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ABSTRACT: Chemical hydrogenolysis of glycerol to propanediols is a
promising strategy for biomass valorization. However, the demanding
reaction conditions and deviating requirements for the individual reaction
steps cause significant challenges to date. Herein, a kinetic study for the
chemical hydrogenolysis of glycerol to 1,2-propanediol (1,2-PDO) as well
as an optimized reaction procedure using a multifunctional Ru−Cu/CNT
catalyst is presented. In detail, it was shown that the glycerol
hydrogenolysis reaction is neither influenced by mass nor heat transfer
limitations under the applied reaction conditions. Consequently, the
following kinetic parameters could be deduced both by experimental
determination as well as kinetic modeling: n (glycerol) = 1.1, n (H2) =
0.12 up to 25 bar (kinetic regime), and an activation energy of 150 kJ mol−1 for the desired 1,2-PDO pathway, as well as n (glycerol)
= n (H2) = 0 for the undesired ethylene glycol pathway at an activation energy of around 65 kJ mol−1. Moreover, separating glycerol
hydrogenolysis into two steps, initial glycerol dehydration to acetol under a nitrogen atmosphere at a high temperature of 220 °C,
followed by acetol hydrogenation to 1,2-PDO under a hydrogen atmosphere at a low temperature of 145 °C using the same Ru−
Cu/CNT catalyst, can lead to higher overall yields and almost perfect selectivity for 1,2-PDO. This could be verified in a separate
experiment showing acetol selectivity of >99% for the first and 1,2-PDO selectivity of >99% for the second step without observable
ethylene glycol production. Compared to the combined reaction under standard hydrogenolysis conditions of 50 bar H2 and 220 °C,
almost perfect 1,2-PDO selectivity could be achieved, showing great potential for the separate approach. Moreover, a kinetic model
of the glycerol hydrogenolysis based on the experimentally derived reaction rates confirms that the models reliably reproduce the
observed reaction behavior with respect to the observed kinetic parameters.
KEYWORDS: glycerol hydrogenolysis, 1,2-propanediol, kinetics, multifunctional catalyst, carbon nanotubes

■ INTRODUCTION
As the reduction of greenhouse gas emissions becomes
increasingly important, the production of alternative green
fuels is gaining more relevance. Biodiesel, produced through
the transesterification of triglycerides with methanol, is an
alternative fuel that is growing in importance. As biodiesel
production increases over time, the production of biobased
glycerol as a byproduct also increases, thereby reducing its
price. This price drop enables the use of glycerol for
applications that were previously not economically viable.1

One such application is the use as a cheap, biobased
chemical platform to produce higher-value products, such as
acrolein,2 1,3-propandiol,3 and 1,2-propanediol (1,2-PDO).4−6

1,2-PDO is used as a monomer for polymer resins or as an
additive in pharmaceuticals, cosmetics, food, and animal feed.
However, there are challenges in using biobased glycerol as a
substrate that must be overcome. For example, the crude

glycerol produced by the biodiesel industry contains significant
impurities, such as water, ash, and soap, which can account for
20−40% of its weight.7 This challenge can be overcome either
by purification of the crude glycerol or by developing a process
that is unaffected by the contaminants.

The conventional production of 1,2-PDO through the
hydration of propylene oxide, which typically occurs at 190 °C
and 18 bar, utilizes 6.25% propylene oxide in water and
requires an additional distillation step to separate 1,2-PDO.8 A
newly established 1,2-PDO production process based on
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glycerol hydrogenolysis would not only be more sustainable
due to the use of biobased feedstock but also might be able to
use a higher reactant concentration, requiring less energy-
consuming purification methods.7,9

The hydrogenolysis of glycerol to 1,2-PDO is a three-step
reaction, as illustrated in Figure 1, which shows the entire
reaction network including several parallel and consecutive
reactions, adapted from Gatti et al.10 and Dasari et al.11

The first step involves dehydration of glycerol to prop-2-en-
1,2-diol, which immediately rearranges via keto−enol
tautomerization during the second step to acetol. In the
third step, acetol is hydrogenated to 1,2-PDO using a
hydrogenation catalyst.11 Following this, a consecutive hydro-
genolysis to monohydroxy alcohols and finally to propane is
possible and needs to be suppressed.12 The dehydration at a
secondary glycerol hydroxy group is possible and must be
avoided. The formed (E)-prop-1-ene-1,3-diol undergoes an
analogous path as prop-2-en-1,2-diol to form propane-1,3-diol.
Finally, the C−C cleavage of glycerol to form C1 and C2
products, such as methanol and ethylene glycol, must also be
prevented. Ethylene glycol can further undergo hydrogenolysis
to form ethanol and subsequently ethane, while methanol can
be further decomposed to carbon monoxide or carbon
dioxide.12

Therefore, reaction conditions that favor the kinetically
preferred primary dehydration over the thermodynamically
favored secondary dehydration and prevent subsequent
hydrogenolysis and the C−C-cleavage of glycerol to ethylene
glycol must be identified.13

Several different carbon-supported heterogeneous metal
catalysts, including Ru,6,14−16 Rh,17 Ni,18−20 Pt,21−23 and
Cu11,24−26 have been investigated for their ability to catalyze
glycerol hydrogenolysis, with Ru proving the most effective.
Wang et al.27 noted that Ru-based catalysts supported on
monoclinic zirconia exhibit a higher turnover rate compared to
Rh-, Pt-, and Pd-based catalysts. However, Ru-based catalysts
tend to catalyze C−C cleavage, reducing the selectivity. For
example, one Ru/C catalyst demonstrated a 68% selectivity
toward ethylene glycol, while only 32% of the product was 1,2-
PDO.28

Sherbi et al.29 were able to overcome Ru’s tendency to
catalyze the C−C cleavage by creating a bimetallic Ru−Cu
catalyst supported on multiwall carbon nanotubes (CNTs) via
a wetness impregnation method. Adding copper promoted C−
O cleavage over C−C cleavage, which is catalyzed by purely
Ru-based catalysts. This resulted in a high selectivity for 1,2-
PDO of up to 93.4%.

Hydrogenolysis of 1,2-PDO using a bimetallic (Ru−Re)
catalyst supported on activated carbon, with hydrogen
pressures up to 100 bar, was found to be completely kinetically
controlled with minimal mass transport limitations and
selectivity for 1,2-PDO of up to 36.6%.30 For both Cu/SiO2
and Cu/ZrO2 catalysts, nearly zero-order dependence on
glycerol concentration and first-order dependence on hydrogen
concentration were found, while achieving selectivities of up to
95% and 36.6%, respectively.31,32 However, not all Cu-based
catalysts exhibit a zero-reaction order for glycerol. For example,
both Cu/MgO and CuPd/TiO2 catalysts exhibited a higher
dependence on glycerol concentration, with reaction orders of
1.2 and 0.9, respectively.33,34

Gabrysch et al.32 observed that hydrogen acts hereby in a
dual role. First, it serves as a reactant and creates empty
adsorption sites on the catalyst surface. By removing elemental
oxygen originating from water adsorption, hydrogen enables
the dissociative adsorption of glycerol. In addition, they found
that increasing hydrogen pressure up to 25 bar decreases 1,2-
PDO selectivity due to increased formation of ethylene glycol
by C−C cleavage.

