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Catalyst and Process Design for the Continuous
Manufacture of Rare Sugar Alcohols by Epimerization-

Hydrogenation of Aldoses

Giacomo M. Lari,”” Olivier G. Gréninger,” Qiang Li,"™ Cecilia Mondelli,*® Nuria Lépez,*® and

Javier Pérez-Ramirez*™

Sugar alcohols are applied in the food, pharmaceutical, poly-
mer, and fuel industries and are commonly obtained by reduc-
tion of the corresponding saccharides. In view of the rarity of
some sugar substrates, epimerization of a readily available
monosaccharide has been proposed as a solution, but an effi-
cient catalytic system has not yet been identified. Herein, a mo-
lybdenum heteropolyacid-based catalyst is developed to trans-
form glucose, arabinose, and xylose into less-abundant man-
nose, ribose, and lyxose, respectively. Adsorption of molybdic
acid onto activated carbon followed by ion exchange to the
cesium form limits leaching of the active phase, which greatly
improves the catalyst stability over 24 h on stream. The hydro-
genation of mixtures of epimers is studied over ruthenium cat-

Introduction

Sugar alcohols, particularly those with C; and C; backbones,
are an important class of carbohydrate derivatives. Pentose-de-
rived polyols include arabitol, xylitol, and ribitol, whereas man-
nitol and sorbitol are the most relevant representatives of
hexose-derived alcohols, which comprise a higher number of
molecules owing to the presence of an additional stereocenter.
All these molecules have multiple uses in the fine chemical,
pharmaceutical, and food industries.” Specifically, they im-
prove the nutritional profile of food preparations, as they are
often incompletely absorbed by the intestine,” marginally
alter blood sugar levels,® and appear to limit the formation of
body fat™ They are also added to toothpaste and chewing
gum formulations for their anticaries effect, as oral bacteria
cannot ferment them.® Additionally, they are relevant and ver-
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alysts, and it is found that the precursor to the desired polyol
is advantageously converted with faster kinetics. This is ex-
plained by density functional theory on the basis of its more
favorable adsorption on the metal surface and the lower
energy barrier for the addition of a hydrogen atom to the pri-
mary carbon atom. Finally, different designs for a continuous
process for the conversion of glucose into mannitol are stud-
ied, and it is uncovered that two reactors in series with one
containing the epimerization catalyst and the other containing
a mixture of the epimerization and hydrogenation catalysts in-
creases the mannitol/sorbitol ratio to 1.5 from 1 for a single
mixed-bed reactor. This opens a prospective route to the effi-
cient valorization of renewables to added-value chemicals.

satile monomers for the manufacture of highly performing bio-
degradable and biocompatible materials® and renewable feed-
stocks for the preparation of chemicals” and fuels.® Notably,
arabitol has recently entered the list of the top-12 biobased
chemicals.”

Sugar alcohols are rarely isolated from natural products and
are more commonly obtained by hydrogenation of the corre-
sponding carbohydrates. This has mostly been achieved by
means of enzymes,'” although chemocatalytic technologies
have also been proposed."” The latter systems feature a lower
environmental and economic impact owing to the possibility
of processing reactants at higher concentrations and of operat-
ing over wider pH and temperature ranges."”? Aldoses are the
substrates of choice,™ as the formation of a hydroxyl group
from a primary carbonyl function does not generate a stereo-
center and the reaction can proceed with high selectivity. Nev-
ertheless, the very low availability of certain sugars (e.g., man-
nose and ribose) limits the feasibility of obtaining some of the
polyols at a large scale™ Two approaches have been pro-
posed to overcome this problem. The first comprises the use
of a suitable ketose, as in the case of fructose for the prepara-
tion of mannitol.™ Here, the drawback is the formation of ap-
proximately equimolar mixtures of mannitol and sorbitol,
which have to be separated by costly crystallization or chroma-
tography techniques."® Indeed, attempts to increase the selec-
tivity to mannitol by modification of the catalyst"” or by the
addition of a chiral organic co-catalyst"® have only led to mod-
erate success. Alternatively, the abundant epimeric form of
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a rare sugar could be chosen as the starting material, and the
desired polyol could be obtained by combining epimerization
and hydrogenation steps."” Remarkably, this strategy could be
applied to sugars such as pentoses, for which the ketonic form
is infrequent. Raney nickel and Ru/C have been shown to be
effective hydrogenation catalysts,""” whereas the best hetero-
geneous epimerization materials reported so far have shown
limitations with respect to the concentration of the
substrate owing to the requirement of using metha-
nol as the medium (Sn-B)® or to their level of activi-
ty (layered niobium molybdate).”" Besides, only few
catalytic data are available for solids prepared by im-
mobilizing the highly active but water-soluble®®?
phosphomolybdic heteropolyacid (HPA) through ad-
sorption onto activated charcoal® or by precipita-
tion in the form of an insoluble salt.*” Most relevant-
ly, the combination of the two reactions has never
been studied in detail, and the application of indus-
trially more amenable reactors in flow mode instead
of vessels in batch mode has not been explored.

Herein, we target the preparation of rare sugar al-
cohols by epimerization followed by hydrogenation.
In particular, we focus on the synthesis of mannitol
from glucose, ribitol from arabinose, and arabitol
from xylose. We initially confront various methods for the im-
mobilization of HPA by evaluating the epimerization activity of
the silica-supported, carbon-supported, and ion-exchange-
resin-supported materials obtained and by investigating their
compositional and structural changes upon use in continuous-
flow catalytic runs. After selecting an efficient and stable hy-
drogenation catalyst based on ruthenium, we investigate the
relative hydrogenation rates of the starting sugars and their
epimers by combining kinetic tests and density functional
theory (DFT) simulations. Finally, we study the overall per-
formance of a continuous process by comparing different ar-
rangements of the catalysts in single and series reactor config-
urations.

