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ABSTRACT: Solid-state incorporation of Sn into beta (f)
zeolites is a fast and efficient method to obtain Lewis acidic Snf
catalysts with high activity. The present work emphasizes the
fundamental role of the heat-treatment atmosphere in the solid-
state incorporation of active Sn in zeolites. Via an array of
characterization tools including N,-physisorption, X-ray diffraction,
diftuse reflectance UV—vis spectrocopy, Fourier transform infrared
spectroscopy, X-ray photoelectron spectroscopy, and ''’Sn
Mossbauer spectroscopy, it is shown that preheating under an
inert atmosphere (pre-pyrolysis) prior to air-calcination affords Sn-
P catalysts with the highest Sn dispersion and significantly less
extra-framework SnO, compared to the classic calcination. In situ
characterization during pre-pyrolysis by temperature-programed
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decomposition—mass spectrometry, thermogravimetric analysis, and ''°Sn Mossbauer spectroscopy reveals the in situ generation of
Sn(II)O species that are more mobile than Sn(IV)O, species generated during calcination. This mobility property essentially enables
the high Sn dispersion in Snf. Based on this knowledge, active sites per catalyst weight are maximized while retaining high turn-over
frequencies for the Baeyer—Villiger oxidation reaction (300 h™" at 80 °C). For Lewis acid densities above 200 ymol-g~', the catalytic
activity unexpectedly leveled off to 93 mM-h™!, even under kinetic control. We tentatively ascribe the activity plateau to the

incorporation of Sn in less favorable T-sites at high Sn-loadings.

KEYWORDS: heterogeneous catalysis, Sn-f§ zeolite, solid-state incorporation, Lewis acid catalysis, Baeyer—Villiger oxidation,

Sn dispersion, inert heating atmosphere, pre-pyrolysis

1. INTRODUCTION

Lewis acidic zeolites, created by the incorporation of isolated
framework metal centers in a silicate matrix, have gained a lot of
attention because of their ability to coordinate hydroxyl and
carbonyl groups.”” This affinity toward specific oxygen
functionalities renders them pivotal in future biorefinery
applications where often oxygenated substrates are converted
into valuable chemicals and fuels.”*

Lewis acidic Sn in # zeolites (BEA framework), in particular, is
highly active and selective in a variety of biomass conversion
reactions, including (i) sugar isomerization and epimerization of
mono- and disaccharides,”™ " (ii) conversion of sugar(-derived)
molecules into lactic acid,"~"” (iii) aldol reactions,"®"? (iv)
Meerwein—Ponndorf—Verley (MPV) reduction of aldehydes
and ketones,”™** and (v) H,0,-mediated Baeyer—Villiger
oxidation (BVO) of ketones.”* ™’

The outstanding performance of Snf3 zeolites originates from
the tetrahedral incorporation of Sn metal ions in the zeolitic
framework vacancies, thereby creating strong Lewis acid
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sites.””” Snf zeolites are typically synthesized by a bottom-up
hydrothermal (HT) procedure, wherein a hydrated tin
precursor (e.g, SnCl,;-SH,O or SnCl,-2H,0) is introduced
into the synthesis gel. Next, hydrofluoric acid is added as a
mineralizing agent, and crystals are formed by treating this
mixture under hydrothermal conditions.”**’ Although HT
syntheses produce materials with favorable properties, such as
hydrothermal stability and hydrophobicity, several drawbacks
prevent its large-scale implementation. Namely, using hydro-
fluoric acid lengthens the synthesis time up to 20 days. It also
yields large crystals (1—10 ym) that can be detrimental for
catalytic performance in diffusion-limited reactions. Moreover,
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only low amounts of active Sn are typically incorporated (<2 wt
%) resulting in low catalytic productivities when expressed per
gram of zeolite.”® To address these issues, modified HT methods
have been reported, such as seed-assisted synthesis®' and steam-
assisted dry-gel conversion.”

Another strategy is to insert Sn atoms into the framework
vacancies of dealuminated zeolites in a post-crystallization
process. Compared to the bottom-up HT procedures, top-down
post-zeolite synthesis methods are faster and easier, produce
smaller crystallite sizes, and grant access to higher metal loadings
(up to 10wt %).** Post-synthesis (PS) methods typically involve
dealumination of (commercial) zeolites via acidic leaching to
produce silanol nests, which can act as anchor points for Sn
atoms. Such Sn atoms can be introduced via different means
including (i) vapor—solid, (ii) liquid—solid, and (iii) solid—solid
methodologies.

Tin introduction by chemical vapor deposition with
anhydrous SnCl, on dealuminated /3 zeolites led to Sn loadings
up to 6 wt 9%.>%*> However, a significant amount of inactive
extra-framework tin oxides (SnO,) is formed during this
process. In the liquid—solid method, Snf zeolites are
synthesized via grafting under reflux conditions in dry
isopropanol or dichloromethane using hydrated SnCl,-5SH,0
and anhydrous SnCl, as a precursor, respectively.””*” Grafting
with SnCl,-5H, 0O in dry isopropanol produced highly active Snf
zeolites on a Sn atom basis, but SnO, appeared at Sn loadings
higher than 2 wt 9%.% Using dichloromethane as a solvent, up to
6 wt % of Sn can be incorporated in the framework.*”

In the solid—solid method, dealuminated S zeolites are
mechanically ground with tin salts, such as Sn(II) acetate,
followed by calcination in air, yielding Sn loadings up to 10 wt
9.7**? Such solid-state incorporation (SSI) methods are highly
convenient as they combine short synthesis times and high final
Sn loadings with solvent-free conditions. Consequently, the SSI
method is now widely adopted. Despite its popularity, no
fundamentals on the Sn incorporation mechanism have been
reported. Recently, Hammond et al. made a highly active Snj
catalyst by adding a high-temperature pretreatment step under
nitrogen (N,) prior to calcination in air.”” Likewise, Wang et al.
applied an intermediate argon (Ar) atmosphere, thereby
enhancing the catalytic activity in the MPV reaction.*’ However,
to the best of our knowledge, the influence of such a pre-
pyrolysis step on the Sn incorporation mechanism, and hence on
the catalytic performance, has not been reported.

Therefore, in this paper, we present our study on the
fundamental role of inert heat treatment during SSI of Sn on the
active site’s structure and the catalytic activity of the resulting
Snf catalysts. To do so, we not only investigated the
characteristics of the Snf catalysts after synthesis [by Fourier
transform infrared (FTIR) spectroscopy, powder X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
diffuse reflectance UV—vis (DRUV—vis) spectroscopy, and
'9Sn Mossbauer spectroscopy] but, more importantly, we
investigated the Sn species during SSI [by in situ ''*Sn
Mossbauer, temperature-programed decomposition—mass
spectrometry (TPDE—MS), and thermogravimetric analysis
(TGA)]. Next, their catalytic activity was evaluated in the H,O,-
mediated BVO of cyclohexanone to e-caprolactone. Interest-
ingly, our results demonstrate the pivotal role of the Sn-
oxidation state during high-temperature SSI in controlling the
active site density and hence the catalytic activity per weight of
Snf} material.
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2. RESULTS AND DISCUSSION

2.1. Catalytic Performance of Sng Catalysts in BVO of
Cyclohexanone. Several Snf catalysts were made via SSI with
Sn(II) acetate as the Sn precursor, varying in both the Sn
content (1—10 wt % Sn) and heat treatment atmosphere. The
exact Sn content [in wt %, as determined by inductively coupled
plasma-atomic emission spectrometer (ICP-AES)] is listed in
Table S1. Two different atmospheres were applied (see Figure
S1): (1) a standard calcination (in air at 550 °C for 6 h;
abbreviated as “air”) and (2) a two-step protocol starting with an
inert heat treatment (in N, at 550 °C for 3 h), followed by
calcination (in air at 550 °C for 3 h; abbreviated as “N,/air”).
Samples are denoted as “XSnf-Y”, wherein X and Y refer to the
Sn content (in wt %) and the type of applied heat treatment,
respectively.

