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Introduction

In the actual context of shortage of petroleum resources,
biomass is considered a renewable alternative for fuels and
chemical substitution. More importantly, the chemical trans-
formation of bio-resources has a reduced impact on green-
house gas emissions compared to petroleum-dependent in-
dustrial processes. Glycerol, obtained as a co-product of the
transesterification of vegetable oils to produce bio-diesel, is
a potential building block to be processed in bio-refiner-
ies.[1,2] The valorisation of this abundant C3-platform mole-
cule has been intensively implemented experimentally along
several routes.[3–5] Its heterogeneously catalysed transforma-
tion into important value-added products such as acrolein
through dehydration,[6] glycerol esters or ethers through
esterification or etherification,[7] 1,2-propanediol (12-PDO)[8]

or 1,3-propanediol (13-PDO)[9–12] through hydrogenolysis
and oxidation products such as glyceric acid or dihydroxya-

cetone[13–15] has been targeted over recent years. Due to its
availability, glycerol has also been envisaged as a potential
source of renewable fuels through, for instance, aqueous-
phase reforming.[16]

Glycerol hydrogenolysis in the presence of metallic cata-
lysts has always been challenging because of selectivity con-
siderations under the moderate to high hydrogen pressures
usually employed (0.1 to more than 100 bar). PDO-selective
formation is usually the aim, and it is consequently necessa-
ry to avoid C�C bond ruptures, which lead to undesired C1
and C2 cracking products such as ethylene glycol, ethanol,
methane, methanol and carbon dioxide. Historically, first at-
tempts with Co, Ni Raney, Cu Raney, Cu, Ru, Rh, Ir and Pt
catalysts were conducted by Montassier et al.[17,18] The addi-
tion of a second metal was proven to be useful to enhance
the selectivity into 12-PDO, for instance, in the case of Cu�
chromite,[8] Cu�Ag,[19] Ru�Cu[20] or Ru�Pt.[21] More recently,
important works allowed significant improvements in the se-
lective hydrogenolysis into 13-PDO with Ir�Re[9] or Pt�
Re.[10]

The glycerol transformation into PDO is formally a dehy-
dration coupled to a hydrogenation: glycerol+H2!
PDO+H2O. Dehydration is known to be strongly sensitive
to the pH medium, whereas hydrogenation is expected to be
dependent on the gas-phase atmosphere composition as well
as on the nature of the catalyst. Thus, both the pH solution
and the atmosphere composition may be key parameters to
control the selectivity of the glycerol conversion into PDO
in the presence of a metallic catalyst.

Indeed, the pH of the solution influences the activities of
various metal catalysts. On the one hand, acidic co-catalysts
have shown good abilities to accelerate reaction rates and
obtain at the same time good selectivity into 12-PDO, as
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evidenced by the group of Tomishige et al.[22–25] On the
other hand, as initially reported by Montassier et al., the Cu
Raney activity is increased in alkaline conditions.[17] Howev-
er, the distribution of the products is strongly affected with
the appearance of lactic acid (LA) and the decreased yield
for cracking products such as ethylene glycol (EG) com-
pared to neutral pH. These trends were confirmed for other
catalytic systems, namely, carbon-supported Pt, Ru, PtRu
and AuRu catalysts.[26,27] In addition, the formation of
formic acid (FA) and gaseous species was reported. The ap-
pearance of oxidation products such as LA and FA under
reductive conditions raises questions about the underlying
mechanism.

As expected, the role of the gas-phase atmosphere is also
debated. Recently, glycerol conversion toward 12-PDO (to-
gether with EG) was carried out by D�Hondt et al. in the
absence of added hydrogen with a Pt/NaY catalyst.[28] Mon-
tassier�s group had originally mentioned for a Cu Raney cat-
alyst that the reaction rate of glycerol transformation into
12-PDO and EG at neutral pH was poorly affected by the
presence or absence of hydrogen, whereas LA was only
formed in low amounts in both cases (<1 %).[17] These re-
ports are astonishing at first sight: they demonstrate the fea-
sibility of the hydrodeoxygenation of glycerol under inert at-
mosphere, whereas, as said before, glycerol conversion into
PDO should require the presence of hydrogen. This raises
again questions about the mechanism. The hydrodeoxygena-
tion of glycerol under inert atmosphere has not been investi-
gated systematically since these results, though some studies
have dealt with this interesting issue.[8,21,29–32]

All these parameters (second metal, pH and gas-phase
composition) have a pronounced influence on the reactivity.
The simple picture of a hydrogenation coupled to dehydra-
tion is not sufficient to understand all the experimental re-
sults. In particular, the first step of the reaction is still under
debate. It has been proposed to be a dehydration, or more
surprisingly, under H2 atmosphere a dehydrogenation
(Scheme 1). The dehydration has been proposed for copper-
based[33] catalysts, including copper–zinc[34] and copper–chro-
mite[8] catalysts. Noble metals are also concerned with this
dehydration mechanism, as shown with ruthenium carbon-
based catalysts in the presence of an acidic co-cata-
lyst.[22–25,32] However, the mechanism originally suggested by
Montassier et al.[17] puts forward the dehydrogenation as the
first step of the reaction in neutral water and alkaline condi-

tions with a copper Raney catalyst. It was also supported by
Hawley et al.[35] and reported for carbon-based Ru, Pt, PtRu
and AuRu catalysts in alkaline conditions.[26, 27] Nevertheless,
the exact mechanism still remains in question, as dehydra-
tion and dehydrogenation can occur simultaneously, for in-
stance, with platinum supported on alumina catalysts togeth-
er with reforming processes.[30] For this kind of catalyst, not
only the support but also the platinum metal is shown to
play a role in the dehydration of glycerol.[29] Recently, it was
demonstrated that even for copper–zinc catalysts, tradition-
ally associated with the dehydration mechanism, dehydro-
genation takes place on the metallic copper.[31] Concerning
rhodium, this metal has often been associated with the dehy-
dration mechanism in past studies either in association with
an acidic co-catalyst[36] or with the assistance of rhenium.[37]

