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Pt catalyzed aqueous-phase hydrogenation of D-
glucose to D-sorbitol

Xingguang Zhang,” Lee J. Durndell,” Mark A. Isaacs,” Christopher M.A. Parlett,” Adam F.
Lee,”* and Karen Wilson™*

"European Bioenergy Research Institute, Aston University, Birmingham B4 7ET, UK.

ABSTRACT. Aqueous phase hydrogenation of D-glucose to D-sorbitol was systematically
investigated over silica supported Pt nanoparticles to elucidate structure-reactivity relations and
mechanistic insight. D-glucose hydrogenation over large Pt particles competes with its
isomerization to D-fructose over low coordination (electron deficient) Pt sites; D-sorbitol
production by the former process was structure insensitive for nanoparticles spanning 3-17 nm,
whereas isomerization was favored by smaller particles, with both pathways independent of the
choice of fumed silica or mesoporous SBA-15 support. While D-fructose was readily
hydrogenated to D-mannitol under the same reaction conditions, the latter underwent minimal
isomerization to D-sorbitol which is thus a direct product of D-glucose ring-opening and
subsequent hydrogenation of the aldose conformer. D-sorbitol production was favored by low D-
glucose concentrations <10 wt%, high H, pressures >40 bar and low reaction temperatures <140

°C, which suppressed undesired polymerization side reactions.
KEYWORDS: Glucose; Hydrogenation; Platinum; Sorbitol; SBA-15.

1. INTRODUCTION

Carbohydrates derived from lignocellulosic biomass waste, such as agricultural or forestry
residues and the organic fraction of municipal solid waste, are an attractive source of biogenic
carbon from which to derive sustainable biofuels and platform chemicals.'” In 2004, D-sorbitol
was identified as one of the 12 most important value added chemicals obtainable from biomass
by the US Department of Energy, as a potential source of alkanes for liquid biofuels, or
“outstanding building block for commodity chemicals”, notably through its dehydration to

isosorbide.*” Esters and derivatives of D-sorbitol also represent important additives and
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intermediates in the cosmetics and pharmaceuticals sectors, with the molecule a key sugar
substitute in the food and beverage industry, with an annual global production ~800,000 tons.*’
D-Sorbitol is commonly obtained through the transition metal catalyzed hydrogenation of D-
glucose,8 notably over Ni%10 “’12, Ru,13'16’17 Pt'® and Rh'° supported on oxides, carbons,
polymers, hydrotalcites and zeolites. Commercial processes typically employ either Raney Ni or
carbon supported Ru catalysts, however the former offers relatively poor selectivity and are
prone to progressive on-stream deactivation and product contamination,'? while the latter is
expensive and susceptible to poisoning by strongly bound organic impurities or sulfur
compounds.’® Obviously the existence of a commercial catalytic process must not preclude the
pursuit of further process improvements and advancement of fundamental scientific knowledge,
and hence studies have explored the role of basic supports, or poorly reduced active phases, in
promoting the Canizzaro side reaction and concomitant gluconic acid formation,® a possible
contributor to the deactivation of Ni and Ru catalysts.”’ The influence of dopants to improve
activity and selectivity,11 such as Ru-B,22 Ni-P? and Co-B,24 has also been exploited, however
the resulting catalysts possess low surface areas and poor thermal stability, underperforming
Raney Ni in industrial application. Pt nanocatalysts are generally more reducible and offer
greater stability under hydrothermal reaction conditions than Ni or Ru, and exhibit excellent

252627 Gallezot et al

performance in hydrogenation and hydroisomerization reactions.
demonstrated continuous glucose hydrogenation to sorbitol in high yields over Ru/C," but
employed high H, pressures (80 bar) and a 40 wt% glucose solution more concentrated than
likely to be available from biorefineries through e.g. steam explosion wherein the resulting
hydrolysate and condensate comprise ~1-10 wt% glucose,”® and 8-15 g catalyst charges in the
fixed bed. Sorbitol yields from Ru supported on alumina and titania are far lower in batch,
typically 20-60 % even at 120 bar hydrogen.'? In contrast, Perrard and co-workers'® reported 10
wt% Pt/C catalysts operating at 100 °C and 80 bar H, pressure with a specific activity of 1800
mmol'gp"h™ and selectivity >99.5 % to D-sorbitol. Hydrotalcite addition to the reaction
medium dramatically enhanced both glucose hydrogenation and concomitant sorbitol production
over a 3.5 wt% Pt/AL,O; catalyst, attributed to enhancement of open chain form glucose under
alkaline conditions.”” The only direct comparative studies of glucose hydrogenation over low
loading Ru and Pt on activated carbon reported identical activities between the two metals in

both batch and flow operation, but superior sorbitol selectivity for platinum in all cases.**"'
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Unfortunately, none of the preceding studies employed reaction conditions free from mass
transport limitations or reported carbon mass balances, prohibiting reliable and quantitative
assessment of the influence of either catalyst properties or operating conditions, or comparisons
between catalysts.