3Ag*
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Ag-HPA

Ag-HPA/C
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Results and Discussion

Design of the epimerization catalyst

Bulk and supported molybdenum-based catalysts were pre-
pared to evaluate their activity and stability in sugar epimeriza-
tion (Scheme 1). The first group included phosphomolybdic

AgNO;, CsNO;,
(—

3H* —> 3Cs*

-HNO, -HNO;

H-HPA Cs-HPA

l C, Si0,, IER

,

H-HPA/C, SiO,, IER Cs-HPA/C

Scheme 1. Preparation of bulk and supported heteropolyacid catalysts.

acid in its protonic form and as its silver and cesium salts.*¥
The second set was obtained by adsorption of the acid or the
salt on silica, activated carbon,® or an ion-exchange resin
(IER).” Compositional data (Table 1) confirmed the expected
molybdenum contents in the bulk solids. In the case of the
supported catalysts, high metal loadings were observed that
corresponded to up to 75% uptake of the precursor applied in
the preparation. The Mo/P ratio was used to estimate the pres-
ervation of the heteropolyacid nature (Scheme 1) of the active
phase upon synthesis. The typical value of phosphomolybdic
acid (12) was obtained in most cases. A notable exception was
the material prepared by using the IER, which lost part of the
phosphoric acid groups. This was ascribed to the limited stabil-
ity of the heteropolyacid at pH > 3, which resulted in depletion
of its Keggin-type structure and the formation of molybdate
and phosphate ions.”® Finally, the Mo/M ratio (M =Ag, Cs) was
considered to evaluate the efficiency of the proton exchange.

Table 1. Characterization data and epimerization activity of the molybdate-based catalysts.”!

Catalyst Mo™® Mo/P¥ Mo/M" Sger® Viore® TOF® Sy Mo leaching™
[wt %] m’g7] ImLg™] h™] [%] [%]

MoO, 735 - - 15 0.21 1.8 95.7 100

H-HPA 65.6 12.8 - 7 0.06 28.9 93.6 100

Ag-HPA 48.1 109 35 41 0.18 311 89.9 21

Cs-HPA 49.7 1.5 3.8 61 0.16 29.1 89.4 13

H-HPA/IER 12.2 159 - 21 0.07 154 91.5 3

H-HPA/SIO, 18.6 1.8 - 105 0.35 354 95.1 61

H-HPA/C 255 124 - 581 0.41 51.8 93.4 16

Ag-HPA/C 20.1 12.6 52 629 0.45 60.7 92.8 4

Cs-HPA/C 16.1 13.1 55 654 0.42 55.4 90.2 2

[a] Reaction conditions: T=333 K, [glucose] =0.28 M, glucose/Mo =50, t=30 min. [b] ICP-OES. [c] XRF. [d] BET method. [e] Volume of N, adsorbed at p/p,=

0.99. [f] Based on Mo. [g] Selectivity to mannose.
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This was close to the theoretical value of 4 for the bulk Ag-
HPA and Cs-HPA, whereas it was significantly higher for the
carbon-supported materials, indicating that part of the ex-
changed metal was lost (Table 1). This can be explained by the
ionic nature of the interaction between the support and the
active phase, as hinted by previous reports describing that
positively charged sites on the carbon surface act as cations
displacing the Ag™ and Cs* species.” The porous properties
of the catalysts were determined by nitrogen sorption. The
data evidence that H-HPA possessed an even lower specific
surface area (Sger) than the reference material MoO;, whereas
the Sy values of Ag-HPA and Cs-HPA were markedly higher.””
Carbon-supported catalysts displayed high porosity (V. and
total surface areas (Sz;) greater than 500 m?g~". Nevertheless,
it should be noted that these values are substantially lower
than those of the bare carbon (V,,.=061mLg™" and
Sger=1100 m*g™"). This points to significant pore blockage
upon deposition of large quantities of the heteropolyacid. The
same was observed in the case of the silica-supported material.
Incorporation of the active phase reduced the Sg of the bare
support by 20 m?g™" and its Ve by 0.15mLg™". In the case of
the IER-supported solid, no differences were observed relative
to the pristine carrier. H-, Ag-, and Cs-HPA deposited on
carbon were amorphous, as no distinctive reflections were ob-
served by X-ray diffraction (Figure S1a in the Supporting Infor-
mation). On the other hand, H-HPA/SiO, and the bulk materials
showed typical reflections of the Keggin-type phosphomolyb-
dic acid. The very sharp diffraction lines point to crystals
> 100 nm in size Taking into account the substantially different
loadings of the elements, energy-dispersive X-ray spectroscopy
(EDS) mapping of the Cs-HPA/C catalyst (Figure 1a) displayed
homogeneous distributions of Cs, Mo, and P on the carbon
support, in line with a high dispersion of the active phase. Ad-
ditionally, the absence of areas enriched in Mo or P pointed to
a preserved heteropolyacid structure.

The catalytic activities of the prepared materials were tested
in the batch epimerization of glucose to mannose. The hetero-
polyacid-based catalysts exhibited better performances than
the bulk molybdenum oxide (Table 1 and Table S1), as expect-
ed on the basis of previous evidence.”? Interestingly, the ex-
change of protons by cesium or silver cations did not influence
the reaction rate significantly, in line with the fact that protons
do not partake in the reaction,”® but the material became less
soluble and only 13-21% of the molybdenum leached from
the solids into the reaction mixture.

The immobilization of molybdic acid onto solid supports led
to inferior (IER carrier), similar (SiO, carrier), or doubled (C carri-
er) activity. The enhancement in the turnover frequency (TOF)
in the latter case (Table 1) is possibly due to a better dispersion
of the active phase. The amount of Mo leached varied over
a very broad range. Specifically, the maximum (61 %) was ob-
served in the case of the silica-supported solid and the mini-
mum (3%) for H-HPA/IER. This indicates that ionic interactions,
which were expected to be the only means for immobilization
onto the IER, are most beneficial to anchor the active phase in
a stable manner, whereas weak dipolar interactions, such as
those acting in the case of silica, are ineffective. Both mecha-

ChemSusChem 2016, 9, 1-13

These are not the final page numbers! 22

www.chemsuschem.org

CHEM

CHEM

(b)

Figure 1. EDS mapping of Mo, Cs, P, and C for Cs-HPA/C in (a) fresh and
(b) used forms.

