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ABSTRACT: We demonstrate a catalytic process for xylitol
production based on the volatility and unique reactivity of
diformylxylose (DFX), which can be produced at near theoretical
yield from biomass and, contrary to xylose, can be easily purified by
distillation. The apparent rate-limiting step was independent of
hydrogen pressure, and catalytic studies showed a slow evolution of
the Pt/C catalyst that led to tripling of the xylitol yield. In-depth
catalyst characterization attributed this activity increase to the
formation of acidic carbon deposits, which created acid sites in
close proximity to Pt. These proximal sites accelerated DFX
hydrolysis while avoiding unfavorable isomerization reactions.
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■ INTRODUCTION

Xylitol has been identified as one of the top 12 sugar-based
building block chemicals from biomass that has no
petrochemical alternative by the United States Department
of Energy (DOE).1 This polyol is commercially used as a
natural sweetener in the food industry and in the
pharmaceutical industry due to its insulin-independent
metabolism and anticarcinogenic properties.2,3 It is also used
in personal health products such as toothpaste and mouthwash
and, more recently, has been proposed as a platform molecule
for the production of alkanes, aromatics, propylene glycol,
ethylene glycol, glycerol, xylaric acid, lactic acid, hydroxyfurans,
and hydrogen.4,5 Given the numerous applications of xylitol, its
production has increased more than 40-fold in 40 years.4 In
2016, the global market for xylitol was estimated to be around
266,500 tonnes per year and is expected to overpass 1 billion
USD by 2022.4,6 Although currently produced from
lignocellulose biomass (a relatively inexpensive and globally
available raw material),5 its growth potential is limited by its
costly manufacturing process notably due to the high energy
consumption of the purification steps.2−4,7

Given the use of xylitol in food and pharmaceutical
industries and given the sensitivity of hydrogenation catalysts,
purity requirements generally demand that xylose hydro-
genation occurs with a highly purified reactant. As xylose is
nonvolatile and is generally mixed with other nonvolatile
biomass-derived compounds including other sugars, it is
typically separated by chromatography. This type of separation

is costly in solvents and energy and represents a major process
cost in xylitol production.7 Subsequently, the hydrogenation of
xylose requires a hydrogen pressure around 40−100 bar to
enhance the dissociation of hydrogen on the surface of the
redox-active metal catalyst and maintain sufficient hydrogen
coverage.4 The surface reaction between absorbed atomic
hydrogen and absorbed xylose is the rate limiting step. The
most common metals used for xylose hydrogenation are
ruthenium (Ru), rhodium (Rh), nickel (Ni), and palladium
(Pd).2,4

Recently, we have shown that the addition of an aldehyde
during an organosolv pretreatment can facilitate the recovery
and upgrading of all three major fractions in biomass.8−10 This
is due to the simultaneous stabilization of lignin fragments and
xylose by the aldehydes that form acetal groups with available
diol functionalities. These acetals notably prevent dehydration
reactions, which are usually the first step toward lignin and
sugar degradation reactions.11 When using formaldehyde as the
stabilizing aldehyde, this pretreatment produces near quanti-
tative yields of diformylxylose (DFX, formaldehyde-stabilized
xylose) from hemicellulose and stabilized lignin while leaving
behind a highly pure solid cellulose. Here, we propose to use
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DFX, which is volatile and can be easily purified by distillation,
to produce xylitol. We notably demonstrate its ease of
separation compared to xylose and characterize its yet
unexplored reactivity.