Despite the potential significance of Pt catalyzed carbohydrate hydrogenation®*™ for
biorefining, the aqueous phase hydrogenation of D-glucose to D-sorbitol therefore remains
poorly understood, with no systematic studies into the reaction network or structure sensitivity,
or performance benchmarking of intrinsic reaction rates. Here we report the first fundamental
investigation into structure-activity relationships for aqueous phase glucose hydrogenation by
any family of well-defined and systematically-related catalysts, identifying strong particle size
and support effects for silica supported Pt catalysts. Such insight will prove valuable for the
development of more robust, active and selective catalysts for the overall hydrolytic
hydrogenation of cellulose to sugar alcohols,”® an important route to improve the efficiency of

biomass conversion to platform chemicals and fuels.>’®

2. EXPERIMENTAL
Catalyst synthesis

Two families of fumed silica and SBA-15 supported Pt catalysts were prepared by wet
impregnation.” Typically, 2.5 g of the support (SBA-15 or fumed silica) was contacted with 25
mL aqueous ammonium tetrachloroplatinate(Il) solution with the metal precursor concentration
adjusted to achieve nominal Pt loadings spanning 0.05-2 wt%. Slurries were stirred for 18 h
overnight at room temperature, and subsequently evaporated to dryness at 80 °C under agitation.
The resulting powders were calcined at 550 °C for 2 h under static air in a muffle furnace (ramp
rate 1 °C.min™"), followed by reduction at 400 °C for 2 h (ramp rate 10 °C.min"") under flowing
H, (10 mL.min™"). Catalysts were stored under ambient conditions and used for reactions without

further treatment.

Catalyst characterization
Nitrogen porosimetry was undertaken on a Quantachrome Nova 4000e porosimeter and
analyzed with NovaWin software version 11. Samples were degassed in vacuo at 120 °C for 2 h

prior to measurement of nitrogen adsorption/desorption isotherms at -196 °C. BET (Brunauer-
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Emmett-Teller) surface areas were calculated over the relative pressure range 0.01-0.2. Pore
diameters and volumes were calculated by applying the BJH method to desorption isotherms for
relative pressures >0.35. Low and wide angle XRD patterns were recorded on a Bruker D8
Advance diffractometer fitted with a LYNXeye detector and Cu K, (1.54 A) calibrated against a
corundum standard. Low angle patterns were recorded from 26 = 0.45-8 © with a step size of 0.01
°, and wide angle patterns from 26 = 20-90° with a step size of 0.02 °. The Scherrer equation was
used to calculate volume-averaged Pt crystallite diameters from broadening of the associated fcc
metal reflections. XPS was performed on a Kratos Axis HSi X-ray photoelectron spectrometer
fitted with a charge neutralizer and magnetic focusing lens, employing Al K, monochromatic
radiation (1486.7 eV). Spectral fitting was performed using CasaXPS version 2.3.14. Binding
energies were corrected to the C 1s peak at 284.6 eV and surface atomic compositions calculated
via correction for the appropriate instrument response factors. Pt 4f XP spectra were fitted using
a Doniach Sunjic modified Gaussian-Lorentzian asymmetric lineshape. Pt dispersions were
measured via CO pulse chemisorption on a Quantachrome ChemBET 3000 system. Samples
were outgassed at 150 °C under flowing He (20 mL.min ') for 1 h, prior to reduction at 150 °C
under flowing hydrogen (10 L.min") for 1 h before room temperature analysis in order to
remove any surface oxide formed during storage; this reduction protocol is milder than the 400
°C reduction employed catalyst synthesis, and does not induce particle sintering and hence
avoids distortion of the true Pt dispersion in the as-prepared catalyst. A CO:Pt surface
stoichiometry of 0.68 was assumed,"’ *' since the formation of a fully saturated monolayer is
energetically unfavorable under the measurement conditions employed. Powder XRD and TEM
on spent catalysts revealed no evidence of in-situ particle sintering during the liquid phase
hydrogenation of D-glucose under our (relatively mild) standard reaction conditions of 40 bar
and 140 °C. Scanning transmission electron microscopy (STEM) was conducted on an aberration
corrected JEOL 2100-F electronic microscope operating at 200 kV, with mean Pt particle sizes
determined from a minimum of 100 particles. Elemental analysis of the bulk Pt content of
digested samples was measured by ICP-OES using a VARIAN VISTA MPX instrument
(MEDAC Ltd).