However, the reaction rate is not universally independent of
the glycerol concentration for Cu-based catalysts. A pseudo-
first-order dependence on glycerol was reported for a Cu/
Zn:Cr/Zr mixed metal oxide catalyst by Sharma et al.35

While previous experiments were conducted as single-batch
experiments combining all reaction steps in a single slurry
reactor, Chiu et al.36 proposed an alternative process, which
should result in higher 1,2-PDO selectivity. This was achieved
by separating the glycerol dehydration and acetol hydro-
genation steps in two separate vessels. Using a Cu-Chromite
catalyst, they conducted the dehydration of glycerol to acetol
via reactive distillation, achieving over 90% glycerol conversion

Figure 1. General reaction scheme of the hydrogenolysis of glycerol and side reactions at T = 160−260 °C and p = 40−100 bar hydrogen pressure,
with the desired product 1,2-PDO highlighted in green.10,11
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and a high acetol selectivity. However, they did not further
hydrogenate acetol to 1,2-PDO.

While various supports have been used for Ru-based
catalysts, such as Al2O3,

37 SiO2,
38 ZrO2

39
, and TiO2

40
, Gatti

et al.41 note in their review that carbon-based supports are
superior, providing the necessary high specific surface area to
disperse metal particles effectively, thereby increasing activity.
Moreover, the authors note that carbon-based supports tend to
exhibit higher stability and do not undergo hydrothermal
alterations compared to traditional metal oxide supports.41

Comparing various carbon supports, Ru-based catalysts tend to
be more active if supported on CNTs rather than on active
carbon, due to an increased amount of the electron-rich Ruδ−

species, which favors the terminal C−O bond cleavage.42

In this study, a Ru−Cu/CNT catalyst, previously developed
and characterized by Lumpp et al.43 is used to catalyze the
glycerol hydrogenolysis reaction. To the best of our knowl-
edge, this is the first detailed kinetic study of a bimetallic CNT-
supported Ru−Cu catalyst for the chemical hydrogenolysis of
glycerol to 1,2-PDO. As previous studies have shown, the
influence of reaction conditions on kinetics varies depending
on the used catalyst, and on occasion, these are even
contradictory.30−35 Therefore, it is necessary to determine
the impact of all reaction parameters for each new catalyst to
understand and fully reveal the reaction mechanism and key
intermediates. In order to guarantee that the determined
kinetic parameters are not influenced by mass or heat transfer
limitations, these influences must be checked first. Afterward,
temperature, glycerol concentration, initial hydrogen pressure,
and catalyst loading and their impact on the reaction rate will
be varied in order to determine the key kinetic parameters. In
addition, the individual subreactions of the reaction network
are investigated to determine which occur under the applied
conditions, which are rate-determining, and which are even
favored. Studying the individual subreactions is necessary to
find reaction conditions that suppress undesired side reactions,
especially C−C cleavage. Furthermore, this study aims to
improve not only the reaction conditions but also the entire
process and provide a foundation for the design of a future
SMART (sustainable, multipurpose, autonomous, resilient,

transferable) glycerol hydrogenolysis reactor. When combined
with catalyst development and process optimization, this
reactor will overcome challenges associated with biobased
glycerol feedstock.

■ EXPERIMENTAL SECTION

Materials
All materials were purchased and used without further purification,
except for the catalyst. The Ru−Cu/CNT catalyst was synthesized
using an improved wetness impregnation method based on the work
of Sherbi et al.29 Multiwalled NANOCYL NC7000 carbon nanotubes
by Nanocyl SA., Belgium, which is a nanoparticle powder widely
applied in industrial scale CNT-modified material as well as RuCl3·
3H2O and Cu(II)(NO3)2·3H2O, both of which were purchased from
Sigma-Aldrich, were used for the synthesis.

As reactants, glycerol from Alfa Aesar (+99%), acetol from Thermo
Scientific (95%), 1,2-PDO from Sigma-Aldrich (99%), ethylene glycol
from Roth (+98%), and methanol from Thermo Scientific (99.9%)
were used. H2 (5.0 grade, Linde) and N2 (5.0 grade, Linde) were used
for the catalytic experiments.

Catalyst Preparation
The powder catalyst was synthesized using a procedure based on
Sherbi et al.’s29 wetness impregnation method. The process mimics
the procedure described in the literature, except that no calcination
step was conducted, as shown in Figure 2.

The metal precursors were dissolved separately in a total of 820 mL
of water and added to a round flask containing NANOCYL NC7000
carbon nanotubes, after which the pH of the solution was 2.5. The
catalyst suspension was heated to 80 °C and stirred at 100 rpm by
using a rotary evaporator for 5 h. After that, the water was removed
using reduced pressure. The resulting powder was carefully mortared
and dried in an oven (Nabertherm L9/11) for 8 h at 110 °C. Before
use in a reaction, the catalyst was reduced in a tube furnace
(Nabertherm R50/250/12) using forming gas with 5 vol % hydrogen
in nitrogen at 550 °C for 8 h, with a heating rate of 120 °C h−1 and a
gas flow of 50 L h−1.

Subsequently, the catalyst was stored under an argon atmosphere
inside a glass container until use.

Catalyst Characterization
The procedure for sample preparation is documented in the
Supporting Information (section: sample digestion for ICP-OES).

Figure 2. Schematic representation of the catalyst preparation using the wetness impregnation method.29
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The elemental concentrations of the following elements were
determined by an inductively coupled plasma optical emission
spectrometer (ICP-OES, PerkinElmer, Avio 550): Cu (327.393),
Ru (240.272). To verify reproducibility and accuracy, individual
sample splits were measured three times and compared against quality
control standards with known concentrations. In most cases, the
resulting blank values were found to be negligible; however, if a
significant blank value was identified, then it was subtracted from the
individual sample element concentrations.

