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ABSTRACT: Hydrodeoxygenation (HDO) kinetics of glycerol into 1,2-propanediol
(1,2-PDO) in the liquid phase is studied on Cu-Pd/TiO2 catalysts. At a stirring speed
higher than 480 rpm and an average diameter of the catalyst particles smaller than 89.5
μm, no mass transfer resistance artifacts are observed. The increasing temperature and
H2 concentration promote the glycerol conversion and the selectivity to 1,2-PDO and
disfavor the selectivity to acetol. Based on the experimental data, empirical kinetic
pseudo-homogeneous expressions are proposed for glycerol disappearance, 1,2-PDO
formation, and acetol formation in the catalytic system. Dependence of the
disappearance rate of glycerol is closer to 1 with respect to glycerol and nonmeaningful
with respect to H2. The formation rate of 1,2-PDO is not highly dependent on the initial
concentration of glycerol or H2, and the formation rate of acetol is directly dependent on
glycerol and inversely dependent on H2, since it accelerates acetol conversion to 1,2-
PDO. The activation energies for glycerol disappearance (77.8 kJ/mol), 1,2-PDO
formation (51.2 kJ/mol), and acetol formation (84.6 kJ/mol) evidenced the selective formation of 1,2-PDO in this catalytic system.

■ INTRODUCTION
High amounts of glycerol are obtained as side products in the
biodiesel production process. The relatively low price of
glycerol affects the economic balance of the biodiesel
production; however, it is possible to add value1 by developing
new glycerol-based catalytic processes, i.e., to produce
industrially relevant chemicals such as 1,2-propanediol (1,2-
PDO)2−4 used in many industries, including resins, pharma-
ceuticals, cosmetics, fragrances, and paints, among others. The
annual production of 1,2-PDO is around 1 million tons only in
the USA. The current industrial synthesis of 1,2-PDO involves
hydrolysis of propylene oxide with water at temperatures
between 125 and 200 °C and 2 MPa pressure.5,6 In the last few
years, there have been many efforts aimed at the conversion of
glycerol into 1,2-PDO by catalytic hydrodeoxygenation
(HDO). In this way, Cu-based catalysts have been found to
achieve high selectivity, but they are generally unstable.3,7−11

On the other side, catalysts with Pt-, Ru-, Au-, Ni-, or Rh-
containing materials are also active catalysts for this process,
but their selectivity toward 1,2-PDO is not good
enough.10,12,13

In the previous work, we report a catalyst, Cu-Pd/TiO2
promoted by Na, for the valorization of glycerol using aqueous-
phase HDO into 1,2-PDO.14 The catalysts proved to be highly
active and overcome the typical drawbacks of Cu catalysts, i.e.,
the relatively low stability. We also demonstrated that the high
selectivity to 1,2-PDO of the bimetallic catalysts synthesized is

due to the formation of CuPd alloy nanoparticles with sizes
smaller than 6−7 nm with their surface enriched with Cu and
basically made up of Cu0-Pd0 and Cu1+-Pd0.15 However,
according to our experimental observations and literature data,
obtaining 1,2-PDO from glycerol is not an elementary reaction
with 1,2-PDO as the only product formed in the
reaction.9,14−20 Thus, depending on the reaction conditions,
different intermediates and/or side products could affect the
kinetics of the reaction and the selectivity to 1,2-PDO.
Nevertheless, to use our catalyst in a specific industrial
application for the production of 1,2-PDO from glycerol, it is
necessary to understand the reaction mechanism and to know
some kinetic models; moreover, to the best of our knowledge,
these aspects have not been discussed in the previous studies.
Here, we report the influence of several reaction parameters

for 1,2-PDO production from glycerol HDO on the aqueous
phase over the Cu-Pd/TiO2-Na catalyst. The parameters
studied were temperature, H2 concentration, and glycerol
concentration. The effect of such parameters over reaction
rates, glycerol conversion, 1,2-PDO selectivity, and hydrox-
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yacetone (acetol) selectivity were analyzed. Acetol selectivity
was included in the analysis because significant amounts of this
substance are present in the reaction system as an apparent
side product of the reaction; thus, such analysis could give
insights into the mechanistic pathway of the 1,2-PDO
formation from glycerol HDO in the aqueous phase over the
Cu-Pd/TiO2-Na catalyst. The aqueous-phase concentration of
H2 in the reaction system was determined by correlations with
the literature-based data, while the equilibrium compositions
for the glycerol + water mixtures were simulated in Aspen Plus.
In addition, for accurate reaction rate measurements, the
absence of internal mass transfer limitations was tested
following the Weisz−Prater criterion.

