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The deactivation of Sn-Beta zeolite catalyst during retro-aldolization and isomerization of glucose is in-
vestigated. Confocal fluorescence microscopy reveals that retro-aldolization of glucose in CH30H at 160 °C is
accompanied with the build-up of insoluble oligomeric deposits in the micropores, resulting in a rapid catalyst
deactivation. These deposits accumulate predominantly in the outer regions of the zeolite crystals, which points
to mass transport limitations. Glucose isomerization in water is not only accompanied by the formation of
insoluble deposits in the micropores, but also by the structural degradation of the zeolite due to desilication and

destannation. Enhanced and sustained catalytic performance can be achieved by using ethanol/water mixtures
as the reaction solvent instead of water.

1. Introduction

Efficient conversion processes of renewable feedstocks into fuels
and chemicals is pivotal to a more sustainable business model for the
chemical industry. Biomass is an important source of renewable carbon
with the potential to substitute fossil resources for the production of
chemicals. In particular, the carbohydrate fraction of lignocellulosic
biomass is considered a potential feedstock for future biorefinery pro-
cesses, from which specific platform chemicals with a wide range of
downstream applications can be produced (Fig. 1). This motivates re-
searchers in industry and academia to search for new catalysts that can
selectively promote the cascade reactions from cellulose via glucose
towards platform molecules, such as 5-hydroxymethylfurfural (5-HMF)
and lactic acid.

Zeolites functionalized with Lewis acid sites such as Sn-Beta are
active catalysts for the isomerization of glucose to fructose, [1-6] which
can be combined with acid-catalyzed dehydration of fructose to 5-HMF
[7,8] and the retro-aldolization of C6 sugars and the conversion into
lactic acid and derivatives [3,9-13]. Deactivation of the catalyst is a
problem in all of these reactions. There are two main causes of deac-
tivation, namely deposition of heavy by-products of the reactions and
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hydrothermal instability of zeolites. Retro-aldolization of C6 sugars is
carried out at relatively high reaction temperature, resulting in the
formation of undesired by-products. Several approaches have been
followed to decrease this type of deactivation. For instance, alkali
promoters modify the acidity towards a lower rate of deactivation [11].
Another approach is to synthesize more active catalysts that by oper-
ating at lower temperature produce less by-products [13]. Also, glucose
conversion by zeolites results in deposition of by-products in the mi-
cropores [5]. A major problem is that reaction intermediates oligo-
merize via aldol-condensation reactions. The resulting oligomers/
polymers are ill-defined compounds, usually called humins, which can
block the catalyst surface [8,14]. As catalyst deactivation due to heavy
product deposition is a general problem in zeolite catalysis [15-18],
locating these species by spectroscopic methods has been pursued [19].

Concerning stability, catalyzing reactions with zeolites in hot liquid
water can result in rapid deactivation [20,21]. The problem of stability
of zeolite catalysts in sugar conversion has attracted a considerable
attention in the recent years [4,22-27]. Hydrothermal conditions result
in various chemical transformations due to hydrolysis of the zeolite
framework, leading to a lower micropore volume and loss of active sites
[28-32]. Pérez-Ramirez and co-workers investigated the stability of Sn-
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containing Beta and MFI zeolite prepared by isomorphous substitution
and post-synthetic Sn introduction [33,34]. Zeolites prepared by iso-
morphous substitution during zeolite synthesis were more stable than
those prepared by post-synthetic introduction of Sn. Hammond and co-
workers investigated the stability of post-synthetically modified Sn-Beta
in a range of reactions related to biomass valorization [21]. Only when
carrying out the catalytic reaction in non-aqueous media, a reasonable
catalyst lifetime could be achieved. However, it was also reported by
Hammond and co-workers that addition of minor amounts of water in a
methanol/sugar feed led to increased catalyst activity and stability,
while pure water was found to be detrimental for the catalytic perfor-
mance [54]. Furthermore, the same group found that deactivation
proceeds faster when the Sn-sites are dehydrated rather than hydrated
[56]. In all, there are many factors contributing to deactivation of
zeolites in sugar conversion reactions. Therefore, it is necessary to
further elucidate deactivation mechanisms in zeolite-catalyzed sugar
conversion.

In this study, we present the results of a systematic investigation of
the deactivation of Sn-Beta zeolite during sugar conversion. We first
investigated the structural and textural changes in Sn-Beta zeolite
during retro-aldolization of glucose at 160 °C. Confocal fluorescence
microscopy on large crystals of spent Sn-Beta and Al-Beta zeolites were
used to visualize the intra-zeolite deposits [35,36]. Despite the limited
utility of the Brgnsted acidic Al-Beta catalysts for the selective sugar
conversions, these materials provide a better resolved benchmark sys-
tems for probing the transport of bulky sugar molecules and subsequent
growth of insoluble deposits inside the zeolite micropores. Next, we
investigated the catalytic stability and the origin of deactivation of Sn-
Beta during sugar (glucose and 1,3-dihydroxyacetone) isomerization
under milder conditions (70-100 °C). Finally, we demonstrated that the
use of a mixture of ethanol and water as a solvent allows more stable
operation during glucose isomerization by Sn-Beta.