■ RESULTS AND DISCUSSION
Biomass Pretreatment. Diformylxylose was produced

from beech wood at a solids loading of 18 wt % using a
solution of water, gamma-valerolactone (GVL), formaldehyde
(FA), and sulfuric acid in a 1 L Parr reactor equipped with a
custom impeller.12 These pretreatment conditions led to a
DFX yield and concentration of 86% and 3.5 wt %, respectively
(Table S1), with over 90% of cellulose recovery upon filtration.
A lower biomass loading during pretreatment was able to
produce a 98% DFX yield.8 Because the use of FA produces
high-quality lignin,9 we explored its recovery and upgrading.
After precipitation, the stabilized-lignin hydrogenolysis led to a
30% monomer yield (72% of what could be obtained by direct
hydrogenolysis of the raw biomass, which can be considered as
the maximal yield13). Interestingly, when using GVL and
sulfuric acid during pretreatment, the resulting lignin led to a
monomer product distribution with a 58% selectivity toward
propylsyringol (Table S2), which is over twice what had been
produced in the past when using alternate solvents with
formaldehyde. This difference appeared to due to the reduced
alkylation of ring positions by formaldehyde in GVL compared
to other solvents.9,13

Liquid CO2 extraction was used after precipitating stabilized
lignin to remove contaminants from the pretreatment broth.
This led to the recovery of 98% and 99% of the original GVL
and DFX, respectively, in the liquid CO2 phase. After CO2
removal by depressurization, the resulting extracted solution
contained 92 wt % GVL and 4 wt % DFX. A simplified overall
process diagram is shown in Figure S1. The separation of DFX
from GVL was done by distillation due to the volatility of both
components. GVL distilled first, followed by DFX. After 8 h at
250 °C, 9% of DFX degraded, and 100% of the GVL was
recovered. To limit this degradation, distillation was carried
out under reduced pressure at conditions commonly used for
oil refining.14 In these conditions, 99% DFX and 100% GVL
were recovered using a two-step (80 and 95 °C) distillation
process (Figure S1). The distillate from the first step at 80 °C
had a DFX concentration of 1 wt %, which was then redistilled
to mimic a multistage column. The bottoms were combined
and used in the second step at 95 °C where DFX was
recovered with a purity of 98%. More details concerning these
steps are available in Section 2 of the SI. We detail xylitol
production below, but overall, this process demonstrated the
potential to produce xylitol with a total yield from xylan in raw
biomass of 60%−71% (dependent on the initial biomass
loading, Figure S1).
Reaction Network of Tandem Hydrolysis−Hydro-

genation of Diformylxylose to Xylitol. In the past,
hydrogenation of xylose has been done at temperatures slightly
above 100 °C to eliminate the issue of competitive adsorption
between xylose and hydrogen. In our case, the conversion of
DFX to xylitol was carried out at 185−200 °C to ensure that
the water had the necessary concentration of protons to
catalyze the removal of acetal functionalities from DFX. Past
studies have found that platinum (Pt) on carbon had a higher
activity for the hydrogenation of xylose compared to Ru on
carbon and Raney nickel.15 In this work, Liang and Jiang
reported that Pt on carbon (Pt/C) could yield up to 97%

xylitol from xylose at 120 °C and 55 bar H2 in batch
reactions.15 Given these results, we decided to use Pt/C as our
catalyst. The catalyst preparation and characterization are
detailed in Section 2 of the SI. After preparation, the catalyst
had a Brunauer−Emmett−Teller (BET) surface area of 1002
m2/g, a total metal loading of 2.6 wt %, and a metal dispersion
of 35% (Table S3).
Catalytic tests were done using DFX synthesized and

purified from pure xylose following the detailed procedure
given in Section 2 of the SI. Due to the quantity required for
flow experiment, our lab scale facilities prevented the
production of sufficient DFX to run these experiments with
beech wood-derived product. The reaction was performed
using a flow reactor at 185 °C with a catalyst bed of 0.50 g of
Pt/C and a hydrogen pressure of 20 bar at a flow rate of 50
mL/min. At a weight hourly space velocity (WHSV) of 0.38
h−1, DFX reached a stable conversion of ∼90% after an
induction period of 20 h (Figure 1).