D-glucose hydrogenation
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D-Glucose hydrogenation was performed in a 50 mL stainless steel Parr autoclave using 40
mL of 2.5 wt% D-glucose aqueous solution, typically at 140 °C and 40 bar H, pressure.
Reactions were performed for 4 h under 900 rpm stirring (which tests confirmed sufficient to
eliminate external mass transport limitations, Figure Séc¢). In a typical protocol, 0.2 g catalyst
was added to the reaction mixture and the reactor purged with N, three times to remove oxygen,
and an aliquot removed. The reaction mixture was subsequently heated to the target temperature
under N, and immediately sampled again to assess whether significant reaction occurred during
the (approximately 20 min) heating process. Finally, the autoclave was filled to a constant H,
pressure, maintained from an external manifold, and aliquots periodically removed via a dip-tube
inserted into the solution, filtered to remove catalyst, and then analyzed without dilution by a
1200 Infinity Series Agilent Technologies HPLC equipped with a refractive index detector and
Hi-Plex Ca-Duo column at 80 °C using a pure water mobile phase at 0.6 mL.min". Analyses
were performed in triplicate, with a peak area reproducibility of £2 % for D-glucose, D-fructose
and D-sorbitol, and +10 % for D-mannitol due to its extremely low yield. Response factors for
D-glucose, D-mannose, D-fructose, D-mannitol and D-sorbitol were determined from respective
multi-point calibration curves. D-glucose conversion, product selectivity and yield, and carbon

mass balances were calculated according to Equations 1 to 4 below:

. Moles of glucose —o— Moles of glucose ¢
Conversion / % = g =0 g =1 » 100 Eq. 1
q

Moles of glucose ¢=¢g

Moles of product

.. 0/ — %
SeleCtIVIty /% (Moles of glucose =g — Moles of glucose ¢-{) 100 Eq' 2
. Moles of product
Yield / % = P x 100 Eq. 3
Moles of glucose t=¢
Total moles of carbon in all products
Mass balance / % = b 100 Eq. 4

Moles of carbon in converted glucose
Initial reaction rates of D-glucose conversion and D-sorbitol production were determined at

low conversion (<25%) from the linear portion of reaction profiles, i.e. in the absence of mass-

transport limitations or catalyst deactivation, and used to calculate Turnover Frequencies (TOFs)
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for D-glucose conversion and D-sorbitol productivity based upon the number of surface Pt atoms
determined by CO chemisorption. Initial rates of D-fructose, D-mannitol and D-sorbitol
conversion as reactants were likewise were determined at low conversion (<25%). Selectivities

are reported at iso-conversion levels of approximately 5 % unless otherwise specified.

3. RESULTS AND DISCUSSION
Catalyst characterization

The successful genesis of Pt impregnated SBA-15 having an ordered hexagonal close packed
mesoporous network was confirmed by low angle XRD and nitrogen porosimetry (Figure S1).
Three well resolved reflections at 20 = 0.96, 1.57 and 1.8°, characteristic of the (1 0 0), (1 1 0)
and (2 0 0) planes of the p6mm symmetric SBA-15 support architecture, were visible in both the
parent and Pt functionalized materials. Nitrogen porosimetry showed the expected type IV
isotherm with H1 hysteresis loop characteristic of SBA-15 for all Pt loadings, with a common
mean BJH pore diameter of 6.7 nm indicating that silica mesoporous channels remained
unblocked following Pt impregnation. Pt/fumed silicas prepared from a commercial amorphous
support exhibited a type II N, adsorption isotherm, consistent with a low surface area non-porous
or macroporous material. BET surface areas for both silica families decreased with increasing Pt
loading, with the Pt/SBA-15 samples exhibiting the greatest losses (up to 15 %) compared with
the parent support. Pore volumes of SBA-15 also declined slightly with increasing Pt loading,
which we attribute to partial blockage of micropores within the mesopore walls.'® It is important
to note that these small decreases indicate that the majority of mesopore channels and entrained
Pt nanoparticles remain fully accessible to reactants; porosimetry (an averaging methodology not
susceptible to the selective bias inherent in spatially-localized electron microscopy) confirms that
SBA-15 mesopores were not blocked by Pt. The small decrease in surface areas for the Pt/fumed
silica samples was consistent with deposition of Pt nanoparticles predominantly over the external
surface area of the amorphous support (Table S1).