Low temperature N2 adsorption−desorption analysis was used
(Nova 3000e Surface Area Analyzer, Quantachrome Instruments) to
determine the mass specific surface area (Sm), mesopore size
distribution, and mesopore volume (Vmeso) of the catalysts. An
overall sample mass of ≈ 20 mg was used for each analysis. Samples
were degassed under a vacuum at a temperature of 100 °C for 6 h
prior to analysis. Sm was estimated using the BET (Brunauer−
Emmett−Teller) method based on highly correlated linear fitting of
the BET model, p/p0 range = 0.027−0.27, R2 ≥ 0.9998) derived from
type IV N2 adsorption isotherms. Vmeso and the mean mesopore
diameter (dpore, mean) were estimated via the BJH (Barrett−Joyner−
Halenda) method.
Batch Reactor Setup for Slurry Experiments
The experiments were conducted in a 300 mL stirred tank reactor
(STR, Parr Instrument), equipped with a gas entrainment stirrer. The
reactor, pipes, and valves were made of stainless steel (1.4571), and
the gaskets were made of PTFE. A type K thermocouple with a
stainless-steel sleeve, a heating mantle (Parr Instrument), and a
thermostat (Peter Huber Kal̈temaschinenbau SE) were used to adjust
the temperature. Gas was added manually via ball and needle valves.
The pressure was controlled with an analog and digital pressure gauge.
The reactor was connected to an online gas chromatograph (Bruker
450 GC) via heated tubes (200 °C) to prevent condensation of
reactants and products, equipped with two flame ionization detectors
(FID), one thermal conductivity detector (TCD), one methanizer,
and four gas chromatography columns (Restek Q-Bond, Restek U-
Bond, Bruker Swax, and Bruker Molsieve 5 Å) to analyze the gas
composition. A scheme of the experimental setup is shown in Figure
S1.

The liquid samples taken before, during, and after the reaction were
analyzed by high-performance liquid chromatography (HPLC) for the
detection of various products using a Nexera 40 (Shimadzu). For this
purpose, each sample was filtered using syringe filters (0.45 μm)
before analysis and measured using a polymer phase organic acid
column (300 × 8 mm) from Chromatographie-Service GmbH. The
measurements were conducted at 25 °C with a flow rate of 0.8 mL
min−1 using an aqueous sulfuric acid solution with a concentration of
4 mmol L−1. The signals were measured using a refractive index
detector (RID). The detected products have been previously
calibrated, as shown in the Supporting Information and Figure S2
(section: HPLC calibration).
Experimental Procedure
In a typical experiment, 1 g of the catalyst, along with water and the
reactant, was prefed into the reactor. Of the total 300 mL reactor
volume, 150 mL was filled with the reaction solution. After the reactor
was closed, the stirrer speed was set to 300 rpm, and the reactor was
purged once with 20 bar of nitrogen at room temperature to remove
remaining air from the setup. Following this, the reactor was purged
two more times with either 20 bar of hydrogen or nitrogen
(depending on chosen reaction conditions). Next, the reactor was
filled with hydrogen, nitrogen, or a mixture of the two gases to the
desired initial pressure at room temperature. After leak tightness was
ensured, the reaction temperature was set. After the desired
temperature was reached, the reaction was started by setting the gas
entrainment stirrer to 1000 rpm. Liquid samples for HPLC and
gaseous samples for the online GC were taken at the start, end, and
throughout the reaction. During the standard experiment, liquid
samples were taken every 15 min for the first hour, then every 30 min
for the second hour, and subsequently every hour thereafter until the
experiment was terminated after a total of 7 h. GC samples were taken

every 30 min for the first two hours and then every hour until the
experiment was terminated. During the hydrogenation of acetol,
liquid samples were taken every 5 min for the first 15 min and then
every 15 min until the experiment was terminated after 90 min. GC
samples were taken at the same time as the liquid samples whenever
possible. However, due to long GC measurement times, it was only
possible to analyze gas samples every 30 min.
Determination of the Kinetics and Calculations
The reaction rate was determined by plotting the concentrations of
glycerol or the products against the reaction time. A linear fit was
applied for the kinetic regime at low conversion, and the slope of the
fit was taken as the reaction rate. The reaction order was determined
by plotting the natural logarithm of the reaction rate against the initial
concentrations of the reactants. Then, a linear fit was applied, and the
slope was taken, giving the reaction order.

The following calculations were used to determine the reactant
conversion (eq 1), product yield (eq 2), selectivity (eq 3), and overall
carbon balance (eq 4):

= ×X
c c

c
100

0,glycerol glycerol

0,glycerol (1)

= ×Y
c

c
100i

i

0,glycerol (2)

= ×S
Y
X

100i
i

(3)

= ×
×

×C
n number of carbons

n 3
100i

balance
0,glycerol (4)

The Arrhenius plot was used to determine the activation energy
from the temperature variation experiments. The Arrhenius plot is
derived from the Arrhenius eq (eq 5) by applying a natural logarithm
(eq 6).

= ·k A e E RT/a (5)

= ·k A
E
R T

ln( ) ln( )
1a

(6)

■ RESULTS AND DISCUSSION

Catalyst Characterization
ICP analysis of the synthesized Ru−Cu/CNT catalyst was
conducted to verify that the desired metal loading was

achieved, as shown in Table 1. The ICP results indicate that
the actual metal weight of the catalyst is close to the theoretical
weight, and the desired catalyst loading of 5% was successfully
achieved.

Table 2 summarizes the textural properties of the
synthesized bimetallic catalyst. The catalyst exhibits a type
IVa isotherm, as expected for a mesoporous material (pore size
distribution has a maximum at around 30−50 nm). Compared
to pure CNTs, the total surface area decreases after metal
impregnation. This decrease can be attributed to metal
particles either being deposited within the pores or blocking
their entrances. However, the total pore volume increased
upon metal loading, suggesting that the metals were primarily

Table 1. ICP Results of the Synthesized Catalyst

catalyst
theoretical Wt. (g

kg−1)
ICP-OES Wt. (g

kg−1)
ICP-OES loading

(%)

RuCu2@
NC7000

Ru: 22.1 Ru: 20.7 4.95
Cu: 27.9 Cu: 28.8
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deposited on the outer surface of the CNTs, possibly near the
pore openings. This could lead to an extension of the
accessible pore system, thereby increasing its volume. Addi-
tionally, the average pore diameter was found to be slightly
larger in the bimetallic catalyst compared to that in pure
CNTs. This may indicate that smaller pores are more likely to
be blocked by metal particles, rendering them inaccessible and
shifting the average diameter toward larger values. In contrast,
wider pores are less likely to be completely blocked, which
helps to explain the observed increase in pore volume.
Influence of Catalyst Loading
The amount of the catalyst used was varied between 200 and
1000 mg to observe the effect of catalyst loading on the
reaction rate, which is shown in Figure S3. The reaction rate
increased linearly with catalyst loading, giving a slope of 0.82
and an R2 of 0.91. For the following experiments, a catalyst
loading of 1000 mg was chosen to achieve maximum reaction
rates. A blank experiment without any catalyst was conducted
and showed no glycerol conversion (Figure S4).
Investigations on Heat and Mass Transfer Limitations
Understanding the reaction mechanism and determining
intrinsic kinetic parameters require exclusion of potential
heat and mass transfer limitations. However, the kinetics of
glycerol hydrogenolysis can only be accurately determined if
external factors, such as mass and heat transport, do not affect
the observed reaction rate.

