
Accepted Manuscript

Title: The kinetics of glycerol hydrodeoxygenation to
1,2-propanediol over Cu/ZrO2 in the aqueous phase

Authors: Thomas Gabrysch, Martin Muhler, Baoxiang Peng

PII: S0926-860X(19)30100-0
DOI: https://doi.org/10.1016/j.apcata.2019.03.001
Reference: APCATA 17006

To appear in: Applied Catalysis A: General

Received date: 12 October 2018
Revised date: 25 February 2019
Accepted date: 2 March 2019

Please cite this article as: Gabrysch T, Muhler M, Peng B, The kinetics of glycerol
hydrodeoxygenation to 1,2-propanediol over Cu/ZrO2 in the aqueous phase, Applied
Catalysis A, General (2019), https://doi.org/10.1016/j.apcata.2019.03.001

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

https://doi.org/10.1016/j.apcata.2019.03.001
https://doi.org/10.1016/j.apcata.2019.03.001


The kinetics of glycerol hydrodeoxygenation to 1,2-propanediol 

over Cu/ZrO2 in the aqueous phase 

 

Thomas Gabrysch1, Martin Muhler1,2, and Baoxiang Peng*1,2 

 

1Laboratory of Industrial Chemistry, Ruhr-University Bochum, Universitätsstr. 150, 44780 Bochum, Germany 

2Max Planck Institute for Chemical Energy Conversion, Stiftstraße 34-36, 45470 Mülheim an der Ruhr, Germany 

 

 

*Corresponding author, Tel.: +49 234 32 24102, Email address: baoxiang.peng@techem.rub.de (B. Peng) 

 

Graphical abstract 

 

 

ACCEPTED M
ANUSCRIP

T

mailto:baoxiang.peng@techem.rub.de


Highlights 

 The kinetics of glycerol hydrodeoxygenation to 1,2-propanediol over Cu/ZrO2 has 

been systematically studied.  

 The kinetic study yielded a zero-order dependence on glycerol concentration and a 

first-order dependence on H2 concentration 

 H2 removes adsorbed atomic oxygen originating from water dissociation  

 The similar apparent activation energies for the hydrodeoxygenation over Cu/ZrO2 

and Cu powder further identify the active sites as fully adsorbate-covered metallic 

Cu.  

 

 

Abstract 

The kinetics of glycerol hydrodeoxygenation to 1,2-propanediol via the selective cleavage of the 

primary C-O bond was systematically studied in the aqueous phase over a co-precipitated Cu/ZrO2 

catalyst. Unsupported pure metallic Cu was used as reference catalyst. Batch experiments were 

performed in an autoclave by varying the reaction temperature (175 – 225 °C), H2 partial pressure 

(25 – 35 bar) and initial glycerol concentration (2 – 8 wt%). The Cu/ZrO2 catalyst was found to be 

highly selective to 1,2-propanediol (up to 95%), and ethylene glycol was obtained as major by-

product from parallel C–C bond hydrogenolysis. The apparent activation energies amounting to 

106 and 105 kJ mol-1 for Cu/ZrO2 and pure metallic Cu, respectively, of the hydrodeoxygenation 

pathway provide further evidence for metallic Cu acting as the active site. Kinetic analysis of the rate 

of glycerol consumption yielded a zero-order dependence on the concentration of glycerol 

suggesting an essentially almost full coverage of adsorbed glycerol as most strongly bound organic 

adsorbate. In contrast, a first-order dependence on hydrogen concentration was observed. Hydrogen 

is assumed to be not only required for the fast hydrogenation of the intermediate acetol, but also for 

the removal of adsorbed atomic oxygen originating from water dissociation to create empty sites for 

dissociative glycerol adsorption. Thus, the active Cu sites are assumed to be fully adsorbate-covered 

under reaction conditions. 

 

Keywords: hydrogenolysis; ethylene glycol; metallic copper; kinetic study 
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1. Introduction 

In recent years increasing bio-diesel production resulted in an excess production of glycerol, which is 

the main by-product of this process.[1-3] The further utilization of biomass-based aqueous glycerol 

solutions to value-added products such as ethers,[4,5] esters,[6-8] propanediols[9-11] and 

acrolein[12-14] is of great interest to increase the economic efficiency and environmental 

sustainability of bio-refineries. A promising utilization route is the selective hydrodeoxygenation 

(HDO) of glycerol to 1,2-propanediol (1,2 PDO). HDO requires the selective cleavage of a terminal C-O 

bond while preserving C-C bonds, whereas hydrogenolysis refers in particular to the cleavage of C-C 

bonds. Most previous studies mainly focused on developing suitable HDO catalysts such as supported 

noble (e.g., Pt, Ru)[15-17] and less active, but selective non-noble (e.g., Cu, Ni, Co)[18-20] metals and 

characterising their relevant properties such as acidity, surface areas and metal dispersion.[21-23] 

Among these two classes of catalysts, Cu-based catalysts were found to be optimum, combining high 

selectivity to 1,2-PDO and moderate activity.[24-26] Owing to the mechanistic complexity of HDO, 

the number of studies focussing on reaction kinetics is rather low. 

