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Impact of Porous Silica Nanosphere Architectures on the

Catalytic Performance of Supported Sulphonic Acid Sites
for Fructose Dehydration to 5-Hydroxymethylfurfural

Cameron-Alexander H. Price*,™ "9 Antonio Torres-Lopez*,™ "9 Robert Evans,™

Nicole S. Hondow,® Mark A. Isaacs, 9

Christopher M. A. Parlett** > <"

5-hydroxymethylfurfural represents a key chemical in the drive
towards a sustainable circular economy within the chemical
industry. The final step in 5-hydroxymethylfurfural production is
the acid catalysed dehydration of fructose, for which supported
organoacids are excellent potential catalyst candidates. Here we
report a range of solid acid catalysis based on sulphonic acid
grafted onto different porous silica nanosphere architectures, as
confirmed by TEM, N, porosimetry, XPS and ATR-IR. All four
catalysts display enhanced active site normalised activity and

Introduction

The transition from the current linear economy within the
chemical industry to a circular one requires the development
and expansion of catalyst systems with the capacity to process
new sustainable feedstocks, of which biomass is anticipated to
be a key player." Non-edible lignocellulose represents an ideal
feed for the chemical industry given its abundance in nature
and within waste streams, the capacity for conversion into a
wide array of chemicals and fuels, which are either direct
replacements or potential substitutes to current key chemical
species, and the elimination of the food vs fuel dilemma.”? 5-
hydroxymethylfurfural (5-HMF) is one key platform chemical

Aina Syahida Jamal,!

a,b,c

and

productivity, relative to alternative silica supported equivalent
systems in the literature, with in-pore diffusion of both
substrate and product key to both performance and humin
formation pathway. An increase in-pore diffusion coefficient of
5-hydroxymethylfurfural within wormlike and stellate structures
results in optimal productivity. In contrast, poor diffusion within
a raspberry-like morphology decreases rates of 5-hydroxymeth-
ylfurfural production and increases its consumption within
humin formation.

derived from cellulose via saccharification and subsequent
glucose isomerisation to fructose (shown in Scheme 1).®' The
last step is the Bronsted acid catalysed dehydration of fructose
to 5-HMF.™ However, this final step within the overall biomass
valorisation process is hindered by further unwanted side
reactions which yield undesirable by-products, including hu-
mins, i.e. low-value polymeric species. The formation of these
proceeds through 5-HMF hydration to 2,5-dioxo-6-hydroxyhexa-
nal, which further undergoes condensation reactions, i.e. aldol
reaction, with 5-HMF or fructose (and glucose).” This is
exacerbated by the presence of the catalysts and high reaction
temperatures.” Developing catalytic systems that can operate
with reduced catalyst loading and reaction temperatures while
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Scheme 1. 5-HMF production from lignocellulosic biomass.

still maintaining high activities is therefore paramount to
attempts to drive down unwanted humins and optimise 5-HMF
yields.

Supported sulphonic acids have been widely explored for
the production of 5-HMF from fructose dehydration, often with
a preference for conducting such studies in dimethyl sulph-
oxide (DMSO). However, DMSO is known to provide high
background rates of fructose dehydration to 5-HMF without the
addition of the catalyst,”®™ and given its high boiling point, it is
far from ideal from an industrial perspective due to increased
energy demands of product isolation and purification.*®” In
comparison, water scores highly for both green credentials and
safety® while also decreasing background rates towards
fructose dehydration.”” Moreover, water can be coupled within
biphasic reaction systems, enabling the extraction of reactively
formed products into a second organic phase.®®'? Sulphonic
acids have been incorporated within high surface area supports,
including SBA-15,"" SBA-16,"? KIT-6,"*' and SAPO-34,"* and
deployed in fructose dehydration. While conversions are often
high,'">' reaction conditions are often favourable, comprising
low substrate to active site mol ratios. However, yields in most
cases are low due to high levels of humins and by-products,
while normalised activities/turnover frequencies are poor.
Swapping to DMSO can typically impart at least a doubling of
5-HMF yields,""'>'* " although as background rates for the two
solvents are not reported, the precise origin of this is unclear,
i.e. catalyst, solvent, or a combination of both. Alternatively,
adding an immiscible organic phase, for example, methyl
isobutyl ketone (MIBK) and 2-butanol or nitromethane,™ can
achieve similar enhancements through the prevention of
subsequent reactions of 5-HMF via its extraction into the
organic phase.

