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Featured Application: Catalytic transfer hydrogenation from alcohols allow converting under
mild reaction conditions glucose into sorbitol.

Abstract: Sorbitol production from glucose was studied through catalytic transfer hydrogenation
(CTH) over Raney nickel catalysts in alcohol media, used as solvents and hydrogen donors. It was
found that alcohol sugars, sorbitol and mannitol, can be derived from two hydrogen transfer pathways,
one produced involving the sacrificing alcohol as a hydrogen donor, and a second one involving
glucose disproportionation. Comparison between short-chain alcohols evidenced that ethanol was
able to reduce glucose in the presence of Raney nickel under neutral conditions. Side reactions
include fructose and mannose production via glucose isomerization, which occur even in the absence
of the catalyst. Blank reaction tests allowed evaluating the extension of the isomerization pathway.
The influence of several operation parameters, like the temperature or the catalyst loading, as well as
the use of metal promoters (Mo and Fe-Cr) over Raney nickel, was examined. This strategy opens
new possibilities for the sustainable production of sugar alcohols.
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1. Introduction

Lignocellulose biomass is considered a promising alternative source to fossil fuels for the
sustainable production of useful chemicals and value-added products [1,2]. The abundance of this
feedstock makes biomass the only alternative to the traditional raw materials used in chemical
industries, with most of them based on the exploitation of crude oil derivatives. Lignocellulose biomass
is mainly composed of cellulose, hemicellulose, and lignin [3]—two polysaccharides (cellulose and
hemicellulose), and a random polymer mainly composed of phenyl derivatives (lignin). Lignocellulosic
biomass is the major component of agricultural waste and forest residue, which are inexpensive and
abundant raw materials, as well as a primary source of monosaccharides, including glucose and
fructose [4], which can be converted into a variety of different chemicals, including sugar polyols.

Sugar polyols are interesting monosaccharide-derived products, which find applications in several
fields, both as polyols and as starting materials for the preparation of different products. Sorbitol is
a sugar polyol extensively used in nutrition, cosmetics, and medical or industrial applications. It is
employed as a low-calorie sweetener, as a humectant in cosmetics and pharmaceutical products, and
as an intermediate platform for the production of value-added molecules (e.g., 1,4-sorbitan, isosorbide,
glycols, l-ascorbic acid, etc.) [5–7]. This versatility led to its inclusion in the top derived value-added
chemicals to be converted into high-value bio-based products from biomass [8].
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Sorbitol production was reported to be carried out using cellulose in the presence of noble metals [9]
and transition metal-based catalysts [10,11]. However, a most extended alternative is its production
starting from glucose. At an industrial scale, sorbitol is produced via glucose hydrogenation [2]
as it is the most affordable precursor [12], whose production is liable to be obtained via cellulose
hydrolysis [13,14]. The reaction mechanism consists of the reduction of carbonyl groups of saccharides
under hydrogen pressure in the presence of a solid metal catalyst based on Ni, Pd, Pt, or Ru [15,16].
All these catalysts are easily recoverable and display good catalytic activity in terms of sorbitol yield,
operating under aqueous-phase solution [6,17–20]. In recent years, Raney nickel and ruthenium
catalysts made a clean sweep on sorbitol production. Ru presents higher activity and selectivity to
sorbitol [16,21] than Raney nickel catalysts, but this metal is much more expensive than nickel-based
catalysts. In this way, Raney nickel was revealed as the most interesting active phase to be used in the
industrial-scale hydrogenation of glucose [21,22], mostly because of its low price [23]. Nevertheless, the
lower catalytic activity of nickel as compared to other precious-metal-based conventional hydrogenation
catalysts, such as ruthenium, results in the need for high hydrogen pressure and harsh operating
conditions. Consequently, a significant energy demand must be satisfied compared to that required
when using more active hydrogenation catalysts and, thus, higher environmental impacts are associated
with the use of Raney nickel catalysts [24].

This work focuses on gaining insights into a developing alternative reaction pathway to the
conventional hydrogenation procedure used to transform glucose into sorbitol by exploring the
feasibility of carrying out the transformation through catalytic transfer hydrogenation (CTH) using a
hydrogen donor. CTH is, a priori, a more sustainable alternative to conventional hydrogenation with
molecular hydrogen because of the lower requirements for high-pressure conditions. CTH is usually
performed in the presence of hydrogen donors, such as small alcohols and acids, which can be used
under liquid phase conditions and under moderate operation conditions, and which are potentially
easily prepared from renewable biomass feedstock [25–27].

