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ABSTRACT: The production of propylene from renewable resources might be
relevant to provide this compound in a scenario of scarcity due to the use of shale
gas as a raw material. In the present, work we provide a full density functional
theory description of the reaction network that drives the hydrodeoxygenation of
glycerol on molybdenum oxide. From these results, a microkinetic model is built
that allows the analysis of the most common routes and the potential bottlenecks
compromising the activity and selectivity of the process. With this integrated
scheme, we have found that the reaction proceeds mainly through the formation
of hydroxypropanal, propanal, and 1-propanol, and the reaction order for
hydrogen is close to 1. Our work paves the way toward the evaluation of complex
reaction networks for the study of biomass compounds.
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■ INTRODUCTION
The search of new renewable resources for key chemical
intermediates is a direct consequence of the depletion of oil
resources and the rising environmental concerns. Biomass has
emerged as an alternative renewable feedstock,1 and initiatives
to convert nonedible fractions and waste into chemical
platforms are being explored.2,3 However, biomass is a complex
raw material that includes a wide range of oxygenates as
alcohols, aldehydes, ketones, carboxylic acids, and phenols.4

Due to the high oxygen content, the preferential C−O bond
cleavage over the other bonds C−C and C−H is a must to
develop platform chemicals. In this direction, one of the most
appealing processes to reduce the oxygen content is hydro-
deoxygenation (HDO),5−7 which achieves the reduction of the
oxygen content in biomass-derived molecules by its reaction
with H2 at high temperatures, producing water as a side
product. Consequently, HDO is a clean process that allows
obtaining key chemical intermediates from biomass-derived
compounds.
Potential HDO catalysts include noble (Pd, Pt, Ru, Ag, and

Rh)8−14 and non-noble metals (Cu and Ni),15,16 molybdenum
sulfides, and carbides.17−19 More recently, metal oxides have
also been proposed. For instance, molybdenum oxides showed
good selectivity in HDO of alcohols,20−22 linear ketones, and
cyclic ethers to produce olefins, and cyclic ketones and phenols
to form aromatic hydrocarbons.23,24 In these reactions, MoO3
selectively breaks the C−O bonds leading to the formation of
hydrocarbons and olefins while keeping the carbon chain.
Among the biomass derivatives, glycerol plays a major role

since it is a byproduct in the transesterification of vegetal oils
that provides biodiesel.25 Around 10 tonnes of glycerol are

produced per 100 tonnes of biodiesel.26 Thus, as a side
product in biodiesel synthesis, glycerol is an abundant
compound,27 and finding new efficient and environmentally
friendly routes to upgrade it is a challenging industrial
target.28−33 Therefore, it was included as one of the top 12
building blocks by the DOE.34,35 The deoxygenation of
glycerol can be a source for propanediols and propanols and
more interestingly propylene, the starting compound for the
production of polypropylene, acrylonitrile, propylene oxide,
oxo alcohols, cumene, isopropyl alcohol, and others.36 The
current propylene production is around 90 million tonnes, and
it is forecasted to grow up to 130 million tonnes worldwide by
2023.37 Nowadays, it is mainly obtained as a byproduct in
naphtha steam cracking,36 but the emergence of shale-gas
feedstocks will likely produce a shortage in the next years in
localized geographical areas, mainly in the U.S.38 Therefore, an
on-purpose technology for propylene production is an
attractive industrial target, and its production from glycerol
remains a promising route.
Glycerol conversion to propylene in a two-step system was

reported. Ir/ZrO2 catalyzed the glycerol hydrogenolysis to 1-
propanol, which in a second step is dehydrated to propylene by
H-ZSM-5.39 The conversion in one step catalyzed by
molybdenum oxide, Mo/C, and iron molybdate, Fe−Mo/C,
was reported in both gas40,41 and liquid phases.42,43 The
conversion in gas phase can reach 100% with 90% selectivity.
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The reaction pathway was studied, and the route through
acetol, propylene glycol, acetone, and 2-propanol was
proposed.41 In the liquid phase, the reported conversion on
Mo/C was 70% with 70% selectivity. The main byproducts
were C3 compounds: 2-propenol, 1-propanol, and propylene
glycol. 2-Propanol, acetol, and 1,2-propanediol were also
detected. A small portion, 2.5%, of C2 and C1 compounds
were also obtained: methanol, ethanol, and ethylene glycol.
The reaction pathway studies suggested propylene is formed
via 2-propenol, with 1- and 2-propanol dehydration as
secondary routes.43 In addition, they found that the catalytic
sites are the reduced surface Mo centers. Thus, the presence of
surface oxygen vacancies is essential to reach high activity and
selectivity to HDO.
The rationalization of HDO processes needs first-principle

