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Selective Electrocatalytic Oxidation of Sorbitol to Fructose

and Sorbose

Youngkook Kwon,” Ed de Jong,® Jan Kees van der Waal,” and Marc T. M. Koper*®

A new electrocatalytic method for the selective electrochemi-
cal oxidation of sorbitol to fructose and sorbose is demonstrat-
ed by using a platinum electrode promoted by p-block metal
atoms. By the studying a range of C4, C5 and C6 polyols, it is
found that the promoter interferes with the stereochemistry of
the polyol and thereby modifies its reactivity.

Given the depletion of oil resources and the continuously in-
creasing demand for energy, the use of efficient and environ-
mentally benign technologies for the utilization of renewable
resources such as biomass has become highly topical in recent
years." Sorbitol is considered as one of the 12 potential bio-
mass-based platform chemicals as identified by the Depart-
ment of Energy in the USA.? Sorbitol can be obtained from
the hydrogenation of glucose,* one of the main products of
cellulose hydrolysis, and may be further processed to com-
pounds such as alkanes, methanol, and hydrogen by aqueous-
phase reforming."™™ Sorbitol is also an interesting starting
molecule for isosorbide, both as a building block for the poly-
mer industry (e.g., polyethylene isosorbate terephthalate, PEIT)
or as starting point for green solvents and fuel additives.”! Two
particularly interesting selective oxidation products of sorbitol
are fructose and sorbose, the ketose isomers of the corre-
sponding aldoses glucose and gulose. Fructose is an important
starting material for the production of furanics, including hy-
droxymethylfurfural (HMF) and 2,5-furandicarboxylic acid
(FDCA), which are green building blocks for a large variety of
products including plastics, fuel additives, as well as fine chem-
icals. It is well-documented that fructose is the preferred
starting material over glucose in dehydration reactions. Inter-
estingly, the activity and selectivity of the different ketoses to-
wards HMF in acid-catalyzed dehydration is different, but the
difference between fructose and sorbose is minor.”!
Industrially, fructose is produced from glucose by a xylose
isomerase enzyme. However, this process requires a highly
pure glucose source (i.e., starch) to avoid deactivation of the
enzyme. To the best of our knowledge, the only known pro-
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cesses for the direct selective oxidation of sorbitol to fructose
or sorbose are enzyme-catalyzed (by sorbitol dehydrogenase)
or obtained by a noncatalytic chemical route reported many
years ago.®

In this Communication, we report a new electrocatalytic
method for the selective oxidation of sorbitol to ketose iso-
mers using a platinum catalyst in combination with a p-block
metal promoter. Most previous works in electrochemistry have
studied sorbitol oxidation on platinum as a potential anode re-
action in fuel cells.”’ In situ infrared studies have reported that
CO,4, poisons the platinum surface and that glucose, glucono-
d-lactone, gluconic acid, and CO, are main non-adsorbed prod-
ucts." A prolonged electrolysis study confirmed that glucose
is the predominant first oxidation product over the entire po-
tential range." Here, we show that with suitable modification
of the platinum surface, sorbitol can be oxidized to four differ-
ent aldose/ketose intermediates/products: the aldoses b-glu-
cose and L-gulose via primary alcohol oxidation and the keto-
ses D-fructose and L-sorbose via secondary alcohol oxidation,
as illustrated in Scheme 1.
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Scheme 1. Possible p-sorbitol oxidation pathways.

Figure 1 shows the linear-sweep voltammogram and corre-
sponding product distribution of sorbitol oxidation on
a carbon-supported platinum catalyst (“Pt/C") obtained at
1 mVs~'. The online product analysis was performed using our
combined voltammetry-HPLC setup.? As can be seen from
the product distribution, sorbitol is predominantly oxidized
through the primary alcohol oxidation pathway to generate
glucose and gulose in a 1:1 ratio at low potential ranges and
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Figure 1. Sorbitol oxidation (0.1 M) on Pt/C electrode in 0.5 m H,SO,: (a) cur-
rent density profile at a scan rate of 1 mVs™', (b) concentration changes of

reaction products, and (c) selectivity (%) of products as a function of poten-
tial.

a somewhat higher selectivity to glucose at higher potentials.
This suggests that there is no strong stereoselective effect for
the electrocatalytic oxidation of sorbitol on the unmodified
platinum catalyst, whilst the secondary alcohol oxidation is
strongly suppressed. Interestingly, at the potentials of platinum
surface oxide formation (> 1.0 V), the selectivity to formic acid
increases via C—C bond cleavage as commonly seen in polyol
oxidation™ ¥ in combination with an increased selectivity to-
wards fructose; an effect that remains to be further under-
stood.