High surface area porous silicas are important materials
central to various technologies, including catalysis,"® where
their inherent properties make them of interest as support
materials. Due to their tuneable physical properties, including
surface areas up to ~1000 m*g™~" and pore diameters, spanning
micro, meso, and macropore domains, they have found wide-
spread interest, in particular since the first reports of ordered
mesoporous silicas in the 90s, such as MCM-41, SBA-15, and KIT-
6.'" These families of silicas are some of the most studied
mesoporous oxides, with synthetic routes developed to tune
morphology,™ chemical composition, including incorporating
heteroatoms and organic functionality,"® control over comple-
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mentary microporosity,”” and the introduction of secondary

porosity, e.g. macroporosity, to produce hierarchical porous
architectures,.”” Moreover, synthesis under flow conditions
provides approaches for their continuous production.”?

Porous silica nanospheres represent an alternative collection
of mesoporous silicas. Mesoporous silicas nanospheres have
been produced with a range of different mesopore architec-
tures, including ordered hexagonal arrays of cylindrical pores,
similar to those present in MCM-41 and SBA-15, disordered
wormlike mesopores,*? radial cylindrical pores,” and other
configurations which have typically been named based on their
structures, with systems including stellate,****® wrinkled,”” and
raspberry.®*¥ In the case of radial, wrinkled, and stellate
architectures, pores, either cylindrical or slit-like, radiate from
the centre of the nanosphere, whereas wormlike and raspberry
are random arrangements of cylindrical and spherical pores. For
MCM-41 and SBA-15 nanospheres, the ordered pore networks
arrange in P6 mm symmetry, in either a radial fashion from the
centre or parallel to each across the diameter of the sphere.”
Radial, stellate and wrinkled are typically observed for spherical
or spherical-like particle morphologies, while ordered hexago-
nal arrays of cylindrical pores and disordered wormlike meso-
pores are common within a range of particle morphologies.
Despite the chemical and structural features shared with
mesoporous silicas, silica nanospheres have typically been less
explored as potential catalyst support structures.

Here we report the deployment of mesoporous silica
nanospheres with different pore architectures, namely, worm-
like, radial, stellate and raspberry, as support architectures for
sulphonic acids, via aqueous grafting of 3-mercaptopropyl
triethoxysilane and subsequent oxidation of the thiol functional
group. The resulting catalysts have been deployed for aqueous
fructose dehydration at relatively low temperatures and bench-
marked against alternative silica sulphonic acid catalysts. Given
the equivalent nature of the catalysts, i.e. sulphonic acids on
silicas, any differences in active site normalised activities (i.e.
turnover frequencies) will arise only due to differences in in-
pore mass transfer. To explore this, pulsed-field gradient
Nuclear Magnetic Resonance (PFG-NMR)® measurements of
the in-pore diffusion coefficients of reagents and products will
be used, an approach that is gaining traction within the field.”

Results and Discussion
Silica nanosphere characterisation

The different pore architectures of the four classes of silica
nanospheres, radial, stellate, wormlike and raspberry, are
confirmed through a combination of nitrogen porosimetry and
TEM. Isotherms and electron micrographs are consistent with
the literature,***¥ with surface areas and average pore
diameters reported in Table 1 and isotherms, pore size distribu-
tions and micrographs shown in Figures 1, S1, and S2. TEM
reveals the unique mesopore architectures of the supports, in
which wormlike possess disordered cylindrical pores, stellate
presented channel like mesopores, radial comprises cylindrical
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Table 1. Textural properties of the silica nanosphere supports. pores that radiate the sphere centre, while raspberry displays
i i spherical mesopore.?**?*¥ BJH pore sizes allow comparison with
Support BET/ Micropore NLDFT Ave. particle L. L
mig-" SAW/m?g" BH®/nm  size/nm the original publications. However, as these are known to
underestimate pore sizes, NLDFT values are reported.*” The
Wormlike ~ 801+80  219+22 3.5(29) 104+£12 . . . . .
wormlike nanospheres exhibit a typical type 4 isotherm, with-
Stellate 468147 99+10 305(17.3) 10815 out hysteresis, consistent with the presence of small mesopores
Radial 347+35  61+6 84(54) 97+8 (average size of 3.5 nm by NLDFT). These nanospheres possess
Raspberry ~ 564+56  223+22 3.1 (20 39+4 the highest surface area (both total and mesopore surface area)
[a] SA=surface area [b] Pore diameter with BJH in parenthesis. of the four supports. Radial and raspberry nanospheres also

show type 4 isotherms, resulting from the small intraparticle
mesopores and a high proportion of large interparticle voids. In
contrast, the stellate silica spheres present a type 2 isotherm,

S —-NLDFT
o 2.5 - -=-BJH
820
S 1.5 -
o
2 1.0:4
100 —+-Adsroption 0.5 -
50 —-6-Desorption '
0 T T 1 0.0 h
0.0 0.5 1.0 1.0 10.0 100.0
Relative pressure / P/Po Pore diameter/ nm