■ EXPERIMENTAL SECTION
Catalyst Preparation. The Cu-Pd/TiO2-Na catalyst

(nominal atomic ratio Cu/Pd = 1.67) was prepared by
sequential impregnation on TiO2 (Degussa, P-25 powder). For
this, 5%Na/TiO2 was prepared by first treating TiO2 with
NaOH dissolved in methanol (5 mL of methanol/g of TiO2).
The loading of Pd and of Cu was set at 5 wt %. The details of
the catalyst synthesis and activation procedure and the
characterization results were published in the previous
work.14,15

Swelling Experiments. Swelling is a phenomenon
commonly observed in different kinds of supported heteroge-
neous catalysts, especially when they are in contact with polar
solvents.21,22 In liquid-phase kinetic studies, the relationship
between swelling and the reaction mixture composition is
important for adequate evaluation of diffusional mass transfer
limitations, i.e., for determining the true radius of the catalyst
particle in the Weisz−Prater criterion.22 The relationship
between catalyst swelling and the reaction mixture composi-
tion was determined as follows: 0.1 g of the dry catalyst was
placed in a glass cylinder (60 × 4.7 mm2), and after
compacting by centrifugation, the solid height was measured
(h0); then, around 1.0 mL of the liquid mixture (Table 1) was

added, and the final solid height (hf) was measured after 13
days when no changes in the solid-phase height were observed.
The percentage of swelling (%H) was estimated according to
eq 1. Liquid mixtures were prepared including the main
substances expected to be present in the reaction system:
water, glycerol, 1,2-PDO, and acetol.

= ×H
h
h

% 100%f

0 (1)

Catalyst Density. The density of the catalyst was
determined by placing a known amount of the sample
(0.2931 g) in a graduated cylinder containing 3 mL of water.
Once the catalyst was fully swollen (around 13 days), the
displaced volume of water was measured. This value was used
as a rough estimate of the catalyst volume. Catalyst density was
estimated as the ratio of the mass of the catalyst and the
displaced volume.

Aqueous-Phase Concentration of H2. For reaction rate
estimation, it is necessary to determine the real H2
concentration in the liquid phase. As far as we know, there
are no available literature data related to H2 solubility in water
+ glycerol liquid mixtures under reaction conditions of the
present study. Thus, the H2 concentration in the liquid phase
was estimated as follows: using the Henry constant for H2 in
pure water at 25 °C (7.10 × 104 atm), the Henry constant for
H2 in pure water was estimated for different temperatures, i.e.,
180, 200, and 220 °C, by means of the Van’t Hoff equation (eq
2)
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where T is the temperature (180, 200, and 220 °C), T° is the
standard temperature (298.15 K), C is the constant for the gas
in the solvent water (500 K), and KH (T°) is the solubility
constant for the gas in the solvent at the reference temperature
(298.15 K).
In a similar way, the Henry constant for H2 in pure glycerol

at 25 °C (1.86 × 105 atm)21,23,24 was used for the estimation of
the Henry constant of H2 in pure glycerol at different
temperatures. The Henry constant for binary mixtures was
then calculated according to eq 3

= +K X K X K a X Xln ln lnH mix 1 H Glic 2 H Agua 1,2 1 22 2 2 (3)

where KHd2mix is the Henry constant for H2 in the glycerol +
water mixture; X1 is the molar fraction for glycerol in the
glycerol + water mixture; KHd2Glic is the Henry constant for H2

in pure glycerol at the desired temperature; X2 is the molar
fraction of water in the glycerol + water mixture; KHd2Agua is the
Henry constant for H2 in pure water at the desired
temperature; and a1,2 is the constant for solvent mixtures.
a1,2= 0 for ideal mixtures.