studies, but only a small number have been reported. The
mechanism of alcohol dehydration20,21 and HDO of acrolein
to propylene44 were studied on (MoO3)3 cluster models,
which cannot reproduce the bulk electronic and geometrical
structure; thus, the robustness of the computed kinetic and
thermodynamic parameters is unclear. Moreover, two studies
were performed on α-MoO3(010) using periodic slabs: the
HDO of acetaldehyde45 and acetone.46 The vacancy formation
and the HDO mechanism were reported in both studies. They
were performed with pure density functional theory (DFT),
which tends to the overdelocalization of d and f electrons of
reducible transition metal oxides (RTMOs) due to the self-
interaction error (SIE).47,48 This error results in incorrect
estimations of reaction energies and activation barriers for
redox steps in HDO processes and in the impossibility to
characterize correctly the oxygen vacancies.49,50 In addition,
HDO processes are formed by large reaction networks that
require microkinetic models to be understood. These models
are effective to obtain main reaction paths, rate-determining
step (RDS), reaction orders, and more parameters from
intricate reaction networks. However, their main drawback is
that the energy barriers of each elementary step should be
known, which is not possible from experiments. This problem
can be solved by DFT, which most of the time offers a
reasonable agreement with experiments. On the other hand,
complex reaction networks are difficult to understand only
from DFT reaction profiles, and its coupling with microkinetic
models establishes a link between the simulations and the
experimental observables giving a more powerful under-
standing of the system.
In this work, density functional theory has been employed to

unravel the mechanism for the conversion of glycerol to
propylene on models representing molybdenum oxide. As the
number of intermediates and connectivity of the reaction
network are very high, a microkinetic model was developed
and applied to obtain the most likely reaction path and how
the activity and selectivity of the catalyst proceeds.

■ THEORETICAL METHODS
DFT. Density functional theory (DFT) performed on slabs models

with the VASP 5.3.3 package51,52 were employed to obtain the
thermodynamic and kinetic parameters for the HDO reaction
network. The generalized gradient approximation (GGA) in the
form of the Perdew−Burke−Ernzerhof (PBE) functional53 was
chosen to describe the exchange correlation energy coupled to the
van der Waals contributions from the Grimme’s semiempiric
correction vdW-D2.54 The core electrons were replaced by the
projector-augmented wave (PAW) pseudopotentials,55 whereas
valence electrons were expanded in plane waves with a kinetic cutoff

energy of 450 eV. The Hubbard U56 correction was applied to
describe the 4d electrons of molybdenum atoms with Ueff = 3.5 eV.50

Solvent contributions in adsorption energies were introduced through
the VASP-MGCM57,58 code considering water as the solvent.

α-MoO3 is the most common and stable phase of MoO3, which
presents an orthorhombic unit cell with Pbnm symmetry.59 This
structure is formed by bilayers of MoO6-distorted octhaedra packed
through van der Waals contributions along the y-axis. The calculated
lattice parameters with a 11 × 3 × 11 k-point mesh were found to be a
= 3.933, b = 13.822, and c = 3.711 Å, in agreement with experimental
values.59,60 The HDO process was studied on the lowest energy facet
of α-MoO3, the (010) surface, Figure 1, which presents three oxygen

types: (i) terminal oxygen, Ot, (ii) the oxygen bridge, Ob, and (iii)
O3c, coordinated to one, two, and three molybdenum atoms,
respectively. O3c can be considered inert. This surface model was
previously used to study oxidation of methanol to formaldehyde61,62

and the HDO of acetaldehyde45 and acetone.46 The fully oxidized
surface can only perform acid−base reactions, but the HDO process
involves redox steps. Therefore, a reduced Mo center is needed for the
reaction to occur.23 Molybdenum oxides accommodate a certain
degree of reduction, and out of the oxygens in the lattice, the terminal
ones Ot are the easiest to remove.45,50,63,64 The created vacancy
positions are the preferential adsorption sites for oxygenated
intermediates.