Figure 1. High magnification electron micrographs of (a) wormlike, (b) stellate, (c) radial, and (d) raspberry silica nanosphere supports, and (e) nitrogen
adsorption isotherms and (f) pore size distribution for wormlike silica nanosphere support.
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reflecting the larger mesopores and macropores. TEM images
confirm the assignment of intraparticle mesopores, revealed by
the N, isotherms and pore size distribution plots. Wormlike,
stellate and radial show comparable average particle sizes, in
the region of 100 nm, whereas the raspberry morphology
support is approximately half the diameter.

Acid catalyst characterisation
Aqueous grafting of sulphonic acid functional groups, through

covalently linking of 3-mercaptopropyl trimethoxy silane and
subsequent thiol oxidation, is shown to have no significant

50 4 —+—Adsroption
—-6-Desorption
0 L] 1
0.0 05 1.0

Relative pressure / P/Po

impact on silica nanosphere particle size (Figures2 and S3),
while EDX mapping confirms uniform dispersion of sulphur
across the porous architecture of the support (Figure S4).
Moreover, acid site incorporation shows only a minor impact on
the textural properties evaluated by nitrogen porosimetry
(Figure2 and S5), consistent with surface grafting of
organosilanes.?'>*" Preservation of the parent isotherm shape is
apparent, albeit with reduced amounts of N, adsorbed,
indicating a decrease in both surface area and mesopore
diameter size (Table 2).2? The latter being consistent with the
deposition of the organic functional group (RSO;H) within the
mesopores of all four different silica nanosphere morphologies.

3017 —+Wormlike
25 support
-=-RSO3H/

g
o
L

Wormlike

dV(logd) / cc g
o o

1.0 10.0 100.0
Pore diameter / nm

Figure 2. High magnification electron micrographs of (a) RSO;H/wormlike, (b) RSO;H/stellate, (c) RSO;H/radial, and (d) RSO;H/raspberry silica nanosphere
catalysts, and (e) nitrogen adsorption isotherms and (f) NLDFT pore size distribution for wormlike silica nanosphere support and RSO;H/wormlike catalyst.
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Table 2. Textural properties of the silica nanosphere acid catalysts.

Support BET/ Micropore NLDFT Acid"/
m?g~" SAF/m? g~ (BJH)®/nm mmolg™'

RSO®H/ 538+54 250425 34 (24) 0.57

Wormlike

RSO*H/ 283128 0 28.4 (29.4) 0.66

Stellate

RSO*H/Ra- 272427 0 7.9 (4.3) 0.37

dial

RSO®H/ 313431 89+9 2.5 (2.1) 0.54

Raspberry

[a] SA =surface area [b] Pore diameter with BJH in parenthesis [c] Acid site

loading from pulse titration NH; chemisorption.

Attenuated total reflection-infrared spectroscopy was de-
ployed to further confirm the deposition of 3-mercaptopropyl
trimethoxysilane and its oxidation to grafted sulphonic acids. As
shown in Figures 3 and S6, SH stretching at 2557 cm™' from the
thiol is detected for all four materials,®® with the species fully
consumed upon oxidation with H,0,. Further evidence of
successful grafting is apparent in the CH stretching region.
However, due to the hydrophilic nature of the acid catalysts,®*
the OH region partially obscures these features, particularly for

the sulphonic acid variants. Confirmation of the presence of
sulphonic groups by IR is prohibited due to the S=O stretching
region overlapping by the Si—O bands, which are the dominant
species given the composition of the catalytic materials.? X-ray
photoelectron spectroscopy (XPS) was thus deployed to confirm
the presence of sulphonic acid groups, as shown in Figure 3d,
with the S2p binding energy increasing from ~164 to ~169 eV,
consistent with the existing literature values.?'**? Sulphur
loadings from XPS spanned from 3.1 at.% to 1.7 at.%, consistent
with the previous literature for aqueous grafting of sulphonic
acid.®? Acid site loadings were evaluated by NH, pulse titrations
and are reported in Table2. Values in the region of
~0.6 mmolg™" align with the value of 1.4 mmolg™' previously
reported for SBA-15, a mesoporous silica with a surface area in
the region of 800 m?g .5