Reduction of glucose to sorbitol via CTH is scarcely reported for catalysts based on Pt, Rh, or
Ru [28,29], and only a few contributions focused on using nickel catalysts [29,30]. Thus, Scholz et al. [30]
studied the CTH of glucose to sorbitol, in the presence of hydrotalcite-derived catalysts (Cu6−XNiXAl2),
suggesting that Ni-based catalysts, such as Raney-type metal sponges could display notable catalytic
activity in the CTH reduction of glucose. In previous work, we demonstrated that the use of the
already industrially implemented Raney nickel catalysts is a good option to be used in a different
operational procedure to that conventionally used for the ring-opening hydrogenation from glucose to
sorbitol [31]. Within this context, the present work deals with the understanding of the behavior of
several Raney nickel catalysts, as well as the influence of important operational parameters like the
temperature conditions or the catalyst loading, in the production of sorbitol from glucose through a
catalytic transfer hydrogenation mechanism, using short-chain alcohols as hydrogen donors.

2. Materials and Methods

2.1. Materials

d-Glucose (≥99.5%), fructose (≥99%), mannose (≥99%), sorbitol (99%), and mannitol (≥98%) were
purchased from Sigma-Aldrich (USA) and used without prior purification. A-4000, A-5000, and A-7063
sponge Nickel™ Catalyst were kindly provided by Johnson Matthey Process Technologies.

2.2. Catalytic Tests

The CTH catalytic tests were performed in a 100-mL stainless-steel batch reactor (Autoclave
Engineers) fitted with a temperature controller, a mechanical stirrer, and a pressure transducer to
monitor the reaction conditions. In a typical assay, 75 mL of a 90 mM d-glucose alcohol solution was
loaded in the reactor vessel together with an appropriate amount of Raney nickel catalyst. Before its use,
the catalyst was suspended in the same alcohol used for the catalytic test and outgassed by sonication.
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The autoclave was then closed and fluxed with nitrogen to ensure inert conditions, and the temperature
(130–190 ◦C) and stirring condition (500 rpm) were set up. Autogenous pressure conditions were used
in all the experiments; thus, operation was performed in the pressure range 9–26 bar, depending on the
applied reaction temperature. Sample aliquots were periodically withdrawn from the reaction media
to monitor the conversion of the substrate and the yield toward the different products. The reaction
was cooled down with an ice water bath after 6 h. The catalysts were recovered by simple filtration
and washed with fresh solvent.

2.3. Analysis of Products

The analysis of the reaction products was performed using both HPLC and GC analyses.
High-performance liquid-phase chromatography was performed in an Agilent 1260 Infinity unit
coupled with evaporative light scattering and UV-diode array detectors. Product separations were
performed using a Hi-Plex Ca, 300 × 7.7 mm column, using water as the mobile phase at a flow rate of
0.6 mL·min−1 and operating at 80 ◦C. GC analysis was used for the quantification of volatiles such
as the aldehydes coming from the dehydrogenation of the sacrificing alcohol. These assays were
performed on a GC (Agilent) system fitted with a CP-WAX 57 CB column (L = 50 m, D = 0.25 mm,
film = 0.20 µm) and an FID detector. The catalytic result is shown either in terms of conversion of
glucose/fructose (Xi) or in terms of yields (Yi), calculated as follows:

Xi(%) =
[mol of i loaded in the reactor − mol i in product]

[mol of i loaded in the reactor]
·100,

Yi(%) =
[mol i in product]

[mol of substrate loaded in the reactor]
·100.