The BVO reaction of cyclohexanone (CHO) to e-
caprolactone (CL) was selected as a model catalytic reaction.
In this reaction, the Lewis acidic Sn activates the carbonyl
function of CHO, forming CL through a Criegee intermediate
with H,0,.*' To study the effect of the heat treatment
atmosphere on the catalytic activity, the as-synthesized Snf
catalysts were monitored by their initial formation rate (rycy; in
mM¢;-L™"h™") as a function of their Sn content (Figure 1).
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Figure 1. Catalytic activity of Snf catalysts in the BVO reaction in
relation to the Sn content and heating atmosphere applied during SSI
(air: black squares, N,/air: blue triangles). Reaction conditions BVO:
Snf (10 mg), CHO (330 mM in dioxane), H,0O, (50 wt % in dioxane),
H,0,/ketone ratio = 1.5, 80 °C, and 700 rpm. All reactions were
performed in triplicate, and error bars represent the standard deviation.

Each rycp, was determined from the initial linear part of the
kinetic plot (see examples in Figure S2). Kinetics were obtained
in the kinetic regime. To exclude diffusion limitations, the initial
formation rate (ry ;) of the most active catalyst (i.e. 10Snf-N,/
air) was determined at increasing catalyst mass (expressed as
mol % Sn relative to the initial ketone substrate) while keeping
all other reaction parameters constant (see Figure S3).
According to Madon—Boudart,"* interphase mass transfer
limitations (i.e. film diffusion limitations) are excluded if
doubling of the mass of the catalyst leads to doubling of the
reaction rate. Figure S3 shows such a linear relationship between
the catalyst concentration and initial formation rate, up to a Sn
concentration of 0.5 mol %. At higher concentrations, the rycy,
starts to deviate from linearity indicating film diffusion
limitations. To avoid film diffusion limitations, we opted for
concentrations below 0.5 mol % Sn for all Snf catalysts tested. In
our situation, all reactions were therefore performed with 10 mg
of catalyst, corresponding to a ketone/Sn molar ratio of 217
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(0.46 mol % Sn) and 2600 (0.04 mol % Sn) for 10- and 1Snf-
N,/air, respectively. Note that this test cannot exclude pore
diffusion limitations, but the assumption that reactions with Sn
concentrations below 0.5 mol % occur in the kinetic regime will
be confirmed further on.

As shown in Figure 1, the initial formation rate increased
linearly with higher Sn content for Snf-air catalysts. The Snp-
N, /air catalysts also followed a positive linear trend at low metal
content, albeit with a steeper slope. At loadings higher than 4 wt
% Sn, an activity plateau at ca. 93 mMc; -h™! was reached for the
Snf-N,/air catalysts. This plateauing effect will be explained in
more detail in part 4. When comparing the two methods at an
identical Sn content, the Snf-N,/air catalysts always surpassed
the Snf-air catalysts in terms of ryc;. For instance, at a Sn
content of approximately 4.2 wt %, the ry ¢;, for N,/air is almost 3
times that of the air catalyst. These results were independent of
the gas flow regime (static or in flow) applied during heat
treatment (see details in Materials and Methods). The results
clearly show that a pre-pyrolysis step during solid-state synthesis
markedly improves the catalytic activity of the Snf zeolite in
agreement with recent literature.”*

In the next section, we first investigate the improved
physicochemical properties of the Snf catalysts treated by a
pre-pyrolysis step. Thereafter, we scrutinize the influence of
inert heat treatment on the Sn incorporation mechanism.

2.2, Solid-State Characterization of Sng Catalysts after
Synthesis. 2.2.1. Framework Sn and/or Extra-Framework
Sn0,. To explain the superior activity of catalysts prepared via
pre-pyrolysis, we characterized several Snf catalysts using a
variety of solid-state characterization tools. First, we evaluated
the effect of the heating step on the formation of the framework
and extra-framework Sn. Elemental composition (in wt %) was
determined by ICP-AES, and porosity data (in cm® g™') were
obtained by N,-physisorption analysis, as listed in Table S1 for
the parent, dealuminated, and Sn-incorporated f zeolites. The
N,-physisorption data showed micropore volumes between 0.19
and 0.24 cm*g™" and total pore volumes of 0.31—0.34 cm®-g™"
for all samples. The similar pore volume suggests that no pore
volume is blocked due to the presence of extra-framework SnO,.
However, this does not exclude pore blockage since the BEA
topology displays interconnected 3D channels which allows to
circumvent local obstructions in the pores.

Powder XRD (PXRD) data, shown in Figure 2, indicate the
parent f zeolite signature diffraction pattern in all samples.
Therefore, the B structure remains intact throughout deal-
umination and Sn incorporation. If present, extra-framework
SnO, particles can be detected by PXRD provided that these are
crystalline and large enough and present above the detection
limit of 0.5 wt % of crystalline SnO,.*’ Signature Bragg
reflections arising from pure crystalline SnO, (reference)
gradually appeared for Snf-air samples at 5 wt % of Sn and
intensified at higher Sn content. The crystallite sizes of SnO, of
the air-treated samples can be estimated from XRD line
broadening by the Debye—Scherrer equation (see Materials &
Methods).%45 Crystallite sizes of 7.7, 7.0, and 5.4 nm were
obtained for 10-, 7-, and 5Snf-air, respectively. For comparison,
when SnO, was used as a precursor (Figure 2, [SnO, + deAlS]-
air), the crystallite size of SnO, was 18.8 nm. Notably, such SnO,
reflections were absent for Snf-N,/air samples even at a loading
of 10 wt % of Sn. However, the absence of SnO, reflections does
not mean that extra-framework SnO, species are absent as
particles smaller than S nm are below the detection limit.
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Figure 2. PXRD patterns of pure SnO,, parent Hf (Si/Al = 19),
calcined dealuminated /3 (deAlf-air), calcined deAlf with SnO, (2 wt %
Sn), and Snf} samples with varying Sn content and heat treatment (air:
black, blue: N,/air). The calcined deAlf with SnO, was synthesized
according to standard calcination but, instead of Sn(II) acetate, SnO,
was used as a precursor. SnO, signature Bragg reflections are indicated

by dashed lines.

The presence of extra framework SnO, was also investigated
by DRUV—vis spectroscopy, which exploits the electronic
properties of Sn via the electronic transfer from the surrounding
O-atoms toward the unoccupied orbital of Sn (ligand to metal
charge transfer). After sample conditioning in air at 550 °C,
DRUV—vis spectra of dried samples showed resonances at 210
and 265 nm (Figure 3A). The resonance at 210 nm is typically
assigned to isolated tetrahedrally coordinated framework Sn
generated by isomorphous substitution, while the resonance at
265 nm is attributed to octahedrally coordinated extra-
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Figure 3. (A) DRUV—vis and (B) FTIR spectra for selected (Sn)f
catalysts treated in different heating atmospheres (air: black full line,
N, /air: blue dotted line) with the Sn content (X) denoted as XSnf3. For
DRUV—vis, samples were dried at 550 °C under flowing air prior to
measurement. For FTIR, samples were dried at 400 °C for 1 h under
vacuum prior to measurement at 150 °C. The spectra show the silanol
region normalized by the total T—O—T overtone area (2100—1750
em™!).***” Note that HB (parent f zeolite[Si/Al = 19]) and deAlp
(dealuminated f-zeolite) are also calcined in air at 550 °C.
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Table 1. Best-Fit ''°Sn Mossbauer Parameters for the Selected Snf Samples

entry sample AA [Sn(IV)/Sn(IT)] (%/%) IS? (mm-s~?) QS (mm-s™?t)
2Snf-air 100/0 0.02 0.52
. SSnf-air 100/0 0.01 0.50
3. 10Snf-air 100/0 0.03 0.53
4. 2SnB-N, /air 94/6 —0.10 (3.16) 0.65 (1.84)
s. 10S06-N,/air (3 h air) 95/5 —0.06 (3.37) 0.75 (1.77)
6. 10808-N, /air (6 h air) 96/4 —0.06 (3.19) 0.72 (1.53)

“Data derived from spectra at 77 K. Values of the remaining Sn(II) in parentheses. Abbreviations: AA, absorption area; IS, isomer shift; QS,

quadrupole splitting.