The principal intermediates that were identified were xylose
and xylulose with a mole ratio of 0.82 xylose/xylulose. The
intermediate 1-hydroxymethylxylofuranose (HMXF) was also
detected (structure shown in Scheme 1; for full character-
ization, see our previous work8). Although HMXF appeared to
be the main intermediate after a 20 h induction time, the
HMXF concentration was estimated assuming the same
response factor as DFX, which can lead to some uncertainty.
Therefore, in the case of HMXF, we could only conclude that
its formation was increasing over time. In general, the
hydrolysis of DFX appeared to occur rapidly compared to
the hydrolysis of HMXF and hydrogenation of xylose and
xylulose. Based on these observations and the detection of
other compounds such as 2-methylfuran (2-MF), 2-methylte-
trahydrofuran (2-MTHF), and other over hydrogenated
products in trace quantities, we proposed a reaction network
of the conversion of DFX to polyols (Scheme 1).
Although the carbon balance increased over time suggesting

a decrease in carbon deposits, the main increase in products
was due to HMXF, while xylose and xylulose remained present,

Figure 1. Upgrading of diformylxylose by tandem hydrolysis−
hydrogenation over Pt/C in the presence of hydrogen. (WHSV =
0.38 h−1, H2 flow = 50 mL/min, PH2 = 20 bar, T = 185 °C, and feed =
2 wt % of DFX in water). WHSV was calculated based on DFX mass
flow and total catalyst weight.
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all of which are nonhydrogenated molecules. The lack of a
significant hydrogenation products could have been due to the
blockage of Pt active sites by carbon deposits. After 40 h on
stream, the catalyst was regenerated by reduction under H2
(details in Section 2 of the SI). After regeneration, we observed
an increase in HMXF, as well as hydrogenation products and
DFX conversion (Figure 1). In addition, xylose and xylulose
were fully consumed. Although catalyst regeneration alone is
unlikely to have fully removed carbon deposits, the
aforementioned observations led us to conclude the following:
(1) Regeneration created additional hydrogenation sites. (2)
Within the presence of these sites, the rate-limiting step was
the hydrolysis of HMXF and not the hydrogenation of
pentoses. Therefore, after a second regeneration, WHSV was
decreased to 0.19 h−1 in order to increase the retention time of
intermediates (in this case, principally HMXF). These
conditions led to a maximum yield of xylitol of 61% (a 2-
fold increase) and a decrease in the HMXF yield of 25%.
Although HMXF yields should be interpreted qualitatively due
to the aforementioned uncertainty in its quantification, its
percentage decrease was independent of these quantification
assumptions.
The reaction was also carried out at a higher temperature in

order to increase the equilibrium concentration of protons in
the water and thus increase the hydrolysis of HMXF. At 200
°C, no HMXF was detected (Figure 1). However, the increase
in temperature appeared to promote the reversible isomer-
ization of xylose to xylulose leading to the formation of
arabitol. Alternatively, the ring opening of HMXF could have
also lead to the formation of xylulose.8 In any of these cases,
the selectivity of the process decreases, which is what we
observed.
Changes in Catalyst Active Sites. In order to understand

the phenomenon that led to an increase in the quantity of
hydrogenation products over 60 h time-on-stream and after
catalyst regeneration, we studied the product distribution at
the conditions with the highest xylitol yields (185 °C, 0.19 h−1,
20 bar H2). The study was carried out over a fresh catalyst bed

reduced in situ, i.e., after two thermal treatments. The highest
hydrogenation activity of pentoses was observed after a forth
catalyst reduction (Figure 2): The first reduction was after