nisms likely play a role in the deposition of HPA on carbon,®
which rationalizes the intermediate leaching observed by
using this carrier. Immobilization of the ion-exchanged HPAs
produced catalysts showing activities and selectivities compa-
rable to those shown by H-HPA/C, in line with the testing of
the bulk materials featuring different counterions. Still, these
solids were more stable, as metal depletion was similar to that
of the robust H-HPA/IER. Also in this case, the presence of a dif-
ferent counterion did not significantly alter the activity or se-
lectivity. On the basis of its high activity and robustness, Cs-
HPA/C was chosen to investigate the temperature dependence
of the reaction and the catalyst stability upon repeated use.
Regarding the first aspect, a negligible glucose conversion was
observed below 313 K, whereas it steadily increased between
333 and 373 K (Figure 2a). The Mo leaching over 10 cycles was
higher than 809% in the case of H-HPA/C but was limited to
only 35% in the case of Cs-HPA/C (Figure 2b). Notably, in both
cases, the Mo/P ratio did not change, which likely indicates
that the Keggin-type structure was maintained. On the basis of
these results, Cs-HPA/C was tested in continuous mode under
industrially relevant, that is, high-conversion, conditions (Fig-
ure 2¢). A minor activity loss was observed over the first 12 h
on stream, whereas deactivation became more pronounced in
the subsequent 12 h of the test. The major reason for the ac-
tivity loss seems to be the substantial (45%) depletion of the
Mo content, as determined by elemental analysis. It should be
noted that, despite significant deactivation, the stability of this
optimized catalyst was found to be greatly superior to that of

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. (a) Glucose conversion (relative to the equilibrium) as a function of
temperature over Cs-HPA/C. (b) Variation in the molybdenum content and
the molar molybdenum-to-phosphorous ratio upon consecutive batch runs
over H-HPA/C and Cs-HPA/C at 333 K. (c) Glucose conversion (relative to the
equilibrium) versus time-on-stream during continuous experiments over Cs-
HPA/C at 363 K.

previously reported materials. The used catalyst was analyzed
by transmission electron microscopy (TEM)-EDS (Figure 1b),
which showed that the fine distribution of the active phase
was preserved. The slightly decreased intensity of the Cs, Mo,
and P signals in the map of the used sample is in line with
leaching (Table 1). Finally, Cs-HPA/C was evaluated in the epi-
merization of arabinose to ribose and of xylose to lyxose. In
both cases, high selectivities were attained (Table 2), and the
turnover frequencies were similar to that obtained in the con-
version of glucose, which confirmed the versatility of this cata-
lyst with respect to the nature of the saccharide substrate.

Design of the hydrogenation catalysts

For the hydrogenation of glucose/mannose, xylose/lyxose, and
arabinose/ribose mixtures obtained by epimerization of the
first more naturally abundant sugar over molybdate-based ma-
terials, the catalyst selection relied on literature studies on the
reduction of fructose to mannose. Ruthenium supported on
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Table 2. Performance of Cs-HPA/C in the epimerization of arabinose and
xylose.®!

Reaction Xeg™ TOF Sepimer
[%] h™1 [%]

arabinose«—ribose 41.2 543 96.6

xylose«—lyxose 52.7 48.2 98.1

[a] Reaction conditions: T=333 K, [arabinose, xylose] =0.28 m, (arabinose,
xylose)/Mo =50, t=30 min. [b] Equilibrium conversion obtained at t=
16 h. [c] Based on Mo. [d] Selectivity to ribose or lyxose from arabinose
and xylose, respectively.

carbon has been reported to display the highest activity in this
reaction, although its selectivity to mannitol is limited by the
sustained formation of the epimeric alcohol sorbitol. A more
selective process has been attained by alloying this element
with other metals."” To choose the most suitable material, we
thus prepared a 5 wt% Ru/C catalyst as well as bimetallic sys-
tems comprising the same amount of Ru and 1 wt% Sn, Cr, La,
or Pd by incipient wetness. As shown in Table 3, the actual

Table 3. Characterization data of the ruthenium-based catalysts.

Catalyst Ru[a] M[b] Vpore[d SBET[d] DCO[E]
[wt %] [wt %] mLg™] m’g1 [%]
Ru/C 48 - 0.58 912 61
RuSn/C 5.1 1.0 0.61 956 54
RuCr/C 49 0.9 0.53 988 58
RuLa/C 48 1.0 0.55 973 60
RuPd/C 5.0 1.0 0.57 934 67

[a] ICP-OES. [b] XRF. [c] Volume of N, adsorbed at p/p,=0.99. [d] BET
method. [e] Ru dispersion determined by CO pulse chemisorption.

metal loadings were determined to be close to the nominal
values. The porous properties of the support were not sub-
stantially modified upon deposition of the active phase. No re-
flections attributed to any of the metals were observed in the
XRD patterns of the solids (Figure S1b), which was indicative
of high dispersion. The latter was determined for Ru to be in
the 54-67 % range on the basis of CO chemisorption. Addition-
ally, TEM analysis of Ru/C (Figure 3a) visualized very small met-
allic particles with diameters less than 5 nm.

Testing of these catalysts in the hydrogenation of fructose
surprisingly revealed that the presence of any of the second
metals did not improve the mannitol/sorbitol ratio (Figure 3b)
and reduced the activity. The discrepancy between our data
and earlier evidence may originate from the different reaction
conditions applied."” On the basis of these results, further
studies were conducted over the simple Ru/C catalyst. Firstly,
the dependence of mannitol selectivity on the temperature
and hydrogen pressure was explored. Although very different
operating conditions were investigated (Figure 3¢c), only slight
changes in the mannitol selectivity were observed, which was
the highest below 0.7 MPa and at 313-343 K. On the other
hand, the conversion increased monotonously with the tem-
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Figure 3. (a) HAADF-STEM micrographs for the fresh (left) and used (right)
Ru/C catalyst. (b) Effect of metal modifiers on the fructose hydrogenation ac-
tivity and selectivity to mannitol of Ru/C at 333 K. The TOF was calculated
on the basis of the exposed Ru sites. (c) Mannitol/sorbitol ratio upon fruc-
tose hydrogenation versus temperature and H, pressure.

perature or the pressure (Figure S2). Subsequent testing of the
hydrogenation of the mixtures of epimers was conducted in
these ranges. Batch experiments performed at low conversion
levels proved that the hydrogenation of one of the two epi-

(@ 5
.“‘-\Ea-app(mannuss) =33.0 kJ mol™*
4 .\“\.\\‘x.‘
: M
g N L -
: 3 l e
Eavapp(glucose) =395k mol~! m
2 i . l
2.50 2.75 3.00 3.25 3.50
1000: -1/ K1

CHEMS:SCHEM
M Full Papers

Table 4. Reaction rates for the hydrogenation of glucose/mannose,
xylose/lyxose, and arabinose/ribose on Ru/C."”