A kinetic analysis of glycerol HDO over Cu:Zn:Cr:Zr mixed metal oxide catalysts was conducted by 

Sharma et al.[27] using high initial glycerol concentrations up to 100%. The addition of Zn and Zr to 

the catalyst matrix significantly increased glycerol conversion and the selectivity to 1,2-PDO, which 

was ascribed to enhanced bifunctionality. Assuming a Langmuir-Hinshelwood-Hougen-Watson 

reaction mechanism following the dehydration-hydrogenation pathway, pseudo-first order kinetics 

for glycerol consumption and an activation energy of 132 kJ mol-1 were derived for the HDO route.  

Vasiliadou et al.[28,29] studied the reaction kinetics of glycerol HDO over a 18 wt% Cu/SiO2 catalyst. 

Two parallel routes leading to the formation of 1,2-PDO (95% selectivity) and 1,3-PDO (main by-

product) were considered, and the kinetic parameters were derived assuming a power-law kinetic 

model. A reaction order of 0.17 was found for the overall glycerol consumption, and a reaction order 

of 1.06 was derived considering the H2 concentration in the liquid phase. The activation energies for 

the 1,2-PDO and 1,3-PDO routes were found to be 94.3 and 135.3 kJ mol-1, respectively. However, 

this work was performed using 1-butanol as solvent. The consideration of possible solvent effects is 

an important factor for liquid-phase reactions, and water is usually preferred to any organic solvents. 

Bienholz et al.[30] reported that glycerol conversion increased from 5% to 55% over a Cu/ZnO 

catalyst when water was replaced by 1,2-butanediol as solvent. N2O reactive frontal chromatography 

measurements using the catalyst before and after reaction revealed that the use of 1,2-butanediol 

led to a lower decrease of the Cu surface area due to inhibited growth of the Cu particles. Wang et 
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al.[31] studied solvent effects with a Cu/ZnO catalyst using water, methanol and ethanol. It was 

found that solvents with low surface tension such as methanol and ethanol tend to inhibit the 

agglomeration of Cu particles, thus resulting in higher degrees of Cu dispersion and higher glycerol 

conversion, while highly polar solvents such as water tend to increase the product selectivity to 1,2-

PDO. 

In our previous study, HDO of glycerol over Cu/ZrO2 in the aqueous phase was found to proceed via a 

two-step dehydration-hydrogenation reaction pathway, yielding 1,2-PDO as main product with a high 

selectivity of 95% at 31% conversion under moderate reaction conditions (200 °C, 25 bar H2, 8 h 

reaction time).[32] A linear dependence of glycerol conversion on the specific Cu surface area was 

observed. Thus, metallic Cu was identified as the active site for both dehydration and hydrogenation, 

whereas the acidic sites of the ZrO2 support had no detectable effect on the catalytic activity under 

the applied aqueous reaction conditions. 

The aim of the present work is to investigate glycerol HDO kinetics under aqueous conditions in the 

presence of an active, highly selective and rather stable Cu/ZrO2 catalyst. In contrast to other kinetic 

studies claiming acid sites of the support to catalyse dehydration followed by hydrogenation on 

metallic sites, here a kinetic study over Cu-based catalysts is reported, which provides no evidence 

for bifunctionality. The reaction kinetics of glycerol HDO was first studied over Cu/ZrO2 with 18 wt% 

CuO nominal loading by varying the reaction temperature (175 – 225 °C), H2 partial pressure 

(25 - 35 bar) as well as the initial glycerol concentration (2 – 8 wt%). Unsupported pure metallic Cu, 

derived from the reduction of commercial CuO nanopowder, was used as reference catalyst in 

comparison to the Cu/ZrO2 catalyst to prove the dominant role of metallic Cu in the HDO of glycerol 

kinetically. 

