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Abstract

Selective alcohol dehydrogenation on heterogeneous catalysts is a key industrial reaction for 

production of aldehydes, ketones, and carboxylic compounds. Design of catalysts with 

improved activity and selectivity requires understanding of the reaction mechanism and 

kinetics. Herein, experiments, density functional theory (DFT) and kinetic modelling were 

combined to elucidate the mechanism and kinetics of ethanol oxidative dehydrogenation to 

acetaldehyde on gold catalysts. Catalytic experiments clearly emphasized the role of oxygen in 

this reaction. Ethanol conversion was rather independent on the gold cluster size. Formation of 

minor products, acetic acid and ethyl acetate was structure sensitive as on smaller clusters 

ethanol is less prone to oxidation reacting more efficiently with acetic acid to ethyl acetate. DFT 

calculations indicated that the activation of molecular oxygen is facilitated by the hydrogen 

bond donor e.g., ethanol, leading to hydrogen abstraction from the bond donor and formation 

of an OOH intermediate followed by its facile dissociation. Furthermore, the calculations show 

that ethanol oxidation along such pathway is thermodynamically feasible on smooth Au(111) 

facets. The kinetic model developed based on the concept of ethanol mediated activation of 

oxygen derived from DFT studies, qualitatively and quantitatively by data fitting reproduces 

experimental observations on ethanol oxidative dehydrogenation over gold on alumina catalyst. 

The concentration profiles in the catalyst particle were calculated numerically to evaluate the 

role of diffusion in the catalyst pores. Combining experiments and DFT with kinetic modelling 

provides a powerful way to unravel the mechanisms and kinetics of heterogeneous catalytic 

reactions.
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1. Introduction 

Selective oxidation of primary and secondary alcohols provides access to the corresponding 

aldehydes, ketones and carboxylic acids widely used in chemical industry [1–3]. Alcohols 

obtained from renewable resources, such as bioethanol, contribute to a decrease of dependency 

on fossil reserves [4]. Currently, ethanol is one of the most often applied biofuels. It is typically 

produced from biomass via fermentation and besides fuel applications it is used as a solvent in 

fuel cells, and as a feedstock for producing bulk chemicals via selective oxidation [5]. 

Considering the current and future surplus of bioethanol, importance of selective ethanol 

conversion to e.g. ethyl acetate and acetaldehyde is expected to increase [6].

Among various heterogeneous catalysts, oxide-supported gold-catalysts have attracted attention 

due to their stability and selectivity [7]. An important aspect of the oxidation catalysis by gold 

is the structure sensitivity. Conflicting results have been reported in the literature regarding the 

structure sensitivity in ethanol oxidative dehydrogenation, which can be related [8-11] to 

different supports, catalyst preparation methods, as well as reaction conditions (gas vs liquid 

phase, type of oxidant). Moreover, it is not always clear if other reactions occurring on acid 

supports (e.g. alumina) namely esterification and etherification reactions were subtracted from 

TOF calculations. 

To understand and rationalize the observed discrepancies in structure- and size-dependent 

reactivity of supported gold-catalysts considerable experimental and computational research 

efforts have been put forward [13–26]. These studies highlight the importance of atomic-level 

understanding of the reaction mechanism and the nature of active sites on the catalyst surface 

to rationalize experimental results and to design better catalytic systems for Au-catalyzed 

alcohol oxidation. In mechanistic studies, it is important not to consider only the gold per se but 

also the support-metal interface which play a crucial role in the oxidation process, especially in 

the case of a reducible support such as titania [23–25]. However, for non-reducible supports 
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such as Al2O3 (the most frequently used support in industry) the impact of the support-metal 

interface is much less prominent to an extent that it is often neglected [26].  

Previous experimental [27] and computational [28] studies have demonstrated that flat gold 

surfaces are unable to dissociatively adsorb O2 because the dissociation barrier is very high (250 

kJ/mol) and the desorption barrier is small (15-20 kJ/mol).  Also the stepped Au(211) surface 

is unable the dissociate  O2 as the dissociation barrier (110 kJ/mol) is much higher than the 

desorption barrier (10 kJ/mol) [27] [28]. The same applies to the stepped and kinked Au(310) 

[29] where the dissociation barriers are smaller (60-110 kJ/mol) but still larger than the 

desorption barrier (0-25 kJ/mol). On the other hand, DFT computations suggest that some small, 

unsupported Au clusters can dissociate O2 [30, 31] as the dissociation barrier is lower than the 

desorption barrier for some clusters. However, it is to be noted that most computational studies 

discussed above exclude the O2 adsorption/desorption entropy and dispersion interactions. 

Accounting for dispersion effects will make adsorption more exothermic while entropic 

contributions will weaken O2 binding by up to 50 kJ/mol [29]. For these reasons, calculations 

in [30, 31] do not provide a fully conclusive proof that small Au cluster can dissociate O2. 

Indeed, if under-coordinated sites are responsible for the reported activity for alcohol oxidation, 

small nanoparticles should be more active than larger ones. Interestingly, the opposite behavior 

has been reported with larger gold particles (> ca. 7 nm), which were found to be more active 

than smaller ones [7]. 