catalyst preparation (followed by passivation). The second
reduction was performed in situ prior to the reaction. The
third and forth reductions were performed during regener-
ations following the indicated amount of time-on-stream. At
the beginning of the run, full conversion was observed, and
only negligible quantities of pentoses were detected. For over
20 h of reaction, the main product was 1,2-pentanediol (1,2-
PDO), which then was slowly overtaken by xylitol. The
formation of 1,2-PDO likely largely proceeded through ring-
opening/hydrogenation of tetrahydrofurfuryl alcohol (THFA,
which was only detected when 1,2-PDO was the main
product) and not through furfural, given that neither furfural
nor furfuryl alcohol were detected at any reaction conditions
(the most common route).16,17 The further hydrogenation of
xylitol was not considered a major contributing route given the
relatively low temperature used in this system compared to
those used for diol production from xylitol over Pt/C,18 the
uncharacteristically high selectivity of 1,2-PDO compared to
other triols and diols (which are usually produced in significant
quantities when xylitol is the main reactant), and the low yield
of all overhydrogenation products when xylitol is the main
product (Figure 2, Figures S3a and S4). This suggested that
during the induction period the hydrogenolysis of DFX was
more favorable than hydrolysis. Arabitol was detected at a yield
of about 5%, indicating that there was limited formation of
xylulose.
After the first regeneration, the yield of xylitol increased

rapidly over 25 h and stabilized at 60% yield for about 50 h. As
the yield of xylitol increased, the formation of 1,2-PDO
decreased, suggesting that the changes in catalytic activity
favored the tandem hydrolysis−hydrogenation of DFX instead
of the hydrogenolysis of DFX or the overhydrogenation of
xylitol. A second regeneration led to a further xylitol yield
increase of 15%. The catalyst was reasonably stable for 50 h
with only a small decrease in xylitol yield of 5%. A third
regeneration was performed, but no significant change in yield

Scheme 1. Proposed Reaction Network for Conversion of
Diformylxylose to Xylitol in Aqueous Mediaa

aCompounds were identified in either liquid or gas phases. The main
products found in the aqueous phase are highlighted in pink. The
main products found in the gas phase are highlighted in light green.
Neither CO nor CO2 were detected in the GC using a TCD. The red
arrow highlights the suggested rate-limiting step. ∗: not detected. +:
detected in their pyranose form.

Figure 2. Changes in catalyst activity after multiple regenerations of
the catalyst bed at 20 bar of H2. (WHSV = 0.19 h−1, H2 flow = 50
mL/min, T = 185 °C, and feed = 2 wt % of DFX in water). WHSV
was calculated based on DFX mass flow and total catalyst weight.
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was observed. The yield of xylitol remained stable around 72%
for 25 h.
The same conditions were tested with 50 bar of hydrogen

pressure (Figure S2). The evolution of xylitol and 1,2-PDO
was different at the beginning of the reaction, but after the first
regeneration, the performance was almost identical to the run
at 20 bar of H2. The second regeneration increased the xylitol
yield by 10%, but the yield then rapidly decreased. This
insensitivity to pressure, in combination with the observation
of HMXF being the main intermediate (Figure 1), further
pointed to the hydrolysis of HMXF (highlighted in red in
Scheme 1) being the rate-limiting step for the production of
xylitol. This mechanism provides opportunities to further
lower the operational H2 pressure, but this would not
guarantee that water remains liquid. Therefore, we will explore
changing the H2 partial pressure in subsequent work.
To investigate just the effect of reduction, a fresh catalyst

was reduced in situ for 9 h prior to reaction (originally 3 h).
This long reduction was done to mimic the total length of the
four thermal treatments that were done prior to the point
when the highest yield of xylitol (74%) was obtained but
without the influence of carbon deposits. However, these
thermal treatments by themselves did not appear to be
responsible for the increase in the catalyst activity. In fact, the
catalyst was less active and selective compared to the catalyst
bed reduced for only 3 h (Figure S3a). For over 30 h, the yield
of xylitol was less than 6%, while the 1,2-PDO yield slightly
increased to 13% and then decreased to 6%. The gas phase
data showed a maximum yield of 9% of 2-MF and trace
quantities of 2-MTHF (Figure S3b). No other compounds
were detected. Further time-on-stream and regenerations led
to similar changes in the catalyst activity with a delay of about
30 h featuring a similarly slow increase in the xylitol yield as
that seen in Figure 2, which was also accompanied by increases
in pressure drop (Figure S3b). Altogether, these data led us to
conclude that the changes in activity are linked to support
modifications or to the formation of carbon deposits in the
vicinity of Pt nanoparticles.
To further explore these hypotheses, the spent catalyst