The α-MoO3(010) surface was represented with a slab model
containing two bilayers in a (3 × 3) supercell with a 3 × 3 × 1 k-point
sampling. The upper bilayer and the adsorbates were allowed to relax.
A vacuum of 15 Å between slabs was introduced, and a dipole
correction along the z-axis was added to avoid the spurious terms
arising from the use of asymmetric arrangement of the slabs.65 The
reaction network was studied in this slab model with one Ot vacancy
simulating the surface reduction, Figure 1; the corresponding
undercoordinated molybdenum center is labeled as Mocus. The
transition states were located with the climbing image version of the
nudge elastic band (CI-NEB)66,67 method and refined with the
improved dimer method (IDM).68,69 All relevant configurations in the
potential energy surface were confirmed through vibrational analysis,
and the reported energies are ZPVE corrected. The relevant structures
are published in the ioChem-BD database70 and can be found in ref
71.

Microkinetic Modeling. A batch reactor model was employed in
the simulations. For each species, we expressed mathematically the
variation of pressure (for gas compounds) or coverage (for
adsorbates) as the sum of the rate of all elementary steps in the
reaction network in which the species is involved. Each intermediate
is considered to occupy only one site and a simple site balance is
employed, θ∗ = 1 − Σθi. This set of equations forms an ordinary
differential equation (ODE) system. The kinetic coefficient for
adsorption/desorption steps is obtained from the Knudsen equation:

θ= *r k Pads A ads A A, , (1)

Figure 1. Side and top views of the reduced α-MoO3(010) surface
used as catalyst. The reduced Mo center, Mocus, is marked with ∗.
Green spheres represent Mo and red stand for O.
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In these equations PA is the pressure of A in the reaction system; θ∗
represents the fraction of free sites on the surface; Acat is the area of a
free site; mA is the mass of a single molecule A; kB is the Boltzmann’s
constant; T is the temperature of the reaction system; and S0(T) is the
sticking coefficient, which is approximated by the exponential term,
−e E k T/a ads B, . Equivalent equations were employed for desorption. The
adsorption/desorption energies are those corrected by solvation. In
turn, the rate for each on-surface elementary step follows the
transition state theory (TST):72−74

θ=*→ * *→ *
+

*r kA B A B A (3)

=*→ *
+
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− +
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h

q
q

eA B
B

TS

A

E k T/a B

(4)

In these equations, qA and qTS are the vibrational contributions to
the partition function of the initial and transition states, respectively,
and Ea is the ZPVE-corrected energy difference between the transition
state and the initial state as obtained by DFT. Finally, initial
conditions correspond to those of the experiments (batch reactor of
450 mL, ca. 1.5 g of catalyst, 90 mL of 2.0 w/w % aqueous glycerol
solution, 8.0 MPa of H2, and 300 °C),42 and the number of initial
vacancies was chosen to mimic the fraction of reduced centers
described for the reduction of the catalyst at 350 °C. XPS at this
temperature shows 2.1% and 29.0% of Mo4+ and Mo5+;43 and
considering that there is only a single oxygen vacancy for every two
Mo5+,50 the number of initial vacancies was set to 15%. The ODE
system was solved numerically with Maple 13.0 software.75

■ RESULTS AND DISCUSION
HDO processes are composed by two combined cycles: (i) the
hydrogen adsorption and vacancy formation through water
formation and release and (ii) adsorption and deoxygenation
of hydrocarbonated compounds on a vacancy position. The
second one heals the vacancy and closes the catalytic cycle.
This catalytic procedure corresponds to a reverse Mars van
Krevelen mechanism. Experimentally, a prereduction of the
catalyst with H2 is carried out to form defects on the
surface.23,41,42 Moreover, it was shown that the presence H2 in
the reaction media during the process is essential to maintain
the catalytic activity.23,42

Vacancy Formation and Hydrogen Diffusion. Hydro-
gen molecules dissociatively adsorb forming two −OH groups
that can be either two terminal −OtH groups, with an energy
barrier for the adsorption of 1.63 eV, or one −OtH and one
−ObH group, with an energy barrier of 1.46 eV (Table 1).
These high energy barriers are due to the fact that adsorption
takes place through a homolytic H−H bond breaking without
previous activation by the surface. This explains the strong
dependence between the H2 pressure and the catalytic
performance, which results in the large H2 pressure required

in experiments to obtain high activity and selectivity.42,43 The
adsorption energies for the two configurations are −0.60 and
−0.69 eV, respectively. Once the −OH groups are created, the
hydrogen atoms can be transferred from a hydroxyl group to a
neighboring surface oxygen and diffuse over the surface with
relatively low energy barriers, ca. ∼0.4−0.8 eV (Table 1).
The formation of water molecules by the recombination of

two neighboring −OH groups has low energy barriers: 0.14
and 0.22 eV from two −OtH and from −OtH + −ObH,
respectively. Thus, H2Ot molecules binding to the Mo center
are formed at the catalyst surface. The energy required for
water molecules to desorb is 1.22 eV, and therefore, they are
released under reaction conditions. The reaction energy for the
total process of vacancy formation is only 0.30 eV, being the
adsorption of hydrogen the most energy-demanding steps
(Scheme S1 and Figure S1).

