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The telescopic conversion of glucose to fructose and then 5-hydroxymethylfurfural (5-HMF), the latter a
potential, bio-derived platform chemical feedstock, has been explored over a family of bifunctional
sulfated zirconia catalysts possessing tuneable acid-base properties. Characterisation by acid-base
titration, XPS, XRD and Raman reveal that submonolayer SO, coverages offer the ideal balance of basic
and Lewis/Bronsted acid sites required to respectively isomerise glucose to fructose, and subsequently
dehydrate fructose to 5-HMF. A constant acid site normalised turnover frequency is observed for fructose
dehydration to 5-HMF, confirming a common Brodnsted acid site is responsible for this transformation.

Introduction

Concern over dwindling fossil fuel reserves, and the impact of
CO, emissions on climate change, is driving the quest for
alternative feedstocks to reduce dependence on non-renewable
sources of fuels and chemicals. Biomass offers the only
renewable source of organic molecules for the manufacture of
bulk, fine and speciality chemicals necessary to secure the future
needs of society. To be sustainable, so called 'second generation’
biomass feedstocks must be sourced from non-edible components
of crops (such as stems, leaves and husks), cellulose from
agricultural or forestry waste, or high yielding short rotation non-
food crops such as Switchgrass or Willow which require minimal
cultivation. While such lignocellulosic materials are attractive
feedstocks for both fuel and chemical production via bio- or
thermochemical platforms,™? significant catalyst development is
essential to improve the efficiency with which biomass derived
building blocks can be processed. Specifically, new methods are
required to selectively deoxygenate the highly functional
molecules obtained from cellulose, contrasting with historic
selective oxygenation routes developed for petroleum feedstocks.

In 2004, the US DoE identified a range of sugar-derived
platform chemicals obtainable via chemical or biochemical
transformation of lignocellulosic biomass®, subsequently revisited
by Bozell and Petersen in 2010.* Furanic components such as 5-
hydroxymethylfurfural (5-HMF) and furfural were identified as
key chemical intermediates that can be synthesised from sugars.®
Potential applications include the production of linear alkanes of
the molecular weight desired for transformation into diesel and
jet liquid fuels, with 5-HMF also a precursor to valuable chemical
building blocks such as levulinic acid, 2,5-furandicarboxylic acid
(FDA), 2,5-diformylfuran (DFF), dihydroxymethylfuran and 5-
hydroxy-4-keto-2-pentenoic acid for the synthesis of diverse
polymers and plastics.® Conversion of Cg sugars to 5-HMF is of

significant current interest, with liquid mineral acids including

H,SO,, HCI and HiPO, frequently employed to catalyse the

necessary dehydration. However, commercial implementation of
so 5-HMF as a chemical intermediate is impeded by high production

costs.” A heterogeneously catalysed route to directly convert
glucose into 5-HMF in aqueous media thus remains highly sought
after. Most research has focused on the more facile conversion of
fructose (as a model saccharide) to 5-HMF 28 to circumvent the
ss formation of side products such as oligosaccharides and humins®®
commonly reported during acid catalysed glucose conversion.

Many studies have also resorted to non-aqueous solvents in an

effort to improve overall 5-HMF yield. While high 5-HMF yields

are reported following fructose dehydration in dimethyl sulfoxide
s0 (DMSO)®® due to the aprotic solvent inhibiting levulinic acid and
humin formation,?® product separation is problematic due to the
formation of toxic sulfur compounds during high temperature
DMSO distillation.?* lonic liquids are an attractive processing
solvent for carbohydrates; partnership with a homogeneous metal
halide catalyst offers 5-HMF yields from glucose of ~70 %,
however separation and catalyst recovery issues remain.?

