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Abstract 

Sn- zeolite is an active material for the isomerization of glucose to fructose, which is 

one of the critical reactions for the valorization of biomass. The material is synthesized 

either by a top-down or bottom-up approach66. In this work, we use a top-down 

approach for the synthesis of Sn- tin atoms into the *BEA 

framework. As compared to the literature, we replace the process of manual grinding 

with the use of ball milling to make the process reproducible, flexible, and scalable. 

The primary focus of this work is to investigate the processes occurring during the 

synthesis by a variety of characterization tools. These techniques include 

thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS), X-ray 

absorption spectroscopy (XAS), physisorption, X-ray diffraction (XRD), and 

chemisorption monitored by Fourier-transform infrared spectroscopy (FTIR). The 

synthesis is followed by characterizing the material at various stages of synthesis. 

Finally, the materials are tested for the isomerization of glucose to fructose to assess 

the chemical nature of Sn-  The results of this investigation provide several 

insights into the mechanochemical process for the incorporation of atoms in a zeolite 

framework. For instance, the importance of the size of precursors, distribution of Sn 

atoms during synthesis, and chemical changes occurring during milling are highlighted. 

These insights could produce a blueprint for the synthesis of a variety of solid catalysts. 
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1. Introduction 

Mechanochemistry is a field of chemistry that deals with reactions under the influence 

of mechanical energy. Historically, in 1919 Ostwald coined the term mechanochemistry 

as a part of the chemical systematics together with thermochemistry, photochemistry, 

and electrochemistry. Though the first mechanochemical reaction is hard to trace,1 

Ostwald's inclusion of the term in his work marked the beginning of mechanochemistry 

as a new branch in chemistry. The current definition of mechanochemistry, as given 

by the IUPAC, is "a chemical reaction that is induced by the direct absorption of 

mechanical energy." This definition highlights the essential aspect of 

mechanochemistry, which is the activation of a substance that occurs due to the 

mechanical forces. The activation generally occurs in a microscopic environment at 

the site of collision within a fraction of seconds. This activation can result in various 

reactions with sufficient time and under suitable conditions. Mechanochemistry is 

currently receiving a high level of attention due to its ability to perform reactions under 

robust, scalable, and benign conditions. In materials science, this allows the 

development of new methods for phase transformations, nanoparticle formation, alloy 

formation, and ion exchange, to name a few.2 Most of the early mechanochemical 

reactions in the field of solid catalyst development were performed by grinding solid 

materials together to form new compounds. Ion exchange or solid-state incorporations 

can be considered as the direct descendants of these reactions.  

 Incorporation of metal ions into a zeolite framework can be used to tune the 

properties of the host framework for desired reactions.3-5 Sn-  zeolite, which catalyzes 

the isomerization of glucose via its Lewis acid sites, is one such example.6 Besides 

isomerization, Sn- a catalyst for dehydration, retro-aldol reactions, 

reduction (MPV), and Baeyer-Villiger oxidation 

reactions.3, 7-9 Several methods have been developed for the synthesis of Sn- , which 

can be broadly classified into two classes, post-synthesis strategies (top-down) and 

hydrothermal methods (bottom-up).7, 10-13 Moliner et al. demonstrated the hydrothermal 

synthesis of Sn- 6 The 

synthesis was performed via a bottom-up approach by introducing Sn salts in the 

synthesis mixture before the hydrothermal step. Thermochemical post-synthetic 

methods are one of the top-down pathways used for the incorporation of cations into 

the zeolite frameworks. The synthesis is usually performed with solvents, where 

hydrolysis of the precursor and its subsequent insertion are the two main mechanistic 



3 
 

steps of the synthesis. In the case of Sn- dealuminated beta zeolite acts as a host 

framework that incorporates the Sn cations following a thermochemical treatment.14 

Several groups have studied the effect of pore topology and parameters on these 

methods.15 Recently, Bates et al. studied the reactivity of Sn substituted zeolites for a 

variety of zeolite frameworks. A vital feature of this work is that it discusses the various 

hypotheses revolving around the nature of Sn active sites.7 In addition to Sn, several 

other metals can be inserted in a zeolite framework such as Hf, Ti, Ge, and Zr.5, 16 The 

resulting Lewis acid zeolites are essential catalysts for biomass conversion.17 

Hammond et al. demonstrated the mechanochemical synthesis of Sn-

2012.18 The procedure they reported involves two steps, first grinding of dealuminated 

beta zeolite and Sn(CH3COO)2, and second, heat treatment of the composite. The 

group characterized the final material in detail to identify the nature of Sn incorporated 

in the framework.18, 19 The reported method creates uniformly distributed Sn sites in 

the framework and also some SnO2 nanoparticles. This solid-state metal incorporation 

performed under the influence of mechanical forces offers various advantages, such 

as eliminating the need for solvents.18 We modified this approach by using ball milling 

instead of manual grinding. The use of milling makes the synthesis scalable, flexible, 

and reproducible by reducing manual errors. Moreover, parameters like energy 

transfer and temperature can be monitored closely to facilitate the scale-up of the 

synthesis process.20 The reports in the literature on Sn- focus primarily on 

characterizing the active sites due to the complexity in the coordination environment. 

For most of these reports, samples were synthesized thermochemically, and so the 

correlation between synthesis parameters and the final active site provides information 

on the mechanism for only these methods.21, 22 The studies that report solid-state 

methods for syntheses provide very little information on the mechanism of the 

synthesis, and in most cases, only the final states are characterized.19 Therefore, in 

this work, we have investigated the details of solid-state incorporation of Sn into beta 

zeolite.  