 

2. Experimental 

2.1. Materials 

The Cu/ZrO2 catalyst was prepared using copper nitrate (Cu(NO3)2 ∙ 3 H2O, Sigma Aldrich, 99.999%), 

zirconium oxynitrate (ZrO(NO3)2 ∙ 3 H2O, Sigma Aldrich, 99.0%) and sodium hydroxide (NaOH, VWR 

Chemicals, 98.5-100.5%). Glycerol (VWR Chemicals, 99.5%), 1,2-propenediol (Fluka, 99.5%), ethylene 

glycol (Alfa Aesar, 99%), hydroxyacetone (Alfa Aesar, 95%) and methanol (Fischer Chemicals, 99.8%) 

were used for experiments and GC calibration. CuO powder (Sigma Aldrich, < 50 nm) was used as 

reference catalyst precursor. 
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2.2. Catalyst preparation 

The 18 wt% CuO/ZrO2 precursor was prepared by co-precipitation at room temperature.[32] Copper 

nitrate and zirconium oxynitrate were dissolved in 100 mL deionized water (HPLC purity). 25 wt% 

aqueous solution of sodium hydroxide was used as precipitating agent. The pH value of the solution 

was maintained constant at 10.5 during precipitation in an autotitrator. After precipitation the 

suspension was aged for 15 min at room temperature under continuously stirring. The obtained 

precipitate was filtered and washed several times with deionized water until the filtrate was free of 

nitrate. After drying at 105 °C overnight, the precursor was calcined at 490 °C for 3 h in synthetic air 

(20% O2/N2) and ground to particle sizes < 25 µm. 

 

2.3. Kinetic experiments 

The kinetic experiments were carried out in a Parr 5050 stainless-steel autoclave reactor (100 mL) 

equipped with temperature controller, mechanical stirrer and sampling tube for taking liquid 

products. Prior to each experiment, CuO/ZrO2 and CuO nanopowder were pre-reduced in the reactor 

in the absence of the aqueous glycerol solution. For each reaction 400 mg of CuO/ZrO2 or a defined 

amount of CuO was loaded in the reactor. Subsequently, the reactor was pressurized and purged 

several times with H2 (99.999%) to remove ambient air. The pre-reduction was carried out at 200 °C 

and 20 bar H2 pressure for 10 h to reduce CuO/ZrO2 and CuO powder to metallic Cu. After cooling 

and depressurization, 20 mL of 4 wt% aqueous glycerol solution was dosed into the autoclave 

through the sampling tube without opening the reactor to minimize the exposure of the reduced 

catalyst to ambient air. After flushing the reactor several times with H2 again, the reactor was 

pressurized with H2. For each temperature variation experiment the total pressure in the reactor was 

kept constant at 40 bar. The reaction was performed in the temperature range from 175 to 225 °C, 

using 2 to 8 wt% initial glycerol concentration and 25 to 35 bar H2 pressure for 8 h with a stirring 

speed of 750 rpm. During reaction liquid samples of approximately 1.5 mL were taken from the 

reactor after 1, 3, 5 and 8 h. The liquid samples were filtered using membrane filters to remove 

residual catalyst particles and analysed by gas chromatography (GC). 

 

2.4. Quantitative analysis of liquid products 
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Liquid-phase reaction products were analysed using an Agilent 7820A gas chromatography equipped 

with a capillary column (Phenomenex Zebron ZB-WAXplus, 30 m × 0.32 mm × 0.25 µm) and a flame 

ionization detector (FID). The GC was calibrated by using an external standard resulting in relative 

standard deviations (RSD%) of 2-4% depending on the different compounds. The conversion of 

glycerol and the selectivity of liquid-phase products were calculated using the following two 

equations:  

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 [%] =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙
∙ 100    (1) 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 [%] =
𝜈𝑖 ∙ 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 
∙ 100       (2) 

where 𝜈𝑖  is the stoichiometric factor, amounting to 1 for glycerol, acetol, 1,2-PDO and propanol, 2/3 

for ethylene glycol and ethanol, and 1/3 for methanol.  

The turnover frequency (TOF) for the HDO pathway was calculated as moles of produced 1,2-PDO 

per moles of surface metallic Cu atoms after 8 h (Equation 3). An average number of 1.47×1019 atoms 

per m2 Cu surface area was used.[33] 

𝑇𝑂𝐹 [ℎ−1] =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 1,2−𝑃𝐷𝑂 

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓  𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝐶𝑢 𝑎𝑡𝑜𝑚𝑠 ∙ 8 ℎ
       (3) 

 

3. Results and discussion 

The HDO of glycerol to 1,2-PDO over Cu/ZrO2 proceeds via a two-step dehydration-hydrogenation 

reaction pathway forming acetol as dehydration intermediate, which is further hydrogenated to 

1,2-PDO with approximately 95% selectivity.[32] The parallel direct C-C bonds hydrogenolysis leading 

to ethylene glycol and methanol is the main side reaction with about 5% selectivity. The formation of 

1,3-PDO resulting from HDO of the secondary C-O bond has not been observed. Further degradation 

products such as propanols and ethanol resulting from overhydrogenolysis are present only in trace 

amounts (<2% selectivity). Therefore, only the formation of 1,2-PDO and ethylene glycol are 

considered in the following. The simplified reaction scheme for the hydrodeoxygenation and 

hydrogenolysis of glycerol is shown in Scheme 1, where 𝑘 is the overall rate constant of glycerol 

consumption, 𝑘1 is the rate constant of HDO and 𝑘2 is the rate constant of hydrogenolysis. 