The interpretation of this complex system would benefit
from a better comprehension of surface phenomena from a
fundamental point of view. For this aim, theoretical model-
ling appears as a useful complementary tool to experiments.
Some of us have already investigated from density function-
al theory (DFT) calculations the adsorption of glycerol and
its dehydration intermediates at the surfaces of Ni ACHTUNGTRENNUNG(111), Rh-ACHTUNGTRENNUNG(111) and Pd ACHTUNGTRENNUNG(111) to identify the key points that control the
selectivity of the hydrogenolysis reaction.[38] The adsorption
and reactivity of other small oxygenated compounds such as
methanol[39–45] (MeOH) or ethanol[46–56] (EtOH) on the
model surfaces of transition metals can also provide helpful
clues. Despite the tremendous number of works realised
until now, only a few have performed a mixed experimental
and theoretical approach (using DFT) to gain further in-
sights into the reactivity of glycerol. This is the case for
Davis, Neurock and their co-workers[57] who have consid-
ered the oxidation mechanism of glycerol in alkaline aque-
ous conditions by using Au, Pd and Pt catalysts on various
supports (TiO2 and C). The theoretical part focused on the
oxidation of ethanol into acetic acid on Au ACHTUNGTRENNUNG(111) and PtACHTUNGTRENNUNG(111)
assisted by surface-bonded hydroxide species in liquid
water. In the direct line of our experimental investigations
on glycerol hydrogenolysis into PDO,[12,58] we focus here on
the glycerol hydrogenolysis over an Rh/C catalyst in alkaline
solution. We report in detail the behaviour of this catalyst as
a function of various reaction parameters. In particular, we
have observed the concomitant formation of hydrogenolysis
(12-PDO) and oxidation (LA) products under both reduc-
tive and inert atmospheres. This raises the question: Is this
process really a hydrogenolysis? To arrive at an answer, we
aim at a better comprehension of the elementary steps of
the reaction. The first step is of particular interest, as it can
be either dehydration or dehydrogenation. We have focused
on the energy profiles of these two competitive first steps,
dehydrogenation and dehydration with theoretical DFT cal-
culations performed on a model rhodium RhACHTUNGTRENNUNG(111) surface.
We gather here our experimental results together with the
theoretical results to gain a better insight into the unexpect-
ed processes that occur during the glycerol conversion and
to provide a unified picture of the reaction mechanism.

Scheme 1. Glycerol transformation into 12-PDO and LA.
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Experimental Results

First, we detail the behaviour of the 0.7 % Rh/C catalyst we
have prepared as a function of various reaction parameters
such as solution pH and gas-atmosphere composition. We
focus in particular on their influence on the products distri-
bution and the kinetics. Then we provide the gas-phase anal-
ysis and check the stability of the reaction products.

Catalytic tests : Table 1 shows how the pH of the solution
can impact the conversion and the product distribution in
the presence of rhodium-based catalyst. At neutral pH

under hydrogen atmosphere, almost no glycerol was con-
verted (<2 %) in 12 h, and only some traces of 12-PDO (<
1 % yield) were analysed. The reaction rate increases with
the alkalinity of the glycerol solution to give 12-PDO but
also LA as the major products. The best conversion reached
is nonetheless still low (23% after 12 h). Moreover, glyceral-
dehyde (GAL) was observed (together with glyceric acid) at
neutral pH, whereas acetol was not observed regardless of
the pH (Scheme 1).

Interestingly, a catalytic transformation of glycerol also
happens in the absence of hydrogen when glycerol comes
into contact with the metallic catalyst at basic pH (Table 2).
The conversion is even surprisingly higher under He (55 %)
than under H2 (22 %). Moreover, the product distribution is
strongly modified upon atmospheric change. Whereas 12-
PDO is the major product under H2, LA becomes the major
product under inert He atmosphere (its yield is multiplied
by 5). However, it is striking that 12-PDO, which is the
product of the hydrogenolysis reaction (hence requiring H
atoms to be formed), is still produced under He (with a
yield reduced by 50 % relative to the reaction under H2). In
addition, when performing the reaction in water at neutral

pH under He, the conversion of glycerol was less than 1 %
after 12 h and traces of GAL (together with glyceric acid),
pyruvaldehyde, acetol and 12-PDO were detected.

Kinetic study : A kinetic study was implemented to analyse
the evolution of the reaction. The glycerol conversion pro-
file (Figure 1) is very different under He or H2 atmosphere.
Glycerol reacts indeed faster under He than under H2, and
after 24 h reaction, the glycerol is almost totally converted
under He (91 %), whereas half (49%) of the initial glycerol
is still present under H2. The initial activity of the reaction is
0.8 mol min�1 molRh

�1 under hydrogen and 3.3 mol
min�1 molRh

�1 under helium (hence larger by a factor of 4).
The evolution of the yields as a function of the conversion
provides information about product formation, stability and
reactivity. From the beginning, the product yield increases
linearly along the conversion for 12-PDO and LA, regard-
less of the type of atmosphere (Figure 2). This indicates that
LA and 12-PDO are the primary products of the reaction.

Data can be extracted from the kinetic study to compare
the distribution of products at similar glycerol conversion
(Table 3). After 24 h, 49 % conversion is obtained under
50 bar H2, thus yielding 22 % 12-PDO and 15 % LA. Under
He, similar conversion (46%) is achieved after 6 h. LA is
clearly the major product with a 20 % yield; the 12-PDO
production reaches only 3 % yield.

Gas-phase analysis : Gas-phase analysis has been motivated
by the increase of the pressure in the reactor along time at
constant temperature under inert atmosphere (Figure 3).
The pressure rises rapidly at the very beginning of the reac-
tion but evolves more gradually after 100 min. There is
therefore generation of gaseous species, and it is important
to identify these compounds. Under hydrogen atmosphere,
the initial increase in pressure is interestingly slower than
under helium, and rapidly (20 min) the pressure starts to de-
crease, thereby indicating hydrogen consumption. The final
gas-phase composition reflects the observed pressure evolu-

Table 1. Influence of the pH on the reactivity.[a]

Entry Solvent Conv.
[%]

Mass balance
[%][b]

Yield [%]
12-PDO LA Others[c]

1 H2O 2 100 <1 0 e

2 NaOH 0.1 m 11 96 4 5 2
3 NaOH 1m 23 100 9 9 5

[a] Conditions: glycerol (6 mL, 5 wt %) in solvent, SPR16, 50 bar H2,
453 K, 12 h. [b] TOC analysis. [c] Others including EG, 13-PDO, formic
acid (FA), EtOH, MeOH, acetol, acetic acid (AA).