2. Experimental
2.1. Chemicals

Tetraethyl orthosilicate (TEOS, > 99%, Merck), tetra-
ethylammonium hydroxide (TEAOH, 35% solution in water, Sigma
Aldrich), SnCl,s.5H,0 (98%, Sigma-Aldrich), anhydrous SnCl; (99%,
Aldrich), HF (40% in water, Merck), Al(O'Pr)3 (> 98%, Aldrich), Ludox
SM-30 (Sigma Aldrich), methanol (AR grade, BioSolve), D-glucose
(> 99.5%, Sigma), 1,3-dihydroxyacetone (DHA, dimeric form, > 97%,
Sigma Aldrich), HNO3 (65% in water, Merck) and lactic acid (90%,
BDH Prolabo) were used as received without further purification.

2.2. Catalyst synthesis

2.2.1. Sn-Beta-HF-large
Large crystals of Sn-Beta zeolite were synthesized according to an
established literature procedure [5]. Tetraethylorthosilicate (TEOS)
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catalyst.

(14.03g, 1 eq.), TEAOH (15.42g 35wt% solution, 0.54 eq.) and
SnCl45H,0 (0.24 g, 0.01 eq.) were mixed in a Teflon beaker until a
clear, homogeneous gel was obtained. After evaporation of ethanol and
part of the water, HF (40% in water, 1.5mL, 0.50 eq.) was added to
yield a dry gel with a final composition of 1 SiO, : 0.54 TEAOH :
0.50HF:0.01 SnCl, : 7.5 H,0. The mixture was transferred to a Teflon-
lined steel autoclave and heated in static mode for 40 days at 140 °C.
Subsequently, the material was washed and dried in air. Calcination at
550 °C for 10h (1 °C/min) in static air yielded the final material.

2.2.2. Al-Beta-HF-large

Tetraethylorthosilicate (TEOS) (14.03g, 1 eq.), TEAOH (15.42¢g
35 wt% solution, 0.54 eq.) and Al(O'Pr); (0.27 g, 0.02 eq) were mixed
in a Teflon beaker until a clear, homogeneous gel was obtained. After
evaporation of ethanol and part of the water, HF (40% in water, 1.5 mL,
0.50 eq.) was added to yield a dry gel with a final composition of 1
Si0,:0.54 TEAOH : 0.50HF : 0.02 Al: 7.5 H,0. The mixture was
transferred to a Teflon-lined steel autoclave and heated in static mode
for 40 days at 140 °C. Subsequently, the material was washed and dried
in air. Calcination at 550 °C for 10 h (1 °C/min) in static air yielded the
final material.

2.2.3. Sn-Beta-HF

Small-crystalline Sn-Beta-HF was synthesized using the seed-pro-
moted procedure as described elsewhere [37]. Tetraethylorthosilicate
(TEOS) (14.03 g, 1 eq.), TEAOH (15.42 g 35 wt% solution, 0.54 eq.) and
SnCl4.5H,0 (0.24 g, 0.01 eq.) were mixed in a Teflon beaker until a
clear, homogeneous gel was obtained. After evaporation of ethanol and
part of the water, HF (40% in water, 1.5mL, 0.50 eq.) was added to
yield a dry gel with a final composition of 1 SiO, : 0.54 TEAOH :
0.50HF : 0.01 SnCl, : 7.5 Hy0. 40 mg of nanosized Beta-seeds was
added and thoroughly homogenized. The mixture was transferred to a
Teflon-lined steel autoclave and heated in a rotation oven (20 rpm) for
20 days at 140 °C. Subsequently, the material was washed and dried in
air. Calcination at 550 °C for 10h (1 °Cmin™) in static air yielded the
final material.

2.2.4. Post-synthetic nano Sn-Beta (Sn-Beta-100)

Sn-Beta-100 was prepared as described elsewhere [38]. Nano-sized
Al-Beta zeolite precursors with synthesis Si/Al ratio of 100 were pre-
pared according to a modified procedure reported by Mintova et al.
[39] To 37 g of Ludox SM-30, a solution of TEAOH in water (28.1 g) and
Al(OiPr)3 (0.38 g) were added and the mixture was stirred for 20 h, after
which a clear solution was formed. The mixture was subsequently
transferred to a Teflon-lined steel autoclave and placed in an oven at
100 °C for 18 days under static conditions. The resulting zeolite was
collected by centrifugation, washed thoroughly with water and dried in
air. The zeolite was calcined at 400 °C and 550 °C (both 1°Cmin™t,
10h), successively. Dealumination was performed by refluxing in 65%
HNO; (50 mL g™) at 110 °C overnight. Residual HNO3 was removed by
thorough washing with demineralized water until the pH of the
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Table 1
Physicochemical properties of spent Sn-Beta-HF-large and Al-Beta-HF-large
(retro-aldolization glucose in methanol at 160 °C) and yield of methyl lactate.®.