Since biomass pre-treatment, such as steam explosion®® or
enzymatic® and chemical (acid or base)® 2 promoted cellulose
hydrolysis, will ultimately produce aqueous sugar sources, routes
to convert the cheaper and more abundant glucose to 5-HMF in
water remain a challenge. Operation in biphasic systems (e.g.
Water/MIBK), which allows reactive extraction of 5-HMF from
the aqueous phase thereby limiting side reactions, is a promising
approach to continuous 5-HMF production,® 2" when catalysed by
7 liquid® % % or solid acids.®3 A tandem homogeneous

Lewis/Bronsted acid catalysed process, utilising AICI; and HCl in

a biphasic system of water/2-sec-butylphenol to respectively

isomerise glucose to fructose and then dehydrate fructose to 5-

HMF, recently achieved a 62 % 5-HMF yield®® Other
g0 homogeneous metal halides,** % including Cr(Ill) zZn(Il) and
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Sn(1V) and more water tolerant lanthanide chloride,® can also
effect glucose conversion, but confer lower HMF selectivity of
~45-48%. In practice, the use of soluble catalysts, particularly
AIClI; (which reacts violently with water), remains a concern due
to the associated toxic waste levels that could result from scaled-
up processes, and thus at odds with Green Chemistry principles.
The application of Lewis acidic Sn-B zeolite in conjunction with
aqueous HCI can convert glucose to 5-HMF in a biphasic system
at 180 °C with ~60% HMF selectivity, however the use of
corrosive HCI remains undesirable.¥” A tandem reaction using
solid base hydrotalcites and solid acid resins in a single reactor is
most promising, although reaction was conducted in N,N-
dimethylformamide instead of water.®® Practical and efficient
glucose to 5-HMF conversion thus awaits improved bi-functional
solid acid and base catalysts which can operate in the aqueous
phase. In this regard, progress has been unfortunately hampered
by a lack of detailed analysis including mass balances, and
systematic studies correlating catalyst acid/base properties with
performance.

The amphoteric properties of zirconia make it an attractive
catalytic material to employ in such a bi-functional process.® *°
Indeed zirconia has been reported as a catalyst for the
isomerisation of glucose to fructose at 200 °C,** while sulfated
zirconia (SZ) is also an attractive strong solid acid for alcohol
dehydration. Initial reports relating to the performance of SZ in
aqueous phase catalysis are somewhat disappointing, reflecting
instability under high temperature hydrothermal conditions, most
likely associated with dissolution of multilayer sulfate species
present at the high S contents employed.’® ** The potential for
tuning the acid strength in SO,/ZrO, and thereby imparting bi-
functionality at low sulfate contents for glucose conversion has
been neglected to date. Our previous work showed that the acid
strength of SZ can be readily tuned to direct selectivity in liquid
phase terpene isomerisation.”* We thus hypothesised that
judicious control over sulfur loading content may enable
predictable tuning of the one-pot conversion of glucose to 5-
HMF, by optimising the relative surface coverage of sulfate acid
and ZrO, base sites arising from the parent support. Here we
demonstrate that systematic control over the Lewis/Bronsted acid
and base properties of SZ enables the telescopic isomerisation of
glucose to fructose, and subsequent fructose dehydration to 5-
HMF in aqueous media, employing a single bi-functional
heterogeneous catalyst.

Experimental

Catalyst Preparation

A series of SZ catalysts with different SO,% loadings were
prepared by impregnation of 50 g Zr(OH), (MEL Chemicals -
XZO 880/01) with 500 ml H,SO,(,q) of molarity 0.01-0.5 M. The
slurry was stirred for 5 h at ambient temperature, filtered and
dried at 80 °C overnight, and then calcined at 550 °C for 3 h.
Catalysts were stored in air and used without pre-treatment.

Catalyst Characterisation

Surface area and pore size analysis was performed by N,
physisorption on a Quantasorb Nova 2000 instrument, after
sample outgassing at 120 °C for 2 h. Surface areas were
calculated using the Brunauer—Emmet—Teller (BET) method over
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the range P/P, = 0.03-0.18, where a linear relationship was
maintained. Pore size distributions were calculated using the
Barrett-Joyner—Halenda (BJH) model applied to the desorption
branch of the isotherm. Bulk S contents were determined by EDX
employing an Oxford Instruments EVO SEM and the Oxford
Instruments Inca software. X-ray Photoelectron Spectroscopy
(XPS) measurements were performed using a Kratos Axis HSi
photoelectron spectrometer equipped with a charge neutralizer
and a Mg Ko X-ray source (hv = 1253.6 eV). Spectra were
recorded at normal emission using an analyzer pass energy of 20
eV and X-ray power of 225 W. XRD patterns were recorded on a
Panalytical X’pert-Pro diffractometer fitted with an X’celerator
detector, using Cu Ka (1.54 A) sources with a nickel filter,
calibrated against Si standards. Raman spectra were obtained on a
Renishaw Ramascope fitted with a 785 and 514 nm lasers. The
spectra were recorded in the range of 0-1350 cm ™' using 514 nm
source, 5x lens, 2 second exposure time, 100 accumulation and
100 % laser power. Diffuse Reflectance Infra-red Fourier
Transform (DRIFT) spectra were obtained using a Nicolet Avatar
370 MCT with Smart Collector accessory, mid/near infrared
source and mercury cadmium telluride (MCT-A) photon detector
at -196 °C (liquid N,). Samples were diluted with KBr powder
(10 wt% in KBr) for analysis then loaded into an environmental
cell and subjected to additional drying under vacuum at 110 °C
for 10 min prior to measurements to remove moisture
physisorbed during air exposure. Ex-situ pyridine adsorption was
performed by exposure of samples to pyridine vapour in a
desiccator overnight. Excess physisorbed pyridine was removed
in a vacuum oven prior to sample loading in the environmental
cell, with spectra recorded at 25 °C in vacuo.

