Downloaded from orbit.dtu.dk on: Jun 16, 2025

DTU Library

=
=
—

i

Effects of Alkali and Counter lons in Sn-Beta Catalyzed Carbohydrate Conversion

Elliot, Samuel G.; Tolborg, Sgren; Madsen, Robert; Taarning, Esben; Meier, Sebastian

Published in:
ChemSusChem (Print)

Link to article, DOI:
10.1002/cssc.201702413

Publication date:
2018

Document Version
Peer reviewed version

Link back to DTU Orbit

Citation (APA):

Elliot, S. G., Tolborg, S., Madsen, R., Taarning, E., & Meier, S. (2018). Effects of Alkali and Counter lons in Sn-
Beta Catalyzed Carbohydrate Conversion. ChemSusChem (Print), 11(7), 1198-1203.
https://doi.org/10.1002/cssc.201702413

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://doi.org/10.1002/cssc.201702413
https://orbit.dtu.dk/en/publications/1bdcff46-5fba-4e71-a75e-0311604be9be
https://doi.org/10.1002/cssc.201702413

Accepted Article

Title: Effects of Alkali and Counter lons in Sn-Beta Catalyzed
Carbohydrate Conversion

Authors: Samuel Elliot, Seren Tolborg, Robert Madsen, Esben
Taarning, and Sebastian Meier

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.

To be cited as: ChemSusChem 10.1002/cssc.201702413

Link to VoR: http://dx.doi.org/10.1002/cssc.201702413

’/'\{“/
ChemPubSoc




ChemSusChem

10.1002/cssc.201702413

WILEY-VCH

Effects of Alkali and Counter lons in Sn-Beta Catalyzed

Carbohydrate Conversion

Samuel G. Elliot,”™ Sgren Tolborg,"™ Robert Madsen,? Esben Taarning,” and Sebastian Meier®

Alkali ions have been shown to strongly influence the catalytic
behavior of stannosilicates in the conversion of carbohydrates. An
effect of having alkali ions present is a pronounced increase in
selectivity towards methyl lactate. Mechanistic details of this effect
have remained obscure and are herein addressed experimentally
through kinetic experiments and isotope tracking. Alkali ions have a
differential effect in competing reaction pathways: they promote the
rate of carbon-carbon bond breakage of carbohydrate substrates,
but decrease the rates of competing dehydration pathways. Further
addition of alkali inhibits activity of Sn-Beta in all major reaction
pathways. The alkali effects on product distributions and on rates of
product formation are similar, thus pointing to a kinetic reaction
control and to irreversible reaction steps in the main pathways.
Additionally, an effect of the accompanying basic anions is shown,
supposedly facilitating the cation exchange and eliciting a different
concentration-dependent effect than neutral alkali salts.

Introduction

Chemocatalytic carbohydrate conversion may be achieved
by the use of zeolites, which are microporous solid materials
widely used in oil refining that are projected to obtain similarly
central roles in biomass refining."? Especially zeotypes, with
elements such as tin instead of aluminum incorporated in the
zeolite framework, have been shown to catalyze a range of
relevant reactions in the conversion of carbohydrates, including
isomerization, dehydration and retro-aldol cleavage of
carbohydrates.” ** Since carbohydrates comprise approxi-
mately 75% of all biomass on Earth, they are attractive as a
feedstock for the development of sustainable processes.”

Sn-Beta, a tin-containing zeotype (stannosilicate), is a
particularly promising heterogeneous catalyst for carbohydrate
conversion.” ® Sn-Beta is able to catalyze the isomerization and
epimerization of carbohydrates at mild reaction conditions (near
100 °C)," while higher temperatures (above 120 °C) facilitate
the formation of different alpha-hydroxy acids/esters and furanic
compounds through a combination of retro-aldol cleavage!'®'?
or condensation,'® and dehydration reactions.!"” '8 The major
products resulting from conversion of xylose by Sn-Beta above
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120 °C are displayed in Scheme 1.