framework SnO, particles.”**® At increasing Sn content, the
intensity of the framework Sn band (210 nm) increased for all
samples, but this is more pronounced for Snf-N,/air samples,
meaning that more Sn is incorporated in the framework.
Meanwhile, less Sn is present as large extra-framework SnO,
particles as confirmed by the low intensity at 265 nm compared
to the air-calcined catalysts. This trend was semi-quantified by
calculating the framework/extra-framework Sn-ratio from the
peak areas at 210 and 265 nm in Table S2. An example of a
deconvoluted DRUV—vis spectrum is shown in Figure S4. The
better Sn incorporation into the ff framework for the N,/air-
treatment was reflected by its three- to four-fold higher
framework/extra-framework ratio compared to the air-calcined
samples. While the ratio is quasi-constant for all Snf-air catalysts
at the different Sn contents, the framework/extra-framework
ratio decreases from 2.2 to 1.6 for Snf-N,/air samples with a Sn
loading beyond 5 wt %. This is most likely explained by the
formation of more spectator sites in the form of Sn oxide
oligomers and/or extra-framework SnO, at high Sn loadings.>”
Further indirect evidence of greater Sn framework incorpo-
ration for Snp-N,/air catalysts was gathered with the surface
XPS technique. XPS spectra of our Snff samples (Figure SS5B)
display signals of Sn 3d;/, and 3d;,, with binding energies at
495.8 and 487.5 eV, respectively, which is indicative of Sn(IV).*
In Figure SSA, the Sn/Si ratio at the surface (XPS) and bulk
(ICP) is plotted. The higher surface Sn/Si ratio of 7Snf-air
compared to 7Snf-N,/air shows that less Sn species are
infiltrated into the zeolite. This could suggest that the Sn species
formed during air calcination are too large to enter the f zeolite
crystal or they are less mobile to disperse (vide infra).
Formation of framework Sn by SSI of Sn was also monitored
by calculating the amount of residual silanols via FTIR
spectroscopy. Figure 3B shows the FTIR spectrum of the parent
H-f3 zeolite with specific stretches at 3781, 3740, 3665, and 3609
cm™, corresponding to hydroxyl groups bonded to extraframe-
work Al [such as AIO(OH)], terminal silanol groups, low acidic
perturbed AI-OH groups, and structural Si(OH)Al groups,
respectively.""~>° After dealumination, the Al-related bands
(3781, 3665, and 3610 cm™') disappear and a broad band
appears between 3600 and 3500 cm™", which can be assigned to
hydrogen-bonded Si—OHs at defect framework sites—so-called
silanol nests.**™>° The normalized silanol population (3800—
3300 cm™') on Snf samples with the same Sn content but
different heat treatment are compared in Figure 3B. Samples
were activated at 400 °C under vacuum to remove water. For all
Sn loadings, the Snf-N, /air catalysts have lower residual silanol
content compared to the air-treated catalysts. No absolute
quantitative analysis is possible given that the molar absorption
coefficient of silanols strongly depends on H-bonding
interactions.”" Still, semi-quantitative data can be derived by

carefully calculating the relative decrease in normalized silanol
area (3800—3200 cm™') compared to the air-calcined deal-
uminated .°> Note that a possible influence of the heat
treatment on the silanol content was eliminated by using a
calcined dealuminated /3. As seen from Table S2, all Snff samples
show a relative decrease in silanol area, which is approximately
two-fold higher for Snf-N,/air versus Snf-air samples at a similar
Sn content. This proves that Sn is better incorporated into the
framework silanol nests for Snp-N,/air samples, thereby
supporting the PXRD, DRUV—vis spectroscopy, and XPS data.

Finally, we turned to ''°Sn Mdssbauer spectroscopy to
investigate the Sn-oxidation state and its interaction with the
zeolite matrix (Table 1, Figure S6). As illustrated in Table 1, only
Sn(IV) was detected on Snf-air catalysts, whereas some residual
Sn(II) (up to 6%) remained on Snf-N,/air samples. Note that
even prolonged heating under air (6 h) was unable to oxidize the
residual Sn(II) into Sn(IV) (Table 1, line 6). This low amount of
residual Sn(II) can, however, not be invoked to explain the
increased catalytic activity of the N,/air samples. In the BVO
reaction, the Lewis acid strength is of importance since the
carbonyl group of the substrate is activated by the Lewis acidic
Sn center. As the Lewis acid strength of Sn(II) is lower than
Sn(IV),” we can deduce that Sn(II) is not as active as Sn(IV) in
the BVO reaction. Apart from the oxidation states, we found a
striking difference in the quadrupole splitting (QS) and isomer
shift (IS) values of the Sn(IV) sites. For the pre-pyrolysis
samples, the higher QS values (0.7 vs 0.5 mm-s~" for N, /air and
air, respectively) and more negative IS values (—0.06 to —0.10
for N,/air vs 0.01—0.03 for air) suggest a more distorted first
neighbor environment and a different interaction of the Sn(IV)
ions with the zeolite matrix relative to the air-treated
samples.”*~>° This is further confirmed by the reduced
absorption depth (effect) difference between the 77 K and RT
recorded spectra of each sample (expressed as Aeffect/effect at
77 K) (Table S3, Figures S6 and S7). The absorption depth (or
effect) is the highest absorption point value of the spectrum
taken from the 100% nonresonant baseline. To eliminate the
mass of each sample, the difference in effect (between 77 K and
RT) is divided by the effect value at 77 K. The reduced effect
difference gives a rough estimate of the firmness of binding of the
incorporated Sn(IV) ions in the zeolite matrix.”” This difference
is higher for the N, /air-treated samples (74—77%) than the air-
treated samples (46—58%). This indicates different bonding
interactions of the Sn(IV) ions’ sublattice to the zeolite matrix in
the case of the N,/air-treated samples, which could result from
the higher number of incorporated Sn(IV) ions or/and the
presence of the additional Sn(1I) ions. Hence, IS, QS, and
Aeffect/effect at 77 K point to an—on average—higher
incorporation of Sn in the framework of an inert treated catalyst.
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Figure 4. Snfj catalytic characteristics in relation to heating atmospheres applied during SSI (air: black squares, N, /air: blue triangles). (A) Lewis acid
density and (B) Sn dispersion as a function of Sn content. Lewis acid density was measured by pyridine FTIR spectroscopy at 150 °C and calculated
with an integrated molar extinction coefficient (&) of 1.42 cm-umol™..>° The total Sn content was quantified by ICP-AES. The Sn dispersion is the total
amount of active Sn sites, as determined by pyridine-FTIR (assuming one active Sn site per adsorbed molecule of pyridine) divided by the total amount
of Sn atoms. Pyridine-FTIR spectra of the catalysts were obtained in duplicate. Error bar represents the standard deviation.

2.2.2. Lewis Acid Density and Sn Dispersion. As observed
with the results of PXRD, DRUV—vis, XPS, FTIR, and !'°Sn
Mossbauer spectroscopy, the inert heat treatment favors the
incorporation of Sn within the zeolite framework rather than the
formation of extra-framework SnO, particles. Therefore, the
improved catalytic activity of Snf-N,/air catalysts (Figure 1)
may be related to the increased Lewis acid (LA) density as
tetrahedrally coordinated Sn(IV) sites exhibit strong Lewis
acidity.

The amount of LA sites was probed via FTIR spectroscopy of
adsorbed pyridine. As an example, the FTIR spectra of pyridine
adsorbed on 5Snf-air is provided in Figure S8. The resonance
bands at 1611, 1491, and 1451 cm™" were assigned to pyridine
adsorbed on LA sites. Features at 1597, 1576, and 1445 cm™!
correspond to H-bonded pyridine with the OH groups.34’58_60
The absence of a resonance band at 1545 cm™" indicated that
Brensted acid sites are absent in Snf} zeolite samples, which is in
line with the low Al content (SnO,/Al, O > 2000, as a result of
the deep dealumination). The LA density was calculated from
the spectra (see details in Materials & Methods) by using a
molar extinction coeflicient of 1.42, as determined by Gounder
et al. for LA Sn sites.>”

Figure 4A plots the LA density in ,umolLA-gcmlyst_1 against Sn
content in wt %. Whereas the Snf-air catalysts follow an almost
linear trend, the Snf-N,/air catalysts significantly deviate from
linearity at Sn loadings above S wt %. This is likely due to the
formation of more spectator sites in the form of Sn oligomers
resembling the extra-framework SnO, observed at higher Sn
loadings.3 In addition, the LA density of the Snf-N,/air
catalysts is almost tripled relative to the Snf-air catalysts at
identical Sn content. Hence, more LA Sn sites are formed when
the SSI procedure starts in an inert atmosphere.