PFG-NMR was deployed to assess substrate and product
diffusion within the porous catalysts. However, the inhomoge-
neity from the addition of a solid, magnetic susceptibility
differences at the solid-liquid interface, and adsorption inter-
actions combine to give rise to broad, featureless spectra that
are difficult to interpret while obtaining precise chemical shifts
are impossible. Fortunately, measurements of molecular self-
diffusion coefficients are broadly independent of observable
chemical shift phenomena, with such measurements depending
on the decay of relevant NMR signals as a result of molecular

a | ——RSO;H/Wormlike b —RSO;H/Wormlike
| — SH/Wormilike _ —SH/Wormlike
g —Wormlike support g —Wormlike support
2 >
= k=
3800 3000 2200 1400 600 2700 2600 2500 2400
Wavenumber / cm’’ Wavenumber / cm”’
c — RSO;H/Wormlike d RSO;H/Raspberry
) —SH/Wormlike
S —Wormlike support 5
c @ A RSO;H/Radial
= >
2 @ ARSOaH/SteIIate
2 3
E 2| LN\ RSOHWormlike
RSH/SIO,

3800 3550 3300 3050 2800 172 169 166 163 160

Wavenumber / cm-!

Binding energy / eV

Figure 3. ATR-IR of wormlike support, SH/wormlike catalyst precursor, and RSO;H/wormlike catalyst (a) full spectra, (b) SH region, (c) CH and OH stretching
region, and (d) stacked S2p XPS spectra for the series of RSO;H catalysts (offset for clarity) and a representative SH/SiO, catalyst precursor.
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motion.”® Thus, PFG-NMR measurements of diffusion provide

molecular level information on the different motion of mole-
cules within the differently architectured silica nanospheres.
DOSY spectra and Stejskal-Tanner plots are shown in Figur-
es S7-11, with diffusion coefficients of fructose and 5-HMF
within the four support materials reported in Figure 4 and
Table S1. For both compounds, the in-pore diffusion coefficients
for all four supports are reduced relative to their free diffusion
in an unconfined bulk aqueous liquid environment, with HMF
diffusion coefficients showing a greater decrease relative to
fructose. Confinement effects within porous architectures can
result in inducing greater diffusion, due to disruption of the
localised hydrogen bonding network,* the same is not
apparent here, possibly as the effect is substrate and support
dependent.”®@ However, this disruption may be the factor for
the lesser impact on fructose diffusion through a partial
interference of the intermolecular bonding. Furthermore, it
might be intuitive to assume that more open frameworks with
larger pore diameters, such as stellate nanospheres, would have
faster diffusion through the pores, but this is not the case here.
The fastest diffusion was observed through the pores of the
wormlike nanospheres.

Catalytic dehydration of fructose

The selective dehydration of fructose to 5-HMF was studied
over the four catalysts at 120°C under autogenous pressure
within a Buchi miniclave with agitation, with reaction data
shown in Figure 5. Blank reactions, using unfunctionalised silica
support, showed negligible conversion after 6 h. In all cases,
after the initial 30 minutes of the reaction, it becomes apparent
that there is a degree of catalyst deactivation, which is more
apparent in the formation of 5-HMF (Figures 5a and b). Thus
subsequent normalised activities and productivities have been
determined over the initial 30 minutes of the catalytic reaction.
Turnover Frequencies (TOFs) for both fructose consumption
and 5-HMF production are reported in Figure 5¢c, with values for
both outperforming alternative sulphonic acid silicas for

Diffusion Coefficient
{1010 m2g-1
(o))

yauid e
\Nofm e 2\ 5.
S Radt ety gz Ucy, e
Ra‘spb Ose

Figure 4. PFG-NMR acquired diffusion coefficients for the substrate (fructose)
and product (5-HMF) in bulk liquid and within the four catalysts.
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aqueous phase fructose dehydration (discussed in detail later).
Given that the only variable in the four catalysts is pore
architecture, i.e. they all comprise of the same material with an
identical nature of the acid sites present, and that TOFs are
normalised to acid site loadings, the question arises as to
whether the order of catalyst activity, for both consumption
and formation, correlates with the observed diffusion coeffi-
cients from NMR, i.e. in-pore diffusion is the governing factor.
As stated above, larger pores do not necessarily result in greater
in-pore diffusion, as shown by the results for stellate framework
relative to wormlike. Figures 5d and S12 clearly show that both
the conversion of fructose and the production of 5-HMF display
a linear correlation to the molecule’s diffusion coefficients
within the four support architectures. Thus, for catalyst systems
in which all active sites are equal in chemical nature and are
quantifiable so that differences in loading can be factored, as
would be logically expected, diffusion coefficients of the species
constrained within the porous support matrix represent an
excellent descriptor of catalyst performance.