Recently, it has been shown that the catalytic performance
of stannosilicates can be influenced by the presence of alkali
cations."¥ Low millimolar amounts of alkali ions were found to
greatly increase the formation of methyl lactate in methanol
(from 30% to 75%) at 160 °C using Sn-Beta.'"*” At lower
temperatures (80 °C), alkali ions have also been reported to
promote Sn-Beta catalyzed epimerization over the isomerization
of carbohydrates.?"? The effect of alkali ions on zeolite
catalyzed reactions has been more thoroughly studied for
reactions with fewer competing pathways than those of Scheme
1, using non-carbohydrate substrates. Thus, alkali exchange has
been shown to enhance Baeyer-Villiger oxidation by Sn-Beta,?"
but to lower the activity of titanosilicates in epoxidation with
H,0,.2°%%1 These alkali effects are thought to result from
exchange of protons at or in the vicinity of the catalyst active
site.”*?%) The detailed nature of the alkali effect in improving
methyl lactate yield and carbohydrate epimerization, and the
correlation between the two effects have hitherto remained
unclear.
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Scheme 1. Competing pathways observed in the conversion of pentoses
catalyzed by Sn-Beta in methanol. ML = methyl lactate, TPM = 24,5-
trihydroxypentanoic acid methyl ester, trans-DPM = trans-2,5-dihydroxy-3-
pentenoic acid methyl ester, furanics = furfural and furfural dimethyl acetal.

The current study sets out to systematically study the
effect of alkali salts (as demonstrated herein for potassium salts)
on the divergent pathways catalyzed by Sn-Beta (Scheme 1).
Quantitative high-field NMR spectroscopy was used to
distinguish and quantify various reaction products without the
need for purification, reference compounds or instrument
calibrations.””! Changes in activity and selectivity of Sn-Beta
were thus noninvasively probed by accurate in situ analysis of
resultant reaction mixtures. These assays show that alkali ions
are activity promoters of methyl lactate formation at moderate
concentrations but inhibitors of all major Sn-Beta catalyzed
pathways at higher concentrations.
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Figure 1. Methyl lactate yield as a function of potassium concentration for
various salts of strong acids (filled green symbols) and salts of weak acids
(open blue symbols). Reaction conditions: 0.250 g glucose, 0.100 g Sn-Beta
(HT), 5 mL methanol containing up to 20 mM potassium salt, 120 °C, 19 h.
Methyl lactate is considered stable under the reaction conditions (Figure S1).

Results and DIscussion

A variety of potassium salts were initially probed for their
impact on the formation of methyl lactate by Sn-Beta. These
experiments encompassed potassium salts of weak acids and of
strong acids. The experiments were conducted at mild reaction
conditions (120 °C) and with long reaction times (19 h) in order
to ensure full conversion. The potassium salts of weak and
strong acids in a concentration range between 0 and 20 mM K*
showed distinct effects on the methyl lactate yield (Figure
The yields of methyl lactate increased for salts of strong
and reached a plateau at higher concentrations. In contrast,
alkali salts of weak acids (with basic anions) generally,
steeper increase in methyl lactate yield to a w
optimum, followed by a subsequent decrease in yi
concentrations of the salt.

Mechanistic insights into the observed effe,
salts of strong and weak acids were subsequ
effect was analyzed by probing the flux into all maj
pathways catalyzed by Sn-Beta. The formation of the four
product classes (Scheme 1) and the methyl glycoside by
products were ftracked as initial rate experiments

time-resolved kinetic data. These e
using pentose substrate rather "th
temperatures (160 °C), due to higher ob
dehydration products a formation
diastereoisomers."”?  Reactio cre performed Y using a
microwave reactor andj anal{z & with °C and 'H-"°C
NMR spectroscopy. T as tracked in the

Initial rate ex
minutes at 160 °C.
rapidly,
conducted on a time scale of hours.
nals showed initial linear trends
with and without alkali salts, icating that a steady state was
achieved (Figure 2 and Figure S3).
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Figure 2. Initial rate experiments of methyl glycoside and methyl lactate.
nal areas v?onveded to molar yields by a quantitative NMR approach.