Therefore, we investigated the potential mass transport
limitations by varying the stirrer speed from 400 up to 1200
rpm at a reaction temperature of 220 °C (see Figure 3).
Twenty bar of hydrogen pressure were chosen due to the fact
that the reaction is more likely to be mass transport-limited at

low hydrogen pressures, according to Fick’s law stating that the
rate of diffusion is directly dependent on the concentration
gradient, which is slower for lower hydrogen pressures.44 The
linearized reaction rates show that the latter does not increase
with an increasing stirring speed. Therefore, the reaction is not
film diffusion-limited under the applied reaction conditions.
For the following experiments, a stirring speed of 1000 rpm
was chosen to guarantee the maximum gas entrainment.

In a stirred tank reactor using water as the solvent, no heat
transfer limitations are expected. This is due to water’s high
specific heat capacity, which enables efficient heat absorption
and dissipation. Additionally, continuous stirring ensures a
homogeneous temperature distribution in the reactor,
minimizing temperature gradients. These properties ensure
effective heat transfer, thereby preventing the occurrence of
heat transfer limitations.

Since the reaction is not mass transfer-limited and potential
heat transfer limitations can be disregarded under the applied
reaction conditions, the observed kinetics (reff) are equal to the
intrinsic kinetics (rint) of the reaction. The kinetics can be
calculated using eq 7. The integrated rate law was chosen since
the experiment was conducted in a STR, wherein the reactant
concentration, catalyst distribution, and reaction temperature
were assumed to be homogeneous throughout the liquid phase.

= · · = = · ·r k c c r k c ca b a b
eff eff Gly H int int Gly H2 2 (7)

Reactants’ Influence on the Kinetics
To investigate the influence of the glycerol concentration on
the reaction rate, the initial glycerol concentration was varied
between 2.5 and 80 wt % according to the literature.31−35

Figure 4 shows the temporal profiles for the various initial
glycerol concentrations with the corresponding fits and
conversion−time graphs. The initial glycerol concentrations
are shown in Table S1. Reproducibility studies carried out at
25 bar H2 pressure (Figure S7) confirmed the standard
deviation for the conversion of 1.09%, 2.29% for the 1,2-PDO
yield, and 2.18% for the 1,2-PDO selectivity, as well as 1.56%
for the carbon balance.

Glycerol is consumed during the reaction, and a higher
glycerol concentration leads to a higher conversion rate.
Therefore, the reaction rate for glycerol increases with an
increase in the initial glycerol concentration. However, it does
not increase to the same degree as the concentration. The
reaction order for glycerol can be determined using the natural
logarithm of eq 5, shown in eq 8, and plotting the ln(rint) value
determined through the linear regression shown in Figure 4
against ln(cGly,0).

= + ·r k a cln( ) ln( ) ln( )int glycerol,0 (8)

Figure 5a plots the natural logarithm of the reaction rates
against the initial glycerol concentrations. As the initial glycerol
concentration increases, so does the reaction rate. The reaction
order with respect to the glycerol concentration was 0.66.

Table 2. Physico-Chemical Properties of the Synthesized Catalyst

catalyst/support
atotal surface area (m2

g−1)
bpore volume

(cc/g)
bpore diameter

(nm)
cMetal dispersion

(%)
cparticle diameter

(nm)
cparticle diameter after

reduction/nm

NC7000 252 0.919 14.8 � � �
RuCu2/NC7000 205 ± 2 1.155 22.6 72.50 1.14 ± 0.21 1.83 ± 0.43

aDetermined with N2-physisorption using the BET method. bDetermined with N2-physisorption using the BJH method. cDetermined with HR-
TEM.

Figure 3. Logarithmic reaction rate (r) of glycerol hydrogenolysis at
different stirrer speeds (N). Reaction conditions: V = 150 mL, T =
220 °C, p0(H2) = 20 bar, p(total) = 50 bar, t = 7 h, cGlycerol = 20 wt %,
mcatalyst = 1 g, and solvent: H2O.
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Figure 5b shows the same data but just for the formation of the
products along the desired 1,2-PDO pathway. The products
include acetol, 1,2-PDO, and n-propanol, as shown in Figure 1.
Ethanol is also included, as stability experiments in this study
showed that ethanol is derived from 1,2-PDO rather than from
ethylene glycol under the applied reaction conditions (Figure
13). A table of the starting and final pathway concentrations is
provided in Table S2. A reaction order of 1.17 was determined
with respect to the initial glycerol concentration. This matches
first-order values reported for other Cu-based catalysts in the
literature.33,34 The reaction order for the products resulting
from the ethylene glycol pathway is shown in Figure S5 and is

0 with respect to that of glycerol. Notably, all products that
could not be identified were included in this pathway for
simplification.

Figure 6 illustrates the glycerol conversion (X), 1,2-PDO
yield (Y) and selectivity (S) after 7 h reaction time for various
initial glycerol concentrations. The corresponding temporal
1,2-PDO yield is shown in Figure S6. As the glycerol
concentration increases, the conversion rate decreases from
19.2% (2.5 wt %) to 5.4% (80 wt %), while the selectivity
increases from 12.7 to 84.9%. However, the 1,2-PDO yield
shows a maximum of 8.6% at 10 wt % glycerol. The decrease in
conversion indicates that an increase in the reaction rate does

Figure 4. Temporal profiles of the glycerol concentration and conversion at varying initial glycerol concentrations. Reaction conditions: V = 150
mL, T = 220 °C, p0(H2) = 50 bar, t = 7 h, mcatalyst = 1 g, and solvent: H2O. Nstirrer = 1000 rpm.
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not necessarily result in higher glycerol conversion. The
opposite is true: Conversion decreases with an increased initial
glycerol concentration. This occurs because the reaction rate
increases more slowly compared with the increasing glycerol
concentration, as stated above.

With the increasing initial glycerol concentration, the
reaction becomes gradually more selective for 1,2-PDO. The
1,2-PDO yield, however, reaches a maximum at 10 wt %
glycerol and then begins to decrease due to the reduced
conversion. For the following set of experiments, 20 wt %
initial glycerol concentration was chosen, as it strikes a good
balance between activity and selectivity.

To determine the reaction order for the gaseous reactant
hydrogen, the initial hydrogen partial pressure was varied from
10 to 50 bar while maintaining a total system pressure of 50
bar using nitrogen for balancing. The concentration of
dissolved hydrogen in the liquid phase was calculated using
Henry’s law, as shown in eq 9.45

= ·c H pH ,dis s
cp

H,22 (9)

The reaction rate and order are strongly dependent on the
concentration of dissolved hydrogen, as shown in Figure 7.