Catalyst t(h)  Vmicro Vineso SgeT Y Weight loss
(em’/g) (em’/g) (%8 ()" (%)
Al-Beta-HF-large 0 0.22 0.02 516 - -
16 0.07 0.02 199 <1 7.8
Sn-Beta-HF-large 0 0.19 0.04 530 - -
1 0.09 0.02 234 18 6.3
2 0.13 0.05 359 19 6.7
4 0.10 0.05 297 22 6.2
8 0.08 0.03 225 21 6.4
16 0.13 0.04 331 23 7.7

# Conditions: 80 mg catalyst, 112 mg glucose, 160 °C, in 5 ml MeOH solvent.

> ML = methyl lactate.

¢ Determined by TGA weight loss upon hearing from 150 °C to 750 °C at 5°
min~! ramp in O,.

washings was neutral. Prior to modification with Sn, the dealuminated
Beta zeolite was dried in vacuo at 170 °C for 3h in a Schlenk flask. Sn
was incorporated by adding an excess of about 3 silanol nest equiva-
lents of anhydrous SnCl, at 100 °C under an Ar atmosphere and the
mixture was stirred overnight. In order to remove unreacted SnCl, from
the zeolite pores, the materials were thoroughly washed with methanol
at least six times and dried in air. In order to remove residual chloride
and to complete the condensation of the Sn centers into the framework,
the material was recalcined at 550°C (1 °Cmin~", 5h). The final Sn-
modified catalyst is denoted as Sn-Beta-100.

2.3. Characterization

X-ray diffraction patterns were recorded on a Bruker D2 dif-
fractometer using Cu Ko radiation in the 26 range 5-60° with a scan-
ning speed of 0.01° s~'. Elemental analyses were carried out using a
Spectro Ciros CCD ICP optical emission spectrometer with axial plasma
viewing. For analysis the materials an equivolumetric mixture of HF
(40 wt% in water), HNO5; (65 wt% in water) and water was used as
matrix. Thermogravimetric analyses to determine the water content of
the zeolites were done on a Mettler TGA/DSC-1 apparatus using 70 pL
alumina crucibles. Helium was used at a gas flow rate of 40 mL min™"
and oxygen at a rate of 20 mL min~'. Samples were heated from 25 °C
to 750°C at a heating rate of 5°Cmin~’. Argon physisorption mea-
surements were performed at —186 °C on a Micromeritics ASAP2020
apparatus in static measurement mode. In a typical experiment, a
zeolite sample (typically 100 mg) was outgassed at 350 °C for 8 h prior
to the measurement. The Brunauer-Emmett-Teller (BET) equation was
used to calculate the specific surface area from the adsorption data in
the p/p0 range 0.05-0.35. The mesopore volume was calculated by
applying the Barrett-Joyner-Halenda (BJH) method on the adsorption
branch of the isotherm and the micropore volume was calculated by
using the t-plot method. Scanning electron microscopy (SEM) was
performed using a Philips environmental FEIXL-30 ESEM FEG in high-
vacuum mode at low voltage. FT-IR measurements were performed on a
Bruker Vertex V70v system. The spectra were acquired as an average of
64 scans at a resolution of 2 cm™. The samples were prepared by di-
lution in KBr. The spectra were recorded after 15 min in vacuum and
are normalized by weight. UV-vis spectra of the catalyst were recorded
using an Avantes Avalight DH-S-BAL with deuterium and halogen
lamps as light source and an Avantes Avaspec 2048 L detector. The
spent catalysts were referenced to the fresh materials, the fresh catalyst
was referenced to a halon white background.

SEM-FIB measurements were carried out by etching the crystals
with a Ga-ion beam (Focused Ion Beam, FEI Helios Nanolab 650). SEM
images were recorded using a FEI Quanta FEG 250 at low pressure.

Confocal fluorescence microscopy measurements and mapping were
performed on a Nikon Eclipse 90i upright microscope using a 100x/
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0.70 NA dry objective. The microscope is equipped with a Nikon-
Eclipse A1R scan head. Confocal fluorescence images were recorded
using excitation from two laser light sources: a Melles Griot Argon ion
488 nm laser providing 40 mW (detection in the range of 518-710 nm)
and a Coherent Sapphire 561 nm solid state laser providing 50 mW
(detection in the range of 591-750 nm). Emitted fluorescence was de-
tected by a spectral detection unit equipped with a diffraction grating
and a 32 photomultiplier tube array.

2.4. Catalytic activity tests

2.4.1. Retro-aldol reaction

The retro-aldolization of hexoses was performed by mixing 80 mg of
zeolite, 112 mg of glucose and 4 g methanol in a stainless-steel auto-
clave containing a Teflon-lined magnetic stirring bar. The reactor was
then heated to 160 °C. After the reaction, the autoclave was quenched
rapidly in an ice bath. After filtration, the reaction mixture was ana-
lyzed by GC-FID using n-decane as external standard.