Hydrodeoxygenation (HDO) Network. The glycerol
HDO process encompasses the competition between sequen-
tial and parallel dehydrations, keto−enol equilibria, and
hydrogenations reactions that are grouped in the reaction
network presented in Scheme 1. The general mechanisms for
each process are shown in Scheme 2.

The first step in HDO is glycerol dehydration to form the
corresponding alkenol. The mechanism proposed previously
for the dehydration of alcohols on molybdenum oxides,21

Scheme 2a, was followed. Glycerol adsorbs on a vacancy
through one of its oxygens forming a Mo−O bond. After that,
the hydroxyl proton is transferred to a terminal oxygen forming
an −OtH group. Then, in a concerted step, a β-hydrogen is
stripped away by Ob, and concomitantly, the C−O bond
breaks (Figure S2a). The imaginary frequency of the transition
state corresponds mainly to the C−H bond breaking, being the
concomitant C−O bond breaking barrierless and unavoidable.
This concerted step involves the formation of the CC
double bond of the alkenol and the MoOt bond on the
surface.

Table 1. Adsorption Energies, Eads in eV, and Energy
Barriers, Ea in eV, of H2 Adsorption and Diffusion, Using as
Reference a Clean Surface and Gas-Phase H2 Molecule

Adsorption Diffusion

Site Eads Path Ea

OtH + OtH −0.60 OtH(a) → OtH(b) 0.40
OtH + ObH −0.69 ObH → OtH 0.77

H2Ot −0.92 2OtH → H2Ot 0.14
VOt 0.30 ObH+OtH → H2Ot 0.22

Scheme 1. Reaction Network for the Complete
Hydrodeoxygenation, HDO, of Glycerol to Propylenea

aDouble arrows indicate keto-enolic equilibria.
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As glycerol has two different −OH types, adsorption by the
terminal −OH triggers the formation of 1,2-enol, whereas the
secondary hydroxyl would drive the formation of 1,3-enol. The
enolates formed are in equilibrium with their keto tautomers,
acetol and hydroxypropanal (HP), respectively. These
equilibria, in aqueous phase, are thermodynamic displaced to
the keto form by −0.65 eV to acetol and −0.29 eV to HP. The
mechanism of the keto−enol interconversion is shown in
Scheme 2b. The first elementary step in the tautomeric
isomerization is the enolate adsorption on a vacancy position.
They adsorb through their enolic −OH group that interacts
with the Mocus center. Then, the −OH group dissociates
transferring a hydrogen atom to an Ot. Finally, the hydrogen of
the −OtH group is transferred either to the methylene group
(H2C) of 1,2-enol to form acetol (Figure S2b) or to the
methine group (CH−) of 1,3-enol to form HP. Thereafter,
the ketones can either desorb or remain bonded to the vacancy
to react further.
In the next step, acetol and HP are hydrogenated to form

propylene glycol (PG) and 1,3-propanediol, respectively. The
general mechanismof hydrogenations is shown in Scheme 2c.
Acetol and HP adsorb on the Mocus site through the ketone
group, and a hydrogen atom is transferred from a neighboring
−OtH group to the carbon atom of the ketone group to form a
deprotonated diol. These diols could be protonated by other
surface hydroxyls and desorb or experiment with further
dehydration (Figure SI2c). In parallel, HP could suffer a new
dehydration to form acrolein repeating the steps described
previously. This is not possible for acetol because its −OH
group does not have any β-hydrogens left to be stripped off.
Interaction of PG and 1,3-propanediol with Mocus can result

in further dehydrations. PG adsorption through its primary
hydroxyl group leads the dehydration to propen-2-ol, whereas

through the secondary hydroxyl results in the dehydration to
either 1-propenol, when the β-hydrogen of C1 is transferred to
the surface, or 2-propenol, when β-hydrogen of C3 is stripped
off. 1,3-Propanediol dehydration only can result in 2-propenol.
Acrolein is hydrogenated either at the ketonic carbon to form
2-propenol, like 1,3-propanediol, or at the methylene carbon to
form 1-propenol. Propen-2-ol and 1-propenol are enolates, and
therefore, they are in equilibrium with the corresponding keto
tautomer, propanone and propanal, respectively, which are
more stable than the corresponding enol formed by −0.60 and
−0.35 eV, respectively.
In turn, propanone and propanal adsorbed at Mocus are