Simulated Equilibrium Compositions for the Glycerol
+ Water Mixtures. For the catalytic reactions (described in
the next section), aqueous glycerol solutions are used in the
reaction system and the H2 pressure is 100 psi. The reaction
temperature can reach 220 °C, with the autogenic pressure
being up to 450 psi. Therefore, it is important to verify that the
reaction is carried out in the liquid phase. In that sense, the
equilibrium reaction mixture composition was estimated using
Aspen Plus (V. 8.6) software. An equilibrium reactor (REquil)
available in the built-in models of software was used.
Algorithms associated with this reactor model are capable of
predicting both chemical and phase equilibria.23 Two inlet
streams were simulated: one containing the aqueous mixture
water + glycerol and the other one containing the H2 input. As
a basis for calculation, 10 mol/s for each stream was assumed.
The system was simulated at 450 psi using NRTL as a
thermodynamic model for LLE and SR equation of the state
for VLE. Missing parameters were estimated by the
UNIQUAC group contribution method.

Table 1. Swelling of Cu-Pd/TiO2-Na Catalysts

mass fraction (wt %)

exp. water, W glycerol, G 1,2-PDO, P acetol, A %H

1 0.974 0.206 0 0 6.3
2 0.715 0.084 0.077 0.124 0.8
3 0.772 0.046 0.158 0.024 6.3
4 0.483 0.138 0.198 0.181 13.5
5 0.711 0.020 0.180 0.089 14.3
6 0.583 0.317 0.100 0 19.3
7 0 1 0 0 36.1
8 0 0 1 0 18.0
9 0 0 0 1 23.0
10 1 0 0 0 12.2
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Kinetic Experiments. Kinetic tests were carried out in a
batch reactor (Parr Instruments); the total reactor volume was
320 mL. In a typical reaction, the reactor was loaded with 50
mL of a 20 wt % aqueous solution of glycerol and the catalyst
(previously reduced) amount necessary. The catalysts were
transferred from the reduction tube to the reactor, while trying
to keep them in an inert atmosphere, but a brief exposure to air
cannot be excluded. After the reactor was sealed, it was flushed
with N2 at 0.1 MPa for 5 min to remove air from the
headspace. N2 was subsequently flushed with H2 at 0.1 MPa
for 5 min. The reactor was then pressurized with H2 (100 psi)
and heated under moderate agitation (480 rpm) until the
desired reaction temperature (220 °C). Once this temperature
was reached, an initial liquid sample was drawn to mark the
start of the reaction and the speed of agitation was increased.
The reaction was allowed to proceed for 6 h, while the liquid
phase was sampled each hour. The liquid reaction samples
were analyzed by gas chromatography (Agilent 6850 GC
equipped with a flame ionization detector (FID) and an HP-
INNOWAX capillary column). The reaction products were
also identified by GC-MS (Agilent 5975 GC-MS with a HP-
PLOT Q column). Once the reactor was cooled to room
temperature, the gas samples were collected from the
headspace in gas-sampling bulbs and analyzed using two gas
chromatographs equipped with thermal conductivity detectors
(TCD): a Shimadzu GC-12A equipped with a Porapak Q
packed column was used for detecting H2 and an HP 5890 GC
equipped with an HP-Plot Q capillary column was used for
detecting light hydrocarbons, CO and CO2. The kinetic data
were obtained by the method of initial rates; the rate law and
initial reaction rates were found using the differential method
by fitting the experimental data of the reaction at conversion
lower than 20%. Additionally, all the tests and reactions were
performed in triplicate.

■ RESULTS AND DISCUSSION
Simulated Equilibrium Composition for the Reaction

Mixture Water + Glycerol. Table 2 shows the simulated

composition (molar fraction) expected for the reaction mixture
under the reaction conditions. According to the simulation
results, it can be observed that a higher amount of glycerol in
the system is in the liquid phase, with the vapor-phase glycerol
molar fraction being around 0.00033; thus, it can be expected
that under the studied conditions, the reaction is carried out in
the liquid phase.

Application of the Weisz−Prater Criterion. The
Weisz−Prater criterion (eq 4) was used to verify the absence
of intraparticle mass transfer limitations, where robs is the
observed reaction rate of glycerol (mol/gcat·s), R is the “true
radius” of the particle (cm), ρpart is the particle density (g/
cm3), De is the effective diffusivity of glycerol in the reaction

mixture (cm2/s), and Ci is the initial concentration of glycerol
(mol/cm3).