Furthermore, there are also questions concerning the possible fit of the tin-ions 

in the zeolite framework. The synthesis reported in literature uses the Sn2+ cation 

(Sn(CH3COO)2), which has a radius of 118 pm.23 This large cation cannot fit in the 

framework of beta zeolite based on the radii of the host framework ions (size of Si4+ is 

40 pm, and Al3+ is 53 pm). Hence, it was speculated that the thermal treatment might 

lead to oxidation of the Sn2+ to Sn4+, which could permit the incorporation of Sn into 
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the framework - the size of Sn4+ is 69 pm. This is still large for isomorphous 

incorporation into the beta framework, with a coordination number of 4. However, 

several reports have proposed that water molecules are coordinated on the Sn to 

increase its coordination number and permit the Sn to fit inside the framework. The 

sizes quoted here are based on a fixed sphere model with oxide or fluoride anions and 

are thus not fully adequate for predicting the substitution behavior of atoms.24 

Therefore, these numbers should be used only as first approximation rules for 

substitution. However, considering these limitations, the size of Sn2+ is still too large 

for framework substitution. On the other hand, the size of Sn4+ might be small enough 

to allow insertion into the framework. One would thus expect that Sn4+ compounds 

would be better choices for incorporation, and the resulting materials should have 

higher activity for the isomerization reaction. Interestingly, our first experiments had 

revealed that the material synthesized with Sn(CH3COO)4 shows no activity for glucose 

isomerization even after increasing the shaking frequency and time for milling. 

Therefore, it was important to study in some more detail the processes occurring during 

synthesis, which could include hydrolysis, precursor dispersion, oxidation of Sn cation, 

and coordination of Sn with the beta zeolite. The investigation is carried out by 

characterizing the material at various stages of the synthesis with thermogravimetry, 

sorption analysis, XAS, XRD, and FTIR spectroscopy.  

 

2. Experimental Section 

2.1 Materials 

Ethanol (EtOH, 99.8%,), methyl isobutyl ketone, acetone, N,N-dimethylformamide, 

glucose, acetone-d6, hydrochloric acid, Sn(II)acetate (Sn(CH3COO)2), Sn(IV)acetate 

(Sn(CH3COO)4), Sn(IV)chloride (SnCl4.5H2O), D-(+)-glucose, and tetraethoxysilane 

(TEOS, 98%) were purchased from Sigma Aldrich (Merck). Tetraethylammonium 

hydroxide (TEAOH, 40 % solution in water, Alfa Aeser), nitric acid (HNO3), ammonium 

hydroxide (25 wt %, VWR), and hydrofluoric acid (HF, aqueous, 40 %, Acros) was 

purchased from various companies as specified. All chemicals were used as received 

without further purification. Beta zeolite (H- with a Si/Al ratio of 35 was obtained from 

Südchemie (now Clariant).  

 

2.2 Synthesis 

2.2.1 Dealumination of H-  
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In a typical synthesis, 5 g of H- 3 and refluxed 

at 80 °C for 8 h. After 8 h, the material was washed with water and centrifuged several 

times at 9000 rpm. The washing procedure was repeated until the pH of the 

supernatant solution was 7. The precipitate was dried in an oven at 90 °C to obtain the 

dealuminated beta zeolite (De- as 

performed with conc. HCl ((Cl)De-

reported above for conc. HNO3. 

 

2.2.2 Synthesis of Sn-  

Table 1 describes the various types of materials synthesized by ball milling. In a typical 

process, the De-

it was charged into a tungsten carbide (WC) milling jar (25 mL). An adequate amount 

of Sn precursor (e.g., 50 mg) and three 12 mm WC milling balls were added to the jar. 

The jar was then mounted on a shaker mill (Retsch MM400) and milled for the required 

time and with a fixed frequency. Further, the sample was heat-treated in an oven at 

550 °C for 5 h (ramp rate 2 °C min-1). The parameters that were changed from the 

standard procedure (milling time of 20 min, shaking frequency of 10 Hz and heat 

treatment at 550 °C for 5 h) are indicated in the name of the sample. 

<Table 1> 

 

2.3 Characterization 

 Light scattering experiments were carried out on a Zetasizer® ZS Malvern® 

instrument for the determination of particle size. Typically, for particle size 

measurements (dynamic light scattering measurements), 2-5 mg mL-1 of the sample 

was dispersed in water and measured in disposable 3 mL cuvettes. All measurements 

were performed in triplicates.  

 SEM micrographs and SEM-EDX mappings were recorded on a Hitachi S-5500, 

ultra high resolution scanning electron microscopy with a point resolution of 4 Å at 30 

kV acceleration voltage. Bulk EDX measurements were performed on a Hitachi S-

3500N electron microscope.  

 Physisorption measurements were carried out on a Micromeritics 3Flex 

instrument. Before the analysis, materials were activated under vacuum for at least 10 

h at 300 °C. External specific surface areas and micropore volumes were determined 

from t-plots, using the Micromeritics 3Flex software package. 
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 Thermogravimetric analysis coupled with mass spectrometry (TG-MS) was 

carried out on a Netzsch STA 449 F3 Jupiter thermal analysis instrument connected to 

a Netzsch QMS 403 D Aëolos mass spectrometer. Approximately 5 mg of sample was 

heated in 40 mL min-1 gas flow (argon or synthetic air) with an additional protective 

flow of 20 mL min-1 of argon. The heating rate was 10 °C min-1 for a temperature range 

of 50-900 °C. Mass spectra were collected in scan mode. 

 FTIR spectra were recorded using a Nicolet iS50 FTIR spectrometer equipped 

with an MCT detector (128 scans at 4 cm-1 resolution). Self-supported wafers (ca. 10 

mg cm 2) of selected samples were activated under vacuum (10-3-10-4 mbar) at 450 °C 

for 4 h. Then, pyridine (3 mbar) was adsorbed at 150 °C for 20 min. Thereafter, 

desorption was carried out at 150 °C for 20 min. The following bands and integrated 

molar extinction coefficients were used for quantification: a) samples containing 

aluminum25- Brønsted acid sites at 1545 cm-1 and  = 1.67 cm mol-1, Lewis acid sites 

at 1455 cm-1 and  = 2.22 cm mol-1 and b) samples containing tin26 - Brønsted acid 

sites at 1545 cm-1 and  = 1.67 cm mol-1, Lewis acid sites at 1452 cm-1 and  = 1.42 

cm mol-1. For acetonitrile, self-supported wafers (ca. 10 mg cm 2) of selected samples 

were activated under vacuum (10-3-10-4 mbar) at 450 °C for 4 h. The measurements 

were conducted at r.t. by dosing an adequate amount of CD3CN until saturation of the 

sample was achieved. Spectra were recorded after each dose, and after 20 min of 

desorption under vacuum. All FTIR measurements were performed in transmission 

mode. 