hydrogenated to 2-propanol and 1-propanol, respectively.
These two compounds are dehydrated on the vacancy position
to form the final product: propylene. 2-Propenol adsorption on
undercoordinated Mo also leads to propylene. Formally, this
reaction encompasses the hydrogenation of the alkene and the
dehydration of the alcohol group, but it follows a direct
mechanism (Scheme 2d), and therefore, it cannot be included
in any of the previous reaction families. The molecule adsorbs
through the −OH group, which is dissociated by an −Ot
forming a surface hydroxyl. Then, hydrogen is transferred back
from the surface hydroxyl to the methylene group (H2C) of
the adsorbed 2-propenol at the same time that C−O bond
breaks, resulting in propylene physisorbed on the surface. A
similar mechanism to the formation of propylene from 2-
propenol on a Mo3O9 cluster has been proposed previ-
ously.11,43,44

Reaction and activation energies for each elemental reaction
step in glycerol HDO are shown in Figure 2. More detailed
values are in Table SI1. An analysis of the data shows that
alcohol deprotonations are always endothermic steps with
energy barriers lower than 0.75 eV. The C−O bond breaking

Scheme 2. Reaction Mechanism of Reactions in the Reaction Network: (a) Dehydration, (b) Keto-Enol Equilibrium, (c)
Hydrogenation, and (d) 2-Propenol Conversion to Propylenea

aDetailed schemes of each reaction of the HDO network are shown in Schemes S2−S5.
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steps in dehydrations are slightly endothermic with high energy
barriers, between 1.00 and 1.50 eV, being favored for the
removal of primary −OH groups over the secondary ones. In
these steps, the energy barrier is generated by the C−H bond
breaking, with the concomitant C−O bond cleavage
barrierless. The formation of C−H bonds in keto−enol
equilibria are highly exothermic steps with a very low energy
barrier; the tautomerism has lower energy barriers when the
enol group is in a primary carbon. Finally, the hydrogenations
of ketones are slightly endothermic steps with similar energy
barriers as C−O bond breaking, which are independent of the
position of the ketone group. The reported experimental
temperature is 300 °C,23 high enough to ensure that the
barriers can be overcome.
C−C Bond Cleavage. The fact that C−O bond breaking

prevails does not completely overrule C−C bond cleavage.
Indeed, some methanol, ethanol, and ethylene glycol (EG)
were detected as minor reaction products, about 2.5% in total,
for the reaction catalyzed on iron molybdate and molybdenum
oxide catalyst.42,43 Ethylene glycol and ethanol could be
produced from C−C bond cleavage in glycerol and propylene
glycol, respectively, which also gives methanol in both cases by
the pathway showed in Scheme 3.
In the reactions proposed in Scheme 3, glycerol and PG have

to be bonded to two neighboring Mocus through the two
hydroxyl groups of the broken C−C bond. The two reduced
Mo act as electron buffers allowing the bond breaking. The
formation of a neighboring vacancy along the z-axis has no
extra formation energy,50 and therefore, they appear at

medium surface reductions. Then, glycerol and PG can adsorb
directly to two undercoordinated (Mocus)2 centers through two
OH groups. Once the molecules are adsorbed, they are
dissociated easily forming two −OHt groups and two Mo−O
covalent bonds with the surface. In this step, each Mocus is one-
electron oxidized. The adsorption energy for the dissociated
molecules are −2.37 and −2.43 eV for glycerol and PG,
respectively. The dissociated glycerol double bonded to
(Mocus)2 can undergo the C−C bond breaking that results in
the formation of a ketone group in each fragment and the one-
electron reduction of the Mocus centers leading the formation
of glycoaldehyde (GA) and formaldehyde. The energy barrier
for this step is 1.66 eV. The same elementary step can occur for
PG with an activation energy of 1.65 eV, resulting in the
formation of formaldehyde (FA) again and acetaldehyde (AA).
These compounds are further hydrogenated to methanol, EG,
and ethylene.
The high energy barrier calculated for the C−C bond

cleavage and the necessity of two neighboring vacancies
explain the selectivity to three-carbon products observed
experimentally. In the reaction network, there are no more
compounds with −OH groups in adjacent carbons, and
therefore, these are the only possible one and two carbon-
formed products.