2.4.2. Glucose isomerization

Batch reaction experiments were carried out in 4 mL thick-walled
glass vials that were loaded with 40 mg zeolite and 2.5 mL of a 125 mM
aqueous glucose solution. The vessel was heated in an oil bath to the
desired temperature and quenched in ice. The reaction mixture was
analyzed by HPLC using a Prevail Carbohydrate column (Grace,
4.6 x 250 mm column, 5 pum particle size) coupled to a Shimadzu ELSD-
II detector. CH3CN:H,0 65:35 was used as mobile phase (0.75 mL/min).
ELSD settings were 50 °C and 3.5 bar N».

Continuous sugar isomerization experiments were carried out in a
fixed-bed stainless-steel tubular reactor with an internal diameter of
7 mm heated by an oven. The Sn-Beta-catalysts were pelletized by ap-
plying a pressure of 156 MPa followed by grinding and sieving. The
fraction of 250-500 pm was used for activity measurements. In a typical
experiment, 125-250 mg was loaded in the reactor and flushed for 16 h
with water at ambient conditions. Then the feed was replaced by a
125mM glucose solution and the reactor was heated to the desired
reaction temperature. All reactions were run for 50 h. The reactions
were carried out at slightly elevated pressure by using a back-pressure
regulator, whose pressure was set slightly above the autogenous pres-
sure of water at the reaction temperature. Samples were regularly
analyzed by HPLC (same settings as for the batch reaction mixtures).
The spent catalysts were recovered and extensively washed with water
or methanol and dried in air.

3. Results and discussion
3.1. Glucose retro-aldolization

The deactivation of Sn-Beta in the retro-aldolization reaction of
glucose was investigated using Sn-Beta and Al-Beta as model samples.
The samples were prepared by a fluoride-assisted method [5], resulting
in large crystals amenable to spatially resolved fluorescence micro-
scopy. Scanning electron microscopy (SEM) showed that the zeolite
crystals of Sn-Beta-HF-large and Al-Beta-HF-large have dimensions of
ca. 7pm and 18 um, respectively (Fig. S1). A typical capped bipyr-
amidal crystal shape is observed for Al-Beta-HF-large, while Sn-Beta-
HF-large is comprised of elongated crystallites with pronouncedly
rounded edges in keeping with literature [40]. X-ray diffraction analysis
confirms the high crystallinity of the Beta samples (Fig. S1c). Elemental
analysis showed that the Si/Sn and the Si/Al ratios of the two samples
were 108 and 41, respectively. SEM/EDX elemental mapping of cut
crystals showed a homogeneous distribution of the heteroatoms across
the zeolite crystals. Figure S2 shows representative SEM images and
associated EDX elemental maps of Al-Beta-HF-large (Fig. S2a) and Sn-
Beta-HF-large (Fig. S2b) samples after etching with Ga* ion beam.

Catalytic performance data of glucose conversion at 160°C in
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Fig. 2. IR spectra of a) Sn-Beta-HF-large and b) Al-Beta-HF-large before and after use in glucose conversion in methanol at 160 °C. Spectra were recorded at room
temperature after evacuation for 15 min and normalized by weight of the sample. The red lines correspond to the spent sample after 6 h of reaction, the black lines to

the calcined, fresh zeolites.

methanol and changes in the textural properties are provided in
Table 1. The Lewis acidic Sn-Beta zeolite showed a good activity in
retro-aldolization of glucose, providing an 18% methyl lactate yield
after 1 h reaction which did not change appreciably when the reaction
was prolonged. The H-Beta did not catalyse the retro-aldolization re-
action, but instead methyl levulinate was obtained in 38% yield after
1 h. The reactions in methanol at 160 °C had a profound impact on the
physico-chemical properties of Sn-Beta-HF-large and Al-Beta-HF-large
samples. Both zeolites suffer from a substantial decrease of the surface
area. TGA of the spent samples indicates that the deposition of insoluble
deposits in the micropores is one of the causes for this decline in mi-
cropore surface area. The more detailed time-on-stream analysis for Sn-
Beta shows that most of the ML-forming reaction took place in the first
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hour of the reaction. This suggests that already at the early stages of the
reaction, the pore openings of the zeolite crystallites become blocked.
The rapid deactivation can be correlated to the large size of the zeolite
crystals with a high bulk-to-surface ratio. This can explain the lower
than expected ML yield compared to conventional Sn-Beta catalysts (ca.
38% ML yield under identical conditions) [11,12,41].