3. Results and Discussion

3.1. Influence of Sacrificing Alcohol

The capability of Raney nickel to drive the catalytic transfer hydrogenation of glucose to sorbitol
was assessed using different short-chain alcohols as solvents and sacrificing alcohols. For this purpose,
methanol, ethanol, and 2-propanol were used as potential hydrogen donors in the presence of a
conventional nickel sponge catalyst. These alcohols were previously reported to be suitable hydrogen
donors in different CTH reactions in the presence of nickel-based catalysts. Figure 1 depicts the
results achieved (cumulative product yields and substrate conversion) in the transformation of glucose
and fructose solutions prepared from the tested reaction solvents, treated in the presence of Raney
nickel catalyst. The cumulative product yields and substrate conversion are depicted for all the tested
short-chain alcohols. Substrate conversion was almost complete after reacting for 6 h, regardless of
the used solvent. The results from the blank test, which was accomplished by treating an aqueous
solution of glucose in the absence of any hydrogen donor, but in water, revealed that this substrate can
be transformed in the presence of Raney nickel catalysts into hexitols (sorbitol and mannitol) in quite a
large extension. This behavior was previously described to occur because of the reducing capability of
glucose, coming from its ability to donate a hydrogen molecule through the oxidation of the hydroxyl
group located in the α position, thus leading to the formation of gluconolactone. The H2 molecule is
then transferred, mediated by the nickel catalyst, to a different molecule of glucose, thus leading to the
formation of sorbitol via ring-opening hydrogenation, in a sort of disproportionation transformation of
glucose (one molecule is oxidized whereas another one is reduced). This phenomenon was previously
described to occur in the presence of metal catalysts such as Pd [29] and, more recently, Ru [32].
Nevertheless, the auto reduction of glucose is not the only transformation taking place in the reaction
medium as, together with sorbitol, mannitol, and fructose are also produced through side reaction
pathways. Fructose is most probably produced by the isomerization of glucose, a transformation
which can be mediated by the aluminum traces remaining in the catalysts after the preparation of
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the sponge-like catalysts (which account for more than 5%) or simply because of a thermal effect.
Mannitol, on the contrary, is not produced via the isomerization of sorbitol, but through (catalytic
transfer) hydrogenation of fructose. All the detected chemical transformations are depicted in Scheme 1.
The ring-opening hydrogenation of this monosaccharide produces, unlike in the case of glucose,
two different hexitol isomers, sorbitol and mannitol, in equimolecular amounts, depending on which
side of the sugar ring is approached by the nickel catalyst to be reduced.
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Figure 1. Cumulative product yields (left axes) and substrate conversion (right axes) in the catalytic
transfer hydrogenation of (a) glucose and (b) fructose, with different solvents in the presence of Raney
nickel catalysts. Reaction conditions: temperature = 150 ◦C; substrate concentration = 90 mM; substrate
to catalyst mass ratio = 1:1; reaction time = 6 h.

As for the influence of the type of short-chain alcohol used as a hydrogen donor, results evidenced
the formation of the same reaction products already described for the test performed in water. Large
differences are evident between the product distributions achieved in the presence of each short-chain
alcohol, showing that the alcohol media do exert an influence on the product distribution. Thus,
methanol provided a substantially lower amount of hexitols as compared to ethanol or 2-propanol.
In this case, the presence of highly stable methyl glucopyranosides was detected in the reaction media,
coming from the etherification of the sugar monosaccharide in the α position with the alcohol solvent.
This transformation avoids glucose undergoing dehydrogenative oxidation toward gluconolactone,
depressing the extension of the sugar disproportionation and the consequent production of sorbitol.
On the other hand, alkyl glucopyranosides were detected in trace levels when using ethanol and
2-propanol as hydrogen donors and reaction solvents. This is probably due to the better performance
of ethyl and 2-propyl moieties as leaving groups, and the consequent lower stability of the resultant
alkyl glucopyranosides under the tested reaction conditions. In this way, the achieved sorbitol yield in
tests performed in the presence of different alcohols varies according to the following trend: ethanol >

2-propanol > methanol.
Unlike methanol, ethanol and 2-propanol provide sorbitol yield values higher than those obtained