ctions con, d of 360 mg D-xylose, 90 mg Sn-Beta (PT), 5 mL methanol
50 mg dintethyl sulfoxide (internal standard), which were heated from
emperature to 160°C within 30 seconds (indicated by the grey box) and
for variable time at 160°C. Methanol containing no additive, 2 mM KCI
K,COs, was used.

resolved experiments show rapid formation of
ready during the heating stage, both in the
presence of KCl and in the absence of any added salts. In
contrast, the rate of glycoside formation is suppressed
approximately 4-fold for reactions performed at optimum K,CO;
trations (Figure 2). Thus, alkali salts also exhibit an effect
formation of methyl glycosides depending on the basicity
he anion, consistent with Fischer glycosylation in the
esence of weak Brgnsted acidic sites. This effect is also
bserved for the formation of furanics and is consistent with
pathway models suggesting that the formation of furanics
encompasses Bronsted acid catalyzed dehydration. These
observations may be explained by neutralization of Brgnsted
acidity by a basic anion.

Importantly, the initial rate of methyl lactate formation
increases both in the presence of K,CO; and of KCI (Figures 2
and 3), demonstrating the positive effect of the alkali cation on
the catalytic activity of Sn-Beta towards methyl lactate. A smaller
increase is observed in the presence of KCI than in the presence
of K,COs. This finding is consistent with both the higher degree
of free carbohydrates in the presence of K,CO; (Figure 2), as a
result of inhibiting Brensted acid catalyzed pathways, and with
higher exchange of cations onto the zeotype in the presence of
a basic anion.?®*! |ncreased rates for the formation of methyl
lactate are accompanied by reduced rates for formation of
dehydration products (Figure 3). Hence, the change in selectivity
is caused by higher activity of retro-aldol cleavage and slightly
reduced activity for dehydration pathways.
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Figure 3. Overview of the effects of KCl and K,COj; on the rates of formation
for the designated products. Errors are calculated based a linear fit of
experimental data points.

Subsequently, the reasons for the decline in methyl lactate
formation above the optimum concentration of K,CO; were
probed. To this end, the initial reaction rates were determined for
varying concentrations of K,CO;. These rates are consistent
with previously reported trends in product distributions for
increasing concentrations of K,CO5."® ! Rates of formatio
dehydration products decline upon addition of K,COs, in p
with a drop in yield of these products upon addition of K,COs.

the KoCOj; concentration that also results in the high
methyl lactate (Figure 4). A well-defined optimum fo
methyl lactate in the presence of K,CO; re
deactivation of the catalyst at higher concentrat
base-catalyzed carbohydrate degradation are s
rate of carbohydrate conversion is reduced in the pr
K.CO;, and not increased through possible addi
degradation reactions.

s | 3
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Thus, initial rates of conversion indicate that the catalyst
kinetically favors dehydration reactions in the absence of added
K>COs, but favors the formation o -aldol products near 0.3
mM K,CO; prior to deactivation o ction pathways by
thus promote
but inhibit
higher concentrations.
concentrations similar to
lyst (0.31 K/Sn for an

Furthermore, the alkali effect
the concentrations of tin
experiment with 0.3
effect is related to t

In addition to
Figure 4, Sn-Beta
epimerization at t

catalyze carbohydrate
°C.2'"1 For a more
t on Sn-Beta catalyzed
to probe the effect of alkali
of epimerization. There are two viable
plain the 1,2-carbon shift occurring in
ohydrates: 1) a retro-aldol type
mechanism wi ccurs as a consequence of a retro-
aldol/aldol rearrangement (Figure 5A) and 2) a Bilik-type
mechanism with concerted breakage of the C2-C3 bond and
i ?new bond between C1-C3 (Figure 5B). Both
ested r@action mechanisms involve (i) breaking of a C=0
to form a C-O-Sn bond, (ii) breaking of a Sn-O bond to
C=0 bond and (iii) breakage of the C2-C3 bond and
of a new bond between C1-C3.%* 3% |rrespective of
ism is responsible for the 1,2-carbon shift,
and retro-aldol cleavage thus share similar
reaction stéps and a similar effect of alkali on both reactions
could seem possible.

reactions, we t
addition on the
mechanisms that c
the e i
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Figure 5. Comparison of 1,2-carbon shift by a retro-aldol (A) and a Bilik-type
(B) cleavage mechanism.®” The conversion of a "*C labelled C1 position to a
3C labelled C2 position is indicated for both cases.