Figure 1. Glycerol conversion over reaction time: glycerol (100 mL,
5 wt %) in NaOH 1m, Hastelloy autoclave equipped with a Teflon pot,
50 bar H2/30 bar He, 453 K.

Table 2. Gas-phase influence on reactivity of glycerol in alkaline condi-
tions.[a]

Entry
Gas

Conv.
[%]

Mass balance
[%][b]

Yield [%]
12-PDO LA Others[c]

1 He 55 94 4 25 26
2 H2 22 100 9 5 8

[a] Conditions: glycerol (100 mL, 5 wt %) in NaOH 1 m, Hastelloy auto-
clave equipped with a Teflon pot, 50 bar H2/30 bar He, 453 K, 8 h.
[b] TOC analysis after 24 h reaction. [c] Others including EG, 1,3-PDO,
FA, EtOH, MeOH, acetol, AA.
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tion along the reaction (Table 4). Under hydrogen only
trace amounts of water, propane and propene were ana-
lysed. Under helium, analysis of the gas phase after 24 h re-
veals the presence of a large fraction of hydrogen, the origin
of which is to be discussed, together with traces of carbon
monoxide water.

Aqueous-phase reforming (APR) of oxygenated com-
pounds is a well-known reaction to produce H2 and other
fuels from biomass.[59–61] For glycerol, APR into synthesis
gas is usually performed at 498–573 K.[62] Our reactions were
performed at a lower temperature of 453 K. Moreover, gas-
phase analysis only showed traces of CO under helium and

a small content of C3 alkane (propane) and alkene (pro-
pene) under hydrogen. In both cases, the only gaseous prod-
uct in any significant amount is hydrogen. It is supposed to
be responsible for the small pressure increase noticed under
hydrogen at the beginning of the reaction, and for the con-
tinuous pressure increase all over the reaction observed
under helium. If APR were occurring, other gases such as
methane, carbon monoxide and carbon dioxide would have
been detected in significant amounts. Furthermore, all the
mass balances of the organic soluble products were in the
range of 94–100 %. We can consequently exclude APR from
playing a key role in the pressure augmentation and the H2

production observed.

Product stability : The stability of LA and 12-PDO has been
evaluated under the reaction conditions (5 wt % of product
in NaOH 1 m with Rh/C catalyst). LA does not show any
conversion after 12 h at 453 K either under He or under H2.
On the contrary, 12-PDO is found to be reactive, especially
under inert atmosphere, and yields mainly LA, formic acid
(FA), and degradation products (Table 5).

Theoretical Calculations

In this part, we report the theoretical study on the relative
stabilities of glycerol, the products and the potential inter-
mediates when adsorbed on the Rh ACHTUNGTRENNUNG(111) surface. Then we
focus on the first elementary steps of the catalytic reaction
and provide energy barriers. The (111) face was chosen be-
cause it is the main face of Rh particles.

Glycerol adsorption : Glycerol is a C3 polyalcohol with three
hydroxyl groups on terminal (positions 1 and 3 of the alkyl
chain) and central (position 2) carbon atoms. Those hydrox-

Table 3. Products distribution at glycerol isoconversion.[a]

Entry Gas t [h] Conv. [%] Yield [%]
12-PDO LA Others[b]

1 He 6 46 3 20 23
2 H2 24 49 22 15 12

[a] Conditions: glycerol (100 mL, 5 wt %) in NaOH 1 m, Hastelloy auto-
clave equipped with a Teflon pot, 50 bar H2/30 bar He, 453 K. [b] Others
including EG, 1,3-PDO, FA, EtOH, MeOH, acetol, AA.

Figure 3. Continuous pressure acquisitions as a function of reaction time
under He or H2 pressure: glycerol (6 mL, 5 wt %) in NaOH 1m, 30 bar
He or 50 bar H2, 453 K.

Table 4. Gas-phase analysis.[a]

Entry
Initial Final gas phase

gas phase He [%] H2 [%] CO [%] Others

1 He 81 18 0.5 H2O
2 H2 0 >99 e propane, propene, H2O

[a] Conditions: glycerol (100 mL, 5 wt %) in NaOH 1 m, Hastelloy auto-
clave equipped with a Teflon pot, 50 bar H2/30 bar He, 453 K, 24 h.
Helium, hydrogen and carbon monoxide percentages refer to a volumic
percentage. Products not quantified were only detected in traces amount.

Table 5. Reactivity of the reaction products, 12-PDO and LA, under re-
action conditions.[a]

Entry Substrate Gas
Conv.
[%]

Mass balance[b] Yield [%]
[%] LA Others[c]

1 12-PDO He 62 100 13 10
2 12-PDO H2 8 100 2 3
3 LA He 0 100 – e

4 LA H2 0 100 – e

[a] Substrate (6 mL, 5 wt %) in NaOH 1m, SPR16, 50 bar H2/30 bar He,
453 K, 12 h. [b] TOC analysis. [c] Others including EG, 1,3-PDO, FA,
EtOH, MeOH, acetol, AA.

Figure 2. Evolution of the product yields as a function of the conversion
of glycerol (linear regression): glycerol (100 mL, 5 wt %) in NaOH 1 m,
Hastelloy autoclave equipped with a Teflon pot, 50 bar H2/30 bar He,
453 K.
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yl groups will be respectively designated as terminal and
central hydroxyl groups in the following. Glycerol exhibits
numerous stable conformations in the gas phase.[63,64] The
most stable one has been re-optimised with our method to
give the lowest conformation in energy represented in
Figure 4 (left panel) and to show two internal hydrogen

bonds. Glycerol can adopt several adsorption modes on the
RhACHTUNGTRENNUNG(111) surface.[38] The optimal structure (Figure 4, right
panel) shows two oxygen atoms adsorbed atop sites of Rh
and one hydrogen bond from the adsorbed terminal hydrox-
yl group to the other terminal hydroxyl, farther from the
surface. The corresponding adsorption energy is Eads =

�0.60 eV. It is higher than the typical adsorption energy of
monoalcohols (��0.40 eV).[51]