 XRD data were measured with a Stoe STADI P transmission diffractometer in 

Debye Scherrer geometry. The instrument was equipped with a bent primary 

germanium monochromator allowing measurements with monochromatic CuK  

radiation. Diffracted intensities were recorded with a position-sensitive detector (PSD) 

made by Stoe. The PSD enables simultaneous recording of a

were measured in 0.7 mm borosilicate glass capillaries (wall thickness 0.01 mm) as 

dry powders. 

  Diffuse reflectance UV-Vis spectra of solid samples were recorded on a 

PerkinElmer Lambda 365 spectrophotometer equipped with an integrating sphere. 

BaSO4 was used as a reference.  
 1H-NMR spectra of molecules in solution were measured at r.t. on an AV-300 

spectrometer from Bruker. Chemical shifts are reported in parts per million (ppm) with 

the solvent residual peak as the internal standard. For solvent suppressed NMR, the 
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WET pulse sequences were used to suppress the solvent signals of acetone, water, 

and MIBK.    

119Sn MAS NMR spectra were recorded on a Bruker Avance III HD 500WB 

spectrometer using a double-bearing MAS probe (DVT BL4) at a resonance frequency 

of 186.4 MHz. The spectra were measured by applying a Hahn-echo sequence with a 

-pulse of 3.05  

High-power proton decoupling (tppm) was applied. At a recycle delay of 15/30 s 

between 3,200 and 16,000 scans were accumulated. The spectra were referenced with 

respect to Si(CH3)4 using SnO2  ppm). 

 Sn K-edge XAFS studies were performed on the P64 beamline for advanced X-

ray absorption spectroscopy at DESY PETRA III (Hamburg, Germany).27 The X-ray 

beam was generated from an undulator and introduced through a Si(311) double-

crystal fixed-exit monochromator. Sample powders were ground with cellulose for 

dilution and pressed into 13 mm diameter pellets. All pellets were measured in 

transmission and fluorescence mode simultaneously using ion-chamber detectors and 

a passivated implanted planar silicon (PIPS) detector, respectively. The energy scan 

range was 29.0 to 30.2 keV with a resolution of 0.4 eV step-1. The spectrum of each 

sample was measured three times and merged to improve the signal-to-noise ratio. 

The energy shift was calibrated using a standard Sn foil. Data were processed using 

Athena and Artemis software.28 The amplitude reduction factor S02 was calculated from 

EXAFS analysis of the Sn foil and used as a fixed parameter for EXAFS fitting. 

 XPS measurements were performed with a spectrometer from SPECS GmbH 

equipped with a PHOIBOS 150 1D-DLD hemispherical energy analyzer. The 

monochromatized Al K  X-ray source (E=1486.6 eV) was operated at 15 kV, 200W, 

and 14 kV, 100W. For the narrow scans, pass energies of 20 and 50 eV were applied. 

The medium area mode was used as lens mode. The base pressure during the 

experiment in the analysis chamber was 5 x 10-10 mbar. To account for charging 

effects, all spectra were referenced to Si 2p at 103.5 eV. 

 

3. Results and discussion 

The overall process for synthesis is shown in Figure 1. It consists of three steps; first, 

the dealumination of commercial H- , second the solid-state incorporation by 

mechanical forces, and third a heat treatment to obtain the final Sn-  material.  
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<Figure 1> 

 Dealumination was carried out with conc. HNO3, by an approach that was 

adapted from the literature.29,30,31 50 mg mL-1 zeolite (H-  was suspended in conc. 

HNO3 and refluxed overnight. The material was thoroughly washed with water and 

subsequently dried in an oven at 90 °C (De- The dealumination is required for two 

reasons, (a) to create silanol nests in the structure by creating empty T-sites and (b) to 

reduce the Brønsted and Lewis acidity of the zeolite arising from the aluminum. The 

increase in silanol density was confirmed by the FTIR spectra shown in Figure 2a. H-

hydroxyl stretching bands ( OH) at 3782, 3736, 3669, and 3609 cm-1 

ascribed to the presence of low acidity hydroxyl groups bonded to extraframework 

aluminum such as AlOOH species, terminal silanols, Al-OH groups where the Al is 

partially attached to the framework (one or two chemical bonds) and acidic bridging Si-

OH-Al groups, respectively.32, 33 After dealumination, broad bands around 3520 cm-1 

can be assigned to the hydrogen-bonded hydroxyl groups due to the presence of 

defects sites (silanol nests).33, 34 The disappearance of bands associated with Al 

species (3782, 3669 and 3609 cm-1) and the appearance of the band at 3520 cm-1 (De-

- -nh) confirms that the dealuminated process was performed 

successfully. Integrated molar extinction coefficients are affected by the presence of 

H-bonding interactions; thus, no fully quantitative information can be derived from 

these spectra. However, semi-quantitative information on the population of silanols is 

accessible. The samples were activated under vacuum at 250 °C to eliminate the 

physisorbed water in the materials and measured at room temperature (r.t). The 

absence of the bending vibration band at 1630 cm-1 ( OH) confirmed the removal of 

excess water.35 The silanol population of the materials was semi-quantitatively 

compared by the area under the silanol bands ( OH), as described in Table S1. From 

these results, it is inferred that the De- - -nh contain a similar amount 

of silanol groups, which decreases substantially with the incorporation of Sn. Similar 

trend was also obtained by TG analysis (Table S1) by determining the silanol content, 

which were partially based on the Zhuravlev model.36 The silanol amount in De-

Sn- -0.2 was ca. 3.6 mmol g-1 and 1.6 mmol g-1, respectively. A decrease in silanol 

intensity was also observed for Sn- -0.2 as compared to the De-  in their 

corresponding FTIR spectra. This decrease may indicate that the Sn occupies the 

empty T-sites within the De- the re-condensation of the framework. 
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Alternatively, the reduction might also be due to the thermal treatment used in the 

synthesis of Sn- -0.2, which could lead to dehydroxylation. 

 To assess the effects of milling on the structural properties of the zeolite, the 

beta zeolite (H-  was subjected to mechanical forces with varying milling frequencies. 