Each glycerol concentration over time plot for the different
initial hydrogen pressures is shown in Figure S7. At low
hydrogen pressures up to 25 bar and therefore at low dissolved
hydrogen concentrations, the reaction rate increases with
higher H2 pressure, exhibiting a reaction order of 0.29. At 25
bar, the maximum reaction rate was reached. From 25 to 50
bar, the reaction rate decreases sharply, exhibiting a negative
reaction order of −1.06.

At low hydrogen pressures, the reaction is kinetically limited;
thus, increasing the hydrogen pressure increases the reaction
rate up to a maximum at 25 bar. A possible explanation for the
decreasing reaction rate at increased hydrogen pressures (>25
bar) could be the increasing saturation of the catalyst surface

Figure 5. Graphical determination of the reaction order for (a) glycerol consumption and (b) 1,2-PDO pathway products by variation of the initial
glycerol concentration. Reaction conditions: V = 150 mL, T = 220 °C, p0(H2) = 50 bar, t = 7 h, mcatalyst = 1 g, and solvent: H2O. Nstirrer = 1000 rpm.

Figure 6. Overview on glycerol conversion (X), yield (Y), and
selectivity (S) of 1,2-PDO at the end of the experiment for varying
initial glycerol concentrations. Reaction conditions: V = 150 mL, T =
220 °C, p0(H2) = 50 bar, t = 7 h, Nstirrer = 1000 rpm, mcatalyst = 1 g, and
solvent: H2O.

Figure 7. Graphical determination of the reaction order for the
glycerol consumption for different initial hydrogen concentrations.
Reaction conditions: V = 150 mL, T = 220 °C, t = 7 h, Nstirrer = 1000
rpm, cGlycerol = 20 wt %, mcatalyst = 1 g, and solvent: H2O. The
experiment at a hydrogen pressure of 25 bar was conducted three
times giving a standard deviation of + −1.09 (Figure S7).
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Figure 8. (a) Reaction rates at different initial hydrogen pressures regarding different reactants and products. (b) Graphical determination of the
reaction order for 1,2-PDO pathway production for different initial hydrogen concentrations. Reaction conditions: V = 150 mL, T = 220 °C, t = 7
h, Nstirrer = 1000 rpm, c0,Glycerol = 20 wt %, mcatalyst = 1 g, and solvent: H2O. The experiment at a hydrogen pressure of 25 bar was conducted three
times (Figure S7).

Figure 9. Temporal selectivity profiles for different initial hydrogen pressures. Reaction conditions: V = 150 mL, T = 220 °C, t = 7 h, Nstirrer = 1000
rpm, c0,Glycerol = 20 wt %, mcatalyst = 1 g, and solvent: H2O.
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with hydrogen, blocking the further adsorption of the bigger
glycerol molecules.

The kinetics of the individual reaction pathways were further
studied to determine their reaction rates and their influence on
the kinetics of the overall hydrogenolysis reaction. Since both
the C−C cleavage leads to ethylene glycol and methanol and
the desired C−O cleavage leads to 1,2-PDO consume glycerol,
the corresponding reaction rates cannot be determined
separately from the glycerol conversion curves. Figure 8a
illustrates the reaction rates of the two pathways at different
initial hydrogen pressures. It also includes the overall reaction
rate, based on the glycerol consumption, as well as the sum of
the reaction rates of the individual paths. The sum of all paths
is determined by adding the reaction rates of both the 1,2-
PDO and the EG pathways.

Figure 8a illustrates that the 1,2-PDO pathway is the
dominating pathway in the overall reaction. A table of the
starting and final pathway concentrations is provided in the

Supporting Information (Table S3). At initial hydrogen
pressures of 10 and 20 bar, the reaction rate for the 1,2-
PDO pathway remains constant and then increases to a
maximum at 25 bar. The reaction rate then decreases with
increasing initial hydrogen pressure, similar to the reaction rate
determined by the glycerol concentration. Analogous to the
previous results, this suggests a kinetic limitation at low
hydrogen pressures and a limitation through reactant
adsorption at high hydrogen pressures.

The reaction rate for the EG pathway is zero at 10 bar, and
the reaction rate for 1,2-PDO matches the reaction rate
derived from glycerol. At pressures of 20 bar and higher, the
reaction rate of the EG pathway remains constant.

The sum of the individual reaction rates matches the overall
reaction rate derived from the temporal glycerol concentration.
This shows that separating the reaction rates is a suitable
method for investigating the kinetics of the individual
pathways.

Figure 10. Overview of glycerol conversion (X), yield (Y), and
selectivity (S) of 1,2-PDO at different initial hydrogen pressures at the
end of the kinetic experiments. Reaction conditions: V = 150 mL, T =
220 °C, t = 7 h, Nstirrer = 1000 rpm, c0,glycerol = 20 wt %, mcatalyst = 1 g,
and solvent: H2O. The experiment at a hydrogen pressure of 25 bar
was conducted three times.

Figure 11. (a) Conversion (X) and 1,2-PDO yield (Y) and (b) 1,2-PDO selectivity (S) for the dehydration of glycerol under 50 bar nitrogen
pressure. Reaction conditions: V = 150 mL, T = 220 °C, t = 7 h, Nstirrer = 1000 rpm, c0,Glycerol = 20 wt %, mcatalyst = 1 g, and solvent: H2O.

Figure 12. Conversion (X), yield (Y), and selectivity (S) for the
acetol hydrogenation to 1,2-PDO. Reaction conditions: V = 150 mL,
T = 145 °C, p0(H2) = 25 bar, t = 100 min, Nstirrer = 1000 rpm, c0,Acetol
= 5 wt %, mcatalyst = 1 g, and solvent: H2O.
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Figure 8b shows the graphical determination of the reaction
order for the 1,2-PDO pathway-derived products regarding
hydrogen. At 10 to 25 bar hydrogen pressure, a reaction order
of 0.12 was determined. At higher pressures, a reaction order of
−1.36 with respect to hydrogen was found. The reaction order
for ethylene glycol pathway-derived products was found to be
zero and is shown in the Supporting Information (Figure S8).

As discussed above, the diverse reaction pathways were
affected differently by the change in the initial hydrogen
pressure. This was proven through HPLC and GC analytics, as
shown by the temporal selectivity profiles in Figure 9.