Acid site loadings were measured via NHz pulse chemisorption
on a Quantachrome ChemBET 3000 system interfaced to an
MKS Minilab mass spectrometer (MS). Samples were outgassed
at 150 °C under flowing He (20 ml min™) for 2 h prior to pulse
titration at 100 °C. The same procedure was employed to measure
the base site loading, except that CO, was used to titrate sites at
35 °C. Acid strength measurements were made via flow
adsorption calorimetry using a flow through differential scanning
calorimeter (Setaram DSC111) connected to gas flow and
switching systems. Gas flow rates were controlled by automated
mass flow controllers. The sample (5-60 mg) was held on a glass
frit in a vertical silica glass sample tube in the calorimeter. A
steady 5 ml min™ flow of He was maintained across the sample
for 4 h at 150 °C to effect activation. A sequence of probe gas
pulses (1 % NH; in He) were delivered to the carrier gas stream
from a 0.5 ml sample loop using a two position Valco valve with
an automated micro-electric actuator. Heat output associated with
interaction between NH; and sample was detected by DSC, and
the concentration of NH3 in the gas flow downstream of the DSC
measured with a HPR 20 Hiden MS gas analyser via a heated
capillary at 175 °C. A pulse delay (30 min) was employed to
allow reversibly adsorbed NH; to desorb back into the pure He
stream and/or redistribute on the sample, and for baselines to
stabilise. pH measurements on aqueous catalyst suspensions were
performed by adding 0.1g of each catalyst to 20 ml of deionized
water and stirring at room temperature. After 30 min the solution
pH was measured using a Jenway 3305 pH meter.
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Catalytic Reactions

Initial kinetic studies of glucose and fructose conversion were
conducted on a Radleys Starfish carousel under stirred batch
conditions at 100 °C to facilitate detailed reaction profiling and
minimise side reactions. Reactions were performed using 0.1 g
glucose or fructose (Sigma Aldrich), 0.1 g SZ catalyst, and 20 ml
deionised water, with such dilute sugar solutions selected
deliberately to minimise side reactions of products. Samples were
withdrawn periodically and filtered prior to analysis on an
Agilent 1200 series HPLC equipped with RI and diode array
detectors, and a Hi-Plex H column for analysis. A 5 mM aqueous
solution of sulphuric acid was used as the eluent phase, with a
flow rate of 0.6 ml min™ and 65 °C column temperature. Product
yields were calculated from response factors determined from
multi-point calibration curves. Yields and selectivity were
calculated on a carbon basis as below:

moles of carbon in HMF product

HMF yield [%] = x 100

moles of carbon as glucose at t=0

. yield of HMF
HMF selectivity [%] = — x 100
glucose conversion

In some cases, due to the formation of humins and unidentified
compounds, a 'relative selectivity' is used, to permit comparison
of the reaction selectivity towards the following known and
calibrated products: cellobiose, glucose, fructose, 1,6-
anyhydroglucose, lactic acid, formic acid, acetic acid, levulinic
acid, HMF and furfural. Relative HMF selectivity is defined as:

HMF relative selectivity [%)] =

Yield of HMF

1
Sum of yields of all identified products x 100

Yield, selectivity and relative selectivity of other products are
calculated on the same basis. Carbon balance is calculated based
on moles of carbon in the identified products, relative to moles of
carbon atoms in the glucose converted.