in aqueous phase conditions, suggesting the existence of a net contribution to the formation of sorbitol
coming from the hydrogen transfer from these alcohol solvents to the sugar substrate. To assess this
possibility, several additional experiments were performed. Firstly, the analysis of the reaction media
using gas chromatography analysis confirmed the presence of acetaldehyde and acetone evolved during
the dehydrogenation of ethanol and 2-propanol, respectively. On the contrary, formaldehyde was
not detected, evidencing that, unlike for ethanol and 2-propanol, the catalytic transfer hydrogenation
from methanol does not occur under the tested conditions. Secondly, several catalytic tests were
also performed, this time under the very same reaction conditions as those already described for
glucose, instead using fructose as the reaction substrate. Fructose, unlike glucose, cannot undergo
disproportionation because the quaternary carbon at the furanose sugar ring cannot donate an
H2 molecule.
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Scheme 1. Chemical transformations occurring when treating glucose in the presence of Raney
nickel in alcohol media: (a) catalytic transfer hydrogenation from glucose to sorbitol, (b) glucose
dehydrogenation to gluconolactone, (c) glucose isomerization to fructose, and (d) catalytic transfer
hydrogenation from fructose to sorbitol and mannitol.

Thus, the reduction of fructose under the tested conditions should come from the catalytic
hydrogen transfer from the sacrificing alcohol. Under these conditions, methanol only provided traces
of hexitols, confirming that methanol is not a good option as a hydrogen donor for glucose CTH.
On the contrary, both ethanol and 2-propanol led to quantifiable amounts of sorbitol and mannitol,
present in almost equimolar amounts as that corresponding to the non-stereo controlled hydrogenation
of fructose. Nevertheless, ethanol provided lower amounts of mannitol, probably as a consequence
of the lower extent of isomerization reactions in the presence of this solvent. Furthermore, ethanol
seems to be a better hydrogen donor than 2-propanol under the tested conditions, bearing in mind
the higher hexitol yields obtained with the primary alcohol. This behavior is probably due to the
neutral conditions used during the catalytic tests, which favor the dehydrogenation of primary alcohols
over secondary ones [33]. The better performance of ethanol as a sacrificing alcohol as compared
to methanol or 2-propanol introduces an additional advantage for the CTH reduction of glucose to
sorbitol, which is the possibility to obtain ethanol from renewable biomass via fermentation through
well-known industrially scaled processes.

3.2. Influence of the Reaction Temperature and Catalyst Loading

Blank reactions were performed to assess the different side reactions taking place in the absence
of Raney nickel catalysts. These tests were performed in the temperature range 130–190 ◦C. Results
are depicted in Figure 2. Regardless of the temperature, fructose and mannose were obtained even
in the milder conditions, most probably coming from the isomerization of the starting glucose.
The extension of these transformations increases as the temperature rises, although, at 190 ◦C, lower
yields toward both mannose and fructose were detected. This is probably related to the existence of
sugar monosaccharide-consuming side reactions, such as the dehydration of glucose/fructose toward
5-hydroxymethyl furfural [34]. Finally, blank tests also served to confirm the true catalytic activity of
nickel in the above-observed hydrogen transfer reduction from glucose to sorbitol, as, in the absence of
the metal catalyst, no sorbitol was detected.
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The influence of several operational parameters (reaction temperature and catalyst loading) was
assessed in the catalytic transfer hydrogenation of glucose to sorbitol, using ethanol as a sacrificing
alcohol. Figure 3 depicts the product yields and substrate conversion achieved in the catalytic tests
conducted at different temperatures, within the range 130–190 ◦C, and in the presence of two catalyst
loadings (glucose to catalyst mass ratios = 8:1 and 1:1). The influence of both operation parameters
on the glucose conversion rate was as expected, i.e., larger catalyst loading and temperature led to
faster substrate conversion. As for product distribution, sorbitol was present as the main product in all
tested conditions. However, the influence of the temperature and catalyst loading on the selectivity
to the different products provided quite distinct results, as a consequence of a different effect of both
operation parameters on the extension of not only the main reaction but also of the different side
reactions taking place under the tested conditions.

The catalyst loading exerted a dramatic influence on the extension of glucose isomerization to
fructose and mannose. Assays performed with a lower catalyst loading resulted in a poorer selectivity
toward the desired sorbitol, and a large amount of side products, such as mannose and fructose, were
observed (Figure 3a–d). This influence was even higher when increasing the applied temperature.
Increasing the catalyst loading led to substantial suppression of the extension of sugar isomerization
reactions, and only a limited production of fructose and mannose, below 10% total yield, was observed,
even in the highest-temperature conditions. These results, together with those achieved from the blank
tests, confirmed that the conversion of glucose into its different isomers is, under the tested reactions
conditions, a side transformation not related to the Raney nickel catalyst but to a thermal effect.