resulting from the run at 20 bar of H2 (Figure 2) was
characterized and showed a BET surface area and metal
dispersion of 377 m2/g and 11%, respectively (Table S3). The
decrease in BET surface area, pore volume, pore area, and
dispersion (without significant changes in particles size, see
Figure S5) reconfirmed that carbon deposits had formed. The
formation of carbon deposits has been known to affect
catalyst’s activity by chemically or physically adsorbing on
metal surface sites, encapsulating metal particles and plugging
micropores and mesopores. The latter effect can block the
access to actives sites within these pores and reduce total
surface area, both of which were observed during character-
ization. For these reasons, carbon deposits generally lead to
catalyst deactivation by blocking active sites. In our system, we
observe the opposite. Interestingly, ammonia temperature-
programmed desorption (NH3-TPD) showed a significant
increase in total acid sites from 14.6 to 44.6 μmol NH3/g
(Figure S6) between the fresh and spent catalysts. This
increase was attributed to the formation of acidic functional
groups on carbon deposits. These functional groups were
identified and characterized by CO and CO2 TPD of the
catalyst (Figure S7), diffuse reflectance infrared Fourier
transform spectroscopy (DRIFT) (Figure 3), and X-ray
photoelectron spectroscopy (XPS) (Figure 4b and d). We

found that the abundance of carboxyl and hydroxyl groups on
the spent catalyst increased compared to ether and carbonyl
groups. The DRIFT spectra of the spent catalyst revealed the
appearance of carboxylic anhydrides and hydroxyl groups,
along with an increase in the carboxylic acid groups respective
to aromatics (Figure 3). The binding energy of oxygen in the
spent catalyst measured by XPS confirmed the results from the
DRIFT spectra by showing an increase in the abundance of
carboxyl and hydroxyl groups and a decrease in carbonyl
groups compared to the fresh catalyst (Figure 4b and d and
Table S4). Interestingly, the XPS results also showed the
appearance of metal oxide in the spent catalyst (discussed
further below, Figure 4d).
To try to artificially mimic the formation of acid sites on the

support only (as opposed to forming acidic carbon deposits
directly on Pt nanoparticles), we prepared a functionalized
activated carbon (nitric acid-treated activated carbon, details in
Section 2 of the SI) with a total acid sites of 45.3 μmol NH3/g,
very similar to the spent catalyst (Table S3 and Figure S8b).
When this material was used in catalytic test, we saw a rapid
drop in conversion from 90% to 20% in 7 h (Figure S8a). This
drop was accompanied by a significant increase in pressure
drop (10 bar within the first 8 h), while the samples that were
taken were dark brown in color, which was not observed with
samples from reactions with a nontreated activated carbon. All
of these observations were an indication of sugar degradation
and formation of carbon deposits. Interestingly, the use of a
more acidic support did not initially increase the formation of
xylitol but rather just increased carbon deposition. In contrast,
after the formation of carbon deposits, the catalyst showed an
increase in xylitol production, following a similar behavior as
the experiment at 50 bar of H2 (Figure S2 and Figure S8a).
Experiments run in batch with various acidic supports did not
show a clear correlation with changes in the total amount of
acid sites (Figure S9).
Therefore, a phenomenon beyond simple increases in

support acidity appear to be taking place. X-ray powder
diffraction (XRD) analyses did not show significant differences
in crystalline structure nor mean crystallite size between the
fresh and spent catalyst (Figure S10). At the same time, XPS
revealed the presences of PtO and Pt(OH)2, confirming the
increase in metal oxide signals for oxygen in the spent catalyst
compared to the fresh catalyst (Figure 4a to d, Table S4). Both
catalysts were analyzed without being exposed to air after
reduction under H2 flow at 300 °C. This suggested that carbon
deposits were growing on top of the nanoparticle which