Cout _ Y(Moles of C in products)
Cin = Moles of C in glucose converted

100

Results and Discussion
Catalyst Characterisation

Bifunctional SZ catalysts require surface sulfation of the Zr(OH),
precursor within the monolayer (ML) regime, and concomitant
retention of a high accessible surface area. The impact of
zirconium hydroxide impregnation by 0.01-0.5 M H,SO, was
probed by XPS and EDX to determine the SO, saturation
monolayer coverage. Figure 1 shows that increasing the
concentration of the impregnating acid solution results in a steep
initial rise in both the surface and bulk S content, which
subsequently attain a plateau at ~5 and 3 wt% sulfur respectively.
The transition between these regimes occurs at [H,SO,] > 0.25
M, indicative of a saturated sulfate monolayer. The surface S
content is consistently higher than that of the bulk, confirming
localisation of SO, species at the Zr(OH), surface. Defining the
sulfate saturated monolayer point as 5 wt% S enables a sulfate
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calibration scale to be constructed for all SZ materials as
implemented in Table S1. SO, surface densities were calculated
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Fig. 1. Dependence of SZ surface and bulk sulfur content upon [H,SO4]

for comparison with literature, and are in good agreement with
those of Morterra,** who determined a monolayer coverage of ~4
SO, per nm? NH, titration and calorimetry revealed that
increasing SO, coverage enhanced both the acid site loading and
strength (Table 1) up to one monolayer.

Table 1. Physical properties of SZ as a function of SO, coverage.

SO, coverage® Surface area® SO, density® Acid loading® -AH.q (NH3)®

/ML / m’g? / nm? / mmolg™ / kJmol™
0.0 93 0 0.07 -
0.1 143 0.10 0.13 87
0.2 142 0.35 0.14 -
0.3 169 0.40 0.17 95
0.4 175 0.55 0.17 -
0.6 189 1.10 0.27 102
0.7 175 1.79 0.29 115
0.8 203 2.09 0.30 115
1.0 194 2.83 0.37 115
11 118 5.66 0.29 115

aAssuming 1 ML corresponds to 5 wt% surface S content; From PBET;
‘using S content from EDX; “NH; TPD; ®NH; adsorption calorimetry.

Porosimetry (Figure S1) reveals all samples in the series exhibit
a type IV isotherm with hysteresis loops indicative of bottle
necked mesopores. Corresponding BET surface areas increase
with SO, coverage up to the monolayer point (Table 1), with a
subsequent decrease suggesting some structural collapse for the
highest loading, e.g. formation of amorphous zirconium sulfate.
Such surface area enhancements have been previously reported
for SZ materials, wherein sulfation is reported to inhibit bulk
crystallisation of the parent Zr(OH), during calcination.®® A shift
in the hysteresis loop from P/Py=0.6-0.8 to 0.4-0.6 with
increasing S content reflects a decrease in the mean mesopore
diameter in the BJH pore size distribution shown in Figure S2,
which falls from 5 nm for the unsulfated calcined Zr(OH), to 3.5
nm for samples impregnated with 0.01-0.025 M H,SO,. This
mesoporosity likely arises from interparticle voids between

This journal is © The Royal Society of Chemistry [year]
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sulfate functionalised ZrO, crystallites. Higher acid loadings
induce additional microporosity, which we attribute to
contraction of these interparticle voids as a result of more
uniform crystallite packing as supported by XRD (see later), with

5 [H,SO,] > 0.5 M eliminating this microporosity and suppressing
mesoporosity, consistent with bulk sulfation.

The evolution of surface S species was probed via high
resolution S 2p XP spectra (Figure 2), which reveal a
characteristic SO, peak between 168-172 eV for all SZ samples.

10 In the low coverage regime (650, < 0.5 ML), this sulfate species
shifts from 168.5 to 169 eV and broadens with increasing surface
sulfation. These concomitant changes indicate the genesis of
multiple, co-existing SO, species as surface sulfation progresses,
likely associated with a change in coordination geometry from

15 bidentate to monodentate®® and diminishing charge withdrawal
from the zirconia due to lateral interactions.