We used IR spectroscopy to gain a better insight into the structural
changes of the zeolite and the nature of the species deposited inside the
zeolite pores during glucose reaction. The IR spectrum of spent Sn-Beta-
HF (Fig. 2a) shows a pronounced increase of the 3740 cm ™! band due
to terminal silanol groups, whereas the broad band in the 3200-
3600 cm ™! region due to hydrogen-bonded silanols changes only
slightly. An opposite effect is observed for spent Al-Beta-HF-large: the
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Fig. 3. UV-vis spectra of spent a) Sn-Beta-HF-large and b) Al-Beta-HF-large after use in the conversion of glucose in methanol at 160 °C. The dashed lines indicate the
excitation wavelengths of 488 nm and 561 nm used for confocal fluorescence microscopy.

hydrogen-bonded hydroxyl groups undergo more pronounced changes
than the silanol groups. Sugar conversion in Sn-Beta-HF-large gives rise
to a set of new bands in the vy region with maxima at 2854 cm Y,
2932 cm ™}, 2957 cm™ and 2980 cm ™! attributed to CH,- and CHj-
groups of the deposits. The presence of CH; groups can by related to
condensation of the products with methanol or formation of lactates
[42-44]. The band at 2957 cm ™, which is absent in the IR spectrum of
spent Al-Beta-HF-large, is most likely due to adsorbed lactate species.
The reaction over Al-Beta-HF-large gives rise to intense bands with
maxima at 1552 cm ™! and 1720 cm ™! attributable to C=C and C=0
moieties, respectively. These bands point to the formation of oligo-
merized aromatic, possibly furanic, species [45] and methyl levulinate
[46,47] upon Brgnsted acid-catalyzed conversion of glucose at elevated
temperature. The changes in the low-frequency part of the spectrum of
the spent Sn-Beta-HF-large sample are relatively minor. On the other
hand, the intensity of the bands at 1614cm ™' and 1650 cm™ char-
acteristic for C=C moieties formed by the dehydration side-reactions is
increased [45]. There are no large amounts of free methanol in the
pores as follows from the absence of the OH-deformation band around
1680 cm ! [48]. The characteristic band at 1630 cm ™! due to the Y20
vibrational mode of adsorbed water was also not observed.

UV-Vis spectroscopy provides further evidence for the presence of
aromatic oligomers in spent Al-Beta-HF-large by the broad and strong
absorption band at 750 nm (Fig. 3) [45,49]. The spent Sn-Beta-HF-large
catalyst contains much less of these polyaromatic species. The in-
creasing absorption in the UV-region (ca. 300 nm) for this catalyst
should rather be attributed to the formation of relatively low-molecular
weight furanic oligomers inside the zeolite pores [45].

We further investigated the location of these carbon deposits in
spent Sn-Beta-HF-large by confocal fluorescence microscopy (Fig. 4).
Confocal fluorescence maps were taken after recovery at different re-
action times of glucose in methanol at 160 °C. Laser excitation with
wavelengths of 488 nm and 561 nm (indicated with dashed lines in the
UV-vis spectra in Fig. 4) were used to localize the deposits. The possible
formation of extraframework Sn species in the spent catalysts is not
expected to influence the fluorescence intensities because such species
typically have absorption wavelengths below 450nm [38,55]. The
confocal maps presented in Fig. 4a-c indicate the predominant build-up
of the fluorescent species at the edges of the zeolite crystal. A similar
pattern has also been observed for zeolite deactivation during ether-
ification of olefins with glycerol by Parvulescu et al. [19] From TGA, no
substantial increase in the amount of the deposits was observed after
1 h reaction. In the fluorescence maps shown in Fig. 4a these species
appear to be uniformly distributed. After 4h reaction, an egg-shell
distribution evolves. We assume that the increase of the fluorescence
signal at the edge at longer reaction time is due to further

oligomerization of sugar deposits already present after 1 h of reaction
(Fig. 4a). This could be linked to the higher concentration of Sn-sites
towards the edge of the catalyst particles, where coke forms much faster
than in the core of the particle. After 16 h reaction, a more uniform
distribution is observed again due to further growth of the depositions
throughout the particle. In a comparable experiment with Al-Beta-HF-
large catalysts, a much more homogeneous distribution of the fluor-
escent signal due to insoluble deposits was observed. We speculate that
the reason for such a different picture observed for the two materials is
a lower sugar oligomerization on Brgnsted acid sites than over Lewis
acid sites allowing for a deeper penetration of glucose molecules inside
the zeolite particle.

3.2. Glucose isomerization

Next, we investigated the stability of Sn-Beta during glucose to
fructose isomerization reaction in water. This reaction can be carried
out at lower temperature. The use of water is challenging for the sta-
bility of zeolites and also leads to by-product formation. The catalytic
performance of Sn-Beta-HF in glucose isomerization was first in-
vestigated in a batch reactor. Fig. 5 shows the yields of glucose, fructose
and mannose and the carbon balance as a function of the reaction time
for Sn-Beta-HF. We confirmed that under otherwise identical condi-
tions, the use of Al-Beta-HF did not result in any glucose conversion
after 6 h. The steady decrease of the carbon balance goes together with
a darkening of the zeolite particles and a decrease of the pH of the
reaction mixture to 3-4. The formation of deposits was investigated by
IR spectroscopy (Fig. 6), UV-vis spectroscopy (Fig. 7) and confocal
fluorescence microscopy (Fig. 8).