Dynamic light scattering (DLS) was used to analyze the hydrodynamic sizes of the 

samples subjected to these forces. Figure 2b shows the particle size distribution of 

the samples measured for their suspension in water (3 mg mL-1). A frequency of 10 Hz 

causes minimal changes in the particle size distribution, whereas 20 Hz reduces the 

particle size extensively, leading to a bimodal particle size distribution. The energy 

transferred during milling at 10 Hz is not high enough to cause severe changes in 

particle size, as seen by the DLS experiments, which is in agreement with the 

simulation studies conducted using discrete-element methods (DEM).37-41 The aim 

here was to preserve the particle shape of zeolites; therefore, a frequency of 10 Hz 

was chosen for the solid-state incorporation. The influence of milling (10 Hz) on the 

particle size distribution of De- alyzed by DLS (Figure S2), which shows 

that the changes are minimal. 

 Milling may be capable of creating more defect sites (silanol nests), which could 

be beneficial for the synthesis. Therefore, De-  was milled at 10 Hz for 20 min and 

analyzed by FTIR to probe the changes occurring in the distribution of silanol groups. 

However, the FTIR spectrum of De- (De- -nh) 

showed minimal changes, which was also corroborated by TG analysis (Table S1). 

The differences were insignificant to indicate any changes in the total silanol content; 

however, a slight increase in the terminal silanol content was seen in the FTIR 

spectrum (Figure 2a).  

<Figure 2> 

The second step in the process is the most important one, which is the 

solid-state incorporation of the metal ions into the framework. The process is described 

in detail in the experimental section. The materials are named based on the amount of 

precursor added in the milling jar. For instance, the material synthesized with 50 mg of 

Sn(CH3COO)2 is named "Sn- -0.2", as 0.2 mmol g-1 of Sn is added. A "*" is added to 

the name when Sn(CH3COO)4 was used instead of Sn(CH3COO)2 for the synthesis. 

Appropriate suffixes are added to the names when parameters of the standard 
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synthesis were varied or omitted, which are tabulated in the experimental section 

(Table 1). 

 Thermogravimetric analysis of a physical mixture (suffixed with _0min-nh) and 

right after milling for 20 min (suffixed with "_nh" as it is the state before heat treatment) 

was carried out, as shown in Figure 3. After milling, the exothermic peak of 

decomposition for both precursors shifts towards higher temperatures as compared to 

their corresponding physical mixtures.  

<Figure 3> 

 The shift in the peak temperature for Sn(CH3COO)2 (38 °C) is higher than that 

for the Sn(CH3COO)4 (16 °C). The shift could be attributed to the thermal stabilization 

offered by the zeolite framework, and the difference in the shifts could be attributed to 

the difference in the dispersion of the two precursors during milling. There is ca. 0.1 

wt.% of H2O available in the milling jar based on the saturation pressure of water and 

4 wt.% of silanols (2 wt.% of H2O) present during milling. This suggests that the 

hydrolysis of the precursor may not occur effectively due to the insufficient amount of 

water. Assuming that most of the precursor does not hydrolyze during milling, the 

molecular sizes of the two Sn precursors can be obtained from their crystal 

structures.42 If precursor species diffuses as molecular units, Sn(CH3COO)2 (0.6 nm) 

would fit in the pores of the beta framework (0.7 nm) much better than the 

Sn(CH3COO)4 (1.5 nm). In the case of Sn(CH3COO)4, the molecules can then occupy 

only the defect sites and spaces larger than 1.5 nm. These spatial restrictions cause 

the difference in the shift in the peak temperatures, due to the different extent of 

thermal stabilization.   

 Furthermore, these spatial restrictions would result in differences in the spatial 

location of Sn in the final materials, which could support the argument above. The 

spatial distribution of the Sn species in the final materials after heat treatment was 

analyzed by SEM-EDX. The samples were microtomed after dispersing them in a resin, 

and the corresponding elemental maps were obtained, as shown in Figure 4.  

<Figure 4> 

 The EDX mapping for the microtomed Sn- -0.2 sample (synthesized with 

Sn(CH3COO)2) shows that the Sn is distributed uniformly in the bulk material, which 

suggests that tin occupies locations within the framework. The tin content in the 

microtomed Sn- -0.4 sample was marginally higher than Sn- -0.2, but not doubled. 
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However, the overall Sn content was doubled, as confirmed by SEM-EDX bulk 

quantification. This suggests that with ca. 0.2 mmol g-1 loading of Sn precursor, most 

of the sites within the framework are occupied, and the majority of the additional Sn 

formed SnO2 like species, outside the framework. The formation of SnO2 species was 

confirmed by spot analysis of the bright areas in the maps. The elemental mapping for 

Sn- -0.2* showed no presence of Sn in the microtomed samples. Several slices were 

examined, but Sn was not found in any of the sliced particles. The bulk-EDX mappings 

of these samples showed the presence of Sn at discrete locations, which may arise 

from the formation of SnO2 on the outer surface. Overall, the SEM-EDX analysis 

corroborates the argument that the distinct spatial distributions are caused by the 

differences in precursor dispersion. 

 Alternatively, it can be argued that the precursor dispersion may occur during 

the heat treatment step by thermal diffusion of atoms, and then the size of the precursor 

is irrelevant. During the heat treatment, the SnO2 structure starts to form at 150 °C.43 

The surface diffusion of SnO2 would begin at ca. 250 °C (Hüttig temperature), and this 

may allow the insertion of Sn from the surface into the empty T-sites of the 

framework.44 However, in such a scenario, the distribution of Sn should be similar for 

both precursors, or Sn should at least be present in the framework in detectable 

amount for Sn- -0.2*. No experimental evidence was found to support these 

statements, which suggests that the dispersion of precursors by thermal diffusion is 

minimal. Therefore, the size of precursors becomes relevant, and the dispersion of 

precursors during milling is the primary cause for the distinct spatial distributions of Sn.  

 In the case of Sn- -0.2_nh, a high mass loss (~ 8 wt.%) is seen below 200 °C, 

as compared to its physical mixture (Sn- -0.2_0min-nh). This mass loss (Figure 3) 

can be predominantly attributed to the desorption of water, based on the DSC signals 

and coupled MS spectra. The desorption of water may occur due to (a) the 

condensation of the hydrolyzed precursors or (b) arise from the desorption of water 

coordinated onto the Sn site (similar to the structure shown in Figure 1). The mass 

loss associated with the condensation of hydrolyzed Sn(CH3COO)4 should be higher 

than that for Sn(CH3COO)2, based on the stoichiometry of the hydrolysis reactions. 