Sugar mixture (i/j) TOF; TOF,

h™] h™]
glucose/mannose 134 25.1
xylose/lyxose 10.9 23.6
arabinose/ribose 19.1 48.1

[a] Reaction conditions: T=333 K, [glucose, xylose, arabinose]=[man-
nose, lyxose, ribose]=0.14 m, (glucose +mannose, xylose + lyxose, arabi-
nose +ribose)/Ru =100, t= 15 min, P,, =0.1 MPa.

mers proceeded more readily for all mixtures (Table 4). In par-
ticular, mannose, lyxose, and ribose were reduced to the corre-
sponding sugar alcohols 2-3 times faster than their isomers. To
further investigate this effect, kinetic tests were performed to
derive the apparent activation energies for the conversion of
the two hexoses. On the basis of the Arrhenius plots (Fig-
ure 4a), the hydrogenation of mannose was found to be less
impeded than that of glucose by 6.5 kJmol™'.

This significant difference implies that, assuming first-order
reaction kinetics, the maximum theoretical mannitol/sorbitol
formation rate ratio is between 4 and 2.5 in the 293-373 K
range (Figure 4b), as confirmed by the experimental data. This
hints at the possibility of overcoming, after adequate engineer-
ing of the catalyst and the process, the approximately 1:1
sugar ratio obtained upon epimerization. Ultimately, the two-
step process would thus enable an overall higher selectivity
than that obtained by direct hydrogenation of the typically
rare ketose. The analogous differences in the reaction rate ob-
served during the hydrogenation of mixtures of aldopentose
epimers likely find the same origin. Indeed, the stereochemical
configuration of the two carbon atoms in proximity to the car-
bonyl group is the same for glucose, arabinose, and xylose
(2R,3S) and for mannose, ribose, and lyxose (25,3S), which ex-
hibited slower and faster reaction rates, respectively.

The stability of the hydrogenation catalyst was evaluated in
24 h runs (Figure 5a—c). The catalyst lost 15-35% of its original
activity in the conversion of the three mixtures. This evidence
is in line with previous hydrogenation studies for which Ru/C
catalysts were used and for which the deactivation was as-
cribed to fouling or poisoning by adsorption of trace amounts
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Figure 4. (a) Arrhenius plot and the corresponding apparent activation energies for the hydrogenation of glucose and mannose over Ru/C. (b) Mannitol/sorbi-
tol ratio versus temperature. The red line represents the theoretical values obtained from the activation energies.
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Figure 5. Total conversion and ratio of sugar alcohols for the hydrogenation
of (a) glucose/mannose, (b) ribose/arabinose, and (c) lyxose/xylose mixtures
over Ru/C at 333 K

of gluconic/mannonic acids formed upon exposure of the
starting saccharide solutions to air.”” An increase in the sugar
alcohol ratio was observed in parallel to the decrease in activi-
ty. This is explained by the fact that, at higher conversion
levels, the concentration of the slower reacting sugar is greater
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than that of the faster reacting one, which lowers the differ-
ence between their actual hydrogenation rates. Aiming at
a more robust process, the catalyst could be periodically
washed with a suitable solvent to restore its functionality or
the liquid feed could be isolated under an inert atmosphere.
Additionally, the sugar alcohol ratio was slightly altered in
favor of mannitol, ribitol, and arabitol with time on stream.
This is explained by the fact that the more reactive sugar is
consumed more rapidly than the more inert epimer. Accord-
ingly, keeping a low conversion level ensures a higher amount
of mannose, ribose, and lyxose available as substrates, which
promotes the formation of the desired alcohol.

DFT was applied to unravel the molecular reason for the dif-
ferent reactivities of the sugars and epimers towards hydroge-
nation by considering the case of glucose and mannose. First,
the adsorption modes of these two saccharides on a metallic
Ru(0001) surface were studied. In the liquid phase, their cyclic
a and (3 forms dominate over their open structures (denoted
as o-glucose and o-mannose). Specifically, a-glucose, -glucose,
a-mannose, and (3-mannose are more abundant (33, 66, 66,
and 33 %, respectively) than o-glucose and o-mannose, which
only account for less than 1% each.®” Nevertheless, both con-
figurations were considered. The adsorption geometries ob-
tained in the screening are reported in Figure S3, and the ad-
sorption energies relative to the most stable configuration are
reported in Table S2. The calculated energy of water solvation
for B-glucose (—87.8 kimol™) is in reasonable agreement with
previous reports (—77.2 kJmol™").B"

Thereafter, activation energies for the hydrogenation reac-
tions were computed. Those obtained for the linear forms
(Table S3 and Figure S4) are not able to explain the difference
in rate determined experimentally, probably because of their
negligible concentration in solution. The results for the ring
structures (Figure 6) show that the a forms have lower adsorp-
tion energies than the B forms for both glucose (—97.4 vs.
—92.6 kJmol™") and mannose (—124.5 vs. —109.0 kJ mol™") with
energy differences of 4.8 and 15.5 ki mol™', respectively. More-
over, they indicate that both a- and f-mannose adsorb on the
catalyst more strongly than a- and (3-glucose. The different ste-
reochemical configuration of the C2 in mannose (S) relative to
that in glucose (R) increases the number of sugar interactions

a-glucose a-mannose fglucose fmannose
-97.4 kJ mol™* -124.5 kJ mol™? -92.6 kJ mol™’ -109.0 kJ mol"