Wide-angle XRD patterns of SBA-15 and commercial SiO, families of Pt catalysts show
reflections at 260 = 39.8°, 46.4° and 67.6° (Figure S2) associated with the (111), (200) and (220)
facets respectively of fcc Pt metal. The decrease in FWHM of these reflections with Pt loading is
indicative of a concomitant increase in Pt cluster size for both supports, quantified by Scherrer

analysis (Figure 1a). In general, the high area SBA-15 support favors smaller Pt particle sizes
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(and correspondingly higher dispersions from CO chemisorption, Figure S3) for a given metal
loading than the fumed silica, with values in excellent agreement with those measured by STEM
(Tables S1-2 and Figure S4): the average Pt particle size varied from 3.8-10.5 nm for Pt/SBA-
15 and 3.4-16.6 nm for Pt/fumed silica. Pt 4f XP spectra of the Pt/SBA-15 series (Figure S5)
revealed a monotonic increase in surface Pt concentration with bulk Pt loading shown in Figure
1b. Corresponding Pt surface concentrations for the Pt/fumed silica family mirror those for the
SBA-15 support for bulk Pt loadings <0.4 wt%, above which they attained a plateau consistent
with formation of the large three-dimensional Pt crystallites observed by XRD. Peak fitting of
both Pt/SBA-15 and Pt/fumed silica families demonstrated that platinum was predominantly

present in metallic form (composition spanning 80-95 % Pt”) for all loadings.

18 2
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Figure 1. Influence of (a) Pt particle size and (b) surface Pt content from XPS with bulk Pt loading over SiO, and
SBA-15 supports.

D-Glucose hydrogenation
i) Structure-activity relationships

The influence of Pt particle size on the aqueous phase hydrogenation of D-glucose was initially
investigated under 140 °C and 40 bar (conditions favoring good hydrogenation activity and D-
sorbitol formation as discussed later, and under which the catalyst charge and agitation rates
were chosen to ensure freedom from mass-transport limitations, see Figure Sé6a-c). Activities for
D-glucose conversion (Figure S7a) were inversely proportional to Pt particle size, i.e. rate oc

diameter™, with proportionality constants y >1 over both supports, indicating that the rate of D-
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glucose conversion is not directly correlated with the geometric surface Pt atom density, i.e. at
least one of the possible reaction pathways for D-glucose is structure sensitive. The highest
specific activities for D-glucose conversion of 1 and 1.5 mol.g”p.h™", observed for the smallest
(3.4 nm) Pt particles on SiO, and SBA-15 respectively, are in good agreement with that reported
at 100 °C but a significantly higher 80 bar H, pressure for 4 nm Pt particles on activated carbon
cloth,'® and significantly higher than reported by Gallezot et al of 342 mmol.gg,".h™" over 1.8
wt% Ru on activated carbon extrudates.'” It should be noted that the literature on metal catalyzed
glucose hydrogenation is dominated by an inappropriate focus on sorbitol % yield, which is a
very poor measure of catalyst performance since it is entirely dependent on the chosen reaction
conditions (particularly catalyst:substrate ratio and timescale of reaction), and hence is not a
transferable parameter between studies. D-sorbitol productivity, expressed as either mmol.g’
lmetal.time'1 or Turnover Frequency (TOF) per amount of metal, is a far more meaningful
parameter for catalyst comparison.