NMR spectroscopy was used to quantitatively measure
isotope redistributions and compound yields to correlate the
alkali effects both on epimerization and on methyl lactate
formation. The 1,2-carbon shift was indirectly probed at high
temperature conditions that favor the cleavage or dehydration of
carbohydrates. To this end, isotopically enriched D-[1-"*Ci]
xylose was converted at 160 °C in methanol using Sn-Beta

under varying concentrations of alkali salts. Isotope scrambling
was quantified for all major products after five minutes of
reaction.

Figure, and of formation for different compound
classes as a funcii tration. Reaction conditions: 360 mg D-
xylose, 90 mg Sn-Beta (PT), 5 mL methanol and 50 mg dimethyl sulfoxide at

160°C. Errors are calculated based on a linear fit of experimental data points.
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Figure 6. (A) "3C distribution of the C1 and C2 positions of methyl lacta
TPM, trans-DPM and furfural (analysed in its dimethyl acetal form) at varying

yields of methyl lactate. All reactions condu
18 mg Sn-Beta (HT), 500 pL methanol an

Experiments conducted
show that epimerization,and

distributions are depict
different isotopic isomers
igure 6A) in response to varying
ends shown in Figure 4. The
lly found at the C1 and C2
and at the C3 and C2

K>COs3 concent
3C label in the

rable trend in the distribution of
amounts of K;COs. Scrambling
increased with K,CO3; con tions for the positions deriving
from C1 and C2 of xylose up to K,COj; concentrations that
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provide optimal methyl lactate yield (0.25 mM K,COs3, 0.17 K/Sn).
These observations show that the epimerization of
carbohydrates by a 1,2-carbon s U also occurs under high

temperature conditions that lead ignificant retro-aldol
cleavage and dehydration reactions. ative product
distribution of the main product categ n in Figure

6A thus stabilizes in the
where also the isotope redi
(Figure 6B) stabilizes. Indj

ration range of K,COs,
due to epimizerization
f 1,2-carbon shift by
t moderate alkali
Sn-Beta, while initial rate
ions also accelerate the
ion by Sn-Beta.

experiments show
retro-aldol cleavag

ssays to evaluate the role of
ous catalysis. Effects of alkali metal salts
ivity of Sn-Beta catalyzed carbohydrate
tope tracking experiments show that
C-C bond brea rization and retro-aldol reactions is
accelerated relative to dehydration reaction pathways in the
presence of gikali ions. Epimerization and retro-aldol cleavage

play a sﬁr dependence on the alkali ion concentration.
tic expeliments show that K,CO3; and KCI have differential
s on carbohydrate conversion, as K,CO; suppresses
ed acid catalyzed reactions in the formation of methyl
s and furanic compounds. Both K,CO3; and KCI are
ters of retro-aldol cleavage at low alkali
, indicating a modification of the active site by
alkali catiofs. At higher concentrations of alkali metal salts
containing basic anions, all major Sn-Beta catalyzed pathways
are deactivated. Overall, kinetic and isotope data indicate that
ali effect increases the selectivity for the formation of
| lactate from carbohydrates by changing the catalyst
e site to increase rates of carbon-carbon cleavage and - to
lesser extent - reduce rates of dehydration in kinetically
controlled pathways.