=
r R

CDe
obs

2
part

i (4)

The “true” particle radius (R) was determined from swelling
experiments (Table 1). An empirical correlation between
swelling (%H) and the mixture composition was obtained by
multiple linear regression (eq 5). The correlation coefficient
(0.87) is greater than that (0.46) reported elsewhere24 in the
study of esterification reactions over cation-exchange resins
and closer to that reported elsewhere22 (0.92) in the study of
epoxidation reactions over Amberlyst-based catalysts. Thus, R
was calculated from eq 6, which is expected to give a good
representation of the catalyst swelling phenomena. The R value
obtained was 4.868 × 10−3 cm.
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Here, r is the radius of the dry catalyst (from Table 2).
The effective diffusion coefficient De (1.307 × 10−3 cm2/s)

was determined by eq 722

= DDe G A (7)

where DG‑A is the diffusion coefficient for glycerol in water,
estimated under the reaction conditions within software Aspen
Plus, ε is the porosity (0.5688), estimated with eq 8 using a
value of pore volume (Vp = 0.45 cm3/g) and a mass value (m =
0.047 g) from N2 adsorption probes, and τ is the tortuosity
factor (1.8352) estimated from eq 9. According to swelling
probes, the average particle density ρpart was estimated to be
2.931 g/cm3.

=
×

× +
m V

m V m( / )
p

p part (8)
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Using an initial concentration of glycerol Ci of 2.22 × 10−3

mol/cm3, eq 4 returns a Weisz−Prater criterion of 1.3015 ×
10−3 (0.69) for the catalyst of 89.5 μm average diameter
(Fraction IV, Table 2). Thus, this particle size was used in
further experiments for avoiding mass transfer limitations in
the catalytic system. According to the criteria, if Φ (eq 4) is
≪1, there are no diffusional artifacts on the reaction system.
The value obtained was 4.034 × 10−4.

Evaluation of Mass Transfer Resistances. The stirring
speed was varied between 250 and 600 rpm (Figure 1) for
determining external mass transfer resistances. Above 480 rpm,
no effects on the initial reaction rate for glycerol HDO in the
aqueous phase were observed. Thus, the stirring speed was set
at 480 rpm for all further experiments to avoid external mass
transfer resistances. The effect of internal diffusion on initial
reaction rates was determined by measuring reaction rates for
different average catalyst particle sizes (Table 2). It was
observed that initial reaction rates did not vary with catalyst
particle sizes for fraction III (average particle diameter, 115.0
μm) or fraction IV (average particle diameter, 8935 μm). The

Table 2. Composition for the Reaction Mixtures Simulated
in Aspen Plus

molar fraction for the inlet
streams

molar fraction for the outlet
stream

substance liquid mixture H2 vapor liquid

water 0.95338 0 0.72321 0.94497
glycerol 0.04662 0 0.00033 0.05478
hydrogen 0 1 0.27646 0.00023
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fraction used in further experiments was determined according
to results observed for the Weisz−Prater criteria evaluation.

Effect of the Amount of the Catalyst on the Rate of
the Initial Reaction of Glycerol. Figure 2 shows that there is

a linear relationship between the amount of the catalyst and
the initial rate of glycerol HDO in the range of mass of the
catalyst studied. Similar results were obtained by Vasiliadou
and Lemonidoul;25 they ensured that the variation of the
catalyst weight between 0.05 and 0.35 g clearly shows a linear
relation with the reaction rate, proving the absence of external
mass transfer limitations (Table 3).

Effect of Reaction Temperature. The effect of temper-
ature and concentration of the reaction mixture was
investigated on the glycerol conversion and the product
selectivity for glycerol HDO to 1−2 PDO in the aqueous
phase. Figure 3 shows that both conversion of glycerol and 1,2-
PDO selectivity are favored by increasing temperature, while
selectivity to acetol and other products (including ethanol,
methanol, n-propanol, acetaldehyde, propionaldehyde, ace-
tone, ethylene glycol, acetic acid, and propionic acid, among
others) tends to decrease with increasing temperature.