Microkinetic Model. The complexity of the reaction
network makes it difficult to obtain a complete understanding
and a direct mapping to the experimental activity of the HDO
process of the glycerol conversion to propylene. Therefore, a
microkinetic model76−78 was developed in order to know the
product evolution during the glycerol HDO. The microkinetic
model simulates the experimental conditions reported by
Zacharapoulou et al.: a batch reactor of 450 mL, ca. 1.5 g of
catalyst that corresponds to ∼0.2 g of MoO3 and ∼1.3 g of
activated carbon (in the experimental catalyst synthesis, 1.5 g
of MoO3 is supported on 10 g of activated carbon),

41 90 mL of
2.0 w/w % aqueous glycerol solution (1.8 g of glycerol), 8.0
MPa of H2, and 300 °C.42,43 The C−C bond breaking was
excluded from the microkinetic model due to the low amount
of C2 and C1 compounds formed in their experiments
(<2.5%). Moreover, propylene was not allowed to readsorb on
the surface since they found that this compound leaves the
liquid phase after reaction.
The selectivity evolution of the products and coverage of the

different adsorbates for glycerol HDO as a function of time is
shown in Figure 3. At the beginning of the reaction, acetol and
HP are quickly formed. The adsorption energy of glycerol
through the secondary −OH is larger than through the primary
−OH, and therefore, glycerol will be preferentially dehydrated
to 1,3-enol. The fast keto−enol equilibria between 1,3-enol
and HP leads a larger selectivity of HP, which decreases
quickly until the second hour. The high energy barrier for the
first step of HP hydrogenation to 1,3-propanediol and the low
amount of available −OtH results in the dehydration of HP to
acrolein, as can be retrieved for the coverage of adsorbed
acrolein in this period. However, due to the large adsorption
energy of acrolein, and to its easy hydrogenation to 1-propanol,
acrolein reacts on the surface, and no selectivity to its produc-
tion is obtained. In the first two hours, propanal selectivity is
increasing, reaching almost 50% selectivity. The fast decrease
in HP selectivity in this period, from ∼75% to ∼27%, indicates
that propanal is formed by HP dehydration to acrolein and
later hydrogenation to 1-propenol, which is in a very favorable
keto−enol equilibria with propanal. The coverage of acrolein

Figure 2. Reaction energy, ΔE (striped bars), and activation energy,
Ea (plain bars), for all direct elementary steps of the reaction network.
Wine color corresponding to dehydrations, orange to keto−enol
equilibrium, yellow to hydrogenations, and turquois to the 2-
propenol−propylene reaction. All energies are in eV. The specific
reactions are listed in Table S2.

Scheme 3. Proposed C−C Bond Cleavage Reactions and
Concomitant Formation of Methanol, Ethanol, and
Ethylene Glycola

aGA: glycoaldehyde; FA: formaldehyde; PG: propylene glycol; AA:
acetaldehyde.
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decreases slowly in this period, whereas the coverage of
propanal increases rapidly. This is due to the fact that the
formation of propanal is faster than the formation of acrolein,
as the latter is an endothermic process that has higher energy
barriers. Acrolein also can be hydrogenated to 2-propenol,
which has low energy barriers to its conversion to propylene,
which is slowly formed reaching 7% of selectivity in this period.
During these two hours, the selectivity of acetol remains almost
constant, around 16%, due to the high energy barriers to its
hydrogenation to PG and the low availability of −OtH groups.
The coverage of acetol increases slightly during this period
indicating that acetol slowly adsorbs to react. After this point,
propanal selectivity starts to decrease, whereas propylene
selectivity increases quickly, which points out that propylene is
formed from propanal through its hydrogenation to 1-propanol
and later dehydration to propylene. The selectivity to 1-
propanol rises to 3% after 3.5 h. This small selectivity to 1-
propanol is due to the energy barriers because its dehydration
to propylene is faster than propanal hydrogenation. The
increase in coverage of −OtH at this point supports the
hydrogenation of propanal. After 2 h, acetol also starts to
hydrogenate to PG, and its selectivity slowly decreases. PG can
be dehydrated to propen-2-ol, 1-propenol, or 2-propenol. The
lowest energy barriers found for the formation of propen-2-ol,
imply that it is rapidly isomerized to propanone. Thus, after
this time, an increase in the coverage and selectivity of
propanone is observed. After 6 h, the propylene selectivity
reaches 66%, and the main byproducts are HP and acetol,
10.4% and 8.6% of selectivity, respectively. Propanal (5.9%),
propanone (4.7%), and 1-propanol (2.2%) are also formed. If
the reaction time is extended, the coverage of −OtH increases,
constantly favoring acetol, HP, propanal, and propanone
hydrogenation to their respective products: PG, 1,3-propane-
diol, 1-propanol, and 2-propanol. After 10 h, low selectivity to
these products appeared: 3.4%, 2.2%, and 1.2% of 1,3-