At 10 bar initial hydrogen pressure, the selectivity for 1,2-
PDO increases up to 73.1% until 60 min reaction time and
then decreases over time to 50.3%, after 420 min, while the
selectivity for the key intermediate acetol increases throughout
the reaction to 42.3%. In addition, no ethylene glycol is
formed. The decreasing 1,2-PDO selectivity suggests that the
reaction becomes limited by hydrogen availability with a
progressing reaction. At higher conversion, not enough
hydrogen is available to fully hydrogenate the acetol formed
from the initial dehydration and keto−enol tautomerization,
resulting in an increase in selectivity for the intermediate
acetol. However, the C−C-cleavage to ethylene glycol could be
entirely avoided. Therefore, under low hydrogen pressures, the
reaction is very selective for the desired 1,2-PDO pathway. In
addition, since no ethylene glycol is formed, the reaction rate
of the 1,2-PDO path is the same as the reaction rate
determined through the glycerol concentration. This matches
the results observed in Figure 8.

At 20 bar initial hydrogen pressure, the 1,2-PDO selectivity
increases slightly until reaching a maximum at 120 min of

80.5%, then remains constant until 360 min and then starts to
decline to 73.9%. Simultaneously, at 360 min, the acetol
selectivity starts to increase from 3.3% to a maximum of 12.3%
at the end of the reaction. This suggests that the reaction
remains hydrogen-limited but only at high conversion rates. In
contrast to the 10 bar experiment, ethylene glycol is formed,
and the selectivity starts from 25.6% after preheating and then
decreases over time to 8.4%. Furthermore, ethanol is formed
after 180 min resulting from consecutive decomposition of
ethylene glycol.

At 40 bar of initial hydrogen pressure, the selectivity curves
resemble the 20 bar curves at first glance. However, the 1,2-
PDO curve does not decrease at later reaction times; instead, it
increases until the end of the reaction to a final selectivity of
78.7%. Additionally, there is no detectable acetol formation,
and the final selectivity for ethylene glycol of 16.0% is higher
compared to the 20 bar experiment. The absence of acetol
formation suggests that there is enough hydrogen available to
immediately hydrogenate all available acetol and that acetol
hydrogenation which is significantly faster than glycerol
dehydration. Additionally, ethylene glycol formation appears
to increase relative to 1,2-PDO formation. This relative
increase occurs because the reaction rate for the 1,2-PDO
pathway decreases with a higher hydrogen pressure, while the
reaction rate for ethylene glycol formation remains constant, as
previously shown in Figure 8.

Figure 10 presents an overview of the end point values for
glycerol conversion, yield, and selectivity of 1,2-PDO
determined after 420 min reaction time for different initial
hydrogen pressures. The corresponding temporal conversion
and yield plots are shown in Figures S7 and S8.

The results show that there is not only a kinetic maximum of
the overall reaction rate at 25 bar of initial hydrogen pressure
as illustrated in Figure 7 but also the highest glycerol
conversion (20.8%) and the highest 1,2-PDO yield (14.6%)
at an excellent 1,2-PDO selectivity (76.5%) were achieved
here. This holds, even though a high deviation was observed
between the experiments for glycerol conversion values (which
influenced the selectivity values), indicating that 25 bar is the

Figure 13. 1,2-PDO stability over time under typical hydrogenolysis conditions. (a) 1,2-PDO conversion and product yields and (b) product
selectivities. Reaction conditions: V = 150 mL, T = 220 °C, p0(H2) = 25 bar, t = 7 h, Nstirrer = 1000 rpm, Co,1,2‑PDO = 20 wt %, mcatalyst = 1 g, and
solvent: H2O.

Figure 14. Proposed decomposition route of 1,2-PDO to ethanol and
methanol and further to methane under typical hydrogenolysis
conditions.
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optimal initial hydrogen pressure for glycerol hydrogenolysis to
1,2-PDO.
Glycerol Dehydration

In the next set of experiments, we tried to separate the
individual reaction steps in order to verify whether the used
RuCu/CNT catalyst prefers one of the individual steps. As the

individual subreactions cannot be isolated under typical
hydrogenolysis conditions, we had to adopt the reaction
conditions in order to allow for a separate investigation of the
individual steps. Therefore, to investigate solely the glycerol
dehydration and subsequent keto−enol tautomerization to
acetol, this set of experiments was conducted under a pure

Figure 15. Temporal profiles of the glycerol concentration and conversion at varying reaction temperatures. Reaction conditions: V = 150 mL,
p0(H2) = 50 bar, t = 7 h, Nstirrer = 1000 rpm, c0,Glycerol = 20 wt %, mcatalyst = 1 g, and solvent: H2O.
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nitrogen atmosphere of 50 bar to prevent consecutive
hydrogenation to 1,2-PDO, as previously suggested by Chiu
et al.36 The temporal plots for conversion (X), 1,2-PDO yield
(Y), and 1,2-PDO selectivity (S) for acetol are shown in Figure
11.

The observed glycerol conversion starts slowly with a value
of 3.3% after 60 min reaction time and continues to increase
over time, reaching a maximum of 11% by the end of the
experiment after 420 min. The acetol yield constantly increases
during the reaction, first rapidly up to 120 min and then
gradually to 7.8% after 420 min. Corresponding to the
slowdown in acetol yield, the yield of 1,2-PDO increases
during the second half of the experiment to 0.9%. Moreover,
also traces of CO2 could be detected in the gas phase resulting
from decarboxylation. As anticipated, dehydration indeed
occurs in the absence of hydrogen, as evidenced by the
formation of acetol during the reaction. The small presence of
1,2-PDO at higher conversions was not unexpected, as Chiu et
al.36 already reported observing 1,2-PDO formation during the
glycerol dehydration under the exclusion of external hydrogen.

They postulated that the formation of 1,2-PDO is due to the
scavenging of hydrogen from glycerol. A different explanation
could be the reforming of glycerol to hydrogen and CO2
catalyzed by the Ru catalyst as suggested by Roy et al.46

The final conversion rates of 10.2% at 50 bar hydrogen
pressure (see Figure 10) and 11% at 50 bar nitrogen pressure
(Figure 11) resemble each other. This suggests that
dehydration to acetol is the rate-determining step in the
overall hydrogenolysis reaction. However, the final acetol yield
of 7.8% for glycerol dehydration is higher compared to the 1,2-
PDO yield of 6.0% for the analogues hydrogenolysis
experiment. The increased yield is due to the lack of hydrogen,
which completely suppresses ethylene glycol formation,
thereby increasing the dehydration to acetol. In addition, a
higher selectivity of 71.2% for acetol was achieved (79.6% if
1,2-PDO is included) compared to the 63% selectivity of 1,2-
PDO during the hydrogenolysis, also due to the suppression of
ethylene glycol formation.
Acetol Hydrogenation
To study the hydrogenation of acetol to 1,2-PDO separately,
acetol was used as the reactant instead of glycerol for the next
set of experiments. Kinetic measurements for acetol hydro-
genation were not possible at 220 °C because the reaction
occurred so quickly that all reactants would already be
consumed during the heating-up phase. Therefore, an

Figure 16. Overview of glycerol conversion (X), yield (Y), and
selectivity (S) of 1,2-PDO at different reaction temperatures. Reaction
conditions: V = 150 mL, p0(H2) = 50 bar, t = 7 h, Nstirrer = 1000 rpm,
c0,glycerol = 20 wt %, mcatalyst = 1 g, and solvent: H2O.