The spent samples used in glucose conversion in water at 100 °C
were heated to 200 °C for 1h in order to oligomerize the remaining
carbohydrates and other products. Such a procedure was employed to
better visualize the presence of reactant and product molecules by
confocal fluorescence microscopy. We first discuss IR spectra of these
spent samples (Fig. 6). Similar to the spent zeolites used in retro-al-
dolization, we observed a strong increase in the amount of silanol
groups (3740 cm ™ 1), which is due to formation of lattice defects. The
silanol signal decreases again following the thermal treatment at
200 °C. This suggests that the silanol defects can react with OH-groups
of the organic deposits. The strong absorption in the 3200-3600 cm ™!
region is due to physisorbed water. Upon heating to 200 °C, signature
bands of CH; and CH, groups appear in the 2800-3000 cm ™' range.
Specific to spent Sn-Beta-HF-large, bands at 1780cm™!, 1662-
1677cm ™! and 1521 cm™! appear after glucose isomerization at
100 °C. The bands at 1677 cm ™' and 1521 cm ™! can be attributed to
the C=0 and C=C stretching vibrations in 5-HMF, respectively [50].
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488 nm 561 nm

a)

Fig. 4. Spatial distribution of carbonaceous deposits in single crystals of spent
catalysts after reaction of glucose at 160 °C in methanol. Images were taken in
the middle of the crystal. For the visualization of deposits, 488 nm and 561 nm
lasers were used with a detection range of 518-710 nm and 591-750 nm, re-
spectively. Confocal fluorescence microphotographs are presented in false
colors (intensities are all boosted with the same factor for the individual lasers).
Images of Sn-Beta-HF-large after a) 1h, b) 4h ¢) 16 h of reaction (scale bar
5um) and d) Al-Beta-HF-large after 16h of reaction of glucose (scale bar
10 um). The images on the left were recorded upon excitation at 488 nm, the
lower images at 561 nm. All settings were kept the same across all images. €) A
schematic representation of the cross section of the crystal in the middle plane.

This shows that the formation of furanic deposits already takes place
under mild conditions. The signal at 1637 cm ™! for spent Al-Beta-HF-
large is most likely due to water [51]. This signal is only present as a
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Fig. 5. Glucose isomerization over Sn-Beta-HF in a batch reactor (conditions:
100 °C, 40 mg Sn-Beta-HF, 2.5 mL water, 125 mM glucose).

weak shoulder in spent Sn-Beta-HF-large and disappears in both sam-
ples after heating the sample at 200 °C.

The UV-vis spectra (Fig. 7) show the development of absorption
bands at higher wavelengths following thermal treatment at 200 °C.
This confirms oligomerization of molecular species present in the mi-
cropores. Absorption at high wavelength is much stronger for Sn-Beta-
HF-large than for Al-Beta-HF-large. The absence of oligomeric species
for the latter zeolite is due to the low conversion of glucose under the
mild conditions of isomerization.

The formation of deposits in the zeolite micropores upon glucose
isomerization in water at 100 °C was visualized by confocal fluores-
cence microscopy (Fig. 8). The fluorescence signals for spent Sn-Beta-
HF-large are very weak (Fig. 8a). The observed species are most likely
derived from reactions between sugars amongst themselves and with
by-products such as 5-HMF [14]. This is in line with the observation of
furanic species in the IR spectra (Fig. 6a). On contrary, Al-Beta-HF-large
did not yield fluorescent species after 6 h reaction in glucose at 100 °C
(Fig. 8c). This is in line with a glucose conversion less than 1% for this
sample. Upon heating the spent Al-Beta-HF-large sample at 200 °C for
1h, the fluorescence signal was observed throughout the crystal
(Fig. 8d), which is in line with the UV-vis absorption spectra. The
presence of fluorescent species confirms that sugars and other reaction
intermediates are located in the micropores, which can be involved in
further oligomerization reactions.

We can thus infer that the side-products are responsible for the
decrease in the carbon balance and can give rise to the formation of
deposits under the applied conditions (Fig. 5). These results emphasize
the susceptibility of Sn-containing zeolites to deactivation via pore-
blocking due to the build-up of carbonaceous deposits inside the mi-
cropores under the reaction conditions. Batch experiments are not
suitable to assess catalyst stability. Therefore, we also determined the
activity of Sn-Beta as a function of the time on stream in a flow reactor,
focusing on the role of the sugar, the temperature and the solvent.

We first investigated glucose isomerization with Sn-Beta-HF at a
temperature of 100°C and a WSHV of 0.7 h™!. Under these reaction
conditions, fructose was the main reaction product and only very small
amounts of mannose were observed. As follows from Fig. 9, the iso-
merization activity decreased strongly with reaction time. Deactivation
was most pronounced during the first 6 h of the reaction. After 24 h on
stream, about 70% of the initial activity was lost. Glucose conversion
and fructose yield stabilized at ~20% and ~ 15%, respectively.