However, in the case of Sn(CH3COO)4 (Sn- -0.2*_nh), the mass loss below 200 °C 

was lower than in the case of Sn(CH3COO)2. This suggests that for Sn(CH3COO)2 

(Sn- -0.2_nh), the extent of hydrolysis is higher or high amount of water is coordinated 

on the Sn site. For Sn- -0.2_nh, complete hydrolysis would result in ca. 1 wt.% loss 
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from the condensation of the hydrolyzed Sn(CH3COO)2. Therefore, a significant part 

of the 8 wt.% loss can be ascribed to the coordination of water onto the Sn site. The 

driving force for the adsorption of water could be the insertion of Sn into the framework 

that requires additional ligands to stabilize the coordination environment of the Sn 

atom. For a successful insertion of Sn2+ into the framework, it must oxidize to Sn4+ 

during milling, as discussed before in the introduction.  

 The oxidation state of the Sn species was investigated using XPS. Primarily, 

three types of samples were analyzed, before milling, after milling and after heat 

treatment. As seen in Table 2, a shift of 1 eV was seen for the Sn 3d lines compared 

to the physical mixture. The oxidation state of the milled sample and the heat-treated 

sample are similar, which suggests that potential oxidation instead occurred during 

milling, not later in the heat treatment. The ratios of Sn/Si from XPS and SEM-EDX are 

quite similar, which suggests that the Sn precursors are uniformly distributed in the 

sample. However, XPS is a surface technique that can only probe ca. 2-5 nm of the 

sample in depth. XPS can thus only give information on the oxidation state of the 

surface atoms, so the bulk Sn could still be in the Sn2+ state.  

<Table 2> 

Thus, to corroborate the results suggesting the oxidation of Sn2+ cations, X-ray 

absorption fine structure (XAFS) was used to investigate the chemical nature of Sn in 

bulk. XAFS has been shown to probe the Sn environment in zeolites adequately.45, 46 

Since the X-ray absorption near-edge (XANES) spectra of the Sn K-edge may not be 

linearly proportional to the oxidation state to provide quantitative numbers,47 the data 

will only be analyzed qualitatively. In this investigation, six samples were analyzed  

(a) before milling (suffix "_0min-nh"), (b) sample milled for 10 min (suffix "_10min-nh"), 

(c) sample milled for 20 min (suffix "_nh"), (d) heat-treated sample (no suffix) and two 

references, SnO and SnO2. XANES for all the samples are shown in Figure 5a. It can 

be seen from the edge shifts that after 10 min of milling, Sn2+ has completely oxidized 

to Sn4+. For the physical mixture, the edge shift, seen in Figure 5a, could result from 

the partial oxidation of the sample. Sn(CH3COO)2 is not a stable compound, and the 

oxidation may be caused by mere mixing with the activated zeolite, forces applied 

during pellet pressing, or by air. Nevertheless, there is a significant shift in the edge 

energies of the samples before and after milling, which confirms the fact that the 

mechanical forces result in oxidation of Sn2+ to Sn4+.  
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<Figure 5> 

 The k2-weighted Fourier-transform (FT) EXAFS of samples (without phase 

correction) is shown in Figure 5b. The first coordination shell at around 2 Å is assigned 

to the Sn-O environment, while the Sn-Sn distance can be identified by the relatively 

intense features around 3.2 Å. The appearance of Sn-Sn distance indicates the 

formation of SnO2-like species. The EXAFS fitting results for the samples are shown 

in Figure S3 and summarized in Table 2. The first shell coordination number increases 

from 5.5 ± 0.8 to 5.8 ± 0.6 after milling, which might be due to the coordination of water 

or hydroxyl ligands. After the heat treatment, a decrease in the Debye-Waller factor 

was observed, which may indicate the formation of defined Sn sites in more rigid 

environments  SnO2 like species and Sn in the beta framework.  

The oxidation of Sn cations may be facilitated by the presence of nitrates in the 

structure from the dealumination process. Therefore, a similar material was prepared, 

with the only difference that the HNO3 was replaced with conc. HCl, as chloride ions 

are non-oxidizing. In this case, the oxidation was still observed (Table 2), which 

confirms that the oxidation is caused by the mechanical force with air as the oxidant. 

In summary, the XAFS and XPS analysis confirm the fact that mechanical forces 

oxidize the Sn2+ to Sn4+ in bulk, the coordination number of Sn increases slightly, 

possibly due to the coordination of water or hydroxyl ligands. 

 After heat treatment, two types of Sn sites are formed in the material: Sn 

incorporated in the framework and the oligomeric forms of tin resembling SnO2. The 

presence of both of these sites was confirmed by 119Sn NMR and UV-Vis spectroscopy 

(Figure S4-S5). Resonance lines at -600 ppm can be attributed to the SnO2-type 

species and broad lines at -698 ppm to Sn incorporated in the framework. The 119Sn 

NMR spectrum of a material synthesized via the hydrothermal route (Sn- -hydro)9,48 

was also measured for comparison. For Sn- -hydro, a resonance line at -725 ppm was 

observed, which was also attributed to the framework Sn. The synthesis is performed 

in a fluoride medium that causes the Sn4+ cations to occupy different T-sites, which 

may lead to the shift in the line position.11 Sn- -0.2 shows a resonance line at -698 

ppm due to the absence of fluoride ions. The bands at 250 nm in the UV-Vis spectra 

can be associated with SnO2, while the band at 220 nm can be ascribed to Sn in the 

framework.10 The XRD patterns of the synthesized materials are shown in Figure 6. 

The XRD patterns of all the samples are similar to the reflections of the parent beta 
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structure (ICDD 48-0074). This may indicate that the crystal structure has not changed 

after the incorporation of Sn. Considering the crystal radii of Al, Si, and Sn atoms, this 

is unlikely as an observable change in lattice parameters would be expected. 