 

In order to assess the impact of reaction parameters like glycerol concentration, hydrogen pressure 

and reaction temperature on glycerol HDO as well as to obtain reliable kinetic data, the external 
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mass transfer limitation has to be excluded. Control experiments were carried out by varying the 

stirring speed using 500, 750, and 1000 rpm to investigate the influence of film mass transfer 

between the bulk liquid phase and the catalyst surface. It was observed that there is no further 

increase of the initial reaction rate at 750 and 1000 rpm, suggesting the absence of external mass 

transfer resistance on the overall reaction rate. This is consistent with reports in literature.[29] 

Therefore, a stirring speed of 750 rpm was chosen for further detailed kinetic study. 

 

3.1 Effect of the initial glycerol concentration  

The impact of glycerol concentration on the hydrodeoxygenation kinetics over Cu/ZrO2 was 

investigated by varying the initial glycerol concentration between 2 and 8 wt% with 400 mg of 

catalyst at 200 °C and 25 bar H2 pressure after 8 h. As shown in Figure 1, glycerol conversion after 8 h 

decreased from 73.1% to 20.4% with increasing initial glycerol concentration. The roughly inverse 

relation between the achieved degrees of conversion and the initial glycerol concentration points to 

zero-order kinetics with respect to glycerol. Interestingly, the selectivities to 1,2-PDO, ethylene glycol 

and acetol were hardly affected by the initial glycerol concentration and remained rather constant 

during reaction. 1,2-PDO was found as main product with a selectivity between 91.0% and 94.8%. 

Ethylene glycol originating from the parallel hydrogenolysis of C-C bonds was found as main by-

product with a selectivity varying between 7.2% and 4.3%. The selectivity to acetol showed a slight 

increase with increasing glycerol concentration but remained below 1% for each concentration 

variation experiment, indicating that the hydrogenation of acetol to 1,2-PDO is a fast consecutive 

reaction. It has been previously reported that a 4 wt% aqueous acetol was almost completely 

hydrogenated to 1,2-PDO (97% yield) in less than 1 h.[32]  

 

Furthermore, the rate of glycerol conversion was studied by taking liquid samples after 1, 3, 5 and 

8 h. The concentration of glycerol was found to decrease linearly as a function of reaction time 

(Figure 2), suggesting that glycerol HDO does not depend on the applied initial glycerol concentration 

indicating zero-order kinetics. Correspondingly, the slopes are almost the same. A reaction order of 

zero in glycerol is consistent with some literature reports,[28,34] however, first-order kinetics has 

been also reported.[35-37] The glycerol reaction order mainly depends on the employed catalysts, 

reaction conditions and H2 supply (external or in situ production by aqueous phase reforming). It has 

to be mentioned that the derived zero-order dependence is not due to the lower H2 concentration in 

solution compared with the glycerol concentration, as the dehydration is the rate-determining step 
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and the concentration of dissolved H2 is steadily in excess relating to the concentration of acetol.[32]  

Instead, it suggests that the metallic Cu sites are almost fully covered by adsorbed glycerol.[29,34] 

 

Based on the assumption of a Langmuir-Hinshelwood mechanism for glycerol HDO, power-law 

kinetics can be applied to the overall glycerol consumption and the formation of the two main 

products 1,2-PDO and ethylene glycol. Equation 4 is the specific reaction rate for glycerol 

consumption:  

r = −
dcgly

dt
= k ∙ cgly

n1 ∙ pH2
n2        (4) 

where r, k, cgly, pH2
, n1 and n2 are reaction rate, rate constant, glycerol concentration, H2 pressure, 

reaction order for glycerol and H2, respectively. Since a zero-order reaction for glycerol conversion 

(𝑛1 = 0) was derived from the concentration variation experiments, the reaction rate depends 

exclusively on the H2 partial pressure. Consequently, Equation 4 can be simplified to 

r = −
dcgly

dt
= k ∙ pH2

n2          (5) 

As the amount of gaseous H2 is in 7-8 fold excess to the stoichiometric demand (i.e., 64 mmol H2 vs 

8.7 mmol glycerol), the pressure of H2 inside the reactor can be considered constant. Thus, the rate 

of glycerol conversion depends exclusively on the rate constant. The averaged reaction rate of the 

overall glycerol consumption at 200 °C and 25 bar H2 pressure for three different initial glycerol 

concentrations (Figure 2) is derived as 

r = −
dcgly

dt
= k = 4.74 ∙ 10−2  ± 1.9 ∙ 10−3 mol ∙ L−1 ∙ h−1 ∙ gcat

−1    (6) 

with respect to the mass of the catalyst applied in the kinetic measurements. 