Increasing the reaction length beyond the initial 30 minutes
reveals the onset of a decrease in the process mass balances,
which coincides with the reaction solution colour changing
from clear to yellow and then brown. This is due to the
formation of humins, the undesirable polyfuranic by-product
that plagues acid catalysed saccharide dehydration reactions.®”
It is reported that 5-HMF is converted to 2,5-dioxo-6-hydrox-
yhexanal, via subsequent hydration,®” which rapidly reacts via
acid catalysed aldol condensations with aldehydes and ketones
present,* namely 5-HMF or fructose.*” This being catalysed by
the presence of the solid Brensted acid mesoporous silicas. The
missing mass balance here, i.e. material not analysed by HPLC
and removed prior to by filtration, is attributed to these
insoluble humins. No other products were detected by HPLC,
including levulinic acid and formic acid,®*® produced by
subsequent hydration and dehydration and carbon bond
cleavage, which results via an acid catalysed cascade process in
which 5-HMF is an intermediate.®” This is typically reported at
higher temperatures than this study, often for longer reactions
and employing strong liquid Brensted acids, such as H,SO, or
HCIH

In the case of the stellate support, humins are the dominant
species after 6 hours (end of the reaction), with this greater
degree of humin formation over the largest pore system
consistent with the report of increases in humin formation for
sulphonic acid functionalised large pore SBA-15 relative to
smaller pore equivalents, BJH pore sizes of ~14 vs 4 nm, due to
greater accessibility of the acid active sites.*" This, combined
with the greatest fructose conversion over the stellate catalyst,
suggest that the open framework with the large pore diameter
retains a greater degree of acid site accessibility even in the
face of considerable humin levels. In contrast to the stellate
system, in which 2,5-dioxo-6-hydroxyhexanal is reacting with
both fructose and 5-HMF, the raspberry system has a relative
preference for humin formation to occur via the reaction of 2,5-
dioxo-6-hydroxyhexanal with 5-HMF, as evidenced by the drop
in 5-HMF yield after 1.5 h. Thus the reaction of 5-HMF formation
from fructose dehydration is slower than that of 5-HMF
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Figure 5. Catalytic performance data for fructose dehydration to 5-HMF at 120 C, showing (a) fructose conversion reaction profiles, (b) 5-HMF yield profiles
and reaction mass balances, (c) fructose consumption and 5-HMF production TOFs calculated using rate over the initial 0.5 h and NH; chemisorption acid site
loadings, and (d) correlation between 5-HMF production TOFs and 5-HMF diffusion coefficients within the silica support structures.

consumption through humin formation. This is only observed
for the RSO;H/raspberry system and is attributed to a greater
overall drop in fructose and 5-HMF diffusion coefficients of the
confined species relative to unrestricted values. This reduced
diffusion of 5-HMF and fructose increases the potential for
unwanted reactions with 2,5-dioxo-6-hydroxyhexanal, due to
their extended residence within the pores. As with the RSO;H/
stellate, the catalyst system based on radial and wormlike
supports show only a slowing in the yield of 5-HMF, which
continues to slow with time. Thus for these systems, the
production of humins does not show a preference towards 2,5-
dioxo-6-hydroxyhexanal reacting with 5-HMF. This arises due to
either greater 5-HMF diffusion coefficients, reduced residence
within the pore, or greater fructose diffusion, i.e. increased
diffusion of fructose into the architecture and increased chance
of encountering it.

A comparison of the four catalysts reported here is made to
other sulphonic acid catalysts under comparable conditions.
Water has been chosen as an ideal green solvent to avoid the
unwanted contributions from DMSO, so that a clearer picture
of the inherent activity of the different catalyst systems can be
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obtained. Comparisons have focused on systems in which
sulphonic acid sites are supported predominantly on silica
support frameworks, given the relative inertness and inherent
lack of strong acidity, i.e. compared to alumina silicates.*”
Ideally, comparisons would be made through turnover
frequencies,”® both for fructose consumption and 5-HMF
production, preferably at 120°C or temperatures close to.
However, many studies are conducted with only a slight excess
of fructose relative to the number of acid sites deployed. Such
conditions also result in favourable conversions and yields, so
comparing these is not straightforward either. Catalyst perform-
ances are reported in Table S2, with the silica nanosphere
systems performing favourably when evaluated through 5-HMF
production TOFs.