The increase in active Sn sites for the inert-heated samples can
also be expressed in terms of Sn dispersion (in %). Figure 4B
depicts the Sn dispersion against Sn content by assuming one
adsorbed pyridine molecule per active Sn site.”” A maximal
dispersion of almost 60% was reached for Snf3-N, /air catalysts at
1 wt % of Sn, while only 31% was detected for the standard
calcination method. This maximal dispersion is in line with
literature values reported for SSI-Snf catalysts (1.5 wt % Sn)
made via the N, /air protocol (59%)°" and a HT-Snf catalyst
(65% for Snp having low Sn content (<1 wt %); recalculated
values using 1.42 as molar extinction coefficient).>
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Next, a positive correlation was found between the relative
decrease in the normalized silanol area and the LA density
(Figure S). This confirms that LA sites are formed by the
incorporation of Sn into the framework silanol nest.
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Figure 5. Linear decrease (R > 0.98) in the normalized silanol area as a
function of the Lewis acid density for Snf-(N,/)air zeolites (air: black
squares, N,/air: blue triangles). The linear decrease of the silanol area is
calculated relatively to the silanol area of a calcined dealuminated  and
normaiizz;d by the total T-O—T overtone area (2100—1750
cm’l). !

By plotting r, c; against LA density (Figure 6), we attempted
to find a common basis governing catalytic activity, irrespective
of the heat treatment used. From this, an initial positive linear
relationship was seen between r, c;, and LA density, correlating
the data points of both calcination methods at LA densities up to
approximately 200 umol-g". At higher LA density (200 ymol, ,-
g~ and up), the initial formation rate plateaued at 93 mMc; -h™".
This suggests that—independently of the heating atmosphere
used—the BVO activity is linearly correlated to the total amount
of LA sites up to a maximum of 93 mMc; -h™" at 200 yumol-g~*. A
similar leveling off in activity has been observed with BVO of 2-
adamantanone®® (Figure $9), and for another reaction type,
namely, the glucose to methyl lactate conversion.'” However, no
explanation was given for this effect.

A possible explanation for this effect could be that only the
amount of closed framework Sn sites increases while no extra
open framework Sn sites are formed at an LA density above 200
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Figure 6. Initial formation rate in relation to Lewis acid density and
heating atmosphere applied during SSI (air: black squares, N, /air: blue
triangles). Reaction conditions BVO: Snf (10 mg), ketone (330 mM in
dioxane), H,0, (50 wt % in dioxane), H,0,/ketone ratio of 1.5, 80 °C
and 700 rpm. Lewis acid density was measured by pyridine-FTIR
spectroscopy at 150 °C and calculated with an integrated molar
extinction coefficient (¢) of 1.42 cm umol™'.*° Total Sn content was
quantified by ICP-AES. Pyridine-FTIR spectroscopy of the catalysts
and the BVO reaction were performed in duplicate and triplicate,
respectively. Error bars represent the standard deviations.

pmol-g~'. Boronat et al. (2005) indeed reported that in HT Snj3
only open (and not closed) framework Sn sites are active in
BVO. Closed framework Sn sites are tetrahedrally coordinated
to framework oxygen, whereas open Sn sites display only a
threefold framework coordination and one hydroxyl group.®* To
this effect, we also performed CD;CN-FTIR spectroscopy (see
Figure S10) since pyridine as a probe molecule is unable to
discriminate open and closed Sn sites.””> The plot of the
catalytic activity against open Sn sites (Figure S11A) revealed
similar leveling off at high LA density. Moreover, in contrast to
Boronat et al. (2005),” the closed Sn sites (Figure S11B) of our
PS Snp zeolites display the same trend. From these data, it is
therefore not possible to deduce if only open Sn sites are active
in the BVO reaction.

Furthermore, as previously reported by our group, it should
be noted that not only framework Sn sites but also small SnO,,
species in PS Snf are active for BVO, albeit to a lesser extent
(expressed as activity per Sn).>® Recently, this was confirmed by
Dai et al.,*® who showed that small SnO, clusters (with a size up
to 2 nm) confined in PS Snf zeolites possess a BVO catalytic
activity comparable to isolated framework Sn sites.” Since such
species show Lewis acidic characteristics similar to isolated
framework Sn sites, they will also contribute to the total LA
density as calculated by Py-FTIR. Therefore, to not exclude
potential active Sn sites for the BVO reaction, we decided to
proceed with the total LA density.

In Figure S12, the turnover frequency (TOF) of the different
catalysts is plotted against its LA density. The TOF is calculated
by dividing the intrinsic activity, which is determined based on
the amount of CL formed after 10 min of reaction, by the active
Sn site density (measured via Py-FTIR). Up to a LA density of
200 umol-g™", the observed TOF is quasi-constant (around 300
h™') for both heating atmospheres, suggesting that identical
species are the dominant active sites. At higher LA densities a
sharp decrease in TOF is apparent. The activity plateau and
decrease in TOF with increasing Sn content will be further
discussed in part 4.

As summarized, the observed disparity in the activity of Snf
catalysts made via different heat treatments can be explained on
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the basis of LA density: (i) the catalytic activity is proportional
to the overall LA density up to a certain maximum (Figure 6)
and (ii) the pre-pyrolysis step increases the LA density by
promoting Sn dispersion, for example, 2Snf-N, /air outperforms
5Snf-air (Figures 4 and 6). The higher LA density of the
samples with the pre-pyrolysis step resulted from a better
incorporation of Sn in the zeolite framework. Via a toolset of
characterization techniques, we observed that the direct
oxidation in air without the intermediate N,-step increased the
amount of large extra-framework SnO, clusters which are
visualized by (i) SnO, reflections that arise in the PXRD pattern
at Snloading >S wt % (PXRD) (ii) the extra-framework Sn band
at 265 nm (DRUV—vis spectroscopy), (iii) less decreased
silanol area after Sn incorporation (FTIR spectroscopy), (iv) a
higher amount of Sn on the catalyst surface compared to the
bulk Sn (XPS/ICP), and (v) a lower QS, a higher IS, and a
smaller temperature-dependent absorption depth difference,
leading to a less distorted and firmer-bonded first neighbor
environment (''*Sn Mdssbauer spectroscopy).

Based on the catalytic and characterization data, we
hypothesize that the accrued Sn dispersion and catalytic activity
obtained by using a pre-pyrolysis step results from the
persistence of Sn(II) species during a crucial step of the
synthesis process. We argue that the Sn(II) species, present in
the Sn(II) acetate precursor, are rapidly oxidized to Sn(IV) in
heated air, whereas Sn(II) retains its oxidation state during the
SSI under an inert atmosphere.

2.3. Solid-State Characterization of the Sng Catalyst
during Synthesis. To corroborate this hypothesis, we
investigated the existence of Sn(II) species during inert heat
treatment by ''”Sn Mdssbauer spectroscopy (Figure 7). While
Sn is only present in the +4 oxidation state in Snf samples
treated for 3 hat 550 °C in air (Figure 7A), 82% of the Sn in Snf
samples treated for 3 h at 550 °C in N, remains in the +2
oxidation state (Figure 7B). These findings confirm our
hypothesis. However, they are in contrast to a recent paper by
Joshi et al. who suggested that Sn(II) already oxidizes to Sn(IV)
during the mixing process prior to heat treatment.*” This early
oxidation might have been triggered by their use of high-energy
ball milling as opposed to the low-energy manual grinding used
in this study. Furthermore, the authors suggested the oxidation
state of Sn based on XPS and K-edge XANES analysis, both of
which are unable to unambiguously discriminate between Sn(II)
and Sn(IV) when present in low amounts.**