Experimental Section

Reactions with isotope labelled xylose were conducted with a
Biotage Initiator+ microwave reactor in 500 pyL glass reaction
vials. Reactions were typically conducted with 18 mg Sn-Beta
(Si/Sn = 200, hydrothermally synthesized), 36 mg [1-'°C4]-D-
xylose, 500 pyL methanol and 5 mg dimethyl sulfoxide as an
internal standard. Rate experiments were conducted with a
Biotage Initiator+ microwave reactor in 5 mL glass reaction vials.
A typical reaction was conducted with 90 mg Sn-Beta (Si/Sn =
150, post-treated), 360 mg D-xylose, 50 mg dimethyl sulfoxide
as the internal standard and 5 mL methanol as well as alkali
salts at concentrations as indicated. Control experiments were
conducted in the presence of alkali salts but in the absence of
Sn-Beta, with results shown in Figure S5.

Hydrothermally synthesized Sn-Beta (Si/Sn = 200) catalyst
was prepared according to the procedure by Tolborg et al,
employing a target Si/Sn ratio of 200.%? The catalyst structure
and composition was confirmed by ICP-OES (0.9 wt% Sn, Si/Sn

This article is protected by copyright. All rights reserved.
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= 196), XRD (*BEA framework) and N absorption (Sger = 540 [11] F. de Clippel, M. Dusselier, R. Van Rompaey, P. Vanelderen, J.

m? 94‘ Smicropore = 436 m? 94, Viotal = 0.30 mL 941 Vimicropore = 0.22 Dijkmans, E. Makshina, L. Giebeler, S. Oswald, G. V. Baron, J. F. M.
mL g" calculated by the t-plot method). Post-treated Sn-Beta Denayer, P. P. Pescarmona, P. _B. F. Sels, J. Am. Chem.
(Si/fSn = 150) catalyst was synthesized by a post-treatment Soc. 2012, 134, 10089-10101.

method in accordance with the procedure by Hammond et al.*® (2] M. Dusselier, P. Van Wouwe, A. Dewa Lo B, F. Sels,

The catalyst structure and composition was confirmed by ICP-
OES (1.3 wt% Sn, Si/Sn = 152), XRD (*BEA framework) and N,
absorption (Sger = 688 m? g, Smicropore = 555 M? g™, Vietal = 0.43
ML g™, Vimicropore = 0.22 mL g™" calculated by the t-plot method).
NMR spectra were recorded using an 800 MHz Bruker
Avance Ill NMR spectrometer equipped with a TCI CryoProbe
and a SampleJet sample handler. Quantifications were obtained ~ [131 H. S. Chen, A.
with gNMR (quantitative NMR) experiments. Response factors in Bell, Chemistry,
two-dimensional "H-"*C HSQC NMR spectra were obtained for ~ [16] S. Tolborg, S.
the analytes of interest by comparison to quantitative, integrated
1D C spectra. These quantitative proton decoupled *C 1D
spectra were acquired with recycle delays of 60 seconds usinga  [17]
pulse sequence that employs inverse gated decoupling.
Employing response factors of 'H-'°C HSQC NMR experiments,  [15] ¢4
far more sensitive spectra (~32-fold more sensitive) could be 2011, 1, 408-41
used to accurately and rapidly (20 min NMR experiment time) [19]
quantify the main reaction products. The spectra were
processed in Bruker Topspin 3.5 pl7 software using ample zero
filling in all spectral dimensions.

[13] S. Van de Vyver, C. Ode ro, T. Prasomsri, Y. Roman-

[14] M. Dusselier, P. V, . J. Dijkmans, D. W.

g, H. Sorek, J.
ct 2016, 1, 4167-41

wis, Y. Roman - Leshkov, A.

[ Elliot, S. K. Kristensen, S.
up, T. Skrydstrup, E. Taarning,

ersen, S. Tolborg, S. Meier, |. Sadaba, A. E.
RSC Adv. 2017, 7, 985-996.
kov, M. Moliner, M. E. Davis, ACS Catal.

S. Tolborg, I. Sadaba, C. M. Osmundsen, P. Fristrup, M. S. Holm, E.
Taarning emSusChem 2015, 8, 613-617.
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