Figure 6. Adsorption structures and binding energies of the a and 3 forms of glucose and mannose on Ru(0001).
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with Ru through O atoms by one, which, as reported earlier, is
the primary contributor to adsorption.*? After interaction with
the metal, the molecules can react with water, which leads to
o-glucose and o-mannose, or with adsorbed H atoms. For both
glucose and mannose, the transition states relative to ring
opening® and the following hydrogenation reaction were ini-
tially studied in the absence of water (Table 5). The energy bar-
riers for ring opening (C—O cleavage, see Scheme 2) are com-

Table 5. Activation barriers (E,) for ring-opening and hydrogenation reac-
tions for glucose and mannose in the presence or absence of H,0.
Species E, [kJmol™]

-0 C1+H 0O5+H C—O(H,0) C+H
a-glucose 193.9 297.2 3213 194.9 -
B-glucose 150.5 260.5 2354 95.5 16.7
a-mannose 144.7 162.1 247.0 131.2 91.7
p-mannose 174.6 250.9 2721 159.2 -

parably high for p-glucose and a-mannose (150.5 and
144.7 k) mol™', respectively) and are lower than the energy bar-
riers of the other two isomers, a-glucose (193.9 kJmol™') and
B-mannose (174.6 kJmol™"). Regarding hydrogenation, two
sites are present that can accept H atoms (C1 and O5). For
both glucose and mannose, O5 hydrogenation is associated
with higher barriers than C1 hydrogenation. The energy
demand of the latter is lower for a- and f3-mannose (162.1 and
2059 kJmol™) than for o- and f-glucose (297.2 and
260.5 kJmol™), which points to the positive effect of the addi-
tional interaction between the surface and the C2 or C1 hydro-
genation. On the basis of the values obtained, it appears that
the different configuration of C2 determines that the reactive
conformation is o in the case of mannose and f in the case of
glucose. In view of the distance between C2 and O5, the
impact of Ru—C2 bonding is not effective in lowering the O5
hydrogenation barrier. Additional theoretical simulations were
performed considering the presence of a water molecule to

a-mannose

B-glucose
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attain a more realistic representation of the catalytic system.
The results (Figure 7) indicate that the presence of the solvent
promotes ring opening by lowering the energy demand by
55.0 and 5.9 kimol™' for f-glucose and a-mannose, respective-
ly. The beneficial impact of water is twofold: it provides an H
atom for O5 protonation and stabilizes the transition states by
hydrogen bonding (Scheme 2). In spite of a lower ring-opening
barrier, the activation energy for C1 hydrogenation is higher
for o-glucose than for o-mannose (116.7 vs. 91.7 kimol™).
Hence, the rate-determining steps are C1 hydrogenation for (3-
glucose and ring opening for a-mannose.

To explain the experimental results, a kinetic model based
on Langmuir competitive adsorption and transition state theo-
ries was built.?¥ The coverage of surface species was estimated
by Equation (1) and (2):

K% i = Al
0"*"\ = ads | [j
1+Zi Ki—A.[I_A] (1)
for which
—AG%
ads __ i—A
K% = exp (—RT ) )

and K?j‘; is the equilibrium constant for the adsorption of i—A,
AG™ is the Gibbs energy of the adsorption, and [i—A] is the
concentration of glucose or mannose in the form i (a or f) in

solution. The expression for the hydrogenation rate is [Eq. (3)]:

—F
liia=Ki_a-0i_a-0y= Ai—A< I_A> <04 0Oy (3)

in which k;_, is the rate coefficient, A;,_, is the pre-exponential
factor for the hydrogenation reaction, E? , is the energy barrier
for the rate-limiting process (i.e., ring opening or hydrogena-
tion), and 6y, is the surface coverage of H (which is treated as
a constant; i.e., 6,=1). According to the analysis of the transi-
tion states, only p-glucose and a-mannose would be hydro-

1 CH,0H
HO-2H—H
HO2—H
H-*1—O0H
H-21—oH
6 CH,OH

mannitol

1 CH,OH
H-2+—OH
HO-2-+—H

H-4+—oH

H->—0H

6 CH,OH
sorbitol

Scheme 2. Reaction mechanisms for the hydrogenation of a-mannose to mannitol (top) and f-glucose to sorbitol (bottom).
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Figure 7. Energy profiles for the hydrogenation of -glucose to sorbitol (red) and of a-mannose to mannitol (blue) and the corresponding structures calculat-

ed over the Ru(000 1) surface.

genated with lower energy barriers. The most energy-demand-
ing steps are different for a-mannose (step 2) and p-glucose
(step 3), as shown in Table 6. The relative rates for glucose and
mannose hydrogenation can be written as follows, for which
C—O refers to the ring-opening reaction and C+H to C1 hydro-
genation [Eq. (4)]:

I

o—mannose _, ra—mannose,C—O _ ku—mannose,C—O : eu—mannose

r[ﬁ—glucose r[ﬁ—glucose,C+H k[ﬁ—glucose,C+H : Ho—glucose : 0H

ku—mannose.C—O ) gu—mannose

~
c-0
kﬁ*9|U50591C+H : Kﬁ—glucose : eﬁfglucose

a ads a ads
=exp (_ E(l—mannose + AGa—mannose_E[’)—glucose -4 Gﬁglucose)

RT

[a — mannose]

ngiglucose : [B - gIUCOSe]
d d
= 1 ex o E;—mannose + AG‘aX’SmannoseiEF’)fglucOse A GE—SqucOse
KE:;)Iucose p RT

(4)

in which 6, s is the surface coverage of open glucose and
K Sucose 15 the equilibrium constant of the B-glucose ring-
opening reaction. Given that mannose can be practically ob-
tained from glucose by an equilibrium-limited epimerization
reaction with [glucose]/[mannose] =2 [Eq. (5)]:

o—mannose 2 1

[ ]:<§ [mannose])/(§ [glucose])z 1

[B—glucose] )

Using the calculated adsorption and activation energies, the
ratio of reaction rates between o-mannose and (3-glucose was

ChemSusChem 2016, 9, 1-13 www.chemsuschem.org

Table 6. Steps for the hydrogenation of a-mannose and f-glucose on
Ru(0001).”!