Effect of the Initial Concentration of H2. H2
concentration in the aqueous phase was estimated as described
in the Experimental Section. Figure 4 shows that there is a

linear correlation between the partial pressure of H2 and H2
concentration in the liquid phase. As observed in Figure 4, the
correlation line does not cross the origin; thus, the partial
pressure of H2 required for getting an effective H2 transference
to the liquid phase should be at a lower limit (under 50 psi).
Knowing if H2 partial pressure or H2 concentration in the
liquid phase is the right choice is very necessary because we
used the H2 partial pressure in the rate expression and
demonstrated that the dissolved amount of hydrogen is directly
proportional to the partial pressure of hydrogen in the gas
phase. Even more, considering the total amount of the
substances in the reaction system, it can be observed that data
for the simulated amount of H2 in the liquid phase (see Table
2) are in good agreement with experimental data from Figure
4.
The effect of H2 concentration on the reaction system was

studied by varying the initial H2 partial pressure between 50
and 200 psi; the other remaining reaction conditions were the
same for all experiments. The resulting trends of glycerol
conversion and product selectivity are like those observed with
varying the reaction temperature, i.e., glycerol conversion
increases, 1,2-PDO selectivity increases, and acetol selectivity
decreases by increasing the initial concentration of H2 (Figure
5). Similar results have been reported for different catalytic
systems, which show that 1,2-PDO formation is favored at high
H2 pressures,26,27 while H2 could act as an accelerator for
acetol conversion to 1,2-PDO.19,28,29

In the previous work,14 we report the conversion of glycerol
in the absence of H2 in the initial reaction mixture. The
glycerol conversion under these conditions was ∼39% and the
major products identified in the liquid phase were acetol
(69.4%) and 1,2-PDO (19.6%). In this set of experiments, it is
possible to obtain these products due to the residual
hydrogenation observed stemming from the H2 generated
through reforming; however, the conversion of acetol to 1,2-
PDO was restricted by the limited availability of active
hydrogen in the reaction medium; therefore, it was possible to
determine the generation of reforming H2 due to the presence
of Pd in the catalyst, with which it was found that there is no
limitation of H2.

Effect of the Initial Concentration of Glycerol. The
effect of the initial glycerol concentration was evaluated by
varying the glycerol aqueous solution concentration between
20 and 40 wt %, with all remaining reaction conditions
constant for all experiments. Results are shown in Figure 6. It
can be seen that glycerol conversion diminishes with increasing
initial concentration.
Vasiliadou et al.19 reported similar trends. However, they

observed a decrease in the glycerol conversion by increasing its
concentration from 80 to 100 wt %. Such behavior was

Figure 1. Effect of stirring speed on the initial reaction rate of glycerol
HDO over Cu-Pd/TiO2-Na catalysts. Aqueous glycerol 20 wt %: 50
mL; H2 pressure: 100 psi; catalyst amount: 0.3 g; and temperature:
220 °C.

Figure 2. Effect of the catalyst loading on the initial rate of glycerol
HDO. Aqueous glycerol 20 wt %: 50 mL; H2 pressure: 100 psi;
temperature: 220 °C; and stirring speed: 480 rpm.

Table 3. Effect of Catalyst Particle Size on the Initial
Reaction Rate of Glycerol HDO over Cu-Pd/TiO2-Na
Catalysts

fraction
particle size
range (μm)

average diameter
2r dry catalyst

(μm)

initial reaction ratea of
glycerol HDO

(mmol L−1·s−1·gcat−1)

I 180−149 164.5 0.19
II 149−125 137.0 0.22
III 125−105 115.0 0.34
IV 105−74 89.5 0.34

aAqueous glycerol 20 wt %: 50 mL; H2 pressure: 100 psi; catalyst
amount: 0.3 g; temperature: 220 °C; and stirring speed: 480 rpm.
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attributed to the increase in the mixture viscosity and to the
increase in the molar ratio of glycerol/catalyst because there
are a lower number of active sites available for the conversion
of glycerol to 1,2-PDO. In the same way, Mane et al.7 observed
an important reduction in glycerol conversion when its
concentration was increased up to 60%wt. Notwithstanding,
the authors did not observe important changes in product
selectivity by increasing the glycerol concentration. In this
study and according to Figure 6b, selectivity to 1,2-PDO

slightly decreases and selectivity to acetol increases by
increasing the glycerol concentration in the reaction mixture.