The primary products from D-glucose were D-fructose and D-sorbitol over all catalysts, with
D-fructose productivity semi-quantitatively mirroring the Pt size dependence of D-glucose
conversion (Figure S7b), suggesting that isomerization of the latter is the dominant process
under these initial reaction conditions, and that Pt is structure sensitive for this transformation
(possibly catalyzed by Lewis acid Pt°>" sites present on smaller particles). In contrast, while D-
sorbitol productivity was likewise inversely proportional to Pt particle size, the proportionality
constants y were close to unity over both supports (Figure 2a), as would be anticipated if D-
sorbitol production depended solely on the geometric Pt surface area, i.e. if D-glucose
hydrogenation to  D-sorbitol is structure insensitive. This hypothesis was confirmed by
calculating the TOFs for D-sorbitol production (normalized to the surface Pt metal), which
Figure 2b reveals as both support and particle size invariant across the particle size range
investigated. Our observed TOFs of 45-60 h™' are in good agreement literature values of 54 h™!

and 75 h™! reported for P‘[/A120329 and Ru/ Si0242 respectively.
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Figure 2. Influence of Pt particle size on (a) sorbitol productivity, and (b) sorbitol TOF during aqueous phase

glucose hydrogenation over silica and SBA-15 supports at 140 °C and 40 bar.

The preceding results indicate that D-glucose isomerization to D-fructose is favored over low
coordination Pt®" sites which XPS fitting reveals are more prevalent on smaller particles (Figure
S8), whereas sorbitol formation is structure insensitive, hence selectivity towards these products
is expected to exhibit a particle size dependence at iso-conversion. Figure 3 confirms this
prediction, with D-sorbitol selectivity rising approximately linearly with Pt particle size (and
loading) at the quantitative expense of D-fructose over both supports, consistent with competing
reaction pathways. Recycle tests, performed on the 5 wt% Pt/SBA-15 catalyst without any
reactivation protocols, demonstrated good stability, with 75 % of sorbitol productivity retained
on re-use; the slight activity loss is attributed to carbon deposition, with CHNS revealing ~3 wt%
carbon in the spent catalyst, likely arising from strongly-adsorbed oligomers of reactively-
formed fructose® or associated 5-hydroxymethylfurfural (5-HMF).** The issue of catalyst
stability during glucose hydrogenation is very rarely addressed in literature reports, and in all but
one case (the study by Sapunov et al'®) quantitative comparison is in any event hindered by: (i)
the failure to report mass balances; and (ii) the decision to operate under forcing reaction
conditions with a view to achieving complete glucose conversion/high sorbitol yields, the wrong
regime in which to assess deactivation (Table 1) since reactions are mass transport limited (and

susceptible to product inhibition) rather than reaction rate limited.

ACS Paragon Plus Environment



P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

100

B ()] o]
o o o

(®,0) Sorbitol selectivity / %
N
o

ACS Catalysis

0,0 Pt/fumed silica
® H Pt/SBA-15

L. N T
B (o] (o]
o o o

T
N
o

3 6 9

12

Pt particle size / nm

100

% / AAnosjes asojoni4 (‘m)

Figure 3. Influence of Pt particle size on sorbitol and fructose selectivity during aqueous phase glucose

hydrogenation over silica and SBA-15 supports at 140 °C and 40 bar. Selectivities calculated at 5 % glucose

conversion.

Table 1. Comparison and limitations of representative metal catalyzed D-glucose hydrogenation.