Our previous work regarding the electrocatalytic oxidation
of glycerol has revealed that Pt/C electrodes modified by bis-
muth or antimony enhance the catalytic activity and change
the reaction selectivity toward secondary alcohol oxidation to
generate dihydroxyacetone.*“@ Previous work has shown that
the product distribution obtained from voltammetric studies
with online HPLC was consistent with a prolonged electrolysis
at a chosen potential.™® It is known that bismuth and antimo-

ny on the platinum surface block the CO formation and en-
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Figure 2. Sorbitol oxidation (0.1 M) in 0.5m H,SO, on a Pt/C electrode in bis-
muth-saturated solution and a antimony-modified Pt/C (irrev., 65, =90%):
(a) current density profile at scan rate of 1 mVs™', (b) concentration changes

of reaction products, and (c) selectivity (%) of products as a function of po-
tential.

hance the catalytic activity during oxidation of small organic
molecules,"**™ but the mechanism through which the ada-
toms alter the selectivity during polyol oxidation has not yet
been well established. Figure 2 shows how in a bismuth-satu-
rated solution the Pt/C electrode enhances the sorbitol oxida-
tion activity to ca. 180% compared to Pt/C in terms of maxi-
mum current density (which is proportional to the turnover
frequency; TOF), and, more importantly, steers the product se-
lectivity in favor of sorbose and fructose at potentials below
0.7 Ve A similar effect is observed with an antimony-modified
Pt/C: an antimony coverage of ca. 90% on Pt/C surface re-
duces the current of sorbitol oxidation with respect to Pt/C,
but also in the presence of antimony, sorbitol is selectively oxi-
dized to sorbose and fructose up to 0.9 Vg, with a correspond-
ing significant suppression of the primary alcohol oxidation.
Underpotential deposited bismuth and antimony on the plati-
num surface are in the metallic state and the stability of the
adatoms has been demonstrated in direct formic acid fuel cells
(DFAFC).™ For both bismuth and antimony, at higher poten-
tials, voltammetric peaks may correspond to the adsorption of
oxygenated species and finally to oxidative desorption of the
adsorbed bismuth and antimony, as a similar product distribu-
tion as on unmodified Pt/C is obtained.'**>'® Note that, in
a real application, the promoter ions would be present in solu-
tion, so that the adsorption/desorption process would be re-
versible. In addition, lead, tin, and indium on Pt/C also enhance
the catalytic activity and change the selectivity of sorbitol oxi-
dation (see Supporting Information, Figure S1), whilst these
adatoms do not alter the selectivity during glycerol oxida-
tion."3d

Interestingly, on all Pt/C electrodes modified by adatoms, we
observe that the selectivity towards each primary (glucose vs.
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Figure 3. Arabitol oxidation (0.1 m) in 0.5m H,SO, on a Pt/C electrode (blank)
in comparison with sorbitol (0.1 m) and ribitol (0.1 m) oxidation and arabitol
oxidation on a Pt/C in Bi-saturated solution: (a) current density profile at
scan rate of 1 mVs™', (b) concentration of reaction products of arabitol oxi-
dation, and (c) corresponding selectivity (%) of products as a function of po-
tential.

gulose) and secondary (fructose vs. sorbose) alcohol oxidation
product is not identical. To study why the selectivity to glucose
and sorbose is superior to that to gulose and fructose, we in-
vestigated how the molecular structure, especially the stereo-
chemistry of the 2-carbon position, is related to the selectivity
of the oxidation products. Figure 3 compares the electrocata-
lytic oxidation of two C5 polyols that is, pb-arabitol and p-ribitol
(CsH,,05), on a Pt/C electrode in acidic solution, in absence
and presence of bismuth in solution. The possible oxidation
pathways of arabitol are shown in Scheme 2.