a-Mannose B-Glucose

B-glucose+*—p-glucose*
B-glucose* s o-glucose*™
o-glucose*+H —sorbitol* +*
sorbitol*«—sorbitol 4 *

1 a-mannose+*«a-mannose*

2 0-mannose*—o-mannose*®

3 o-mannose*+H*«—mannitol* + *
4 mannitol*—mannitol + *

[a] o-Mannose* and o-glucose* correspond to the linear structures of

mannose and glucose, respectively.

estimated to be approximately 11. Considering that the DFT
simulations were performed with several approximations, in-
cluding the use of only one adsorption configuration for the
reactants and the use of a single molecule of water in the ring-
opening step and excluding solvation effects when the mole-
cule was adsorbed, the qualitative agreement between this es-
timate and the value derived experimentally (2.7) is remark-
able. In this perspective, even the order of magnitude of the
relative activity is meaningful. Notice that the error associated
with the difference in the computed and experimentally esti-
mated energy barriers corresponds to only 0.04 eV.

Process design

The identification of efficient epimerization and hydrogenation
catalysts suitable for use under flow conditions opens the door
to realize a continuous two-step process for the conversion of
glucose into mannitol. To this end, the configuration of the
catalytic bed(s) and the operation temperature comprise the
main parameters to be tuned. Initially, the performance of
a single bed constituted by a physical mixture of the two cata-
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lysts was evaluated. In this case, the temperature was set to
363 K, as the epimerization catalyst Cs-HPA/C cannot produce
a high concentration of mannose under milder conditions (Fig-
ure 2a), as discussed before. At the initial stages of the reac-
tion, the mannitol/sorbitol ratio was approximately 1 (Figure 8a
and Table S4). This is a remarkable result, as the value is equiv-
alent to that obtained in the reduction of fructose."” Still,

(a)
=
80 Cs-HPA/C+Ru/C 16 S
< 3,
=~ 60- 12 &
& 401»—-;--0-—&»»9 ----- I [08 2
S el g
20 Rl TPIEN
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Figure 8. Glucose conversion and mannitol/sorbitol ratio by using different
reactor configurations: (a) a single reactor with a mixture of Cs-HPA/C and
Ru/C at 363 K, (b) two series reactors containing Cs-HPA/C at 363 K and Ru/C
at 333 K, respectively, and (c) two series reactors containing Cs-HPA/C at

363 K and a mixture of Cs-HPA/C and Ru/C at 333 K, respectively.

during the course of the reaction, the glucose conversion de-
creased by approximately 30% and the mannitol/sorbitol ratio
was reduced to approximately 0.4. The two observations are
likely related, that is, the lower amount of mannitol formed as
a result of the deactivation of the epimerization catalyst
caused a reduction in the mannitol production rate, similar to
the case of the hydrogenation of equimolar mixtures of epi-
mers (Figure 5). Moreover, the hydrogenation catalyst was op-
erated at an excessively high temperature, which could trigger
additional deactivation phenomena (Figure 4b). Hence, an im-
proved process was achieved by separating the epimerization
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and the hydrogenation catalysts into two distinct reactors. In
this case, the temperature applied to the latter could be low-
ered by 50 K, which theoretically should enable an increase in
the mannitol/sorbitol ratio by approximately 40%. In this con-
figuration, the polyols ratio was raised to 1.2 (Figure 8b and
Table S4) and, owing to the milder conditions in the second re-
actor, remained significantly more stable than in the first sce-
nario. The glucose conversion and the deactivation rate were
similar to those observed in the previous case. Still, further op-
timization of the process was envisaged on the basis of the fol-
lowing reasoning. Even if the hydrogenation catalyst is operat-
ed at its optimal temperature, concentration gradients will de-
velop along the bed. Specifically, the portion of catalyst locat-
ed closer to the reactor outlet will be contacted with a solution
containing much less mannose, as a great part of it will have
already been converted over the fraction of catalyst placed at
the beginning of the bed. Thus, the formation of mannitol will
decrease along the bed. Consequently, a third configuration
was explored, in which the first reactor was dedicated solely to
epimerization at high temperature (363 K) and the second re-
actor contained a mixture of Ru/C and Cs-HPA/C, operated at
a lower temperature (333 K). In this way, the mannose concen-
tration, which decreases during the course of the hydrogena-
tion reaction, could be restored continuously. Remarkably, the
mannitol/sorbitol ratio increased even further to approximately
1.6 (Figure 8¢ and Table S4). Additionally, the glucose conver-
sion was constant over 1 day, possibly thanks to the overall in-
creased mass of the Cs-HPA/C catalyst. In line with that ob-
served in the second process design, the mannitol selectivity
remained more stable over the same timeframe as well.

This continuous chemocatalytic technology stands as
a promising alternative to the batch biocatalytic preparation of
sugar alcohols. In fact, it allows for higher operational flexibility
and for reduced waste production, as sugar feeds featuring
a less constrained composition and a higher concentration can
be applied. Moreover, it is foreseen that the continuous-flow
reactors can be scaled up easily and that energy can be saved
through heat integration between units, that is, heat recovered
from the reactors can produce energy to operate the separa-
tion units. These elements are expected to substantially lower
the economic and environmental footprint of the production
of polyols.