Sulphonic acid catalysts based on the ubiquitous mesopo-
rous silica, SBA-15, have been reported by Wang etal. and
Whitaker and co-workers,"? with both employing almost
identical approaches to catalyst synthesis and both deploying
their catalyst at 120°C. Thus it might be intuitive to assume
similar performances would be reported. However, this is not
the case. Due to significantly different substrate:active site mol
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ratios, 3 vs 50, conversion and 5-HMF yields are reported to
reach 100% and 58% after 1 h in contrast to only 44% and
15.4% over 48 hours. Another of the SBA family, namely SBA-
16, has also been functionalised via the same synthesis
protocol, with this achieving a 5-HMF yield of 26 % (substrate:
active site mol ratio 20) at 110°C,"** while KIT-6, another
mesoporous silica support, produced via co-condensation of
the acid precursor and the support, achieved a yield of 3%
(substrate:active site mol ratio 26) for a reaction temperature of
135°C."¥ Comparisons of TOFs based on 5-HMF production
reveals SBA-16 to be the most active, with a TOF of 3.6 h™',
potentially due to greater in-pore diffusion through the 3-
dimensional mesopore network, followed by KIT-6, 1.2 h™', and
then SBA-15 0.9 h™' (Wang) and 0.2 h™' (Whitaker). Sulphonic
acids have likewise been grafted on SAPO-34, with reaction in
water at 160°C and with a substrate:active site mol ratio of 15
yielding 5-HMF production TOFs of 1.6 h™', with conversion
reaching 80% in 45 minutes although with a yield of only
8%."" The higher reaction temperature and inherent acidity of
SAPO-34"" would be expected to increase TOFs, although the
smaller micropores of SAPO-34 and the resulting mass diffusion
limitation are likely the controlling parameter. Core-shell
systems have also been reported, with Fe;0,@Si0,-SO3H
providing a magnetically separable catalysts with a 5-HMF
production TOF of 1.4 h™' at 120°C and a mol ratio of 15.'”
Fructose conversion and 5-HMF yields of 73.4% and 14.2%,
respectively, were obtained after 1.5 h.

Further advances to improve process selectivity in the
production of 5-HMF in aqueous phase systems have focused
on deploying biphasic systems, in which an organic phase is
added to extract the 5-HMF as it is produced to prohibit its
further conversion. The addition of a mixture of MIBK and 2-
butanol is a commonly reported extraction phase employed. It
is shown to increase 5-HMF production TOFs for sulphonic acid
grafted SBA-15, akin to those discussed above, to 11.4h™" at
130 (™ while at 160°C it increases to 490 h~'[™® for
comparable substrate:active site mol ratios of ~40. Further
catalyst development, including modifying the grafted organo-
acid or using periodic mesoporous organosilica SBA-15, can
further tune catalyst performance."**" Nitromethane is another
extraction phase that has been employed in conjunction with
sulphonic acid grafted SAB-15. At 130°C, a 5-HMF production
TOF of 36 h™' is calculated over the initial 0.5 h."*? An increase
in reaction temp to 140°C induces a 30% increase, however,
coupling this increase with co-grafting benzyl functional group
to increase results in only a 6% increase. An alternative
approach to enhance process selectivity, through the minimisa-
tion of humin formation, is to convert the reactive formed 5-
HMF into a more stable product before can undergo conversion
into humins. The coupling of a magnetic-core-acid-shell dehy-
dration catalyst (Fe,0;@SiO,-SO;H) with an oxidation catalyst
(ZnFeRuO,) result in the production 2,5-diformylfuran, with high
yields (90%) albeit in DMSO, via a one-pot two-step cascade
process enabled through changing the gas composition after
the first step. The first step of the cascade, the acid catalysed
dehydration, can proceed in water although yields are modest
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at 14.2% compared to 96.1% in DMSO, with conversions of
73.4% and 100 %, respectively."”

Characterisation of the spent catalysts was conducted to
investigate potential poisoning via deposition of humins. ATR-IR
and XPS (Figures S13 and S14) reveal significant C deposition
on the spent catalysts. CH stretching bands at 2940 cm™'
wavenumbers, consistent with alkane stretches and features at
1630 and 1525cm™' wavenumbers, can be attributed to
carbonyl groups conjugated with carbon-carbon double bonds
and the furan ring, respectively. While the peaks spanning
1300-1475 cm™' wavenumbers are consistent with humins from
fructose.”! XPS further confirms the presence of significant C—O
species via deconvolution, the being dominant C species
present and corresponding to alcohol and ether functional
groups. Furthermore, significant levels of C at higher binding
energy are also apparent, which can be attributed to carbox-
ylate and ester functional groups. Both are consistent with the
oxygenated poly-furanic structure of humins. C content of the
spent wormlike and raspberry catalysts are 17 and 21 at.%
respectively. Thus, the raspberry structure appears to be more
heavily affected by humin deposition. While this does result in a
drop in apparent S loadings to only 0.6 and 0.3 at.% accord-
ingly, due to the increased C content, no apparent shift in the S
binding energy is witnessed, thus, it would appear they are
retained in the sulphonic acid state. Developing a facile route
to remove this carbon is, therefore, critical to producing a fully
recyclable catalyst.