To get insights into the characteristics of the Sn species that
are present during different heat treatments, we examined the
gaseous decomposition products formed during Snf synthesis
using TPDE—MS (Figure S13). TPDE—MS was performed
using catalyst pellets made from a mixture of Sn(II) acetate and
deAlf (S wt % Sn), manually ground for 10 min. From the
TPDE—MS data (Figure S13), three clear decomposition-
temperature ranges were identified. First, between 275 and 500
°C, acetone (m/z = 58) and CO, (m/z = 44) were detected in an
inert atmosphere. Note that acetone is relatively absent in the
same temperature range in oxidizing conditions. Second,
between 275 and 350 °C, acetic acid (m/z = 45), water (m/z
= 18), and CO, (m/z = 44) were exclusively detected in the
oxidizing conditions. Third, between 200 and 275 °C under
either atmosphere, acetic acid (m/z = 45) and CO, (m/z = 44)
were formed while water (m/z = 18) was consumed. The
gradual release of water at lower temperatures (50—250 °C) was
attributed to both physi- and chemisorbed water, which is
present on the dealuminated 3 and Sn precursor.*’
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Supported by the observed temperature range of decom-
position, we can derive a series of chemical equations describing
the thermal decomposition of Sn(II) acetate in the presence of
zeolite during SSI. At T < 275 °C, an hydrolysis reaction occurs
in which Sn(II) acetate hydrolyzes to Sn(II)O and acetic acid in
the presence of water under both atmospheres (eq 1). Such
acetic acid formation was also suggested for anhgrdrous Zn(1I)
acetate in the presence of water vapor at 250 °C.°°> However, at
temperatures higher than 275 °C, two different pathways
become apparent. In the oxidizing atmosphere, the produced
acetic acid is ostensibly combusted to CO, and H,O between
275 and 350 °C (eq 2). The produced water further promotes
hydrolysis of Sn(II) acetate to acetic acid (eq 1). The SnO
species are further oxidized to SnO, under the air conditions as
already proven by the aforementioned ''°Sn Mossbauer
spectroscopy results (eq 3). In inert conditions in presence of
the zeolite, Sn(II) acetate seems to decompose to SnO, acetone,
and CO, between 275 and 500 °C (eq 4). Indeed, Donaldson et
al. also reported SnO, acetone, and CO, and no acetic acid as the
thermal decomposition products of pure Sn(II) acetate in an
inert atmosphere.66 Finally, reports also mentioned the
disproportionation of bulk SnO into metallic Sn and SnO,
and/or Sn,0; (or SnO-Sn0,) at 550 °C in an inert
atmosphere.®”® However, we exclude this possibility because
no metallic Sn was detected with '”Sn Mssbauer spectroscopy
(otherwise clearly visible at an IS of approximately 2.6 mm-s™")
after 3 h in an inert atmosphere at 550 °C (vide supra).

At T < 275 °C in both atmospheres
Sn"(CH,COO0), + H,0—~Sn"0 + 2CH,COOH (1)

At 275 < T < 350 °C in oxidizing atmosphere

Sn"(CH,COO0), + H,0—~Sn"0 + 2CH,COOH (1)

CH,COOH + 20, — 2CO, + 2H,0 )
28n"0 + 0, = 250" 0, 3)
At 275 < T < 500 °C in an inert atmosphere

$n"(CH,;C00), — $n"O + CH;COCH; + CO,  (4)
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By balancing the stoichiometry of eqs 1, 3, and 4, we expect
that decomposition of zeolite-associated Sn(II) acetate delivers
SnO and SnO, in inert and oxidizing atmospheres, respectively.
The thermodynamically unstable SnO species are easily
transformed to SnO, in oxidizing conditions but remain
(meta)stable in inert conditions in the zeolite f.

Finally, TGA was applied to detect weight changes indicative
of SnO, formation during the oxidizing heat treatment step. In a
first experiment, commercial bulk SnO increased in weight in
O,-flow starting at 525 °C (results not shown). This agrees well
with literature that states that oxidation of pure SnO proceeds
via an intermediate Sn,O; (or SnO-Sn0,) phase at 525 °C
before transitioning to a more thermodynamically stable SnO,
phase at 600 °C.°” However, because the oxidation onset
temperature of the metal oxide nanoparticle decrease with their
size,”””° the oxidation of the small SnO species present in the
zeolite is likely expected to take place at lower temperatures. In a
second experiment, both Snf catalyst (S wt % Sn) synthesis
methods were mimicked during TGA by grinding Sn(II) acetate
with deAlf and selecting the carrier gas (Figure S14). In O,, the
residual weight at 550 °C remained practically constant for 6 h.
Contrarily, the residual weight at 550 °C was significantly lower
during the first 3 h in N,. This discrepancy is presumably caused
by the difference in molar mass between SnO (134.71 g-mol™")
and SnO, (150.71 g'mol™") in the sense that the lower residual
weight observed under N, indicates that SnO was not fully
oxidized. Interestingly, this discrepancy in residual weight at 550
°C rapidly disappeared upon switching from an N, to an O,
atmosphere, further supporting our oxidation state hypothesis.

The complementarity among the TPDE—MS, TGA, and
119Sn Mossbauer spectroscopy results confirms our oxidation
state hypothesis, which links the improved Sn dispersion to in
situ-generated Sn(I1)O species. From a physical point of view,
this might be explained by the volatility (and hence the mobility)
of the Sn species, as can be expressed in terms of vapor pressure.
For bulk powders, Sn(I1)O possesses a higher vapor pressure
compared to Sn(IV)0,.”" At 1000 °C, for instance, the vapor
pressure of Sn(I1)O lies above 10 mbar, while for Sn(IV)O,, the
vapor pressure is only 0.34 mbar.”"””> Based on this, one might
expect Sn(II)O to be more mobile than Sn(IV)O, at identical
temperature, making it more likely for Sn(II)O to disperse
through the zeolite than Sn(IV)O,. Instead of bulk Sn(IV)O,
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and Sn(IT)O, the zeolitic material contains small Sn(II)O and
Sn(IV)O, species. As vapor pressure increases when reducing
the SnO,) particle size,””* the actual vapor pressure of such
SnOy,) species in the zeolite will thus be higher.

Once in their mobile state, such in situ-generated mobile Sn-
oxide species seek to lower their surface free energy. To do so,
Sn-oxide species will either (i) sinter into larger particles
(cohesion) or (ii) interact with the zeolitic support (adhesion)
through the silanol nests, thereby increasing the Sn dis-
persion.”>’® The most energetically favored mechanism will
be dominant. Recently, it was reported that the adsorption
energy (AE,q,) of PtO, on the surface of CeO,, as calculated via
density functional theory, is always higher for Pt(II)O than
Pt(IV)O, (in absolute values).”>”” In line with these findings, it
could be hypothesized that interaction with the silanol nests
within the zeolitic support is more energetically favorable for
Sn(I1)O than for Sn(IV)O,. This might be originating from its
(i) lower coordination number and (ii) smaller molecular size,
facilitating silanol nest insertion. Such dominant adhesion forces
can ensure a strong anchoring of atomically dispersed metals
onto the zeolite support thereby preventing metal oxide
sintering.78

Finally, one could argue that Sn(II) acetate itself is by default
mobile because of its low melting point (180 °C) and the inert
treatment only serves to distribute Sn(Il) acetate evenly in the
zeolite before its decomposition to Sn(II)O (at approximately
240 °C). To evaluate which factor dominates the Sn-distribution
process (melted Sn(II) acetate vs decomposition in Sn(I1)O
species), we adapted the synthesis protocol with a focus on the
melting time. In a first protocol, the duration of the melted, non-
decomposed Sn(II) acetate in an inert atmosphere was
prolonged. To do so, the Sn(II) acetate ground with
dealuminated f was heated to 190 °C under N,-flow. After 3
h under an inert atmosphere at 190 °C, the atmosphere was
switched to air and the sample was calcined at 550 °C for 3 h
(abbreviated as SSnf-melt). In a second protocol, the melting
time was reduced by increasing the heating rate from 2 to 10 °C-
min~! (abbreviated as 5SnfS-N,/air-fast).