Stability of products and intermediates on the RhACHTUNGTRENNUNG(111) sur-
face : Experimentally, glycerol can be converted into two
products: 1,2-propanediol (12-PDO) and lactic acid (LA).
In the gas phase, the corresponding reactions can be formal-
ly written [Eqs. (1) and (2)]:

GlycerolþH2 ! 12-PDOþH2O ð1Þ

Glycerol! LAþH2 ð2Þ

From a thermodynamic point of view, the first reaction is
exothermic (DEreact(1) =�1.00 eV), whereas the second one
is almost athermic (DEreact(2)=0.03 eV). On the surface, the
situation is reversed. Indeed, the previous chemical reac-
tions can be rewritten in the following manner, taking into
account the dissociated character of H2 and H2O on Rh ACHTUNGTRENNUNG(111)
[Eqs. (3) and (4)]:

Glycerolþ 2 H! 12-PDOþHþOH ð3Þ

Glycerol! LAþ 2 H ð4Þ

When considering each species being adsorbed on RhACHTUNGTRENNUNG(111)
at low coverage, both reactions are exothermic but the for-
mation of LA is strongly favoured by 0.71 eV (DEreact(3)=

�0.16 eV and DEreact(4)=�0.87 eV, Figure 5).
Two pathways are plausible to convert glycerol into these

products. They differ by the first step that can consist of

Figure 4. Most stable conformations of glycerol in the gas phase and on
the Rh ACHTUNGTRENNUNG(111) surface. Black, white, dark grey and light grey spheres corre-
spond to C, H, O and Rh atoms, respectively. Hydrogen bonds are repre-
sented in dashed dark grey lines. Bond lengths are expressed in �.
Colour version of the figure is available in the Supporting Information
(Figure S3).

Figure 5. Relative stabilities of intermediates and reaction products adsorbed onto the Rh ACHTUNGTRENNUNG(111) surface. Dashed lines and continuous lines stand for dehy-
dration and dehydrogenation paths. All the products and atoms considered are adsorbed on the slab. Energies are given in eV. The reference energy
taken here is the glycerol adsorbed at the Rh ACHTUNGTRENNUNG(111) surface plus two isolated hydrogen adsorbed at the RhACHTUNGTRENNUNG(111) surface.
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either dehydration or dehydrogenation. We report in
Figure 5 the relative stability of the reaction intermediates
when adsorbed onto the RhACHTUNGTRENNUNG(111) surface.

Through the dehydration path, glycerol can first lead to
two different enols almost isoenergetic on RhACHTUNGTRENNUNG(111): 1) the
propene-2,3-diol, namely, Enol 1; or 2) the propene-1,3-diol,
namely, Enol 2. On Rh ACHTUNGTRENNUNG(111) the C=C bond is coordinated in
a p mode and a terminal hydroxyl group is bound to the sur-
face (Figure 6). The conversion of Enol 2 into 13-PDO

through hydroxypropanaldehyde has not been considered,
since 13-PDO is not seen in the experiment. Enol 1 can be
rearranged further in acetol (DE=�0.09 eV) and then
acetol can be hydrogenated into 12-PDO (DE =0.54 eV).
Acetol can also be dehydrogenated toward pyruvaldehyde
(PAL) (DE=�0.59 eV), finally giving LA by an intramolec-
ular Cannizzaro reaction under basic conditions (DE=

0.42 eV).
Considering the dehydrogenation path, glycerol leads first

to dihydroxyacetone (DHA) or glyceraldehyde (GAL). In
the gas phase, DHA is more stable than GAL by 0.17 eV
but those two compounds are almost isoenergetic once ad-
sorbed at an RhACHTUNGTRENNUNG(111) slab. Both molecules are adsorbed
with a lateral interaction of the C=O bond with the surface
(Figure 6). Whereas DHA cannot easily undergo a further
dehydration step, GAL can be dehydrated into an enol
(Enol 3, with a very exothermic reaction, DE=�0.73 eV)
that rearranges into PAL (Figure 5). Then LA is reached by
an intramolecular Cannizzaro reaction, whereas 12-PDO re-
sults from a double hydrogenation through acetol.

Thus, the main difference between the two routes lies in
the nature of the first step. Dehydration, dehydrogenation
and enol rearrangements into ketone or aldehyde are exo-
thermic on the surface. On the contrary, C=O bonds hydro-
genation steps and LA formation are endothermic.

Glycerol dehydrogenation path : The two possible products
GAL and DHA result from successive C�H and O�H bond
ruptures on the Rh surface. We describe first the structures
of the four mono-dehydrogenated intermediates and the
eight transition-state (TS) structures. Then we report the
four possible reaction paths.

Intermediate and transition-state structures : The first X�H
bond scission can take place at the central (CHc) or termi-
nal (CHt) carbon atom, or at the central (OHc) or terminal
(OHt) oxygen atom that leads to alkyl intermediates (IntCHc,
IntCHt) and alkoxy intermediates (IntOHc and IntOHt), respec-
tively (Figure 7). Both alkyl intermediates are bound to the

Rh atoms through the mono-dehydrogenated carbon atom
and both the terminal hydroxyl groups. The IntCHc inter-
mediate is more stable than the IntCHt by 0.17 eV, which is in
agreement with the greater stability of secondary carbon
radicals relative to primary ones. Conversely, alkoxy inter-
mediates structures differ: in IntOHc, the alkoxy in adsorbed
in a ternary site, whereas it is adsorbed at a top site in
IntOHt. This can explain the greater stability of IntOHc (by
0.19 eV) since methoxy is preferentially adsorbed at a terna-
ry site rather than at a top site by 0.39 eV. For IntOHt, the ad-
sorption of the hydroxyl group and the position of the inter-
nal hydrogen bonds constrain the alkoxy to be in its less-
stable position. The structures of the transition states for the
first and the second dehydrogenation steps are shown in
Figure 8 and Figure 9, respectively. The label of the TS for
the second hydrogenation is built by concatenating the

Figure 6. Structures of Enol 1 (propene-2,3-diol), Enol 2 (propene-1,3-
diol), DHA and GAL chemisorbed onto the Rh ACHTUNGTRENNUNG(111) surface. Black,
white, dark grey and light grey spheres correspond to C, H, O and Rh
atoms, respectively. Dashed dark grey lines represent hydrogen bonds.
Colour version of the figure is available in the Supporting Information
(Figure S4).