Conclusions

Mesoporous silica nanospheres represent exciting frameworks
for catalysts, with functionalisation through grafting of organo-
silane sulphonic acids introducing catalytic activity for fructose
dehydration to 5-HMF, a bioderived platform chemical critical
to the future of biorefinery concept. Through fine-tuning the
nanosphere pore architecture, it is shown that enhancement in
catalytic performance can be realised. Structure-activity correla-
tions, through evaluating PFG-NMR derived diffusion coeffi-
cients and TOFs, it is clear that diffusion of both substrate and
product within the porous material is the governing factor on
overall process performance. TOFs exceeding 20 h™' for fructose
conversion and 15 h™' for 5-HMF production represent signifi-
cant enhancements on the existing literature for silica support
sulphonic acids under comparable reaction conditions. Further-
more, it is reasonable that such systems would benefit through
their deployment within biphasic reaction systems or one-pot
cascade reactions.

Experimental

Support synthesis: Dendritic radial mesoporous silica nanospheres
were synthesised using the biphasic approach reported by Shen
et al®? Cetyltrimethylammonium chloride (25% v/v in water,
240 cm?), triethanolamine (TEA, 1.8 g), and water (360 cm®) were
stirred at 120 rpm for 1 h at 60 °C. Tetraethyl orthosilicate (40 cm®)
in cyclohexane (160 cm®) was slowly layered on top of the aqueous
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phase to form a biphasic system, which was stirred for 48 h. The
solid silica was recovered from the aqueous phase by centrifugation
(14500 rpm, 15 min) and washed with water in triplicate before
drying at room temperature overnight. The mesopore template was
removed by solvent extraction in an ethanolic HCl solution (0.01 M,
100 cm® per 1 g of support) under reflux for 24 h, before isolation
and calcination at 550°C for 5.5 h under air (ramp rate 1°Cmin~").
Stellate, raspberry, and wormlike silica nanospheres were synthes-
ised using the method of Zhang et al”*” For stellate, cetyltrimeth-
ylammonium tosylate (9.6 g), triethanolamine (1.735 g), and water
(500 cm®) were agitated at 900 rpm for 1 hour at 80°C. Tetraethyl
orthosilicate (72.9 g) was added quickly and the solution was left
for 2 h. The solid was isolated by vacuum filtration and washed in
triplicate before drying at room temperature overnight. The
mesopore template was removed by calcination at 550°C for 5.5 h
under air (ramp rate 1°Cmin~"). Raspberry silica nanospheres were
synthesised under the same conditions as stellate with the
exception that cetyltrimethylammonium tosylate was replaced by
cetyltrimethylammonium bromide and the solid was isolated by
centrifugation (14500 rpm, 15 min). Wormlike silica nanospheres
were synthesised using cetyltrimethylammonium bromide (1.51 g),
triethanolamine (82.88 g) and water (100 cm?®), which were mixed at
900 rpm for 1Th at 80°C. Tetraethyl orthosilicate (14.47 g) was
added quickly and the solution was left for 2 h. Upon completion,
the solution was centrifuged (14500 rpm, 15 min) to isolate the
solid, which was washed in triplicate and dried at room temper-
ature overnight. The mesopore template was removed by calcina-
tion at 550 °C for 5.5 h under air (ramp rate 1°Cmin™")

Catalysts synthesis: The silica nanospheres with differing pore
architectures were functionalised with sulphonic acid sites.®” Silica
support (2 g) was dispersed in water (60 cm’) at reflux temperature.
3-mercaptopropyl triethoxysilane (2 cm®) was added and the
solution was refluxed under stirring at 900 rpm for 24 h. The grafted
silica was isolated by centrifugation (14500 rpm, 15 min), washed
with water in triplicate, and dried overnight at room temperature.
The thiol functionalised silicas were converted to the sulphonic acid
derivative through oxidation by H,0, (30 wt% 60 cm®) at room
temperature under stirring for 24 h. The catalyst was recovered by
centrifugation, washed with water in triplicate, and dried overnight
at 80°C.