 

3.2 Effect of the hydrogen pressure 

Hydrogen pressure variation experiments were carried out in a pressure range of 25 to 35 bar H2 with 

an increment of 5 bar at 200 °C for 8 h with 400 mg catalyst precursor and 4 wt% glycerol aqueous 

solution. The H2 concentrations in water at 200 °C were estimated to amount to 0.024, 0.034 and 

0.047 mol L-1 at 25, 30 and 35 bar H2 partial pressure, respectively.[38] The impact of the H2 pressure 

variation on the rate of glycerol HDO is shown in Figure 3. The H2 pressure predominantly affects the 

conversion of glycerol. When increasing the H2 pressure from 25 to 35 bar, glycerol conversion after 

8 h almost doubled from 31.4% to 57.2%. The selectivity to acetol decreased from 1.0% to 0.4%, 
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which is caused by the equilibrium shift from acetol to 1,2-PDO at higher H2 pressure. It is worth 

mentioning that the H2 pressure has marginal impacts on the selectivity to the main products 1,2-

PDO and ethylene glycol. The selectivity to 1,2-PDO slightly decreased by 1.1%, while the selectivity 

to ethylene glycol increased by 2.2% with increasing H2 pressure. This observation indicates that the 

direct C-C bond hydrogenolysis leading to ethylene glycol is slightly favoured at higher H2 pressure. 

Furthermore, only methanol and 2-propanol were detected as mono-alcoholic by-products 

originating from overhydrogenolysis of products and intermediates. These by-products are produced 

in very low amounts with approximately 1% selectivity (not shown in detail), suggesting that the 

readsorption of the primary HDO products 1,2-PDO and ethylene glycol on the active sites is unlikely 

to occur.[32]  

 

Liquid-phase hydrogenation reactions using external H2 supply usually require high H2 pressure, 

because the conversion of reactants is limited by the solubility of H2 in the liquid phase. When the H2 

pressure is used in the rate expressions Equations 4 and 5, it has to be assumed that the absorption 

and diffusion of H2 into the aqueous phase is fast establishing gas-liquid equilibrium. The importance 

of using H2 concentration instead of H2 partial pressure for liquid-phase hydrogenation has been 

emphasized by the Boudart group.[39] Therefore, the H2 concentration in the aqueous phase instead 

of the H2 partial pressure in the reactor is used for the reaction rate calculation in the present study, 

and Equation 5 can be expressed as 

r = −
dcgly

dt
= k ∙ cH2

n2          (7) 

In contrast to the glycerol concentration variation experiments, the variation of the H2 pressure does 

not indicate a reaction order of zero with respect to H2 (Figure 4). Instead, the log-log plot of glycerol 

conversion vs. H2 concentration in the aqueous phase results in a reaction order of 1.0 for H2. This 

result leads to the question of the origin of the positive effect of the H2 concentration on the rate of 

glycerol conversion. The dehydration of glycerol to acetol and water was identified as the rate-

determining step, whereas the subsequent hydrogenation of the intermediate acetol to 

1,2-propanediol was observed to be a fast reaction. Thus, the surface dehydration of glycerol to 

acetol is the slowest step among dissociative glycerol adsorption, dehydration, acetol hydrogenation 

and product desorption. Furthermore, the metallic Cu surface sites are assumed to be covered 

mostly by adsorbed glycerol, presumably as glycerolate, and marginally by hydrogen atoms resulting 

in the observed zero-order dependence on glycerol concentration. The adsorption of glycerol 

presumably does not affect H2 adsorption. It has to be mentioned that water is subcritical under the 
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present reaction conditions, resulting in high levels of H+ and OH-, which are beneficial for the 

dehydration of glycerol to acetol.[40] 

 

It has to be considered that the reaction occurs in the aqueous phase, and that also H2O can adsorb 

dissociatively on Cu in the investigated temperature range according to Equation 8. Water 

dissociation was verified by H2 TPD experiments over Cu/ZrO2 with an onset temperature of 180 °C in 

our previous reports.[41,42] In addition, similar metallic Cu surface oxidation by H2O during the 

water gas shift reaction over Cu-based catalysts has been proposed based on both kinetic 

experiments and DFT calculations.[43-45] Thus, the positive effect of H2 is ascribed to the formation 

of empty sites required for dissociative glycerol adsorption. Further studies using operando XPS to 

determine the Auger parameter are considered helpful to verify the oxidation state of Cu. 