Alternatively, the structure may be disordered due to random stacking in the z-direction 

of the beta structure. This would result in a broadening of the reflections, and hence 

the shifts due to unit cell expansion might not be seen clearly. This fact was further 

confirmed by synthesizing highly crystalline Sn-  (Sn- -hydro) with a more 

ordered structure, as reflected by the corresponding sharp reflections. Sn- -hydro 

showed an increase in d-spacing after the incorporation of Sn in the framework (Figure 

5, inset). The crystallite size of the SnO2 like species is probably very small, as the 

corresponding reflections are not observed for materials other than Sn- -0.8 and Sn- -

0.2* (Figure 6). Furthermore, the SnO2 nanoparticles may not be highly crystalline, as 

the bands at 250 nm for Sn- -0.2* were not observed in the UV-Vis spectra (Figure 

S5). The poor crystallinity of SnO2 nanoparticles was confirmed by comparing it to 

crystalline SnO2: the XRD pattern of a physical mixture of De- 2 

(0.2 mmol g-1 of Sn) showed clear reflections for SnO2, which could be indexed to the 

cassiterite structure (ICDD 046-1088).  

<Figure 6> 

 The textural properties of all samples are given in Table S2. The micropore 

volumes do not change upon the incorporation of Sn or removal of aluminum. Upon 

increasing the Sn precursor loading to ca. 0.8 mmol g-1, high amounts of SnO2 would 

be formed, as expected from the SEM-EDX analysis. Indeed, this was confirmed by 

the XRD patterns, and by the decrease in micropore volume of Sn- -0.8 seen in Table 

S2. SnO2 was also formed in the samples with a lower amount of Sn, but this did not 

have a significant influence on the micropore volumes. The external surface area of 

materials also remains similar for all samples, which suggests that the particle size 

does not change significantly after milling or heat treatment.  

 The final aspect of the characterization of the materials is the measurement of 

acidity and the chemical characterization of the Sn sites in the zeolite. It has been 

shown that framework and extra-framework sites react differently with glucose,49 and 

hence it is crucial to identify the nature of the active sites. The Brønsted (B) and Lewis 

(L) acid sites were probed by a pyridine adsorption/desorption experiment, which was 

followed by FTIR (Figure 7a). The bands at 1545 cm-1 (B) and 1455 cm-1 (L) indicate 
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the existence of both types of acid sites in H-

negligible in the De- the dealumination process was 

successful. After Sn incorporation (Sn-

appearance of the band at 1452 cm-1. Also, a very small amount of Brønsted acidity 

was observed and quantified. Concentrations of the acid sites are provided in Table 

S2.  

 In order to get further insights into the type of Lewis acid sites, acetonitrile 

(CD3CN) was used as a probe molecule and monitored by FTIR spectroscopy. Studies 

have shown that acetonitrile is capable of distinguishing two types of Sn Lewis acid 

sites, characterized by bands at 2316 cm-1 and 2308 cm-1. The distinction can be made 

by gradually adding acetonitrile to the sample. The 2316 cm-1 site is favored over the 

2308 cm-1 at low coverage, and upon increasing the amount of acetonitrile, the bands 

corresponding to both sites can be distinguished. In our case, these two separate 

bands upon gradual adsorption of acetonitrile were not observed (Figure S6). Instead, 

a redshift in the position of a single band was seen (from 2314 cm-1 to 2310 cm-1). After 

saturation of the adsorption sites, corroborated by the presence of physically adsorbed 

acetonitrile (2268 cm-1), the excess acetonitrile was evacuated by applying a vacuum 

for 20 min at r.t. The C N stretching region of the final spectra are shown in Figure 

7b. They depict a single broadband at ca. 2310 cm-1 for Sn- -0.2 and Sn- -0.4. This 

result is similar to several reports on Sn- -down 

approach, where only one band at ca. 2312 cm-1 was observable.19 The reason for the 

appearance of this non-resolvable band could be the heterogeneity in the crystal 

structure in terms of the environment around the active site. This heterogeneity 

probably arises due to the presence of disordered stacking in the beta structure, as 

mentioned before. Another broadband, possibly resulting from the convolution of two 

bands, is observed as illustrated in Figure 7b. The first band at 2286 cm-1 could be 

attributed to the presence of double hydrolyzed Sn sites within the beta framework or 

the SnO2 species, as speculated by various reports. The second band located at 2275 

cm-1 could be ascribed to the acetonitrile H-bonded to Si-OH groups.7, 10, 13. In the case 

of the Sn- -0.2*, no evidence of open or closed acid sites was found. 

<Figure 7> 

 The identity of the sites giving rise to bands at 2316 cm-1 and 2308 cm-1 has 

remained a topic of great debate in the literature. Several groups have attempted to 
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identify the exact structure of these sites by using quantum chemical calculations.5, 11, 

21 Three kinds of proposed structures can explain the bands at 2316 cm-1 and 2308 

cm-1; (a) a closed-framework site (2308 cm-1), (b) an open-framework site (2316 cm-1), 

and (c) an open-defect site (2316 cm-1). The closed-framework site could be 

hydrolyzed to an open-framework site with sufficient amounts of water, and vice-versa 

regenerated upon dehydration.50 It has been proposed that under measurement 

conditions (thermal activation and vacuum conditions), only open-defect site (2316 cm-

1) and closed-framework (2308 cm-1) sites are probed. As the activation conditions can 

have a significant effect on the water/hydroxyl content in the sample, the 

interconversion of framework sites may be possible by varying these conditions. In our 

case (non-resolvable band), the interconversion would result in a redshift, as seen for 

the incremental dosing study. However, as seen in Figure S7, upon changing the 

activation conditions, the sites were not interconverted, as no shift in the bands was 

observed. In summary, our experiments confirm the proposals that under the FTIR 

chemisorption conditions, only the closed-framework site and open-defect site can be 

probed.  

Further, the next step is to establish a correlation between the active sites and 

their reactivity. Several reports claim that for glucose isomerization, the 2316 cm-1 site 

is more active (the open-framework and the open-defect sites) and for the ethanol 

dehydration, the 2308 cm-1 (closed-framework) site is more active. Though the 

closed-framework sites are also probed in our measurement, it was sufficient to look 

at the entire area under the vibration bands at 2310 cm-1, because the open-defect 

sites and the closed sites, which will be converted to a hydrolyzed open site upon 

addition of water, are both active for the isomerization reaction.  