Calcination of the spent catalyst in flowing air at 550 °C could
partially restore the initial activity. The revived catalyst also deacti-
vated at a nearly similar rate (Fig. 9b). The textural properties collected
in Table 2 show that the loss of micropore volume after the glucose
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Fig. 6. IR spectra of a) Sn-Beta-HF-large and b) Al-Beta-HF-large before (black line) and after (blue line) reaction of glucose in water at 100 °C for 6 h and subsequent
heating at 200 °C for 1 h (red line). The spectra were recorded after 15 min of evacuation and normalized by weight.
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Fig. 7. UV-vis spectra of a) Sn-Beta-HF-large and b) Al-Beta-HF-large before (black line) and after 6 h isomerization (blue line) and subsequent heating at 200 °C for
1h (red line). The dashed lines indicate the excitation wavelengths of 488 nm and 561 nm used for confocal fluorescence microscopy (Fig. 8).

conversion experiment was mainly due to the formation of deposits, as
calcination led to a nearly identical micropore volume as for the fresh
catalyst. On the other hand, the calcined spent catalyst contained a
larger amount of mesopores than the fresh catalyst, which increased
further upon reuse. This strongly suggests that the zeolite framework
was damaged under the hydrothermal reaction conditions. Elemental
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analysis shows that the glucose conversion reaction did not lead to
leaching of Sn (Table 2). We found that the deactivation mechanism of
a post-synthetically modified Sn-Beta was different. The deactivation of
this sample was much more pronounced and the textural properties of
this catalyst was irreparably impeded (Table S1 and Fig. S4). It is likely
that the high silanol density of this sample contributes to the poor
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488 nm

561 nm

a)

Fig. 8. Spatial distribution of deposits in single zeolite crystals of spent cata-
lysts. Confocal fluorescence microphotographs are presented in false colors and
the intensities are all boosted with the same factor for the individual lasers
used. Confocal fluorescence microphotographs of Sn-Beta-HF-large after a) 6 h
isomerization in water at 100 °C and b) heating the spent catalyst at 200 °C for
1 h (scale bar 5 um); Al-Beta-HF-large after c) 6 h of isomerization in water and
d) heating at 200 °C for 1 h (scale bar 10 um). For recording the top images an
excitation wavelength of 488 nm was used, for the lower images a 561 nm laser
was used. Detection ranges were 518-710 nm and 591-750, respectively, for
these two laser lines.

hydrothermal stability of the material.

Pérez-Ramirez and co-workers reported that carrying out dihy-
droxyacetone (DHA) isomerization in methanol to methyl lactate led to
a more stable operation than the reaction in water with lactic acid as
the dominant product [34]. Previously, we reported that glucose iso-
merization proceeds at higher reaction rate in an ethanol/water (v/
v = 9/1) mixture than in water, which is due to a decreased competi-
tion of ethanol with the active sites [52]. We expect that the decreased
proton activity in such solvents results in a lower rate of formation of
oligomeric products. Therefore, we carried out the reaction at 90 °C and
at a WHSV of 1.5h ™! in ethanol/water (v/v = 9/1). Fig. 10a compares
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Fig. 9. Isomerization of glucose to fructose in flow with fresh (a) and fresh
versus calcined spent (b) Sn-Beta-HF. Isomerization of glucose in flow over
fresh (black) and recalcined (red) Sn-Beta-HF. Conditions: T = 100 °C,
WHSV =0.7h™".

Table 2
Physicochemical properties of the fresh, spent and reused catalyst after glucose
isomerization at 100 °C for 50 h.

Material WHSV Sn-content (Wt%)  Sggr Vinicro Vimeso
t™hH (m®/g) (em®/g) (ecm®/g)
Fresh - 1.79 = 0.01 530 0.21 0.05
Spent 0.7 n/a 427 0.15 0.11
Spent-calcined - 1.76 = 0.01 480 0.19 0.07
Spent-reused 0.7 n/a 481 0.14 0.16
Spent-reused- - 1.79 = 0.03 552 0.20 0.14

calcined

the catalytic performance of Sn-Beta-HF-large in water and water/
ethanol solvents. Compared to operation in water, during which more
than half of the activity was lost in the first 24 h, carrying out the re-
action in the ethanol/water mixture resulted in nearly stable catalytic
performance at a glucose conversion level around ~40% and a fructose
yield of 20%. Small amounts of mannose and talose were observed. We
verified that operation in the ethanol/water mixture did not sig-
nificantly affect the textural properties. In particular, the micropore and
mesopore volumes of the spent catalyst were nearly similar to those of
the fresh catalyst (Table 3). Furthermore, no damage to the catalyst was
observed in TEM (Fig. S6c).

In batch experiments, the pH of the reaction mixture decreased to
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Fig. 10. Glucose isomerization in a flow reactor at a WHSV of 1.5h ™" at 90 °C
in water (black line) and ethanol/water (v/v/ = 9:1) (red line).

Table 3
Physicochemical properties of the fresh and spent Sn-Beta-HF before and after
glucose isomerization at 90 °C for 50 h in water and ethanol/water (v/v = 9/1).