Mechanistic aspects for alcohol oxidation have been studied both experimentally and 

theoretically [8, 13-23, 14, 32-38].  The reaction has been suggested to start with a metal-alkoxy 

formation followed by a β-hydride elimination, which generates a carbonylic product and a 

metal-hydride intermediate. DFT calculations have indicated that the presence of atomic 

oxygen enhances the cleavage of the ethanol O–H bond that is followed by β-H elimination 

[33]. Isotopic experiments for ethanol oxidation on O pre-covered Au(111) have revealed that 
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ethanol initially undergoes an O–H bond cleavage followed by the selective β–C–H bond 

activation of the corresponding ethoxide, which leads to the formation of acetaldehyde and 

water [39]. The catalytic activity of gold in oxidation reactions is typically attributed to the 

activation of molecular oxygen by the gold nanoparticles. The precise role of molecular oxygen 

in the alcohol oxidation has been explored by comparing oxidative dehydrogenation and 

dehydrogenation of ethanol on silica-supported gold catalysts [7]. From the kinetic viewpoint 

both reactions are of first order with respect to ethanol concentration, but the oxidative 

dehydrogenation is more rapid indicating that the presence of oxygen suppresses the activation 

energies of the key elementary steps [7]. Combined temperature programmed desorption and 

molecular beam reactive scattering studies have demonstrated that while the adsorption of 

methanol, propanol, and 2-butanol on a clean Au(111) surface is weak, all of them oxidize 

easily over an oxygen pre-covered Au(111) surface indicating that adsorbed atomic oxygen is 

necessary for the cleavage of a O-H bond [34,  35, 39]. 

Besides direct O2 and O-H dissociation, both ethanol and molecular oxygen can be 

simultaneously activated by forming a hydrogen bond. Alternatively, O2 may be activated using 

external hydrogen bond donors e.g., water, alcohols, and acids, which form a hydrogen bond 

interaction to O2. This leads to hydrogen abstraction from the bond donor and the formation of 

an OOH (peroxide) intermediate followed by its facile dissociation [29, 40-44]. This 

mechanism might work even on highly coordinated Au sites producing reactive oxygen species 

and driving the alcohol oxidation towards carbonyl formation. Such a pathway, with the 

computed activation energy of 88 kJ/mol, has been proposed for methanol oxidation on Au(111) 

[40] with the reaction barrier is lower than for the direct O2 dissociation pathway. However, the 

computed reaction energy is highly endothermic (120 kJ/mol) and therefore methanol oxidation 

is thermodynamically unfavorable. Yet, in these previous computational studies [29, 33, 40]  on 

the hydrogen-bond assisted alcohol oxidation the O-H dissociation barrier is (when neglecting 
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adsorption entropy contributions) similar to the O2 desorption barrier but accounting for 

adsorption entropy would likely make desorption more favorable than dissociation [29].

In the present work, catalytic experiments on ethanol dehydrogenation over gold on alumina in 

the presence and absence of oxygen in a wide temperature range, DFT calculations, and kinetic 

modelling were used to address ethanol oxidation behavior over Au catalysts. Experiments and 

DFT calculations suggest that ethanol oxidation follows a similar reaction mechanism as 

oxidation of methanol which is kinetically and thermodynamically feasible on Au(111)  when  

van der Waals dispersion effects are taken into account in calculations. The DFT-proposed 

mechanism was then employed to develop a kinetic model and rate equations for ethanol 

oxidation. Finally, the calculations were compared with the experimental data, showing a good 

correspondence. Combining of experiments with DFT and kinetic modeling enables to 

conclusively unravel the mechanistic and kinetic details of ethanol dehydrogenation on alumina 

supported gold catalysts.

2. Experiments and methods

2.1. Catalyst preparation 

The Au/Al2O3 catalysts were synthesized via deposition-precipitation using ammonia as the 

precipitating agent. Hydrogen tetrachloroaurate (ш) hydrate (HAuCl4.3H2O, 49 wt% Au) (Alfa 

Aesar and ABCR GmbH) was used as the gold precursor. The support was ɣ-Al2O3 (VGL-25) 

purchased from UOP Versal. First, alumina was dried at 100°C for several hours to evaporate 

the moisture inside the pores followed by immersing 4.7 g of ɣ-Al2O3 into 400 ml distilled 

water under vigorous stirring. The mixtures were stirred for 4 h and after that, some of the 

batches were heated up to 70°C at which to 170 ml 1.15 g/l gold solution the solution of 

ammonium hydroxide (32%, Merck) was added dropwise. Otherwise synthesis was done at 

20oC. The mixture was stirred at 242 rpm for 3 h. For Au/Al2O3-1 catalyst synthesized at 70oC 

the pH raised from 8 to 8.5. Au/Al2O3-3 catalyst was also prepared at the same temperature 
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with pH elevation from 6.2 to 6.9. Other catalysts Au/Al2O3-2 and Au/Al2O3-4 were synthesized 

at room temperature at constant pH of 7.4 and 6.1 respectively. Afterwards, the catalysts were 

filtered, washed with 2 l of distilled water to remove chlorine species which was monitored by 

silver nitrate test. No turbidity in the washing solution was observed. The catalysts were dried 

over night at room temperature followed by drying at 80 (Au/Al2O3-3 and Au/Al2O3-4) or 

100°C for 6-12 hours. Finally, the catalysts were calcined in a muffle oven at 300°C for 3 h. 