propanediol, 1-propanol. and 2-propenol, respectively, whereas
PG was not detected. However, the coverage of adsorbed PG
increases during this period, but its fast conversion to propen-
2-ol prevents selectivity to this product. The propylene
selectivity is almost constant after 8 h and reaches 75% after
10 h.
A more detailed understanding of the reaction routes can be

obtained starting the reaction with some of the intermediate
products as initial reactant. The conversion and selectivity after
3 h of simulated reaction are shown in Figure 4. After 3 h,

glycerol has 100% conversion. The main product is propanal
(∼34%) followed by HP (∼22%), propylene (∼22%), and
acetol (∼15%). Most of the glycerol reacts to form HP that is
dehydrated and latter hydrogenated to form propanal. Some
propanal and possibly some acetol are reduced to propylene.
The use of 2-propenol as a reactant results in a complete
conversion, mainly toward propylene (∼67%). Propanal and 1-
propanol, which are formed through acrolein, are also
observed.
At the beginning of glycerol HDO, acetol and HP are

formed with high selectivity. Using them as reactants, the
larger conversion of HP (78% vs 39%) indicates that it reacts
faster than acetol. Propanal is the main product obtained from
HP, with 77% selectivity. The other observed compounds were
1-propanol and propylene, which came from further reactions
of propanal. On the other hand, acetol is mainly converted in
propanone.

Figure 3. (a) Product selectivity evolution as a function of time, t in
hours, under the reaction conditions (batch reactor of 450 mL, 0.2 g
of MoO3, 1.8 g of glycerol, 8.0 MPa of H2, and 300 °C). (b) Zoomed
area of the marked zone in (a). (c) Evolution of the coverage of
adsorbed species, θx, as a function of the time. (d) Zoomed area for
coverage between 0% and 1% in (c). Intermediate products with
negligible selectivity or coverage are not represented.

Figure 4. Conversion and selectivity at 3 h of simulated reaction on
the microkinetic model of intermediate products as initial reactant
under the experimental reaction conditions (batch reactor of 450 mL,
0.2 g of MoO3, 1.8 g of initial intermediate, 8.0 MPa of H2, and 300
°C).
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Both diols, PG and 1,3-propanediol, as reactants show a low
conversion (∼40%). Most PG goes back in the reaction
network toward acetol, with 56% selectivity, and the rest of PG
continues on the path to propylene, and small amounts of
intermediates are formed. The reaction profile of 1,3-
propanediol shows that it also goes back toward HP
(∼61%); moreover, some of the formed HP continues reacting
toward the formation of 1-propanol and propylene. Interest-
ingly, no 2-propenol is formed from 1,3-propanediol.
Acrolein as the reactant reaches 93% conversion. Almost all

is converted to propanal (91% of selectivity). The 9% of
propylene suggests that some propanal further reacted to form
propylene. The conversion of propanal as the reactant is
∼63%, with 91% selectivity to propylene. The other observed
compound is the intermediate 1-propanol.
The two propanols show a completely different reaction

profile; 1-propanol is completely converted to propylene
(100% of conversion and selectivity), whereas 2-propanol has
only a 16% of conversion and only forms propanone.
With the insights obtained from the information in Figures 3

and 4, we can conclude that the glycerol conversion to
propylene is produced through the following path: Glycerol →
HP → Acrolein → Propanal → 1-Propanol → Propylene.
There are three factors that lead the glycerol HDO for this
reaction path: (i) The preference of glycerol adsorption is
through the secondary carbon and conversion to 1,3-enol. (ii)
The energy barriers for HP dehydration to acrolein are lower
than for its hydrogenation to 1,3-propanediol. This is
supported by the low availability of −OtH groups. (iii) The
first step in the formation of 1-propenol from acrolein is an
exothermic process, whereas the formation of 2-propenol is
endothermic, which favors the formation of the former.
Going back to the full reaction model, simulations at

different temperatures were performed, and apparent activation
energies of 1.38 and 2.03 eV were obtained at 100 and 2500 s
(Figure 5a). The apparent activation energy increases with
reaction time since in a batch reactor the consumption of
reactants decreases the reaction rate. Finally, in order to