Cusurf + H2O ⇌  Cusurf − Oads +  H2         (8) 

 

3.3 Effect of the reaction temperature 

Temperature variation experiments over Cu/ZrO2 were conducted to investigate the influence on 

glycerol conversion and product selectivities. These kinetic data were used to derive the apparent 

activation energies for the HDO and hydrogenolysis routes. As previously reported, metallic Cu is 

identified to be the active site for the consecutive dehydration-hydrogenation pathway.[32] In order 

to further verify this assumption, the reaction kinetics was additionally studied over pure metallic Cu 

obtained by the reduction of commercial CuO nanopowder and compared with the kinetics over 

Cu/ZrO2.  

3.3.1 Cu/ZrO2 catalyst 

The results of the temperature variation experiments using Cu/ZrO2 are summarised in Table 1. 

Without catalyst, glycerol was not converted at 200 oC even after 20 h. An increase of the reaction 

temperature significantly increased glycerol conversion from 9.9% at 175 °C to 93.0% at 225 °C. 

Similar to the pressure variation experiments, the selectivity of the direct C-C bond hydrogenolysis of 

glycerol to ethylene glycol marginally increased from 4.5% to 7.2%. Consequently, the glycerol HDO 

pathway is favoured over the C-C hydrogenolysis at lower temperature. The selectivity to acetol 

gradually increased from 0.4% to 5.4% with increasing temperature, indicating that the consecutive 

hydrogenation to 1,2-PDO is limited at higher temperature. This incomplete hydrogenation of acetol 

to 1,2-PDO can be attributed to a lower H2 partial pressure at higher reaction temperature at 40 bar 

total pressure. The selectivity to 1,2-PDO remained rather constant at around 95% up to 200 °C, and 
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a further temperature increase to 225 °C led to a slight decrease by 7%. This decrease is caused by 

the incomplete hydrogenation of acetol and by the increasing selectivity of ethylene glycol at 225 °C. 

The TOF for the HDO pathway increased from 2.5 to 21.5 h-1 with increasing temperature over 

Cu/ZrO2. These values are larger compared with literature reports under similar reaction conditions 

in the aqueous phase, e.g., 2.1 h-1 for Cu/ZnO at 200 °C and 50 bar H2 pressure[30], 2.6 h-1 for 

Cu/Al2O3 at 220 °C and 70 bar H2 pressure[46], pointing to the relatively high activity of Cu/ZrO2. 

Vasiliadou et al.[28] reported higher TOF values of 30 and 50 h-1 after 5 h using two types of Cu/SiO2 

in n-butanol, which can be ascribed to the employed harsher reaction conditions (240 °C and 80 bar 

H2 pressure) and the possible solvent effect. The TOF values for 1,2-PDO formation over Cu powder 

are comparable with that over Cu/ZrO2.  

 

 

 

3.3.2 Comparison of Cu/ZrO2 with metallic Cu powder 

Corresponding to Cu/ZrO2, the conversion of glycerol over metallic Cu powder (Table 1) was also 

significantly enhanced from 2.7% to 56.7% with increasing temperature. However, the selectivity to 

1,2-PDO was much lower (56 to 63%), whereas the selectivity to ethylene glycol was much higher (30 

to 42%). The detailed kinetic results at 225 °C using Cu/ZrO2 and Cu powder are shown in Figures 5a 

and 5b, respectively. It has to be pointed out that this specific comparison was conducted using equal 

numbers of active sites. Since the specific Cu surface areas of Cu/ZrO2 and metallic Cu powder 

determined by N2O frontal chromatography measurements amount to 4.2 and 0.73 m² g-1 (ratio of 

5.75), respectively, 0.4 g Cu/ZrO2 and 2.3 g CuO were used for this study accordingly. For both 

catalysts the conversion of glycerol increased linearly with increasing reaction time, again pointing to 

zero-order kinetics for the overall glycerol consumption. More interestingly, the linear correlation in 

case of pure Cu powder further supports the dominant role of metallic Cu as the active site in the 

HDO of glycerol. Similar degrees of conversion of 93% (Cu/ZrO2) and 95% (Cu powder) were achieved 

after 8 h, but the selectivity to 1,2-PDO and ethylene glycol showed a strong dependence on the 

catalyst. Using Cu/ZrO2 resulted in approximately 90% selectivity to 1,2-PDO and 6% selectivity to 

ethylene glycol, whereas metallic Cu led to around 60% and 40% selectivity to 1,2-PDO and ethylene 

glycol, respectively. This observation indicates that the unsupported metallic Cu powder facilitates 

both HDO and the competing C-C bond hydrogenolysis, whereas Cu/ZrO2 mainly favours the selective 