The isomerization of glucose to fructose is an equilibrium (Kequilb ~1) and a 

slightly -1), which is catalyzed by Sn-  zeolite, as 

reported by Moliner et al.6 The catalysts synthesized in this work were tested for the 

isomerization to gain additional insights into the properties of the catalysts and to 

conclude on the processes during synthesis. A detailed description of the catalytic 

testing is provided in the supporting information. In brief, moderate-throughput batch 

reactions were conducted with a biphasic solvent system (MIBK and water), and the 

reaction mixture was analyzed by solvent suppressed NMR. An N2 pressure of 10 bar 

was used to maintain an inert atmosphere. The final chemical compositions of the 
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reaction mixtures (Figure 8) were obtained to compare the catalytic activities of the 

catalysts. 

The incorporation of Sn in the framework is vital for the isomerization, which can 

be verified by the negligible activity of H- -  (Figure 8, Entry 1-2). 

The rate of the isomerization reaction is very fast, which is indicated by the small 

change in the final chemical composition between 2 h and 6 h reaction time (Figure 8, 

Entry 3-5). With prolonged time, fructose is converted to HMF due to the presence of 

a small amount of Brønsted acidity that was inferred from the pyridine chemisorption 

experiments. The yield of fructose shows a positive correlation to the amount of Sn up 

to 0.4 mmol g-1 (Sn- -0.4); on a further increase, the yield of fructose does not increase 

substantially (Figure 8, Entry 6-9). This suggests that Sn- -0.8 contains a higher 

amount of SnO2 nanoparticles, which are not active for the isomerization reaction, as 

also concluded from the XRD and electron microscopy data. 

 The heat treatment is an essential step of the synthesis. Sn- -0.4 was heat-

treated at temperatures of 200 °C, 300 °C, 400 °C, and 550 °C. The resulting catalysts 

were tested for the isomerization reactions. The activity of catalysts showed a positive 

correlation to the heat treatment up to 550 °C (Figure 8, Entry 13-16). In order to test 

whether the temperature required for heat treatment could be reduced, the milling time 

in the synthesis was increased to 1 h. However, the sample milled for 1 h also required 

a heat treatment at 550 °C for high activity (Figure 8, Entry 11-12).  

 The catalyst synthesized with Sn(CH3COO)4 (Sn- -0.2*) did not show any 

activity for the isomerization reaction, as seen in Figure 8, Entry 17. This catalyst 

consists mainly of SnO2 nanoparticles, which are not well crystallized and do not 

possess the active site based on acetonitrile chemisorption experiments, as discussed 

previously. The synthesis with Sn(CH3COO)4 precursor was modified in an attempt to 

improve the incorporation by increasing the frequency or the time of milling. Both these 

materials did not show any activity for the isomerization at prolonged times of 16 h 

(Figure 8, Entry 18-19). Sn- -0.2* does not form the active site due to the large size 

of the precursor, as established before in the material characterization part. To further 

support this hypothesis, materials were synthesized with Sn chloride precursors. The 

size of SnCl4 is smaller than acetate, and so the metal incorporation should be 

successful in this case. Indeed, this was confirmed by the catalytic testing, where 

material synthesized by SnCl4 had similar catalytic properties compared to 
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Sn(CH3COO)2 (Figure 8, Entry 20). It thus seems to be the size and not the formal 

oxidation state of the precursor, which is crucial for forming the active site. 

<Figure 8> 

4. Conclusions 

In this work, the facile synthesis of Sn-  was 

demonstrated. The method is based on the previously reported approach by Hammond 

et al. that used manual grinding. The main focus of our work was to study the 

mechanism of synthesis, and the changes that occur during the mechanochemical 

treatment. The first step of the synthesis, which is the dealumination of zeolite, creates 

empty T-sites by removing aluminum atoms from the framework. The absence of 

aluminum was confirmed by elemental analysis, pyridine adsorption studies, and the 

concurrent formation of silanol nests. The silanol nests are vital for the synthesis, as 

the Sn cation would then occupy these sites after the milling and heat treatment. The 

second step (mechanochemical treatment) was analyzed by XPS, XAFS, and 

thermogravimetric studies. The results suggest that during milling, Sn2+ is oxidized to 

Sn4+ in the presence of air. Further, due to the small molecular size of the 

Sn(CH3COO)2 precursor, it can reach the vacant T-sites in the structure and 

subsequently coordinate with the zeolite. During milling, a high amount of water (8 

wt.%) is adsorbed, which is mostly coordinated to the Sn precursor at the T-site. The 

exact structure of the coordination is, however, difficult to determine with the current 

data. The effect of size was confirmed with precursors such as Sn(CH3COO)4, which 

do not form active sites, as they cannot reach the T-sites within the pores. The final 

heat treatment in the synthesis is essential, and a temperature of 550 °C is necessary 

to attain the high activity for the isomerization reaction. The final material consists of 

Sn sites within the framework and SnO2 like species, as seen from XAFS, XRD and 

119Sn-NMR. FTIR experiments using acetonitrile as a probe molecule were used to 

identify the type of Sn sites in the framework. Active sites were probed by observing 

the broad IR band of adsorbed acetonitrile at 2310 cm-1, but the identity of the different 

sites could not be resolved. However, for the isomerization reaction, all the sites would 

be active, and therefore, it is not necessary to distinguish these sites and quantify them 

individually. Overall, the mechanistic investigation of the process has revealed several 

features of the mechanochemical process that can be used for the synthesis of solid 
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catalysts. Further, the scalable, reproducible, solvent-free nature of this process makes 

it a highly attractive pathway for industrial implementations. 
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Tables 

 

Table 1. Parameters for the mechanochemical synthesis of materials. 