2.2. Catalyst characterization

The catalysts were characterized by transmission electron microscopy (TEM), energy 

dispersive X-ray (EDX) and nitrogen physisorption. Electron microphotographs were obtained 

utilizing a JEM 1400 Plus transmission electron microscope with 120 kV acceleration voltage 

and resolution of 0.38 nm equipped with OSIS Quemesa 11 Mpix bottom mounted digital 

camera. The size distribution of the gold nanoparticles was obtained by counting about 100 

particles. The metal dispersion was calculated from [45]: 

𝐷𝐴𝑢 =
6𝑀𝐴𝑢

𝑎𝐴𝑢𝜌𝑁𝐴𝑑𝑣𝑠
                                                                                                                                  (1)

where MAu is the molar mass of gold (0.197 kg mol-1), aAu the average effective area of Au atom 

on the support surface (8.7 × 10-20 m2), ρ the density of gold (1.932 × 104 kg m-3), NA the 

Avogadro number and dvs is the volume–surface diameter calculated according to

𝑑𝑣𝑠 =
∑𝑑3

𝑖

∑𝑑2
𝑖
                                                                                                                                               (2)

where di is the diameter of the gold cluster measured by TEM.

EDX (LEO Gemini 1530 with a Thermo Scientific UltraDry Silicon Drift Detector) was used 

to measure the gold content of the catalysts. 
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Sorptometer 1900 (Carlo Erba Instruments) was utilized to determine the specific surface area 

and the pore volume of the catalyst by nitrogen adsorption. Prior to the analysis, the catalyst 

was outgassed for 3 h at 150°C to remove the moisture and the air inside the alumina pores. 

The BET equation was used for the surface area calculations and the BJH method was applied 

to determine the volume of the mesopores. 

2.3. Experimental setup and catalytic tests

The catalytic experiments were conducted under atmospheric pressure using 160 mg of the 

Au/Al2O3 catalysts with 20-32 μm average particle size in a quartz tubular fixed-bed reactor 

having the inner diameter of 9 mm. The inlet gas mixture contained ethanol, oxygen and helium 

(carrier gas). Liquid ethanol was fed by an HPLC pump (Shimadzu, LC-20AD) at room 

temperature and heated up to 100°C together with oxygen and helium to allow a gas phase 

mixture prior to the reactor. The total flow of the gas mixture at 100°C was 150 ml/min. The 

molar ratio of EtOH/O2/He was 1/3/10.2 at the reactor inlet. Ethanol dehydrogenation in 

absence of oxygen was performed with the same total flow having the inlet molar ratio of 

EtOH/He=1/13.2. Mass flow controllers Bronkhorst (HIGH-TECH) were used to adjust and 

control the oxygen and helium flows. In order to control the temperature inside the reactor, a 

PID controller (CalControls 9500 P) with a k-type thermocouple placed close to the catalyst 

bed (with ±1°C accuracy) was applied. The temperature inside the reactor was raised from 

100°C stepwise by 25°C up to 250°C.  The dwelling time at each temperature was 2.5 h and at 

least five samples were analyzed by GC to ensure that the differences in conversion as a 

function of time-on-stream are within analytical experimental errors and steady states are 

reached. At the reactor outlet the temperature was maintained at 130°C to prevent the 

condensation. The components were analyzed by an on-line gas chromatograph (Agilent 

Technologies, 7820A) equipped with both thermal conductivity (TC) and flame ionization (FI) 

detectors. The capillary column (HP-PLOT/Q) dimensions were 30 m length, 0.53 mm diameter 
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and 40 mm film of the immobile phase. The lines of the equipment were flushed with helium 

prior to each experiment. 

2.4 Computational methods

Computational studies on the catalytic pathway were performed using the Density Functional 

Theory (DFT) code GPAW [46] which utilizes the projector-augmented wave method [47] to 

treat the core electrons. The Kohn-Sham equations were solved on a uniform real-space grid 

with a 0.18 Å grid spacing. The exchange-correlation effects were accounted for by using the 

BEEF-vdW –functional, which combines the generalized gradient approximation with the 

Langreth-Lundqvist van der Waals-functional [48] in an optimal way. The lattice constant of 

gold (4.24 Å) was optimized using 12x12x12 k-point sampling with a minimal unit cell. The 

surface calculations were performed for Au(111) using 3x3 non-orthogonal unit cell with five 

layers. The unit cell was periodic in x- and y-directions, the bottom two layers were fixed at the 

bulk positions while others were allowed to relax. 3x3x1 k-point sampling was utilized. The 

sufficiency of this 3x3x1 k-point sampling was checked by computing the adsorption energy of 

an EtOH-O2 complex with a 4x4x1 k-point grid and the difference was found to be less than  

2kJ/mol. More extensive k-point convergence tests in Ref [40] indicate that increasing the k-

point mesh up to 7x7x1 has a only a moderate effect on adsorption energies and that 3x3x1 k-

point sampling is accurate enough for the studied system with the errors due to a limited the k-

point sampling being smaller than typical DFT errors. The Au(111) surface was selected to 

model the most stable and abundant facet of large Au nanoparticles. The support was neglected 

as the experimental studies did not exhibit size-effects beyond 2 nm particles, which indicates 

the support (interface) effects are not the determining factor. The structures were locally 

optimized with the FIRE optimizer [49] until the forces were below 0.05 eV/Å. 