The DRUV—vis spectrum (Figure S15a) of the SSnf-melt is
similar to air-calcined Snf3 (SSnf-air), showing a high amount of
extra-framework SnO,. Compared to 5Snf-air, the SSnf-melt
catalyst gives a slight increase in activity (42 vs 32 mM¢;-h™").
However, 5Snf-N,/air is still more than twice as active (93
mMc;-h™"). In contrast, a reduction in melting time (5Sn3-N,/
air-fast) gives a catalyst with a similar DRUV—vis spectrum
(Figure S15b) and catalytic activity (92 mMc;-h™") as the SSnf5-
N,/air catalyst. Hence, it seems that not melting but
decomposition of Sn(II) acetate in an inert atmosphere is the
dominant factor governing Sn-dispersion.

In summary, the decomposition of Sn(II) acetate to Sn(I1)O
during inert pre-pyrolysis induces a higher Sn dispersion
compared to air calcination because Sn(II)O is more mobile
than Sn(IV)O,, which increases its probability to encounter
zeolitic silanol nests. Moreover, the interaction between the
silanol nests and Sn(I1)O is supposedly stronger, favoring the
anchoring of Sn in the framework.

2.4. Catalytic Activity Plateau at Higher LA Density.
Although our reaction conditions were set to exclude interphase
mass transfer limitations according to the Madon—Boudart test
(see Section 1, Figure S3),*” intraphase mass transfer limitations
(i.e. intracrystalline pore diffusion limitations) might still be
present, and this may be the most obvious explanation why the
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catalytic activity levels off at LA densities above 200 ymol-g™*
(Figure 6).

To investigate pore diffusion, we first applied the well-known
Koros—Nowak criterion, which states that the concentration of
active material per amount of catalyst is directly proportional to
the reaction rate in kinetic regime.””’” Assuming that the
concentration of active material per amount of catalyst is equal
to the total LA density, this criterion is tested in Figure 6. It
suggests that the reaction is in kinetic regime up to 200 ymol-g~"
after which the catalytic activity plateaus due to pore diffusion
limitations. However, this assumption implies that all LA sites
measured via Py-FTIR are active in the BVO reaction.

Other methods need to be evaluated to ascertain the absence
of pore diffusion limitations such as altering (i) the particle size
of the catalyst or (ii) the reaction temperature.”**" For the first
method, HT Snf3 consisting of larger particle sizes could be used.
However, this strategy was deemed unsuitable as it could alter
the nature of the active sites. This would complicate to attribute
a change in catalytic activity entirely to pore diffusion
limitations.

A better and simpler method is to decrease the reaction
temperature since the reaction rate constant k is more
temperature sensitive than the diffusion coefficient D. Both
coefficients obey the exponential Arrhenius equation (k = k:
e EYRT and D = Dy-e EYRT) but the effective activation energy E,
of the kinetic reaction lies in the range of 50—100 kJ-mol™', in
contrast to the activation energy of self-diffusion, which is below
50 kJ-mol".*'~** Assuming that the catalytic activity plateaus at
93 mMc; -h™" due to pore diffusion limitations, we would expect
the catalytic activity of the catalysts with the highest LA density
to lie in the linear kinetic part upon lowering the temperature, as
we force the catalytic reaction to take place at a lower rate.
However, as can be seen in Figure S16, when reducing the
temperature to 60 °C, the graph retains an identical shape as
Figure 6. A plateau is reached at rycp of 25 mMc-h™" for a
similar LA density of 200 ymol-g~". Since this initial formation
rate lies in the linear part at 80 °C (Figure 6), we can conclude
that the leveling off is not caused by pore diffusion limitations.

An alternative method for assessing (pore) diffusion
limitations relies on calculating the effectiveness factor 7 as a
function of the Thiele modulus ¢.%*® The effectiveness factor 7
is defined as the ratio of the observed rate (R,) to the intrinsic
rate (R,) in the absence of mass and heat gradients (eq S). By
assuming that the pellet temperature is isothermal, the
effectiveness factor # can be expressed as the product of the
pore and film effectiveness factors, 7, and g, respectively
(eq 6) with the Thiele modulus ¢ defined as the ratio of the
intrinsic rate, calculated at bulk fluid phase conditions, to the
maximum rate of effective diffusion at the external pellet surface.
Considering the particles as a sphere with radius r,, eq 7 is used
with k as a reaction constant, ¢, the bulk concentration, n the
order of the reaction, and D, the effective diffusion. The #g,,, part
of the equation is also influenced by the Biot number Bi, (eq
8).*” Since the BVO reaction obeys a first order rate®” and as no
film diffusion limitations occur (see part 1), eq 6 can be
simplified to eq 9.

R
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"=k,
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Table 2. Apparent Activation Energy (E,), Pre-exponential Factor (k,), Enthalpy (AH¥), and Entropy (AS¥) for the Bimolecular

BVO Reaction with Different Snf Catalysts

entry catalyst E, (IJ-mol™") ko (h7") AH7 (kJ-mol ™) AS* (J-mol K1)
1. SSnp-air 70.6 2.30-10° 67.8 —143.1
2. 10Snf-air 70.1 4.5310° 67.3 —-137.5
3. 1Snf-N, /air 70.6 1.39-10° 67.8 —147.5
4. 28np-N,/air 70.8 2.93-10° 68.0 —141.1
5. 5Snp-N,/air 712 8.77-10° 68.4 ~132.0
6. 78np-N,/air 713 8.75:10° 68.5 -132.0
7. 10Snp3-N,/air 70.6 7.43-10° 67.8 —1334
n=n reached. The pre-exponential factor k, is strongly correlated
pore M with the entropic factor which can be calculated through the
3 1 1 Bi, tanh(¢) Eyring plots.”” The calculated enthalpic (AH¥) and entropic
= E m - g x ¢ + (Bi_, — 1)tanh(¢p) () (ASF) values of.the transitic.)r} states are Presen?ed. in Table 2:
For all materials, a transition state with a similar enthalpic
] level is formed during BVO reaction at the Sn active site. The
b=r ke, highly negative activation entropies are typical for associative
D, (7) processes and indicate the formation of a more ordered
transition state complex—in this case, the Criegee intermedi-
‘ ke, ate.”” Initially, the entropic factor (AS¥) correlates with the LA
Bi, = D ) density until it levels off at 200 ymol-g~" (Figure 8).
€
-130 -
n=n =i{;—i) with(]ﬁ=r\/z A A
P ¢ltanh(d) ¢ APl 4
9) -135 4
The parameters that influence pore diffusion in a first order “; -
reaction are r,, k and D,. The particle size of a commercial < 1404 .
zeolite lies between 60 and 500 nm.”*~"" An average particle 2
size of 500 nm was confirmed via SEM for 10Snf-N,/air (Figure <) "
S17) but because particles as large as 1 ym were also detected, % 1451
we conservatively assumed the particle size to be 1 ym. The < A
reaction constant k was estimated at 0.27 h™! at 80 °C reaction 150 4
temperature, which is the value for the most active catalyst = air
(10Snp-N,/air, vide infra). The effective diffusion coefficient D,
of cyclohexanone in the f zeolite crystal was approximated using -155 , , , , , ,
0 50 100 150 200 250 300

D, values of similar compounds such as phenol and benzyl
alcohol (Table S4). Even assuming a conservatively low D, value
of 1.5 X 107" m?:s™, the calculated effectiveness factor Npore 18
still 1.

Both the temperature decrease approach presented above and
the effectiveness factor 7, of 1 suggest the absence of pore
diffusion limitations. Therefore, the BVO reaction proceeds in
the kinetic regime for the most active Sn catalysts, and the
activity plateau is therefore caused by another phenomenon.

To get further insights into the difference between the active
sites, a kinetic study was performed on the BVO reaction. Key
kinetic parameters such as the apparent activation energy (E,)
and pre-exponential factor (k,) were determined by varying the
temperature between 50 and 80 °C. The Arrhenius plots for the
different Snf catalysts are displayed in Figure S18A. Apparent E,
values were obtained from the slopes of these plots, whereas k,
values were derived from the calculated intercept with the y-axis;
values are listed in Table 2. All catalysts show a comparable
apparent E, (between 70.1 and 71.3 kJ-mol™"). Such E, values
confirm again the absence of mass transfer limitations for the
catalysts used in this work. Since the amount of active sites is
accounted for in the k, as expected, the k, values of air-calcined
catalysts increase with higher Sn content. Initially, the same
happens for the N,/air samples up to 5 wt %, when a plateau is
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Lewis acid density (umol g™)

Figure 8. Entropic factor (AS¥) as a function of LA density (umol-g™!)
for Snf-(N,/)air zeolites (air: black squares, N,/air: blue triangles).
The LA density was calculated by Py-FTIR spectroscopy at 150 °C and
1.42 cm-umol ™ as the integrated molar extinction coefficient.”” The
enthalpic factor (AS¥) was derived from the calculated intercept with
the y-axis of the respective Eyring plot.