SO,/ML
11

1.0

S 2p XPintensity

173
Bindingenergy /eV

167 165

Fig. 2 S 2p XP spectra of sulfated Zr(OH), as a function SO, coverage.

The presence of multiple SO,* species is supported by
20 DRIFTS measurements shown in Figure 3, which show the
progressive evolution of surface sulfoxy modes with increasing
acid site loading. Vibrational bands are observed attributable to v
(S-0) at 1010, v, (S-0O) at 1130, vs (S=0) at 1260 and v, (S=0)
at 1362 cm™, consistent with bidentate or tridentate SO,*,%*
25 which grow monotonically with sulfate coverage up to 0.5 ML.
The high v, (S=0) frequency indicates a highly covalent sulfate
species, as reported by Morterra et al for dehydrated samples
measured in vacuo.** *° Peak broadening and poorer spectral
resolution at higher coverage is attributable to the presence of
s multiple sulfate species as the monolayer is saturated.>®4*® The
transition between isolated and polynuclear sulfate species is in
good agreement with that reported by Bensitel®* and Morterra** at
S0, loadings > 1.5 per nm?.
The formation of crystalline species in calcined SZ samples
35 was subsequently explored using powder XRD, Figure 4. The
sample with 0.1 ML SO, exhibited reflections arising from both
monoclinic'® (20 = 24.7°, 28.4°, 31.6°) and tetragonal™* (20 =
30.3°, 35.3°, 50.7°, 59.9°, 60.6° and 63.5°) ZrO, phases. The
tetragonal phase progressively increases with surface coverage,

0 becoming the dominant phase for 0.75 ML SO,*. A loss of
crystallinity observed at higher S contents, is most likely due to
the formation of an amorphous bulk Zr(SO,), species.®
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Fig. 3 DRIFTS spectra of impregnated sulphated zirconia as a function of
45 bulk S content (spectra recorded in-situ at 200°C in vacuo).

1700 700

Intensity

20/°

Fig. 4 Powder XRD analysis of impregnated sulphated zirconia catalysts
showing the evolution of monoclinic (M) and tetragonal () phases as the
bulk S content increases

so  Raman spectroscopy allows the clear discrimination of
monoclinic and tetragonal phases of ZrO, (Figure 5), and is in
accordance with the powder XRD. Losses observed at 180, 307,
337, 381, 476 and 618 cm™ for ZrO, are assigned to the
monoclinic phase,® while bands evolving at 148, 271, 320, 456
ssand 645 cm™ with increasing 0SO, are attributable to the
tetragonal phase. High sulfate loadings degrade spectral
resolution, resulting in poorer discrimination between the mono-
clinic and tetragonal modes as the monolayer point is reached,
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reflecting the surface sensitivity of Raman,® while new features
emerge ~1000 cm™ characteristic of surface sulphate species
(Figure S3).

Intensity

EE EE 0

125 225 325 425 525 625 725 825
Raman shift / cm

s Fig. 5 Raman spectra of impregnated SZ catalysts showing the evolution
of monoclinic (M) and tetragonal (CI) phases with bulk S content.

At low SO, loadings a single peak at 997 cm™ is observed, with a
second feature emerging at 1029 cm™ which grows continuously
above 0.2 ML to form a broad feature upon completion of the
monolayer. This intense feature is attributed to the symmetric
sulphate stretching mode, with peak-splitting suggesting a change
in sulphate geometry. This transition in the Raman spectra occurs
at 6S0, between 0.2 to 0.4 ML, precisely the point at which the
tetragonal phase of ZrO, becomes stabilised. Hence we
tentatively assign the 997 cm™ and 1029 cm™ Raman features to
SO, coordinated to monoclinic and tetragonal surface sites
respectively.