Figure 7. Structure of mono-dehydrogenated intermediates on RhACHTUNGTRENNUNG(111).
Black, white, dark grey and light grey spheres correspond to C, H, O and
Rh atoms respectively. Dashed dark grey lines represent hydrogen bonds.
IntCHt, IntCHc, IntOHt and IntOHc are the mono-dehydrogenated intermedi-
ates that resulting respectively from terminal C�H (CHt), central C�H
(CHc), terminal O�H (OHt) and central O�H (OHc) bond ruptures in
glycerol. The displayed structures are the ones after hydrogen diffusion
away from the intermediate, that is without the co-adsorbed hydrogen
atom. Energies are in eV. The reference energy taken here is the glycerol
adsorbed at the Rh ACHTUNGTRENNUNG(111) surface. Bond lengths are expressed in �.
Colour version of the figure is available in the Supporting Information
(Figure S5).
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name of bonds dissociated in the first step and in the second
step. TS structures can be divided into two categories: 1) TS
of the C�H bond rupture are characterised by a triangle
configuration Rh/C/H, the bond being broken onto an atop
site 2) TS of the O�H bond rupture are characterised by a
oxygen at a top site and a hydrogen atom in a neighbouring
bridge position.

Reaction paths : Figure 10 illustrates the glycerol dehydro-
genation pathways to GAL and DHA. The reference is the
energy of adsorbed glycerol. GAL results from the succes-
sive C�H and O�H bond scissions at the terminal position
of glycerol. Depending on the order of those two dissocia-
tions, two pathways are possible: 1) the alkoxy path starts

with the terminal O�H bond scission to lead to IntOHt and
continues with the terminal C�H bond scission or 2) the
alkyl path starts with the terminal C�H bond scission to
lead to IntCHt and continues with the terminal OH bond scis-
sion. Similarly, two routes yield DHA through glycerol de-
hydrogenation at the central position: 1) the alkoxy path
through IntOHc and 2) the alkyl path through IntCHc. The two
intermediates dehydrogenated at the central position are
more stable on the surface than the corresponding terminal
ones by around 0.2 eV. IntOHc is even the most stable one
(�0.32 eV). In addition, the O�H bond scission at the cen-
tral position has the lowest activation barrier (Eact =0.67 eV)
among the four possible initial dissociations, thereby making
IntOHc the most probable intermediate. However, from

Figure 8. Structure of the transition states for the first step of glycerol de-
hydrogenation on Rh ACHTUNGTRENNUNG(111). Black, white, dark grey and light grey spheres
correspond to C, H, O and Rh atoms, respectively. Dashed dark grey
lines represent hydrogen bonds. Bonds implicated in the TS are repre-
sented in light grey. Energies are in eV. The reference energy taken here
is the glycerol adsorbed at the Rh ACHTUNGTRENNUNG(111) surface. Bond lengths are ex-
pressed in �. Colour version of the figure is available in the Supporting
Information (Figure S6).

Figure 9. Structure of the transition states for the second step of glycerol
dehydrogenation on Rh ACHTUNGTRENNUNG(111). Black, white, dark grey and light grey
spheres correspond to C, H, O and Rh atoms. Dashed dark grey lines
represent hydrogen bonds. Bonds implied in the TS are represented in
light grey. Energies are in eV. The reference energy taken here is the
glycerol adsorbed at the Rh ACHTUNGTRENNUNG(111) surface. Bond lengths are expressed in
�. Colour version of the figure is available in the Supporting Information
(Figure S7).

Figure 10. Energy profiles [eV] for the dehydrogenation reaction paths of glycerol toward glyceraldehyde (GAL) and dihydroxyacetone (DHA) forma-
tion. The reference energy taken here is the glycerol adsorbed at the Rh ACHTUNGTRENNUNG(111) surface (Figure 4). GAL and DHA structures on the surface can be seen
in Figure 6. The straight line is the alkoxy route along which the mono-dehydrogenated intermediates are IntOHt and IntOHc (Figure 7). The dashed line is
the alkyl route along which the mono-dehydrogenated intermediates are IntCHt and IntCHc (Figure 7). Structures of transition states of first and second
steps are displayed Figure 8 and Figure 9, respectively.
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IntOHc, the following C�H bond dissociation is unfavourable,
the central C�H bond being oriented towards the vacuum
(Figure 7). To take advantage of the metal catalyst activa-
tion, an Rh�Ot bond (2.28 �) has to be broken and the cen-
tral oxygen has to switch from a stabilising hollow site to a
top site (see IntOHc in Figure 7 and TSOHc�CHc in Figure 9).
The associated energy barrier is the highest computed for
C�H and O�H bond dissociations in glycerol (Eact = 1.16 eV,
Figure 10). Consequently, the alkoxy route that leads to
DHA is kinetically slow. Given the lower stability of the ter-
minal intermediates, the OH bond rupture at the terminal
position is surprisingly the second-lowest activation barrier
(Eact =0.70 eV). Then it is easily followed by the CHt bond
scission with a low energy barrier (Eact =0.55 eV, Figure 10).
Thus, the alkoxy route that leads to GAL is the most favour-
able route kinetically. Moreover, the alkyl route that leads
to GAL is also competitive: the CHt barrier is only 0.07 eV
higher than the OHt barrier and the second dissociation
transition state CHt�OHt is only 0.05 eV lower in energy
than OHt�CHt. Besides, the alkyl route that leads to DHA
requires the crossing of higher barriers and is less probable.
To conclude, GAL is the major dehydrogenation product
and it is mainly obtained through the alkoxy route.

Glycerol dehydration path : The dehydration of an alcohol
catalysed by a metallic surface is a two-step process: C�H
bond scission followed or preceded by the adjacent C�O
bond scission. Wang et al. have shown that the C�H dissoci-
ation comes first when dehydrating ethanol at a Rh ACHTUNGTRENNUNG(111)
surface.[50] According to their work, the initial C�O bond
rupture is reported to be difficult (Eact = 1.76 eV), whereas
the initial C�H bond rupture is accessible (Eact =0.52 eV).
Conversely, the C�O bond rupture as a second step from
the mono-dehydrogenated CH3CHOH species is easy (Eact =

0.42 eV). Thus, we have considered the dehydration of glyc-
erol by adopting the following route: C�H scission followed
by C�O scission.