The transition states were located using the (climbing image) nudged elastic band (CI-NEB) 

[50, 51] method with 7-11 images as implemented in the Atomic Simulation Environment 
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(ASE) interface [52]. The initial guesses for the NEB calculations were obtained by performing 

a linear interpolation between the initial and final states. The linear initial pathway was pre-

optimized using the image dependent pair potential (IDPP) [53]. The pathways were optimized 

using the FIRE optimizer [49] and considered converged when the total forces were below 0.1 

eV/Å. For adsorption steps the entropic contributions were computed using the 3D and 2D 

rigid-rotor/translator approximations as implemented in ASE for gas-phase and adsorbed 

species, respectively, using 0.1 eV barriers. 

3. Results and Discussion

3.1. Reaction scheme

Based on the analysis of literature data and our own experimental work and computations, the 

reaction mechanisms for the alcohol oxidation to aldehydes and ketones can be summarized as 

presented in Scheme 1. Ethanol and O2 first adsorb on the catalyst surface, after which the 

reaction presumably proceeds via the direct O–H bond cleavage or via the atomic or molecular 

oxygen-assisted O–H bond breaking. This step is followed by the β–H elimination by an oxygen 

atom or a hydroxyl group leading to the formation of a carbonyl. The key step in the alcohol 

oxidation is the oxygen dissociation, which creates the reactive surface species.
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Scheme 1. Reaction paths for EtOH dehydrogenation by O2. N(1) with the corresponding 
stoichiometric numbers reflects the route where ethanol is adsorbed with dissociation, while 
N(2) describes the route where OH breaking in ethanol is assisted with oxygen. 

3.2. DFT analysis of ethanol oxidation on Au(111)

3.2.1 Adsorption of reactants and reaction intermediates

To gain mechanistic insight for ethanol oxidation on Au(111), adsorption of reactants and 

intermediates was considered first. Figure 1 shows the most stable adsorption geometries for 

these species. 

Figure 1 The most stable adsorption geometries of a) O2, b) EtOH, c) OOH, d) EtOH, e) EtOH-
O2 (bridge), and f) EtOH-O2(top).  
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The adsorption and activation of molecular oxygen on Au(111) has been extensively studied 

experimentally and computationally in literature [20, 32, 54] . In agreement with previous 

calculations, it was found in the current work that O2 adsorbs in a parallel orientation over top 

and bridge sites with the mildly exothermic adsorption energy of -31 kJ/mol. As the accuracy 

of the used BEEF-vdW functional is  25 kJ/mol for weakly bound systems [55], O2 adsorption 

is nearly thermoneutral or slightly endothermic. Including entropy effects makes the adsorption 

at room temperature almost thermoneutral as the free energy change is only -4 kJ/mol.  Upon 

adsorption, O2 retains its gas-phase triplet state and the bond length (1.23 Å), meaning that the 

molecule is not activated and thus the adsorption can be considered as physisorption. Previous 

computational studies [40, 56, 57] predict endothermic O2 adsorption energies on Au (111) but 

these studies excluded van der Waals contributions.  

We find that ethanol adsorbs via the O atom of the OH-group on a top position at Au(111). DFT 

calculations give two distinct adsorption configurations (Figure 1b) which differ from each 

other by the Au-O bond length. Adsorption energies are mildly exothermic -19 kJ/mol and -28 

kJ/mol for both geometries and the corresponding Au-O distances are 3.40Å and 2.85 Å, 

respectively. Including entropy effects at standard conditions makes EtOH adsorption slightly 

endothermic by 10 kJ/mol. The energetically more favorable adsorption configuration agrees 

well with recent computational results [58] which explore the influence of vdW interactions on 

ethanol adsorption characteristics. Depending on the flavor of the employed vdW functional, 

the computed adsorption energies vary between -20 and -50 kJ/mol while the Au-O bond length 

changes in the range of 2.6-2.8 Å  [58]. Ethanol adsorption energy on Au(111) is only -9 kJ/mol 

if the vdW contribution is neglected [33]. 