Zirconia is amphoteric, with the potential to exhibit Lewis
basicity but also varying degrees of Lewis or Bronsted acidity
depending on the crystalline phase, with monoclinic ZrO,
generated via calcination reported to exhibit predominantly Lewis
acidity.® %% The evolution of basic and Lewis-Bronsted acidic
properties for the SZ materials was probed by CO, and NH;
chemisorption and pyridine titration. The inset to Figure 6 shows
representative DRIFT spectra for pyridine adsorbed on
submonolayer and monolayer SZ samples which exhibit bands at
1450, 1470, 1610 cm™ attributed to pyridine bound to Lewis acid
sites, while those at 1490, 1540, 1610 are 1635 cm™ are
characteristic of a pyridinium ion coordinate to Bronsted sites.
The unique Bronsted/Lewis features at 1540/1450-1470 cm*
were integrated to quantify the variation in Bronsted:Lewis ratio,
which increases with both acid strength and SO, coverage
(Figure 6) and also correlates directly with the variation in
tetragonal:monoclinic zirconia ratio (determined by integrating
the latters” fingerprint Raman bands at 270 and 380 cm®
respectively from Figure 5). These observations confirm that
ZrO, morphology and acidity can be readily tuned by
submonolayers of surface sulfate, consistent with previous reports
that ZrO, crystallisation is dependent on surface sulfate density.**
Calculations also show that ZrO, is also basic,*® hence CO,
titrations were employed to map the base site density as a
function of sulfate loading. Figure 7 shows that the calcined
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parent Zr(OH), and submonolayer sulphated SZ materials,
possess appreciable base site densities, albeit significantly lower
than the corresponding acid site loadings (determined via NH;
titration).
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Fig. 6 Correlation between acid strength of SZ catalysts determined from
calorimetry and evolution of Bronsted : Lewis ratio determined from
pyridine titration (inset) and Tetragonal : Monoclinic ratios determined
from Raman

The base site density decreases monotonically with increasing
sulphate coverage, mirroring the fall in pH of aqueous
suspensions of the SZ samples from pH 5 to 3, confirming that
the balance of SZ acid/base character can be precisely tuned
within the submonolayer regime (6SQ, < 1).
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Fig. 7 Titration of acid and base site loadings of SZ catalysts as a function
of S content.

The preceding holistic characterisation enables us to construct
a model of the SZ system wherein a coverage-dependent
transition occurs from isolated SO, species chemisorbed on
monoclinic ZrO, — SO, islands on tetragonal and monoclinic
ZrO, — a SO, monolayer bound to tetragonal ZrO,.
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Glucose conversion to 5-HMF

Glucose conversion to 5-HMF is proposed to initiate via a Lewis
acid or base catalysed isomerisation to fructose, followed by a
Bronsted acid catalysed dehydration as shown in Scheme 1. To
establish the validity of this hypothesis, the kinetics of glucose
versus fructose conversion to 5-HMF were compared at 100 °C.
This mild temperature was employed to minimise competing
degradation reactions to levulinic acid or humins, and thus permit
accurate rate data to be obtained across the series of SZ materials.

o

Solid Base

oH or Bronsted
. . o Acid
o Lewis Acid OH J\
HO HO' OH + 3H,0
HO I o
OH HO OH o OH
OH

10
Scheme 1: Conversion of glucose to fructose and 5-HMF.

Figure 8 shows the resulting variations in glucose and fructose
conversion as a function of surface sulfate coverage. The first
striking observation is that whereas fructose conversion increases
modestly with 8SQ,, glucose conversion shows a large decrease
for coverages above 0.25 ML. Glucose and fructose conversions
and corresponding relative selectivities to the main dehydration
products (5-HMF and furfural) are summarised in Table 1. While
we note that 5-HMF vyields are lower than those obtained in
biphasic systems and ionic liquids, where 5-HMF yields as high
as 60-70% are observed from glucose, it must be noted that these
typically operate under higher temperature conditions of 120-
200°C and use homogeneous catalysts.®> Indeed we find here that
raising the reaction temperature to 120 °C almost doubles our
conversion and triples our HMF selectivity for the most active
catalyst. These trends can be rationalised in terms of the change
in acid-base character with sulfur loading by comparing the
associated product yields (Figure 9). Glucose <«> fructose
isomerisation is a reversible reaction, catalysed by either basic or
30 Lewis acid sites.

30

N}
S

Fructose
O

Conversion/ %

0.25 0.5 0.75 1

SO, coverage/ ML

Fig 8 Effect of SO, coverage on glucose and fructose conversion in water
after 6 h reaction at 100 °C.

0

The high glucose conversion observed for pure ZrO, and SZ
3 catalysts possessing low SO, coverages correlates with high
fructose yields (Figure 9a), and is thus a reflection of the
correspondingly significant Lewis acid/base properties of these

materials comprising predominantly monoclinic zirconia.