Solvent WHSV (h~)  Sn-content (Wt%)  Spgr Vimicro Vineso
m?*g) (cm%g) (ecm®/g)
- - 1.79 + 0.01 530 0.21 0.05
Water 1.5 1.76 + 0.01 398 0.15 0.08
EtOH/water 9:1 1.5 1.83 * 0.04 447 0.19 0.05

Table 4
Physicochemical properties of Sn-Beta-HF after exposure in flow to water,
0.2 wt% lactic acid in water and 250 mM DHA in water at 100 °C.

Feed Mcae (mg)  Flow Sn-content (Wt%)  Spgr Viicro Vineso
(mL/ (m®%/g) (ecm®/g) (ecm’/g)
min)

- - - 1.79 = 0.01 530 0.21 0.05

Water 125 0.25 1.95 + 0.01 464 0.15 0.21

02%LA 125 0.25 1.76 + 0.01 488 0.16 0.16

250 mM 250 0.28 1.95 + 0.01 423 0.14 0.26

DHA?
2 WHSV = 3.0.

3-4 during glucose isomerization. This pH decrease was also noted in
the effluent during the first period of the continuous flow reaction ex-
periments. The presence of small amounts of lactic acid was previously
determined by in situ NMR spectroscopy as one of the by-products
formed inside the zeolite pores during sugar conversion at 100 °C [52].
Lactic acid is formed via a sequential retro-aldolization-isomerization
reaction from fructose. Accordingly, we suspect that organic acids such
as lactic acid cause the pH decrease and damage the zeolite. We
therefore investigated the effect of hydrothermal treatment of Sn-Beta
catalysts in the presence and absence of lactic acid as a model com-
pound for acid formation during glucose isomerization.

In another experiment, DHA was fed in order to elucidate the effect
of the presence of substantial amounts of lactic acid as by-product in
sugar conversion reactions (Table 4). The corresponding time-on-
stream plot is shown in Fig. S5. Further experiments included demi-
neralized water and 0.2 wt% aqueous lactic acid solution (pH = 3) as
blank measurements. We found that desilication took place both when
250 mM aqueous DHA and demineralized water were used as feed,
which is corroborated by the increase in Sn-content of the catalysts. The
kinetic data shown in Fig. S5 reveal that also here deactivation took
place, going from 44% conversion to 20% conversion over 50h of
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reaction. Furthermore, a significant increase of the mesopore volume
was observed in the spent catalysts, from 0.05 cm3/g for the fresh
catalyst to 0.21 and 0.26 cm3/g after exposure to demineralized water
and 250 mM DHA, respectively at 100 °C. Under acidic, non-reactive
conditions, a much smaller but still noticeable increase of the mesopore
volume was observed (0.16 cm3/g). However, no loss of Sn was ob-
served. Desilication has earlier been observed for a mesoporous orga-
nosilica used under hydrothermal conditions [53]. The use of a small
amount of lactic acid did not lead to an increase in the Sn content,
although the damage to the structure was still evident from the textural
data. This may indicate that different mechanisms contribute to the
damage of the zeolite framework. The formation of mesopores can also
be derived from the TEM images (Fig. S6). The damage is most severe
during DHA isomerization. Interestingly, in this case it was also seen
that small particles were present on the surface of the damaged spent
zeolite particles. We surmise that these are SnO, particles, caused by Sn
removal from the framework and subsequent agglomeration into SnO,.
This effect was particularly evident during exposure to the acidic sol-
vent (0.2 wt% LA, Fig. S6f), but was also visible in water (Fig. S6e). This
shows that, although no Sn loss could be observed, under such condi-
tions restructuring of the catalyst takes place, whereby Sn is removed
from the framework.

4. Conclusions

The purpose of this work was to investigate the deactivation me-
chanism of Sn-Beta during sugar conversion reactions. Under stringent
conditions of glucose retro-aldolization in methanol at 160 °C, oligo-
meric species are deposited in the zeolite micropores that rapidly de-
activate the catalyst. The nature of these species and location was de-
termined by a combination of UV-vis and IR spectroscopy and confocal
fluorescence microscopy of the spent catalysts. While polyaromatic
coke is predominant on H-beta, lower molecular-weight furanics, likely
humin precursors, are the species that deactivate Sn-Beta. In the rela-
tively large zeolite crystals used in this work as model systems, these
species predominantly accumulate in the outer regions of the crystals.
Deposition of such deposits was also observed during glucose iso-
merization in water at 100 °C. The use of Sn-Beta zeolite under these
conditions for the isomerization of glucose and 1,3-dihydroxyacetone in
a flow reactor revealed a very strong and continuous deactivation. In
addition to deposition of oligomers, the zeolite framework is damaged
and Sn is leached from the zeolite. As a result, mesopores are formed
and SnO, is deposited during glucose conversion. The adverse influence
of hydrothermal deactivation on the zeolite can be countered by em-
ploying a more hydrophobic ethanol/water mixture as the solvent. This
procedure did not only lead to improved stability but also a higher
activity in glucose isomerization.
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