Namea De-  Sn precursor - mg Sn conc.b 
Milling 
conditions 

Heat 
treatmentc 

 (g)  mmol g-1 Hz min  

Sn- -0.2_0min-nh 1 Sn(CH3COO)2  50 0.2 - - - 

Sn- -0.2_10min-nh 1 Sn(CH3COO)2  50 0.2 10 10 - 

Sn- -0.2_nh 1 Sn(CH3COO)2  50  0.2 10 20 - 

Sn- -0.2 1 Sn(CH3COO)2  50  0.2 10 20 550 °C, 5 h 

Sn- -0.2_200°C 1 Sn(CH3COO)2  50  0.2 10 20 200 °C, 5 h 

Sn- -0.2_300°C 1 Sn(CH3COO)2  50  0.2 10 20 300 °C, 5 h 

Sn- -0.2_400°C 1 Sn(CH3COO)2  50  0.2 10 20 400 °C, 5 h 

Sn- -0.1 1 Sn(CH3COO)2  25  0.1 10 20 550 °C, 5 h 

Sn- -0.4 1 Sn(CH3COO)2  100  0.4 10 20 550 °C, 5 h 

Sn- -0.8 1 Sn(CH3COO)2  200 0.8 10 20 550 °C, 5 h 

Sn- -0.2*_0min-nh 1 Sn(CH3COO)4  75 0.2 - - - 

Sn- -0.2*_nh 1 Sn(CH3COO)4  75 0.2 10 20 - 

Sn- -0.2* 1 Sn(CH3COO)4  75 0.2 10 20 550 °C, 5 h 

Sn- -0.2*_40min 1 Sn(CH3COO)4  75 0.2 10 40 550 °C, 5 h 

Sn- -0.2*_15Hz 1 Sn(CH3COO)4  75 0.2 15 20 550 °C, 5 h 

Sn- -0.3_Cl* 1 Sn(Cl)4.5H2O  100 0.3 10 20 550 °C, 5 h 

(Cl)Sn- -0.2 1 Sn(CH3COO)2  50 0.2 10 20 550 °C, 5 h 

a "*" indicates that Sn(CH3COO)4 was used as the precursor, "Cl*" indicates that SnCl4.5H2O 
was used as the precursor. "nh"  not heat treated. "(Cl)"  used dealuminated zeolite with 
conc. HCl for the synthesis of material.  
b The concentrations are theoretical values and were also confirmed by bulk EDX analysis.  
c The ramp rate used for all heat treatments was 2 °C min-1.  
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Table 2. Summary of XPS, EDX, and XAFS ex-situ characterization on various 

samples. 

 XPSc EDX XAFSe 

 Sn 
3d5/2 

Sn 
3d3/2   R 2 O.N. C.N. 

Sn- -0.2_0min-nha 487 495 6 - 2.06 (0.01) 7 (2) +2, +4 5.5 (0.8) 
Sn- -0.2_10min-nha - - - - 2.07 (0.02) 5 (2) +4 5.8 (1.0) 
Sn- -0.2_nha 488 496 1.3 1.3 2.05 (0.01) 6 (1) +4 5.8 (0.6) 
Sn- -0.2a 488 496 1.2 1.4 2.05 (0.01) 3 (1) +4 6.3 (0.4) 
SnO2 - - - - 2.05 - +4 6 
(Cl)Sn- -0.2b 488 496 - - - - - - 

a These samples were prepared by using 1 g of De- 3COO)2 and then 
subjecting them to conditions as indicated in their name. 
b The De-
HNO3. 
c The measurements were referenced to the Si 2p peak (103.51 eV). Results expressed in eV. 
d The Sn/Si ratio is reported in percentage. 
e Bond length (R, Å), Debye- 2) X 103, oxidation number (O.N.), and coordination 
number (C.N.) for the Sn-O first shell coordination. Values in "()" are the errors associated with 
each parameter. 
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Figure Captions 

 
 
Figure 1. Schematic representation of the synthesis process. The first step removes 
the Al cations by chemical dealumination of the zeolite. The second step inserts the 
Sn cation into those positions by mechanochemical and thermal treatment. "x" 
represents the number of water molecules adsorbed on the Sn cation within the zeolite 
framework. Green, blue, brown, and orange balls represent aluminum, tin, silicon, and 
oxygen, respectively. Only three out of the four Si-O bonds are shown for simplicity.  
 
 
Figure 2. (a) FTIR spectra of H- - - -nh, and Sn- -0.2 after activation 
at 250 °C for 6 h under vacuum to remove the physisorbed water. Spectra are plotted 
to show the OH stretching vibration region from 3800 cm-1 - 3000 cm-1. (b) The 
hydrodynamic size distribution of H-
indicated. A DLS instrument was used to measure the size of the materials in a 
suspension of water (3 mg mL-1).  
 
 
Figure 3. Thermogravimetric plots for samples, as indicated in the graph. The mixture 
samples were prepared by adding the required amount of precursor to De-
indicated by dotted lines. The temperature for the first exothermic peak was 
determined from the derivative of the TG curve (DTG), which corresponds to the 
highest exothermic weight loss. The peak temperature values and the endothermic 
H2O desorption region are indicated in the graph. 
 
 
Figure 4. SEM-EDX maps of bulk samples (a-b, e-f, i-j) and microtomed samples (c-
d, g-h, k-l) for Sn- -0.2, Sn- -0.4, and Sn- -0.2*. The Si, O, and Sn atom% for each 
sample are provided on their respective graphs. 
 
 
Figure 5. Sn K-edge (a) normalized XANES spectra (upper panel), their derivatives 
(lower panel), and (b) k2-weighted Fourier transform of the spectra of Sn-
stages of the synthesis - 0 min (physical mixture), milled for 10 min, milled for 20 min 
and heat-treated after milling. SnO, SnO2, and Sn foil were also measured as 
references and are plotted for comparison. 
 
 
Figure 6. XRD diffraction patterns for H- - - -0.2, Sn- -0.4, Sn- -0.8, Sn- -
0.2*, physical mixture of SnO2 and De- - -hydro. The reflections 
of SnO2 (cassiterite) are shown in grey highlights and denoted by "s" in the graph. Inset 
graph: XRD patterns of H- - - -0.2, and Sn- -hydro to highlight the shift in 

under the curves. 
 
 
Figure 7. (a) FTIR spectra of pyridine adsorbed on Sn- -0.2, De- -
(b) FTIR spectra of acetonitrile adsorbed on Sn- -0.4, Sn- -0.2, and Sn- -0.2*. In all 
cases, the samples were activated under high temperature (450 °C) and vacuum 
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before dosing the pyridine or acetonitrile. The measurements were performed in 
transmission mode. 
 
 
Figure 8. Catalytic test with 25 mg catalyst, water=2.5 mL, MIBK = 3.5 mL at a 
temperature of 140 °C. G indicates the type of gas, P = pressure (bar) of gas G at r.t. 
before reaction, t = time of reaction in h, and 0.7 mmoles of glucose were used as the 
reactant. Black/grey  glucose, blue- fructose, and green  HMF. 

 


