Characterisation: Nitrogen porosimetry was conducted using a
Quantachrome Quadrasorb porosimeter. Samples were degassed at
150 °C overnight, with N, adsorption/desorption isotherms recorded
at —196 °C. Surface areas were calculated over the relative pressure
ranges 0.02-0.2 and 0.2-0.5 for BET (Brunauer, Emmett and Teller)
and t-plot analysis, respectively. Mesopore properties were eval-
uated using the NLDFT and BJH (Barrett-Joyner-Halenda) methods.
For the former, fits to both cylindrical and spherical pores were
evaluated with the best fit used, while the latter was applied to the
desorption branch of the isotherm. High-resolution (scanning)
transmission electron microscopy ((S)TEM) images were recorded
on either a JEOL 2100 operating at 200 kV or on an FEI Titan3
Themis G2 operating at 300 kV fitted. The latter was equipped with
four energy dispersive X-ray spectrometry (EDX) silicon drift
detectors. Samples were prepared by dispersing in methanol and
drop-casting onto a holey carbon support film on a copper grid
(Agar Scientific). Images were analysed using ImageJ 1.41 software.
Attenuated total reflectance infrared spectroscopy (ATR-IR) was
performed using a Thermo Nicolet iS 10 Fourier transform infrared
spectrometer fitted with a Smart iTR attenuated total reflectance
accessory. Spectra were collected as an average of 64 scans with a
resolution of 4 cm™', using air as the background. X-ray photo-
electron spectroscopy (XPS) was conducted using a Kratos Axis
SUPRA X-ray photoelectron spectrometer fitted with a charge
neutraliser and magnetic focusing lens using Al Ko monochromated
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radiation (1486.7 eV). CasaXPS version 2.3.19 was used for spectra
calibration and fitting, with energy referencing to the C 1s peak of
adventitious carbon at 284.8 eV. S 2p backgrounds were modelled
using a quadratic function of cross-section (4535.29, —17.3355,
2704.68, —9) to account for the rising background from Si 2s
photoelectron energy loss processes and subsequent Shirley-type
function. Si 2p*? and 2p'? peaks were modelled using a line shape
of LA (1.53,243), an energy separation of 1.15 eV, and an area ratio
of 2:1.PFG-NMR Measurements of Diffusion were carried out, non-
spinning, on a 300 MHz Bruker Avance spectrometer, using a 5 mm
PABBO BB-1H ZGRD probe equipped with a z-gradient coil
producing a maximum gradient of 56.4 Gcm™'. Each NMR sample
contained 20 mM of the substrate, with 2 mM of TSP as a reference,
in 85:15 mixed CH;OH-d,;D20 solution. All NMR measurements
were performed at 25°C and used a double-stimulated-echo
bipolar-pulse pair sequence™ to remove any possible effects of
convection from the measurements in bulk solution. The same
pulse sequence was then used for all later NMR diffusometry
experiments. Ten magnetic field gradient amplitudes, from 32.0 to
3.55 Gem™', were used and incremented in equal steps of gradient
squared. The gradient encoding time for all experiments was 1 ms
and all gradients were half-sine in shape. The diffusion delay time,
A, was set according to the species studied, to obtain ca. 80%
attenuation of signals. For each gradient amplitude, 32 transients of
16384 complex data points were acquired for a total experimental
time of ca. 30 min. DOSY spectra and associated diffusion
coefficients were subsequently produced using the DOSY Toolbox
software package.”® For catalysts and bulk liquids, 2-dimensional
DOSY spectra of fructose and 5-HMF have been produced from the
PFG-NMR data. While the presence of the silica broadens all NMR
signals, it is possible to obtain estimates of molecular diffusion
coefficients, albeit with increased uncertainty. Stejskal-Tanner plots
indicating how the diffusion coefficients have been estimated have
been produced for indicative fructose and 5-HMF peaks to support
the diffusion data further.

Catalyst screening: Fructose dehydration to 5-hydroxymeth-
ylfurfural was conducted using a 50 cm® glass Buchi minicalve
under autogenous pressure. The catalyst (200 mg) and magnetic
stirrer were added to an aqueous 5-HMF solution (0.5 M, 20 cm®),
which equates to a substrate:active site mol ratio of ~100:1, and
added into the miniclave, and the system was sealed. The miniclave
was heated in an oil bath to the desired reaction temperature
(120°C), with a temperature probe monitoring the reaction
solution. Upon reaching the reaction temperature, the reaction was
initiated by starting agitation of the system (900 RPM). Reaction
aliquots (0.5 cm?®) were collected at regular intervals (0, 10, 20, 30,
60, 90, 180 and 360 minutes) via a dip tube and sampling value,
with the catalyst removed by filtration before analysis by HPLC.
HPLC analysis was conducted on a Shimadzu UFLC LC-20AD, fitted
with a Phenomenex ROA-organic acid column, and Refractive Index
and UV detectors. Aqueous 0.005 N H,SO4 was used as the mobile
phase, with a flow rate of 0.5 cm*min~' and a column temperature
of 40°C.

Supporting Information

Additional underpinning data is provided in the Electron
Supporting Information.
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