Figure 17. Arrhenius plot to determine the activation energy for (a) the glycerol consumption and (b) the 1,2-PDO pathway products. Reaction
conditions: V = 150 mL, p0(H2) = 50 bar, t = 7 h, Nstirrer = 1000 rpm, c0,glycerol = 20 wt %, mcatalyst = 1 g, and solvent: H2O.

Table 3. Kinetic Parameters as Estimated by the Kinetic
Model

parameter
Kinetic
model confidence intervals

experimentally
determined

k0,1(M(1−n)/
min)

4.13 × 109 [1.2 × 108, 1.4 × 1011] 1.60 × 1010

EA,1(KJ/mol) 149 [136, 165] 154
nGly,1(−) 1.04 [1.00, 1.07 1.17
nH,1/− −1.31 [-1.40, −1.21] −1.36
k0,2/M(1−n)/

min
4.85 × 103 [1.08 × 102, 2.18 × 105] 4.92 × 102

EA,2/KJ/mol 69 [56, 86] 60
nGly,2(−) 0.06 [-0.006, 0.116] 0
nH,2/− 0.00 [-0.179, 0.175] 0
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additional series of temperature variation experiments was
conducted to identify the optimum temperature to study the
kinetics of acetol hydrogenation. Reducing the reaction
temperature to 145 °C allowed for the determination of
kinetic parameters with the current reaction setup. To ensure
that not all hydrogen would be consumed and subsequently
acetol would remain non-hydrogenated, the acetol loading was
set to 5 wt %. Figure 12 shows the temporal acetol conversion
(X), 1,2-PDO-yield (Y), and 1,2-PDO-selectivity (S) for the
acetol hydrogenation experiments. Both conversion and yield
increase rapidly at the start of the experiment, reaching already
99% after 10 min and 100% after 15 min. This shows that
hydrogenating acetol to 1,2-PDO is significantly faster than
dehydrating glycerol to acetol, even at lower temperatures. In
addition, the rate of acetol hydrogenation indicates that acetol
is only present at low hydrogen pressures because not all of the
acetol can be fully hydrogenated due to lack of hydrogen. The
selectivity curve is between 99% and 100% due to the fact that
all of the consumed acetol is only hydrogenated to 1,2-PDO.

Furthermore, no undesired hydrogenolysis of 1,2-PDO to n-
propanol, which was observed at higher reaction temperatures
of 220 °C for the overall reaction, could be observed, showing
the potential of gaining nearly perfect selectivity when
separating both reaction steps using the multifunctional Ru−
Cu/CNT catalyst. To investigate whether hydrogenation
remains selective in the presence of glycerol, a hydrogenation
experiment using a reaction solution containing 7.5 wt %
glycerol and acetol was conducted. As shown in Figure S11,
acetol is completely hydrogenated to 1,2-PDO, while glycerol
is not converted at all.
Product Stability

To investigate the potential decomposition of the C−C-
cleavage products ethylene glycol and methanol under typical
hydrogenolysis conditions of 220 °C and 25 bar hydrogen
pressure using the Ru−Cu/CNT catalyst, a 20 wt % solution of
equal molar amounts of ethylene glycol and methanol was used
as a reactant. Under these conditions, ethylene glycol remained
stable, while approximately 11% methanol decomposed into
methane (see Figure S12). Interestingly, ethylene glycol did
not decompose to ethanol, which was found as a product in
other experiments (see Figure 9), indicating that a different
mechanism must be present to form ethanol, which was so far
not accounted for by the overall reaction scheme in Figure 1.

To verify the stability of the desired product 1,2-PDO under
the applied reaction conditions, a 20 wt % 1,2-PDO solution
was used as a reactant to investigate its stability under typical
hydrogenolysis conditions of 220 °C and 25 bar hydrogen
pressure using the Ru−Cu/CNT catalyst. Figure 13 shows the
temporal 1,2-PDO conversion and the various product yields
and selectivities. Both 1,2-PDO conversion and the yield of
decomposition products increased linearly over time. Except
for the dehydrogenation product acetol, which is formed in
only very small amounts after 300 min, all products were
formed from the very beginning of the reaction. While the
formation of n-propanol via hydrogenolysis was expected, the
other decomposition products were not mentioned in the
original reaction network. The formation of acetol suggests a
reversibility of the reaction, which was indicated by simulations
done by Gatti et al.12 but not experimentally verified in the
literature. Additionally, ethanol, methane, and ethane were
expected to be products of the C−C cleavage pathway rather
than the 1,2-PDO pathway. However, since ethylene glycol was

found to be stable under hydrogenolysis conditions (Figure
S12), the presence of ethanol, methane, and ethane now
explains why ethanol was detected in previous experiments
(see Figure 9). This also means that the already complex
network of possible reaction pathways becomes even more
multifaceted. Additionally, the expected decomposition of n-
propanol to propane was not observed.

We suggest an additional decomposition pathway for 1,2-
PDO (Figure 14), which is analogous to the C−C-cleavage of
glycerol to ethylene glycol. In the first step, 1,2-PDO
undergoes a C−C-cleavage to produce ethanol and methanol.
In the second step, methanol is hydrogenated to produce
methane. While this reaction is mechanistically plausible, no
methanol is found in the reaction solution. This suggests that
all of the methanol must have been converted to methane. This
is supported by the fact that even in the reaction where
ethylene glycol is formed no methanol could be detected (see
Figure 9).

A second 1,2-PDO stability experiment at optimized
hydrogenation conditions of 145 °C was conducted, and no
1,2-PDO conversion was observed, as shown in Figure S13.
The fact that 1,2-PDO remains stable at these conditions
indicates that a hydrogenation at lower temperatures not only
achieves quantitative acetol conversion and completely
suppresses ethylene glycol formation but also prevents
subsequent hydrogenolysis of 1,2-PDO.
Temperature Variation for Determination of the
Activation Energy

The influence of the reaction temperature on the overall
reaction rate of glycerol hydrogenolysis was investigated by
varying the reaction temperature from 200 to 240 °C in 10 °C
steps. The corresponding temporal glycerol concentration,
including the linear regression to determine the reaction rate
and temporal conversion graphs, is shown in Figure 15. All
graphs show a decreasing concentration of glycerol over time.
However, the rate of glycerol consumption increases with
increasing temperature according to the Arrhenius law. The
slope of the linear fit, determining the reaction rate, increases
10-fold from 0.00022 mol L−1 min−1 at 200 °C to 0.0021 mol
L−1 min−1 at 240 °C.