Conclusions

We successfully demonstrated a chemocatalytic continuous
process for the preparation of sugar alcohols from the epimers
of their corresponding aldoses. Targeting the preparation of
mannitol from glucose, ribitol from arabinose, and arabinol
from xylose, an improved epimerization catalyst was initially
developed. In this regard, activated carbon was uncovered as
a support offering higher stability to the immobilized phos-
phomolybdic acid phase. lon exchange of the heteropolyacid
from the protonic form to the cesium form limited its large sol-
ubility even further, which led to partial retention of the origi-
nal catalyst performance even after 24 h on stream. Thereafter,
the hydrogenation of mixtures of epimers over a ruthenium

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemsuschem.org

\\;} ChemPubSoc

+

+

ok

catalyst was studied. Interestingly, the reaction rate was found
to be dependent on the stereochemical configuration of the
sugar. Density functional theory simulations showed that the
latter strongly influences the adsorption and activation ener-
gies for the hydrogenation of the carbon atom. Finally, the
process design was optimized through the selection of the
most efficient reactor configuration. The use of two series flow
reactors brought considerable advantages with respect to
a single reactor. In particular, the mannitol yield was maxi-
mized if the first reactor contained the epimerization catalyst
and the second reactor contained a mixture of the epimeriza-
tion and hydrogenation solids. In addition to improved selec-
tivity, the possibility of optimizing the operation temperature
in each reactor led to a remarkable increase in catalyst stability.
Overall, this process enables a rather straightforward method
for the preparation of rare polyols starting from widely avail-
able sugars. The use of a fully chemocatalytic technology, in
contrast to fermentation, shall grant reduced waste produc-
tion, continuous operation, easier scalability, and, possibly, im-
proved ecological and economic metrics.

Experimental Section
Catalyst preparation

Hydrated phosphomolybdic acid (Sigma-Aldrich, >99%, denoted
H-HPA) and MoO; (Sigma-Aldrich, 99.5%) were used as received.
Silver and cesium phosphomolybdates were prepared by copreci-
pitation of H-HPA (0.01 m aqueous solution) with AgNO; (ABCR,
99.9%) and CsNO; (Acros Organics, 99.99%), respectively, which
were added in 50% molar excess. The solids were separated by fil-
tration, washed with deionized water (~ 100 mL per gram of dried
material), and dried (338 K, 16 h). They were labeled Ag-HPA and
Cs-HPA. Supported HPA catalysts were prepared by using silica (Si-
pernat 120, code SiO,), an anionic ion-exchange resin
(Amberlyst A26, Sigma—Aldrich, code IER), and granulated activated
carbon (Norit Cabot RX 1.5 Extra, 0.2-0.4 mm sieve fraction,
code C). The supports (2.0 g) were added to a solution of H-HPA
(0.59) in water (50 mL), and the suspension was magnetically
stirred for 2 h. Thereafter, the solids were separated by filtration,
washed with deionized water (/=100 mL per gram of dried sup-
port), and dried (338 K, 16 h). They were labeled H-HPA/SiO,, H-
HPA/IER, and H-HPA/C. Two additional C-supported samples (Ag-
HPA/C and Cs-HPA/C) were produced through the same procedure
by adding AgNO; or CsNO; to the suspension. A supported 5 wt%
Ru/C catalyst was synthesized by impregnation of the C support
with an aqueous solution of RuCl;-H,O (ABCR, 99.9%), followed by
drying (338 K, 16 h) and reduction in hydrogen flow (20 vol% H./
N,, 100 mLmin~", 723 K). Bimetallic 5 wt% Ru/1 wt% M/C catalysts
(M=Sn, Cr, La, or Pd) were prepared through the same method by
additionally using SnSO,, Cr(NO,);»9H,0 (Sigma-Aldrich, 99%),
LaCl; (ABCR, 99.9%), or PdCl, (ABCR, 99.9%) as the precursor of the
second metal upon impregnation.

Catalyst characterization

The Mo and Ru contents in the catalysts were determined by in-
ductively coupled plasma optical emission spectroscopy (ICP-OES)
by using a Horiba Ultra 2 instrument equipped with a photomulti-
plier tube detector. The Sn, Cr, La, and Pd contents and the Mo/P
ratio were determined by X-ray fluorescence (XRF) spectroscopy by
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using an EDAX Orbis Micro-XRF analyzer equipped with a Rh
source operated at a voltage of 35kV and a current of 500 pA.
Powder X-ray diffraction (XRD) was performed by using a PANalyti-
cal X'Pert PRO-MPD diffractometer with Ni-filtered CuK, radiation
(A=0.1541 nm), acquiring data in the 20 =5-70° range with a step
size of 0.05° and a counting time of 8s per step. N, sorption at
77 K was conducted by using a Micromeritics TriFlex analyzer. Prior
to the measurements, the samples were degassed at 573 K under
vacuum for 3 h. High-angle annular dark field scanning transmis-
sion electron microscopy (HAADF-STEM) images and energy disper-
sive spectroscopy (EDS) elemental maps were acquired by using
a FEl Talos instrument operated at 200 kV. Powdered samples were
deposited on Cu grids. HAADF images were collected before and
after the EDS measurements to corroborate the absence of mor-
phological changes. CO chemisorption was performed by using
a Micromeritics AutoChem Il 2920 chemisorption analyzer. The
samples were heated at 393 K under a He flow (50 mLmin™") for
60 min and were then reduced at 523 K under a flow of 5 vol% H,/
He (20 mLmin™") for 30 min. Afterwards, 1 mL of 1vol% CO/He
was pulsed over the catalyst bed at 308 K every 4 min. The Ru dis-
persion was calculated on the basis of the amount of CO chemisor-
bed, considering an adsorption stoichiometry of 1.

Catalytic testing

Batch epimerization experiments were performed under autoge-
nous pressure in 15 mL, thick-walled glass vials (Ace, pressure
tubes, front seal) dipped in an oil bath heated at 303-353 K. The
vials were loaded with approximately 10 mL of a 0.28 M aqueous
solution of glucose, arabinose, or xylose. Then, the appropriate
amount of molybdate-based catalyst was added to achieve a sub-
strate/Mo molar ratio of 50. The mixture was allowed to react
under vigorous stirring for 30 min. Thereafter, the reaction was
quenched by using an ice bath, and the catalyst removed by
means of a Chromafil Xtra 0.25 um syringe filter. Batch hydrogena-
tion experiments were performed under 1.0 MPa hydrogen
(Messer, 99.999%) in 10 mL autoclaves (Endeavor) at 303-393 K.
The vials were loaded with 5mL of a 0.28wm fructose (Sigma-
Aldrich, >99%), a 0.14m glucose (Sigma-Aldrich, 99.5%)-0.14m
mannose (Sigma-Aldrich, >99%), a 0.14 M arabinose (ABCR, 99 %)-
0.14 ™ ribose (ABCR, 98%), or a 0.14m lyxose (ABCR, 99%)-0.14 m
xylose (Sigma-Aldrich, >99%) solution in deionized water. Then,
the appropriate amount of Ru/C or modified Ru/C catalyst was
added to achieve a substrate/Ru molar ratio of 100 and hydrogen
was introduced. The mixture was heated to the desired reaction
temperature and allowed to react under 1000 rpm stirring for 1 h.
Then, the reaction was quenched, and the catalyst was removed
by using a Chromafil Xtra 0.25 um syringe filter.