Figure 3. Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFT) of the fresh and spent Pt/C catalyst. (The spent catalyst was
used with WHSV = 0.19 h−1 at 20 bar H2 and 185 °C for 180 h, see
Figure 2). Bands were assigned based on previous literature
reports.19−23

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Letter

https://dx.doi.org/10.1021/acssuschemeng.9b06456
ACS Sustainable Chem. Eng. 2020, 8, 1709−1714

1712

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06456/suppl_file/sc9b06456_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06456/suppl_file/sc9b06456_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06456/suppl_file/sc9b06456_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06456/suppl_file/sc9b06456_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06456/suppl_file/sc9b06456_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06456/suppl_file/sc9b06456_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06456/suppl_file/sc9b06456_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06456/suppl_file/sc9b06456_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06456/suppl_file/sc9b06456_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06456/suppl_file/sc9b06456_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06456/suppl_file/sc9b06456_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06456/suppl_file/sc9b06456_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06456/suppl_file/sc9b06456_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06456/suppl_file/sc9b06456_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06456/suppl_file/sc9b06456_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06456/suppl_file/sc9b06456_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06456/suppl_file/sc9b06456_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b06456/suppl_file/sc9b06456_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06456?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06456?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06456?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06456?fig=fig3&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.9b06456?ref=pdf


prevented the complete reduction of Pt. Given that HMXF is
the main intermediate and no pentoses were detected, we
propose that the acid-functionalized carbon deposits could
increase the hydrolysis of HMXF. Because this, hydrolysis
takes place on acid sites near Pt0 atoms, and the open chain of
xylose could rapidly adsorb and react, minimizing its chance to
isomerize to xylopyranose (Figure 4f). This isomerization
limits the reaction rate by removing the open chain xylose
through a reversible reaction, reducing the presence of the
precursor to xylitol (Figure 4e). Indeed, when the acid sites
were farther away from the Pt particle (as was the case for the
experiment with a functionalized carbon support and other
acidic supports), we observed the significant aforementioned
increase in carbon deposits formation by subsequent reactions

catalyzed by acid sites, which is more likely to occur when no
hydrogenation site is close by.

■ CONCLUSION

In conclusion, we have described an unexplored process to
produce xylitol from raw beech wood using DFX as an
intermediate. Even though several steps could be further
optimized, we show that, due to the properties of DFX and
notably its volatility, this molecule can be easily purified by
distillation, which avoided costly processes like the use of
activated carbon, ion exchange chromatography, or other
sophisticated purification methods. In addition, the process is
compatible with the valorization of the three main
lignocellulosic biomass fractions, as the resulting form-
aldehyde-stabilized lignin could be separately upgraded to
monomers at yields above 30%. The upgrading of DFX to
xylitol could be performed through a tandem hydrolysis−
hydrogenation reaction where the hydrolysis of HMXF
(produced by the partial deprotection of DFX) seems to be
the rate-limiting step. This mechanism allowed us to run xylitol
production at somewhat lower H2 pressures than those that are
typically used for xylose hydrogenation (20 vs 40−100 bar).
Finally, we found that, over the course of the reaction, the
active sites of the catalyst changed, which led to progressive
increases in xylitol yields. XPS studies on the spent catalyst
suggested that this is due to the formation of acidic carbon
deposits on top of Pt nanoparticles. These acidic functional
groups on carbon deposits accelerated the rate-limiting step by
hydrolyzing HMXF, but due to its proximity to Pt0, the
isomerization to xylopyranose was avoided by the adsorption
of the open chain of xylose. Overall, these results demonstrate
that aldehyde functionalized xylose can, due to its unique
properties and reactivity, open new conversion routes and
process possibilities in the context of biorefineries.
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