Page 10 of 20

Catalyst Ist cycle | Recycle Carbon mass | Reaction conditions Ref.
conversion or balance
yield®
/%
Ru/mesoporous  carbon | N.R.” Stable over 5 cycles N.R. 40 wt% glucose, 0.05 g catalyst, | 13
microfibers 100 °C, 80 bar, 3 h, 1000 rpm, 30
mL
Ru/MCM-41 >97 15 % sorbitol yield loss after 1 | N.R. 10 wt% glucose, 0.25 g catalyst, | 15
cycle 120 °C, 30 bar, 3 h, 500 rpm, 25
mL
Ru/Polystyrene 41 Stable over 10 cycles N.R. 29 wt% glucose, 0.4 g catalyst, | 16
100 °C, 40 bar, 1.33 h, 50 mL
1 wt% Ru/HY >95 ~5 % activity loss after 1 | N.R. 25 wt% glucose, 1 g catalyst, 120 | 14
recycle.  TEM  evidenced °C, 55 bar, 0.33 h, 1200 rpm, 160
aggregation mL
Rw/ZSM-5-TF >95 ~5-20 sorbitol yield loss after 1 | N.R. 25 wt% glucose, 0.5 g catalyst, | 45
recycle. 120 °C, 40 bar, 2 h, 500 rpm, 50
mL
Ru(1%)/NiO(5%)-TiO, >93 Not reported N.R. 20 wt% glucose, 120 °C, 55 bar, 2 | 46
h, 1200 rpm
5 wt% Pt/charcoal >94 5 % sorbitol yield loss after 5 | N.R. 25-65 °C, 1 bar., 10 wt% glucose, | 47
recycles 12 wt% catalyst
Pt-PEI nanoparticles 100 Not reported ‘Poor’ 0.48 g glucose, 60 g water, 1 g Pt- | 48
PEI dispersion, 50 bar H,, 3 h, 180
C
1 wt% Pt/AC >95 Not reported N.R. 2.8 wt% glucose, 0.06 g catalyst, | 30
180 °C, 16 bar, 3 h, 1100 rpm, 5
mL
10 wt% Pt/AC cloth ~100 Not reported N.R. 40 wt% glucose, 100 °C, 80 bar, | 18
catalyst mass unreported
Pt/y-ALO; + 0.075 g | 100 20 % activity loss after 1 cycle; | ~93 % 0.4 wt% glucose, 0.075 g catalyst, | 29
Hydrotalcite 12 % loss after 2nd 90 °C, 16 bar, 4 h, 700 rpm, 35
mL

“Values close to 100 % represent systems subject to mass-transport limitations; "Not reported.
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The superior D-sorbitol selectivity of larger Pt nanoparticles was independent of conversion
(Figure S9) in contrast to smaller particles wherein selectivity decreased with conversion,
suggesting that selective sites within the latter may be lost through reaction-induced restructuring
or self-poisoning by reactively-formed adsorbates.

An understanding of the competing pathways leading to D-sorbitol or D-fructose production
requires consideration of the factors affecting the conformation of the D-glucose substrate. D-
glucose exists in water as a 2:1 ratio of the -or a-anomer, with only about 0.0026 mol% present
as the aldose or ketose open chain forms.*’ D-sorbitol is only produced from the aldose form,
attained via proton transfer to the ether-O of the glucopyranose ring and subsequent C(1)-O(5)
bond scission (generally considered to be the rate-limiting step in forming the open chain aldose
conformation shown in Scheme 1a). While the precise mechanism remains under debate, DFT
calculations suggest this conformational change initiates in water via deprotonation of the
anomeric hydroxyl group, followed by proton transfer to the ring ether-oxygen atom.’*>' The
aldehyde function of the aldose conformer may adsorb on metal surfaces via either the oxygen
lone pair n'o or carbonyl n’c—o configurations. The latter configuration is favored for allylic
aldehydes such as cinnamaldehyde or crotonaldehyde over (111) facets of large Pt particles,

5255 \whereas low coordination (100) and

promoting C=0O bond activation and hydrogenation,
(110) sites prevalent on particles <2 nm promote decarbonylation and concomitant CO self-
poisoning.” The observed selectivity dependence for D-glucose hydrogenation to D-sorbitol is
consistent with these principles, with larger Pt nanoparticles possessing a higher density of (111)
facets and hence hydrogenation of the C=0O group within the aldose conformer. The higher D-
fructose selectivity of smaller Pt nanoparticles may result from preferential coordination of the
more weakly bound n'o configuration to electron deficient Lewis acid sites (known to catalyze
D-glucose isomerization®®) present over small Pt nanoparticles, which XPS shows possess a
higher surface density of Pt>" species. DFT calculations also suggest isomerization may be
promoted via hydrogen bonding to surface hydroxyls” present at the Pt-silica interface. Models
of glucose interacting with single Pt atoms on single walled carbon nanotubes show the sugar

coordinates via the O atom of the —C(6)H,OH through charge transfer from glucose—Pt™
(Scheme 1b).
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Scheme 1: a) Ring opening and hydrogenation of D-glucose, b) proposed isomerization of D-glucose to D-fructose

over low coordination sites of Pt nanoparticles.