identify the reaction orders, simulations with different initial
pressures of hydrogen were performed. The reaction rate was
measured at two different times, 100 and 2500 s, and the
reaction order was obtained, 0.86 and 1.11, respectively
(Figure 5b). This result highlights the importance of H2 in
reaction media.
When compared to the experiments, there are some

differences between our results and the previous from
Zacharapoulou et al.42,43 The first difference is the conversion
and reaction rate of glycerol; in our model, we obtained a faster
conversion of glycerol due to nonconsideration of lateral
effects and to perform the simulations in the gas phase.
Although the final product distribution is in reasonable
agreement, we want to highlight that in the experimental
study PG and 2-propenol were detected as two of the main
reaction intermediates. They are present in our reaction
network, but they react rapidly and were not observed.
Moreover, at the beginning of the reaction, we found higher
amounts of acetol and HP, probably due to the faster
conversion of glycerol observed in our model when compared
to the experimental set up. Finally, the experiments suggests a
reaction path through 2-propenol, whereas in our model the
main path is through 1-propenol. Also, they discarded the
route through acrolein because it was not detected in the
experiments; however, we show that acrolein reacts quickly to
form 1-propenol (and 2-propenol), which would explain the
experimental results. The catalytic performance depends
strongly on several factors as the reaction conditions or
catalysts synthesis procedure. Thus, different results were
reported by this reaction catalyzed by Fe−Mo/C.41,42 Different
glycerol conversion, product distribution, and main reaction
path were found. Moreover, the approximations that demand
the state-of-the-art coupled DFT and microkinetic modeling
(lateral effects, solvent models, etc.) and difficulty to take into
account all the reaction parameters (structure sensitivity of the
catalyst, solvent interactions) are also a source for these
differences.

■ CONCLUSIONS
The glycerol conversion to formaldehyde catalyzed by α-MoO3
was studied by means of density functional theory, DFT. The
conversion is produced through a hydrodeoxygenation, HDO,
process that takes place on surface vacancy defects. The
highest energy barrier in the vacancy formation cycle is the
hydrogen dissociative adsorption. This explains why high H2
pressure is needed in experiments. The adsorbed hydrogen
atoms can move over the surface with low energy barriers to
form water molecules that are released. Vacancies play a central
role in the HDO process. Oxygenated compounds adsorb on
the surface through Mo−O bonds with an undercoordinated
Mo center; after that, a selective C−O bond cleavage produces
the deoxygenated compound, while the oxygen atom remains
bonded to the Mo center healing the vacancy. The complete
HDO cycle is composed of three different sets of reactions: (i)
dehydrations, (ii) keto−enol equilibria, and (iii) hydro-
genations. The combination of these three reactions on
vacancy positions results in a reaction network with 14
intermediates connected by 20 reactions where all the side
products experimentally reported are present. The high
reaction barrier for the C−C bond cleavage and the necessity
of two neighboring empty vacancies explain the selectivity to
C−O bond cleavage. The reaction mechanism unraveled in
this work can be applied to the HDO of any polyalcohol. A

Figure 5. (a) Reaction order of hydrogen, nH2, derived from the
microkinetic model at standard reaction conditionsand (b) Apparent
activation energy, Eapp in eV. Rates, r, and PH2 are normalized to the
value of the simulation at experimental conditions.
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microkinetic analysis of the reaction network was performed,
and it was shown that glycerol conversion to propylene is
mainly produced via the formation of HP, acrolein, propanal,
and 1-propanol. A reaction order of 1 was calculated for H2,
with apparent activation energies of 1.38 and 2.03 eV at initial
and medium times, respectively. The results shown in this
study pave the way to a better understanding of the HDO
process giving insights to development of a more active and
selective catalyst.
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Bifunctional Hierarchical Zeolite-Supported Silver Catalysts for the
Conversion of Glycerol to Allyl Alcohol. ChemCatChem 2017, 9 (12),
2195−2202.
(29) Lari, G. M.; Pastore, G.; Mondelli, C.; Peŕez-Ramírez, J.
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(68) Henkelman, G.; Jońsson, H. A Dimer Method for Finding
Saddle Points on High Dimensional Potential Surfaces Using only
First Derivatives. J. Chem. Phys. 1999, 111 (15), 7010−7022.
(69) Heyden, A.; Bell, A. T.; Keil, F. J. Efficient Methods for Finding
Transition States in Chemical Reactions: Comparison of Improved
Dimer Method and Partitioned Rational Function Optimization
Method. J. Chem. Phys. 2005, 123 (22), 224101.
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