The AS* factor is influenced by (i) the change in entropies of
transition state structures and (ii) the relative abundance of
active Sn sites.”* Hence, the increase in AS¥ up to LA density of
200 pmol-g~" correlates with the increased amount of LA Sn
sites. Above 200 umol-g~!, the activity per Sn decreases (as
visualized by TOF, Figure S12). It could be that, at higher metal
loadings, Sn is incorporated in T-sites which are in very close
proximity to each other. These sites are still accessible to the
probe pyridine in FTIR. However, the bimolecular BVO
reaction requires an adequate orientation of both cyclohexanone
and H,0, with a single Sn site. Hence, it is very plausible that
two proximate neighboring sites cannot be active simulta-
neously.
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To investigate this hypothesis, we checked the accessibility of
the LA sites of the catalysts with a larger probe molecule, namely,
2,6-lutidine (Lu).” If the LA sites (above 200 umol-g™,
measured via Py) are in too close proximity, the Sn sites cannot
be reached separately; thus, the ratio of the adsorbed Lu to
adsorbed Py (Lu/Py-ratio) should be lower compared to a
catalyst with a lower LA density (<200 ymol-g™") in which the
Sn sites will be less proximate. Therefore, we tested 10Sn/f-air
and 10Snf-N,/air catalysts having a (Py-calculated) LA density
of 114 and 277 ymol-g "', respectively. The FTIR spectrum of Lu
adsorbed on 10Snf-air is provided in Figure S19. The
contribution at 1612 cm™" is assigned to coordinated Lu species
on LA sites.”” The LA density was calculated from the spectra
(see details in Materials & Methods) by using the molar
extinction coefficient of 3.4 cm.umol™!, determined by Onfroy
etal.”® The calculated Lu/Py ratios were found very similar; 0.30
and 0.33 for 10Snf-air and 10Snf-N,/air, respectively,
indicating that the active site proximity hypothesis seems
unlikely.

The accessibility hypothesis was further investigated by
performing the BVO reaction with smaller substrates. By
reducing the substrate size, one could expect that potential
accessibility issues are less pronounced, hence overcoming the
activity plateau at high LA density. However, a similar profile
was apparent when performing the reaction with cyclobutanone
(Figure S20A) and cyclopentanone (Figure S20B). These
results further corroborate that accessibility of the Sn sites is not
the main reason for the activity plateau.

Instead, the plateau could arise from the additional Sn that is
incorporated in the less favorable T-sites at high Sn loadings. As
the pre-exponential factor k; is influenced by both content and
reaction efficiency of the active Sn sites, this can be investigated
by eliminating the content factor. In Figure S18B, a modified
Arrhenius plot is presented wherein the k-values are divided by
the specific LA density (abbreviated as LAD). Next, the
calculated (k/LAD), values, derived from the intercept of
Figure S18B, are plotted in Figure 9 as a function of LA density
(measured via Py-FTIR). The active Sn sites have approximately
the same reaction efficiency for the BVO reaction up to an LA

4.5x10" 4
4.0x10" .
3.5x10"
3.0x107
2.5x107

2.0x10" o

—_ -1 -1
D)0 (h* g pmol?)

LA

1.5x107

1.0x10" -

= air

6 .
SOx10°7 | 4 N/air
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T
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0 50 100 150 200 250 300

Lewis acid density (LAD, pmol g™)

Figure 9. (k/LAD), values as a function of Lewis acid density (LAD).
(k/LAD), is determined via the intercept of the modified Arrhenius
plot, wherein the reaction constant k is divided by the Lewis acid
density of the specific catalyst.
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density of 200 umol g~'. A further increase in the amount of LA
sites decreases the average reaction efficiency of the Sn sites.

Hence, we conclude that for the BVO, a maximum activity can
be obtained at a LA density of 200 ymol-g™". Increasing the Sn
content beyond a LA density of 200 ymol-g~" yields no benefit
since the average reaction efficiency of the active sites reduces
due to the incorporation of Sn in less favorable sites.

3. CONCLUSIONS

A fast, efficient, and established procedure to obtain f# zeolites
with Lewis acidic Sn sites is via SSI of Sn. The thermal treatment
during SSI is crucial to obtain highly active Snf catalysts.
However, the influence of rather trivial parameters such as
heating atmosphere on the formation of active Sn sites and the
mechanisms at play is often overlooked.

In this paper, we elucidated the mechanistic role of the pre-
pyrolysis step during SSI on the structure and activity of the
resulting Sn/ catalysts. The significantly higher catalytic activity
of Snf catalysts treated by inert heating was confirmed for the
H,0,-mediated Baeyer—Villiger oxidation reaction. Extensive
solid-state characterization of these Snf catalysts by N,-
physisorption, PXRD, DRUV-vis, FTIR, XPS, and 119gn
Mossbauer spectroscopy revealed an improved framework Sn
incorporation and hence a higher Sn dispersion.

The higher Sn dispersion can be explained by a difference in
the Sn-oxidation state during heat treatment as confirmed by in
situ TPDE—MS, TGA and '"*Sn Méssbauer spectroscopy. In an
inert atmosphere, Sn(II)O species instead of Sn(IV)O, are in
situ generated during high-temperature zeolite-associated Sn(II)
acetate decomposition. It was rationalized that such in situ-
generated Sn(I[)O species play a key role in creating Snj
catalysts with high Sn dispersion because of their higher
volatility, hence mobility, and thus increased probability to
encounter silanol nests.

Finally, we established the crucial link between the features of
the catalyst and its activity. Irrespective of the heat treatment
applied, a positive linear relationship was seen between the
catalytic activity for the BVO reaction and the LA density up to
200 pmol-g~'. At a higher LA density, the activity plateaued.
This activity plateau was not due to diffusion limitations since
they were excluded by (i) lowering the reaction temperature, (ii)
calculating the effectiveness factor 7, and (iii) performing a
kinetic analysis. Instead, it seems that at high Sn loadings,
additional Sn becomes incorporated in less favorable T-sites
which are less efficient in the bimolecular BVO reaction. As a
result, the highest catalytic activity for the Snf-catalyzed BVO
reaction is obtained at a LA density of 200 ymol-g~". Further
increasing the Sn content beyond this LA density yields no
additional benefit.

4. MATERIALS AND METHODS

4.1. Catalyst Synthesis. A calcined commercial Al-f
(CP814c, Zeolyst International, SiO,/AlL,O; = 38) was
dealuminated by stirring the zeolite powder for 20 h in a 65%
nitric acid solution (20 mL-g" of zeolite) at 100 °C. Afterward,
the solids were filtered and washed thoroughly with water and
dried overnight at 60 °C. The post-synthesis procedures were
preceded by an activation of the dealuminated zeolite at 150 °C
to remove any physisorbed water. The procedure of Hammond
was followed for the solid state synthesis with Sn(II) acetate.”®*’
An appropriate amount of Sn precursor was added to the
dealuminated f and manually ground for 10 min in a pestle and
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mortar. Two calcination procedures were used. In this first
method, the sample was heated under static air in a mufile
furnace to 550 °C (2 °C-min™) for 6 h. In the second method,
the sample was heated in a quartz tube inside a tubular oven to
550 °C (2 °C-min™) first in a N,-flow (3 h) and subsequently in
an air-flow (3 h) (Figure S1). Gas flow rates of 20 mL-min ™" were
employed.

We also checked if the air-flow parameter affected the
outcome of catalytic activity since we used static air (muffle-
furnace) in the first calcination method and an N, and air flow in
the second method. However, no effect of the air-flow parameter
was observed.