The difference between the structure of arabitol and ribitol
is in the steric position of -OH on C,. Remarkably, on an un-
modified Pt/C electrode, the oxidation activity of arabitol is
strongly suppressed compared to that of sorbitol and ribitol.
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Scheme 2. Possible oxidation pathways of p-arabitol and its structural com-
parison with p-ribitol.
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Arabitol is selectively oxidized to arabinose compared to
lyxose regardless of the presence of bismuth (a scheme of the
possible pathways and the results of ribitol oxidation are pre-
sented in the Supporting Information, Scheme S1 and Fig-
ure S2). We note that the presence of bismuth on Pt/C signifi-
cantly enhances the oxidation activity of arabitol to the secon-
dary oxidation product xylulose as the dominant product, with
a lower selectivity to ribulose. The same observation was made
for the oxidation of C4 polyols (see Supporting Information,
Scheme S2, Figures S3 and S4): the placement of the primary
and secondary OH on the same side of the carbon chain in the
Fischer projection renders the polyol oxidizable on platinum;
if, however, the OHs are placed on opposite sides, the polyol
has a very low oxidation activity. A similar stereoselective oxi-
dation activity has been observed before by Enea and Ango!”
and Parpot et al."® for polyol oxidation in alkaline media. Addi-
tion of bismuth to the reactive system removes this stereose-
lective oxidation activity (though some preference of one
isomer over the other still remains), and leads to the selective
oxidation of the secondary alcohol. This strongly suggests that
the p-block-type promoter atoms interfere with the intrinsic
stereochemistry of the polyol in such a way that the secondary
alcohol is oxidized selectively. It has suggested before that
metal cation can act as a Lewis acid capable of catalysing the
ketose-aldose isomerisation."

The above experiments were designed to demonstrate the
principle possibility of selectively oxidizing the secondary alco-
holic group on sorbitol by choosing carefully controlled elec-
trochemical conditions in a half cell. It shows that by promot-
ing the platinum surface by p-block metal atoms, one may
steer the selectivity of polyol oxidation in a fundamental way.
Application of this model approach to an electrolysis cell
based on a carbon cloth diffusion layer would require the con-
sideration and optimization of several parameters (e.g., catalyst
loading, membrane, concentration of sorbitol, operating tem-
perature). Our work here demonstrates the “proof-of-principle”
that the p-block modified platinum electrode is the most
promising catalyst for obtaining a high yield and selectivity for
such an application. In fact, the actual practical application of
this result may or may not involve an electrochemical setup,
but would likely still use the catalytic system suggested here.
Aqueous-phase heterogeneously catalyzed oxidation of sorbi-
tol by a PtBi catalyst may in fact an industrially more conven-
ient option (see, e.g., refs. [20]) for the selective oxidation of
glycerol by PtBi using such a setup), but those experiments
will not easily give the very detailed information collected in
Figure 1-3. Still, it is useful to comment on the implications of
reactivity that can be extracted from Figure 2. The experiment
illustrated in Figure 2(a)-(c) took ca. 20 min, which is by far
not long enough to report on conversion factors. The currents
are stable on this time scale, but we have not tested the stabil-
ity on the time scale of hours. The maximum current density in
Figure 2 is ca. 0.1 mAcm™ at 0.5 V at room temperature, equiv-
alent to a conversion of ca. 5x107'® mol of sorbitol molecules
per second per cm? of catalyst, from a 0.1 wm solution. This im-
plies that 1 g of platinum of 200 m?g~" surface area will yield
1073 mol fructose plus sorbose in 1 second. This yield will be
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higher at higher temperature, though selectivity may be im-
paired by further oxidation of the ketoses.