Empirical Reaction Rates. According to our observations
and based on the literature, glycerol HDO should include
several simultaneous reactions; thus, the product profile will
depend on the catalyst and reaction conditions. In general, two
alternative pathways can facilitate glycerol HDO to 1,2-PDO in
the aqueous phase over Cu catalysts: the glyceraldehyde route
or the acetol one.3,5,6 When glycerol hydrogenolysis is carried
out under basic conditions or in basic sites on the catalytic
support, glycerol is dehydrogenated to glyceraldehyde, which is
then dehydrated to 2-hydroxyacrolein on the basic sites and
finally hydrogenated to 1,2-PDO on the metallic surface. In
addition, glyceraldehyde can present a retroaldolization
reaction and form glycolaldehyde and formaldehyde, which
can be hydrogenated, producing ethylene glycol and methanol,
respectively.30−38 Even more, direct breaking of the glycerol
C−C bonds can lead to the formation of H2, ethylene glycol,
and methanol. Notwithstanding, the low selectivity observed
for those products in our reaction system suggests that Cu-Pd/
TiO2-Na catalysts are not active for promoting C−C bond
broking; thus, no important additional formation of H2 is
expected through this pathway.14

According to the experimental observations of the present
work, glycerol HDO to 1,2 PDO over Cu-Pd/TiO2-Na
catalysts in the liquid phase includes acetol as a main
intermediate. In this pathway, acetol is formed by glycerol
dehydration and then is hydrogenated, forming 1,2-PDO.32

Figure 3. Glycerol HDO over Cu-Pd/TiO2-Na catalysts at different temperatures. (a) Glycerol conversion; (b) product selectivity: ο 1,2-PDO, □
acetol, and Δ other. Reaction conditions: aqueous glycerol 20 wt %: 50 mL; H2 pressure: 100 psi; catalyst amount: 0.3 g; average particle size
diameter: 89.5 μm; temperature: 180−220 °C; stirring speed: 480 rpm; and reaction time 6 h. Other products include minor amounts of alcohols
(ethanol, methanol (selectivity < 1%), and n-propanol) and traces of oxygenates such as acetaldehyde, propionaldehyde, acetone, ethylene glycol
(selectivity < 2%), acetic acid, and propionic acid, which were identified by mass spectrometry.

Figure 4. Correlation between partial pressure of H2 and H2
concentration in the liquid phase in aqueous glycerol solution (20
wt %) at 220 °C.

Figure 5. Glycerol HDO over Cu-Pd/TiO2-Na catalysts at different H2 pressures. (a) Glycerol conversion; (b) product selectivity: ο 1,2-PDO, □
acetol, and Δ other. Reaction conditions: aqueous glycerol 20 wt %: 50 mL; H2 pressure: 50−200 psi; catalyst amount: 0.3 g; average particle size
diameter: 89.5 μm; temperature: 220 °C; stirring speed: 480 rpm; and reaction time: 6 h.
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Because of the apparent complexity of the involved
mechanistic pathway on the reaction system, a simple
approximation to understand the kinetics is proposed:
experimental data are adjusted to a power law model
represented by eq 10, with i the representing glycerol, 1,2-
PDO, or acetol and a and b being the apparent reaction order
with respect to reactants, i.e., glycerol and hydrogen.

= =r
C
t

k C C
d
di

i
i Gli

a
H
b

2 (10)

For the case of the glycerol disappearance rate, experimental
data where glycerol concentration was varied and all remaining
parameters were kept constant were used to determine the
apparent reaction order with respect to glycerol (Figure 7a). In
the same way, those experiments where H2 concentration was
varied and all remaining parameters were kept constant were
used to determine the apparent reaction order with respect to
H2 (Figure 7b).
Figure 7a shows a linear correlation between the log value

for the glycerol disappearance rate and its initial concentration.
The apparent reaction order with respect to glycerol is 0.94.
Other authors have reported values of 0.27, 0.5, and 0.72 for
glycerol hydrogenolysis to 1,2-PDO using different catalytic

systems, Cu/SiO2 or Ru/C catalysts, for example.28,39,40 The
correlation in Figure 5b is also linear for the log value of
glycerol disappearance rate and H2 concentration. In this case,
the apparent reaction order with respect to H2 is 0.15; thus, the
disappearance rate of glycerol has low dependence on the H2
concentration. Vasiliadou and Lemonidou reported an
apparent reaction order of 0.95 with respect to H2 in the
hydrogenolysis of glycerol to 1,2-PDO in the aqueous phase
over the Cu/SiO2 catalyst.