Continuous catalytic tests were performed by using a homemade
flow reactor setup comprising: one, an HPLC pump (Gilson-306);
two, a mass flow controller; three, stainless-steel tubular reactors
(Swagelok SS-T4-S-035, 0.d.=6 mm, i.d.=4.6 mm) placed in tubu-
lar ovens; four, a backpressure regulator (Swagelok, LH2981001). In
the case of epimerization reactions, the reactor was loaded with
the catalyst (0.2-0.3 g, sieve fraction=0.2-0.4 mm) and diluted
with quartz (0.5 g, sieve fraction=0.2-0.4 mm). After heating at
the desired temperature, a liquid feed (0.5 mLmin™', 0.28 m glu-
cose, arabinose, or xylose aqueous solution) was admitted, and the
system was pressurized at 1.0 MPa. For hydrogenations of glucose/
mannose, arabinose/ribose, and xylose/lyxose mixtures, the reactor
was loaded with the catalyst (0.2-0.3 g, sieve fraction=0.2-
0.4 mm, diluted with 0.5 g quartz of the same sieve fraction). The
combination of the epimerization and hydrogenation steps was
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studied by using a mixed catalyst bed or two separate catalytic
beds operated at different temperatures. In the former case, the re-
actor was loaded with a mixture of the two catalysts (0.2 g Ru/C,
0.2 g Cs-HPA/C, diluted with 0.4 g quartz). In the latter case, the
two reactors were loaded with Cs-HPA/C (0.4 g, diluted with 0.4 g
quartz) and Ru/C (0.2 g, diluted with 0.6 g quartz), respectively. Al-
ternatively, the second reactor was filled by using a mixture of the
two catalysts (0.2g Ru/C, 0.2g Cs-HPA/C, diluted with 049
quartz). The hydrogenation and combined epimerization—
hydrogenation reactions were started by following the same proto-
col as that for the epimerization reaction but adding a gas feed of
50 mLy, min~". In all tests, liquid samples were periodically collect-
ed at the outlet of the reactor.

Reaction products were isolated by high-performance liquid chro-
matography (HPLC) in an Agilent 1260 system equipped with
a Biorad Aminex HPX-87C column heated at 338 K and a refractive
index detector set at 303 K by using water (0.450 mLmin™") as the
eluent. Quantification was attained on the basis of the absolute
peak areas. Calibration curves were measured in the 0.05-0.3™m
range for the sugars and the corresponding sugar alcohols sorbitol
(Sigma-Aldrich, >98%), mannitol (Fluka, 99%), arabitol (Acros Or-
ganics, 99%), xylitol (ABCR, 99%), and ribitol (Sigma-Aldrich,
>99%). The conversion of substrate i (X) and selectivity to the
product k (S,) were calculated as follows [Egs. (6) and (7)]:

Xi=1- (2—(‘)) (6)

Sk= o )

in which n refers to the moles of i or k and 0/1 to the reaction be-
ginning/end. The conversion of the mixtures of sugars was ob-
tained by summing the conversions of the two aldose epimers.
The epimerization equilibrium conversions for glucose, ribose, and
arabinose were determined as the conversion observed after 16 h
of reaction by using Cs-HPA as the catalyst and were 35.0, 41.2,
and 52.7%, respectively, in good agreement with the literature
data.™

Computational details

DFT was employed to study the ruthenium-catalyzed reduction of
glucose and mannose by using the Vienna Ab Initio Simulation
Package (VASP).”® The exchange and correlation energies were ob-
tained by using the PBE functional.?” As glucose, mannose, and
other intermediates as well as their hydrogenation products sorbi-
tol and mannitol are large molecules, van der Waals correction was
performed by using the Grimme’s DFT-D2 method® with the C6
parameters developed in our group.?” The inner electrons were
represented by projector augmented wave (PAW) pseudopoten-
tials"*? with cutoff energies of 450 eV. The calculated lattice param-
eter for Ru was 2.712 A (c/a=1.581), which agrees well with the
known experimental value of 2.706 A (c/a=1.584)."" Gas mole-
cules were calculated in a box of 20x20x20 A%. The Ru/C catalyst
was modeled by a four-layer ruthenium slab with a p(4x4) super-
cell, for which the two upmost layers were fully relaxed and the re-
maining atoms at the bottom were fixed to mimic the bulk. A 20 A
thick vacuum region was set between each slab to avoid their in-
teraction. Given that adsorption was performed on one side of the
slab, dipole correction was applied to eliminate the spurious con-
tributions arising from the system’s asymmetry. Gamma point sam-
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pling was used to obtain the adsorption geometries and transition
states, and then their energies were calculated with a denser mesh
than 30 A~'. The metal atoms were fixed during these processes.
An extensive search of potential adsorption conformations was
performed by following the adsorption rules previously developed
in our group. Solvation contributions for the molecules in the
liqguid phase were investigated through the multigrid-based
(MGCM) methodology.“? The climbing image nudged elastic band
(CI-NEB)** and improved dimer method (IDM)*¥ were employed to
locate the transition states in the potential surfaces. All transition
states were confirmed with only one imaginary value in the fre-
quency analysis. The most relevant structures were uploaded to
the ioChem-BD database.””!
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Carbohydrate valorization: Epimeriza-
tion is coupled to hydrogenation to cir-
cumvent the rarity of certain saccha-
rides to produce sugar alcohols. The
design of more stable heteropolyacid
(HPA) epimerization catalysts and the in-
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depth understanding of the hydrogena-
tion kinetics over Ru/C by DFT enable
the identification of an optimized reac-
tor configuration for an efficient contin-
uous process for the upgrading of car-
bohydrates into added-value chemicals.
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