In light of the inverse correlation between D-fructose and D-sorbitol production during glucose
conversion, the question arises as to whether the latter is formed by the direct hydrogenation of
(the aldose conformer of) glucose or an isomerized D-fructose intermediate. Hence, the reactivity
of the most selective 1.5 wt% Pt/SBA-15 catalyst towards D-fructose hydrogenation, and the
hydro-isomerization of mannitol and sorbitol at 140 °C and 40 bar H, was therefore explored
subsequently. Whereas D-glucose proceeds almost exclusively to D-sorbitol and D-fructose with
69 % and 30 % selectivity respectively (Figure S10a), D-mannitol was the major product of D-
fructose hydrogenation (Figure S10b), with only 24 % selectivity to D-sorbitol. D-fructose
isomerization to D-glucose, and dehydration to 5-HMF were also observed. The overall reaction
network for D-glucose hydrogenation, and of the key products/reactive intermediates, is
summarized in Scheme 2, with the associated rates representing the first intrinsic kinetic
parameters for Pt catalyzed glucose hydrogenation, free from mass transport limitations.
Negligible hydro-isomerization of D-sorbitol and D-mannitol occurred over our Pt catalysts, with

only 6 % and 3% converted respectively after 4 h reaction; hence neither would be anticipated to
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undergo interconversion if formed during D-glucose hydrogenation. The superior rate (and
selectivity) for D-sorbitol formation from D-glucose in comparison to that for D-mannitol
formation from D-fructose, may reflect more sterically-demanding surface constraints associated
with the hydrogenation of the latter ketose (versus aldose) conformer. DFT calculations suggest
that aldehyde (propanal) hydrogenation should be favored relative to ketone (acetone)
hydrogenation over Pt(111) due to the latter adopting the weaker nlo adsorption conﬁguration.59
Consistent with this hypothesis, Heinen et al proposed that the furanose form of fructose binds
more weakly than the aldose form of D-glucose,32 in accordance with our observations for their

different rates of hydrogenation.

OH OH OH OH
2 ; H Initial rate = 0.0549 mmol/h  HO. 2 o
HO Selectivity = 12.2%
OH OH O OH O
D-glucose D-fructose

Isomerization

Conversion = 16.2% Conversion = 21.1%

o Initial rate = XXXX
@ +H, Selectivity =4.2% + i, P
g g
< |+ + |
< | E T | F
1] ~
N o
o Selectivity = 9.9% Trace o
X X
Selectivity = 11.4%
D-sorbitol I izati D-mannitol
Conversion = 5.8% somertzation Conversion = Trace
H ¢H OH OH
HO. N on HO_A on
OH OH OH OH
Scheme 2: Reaction network for D-glucose and D-fructose hydrogenation over 1.5 wt% Pt/SBA-15 at 140 °C and
40 bar H,.

ii) Influence of reaction conditions

Reaction conditions were varied with a view to shedding more insight into the reaction
pathways and optimizing D-sorbitol production over the most selective 1.5 wt% Pt/SBA-15
catalyst. Figure 4 shows the impact of reaction temperature on the rate of glucose conversion
and product selectivity. Higher temperatures exponentially increased activity, but favored D-
fructose over D-sorbitol, with selectivity to the latter desired product falling from 100 % at 80 °C
to a plateau of ~55 % >140 °C (Figure S11a), a similar temperature dependent decrease to that

observed over Pt/C.>' The emergence of trace D-mannitol at the highest temperatures is
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consistent with a high activation barrier to D-fructose hydrogenation. It is important to note that
the overall carbon mass balance decreases significantly at high temperatures (Figure S11b),
indicating the occurrence of side reactions such as retro-aldols to form dihydroxyacetone, glycol
aldehyde and formaldehyde, D-glucose dimerization,” and polymerization to solid organic
residues (humins).®* Such mass balances and by-product formation are rarely reported or
quantified accurately in the literature. Low reaction temperatures therefore favor the selective
hydrogenation of D-glucose over Pt, with high temperatures promoting undesirable D-glucose
isomerization to fructose and concomitant polymerization and degradation pathways. The
apparent activation energy for D-glucose hydrogenation of 47 kJ.mol™ (Figure S12) is in good
agreement with that of 55 kJ.mol” for Rw/C,** 44 kJ.mol” for Raney Ni,” 67 kJ.mol" for
supported Ni,'? and 33 kJ.mol™ over Ru/H-Y"* catalysts.

300 -
Hydrogenation

N

o

o
L

100 +

Activity / mmol.gp".h-"
2

i Polymerization
:/Decomposition

n
o

80 100 120 140 160 180
Reaction temperature / °C

Figure 4. Influence of reaction temperature on the aqueous phase hydrogenation of D-glucose over 1.5 wt%

Pt/SBA-15 under 40 bar H,.