Table 1 Conversion and product selectivity following glucose and
40 fructose dehydration over SO,/ZrO, at 100 °C.

SO,  Substrate Conversion® HMF® Fructose® Glucose?
coverage selectivity  selectivity  selectivity
IML | % | % | % | %
0 Fructose 14.7 11.7 - 25.0

Glucose 20.9 1.9 84.2 -
01 Fructose 16.2 133 - 26.4
' Glucose 22.7 3.0 81.3 -
Fructose 18.6 17.9 - 17.8
0.2 Glucose 23.3 3.7 81.0 -
(42) (11) (71)

03 Fructose 19.1 19.9 - 16.2
' Glucose 20.9 4.8 78.2 -
04 Fructose 18.2 19.3 - 20.0
’ Glucose 17.8 4.6 79.8 -
06 Fructose 20.8 29.9 - 8.1
' Glucose 75 10.5 63.9 -
07 Fructose 19.8 23.8 - 74
' Glucose 5.4 9.9 65.3 -
08 Fructose 25.4 32.6 - 8.1
’ Glucose 7.2 10.0 77.2 -

Fructose 23.3 26.6 - 8.4
1.0 Glucose 11.6 9.4 70.2 -
37) (18.5) (41)
11 Fructose 16.6 28.2 - 9.0
) Glucose 515 7.7 81.5 -

45

2 After 6 h reaction at 100°C; Remaining products are other sugar isomers
and furfural (see Table S2). Values in brackets for 6 h reaction at 120°C

(CJ) Fructose yield

(O) HMF, (m) Glucose yield
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Fig 9 Yields of a) fructose and 5-HMF during SZ catalysed glucose
isomerisation and dehydration and b) glucose and 5-HMF during SZ
catalysed fructose isomerisation after 6 h reaction at 100 °C.
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In contrast, high SO, coverages (i.e. Bronsted acid site densities)
suppress glucose isomerisation to fructose in favour of HMF
production associated with enhanced dehydration of the fructose
intermediate. Hence loss of basicity and Lewis acidity upon
zirconia sulfation switches off glucose <> fructose isomerisation
but promotes the Bronsted acid catalysed fructose — 5-HMF
pathway, in perfect agreement with the proposal in Scheme 1.The
requirement for Bronsted acid character to produce 5-HMF is
confirmed by inspecting the yield of products obtained from
fructose as a substrate (Figure 9b). Note that the resulting 5-
HMF vyields are three times higher starting from fructose versus
glucose, indicating that glucose isomerisation to fructose is the
rate-determining step in 5-HMF formation. TOFs for 5-HMF
formation from fructose, normalised to the surface sulfate
density, are independent of the Brénsted acid site loading/sulfur
coverage and therefore acid strength, consistent with a common
active acid site. SZ reactivity is thus predominantly controlled by
the balance of their acid:base character; Figure 10 shows a
volcano dependence for 5-HMF productivity, reflecting the
requirement for both Lewis acidic/basic monoclinic ZrO, (to
catalyse glucose isomerisation) and Bronsted surface sulfate
species (to catalyse fructose dehydration to 5-HMF) in optimal
catalyst formulations. Indeed the overall rate of 5-HMF
production from glucose closely mirrors the mathematical
product of the rate of glucose isomerisation with the rate of 5-
HMF formed from direct fructose dehydration (Figure S4). To
verify the stability of the optimum catalyst, a recycle test was
performed following re-calcination of the spent catalyst at 550°C,
which revealed only a small decrease in absolute conversion was
observed after 6 h reaction (Figure S5).

We can hence advance a bifunctional catalytic surface
mechanism for glucose conversion to 5-HMF. The first step of

0.07
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|
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(®) TOF HMF formation
(glucose—HMF) / ht

0.02 T T T

12
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Fig 10 Turnover frequencies for HMF formation from glucose at 100 °C
as a function of acid:base ratio of SZ catalysts.