Figure 16 shows that an increase in reaction temperature not
only affects the kinetics of the glycerol hydrogenolysis reaction
but also favors more undesired side reactions like C−C bond
cleavage leading to ethylene glycol and glycerol reforming. The
corresponding temporal profiles of product yields are shown in
Figure S14. While an increase in temperature leads to higher
glycerol conversion (37.6%) and 1,2-PDO yield (19.7%) at
240 °C, 1,2-PDO selectivity drops above 230 °C, whereas the
selectivity increases significantly from 27.8% at 200 °C to
57.5% at 210 °C, then rises slowly until reaching a maximum of
64.9% at 230 °C. After that, it decreases to 52.4% at 240 °C.
The reason for the low selectivity at 200 °C is that exothermic
ethylene glycol formation is favored over 1,2-PDO formation
at lower temperatures. At higher temperatures, endothermic
dehydration is favored, leading to more acetol formation, and
the formed 1,2-PDO undergoes consecutive hydrogenolysis to
n-propanol (as shown in previous experiments). A reaction
temperature of 230 °C seems to be a sweet spot for glycerol
hydrogenolysis, as it favors C−O activation over C−C
activation but still prevents glycerol reforming.

In addition to the optimization of the reaction conditions,
the temperature variation also enables a graphical determi-

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.6c02083
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

M

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.6c02083/suppl_file/sc6c02083_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.6c02083/suppl_file/sc6c02083_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.6c02083/suppl_file/sc6c02083_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.6c02083/suppl_file/sc6c02083_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.6c02083/suppl_file/sc6c02083_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.6c02083/suppl_file/sc6c02083_si_001.pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.6c02083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nation of the activation energy using an Arrhenius plot (Figure
17). The reaction rate ln(k) increases as the reaction
temperature increases. Figure 17a shows the Arrhenius plot
for the overall glycerol consumption and results in an
activation energy of 121.75 kJ mol−1. This value is similar to
that determined for a Cu/Zn:Cr/Zr mixed metal oxide catalyst
(131.88 kJ mol−1) in the literature.35 Figure 17b shows the
Arrhenius plot for the 1,2-PDO pathway, yielding an activation
energy of 154 kJ mol−1. The activation energy for the ethylene
glycol pathway is 60 kJ mol−1, and the corresponding
Arrhenius energy is shown in Figure S15. A table of the
starting and final pathway concentrations is provided in the
Supporting Information (Table S4).
Kinetic Modeling of the Glycerol Hydrogenolysis
The kinetic experiments enable the construction of a kinetic
model of the glycerol hydrogenolysis based on the reaction rate
(eqs 10,11). eq 10 describes the 1,2-PDO pathway, while eq 11
describes the undesired ethylene glycol pathway. The more
detailed methodology is shown in the Supporting Information
(section: Kinetic modeling of the glycerol hydrogenolysis).

= · · ··r k e C CE R T
G
n

H
n

1 0,1
( / )A Gly H,1 1, 1,

(10)

= · · ··r k e C CE R T
G
n n

2 0,2
( / )

H
A Gly H,2 2, 2,

(11)

Where ri values are the reaction rates, k0,i values are the pre-
exponential factors, EA,i values are the activation energies, T is
the temperature, Cj are the molar concentrations, and nj,i is the
reaction rate order in reaction i with respect to species j. The
complete methodology is shown in the Supporting Information
in the section “Kinetic modeling of glycerol hydrogenolysis”.
The parameter estimates are listed in Table 3. For the kinetic
model, only the experiments using 25, 30, 40, and 50 bar
partial hydrogen pressure were included, due to catalyst surface
saturation below 25 bar and the fact that all other variation
experiments were conducted at 50 bar hydrogen pressure.

The estimated reaction orders for the 1,2-PDO pathway of
1.17 for glycerol and −1.36 for hydrogen are very close to the
experimentally determined reaction order of 1.04 for glycerol
and −1.31 for hydrogen. The same is true for the estimated
activation energy of 149 kJ mol−1, which is similar to the
experimentally determined value of 154 kJ mol−1. The
estimated pre-exponential factor of 4.13 × 109 (M(1−n)/Min)
is slightly lower compared to the experimentally determined
one of 1.60 × 1010 (M(1−n)/Min), however, the experimentally
determined value still falls within the confidence intervals. For
the ethylene glycol pathway, the estimated and experimentally
determined parameters are also similar. Comparing the
parametrized kinetic models with experimental data (as
shown in Figures S16−S18) confirms that the models reliably
reproduce the observed reaction behavior.

■ CONCLUSIONS
The kinetics of glycerol hydrogenolysis to 1,2-PDO, as well as
the competing C−C-cleavage reaction to ethylene glycol and
methanol, were studied. The reaction conditions were
optimized to achieve higher 1,2-PDO yield by increasing
glycerol conversion. Additionally, the individual subreactions
comprising the glycerol hydrogenolysis reaction network were
also investigated. This resulted in the addition of a new 1,2-
PDO decomposition pathway to the reaction network.
Furthermore, the knowledge about reaction kinetics revealed
a new approach to glycerol hydrogenolysis with a promising

higher yield and selectivity. Kinetic experiments were
conducted by varying the initial glycerol concentration (2.5
to 80%), the initial hydrogen partial pressure (10 to 50 bar),
and the reaction temperature (200 to 240 °C). Hydrogen
pressure significantly influenced glycerol conversion; the
reaction exhibited kinetically limited behavior at low pressures
and reactant surface adsorption limitation at high pressures.
Optimizing the reaction conditions resulted in 20.7% glycerol
conversion, a 14.6% 1,2-PDO yield, 76.5% selectivity at 220
°C, 25 bar hydrogen pressure, and 20 wt % glycerol.

Investigating the individual subreactions revealed that
dehydration to acetol is the rate-determining step and that
acetol can be quantitatively hydrogenated already at lower
reaction temperatures of only 145 °C. Additionally, it was
demonstrated that ethylene glycol decomposition does not
produce ethanol; instead, ethanol results from the decom-
position of 1,2-PDO. A separate approach for the hydro-
genolysis of glycerol was implemented as a proof of concept,
and the successful suppression of ethylene glycol formation
and subsequent hydrogenolysis to monoalcohols demonstrated
its effectiveness. This was achieved by first dehydrating glycerol
to acetol under nitrogen and then hydrogenating the acetol at
lower temperatures to 1,2-PDO, resulting in an almost perfect
1,2-PDO selectivity >99%. Additionally, based on the derived
kinetic parameters, a simple kinetic model could be
established.
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