The rate of D-glucose conversion was first order with respect to its concentration for dilute
mixtures <10 wt%, deviating only slightly from linearity at higher concentration (Figure
S13a).* Although the selectivity to principal D-sorbitol and D-fructose products was essentially
independent of [D-glucose], mass balance fell steeply with increasing substrate concentration

(Figures S13b-c) in line with reports by Guo et al,** likely associated with enhanced solution
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phase processes in competition with heterogeneous catalysis. Our observations are in good
agreement with previous studies that suggest D-glucose hydrogenation follows Langmuir-

Hinshelwood kinetics with first-order behavior for concentrations < 25 w‘[%,24’62

with hydrogen
dissociation uninhibited by a high D-glucose surface coverage. The pressure dependence of D-
glucose conversion was also explored for H, pressures spanning 5-60 bar (Figures 5 and S14):
activity increased more than ten-fold as the pressure was initially increased from 5 to 10 bar,
exhibiting a slower dependence on pressure between 10-40 bar H,. The reaction order in pH; of
0.66 was in reasonable agreement with that expected for a Langmuir-Hinshelwood mechanism
requiring dissociative H, chemisorption (Figure S14b).*> Similar pressure dependences are
reported >10 bar H, for D-glucose conversion over Raney Ni®* and Ru®*** catalysts, although in
these instances first order kinetics were claimed, possibly indicative of reactor operation in a
diffusion-limited regime.®* Increasing the hydrogen pressure from 5 to 20 bar induced a
switchover in selectivity from predominantly D-fructose to D-sorbitol, suggesting that the D-
glucose isomerization pathway is inhibited over H, saturated surfaces, which conversely (and
unsurprisingly) favor the competing hydrogenation pathway. Carbon mass balances were
independent of hydrogen pressure (Figure S14c), which we infer therefore exerted minimal
influence on side reactions. Qualitatively similar behavior was observed for the lowest loading
0.04 wt% Pt/SBA-15 catalyst (comprising 3.8 nm particles), for which the order with respect to

pH; was 0.9, and an increase in hydrogen pressure from 40—60 bar enhanced sorbitol selectivity

from 12—>15 % (i.e. a similar factor to that observed in Figure 5).
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Figure 5: Influence of H, pressure on relative product selectivity during the aqueous phase hydrogenation of D-

glucose over 1.5 wt% Pt-SBA-15 catalyst at 140 °C. Selectivities calculated at 5 % glucose conversion.

In summary electronically-polarized Pt surfaces/interfaces favor the adsorption and activation
of D-glucose molecules via C=0 of the aldose form, leading to the formation of an active and
selective precursor to D-sorbitol.'! ** The selectivity to D-sorbitol strongly depends upon the
reaction temperature, which could also lead to the isomerization of D-glucose to D-fructose,
which can subsequently lead to an increase in the selectivity/yield of D-mannitol. Therefore, on
the basis of the above-mentioned results, it should be sensible to conclude that shorter reaction
time, lower D-glucose concentration, lower reaction temperature, higher H, pressure, and

catalyst mass offers the best selectivity to D-sorbitol and a higher mass balance."’

4. CONCLUSIONS

Structure-activity relations in the aqueous phase hydrogenation of D-glucose to D-sorbitol
were systematically investigated for Pt nanoparticles supported over either low area fumed silica
or high area mesoporous SBA-15 supports. D-sorbitol productivity via hydrogenation of the
ring-opened aldose form of D-glucose was structure insensitive for Pt particles between 3-17 nm
diameter, whereas competing D-glucose isomerization to D-fructose was favored by small,
electron deficient Pt particles; both reaction pathways proceeded independently of the choice of
silica support. Moderate reaction temperatures <140 °C and high hydrogen pressures suppress D-
glucose isomerization to D-fructose (and its subsequent polymerization), maximizing D-sorbitol
productivity. D-mannitol does not epimerize to D-sorbitol under our reaction conditions. Our
observation that large Pt nanoparticles and high py, favor selective C=0O hydrogenation to the
corresponding alcohols is in accordance with related studies on allylic and benzylic aldehydes,”
implying that particle size effects in Pt catalyzed selective C=0O hydrogenations are a generic

phenomenon.
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Platinum catalyzed glucose hydrogenation to sorbitol is structure insensitive and competes with structure-
sensitive isomerization to fructose.
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