this is most likely the Lewis base catalysed transformation of
glucose into an enol intermediate (Scheme 2),°% *° with
subsequent protonation of the resulting C=C yielding either
fructose or mannose. We propose that O sites on the surface of
base monoclinic ZrO, initiates this transformation via proton
abstraction to form the enol (akin to that proposed over sodium

aluminate®®) which undergoes subsequent hydrogen transfer to
form fructose. Spillover onto neighbouring Bronsted acid sulfate
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moieties then catalyses the stepwise dehydration of fructose to 5-
HMPF® as illustrated in Scheme 2. Lewis acid sites also have the
potential to initiate glucose isomerisation via an intramolecular
hydride shift.®? However, the extent to which Lewis acid routes
are able to participate in aqueous phase reactions remains
contentious due to their likelihood of hydration to Brdnsted
counterparts, although it has been suggested that Lewis acidity
may be retained at defect sites** or when hydrophobic supports
such as Sn-p are employed® wherein a Meerwein—Ponndorf—
Verley mechanism has been postulated.®* % As Figure 10
highlights, careful tuning of the degree of zirconia surface
sulfation enables the successful genesis of bi-functional catalysts
possessing dual solid acid/base character which facilitate the
telescopic conversion of glucose to 5-HMF under mild reaction
conditions. To investigate the kinetics of the glucose — fructose
— 5-HMF pathway dilute operating conditions using feed with
only a 0.5 wt% (0.028 M) glucose concentration to minimize side
reactions of 5-HMF. We note this is significantly lower than that
reported in the literature, where typical concentrations range from
10 wit%,? 12wt%% to 30 wt%.5” However, it should be noted that
for homogeneous processes, the conversion of glucose is reported
to be exhibit good first order behaviour and is independent of
concentration over the range 0.01-0.16 M.%® Likewise, the
kinetics of HMF formation from fructose are not reported to show
a strong concentration dependence when operating at a fructose
concentration ~0.7 M.% We thus expect that any changes in
reactivity at higher initial glucose concentration would result in
an increased probability of side reactions when more
concentrated HMF containing mixtures are produced. In light of
this working at particularly high glucose concentrations may not
be advisable and suggest operation in a biphasic system under
more dilute glucose concentrations conditions could improve
HMF selectivity under continuous processing conditions. We are
presently investigating this and the synthesis of high area,
nanoporous SZ analogues to afford even greater control over
ZrO, crystallisation, and opportunities to tune catalyst
hydrophobicity.

Conclusions

The impact of surface sulfation upon the physico-chemical
properties of calcined Zr(OH), has been systematically
investigated by bulk and surface spectroscopies and chemical
probes. The unsulfated precursor forms predominantly
monoclinic zirconia possessing mixed Lewis acid and base
surface sites and is effective for glucose isomerisation to fructose
but poor towards fructose dehydration to 5-HMF. Dilute sulfuric
acid pre-treatment of Zr(OH), and subsequent calcination results
exclusively in the formation of polydentate surface SO,> species,
and concomitant stabilisation of tetragonal ZrO,, conferring
significant Bronsted acidity and corresponding enhanced 5-HMF
production from either glucose or fructose. Higher degrees of
surface sulfation (650, >0.25 ML), and attendant loss of surface
basicity from exposed zirconia, progressively switches off
glucose <> fructose isomerisation, while continuing to promote
fructose — 5-HMF. Saturated sulfate monolayers present a
distribution of mono and polynuclear sulfate species chemisorbed
over tetragonal crystalline zirconia and/or amorphous zirconium

100 Sulfate, and the resulting materials (which exhibit almost entirely

This journal is © The Royal Society of Chemistry [year]
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Bronsted acid character) are the least efficient for 5-HMF
synthesis from glucose. Submonolayer sulfate coverages of
approximately 0.3 ML afford the optimal mix of Lewis base sites
arising from accessible ZrO,, and co-existing Bronsted acid sites

s arising from mono- or bidentate sulfate, required for the tandem
isomerisation of glucose to fructose and the latter's subsequent
dehydration to 5-HMF. The design of such bi-functional catalysts
capable of effecting one-pot telescopic syntheses in aqueous
media will become increasingly critical to achieve atom-

10 economical, selective transformations of bio-derived molecules
for sustainable chemicals and fuels.
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25 Scheme 2 Bi-functlonal surface catalysed mechanism for a) isomerisation of glucose to fructose over basic O sites of monoclinic ZrO, (Lewis acidic Zr*
may help stabilise the enolate intermediate) and b) dehydration of fructose to 5-HMF over Bronsted acid sites present in submonolayer SO,/ZrO, catalysts.
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