For co-adsorption of EtOH and O2, adsorption energy is -63 kJ/mol, which is 5 kJ/mol more 

exothermic compared to the sum of adsorption energies of individually adsorbed EtOH and O2 
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species. Further stabilization of the EtOH-O2 complex is achieved when O2 transfers from the 

bridge position to a top site next to ethanol. In that case, the co-adsorption energy is  -69 kJ/mol, 

which is -11 kJ/mol more exothermic than having reactants adsorbed separately. Accounting 

for entropy contributions makes the co-adsorption thermoneutral at normal conditions. For both 

adsorption complexes, the stabilization effect can be attributed to the formation of a hydrogen 

bond (OH-O2 length is 1.91 Å) between molecular oxygen and ethanol. The vicinity of the 

molecule introduces changes to the adsorption characteristics of the other molecule in a way 

that O2 prefers a singlet electronic state, with the O-O bond length of slightly elongated to 

1.29Å. Simultaneously, the presence of O2 makes EtOH to bind closer to the surface decreasing 

the Au-O  distance  to 2.75 Å. Altogether these changes suggest that the Au-complex interaction 

resembles chemisorption rather than physisorption. Interestingly, clearly exothermic adsorption 

of the EtOH-O2 complex Au(111) differs significantly from that of methanol and O2, which was 

found endothermic by 42 kJ/mol according to DFT [46]. Presumably, the main reason for this 

difference is the exclusion of vdW interactions from the methanol oxidation study [40]. 

Along the reaction pathway from O2 and EtOH to H2O and acetaldehyde (AcH), the main 

intermediates are hydroperoxyl (OOH), O and OH formed from OOH, and ethoxy (EtO) formed 

after hydrogen cleavage from the OH group of EtOH.  The most stable adsorption geometry for 

OOH is shown in Figure 1 d. In the second-best geometry, hydroperoxyl binds through both 

oxygens to two Au atoms and this configuration is 13 kJ/mol higher in energy. Both of these 

geometries have been considered for reaction pathways, described in the next section. The OOH 

dissociation products, an O-atom and OH group, adsorb on three-fold and bridge sites, 

respectively. The ethoxy intermediate binds to Au(111) via the oxygen atom on a bridge site, 

(Figure 1 c) and  acetaldehyde  does not stay in contact with Au(111) but desorbs spontaneously. 

3.2.2 Direct and oxidative dehydrogenation of ethanol
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Direct dehydrogenation of ethanol to ethoxy will be considered prior to oxidative 

dehydrogenation of ethanol. Following previous computational studies for methanol and 

ethanol oxidation on Au(111)  [33, 45] and experimental studies on ethanol oxidation on 

Au(111) [37], the first elementary step is assumed to be the cleavage of the O-H bond followed 

by the C-H bond breaking. It was found that after an O-H bond cleavage ethoxy and H bind to 

bridge and hollow sites, respectively. The activation barrier is computed to be very high being 

215 kJ/mol with respect to adsorbed ethanol and the reaction energy is 149 kJ/mol making this 

elementary step kinetically and thermodynamically implausible. These results are in line with 

computational findings for methanol [40] and ethanol dehydrogenation on Au(111) [33]. In 

previous calculations, the second dehydrogenation step was found kinetically even less 

favorable than the first one and therefore it was omitted from considerations.

The activation of O2 and the role of oxygen in alcohol oxidation on Au are still heavily debated 

in the literature. Experimental studies on supported Au catalysts [30] demonstrated activity for 

ethanol dehydrogenation in the absence of oxygen but in the presence of oxygen activity 

substantially increases, whereas surface science experiments on Au single crystal surfaces [59] 

show no dehydrogenation reactivity without atomic oxygen. Introducing atomic oxygen on 

Au(111), makes the surface highly active for alcohol oxidation, which is seen both in 

experiments [32, 36, 39] and calculations [29, 33, 41] . However, no final conclusions have 

been reached whether atomic oxygen generated in O2 dissociation or molecular oxygen is the 

reactive species. 

  The computed reaction energy for O2 dissociation from the bridge geometry to two oxygen 

atoms on adjacent hollow sites is 31 kJ/mol. At the transition state, the O-O bond length is 

substantially elongated compared to gas-phase molecule being 1.88Å and the corresponding 

activation energy is 173 kJ/mol. This indicates that dissociative adsorption of O2 on Au(111) is 

highly unlikely even though here a somewhat lower barrier is reported than previous literature 
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values of 235 kJ/mol [45] and 215 kJ/mol [60]. Again, the activation energy difference can be 

attributed to inclusion of the van der Waals interactions into the present study. The DFT results 

clearly show that unassisted O2 dissociation and O-H bond cleavage from ethanol are unfeasible 

on Au(111) and therefore alternative mechanistic pathways are considered.

Figure 2. The minimum energy path for the assisted EtOH dehydrogenation. The black and 
orange bars correspond to minima and transition states, respectively. * denotes adsorbed 
species, while (g) refers to gas phase species. Square brackets enclose a transition state structure 
where ‘ - -’ marks the bond being broken. 

Figures 2 and 3 present a potential energy surface and mechanistic details of an O2 assisted 

ethanol oxidation pathway, respectively. The initially formed O2-EtOH complex reacts to form 

OOH and EtO via breaking the O-H bond with the help of O2. The transition state strongly 

resembles the OOH intermediate, and thus the activation energy, 61 kJ/mol, is close to the 

thermodynamic barrier, which is 57 kJ/mol. Accounting for vibrational contributions slightly 

increases the barrier (75 kJ/mol) which is again close to the thermodynamic barrier of 71 

kJ/mol. Because the activation energy is higher than desorption energy for O2 and ethanol, the 

desorption is more favorable than O-H bond cleavage.