As for the production of sorbitol, the extension of the catalytic transfer hydrogenation of glucose
to this hexitol seems to be highly dependent on the catalyst loading. Thus, a substrate to catalyst
mass ratio of 8:1 provided a limited production of sorbitol, even in the highest tested temperature
conditions, leading to sorbitol yields always below 25% of the starting glucose. Increasing the catalyst
loading to a substrate to catalyst mass ratio of 1:1 led to much more efficient conversion of the sugar
monosaccharide into sorbitol. This transformation was very efficient in the lowest tested temperature
conditions (130 ◦C), and sorbitol yields around 60% were, thus, produced after reacting for 6 h. Total
carbon balance was, under these conditions, very high, and about 80% of the starting substrate could
be quantified as different products after reacting for 6 h. This result is strong evidence of the catalytic
transfer hydrogenation mainly taking place from the sacrificing ethanol to sorbitol, not from the sugar
disproportionation, and a confirmation of the high potential of CTH for the transformation of glucose
into sorbitol using sacrificing alcohols.
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Figure 3. Cumulative product yields (bars, left axes) and substrate conversion (dots, right axes) achieved
in the catalytic transfer hydrogenation of glucose in ethanol in the presence of Raney nickel catalyst
with different substrate-to-catalyst weight ratios (1:8—left column, graphs a–d); (1:1—right column,
graphs e–h). Reaction conditions: substrate concentration = 90 mM; reaction time = 6 h; reaction
temperature = 130 ◦C (a,e), 150 ◦C (b,f), 170 ◦C (c,g), and 190 ◦C (d,h).
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Increasing the reaction temperature led to, as stated above, acceleration of the substrate conversion,
as well as diminishing sorbitol yields at long reaction times. The reasons for this phenomenon can
be found in the enhancement of side reactions, such as sugar isomerization, as well as some other
transformations related to the consumption of sorbitol, such as its hydrogenolysis. These side reactions
usually take place in high-temperature conditions, such that these are highly influenced by a thermal
effect. The transformations occur through the cleavage of sorbitol into different smaller polyols.
The analysis of the liquid phase of the reaction media using GC allowed detecting some of the heavier
products coming from these transformations, such as ethylene glycol, 1,2-propanediol, and glycerol.

3.3. Influence of Catalyst Doping Agents

Unlike for glucose hydrogenation, where extensive literature can be found, studies devoted to
ascertaining the influence in CTH of different dopants in the catalytic activity of Raney-type nickel
catalysts are not yet reported. Thus, this section is focused on evaluating the influence of typical metal
promoters for Raney nickel catalysts, like Fe–Cr and Mo (Table 1), on their ability to promote glucose
conversion to sorbitol via CTH from ethanol. Nickel, like other metals from the VIII group, can interact
with glucose through the carbonyl group, which is the basis of the catalytic activity of nickel in the
hydrogenation of glucose. Fe–Cr and Mo species in Raney nickel catalysts act as Lewis acid sites,
providing oxophilicity to the catalyst [15,22,35–37], and they modify the affinity of nickel for the C=O
group, necessarily conditioning its activity in hydrogenation or hydrogen transfer reactions. Figure 4
depicts the kinetic profiles obtained in the conversion of glucose to sorbitol, as well as the evolution of
side products, performed at 150 ◦C, and in the presence of different Raney nickel catalysts (Table 1).

Table 1. Chemical composition of Raney nickel catalyst used in this work.

Catalogue # Ni (wt.%) Al (wt.%) Fe (wt.%) Mo (wt.%) Cr (wt.%)