HDO to 1,2-PDO.  
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The shift from HDO to C-C hydrogenolysis may be due to the different sizes of the metallic Cu 

particles. The Cu particle size of Cu/ZrO2 is 5 nm, whereas the particle size of the Cu powder was 

derived as 42 nm from the corresponding XRD pattern using the Scherrer equation.[32, 40] It is 

obvious that the HDO pathway is favoured over smaller Cu particles, whereas C-C bond 

hydrogenolysis is significantly enhanced over larger Cu particles. Glycerol HDO to 1,2-PDO requires 

the adsorption of one OH-group on the active site. This mode of adsorption is probably less sterically 

hindered than the coordinative adsorption of two carbon atoms, which is required to initiate C-C 

bond hydrogenolysis. Consequently, the higher HDO selectivity on smaller Cu particles is presumably 

attributed to the suppression of C-C hydrogenolysis due to sterical hindrance. A similar correlation 

between Cu particle size and 1,2-PDO selectivity was observed for Cu/ZnO catalysts.[47] With 

increasing Cu particle size from 26 to 33 nm the selectivity to 1,2-PDO was found to decrease from 

78% to 28%. In another study using Cu/MgO catalysts, the selectivity to 1,2-PDO was also found to 

decrease by 5%, when the Cu particle size increased from 12 to 30 nm.[48] 

 

Figure 6 shows the 1,2-PDO yields as a function of reaction time at three different temperatures 

using the same amount of Cu/ZrO2 (a) and metallic Cu powder (b). Linear correlations between the 

yields of 1,2-PDO and reaction time are observed, suggesting a zero-order dependence for the HDO 

route with respect to glycerol concentration. The apparent activation energies Ea1 for glycerol HDO 

over both catalysts were derived from the Arrhenius plots (Figure 7). The apparent activation 

energies of glycerol HDO over Cu/ZrO2 and metallic Cu powder were found to be 106 and 

105 kJ mol-1, respectively. The rather similar activation energies further indicate that the sequential 

dehydration and hydrogenation (HDO) is catalysed by the same active site on both catalysts, which is 

identified as fully adsorbate-covered metallic Cu. In addition, the temperature dependence for C-C 

bond hydrogenolysis was analysed over both catalysts. The kinetic parameters for both catalysts and 

the two different reaction pathways are summarized in Table 2. Although the apparent activation 

energy of glycerol hydrogenolysis over metallic Cu powder (109 kJ mol-1) is larger than that over 

Cu/ZrO2 (97 kJ mol-1), the selectivity to ethylene glycol is significantly higher for Cu powder. This is 

ascribed to the fact that the pre-exponential factor for metallic Cu powder is roughly two orders of 

magnitude larger, thus resulting in a higher rate constant.  

 

 

 

ACCEPTED M
ANUSCRIP

T



4. Conclusions 

The reaction kinetics of glycerol hydrodeoxygenation and the competing C-C hydrogenolysis was 

studied over a co-precipitated Cu/ZrO2 catalyst under aqueous conditions. The kinetic experiments 

were performed by varying the reaction parameters such as temperature (175 – 225°C), H2 partial 

pressure (25 – 35 bar) and initial glycerol concentration (2 – 8 wt%). Glycerol conversion was strongly 

influenced by temperature and H2 pressure leading up to 93% conversion at 225 °C and 25 bar H2 

pressure. The selectivity to 1,2-PDO slightly decreased from 95% to 88% with increasing temperature 

and pressure, while the selectivity to ethylene glycol produced from the competing C-C bond 

hydrogenolysis increased from 4% to 7%.  

These two parallel routes were considered for the kinetic study and a power-law model was applied. 

The apparent activation energy for the HDO pathway was determined to be 106 kJ mol-1 over 

Cu/ZrO2. For unsupported pure metallic Cu as catalyst, the apparent activation energy was found to 

be 105 kJ mol-1 for the HDO route. The similar HDO activation energies over both catalysts indicate 

the dominant role of fully adsorbate-covered metallic Cu as the active site for the consecutive 

dehydration-hydrogenation of glycerol to 1,2-PDO. The hydrogenolysis of glycerol to ethylene glycol 

is found to be structure-sensitive, being favoured for larger Cu particles.  