Once OOH has been formed, it can break down rather easily to atomic oxygen and a hydroxyl 

group. Starting from the higher-energy hydroperoxyl (bound from two oxygens to two Au 
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atoms), its transfer to the more stable top-site bound hydroperoxyl and therefore pathways from 

this site are reported herein. In the presence of EtO, the OOH decomposition has a barrier of 47 

kJ/mol and the reaction is exothermic by -55 kJ/mol. On the bare Au(111) surface, the barrier 

is 64 kJ/mol and the reaction energy is -61 kJ/mol. This indicates that the presence of EtO helps 

the cleavage of the O-O bond probably by providing an additional H-bonding. Once the reactive 

oxygen species (O-H and O) have been formed, they can easily dissociate the O-H bond as 

shown in [40] to form water or hydroxyl groups. 

The next step is the β–H elimination, which can be assisted by an O atom, a OH group or 

possibly OOH species. As the dissociation of OOH proves to be facile, the most reactive 

species, namely an O atom has been investigated. The atomic oxygen readily breaks the C-H 

bond forming acetaldehyde. The barrier for C-H cleavage is 41 kJ/mol and the reaction is highly 

exothermic by -212 kJ/mol. In the present work, desorption energy of adsorbed AcH is 34 

kJ/mol. The activation energy is 22 kJ/mol higher than the previously computed value for -H 

elimination of ethoxy but that, again, was obtained without vdW interactions and it is 

substantially lower than the barrier computed on bare Au(111), which has reported to give the 

activation barrier over 250 kJ/mol [33]. Barrier heights and reaction energetics for 

formaldehyde formation are similar to our values if β–H was cleaved with the help of O, OH or 

OOH species [45]. In H2O formation, OOH-derived hydroxyl is the key intermediate and is 

obtained when OH combines with hydrogen produced by cleaving either an O-H or a C-H bond. 

Both of these bond-breaking steps are reported to have low barriers Eact ~ 10 kJ/mol and Eact ~ 

24 kJ/mol [40] for O-H and C-H, respectively.  A single water molecule binds weakly on 

Au(111) (Eads=-33 kJ/mol) and can desorb readily. The product molecules water and AcH are 

highly stable in gas-phase providing the thermodynamic driving force of the entire reaction 

scheme. The formation of AcH and water (not shown in Figure 3) was also experimentally 

observed as discussed in Section 3.3.
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Figure 3. From top-to-bottom: -H elimination forming acetaldehyde, O2 assisted O-H 
dissociation, and OOH dissociations. The left (right) image depicts the initial (final) state while 
the central image is the transition state. The dashed line indicates hydrogen bonding. The color 
scheme is as follows: Au atoms are yellow, C atoms brown, O atoms red, and H atoms white.

In line with the previous calculations for methanol [40] and ethanol [33], calculations in this 

work suggest that ethanol dehydrogenation is facilitated by synergetic effects between O2 and 

EtOH and van der Waals dispersion effects. The adsorption of O2 and EtOH is very weak and 

the desorption is more favorable than the step O2OOH which has the highest barrier for the 

overall reaction. However, once OOH dissociates to O and OH, the formation of AcH proceeds 

with a small barrier and high thermodynamic driving force which makes the reaction proceed 

towards the products. Once the reaction is initiated, the oxygen [32, 61] and hydroxyl [33] 

species can provide even a more reactive environment for the EtOH dehydrogenation. Further 

enhancement of EtOH dehydrogenation is facilitated by the presence of additional hydrogen 

bond donors and acceptors such as H2O, acids, silanes, amines etc. [39], which can assist the 

dissociation of both the O-O and O-H bonds. Moreover, small particles and uncoordinated sites 

are known to be more effective in the dissociation of the O-O bond providing an additional 

possibility to enhance the activity [28]. 
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3.3. Catalytic ethanol oxidation

3.3.1. Catalyst characterization

The catalyst characterization results are summarized in Table 1 with the gold particle size 

distribution presented in Figure 4. As can be seen the metal loading was close to 1 wt% and the 

average particle size was ranging between ca. 2 and 7 nm. Figure 4 illustrates that the catalysts 

with a smaller average gold nanoparticle size have also narrower particle size distributions

Table 1. Characterization results of the Au/Al2O3 catalysts

Catalyst entry Au average 
particle size 

(nm)

Au dispersion 
(%)

Au loading 
(wt%)

Catalyst 
specific surface 

area (m2g-1)

Catalyst pore 
specific surface 

area (m3g-1)

1 1.9 41.6 0.77 274 0.89

2 3.6 25.7 0.76 — —

3 5.1 16.8 1.36 341 1.11

4 6.9 13 1.7 — —
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Figure 4. Particle size distribution of the Au/Al2O3 catalysts 

3.3.2. Ethanol dehydrogenation in absence of oxygen

To reveal the role of oxygen, the catalysts were exposed to ethanol in the absence of oxygen 

within the temperature range between 100-250°C. It should be noted that temperature hysteresis 

behavior in these and other experiments was negligible, i.e. no meaningful differences in 

conversion were observed, when the same temperature point was reached by either decreasing 

or increasing temperature. Similar results have been reported previously by the authors for 

oxidation of ethanol in a microreactor [62]. 