A-5000 93.9 5.5 — — —
A-7063 93.3 5.8 — 1.1 —
A-4000 85.6 8.6 2.3 — 2.5

The conversion of glucose in the presence of unpromoted Raney nickel catalyst (Figure 4a) reached
64.9% after reacting for 6 h. Sorbitol evolved as the main product, together with small quantities of
fructose. Fe–Cr-doped Raney nickel led to an almost identical profile for glucose conversion, maybe
slightly faster during the early stages of the reaction (Figure 4b). However, this catalyst provided lower
substrate conversion (~60%) than the unpromoted catalyst, probably as a consequence of a deactivation
phenomenon, conventionally occurring on Fe–Cr-doped Raney nickel through the leaching of the
dopant agents [22]. The achieved sorbitol yield was much lower in the presence of Fe–Cr-doped catalyst
than in the unpromoted one and, thus, only 11.5% of the starting glucose was obtained as sorbitol.
Interestingly, a major fraction of the evolving sorbitol was obtained during the early stages of the
reaction (up to 1 h), resulting in the concentration of this product becoming almost constant during the
rest of the reaction. This low amount of sorbitol was accompanied by the evolution of fructose, which
was produced after the first hour, reaching yield values around 10%–15%. This poor performance of
the Ni–Cr-doped catalyst seems to be related to the leaching of the iron and chromium species and
their dissolution in the solvent of the reaction [22]. Iron and chromium act as hydrogenation promoters
for nickel, but their lixiviation eliminates their capacity to bind glucose molecules to the surface of
the catalyst, although their Lewis acid features remain intact. In this way, the leached, Lewis acid Cr
and Fe species do not promote catalytic transfer hydrogenation, but the isomerization of glucose to
fructose [38,39], which seems to become the dominant reaction after the first hour. Fructose is, unlike
glucose, a substrate more resistant to undergoing CTH and, thus, only scarce evolution of sorbitol was
detected after its production. The different kinetic profiles achieved for the products obtained in the
presence of the Fe–Cr-promoted catalyst suggest that the deactivation of this material occurred during
the first hour of the catalytic test.
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The molybdenum-promoted Raney nickel displayed a completely different catalytic performance
to that shown by the Fe–Cr-doped material. In this case, a faster and more selective transformation
of glucose into sorbitol was observed (glucose conversion of ~78.5% and sorbitol yield of 38.4%).
Interestingly, low amounts of fructose were observed during the overall reaction test (<6%), suggesting
that, despite the Lewis acid features shown by molybdenum sites, its catalytic activity in glucose
isomerization seems quite limited, and the beneficial influence of this metal on the capability of nickel
to promote CTH becomes dominant.
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This better performance of Mo as compared to Fe–Cr dopants seems to be related to its stability in
the catalyst, something that can be ascertained from the negligible amount of leached Mo detected in
the reaction media after the catalytic tests. In this way, the influence of Mo dopant is interpreted based
on its capacity to bind glucose to the metal surface. Its oxophilicity leads to the interaction with the
aldehyde group of glucose and, thus, an upward configuration is assumed for the carbonyl group,
in which the η1 (O) adsorbed species is formed by the donation of a lone electron pair from the oxygen
atom at the C=O group to the molybdenum atom. As a result, the C=O bond gets polarized and the
carbon atom can undergo a nucleophilic attack from a hydride group located at adjacent nickel atoms,
thus leading to its reduction [22,40]. Hydride groups can be formed via the dehydrogenation of the
sacrificing alcohol anywhere over the surface of the Raney nickel catalysts, before migrating through
a spillover effect to the CHT sites. These results prompt Mo-promoted Raney-nickel catalysts as a
promising selective catalyst for the catalytic transfer hydrogenation of glucose to sorbitol.

4. Conclusions

The production of sorbitol via catalytic transfer hydrogenation with Raney nickel catalysts was
evaluated using short-chain alcohols as hydrogen donors. The comparative study of the performance
shown using different sacrificing alcohols demonstrated ethanol as the best hydrogen donor under the
tested conditions. This implies advantages from an environmental point of view, as the production of
ethanol from biomass is an economic and technical feasible possibility. Moreover, glucose was proven
to be able to undergo a disproportionation reaction, thus confirming that the production of sorbitol can
be accomplished using self-reduction and catalytic transfer hydrogenation from the sacrificing alcohol.
Catalyst loading was revealed as a key parameter conditioning the product distribution obtained when
treating ethanolic solutions of glucose. High catalytic loadings enhanced the production of sorbitol,
which, in combination with low-temperature conditions, led to the efficient transformation of glucose
into sorbitol through the catalytic transfer hydrogenation pathway. Finally, the use of Raney nickel
catalysts doped with different promoters is another factor liable to be used to enhance the yield to
sorbitol. The use of molybdenum-doped Raney nickel catalyst exerts a beneficial effect, favoring the
stability of nickel and enhancing the reduction of glucose to sorbitol.
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