Intermediates and transition-state structures : This process
shares the first step with the alkyl routes of the dehydrogen-
ation process (see above). The TS structures of the CO rup-
ture are provided in Figure 11. The dissociating hydroxyl
group is adsorbed onto a top site of the surface, and is al-
ready distant from the forming enol, as the CO bond length
is 2.11 � in both TS structures.

Reaction paths : As already said, the glycerol dehydration
can lead to two different enols: 1) Enol 1 (central C�H
bond followed by terminal CO scission) or 2) Enol 2 (termi-
nal C�H bond followed by central CO scission). Figure 12
shows the corresponding reaction pathways. The TS of the
CO scission are rather high in energy: 0.95 eV at the termi-
nal position, 0.86 eV at the central position with respect to
adsorbed glycerol. Consequently, the main dehydration
route is CHt�COc for which both barriers are lower, thus
leading to Enol 2.

Figure 11. Structure of the transition states for the second step of glycerol
dehydration (C�O bond cleavage) on Rh ACHTUNGTRENNUNG(111). Black, white, dark grey
and light grey spheres correspond to C, H, O and Rh atoms. Dashed
dark grey lines represent hydrogen bonds. Bonds implied in the TS are
represented in light grey. Bond lengths are expressed in �. Colour ver-
sion of the figure is available in the Supporting Information (Figure S8).

Figure 12. Energy profiles [eV] for the dehydration reaction path of glycerol toward Enol 1 and Enol 2 formation. Enol 1 and Enol 2 structures can be
seen in Figure 6. The reference energy taken here is the glycerol adsorbed at the RhACHTUNGTRENNUNG(111) surface (Figure 4). The mono-dehydrogenated intermediates
are IntCHt and IntCHc, which are displayed in Figure 7. Structures of transition states of first and second steps are shown in Figure 8 and Figure 11, respec-
tively.
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Discussion

The glycerol transformation into propanediols (PDOs) is
generally performed in basic or acidic media in the presence
of a metal catalyst under hydrogenolysis conditions: 12-
PDO is usually the main product. This transformation is for-
mally a dehydration coupled to a hydrogenation reaction.
Consequently, dehydration is commonly envisaged as the
first step of the reaction. The corresponding mechanism is
represented in Scheme 2 in black. The glycerol dehydration
yields an enol (Enol 1, propen-1,2-diol) in equilibrium with
acetol. Then this ketone is hydrogenated at the metal cata-
lyst into 12-PDO.

As seen in the Results Section, glycerol yields the expect-
ed 12-PDO in the presence of an Rh/C catalyst at basic pH
under hydrogenolysis conditions (P(H2)=50 bar) but it also
yields an oxidation product, the lactic acid (LA) with a
slightly lower yield (Table 2, entry 2). This product could be
obtained by the dehydrogenation of acetol into pyruvalde-
hyde (PAL), followed by a Cannizzaro reaction into LA
(Scheme 2, additional path in grey). Moreover, when chang-
ing the atmosphere from reductive to inert, both products
are still obtained but with a reversed selectivity (Table 2,
entry 1). Thus, even in absence of H2, 12-PDO can be pro-
duced. This questions the mechanism of glycerol hydroge-
nolysis previously described.

In the literature, an alternative mechanism has been pro-
posed by Montassier et al.,[17] starting with a dehydrogena-
tion step, unfamiliar under hydrogenolysis conditions. This
alternative route is represented in Scheme 3 in the particular
case of Rh/C catalyst in basic media. The glyceraldehyde
(GAL) formed by the dehydrogenation of glycerol is dehy-
drated into PAL. Finally, this intermediate is successively
hydrogenated into acetol and 12-PDO. LA can be easily ob-
tained by a Cannizzaro reaction from PAL. Dihydroxyace-
tone is often reported as another dehydrogenation product
of glycerol, but dehydration is difficult in this case because
of the absence of adjacent carbons that bear H and OH
groups.

Gathering experimental and theoretical results, we will
first discuss the nature of the first step, dehydrogenation
versus dehydration. Then we will focus on the product selec-

tivity (LA and 12-PDO) depending on the nature of the at-
mosphere.

Dehydration versus dehydrogenation : The glycerol conver-
sion and the pH increase together, and this is often associat-
ed with a dehydration mechanism. However, one should
note that the basic media is essential in both mechanisms
we examine here at different steps: the Cannizzaro reaction
that leads to LA from PAL in both routes, the initial glycer-
ol dehydration step in the dehydration mechanism and the
dehydration of GAL into Enol 3 in the dehydrogenation
mechanism.

To test the feasibility of the glycerol dehydration, glycerol
was introduced in sodium hydroxide under He without cata-
lyst. No conversion is observed after 24 h. This means that if
the dehydration occurs, the metal catalyst and sodium hy-
droxide are both required and that there would be an assis-
tance of the metal.[38]

The key intermediates, GAL, PAL and acetol, are not
stable in a molar solution of sodium hydroxide at room tem-
perature. Their detection requires performing the experi-
ments in neutral or acidic solution. When reacting glycerol
in water (pH 6.5) in the presence of the Rh/C catalyst, a
very low glycerol conversion is reached and traces of 12-
PDO are observed, whatever the atmosphere. Under H2 at-
mosphere, traces of GAL (together with glyceric acid) are
seen, whereas acetol is not detected. Under helium atmos-
phere, traces of GAL (together with glyceric acid), PAL and
acetol are detected. GAL is a key intermediate in the dehy-
drogenation route only, whereas PAL and acetol are expect-
ed to be key intermediates in both routes. Following those
experiments, dehydrogenation seems to be the first step of
glycerol deoxygenation into 12-PDO and LA. But one
should wonder whether these findings could be extrapolated
to the reaction in alkaline conditions.

In the operating conditions, we observed an initial in-
crease of pressure (Figure 3) whatever the atmosphere.
However, under hydrogen atmosphere, a decreasing pres-

Scheme 2. Dehydration mechanism usually proposed for the glycerol con-
version into 1,2-propanediol (12-PDO). In grey, an extension can be
easily proposed from acetol to lead to the lactic acid (LA).