4.2. Characterization Techniques. Powder XRD (PXRD)
patterns were recorded on a high-throughput STOE Stadi P
Combi diffractometer in the transmission mode equipped with a
Cu Ka, source and IP-PSD detector. To calculate the crystallite
size of SnO, present in the samples, the Debye—Scherrer
equation was used

kA
P cos O

(10)

with d the crystallite size, /4 the wavelength of the X-ray radiation
(Cu Ka, = 0.15406 nm), constant k of 0.9, /3 is the full width at
half-maximum height in radians (FWHM) and 0 is the
diffraction angle in radians. To estimate the average crystallite
size of SnO,, the two most intense, indexed peaks, (101) and
(211) at 33.9 and 52.3°, respectively, were used.****

TGA of the samples was performed on TA Instruments TGA
QS00. About 8 mg of the ground Sn(II) acetate and deAlf
mixture (with a final Sn-content of 5 wt %) was heated at 2 °C-
min~" to 550 °C in O, or N, and was kept isothermal for 6 h (6 h
in O, or 3 hin N, followed by 3 hin O,) at a flow rate of 90 mL-
min™,

TPDE MS analysis was performed in a horizontal home-made
oven with temperature control, coupled to a Pfeiffer OmniStar
Mass spectrometer. Sn(II) acetate and deAlf (S wt % Sn) were
ground for 10 min and 200 mg was pelletized and placed inside
the quartz tube. The sample was heated at 2 °C-min™" in 20 mL-
min~" of an inert atmosphere (He-flow) or oxidizing flow (O,-
flow) to 550 °C. m/z of 18, 44, 45, and 58 was tracked with the
MS to follow the production of water, CO,, acetic acid, and
acetone, respectively.

N, sorption measurements were performed using a Micro-
meritics Instruments Tristar 3000 at 77 K. Samples were
degassed under N, flow at 300 °C for 6 h prior to measurement.
The relative nitrogen pressure was varied between 0.01 and 0.99
(p/po). The specific surface area was calculated using the
Brunauer—Emmett—Teller theory, and pore volumes were
calculated by the t-plot method.

DRUV—vis measurements were performed in quartz U-tubes
equipped with a window. The samples were dried at 550 °C for 1
h in an air flow inside the tubes and measured, after cooling, on
an Agilent Cary 5000 spectrophotometer. Dried barium sulfate
was used as the diffuse reflectance standard.

Elemental analysis was performed using an ICP-AES
(PerkinElmer Optima 3300 DV) with signals for Sn, Al, and
Si at 189.9, 238.2, and 251.6 nm, respectively. Before ICP-AES,
the samples were decomposed with lithium metaborate at 1000
°C and dissolved in 5% HCI in Milli-Q water.

FTIR measurements were performed on a Nicolet 6700
spectrometer equipped with a DTGS detector. Samples were
pressed into self-supporting wafers and degassed at 400 °C in
vacuo for 1 h before measurements. LA sites were analyzed with
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gas-phase pyridine, 2,6-lutidine, or deuterated acetonitrile. 2,6-
Lutidine was adsorbed at 50 °C, by exposing the sample to 8
mbar of the probe molecule until saturation. Spectra were
recorded at 150 °C in vacuo after 15 min of equilibration, and 3.4
cm-ymol™" was used as the integrated molar extinction
coefficient for calculations of LA density at 1612 cm ™. For
pyridine adsorption, the samples were subjected to 20 mbar of
the probe until saturation at 50 °C. Spectra were recorded at 150
°C in vacuo after equilibration for 40 min. 1.42 cm-umol ™" was
used as the integrated molar extinction coeflicient for
calculations of LA density at 1451 cm™'.*’ Deuterated
acetonitrile was adsorbed at 30 °C. The samples were exposed
to sequential doses of 4 mbar of probe molecule until saturation,
which was evidenced when gas-phase CD;CN (2267 cm™")
appeared. Once saturated, a spectrum was recorded at 30 °C
after 30 s in vacuo. The spectra were deconvoluted in open Sn
sites (2316 cm™), closed Sn sites (2308 cm™), SnO, (2287
cm™"), silanol groups (2275 cm™'), and physisorbed or gas-
phase CD,CN (2265 cm™) with OMNIC software. All peaks
were fitted using mixed Gaussian—Lorentzian peaks (50/50)
except for the peak corresponding to physisorbed CD;CN,
which was fitted using a fully Lorentzian (0/100) peak. For all
deconvolutions, a peak center variation of +3 cm ™" was allowed,
and FWHM values ranged from 5— to 20 cm™".** For open and
closed Sn sites, integrated molar extinction coefficients of 1.04
and 2.04, respectively, were used.””

For all probe molecules, spectra of unloaded materials were
recorded as reference spectra. The number of LA sites titrated by
the probe molecules was calculated using the following equation.

integrated peak area (cm™) A, ¢ (cm?)
m (g)

(11)
with A, and m the area and the mass of the dry wafer,
respectively, and & the molar extinction coefficient.

XPS measurements were carried out on a SSI X probe
spectrometer (model SSI 100, Surface Science Laboratories,
Mountain View, CA) equipped with a monochromatized Al Ko
radiation (1486 eV). The sample powders, pressed in small
stainless troughs of 4 mm diameter, were placed on an insulating
home-made ceramic carousel. The pressure in the analysis
chamber was around 10 Pa. The analyzed area was ~1.4 mm?,
and the pass energy was set at 150 eV. The Si 2p peak of silicon
was fixed to 103.5 eV to set the binding energy scale. Data
treatment was performed with the CasaXPS program (Casa
Software Ltd, UK); spectra were decomposed with the least
squares fitting routine provided by the software with a Gaussian/
Lorentzian (85/15) product function and after baseline was
subtracted.

'9Sn Mossbauer spectra of the powder samples were
collected at RT and 77 K in transmission geometry, using a
constant-acceleration Mossbauer spectrometer equipped with a
Ca '"”™Sn0O; source kept at RT and a variable-temperature
(Thor Cryogenics) liquid nitrogen bath cryostat. The
spectrometer was calibrated with metallic iron at room
temperature and 77 K. Analyses of the spectra were performed
by the IMSG code using Lorentzian-type lines.”” The sample
treated in inert conditions was stored, sealed, and transported in
a N,-atmosphere, and the corresponding Mossbauer sample
holder was prepared and sealed in a glovebox under a N,-
atmosphere prior to its measurement.

4.3. Catalytic Reactions. BVO reactions were performed in
magnetically stirred thick-walled glass reactors, capped with a

LA density (umol g™") = = (cm pmol')
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rubber stopper and placed in a temperature-controlled copper
block. The reaction was conducted at 80 °C (or as mentioned)
and 10 mg of catalyst was added to 330 mM of cyclohexanone in
S mL of 1,4-dioxane. The glass reactor was heated to the
required temperature for 10 min, prior to the addition of 50 wt %
H,0, in a H,0,/ketone ratio of 1.5. Biphenyl was used as the
internal standard for chromatographic analysis. Reaction
conditions of the BV oxidation of cyclopentanone are identical
to the reaction with cyclohexanone at 80 °C. For cyclobutanone,
following reaction conditions were used: H,0,/ketone ratio =
1.5 (50 wt % H,0,); Cretone = 330 mM; 10 mg catalyst in 7.5 mL
dioxane at 20 °C.

To determine the initial formation rate, samples were taken at
regular time intervals and filtered to remove the catalysts.
Samples used for the calculation of the initial formation rate
contained a lactone yield below 10%. MnO, powder was added
to the aliquots to decompose H,0O,, which is still present in a
large amount and is detrimental for the GC-column. After
decomposition of H,0, to O, and H,0, MnO, powder was
removed by filtering and the aliquots were quantitatively
analyzed on a Hewlett Packard HP 6890 GC equipped with
an HP 7683 autosampler, a 30 m CP-wax-52 CB column, and a
FID detector. Identification of products was based on retention
time analysis.

Apparent activation energy (E,), pre-exponential factor (k),
enthalpy (AH), and entropy (AS*) for the bimolecular BVO
reaction were calculated via following equations

E 1
Arrhenius equation: Ink =1Ink, — —-
R T (12)
—AH* 1 ky  ASF
Eyring equation: In — = ~—+In— + —
yHng £ T R T h R
(13)

with the gas constant R, Boltzmann constant kg, and Planck
constant h.
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