Figure 5 demonstrates that the conversion of ethanol in the absence oxygen increased up to 52% 

at the highest considered temperature. At 125°C acetaldehyde is the sole product but the ethanol 

conversion was only 0.08 %. At higher temperatures the selectivity diminished significantly 

being only 5 % at 250°C. Diethyl ether is the main product at temperatures above 150°C. 
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Ethanol dehydration to ethylene was observed from 200°C upwards increasing slightly up to 6 

% at the highest temperature used in experiments. Small differences in conversion for different 

catalysts can be attributed to the differences in metal dispersion and surface areas of the 

catalysts.
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Figure 5. Ethanol dehydrogenation in the absence of oxygen: a) conversion for all catalysts 
and b) selectivity dependence on conversion for the catalyst with 1.9 nm Au cluster size. 

3.3.3. Ethanol dehydrogenation in presence of oxygen

The dehydrogenation of ethanol in the presence of oxygen was conducted to explore the 

influence of oxygen on the product selectivity. The reaction was conducted in the temperature 
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range of 100-250°C. Figure 6 illustrates that the conversion of ethanol in presence of oxygen 

was higher compared to the values obtained in the absence of oxygen (Figure 5) up to 225°C 

whereas after 250°C the conversion of ethanol was the same both in the presence and absence 

of oxygen (52 %). 

The results in Figure 6a show that the ethanol conversion is rather independent on particle size. 

However, the product distribution and selectivity depend on the particles size as shown in 

Figure 6. The main product with the highest selectivity over the studied catalysts was 

acetaldehyde (Figure 7). The minor product selectivity depends on the particles size and unlike 

dehydrogenation of ethanol in the absence of oxygen, acetic acid and ethyl acetate were formed. 

The main by-product for the smallest particles is ethyl acetate whereas for the larger particles 

there is predominant formation of diethyl ether by dehydration on acid sites. For the former 

case the ethyl acetate selectivity increased up to 30 % at the highest temperature. Ethylene and 

CO2 were not detected for this catalyst. Significantly lower amounts of diethyl ether were 

observed giving 4.5 % selectivity at 250°C for the catalyst with lowest gold cluster size. These 

values increased as the gold particle size increased (Figure 7).  A tentative explanation for the 

structure sensitive selectivity could be that on the catalyst with small particle sizes ethanol 

reacts preferentially with acetaldehyde, which is stronger adsorbed on such clusters, at the 

expense of etherification reaction than with another molecule of ethanol on the acid sites. 
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catalysts and b) selectivity over the catalyst with 1.9 nm Au cluster size.  
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Figure 7. Selectivity of the main products of ethanol dehydrogenation reaction in the presence 
of oxygen at different conversions

3.3.4. Kinetic modelling of ethanol oxidation on gold catalyst 

To further elucidate the mechanism and kinetics associated with ethanol oxidation on the 

gold catalyst, a kinetic model was developed to explain the measured reaction rates towards the 

desired product, acetaldehyde. The mechanism behind the kinetic model was inspired by the 

computational studies and can be presented as follows:

 N(2a)  N(2b)     N(2c)

1. O2+*O2*  1 1 1
2. EtOH+*EtOH* 2 2 1
3. EtOH* + O2*EtO*+OOH* 2 1 2 (3)
4. OOH*+*→O*+OH* 2 1 1
5. O*+EtO*→AcH+*+OH* 2 2 2
6.2OH*O*+H2O+* 2 2 2
7a. 2O*→O2*+* 1 0 0
7b. EtOH*+O*→EtO*+OH* 0 1 0
7c. O*+OOH*→O2*+OH* 0 0 1
N(2) 2EtOH+O2→2AcH+2H2O
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According to the DFT calculations the mechanism N(1) in Figure 1 was considered to be 

unfeasible, therefore kinetic analysis was performed only for the mechanism N(2). The 

activation barrier for step 7a, i.e. recombination of atomic oxygen, is anticipated to be rather 

high, thus other options in principle can be considered (steps 7b and 7c). In the derivation below 

and eventual kinetic modelling the mechanism N(2b) was implemented representing a feasible 

channel of atomically adsorbed oxygen consumption with a low activation energy barrier of ca. 

20 kJ/mol [32].   

On the right hand side of the equations for the steps the stoichiometric numbers along the 

routes N(2a) - N(2c) are given [63]. These numbers can be equal to zero, if a particular step is not 

involved in the reaction mechanism. Steps 1 and 2 are considered to be at quasi-equilibria. 

Because of the substantial differences in activation energy for the forward and reverse reactions, 

the steps 4 and 5 were considered are irreversible, while the steps 3 and 6 are reversible. In eq. 