Scheme 3. Proposed mechanism of glycerol conversion into lactic acid
(LA) and 1,2-propanediol (12-PDO) starting with a dehydrogenation
step.
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sure follows. Analysis of the gas phase indicates that the
only gas produced in significant amount is H2. It is conse-
quently reasonable to attribute the pressure variations to H2

production and consumption. Since APR is excluded under
our conditions, there is necessarily a dehydrogenation step
that occurs. Now there is a potential H2 source in both
mechanisms. H2 is obviously produced from glycerol if dehy-
drogenation is the first step. If the dehydration is the first
step, acetol can be another possible source of H2 by dehy-
drogenation into PAL (Scheme 2), which is thermodynami-
cally favoured (Figure 5). However, under hydrogen atmos-
phere, the pressure increases and then decreases and the
main product is 12-PDO. According to the dehydrogenation
mechanism (Scheme 3), the first step produces one equiva-
lent of GAL and of H2. Later, the formation of 12-PDO in-
volves the consumption of two equivalents of H2, which
leads to the further decrease in the pressure. Along the al-
ternative dehydration route (Scheme 2), H2 production and
consumption steps are not sequential as in the previous dis-
cussion, but are parallel and initiate from acetol. Conse-
quently, the initial increase of hydrogen pressure would be
observed only if LA is the main product. Now, under hydro-
gen, the hydrogenation product, 12-PDO, is the dominant
one at all stages of the reaction. Thus, the dehydration
mechanism appears incompatible with the transient forma-
tion of H2.

The influence of the atmosphere on the conversion rate
has also to be pointed out. The glycerol hydrodeoxygenation
is actually found to be significantly faster under helium than
under hydrogen-gas pressure: the catalyst is initially almost
four times more active (Figure 1). According to the dehy-
drogenation mechanism, this can be explained by the rever-
sibility of the initial dehydrogenation step. Under H2 atmos-
phere, the high H2 pressure inhibits the glycerol dehydro-
genation. On the contrary, under He atmosphere, the equi-
librium is inverted, thereby favouring a faster glycerol con-
version. If we consider now the alternative mechanism that
is initiated by a dehydration step, the production of the key
intermediate acetol should not depend on the H2 pressure.
Hence the rate of transformation of glycerol should not de-
crease under H2 compared to He, but only the selectivity
should be modified, with more 12-PDO and less LA pro-
duced under H2. Hence, the dehydration mechanism seems
to be again incompatible with the experimental results.

Let us now look at the conclusions from the DFT calcula-
tions. The glycerol dehydration on model Rh ACHTUNGTRENNUNG(111) surface
leads to two enols, Enol 1 and Enol 2, to yield 12-PDO and
13-PDO, respectively, after isomerisation and hydrogenation
steps (Figure 5). Those two enol intermediates are isoener-
getic on the metal catalyst and more stabilised than the de-
hydrogenation intermediates, GAL and DHA. Thermody-
namically, dehydration is hence favoured over dehydrogena-
tion on the surface. If we now look at the reaction barriers,
the formation of Enol 1 goes through transition states of
higher energies (0.83, 0.95 eV, Figure 12) than the reaction
path to Enol 2 (0.77, 0.86 eV, Figure 12). Thus, Enol 2 is the
kinetically favoured intermediate on the dehydration route.

It would lead by hydrogenation to 13-PDO, in contradiction
with the experimental selectivity. Alternatively, the dehydro-
genation path can be considered. Two routes are possible,
the alkyl route and the alkoxy route, depending on the first
bond rupture, C�H or O�H. Obviously, the first dehydro-
genation step of the alkyl routes (C�H rupture) is common
with the dehydration. However, the C�H bond ruptures
have higher barriers (0.83, 0.77 eV) than the alternative O�
H bond ruptures (0.67, 0.70 eV). In addition, when starting
with the terminal hydroxyl scission (OHt�CHt route), the
first dissociation is the rate-limiting step (Figure 10). Conse-
quently, the dehydrogenation (overall barrier of 0.70 eV) is
favoured kinetically compared with dehydration (overall
barrier of 0.86 eV) and leads to GAL by means of an OHt�
CHt route.

To sum up, the combination of experiment and theory
shows that dehydrogenation into GAL is the first step for
the glycerol transformation on the Rh/C catalyst in basic
media under He or H2 atmosphere.

LA and 12-PDO selectivity : The proposed mechanism is
summarised in Scheme 3. Glycerol is dehydrogenated into
GAL. Then, its subsequent dehydration into Enol 3 is ther-
modynamically favoured on the surface (Ereac =�0.73 eV),
as shown from DFT calculations. The isomerisation of
Enol 3 into PAL is straightforward, and then a double hy-
drogenation into 12-PDO or a Cannizzaro reaction to yield
LA can occur. From our experimental results, PAL conver-
sion into LA is irreversible, whereas PAL hydrogenation
into 12-PDO is an equilibrium. Indeed, LA is stable under
our experimental conditions (Table 5, entries 3 and 4),
whereas 12-PDO is mainly converted into LA under He.
Those final steps control the product selectivity depending
on the atmosphere.

Under a hydrogen atmosphere, the main product is the
12-PDO since the equilibrium is displaced towards the hy-
drogenation direction (Table 5, entry 2). Moreover, the PAL
hydrogenation into acetol and then 12-PDO is probably
faster than the Cannizzaro reaction into LA under H2 pres-
sure, hence the 12-PDO being the main product.

Under helium atmosphere, the pressure increases continu-
ously, thereby leading to a significant concentration of hy-
drogen in the gas phase at the end of the reaction. As al-
ready noted, hydrogen production is ensured by the glycerol
dehydrogenation. However, the H2 partial pressure is much
lower than under H2 atmosphere. Therefore, all the hydro-
genation/dehydrogenation equilibria are displaced towards
dehydrogenation. This contributes to the H2 pressure in-
crease but also to the diminution of the 12-PDO yield and
to the increase of the LA yield (Table 5). Since the forma-
tion of LA is irreversible under the reaction conditions, this
is the main product under He atmosphere.

In a nutshell, the product distribution is controlled by the
hydrogenation/dehydrogenation equilibria, and hence by the
nature of the atmosphere. Under H2, the hydrogenation of
the intermediates into 12-PDO is favoured, whereas under
neutral atmosphere, the transformation of PAL into LA by

Chem. Eur. J. 2011, 17, 14288 – 14299 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 14297

FULL PAPERGlycerol Hydrogenolysis

www.chemeurj.org


a Canizzaro reaction is the main path since 12-PDO is po-
tentially dehydrogenated.