The overall glycerol consumption shows a zero-order dependence on the initial glycerol 

concentration and a nearly first-order dependence on H2 concentration. Furthermore, the formation 

rate of 1,2-propanediol is also independent of the glycerol concentration. These results imply that 

the high selectivity to the HDO product 1,2-PDO is due to the high coverage of glycerol inhibiting 

product readsorption. The role of H2 is assumed to be two-fold: it is required for fast hydrogenation 

of the formed intermediate acetol and to create empty sites for dissociative glycerol adsorption by 

removing adsorbed atomic oxygen originating from water dissociation. 
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Figure 1. Effect of initial glycerol concentration on the degree of conversion after 8 h reaction time and liquid 
product selectivities. Reaction conditions: 20 mL of 2-8 wt% aqueous glycerol solution, 400 mg of 18 wt% 
CuO/ZrO2 (pre-reduced), 200 °C, 25 bar H2 pressure, 750 rpm stirring speed. 
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Figure 2. Glycerol concentration as a function of reaction time with varying initial glycerol concentrations (2-
8 wt%). Reaction conditions: 20 mL of 2-8 wt% aqueous glycerol solution, 400 mg of 18 wt% CuO/ZrO2 (pre-
reduced), 25 bar H2 pressure, 200 °C, 750 rpm stirring speed. 
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Figure 3. Effect of H2 pressure on glycerol conversion and liquid product selectivities. Reaction conditions: 
20 mL of 4 wt% aqueous glycerol solution, 400 mg of 18 wt% CuO/ZrO2 (pre-reduced), 200 °C, 750 rpm stirring 
speed and 8 h. 
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Figure 4. Log-log plot of glycerol conversion with hydrogen concentration in the aqueous phase at varying H2 
pressure (25 to 35 bar); liquid samples were taken after 3, 5, and 8 h reaction time. Reaction conditions: 20 mL 
of 4 wt% aqueous glycerol solution, 400 mg of 18 wt% CuO/ZrO2 (pre-reduced), 200 °C and 750 rpm stirring 
speed. 
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Figure 5. Glycerol conversion and liquid product selectivities as a function of time over a) 18 wt% CuO/ZrO2 
(pre-reduced) and b) metallic Cu powder. Reaction conditions: 20 mL of 4 wt% aqueous glycerol solution, 
400 mg of 18 wt% CuO/ZrO2 and 2.3 g of CuO (both reduced prior to reaction), 225 °C, 750 rpm stirring speed 
and 8 h. 
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Figure 6. Plots of the 1,2-PDO yield against reaction time for varying reaction temperatures over a) 18 wt% 
CuO/ZrO2 and b) metallic Cu powder. Reaction conditions: 20 mL of 4 wt% aqueous glycerol solution, 400 mg of 
unreduced precursor (reduced prior to the reaction), 25 bar H2 pressure and 750 rpm stirring speed. 
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Figure 7. Arrhenius plots for the selective HDO of glycerol to 1,2-PDO over Cu/ZrO2 (green line) and metallic Cu 
powder (orange line). Reaction conditions: 20 mL of 4 wt% aqueous glycerol solution, 400 mg of unreduced 
precursor (reduced prior to the reaction), 25 bar H2 pressure and 750 rpm stirring speed. 

  

ACCEPTED M
ANUSCRIP

T



 

 

 

 

 

Scheme 1: Simplified reaction pathways of hydrodeoxygenation and hydrogenolysis of glycerol over Cu-based 
catalysts. 
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Table 1: Effect of reaction temperature on glycerol conversion, TOF for HDO and liquid product selectivities 
after 8 h over Cu/ZrO2 and metallic Cu powder. Reaction conditions: 20 mL of 4 wt% aqueous glycerol solution, 
400 mg of unreduced catalyst (reduced prior to the reaction), 40 bar total pressure, 750 rpm stirring speed. 

* The TOF for the HDO pathway was calculated after 8 h based on the molar amount of exposed metallic 

copper atoms 

  

T / 
°C 

 Cu/ZrO2   Cu powder 

Conv. 
/ % 

TOF* 
/ h-1 

Selectivity / % 
Conv. 
/ % 

 Selectivity / % 

Acetol 1,2-PDO 
Ethylene 
glycol 

TOF* 
/ h-1 Acetol 

1,2-
PDO 

Ethylene 
glycol 

175 9.9 2.5 0.4 94.2 4.5 2.7 2.5 1.4 63.0 30.6 
200 31.4 7.8 1.0 93.9 4.0 12.2 10.1 1.0 56.6 41.6 
225 93.0 21.5 5.4 87.0 7.2 56.7 41.7 2.3 56.0 29.9 
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Table 2: Derived kinetic parameters for glycerol HDO and hydrogenolysis over Cu/ZrO2 and metallic Cu powder. 

 

 

 

Catalyst 

Hydrodeoxygenation Hydrogenolysis 

A1 

Ea1 / 

kJ mol-1 
A2 

Ea2 / 

kJ mol-1 

Cu/ZrO2 2.3 x 1010 106 ± 2.1 9.1 x 107 97 ± 2.9 

Cu 4.0 x 109 105 ± 2.1 6.3 x 109 109 ±2.2 
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