28

The reaction pseudo-constant k (eq 10) was estimated for
different studied temperatures, and using the Arrhenius law,
both the activation energy Ea and frequency factor k0 were
determined. The apparent activation energy estimated was
77.8 kJ/mol. Similar values have been reported for the glycerol
hydrogenolysis to 1,2-PDO in the aqueous phase (65.5 and
77.1 kJ/mol) using Cu0.4/Zn5.6−xMgxAl2O8.6 and PdxCu0.4/
Zn5.6−xMgxAl2O8.6−x catalysts, respectively.32,41 Higher activa-
tion energies (96.8, 86.0, and 86.6 kJ/mol) have been reported
for other catalytic systems.16,28,42,43 In the same fashion, kinetic
power law expressions, activation energies, and frequency
factors for the Arrhenius constant were calculated for the 1,2-
PDO formation and for the acetol formation. Results are
shown in Table 4.

Figure 6. Glycerol HDO over Cu-Pd/TiO2-Na catalysts at different H2 pressures. (a) Glycerol conversion; (b) product selectivity: ο 1,2-PDO, □
acetol, and Δ other. Reaction conditions: aqueous glycerol (20, 30 or 40 wt %): 50 mL; H2 pressure: 100 psi; catalyst amount: 0.3 g; average
particle size diameter: 89.5 μm; temperature: 220 °C; stirring speed: 480 rpm; reaction time: 6 h.

Figure 7. Apparent reaction order of glycerol disappearance with respect to glycerol (a) and with respect to H2 (b).

Table 4. Kinetic Parameters for Glycerol, Acetol, and 1,2-PDO in the Glycerol HDO over Cu-Pd/TiO2-Na Catalysts

temperature
(K)

glycerol disappearance, k
[(mmol/L)0.85 gcat−1 s−1]

acetol formation, k
[(mmol/L)0.48 gcat−1 s−1]

1,2-PDO formation, k
[(mmol/L)0.47 gcat−1 s−1]

453.15 3.0 × 10−5 1.2 × 10−5 5.7 × 10−3

473.15 7.2 × 10−5 3.3 × 10−5 1.4 × 10−2

493.15 1.6 × 10−4 7.4 × 10−5 1.7 × 10−2

Ea (kJ/mol) 77.8 (±3.90) 84.6 (±3.40) 51.2 (±3.00)
ko 8280 (±180) 20 650 (±800) 1510 (±610)
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Our results show that glycerol hydrodeoxygenation involves
several consecutive and parallel reactions and the profile of
products strongly depends on the catalyst, promoters, and
reaction conditions used. In addition, our results reveal that the
hydrogenolysis of glycerol to 1,2-PDO in the aqueous liquid
phase can proceed mainly through the route with acetol as the
main intermediate. Based on this, we propose three reaction
routes that lead to the formation of acetol from glycerol
(Figure 8). In the first route, the formation of acetol from the
dehydration of glycerol can be considered. On the other hand,
the formation of dehydrogenated intermediates such as
glyceraldehyde or 1,3-di-hydroxyacetone rapidly from its
dehydration and subsequent hydrogenation for the formation
of acetol are other possible routes, where finally, the
hydrogenation of acetol to 1,2-PDO would take place.

■ CONCLUSIONS
A Na-promoted bimetallic catalyst was developed for the
aqueous-phase hydrodeoxygenation (HDO) of glycerol. The
best results were obtained at 220 °C and 0.7 MPa H2 with an
initial turnover frequency (TOF based on Cu+Pd sites) of 0.14
s−1 and a selectivity to 1,2-PDO of 85%. It was found that the
increase in the concentration of H2 in the liquid phase (in a
range of 50−200 psi) positively affects the initial reaction
speed of glycerol and 1,2-PDO formation, while decreasing the
speed of acetol formation. On the other hand, the increase in
reaction temperature (180−220 °C) positively affected the
initial reaction speed of glycerol and the formation of both 1,2-
PDO and acetol. In addition, the increase in the initial
concentration of glycerol (20−40% by weight) resulted in a
decrease in the glycerol conversion and the formation of 1,2-
PDO slightly decreased and selectivity to acetol increased.
Additionally, the experimental data were successfully adapted
to a kinetic model of the simple power law applied to the
global consumption of glycerol and to the global formation of
acetol and 1,2-PDO.
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