Conclusion

The association of the experimental and theoretical points
of view has provided a deep insight into the rhodium-cata-
lysed transformation of glycerol into 1,2-propanediol (12-
PDO) and lactic acid (LA). We have particularly focused on
the determination of the first step of the reaction, as there
was a need to decide between the dehydration and the de-
hydrogenation mechanisms. Although the conversion and
the pH increase together, which could be tentatively associ-
ated with a dehydration mechanism, some clues appeared
experimentally in favour of the dehydrogenation route. We
established that switching the nature of the gas phase from a
reductive to an inert atmosphere increased the reaction rate.
It must be underlined that under inert atmosphere, although
the products distribution was sharply impacted in favour of
LA formation, a significant amount of 12-PDO was ob-
tained together with the production of hydrogen. The theo-
retical investigations on glycerol dehydrogenation and dehy-
dration at a model RhACHTUNGTRENNUNG(111) surface with density functional
theory allowed us to distinguish between the two reaction
paths. Dehydrogenation was found to be kinetically fav-
oured at the surface over dehydration. In addition, glyceral-
dehyde (GAL) was found to be the favoured intermediate
over dihydroxyacetone (DHA). The dehydrogenation of
glycerol into GAL has thus been evidenced as the major
phenomenon that initiates the hydrodeoxygenation mecha-
nism on rhodium catalyst. Furthermore, key experimental
results such as the transient production of H2 in the gas
phase and the influence of the nature of the atmosphere (H2

or He) on the reaction rate are fully explained by the pro-
posed mechanism, whereas they cannot be explained from
the alternative route initiated by a dehydration step. We
have hence revisited Montassier�s dehydrogenation mecha-
nism by highlighting the surface phenomena and by showing
from the mixed experimental and theoretical study that de-
hydrogenation and not dehydration is the first step of the re-
action.

Experimental Section

Catalyst preparation and characterisation : The rhodium catalyst support-
ed on carbon was prepared by cationic exchange (see the Supporting In-
formation). The effective Rh weight loading determined by ICP analysis
was 0.7 wt %. XRD analysis furnished little information, given the amor-
phous nature of the carbon support. The absence of intense Rh peaks led
us to think that Rh particles are well dispersed (Figure S1 in the Support-
ing Information). TEM analysis confirmed this forecast; the pictures
could be seen (Figure S2 in the Supporting Information): the Rh/C cata-
lyst shows small, well-dispersed nanoparticles (2–3 nm).

Catalytic tests and analysis : Initial screening of catalysts was conducted
using a Slurry Phase Reactor 16 (AMTEC) for 12 h with glycerol (6 mL,
5 wt %) in solvent (H2O or NaOH 1 m), 30 mg catalyst, 1000 rpm. The re-
actors were purged three times with 20 bar helium, heated at 453 K

(unless another temperature is specified) and pressurised at 30 bar if the
reaction was performed under helium. If the reaction was run under hy-
drogen, the pressure was adjusted to 50 bar. For the kinetic study, the re-
action was performed in a 200 mL stainless steel autoclave equipped with
a graphite-stabilised Teflon container. Samples of the reaction medium
were taken out regularly and analysed by HPLC using a CarboSep 107H
column (0.5 mL min�1 of 0.005 n H2SO4, T=40 8C). 13-PDO, 12-PDO,
ethylene glycol, 1-propanol, 2-propanol, ethanol, methanol, acetol, lactic
acid, formic acid, acetic acid, glyceraldehyde and glyceric acid were ana-
lysed. Total organic carbon (TOC) was also measured using a Shimadzu
TOC-5050A analyser. The difference between TOC measured and TOC
concentration introduced into the reactor gave an estimation of gaseous
products (CO, CO2, H2 and so on) formed during the reaction. Gas phase
was collected in a gas bag at the end of the reaction and analysed using a
GC-MS (Agilent Technologies, 5975C) instrument equipped with Alumi-
na, Poraplot U and 5 � molecular sieve columns and thermal-conductivi-
ty detectors. Backflush injectors were used for Poraplot U and 5 � mo-
lecular sieve columns.

Computational details : Periodic density functional theory (DFT) calcula-
tions have been carried out using the Vienna Ab Initio Simulation Pro-
gram (VASP).[65] The exchange-correlation energy and potential were cal-
culated within the generalised gradient approximation (Perdew–Wang 91
functional).[66] A tight convergence of the plane-wave expansion was ob-
tained with a cutoff of 400 eV. The electron–ion interactions were de-
scribed by the projector augmented method (PAW) introduced by
Blçch[67] and adapted by Kresse and Joubert.[68] The Rh ACHTUNGTRENNUNG(111) surface is
modelled by a 3� 3 surface supercell that contains a slab of four layers
and a vacuum of five equivalent metal layers (11.10 �). A Monkhorst–
Pack mesh of 3� 3 � 1 k points was used for the 2D Brillouin zone inte-
gration.[69]

The adsorption of the molecules was realised on the upper side of the
slab. The two bottom layers of the slab were kept frozen in the bulk posi-
tions, whereas the uppermost layers and the molecule were free to relax.
The adsorption energy Eads is calculated as the difference between the
energy of the adsorption complex and that of the bare surface plus the
molecule in the gas phase. A negative energy means a stabilising adsorp-
tion. The reaction energy Ereact is defined as the difference between the
energy of the product and the energy of the reactant. A negative energy
means that the reaction is exothermic, whereas a positive energy means
that the reaction is endothermic. Reactions paths have been studied by
combining Nudge Elastic Band (NEB) procedures[70] together with our
local reaction path generator OpenPath[71] and the dimer method.[72]

Then transition-state structures have been optimised with a quasi-
Newton algorithm and characterised by a single imaginary frequency.
The activation energy Eact is specified as the difference between the
energy of the TS and the energy of the reactant. Extended calculations
with a 4� 4 unit cell, a five-layer slab with a 3 � 3 unit cell, and taking
into account the dipole correction have been performed, without affect-
ing notably the activation barriers values and the TS structures (Table S1
in the Supporting Information), hence validating the model initially
chosen.
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