In conclusion, we demonstrate the fundamental possibility
of the selective electrochemical oxidation of sorbitol to fruc-
tose and sorbose by using a platinum electrode promoted by
p-block metal atoms. This simple and robust approach would
be easily scalable or translated into aqueous-phase heteroge-
neous catalysis, but the high selectivity and yield towards
a single product as in conventional enzymatic synthesis is still
challenging. Given the possibility of the electrochemical reduc-
tion of glucose to sorbitol,"** the approach would also open
up the way to (electro)catalytically convert glucose to its ke-
tonic isomers. Furthermore, by studying a range of C4, C5, and
C6 polyols, we provide evidence for the idea that the promoter
interferes with the stereochemistry of the polyol and thereby
modifies its reactivity. Still, the exact mechanism of promotion
remains to be understood in detail.

Experimental Section

Electrochemical measurements were carried out in a standard
three-electrode cell controlled by a potentiostat/galvanostat (p-Au-
tolab Type Ill). A thin-film electrode with 3 nm Pt/C nanoparticles
(50 wt%, Tanaka) was fabricated by loading defined amounts of
a nanoparticle suspension (10 pL) in water (1 mgmL™") onto a pol-
ished glassy carbon substrate, subsequently dried by purging Ar at
room temperature. In order to confirm the electrochemically active
surface area of the loaded catalyst, a blank voltammogram was re-
corded before each experiment. A large platinum plate was em-
ployed as a counter electrode and a reversible hydrogen electrode
(RHE) as a reference. Oxidation of polyols (sorbitol and arabitol)
was performed in a mixture of polyols (0.1 M, analytical grade) and
0.5m H,SO, under deaerated conditions by purging Ar.

For the Pt/C surface modification, analytical grades of bismuth
(Bi,0;, Sigma-Aldrich), antimony (Sb,0;, Sigma-Aldrich), lead
(Pb(CIO,),, Acros), tin (SnCl,,2H,0, Merck), and indium (In,(SO,);,
Sigma-Aldrich) were used. Irreversible adsorption of adatoms was
performed by placing the freshly prepared Pt/C electrode in con-
tact with antimony-saturated 0.5 m H,SO, solutions and 1 mm solu-
tion of tin for 3 min."*Y After rinsing the electrode with water, each
coverage is determined by recording the suppression of the hydro-
gen region,”" and then transferred to the electrochemical cell. For
reversible adatom adsorption/desorption, 1 mm adatoms (lead and
indium) and a sufficiently large amount of Bi,O;, which corre-
sponds to a concentration of ca. 107°~10~*m, were introduced di-
rectly into the electrochemical cell. A freshly prepared Pt/C elec-
trode was kept at a constant potential of 0.1V for 3 min,"9 after
which the surface coverage is measured by the suppression of the
hydrogen region in a blank solution, before applying it for sorbitol
oxidation.

The reaction products during voltammetry were collected in a mi-
crotiter plate with a fraction collector and collected samples were
analysed with an HPLC system (online HPLC), which provides quali-
tative and quantitative information as a function of potential as de-
scribed in our previous work.'>"**?2 Sample volumes of 30 uL
were injected into the four columns in series of an Aminex HPX
87-H (Bio-Rad) and three columns of Sugar SH1011 (Shodex) with
diluted sulfuric acid (0.5 mm) as eluent. The selected temperature
of column oven was 85 °C. Details of system configuration are de-
scribed elsewhere.'>™
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COMMUNICATIONS

New cats on the block: A new electro- cHo Pt GO Y. Kwon, E. de Jong, J. K. v. d. . Waal,
catalytic method for the selective elec- H——on Pt :C-z’-s-ef; o M. T. M. Koper*
trochemical oxidation of sorbitol to fruc- Hz ZH i Pt-M | Hz ZH EE-EE
tose and sorbose is developed by using H——OH CH,OH E H——OH
a platinum electrode promoted by p- aon I - ohon Selective Electrocatalytic Oxidation of
block metal atoms. By studying a range H——on Sorbitol to Fructose and Sorbose
of C4, C5, and C6 polyols, it is found CH,OH H OH == CH,OH
that the promoter interferes with the L I I T

R HO H 1 D-Sorbitol | HO H
stereochemistry of the polyol and there- H OH Pt-M! OH
by modifies its reactivity. H CHO°”(_P_t__§ ey 1o

L-Gulose Cgripriz L-Sorb:se

M = Bi, Sb, Pb, Sn, In
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