perkin-Elmer Lambda 20 spectrometer. XPS data were measured using a Thermo
ESCALAB 250 with Al K irradiation at θ = 90◦ for the X-ray source, and the binding energies
were measured by using the C 1s peak at 284.9 eV. N2 sorption experiments were performed on a
Micromeritics TriStar II at −196 ◦C.

3.4. Catalytic Test

As a typical run for an NH3-TPD test, the catalyst (0.1 g, 40–60 mesh) was treated at 400 ◦C in a He
flow for 60 min, followed by the adsorption of NH3 at 100 ◦C for 60 min. After saturation, the catalyst
was purged by He flow for 30 min. Then, desorption of NH3 was carried out from 100 to 700 ◦C with a
heating rate of 10 ◦C/min.

As a typical run for a catalytic test, 1 mmol of glucose, 1.5 g of 1-ethyl-3-methylimidazolium
chlorine (EMIM+Cl−) and 30 mg of Sn-JHP-2 samples were added, and mixed and stirred together at
110 ◦C for 2 h. Following extraction, the product was identified according to the known standards and
analyzed by gas chromatography.

4. Conclusions

In summary, we have demonstrated a generalized methodology for the insertion of metal
heteroatoms into a layered zeolite precursor RUB-36 by interlayer expansion. Through this
methodology, Sn-JHP-1, Fe-JHP-1, Zn-JHP-1 and Co-JHP-1 zeolites are successfully synthesized.
Various characterization techniques confirm the isolated metal species (Sn, Fe, Zn, and Co) within the
zeolite framework. The insertion of metal heteroatoms leads to a novel zeolitic structure and broadens
catalytic functionality of layered silicates. This generalized methodology for the insertion of metal
heteroatoms into a layered zeolite precursor by interlayer expansion is described in this work and
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thus the obtained zeolite samples have significant potential applications for industrial catalysis in the
near future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/6/530/s1,
Synthesis of Zn-JHP-1, calcined Zn-JHP-1 (Zn-JHP-2), Fe-JHP-1, calcined Fe-JHP-1 (Fe-JHP-2), Co-JHP-1 and
calcined Co-JHP-1 (Co-JHP-2); Figure S1: XRD pattern of Sn-JHP-2-r.
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