(3) EtOH stands for ethanol, while AcH represent acetaldehyde and *denotes a surface site. The 

coverages of surface species involved in quasi-equilibria steps can be easily written 

;                                                   (4)2EtOH EtOH VK C 
2 21O O VK C 

where  and   correspond to the coverages of ethanol and dioxygen, while  denotes EtOH 𝜃𝑂2 V

the fraction of vacant sites.  and  denote the ethanol and oxygen concentrations, 𝐶𝐸𝑡𝑂𝐻 𝐶𝑂2

respectively, and where and are the rate and equilibrium constants for respective steps.k K

From the steady state approximation for steps 5 and 7b

(5)5 72 br r

One gets

(6)7 2

5

2 b EtOH
EtO V

k K C
k

 

Other steady state conditions

; ; 3 7br r 4 62r r 3 4r r
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give respectively expressions for coverage of other species

(7) 23 4 1

7
7 4 3
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( )

O
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b EtOH

k k K C
kk k k C
k

 
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7 76
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
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The conservation equation for the coverage is

(10)
2

       V EtOH O O EtO OOH OH       

Giving

2 2 2 2 2

2

3 4 1 3 4 1 2 6 3 4 1 3 1 27 2
2 1

7 7 7 75 6
7 4 3 4 3 7 4 3 4 3

5 5 5 5

1
2 21 ( )

( ) ( )

1

V
O O EtOH O H O O EtOHb EtOH

EtOH O
b b b b

b EtOH EtOH b EtOH EtOH

k k K C k k K K C C k k k K C C k K K C Ck K CK C K C k k k kk kk k k C k k C k k k C k k C
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D
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

   

 

      
   



(11)

The overall rate of the reaction is equal to the rate of any step in the catalytic cycle, thus 

the final expression for the reaction rate of acetaldehyde formation  is ( )acetaldehyder

 (12)2
23 4 1 2( ) ( )

4
27

4 3
5

( )

b O EtOHacetaldehyde N
OOH V

b
EtOH

k k K K C C
r r k kk k C D

k

 


  


where  stands for the overall reaction rate along the route N(2b) and D is the denominator 2( )bNr

in eq. (11). 

The estimation of the kinetic parameters was performed for the experimental data generated for 

catalyst 1 as an example using the ModEst parameter estimation software [64]. Preliminary 

calculations allowed some simplification of eq. (12) resulting in the simplified rate equation

(13)2
2

2

( ) ( )
2

2 1(1 )
b I O EtOHacetaldehyde N

EtOH O

k C C
r r

K C K C
 

 
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where kI is a lumped constant . 3 1 2Ik k K K

To account for the side products (ethyl acetate and diethyl ether) formation, the following 

reactions were considered

EtOH + AcH  +                          (14) +  0.5O2→EtAc H2O

2EtOH  +                                                          (15)→ DEE H2O

where EtOH, AcH, EtAc and DEE are ethanol, acetaldehyde, ethyl acetate and diethyl ether, 

respectively. Formation of ethylene was neglected because it was obtained in trace amounts 

only. The following kinetic equations were considered in addition to eq. (13), diethyl ether

(16)
2

( _ )ethyl acetate
II O EtOH AcHr k C C C

 (17)( _ ) 2diethyl ether
III EtOHr k C

The mass balances of the components are listed below assuming that there are no diffusion 

limitations and that the plug flow prevails. 

  (18)
.

( 2 )EtOH I II III
cat

d n m r r r
dz

   

  (19)
.

( )Ac I II
cat

d n m r r
dz

 

     (20)
.

EtAc II
cat

d n m r
dz



  (21)
.

DEE III
cat

d n m r
dz



where is the catalyst mass,  is the molar flow and z is the relative reactor length (z 𝑚𝑐𝑎𝑡 
.
n

0,1). The rate constants were presumed to obey the Arrhenius law. The modified Arrhenius 
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equation [65] was used to suppress the correlation between the pre-exponential factor and the 

activation energy,

(22),
1 1exp ( )

 
  

 
act

i i mean
mean

Ek k
R T T

where ki, ki,mean, Eact, R, T and Tmean denote the reaction rate constant, the reaction rate constant 

at the mean temperature (175°C), activation energy of the reaction, the universal gas constant, 

the temperature and the mean temperature, respectively. 

The objective function (Q) was set to minimize the degree of explanation between the calculated 

and experimental values of concentrations 

(23)e stn
2

exp e2
2

eexp

( )
max max100

( )
st

st

n n
Q R

n n

 
  
  

The degree of explanation, defined as the ratio of the squared difference in the experimental (

) and the estimated ( ) values of molar fluxes of all components, and the square of the 𝑛𝑒𝑥𝑝 𝑛𝑒𝑠𝑡

differences between  and the mean of the estimated molar fluxes , reflects a comparison 𝑛𝑒𝑥𝑝 e stn

between the residuals given by the actual model with the residuals of the simplest model, i.e. 

the average value of all data points [65]. The parameter estimation was done for the whole data 

set at all temperatures (100-250oC) and initial concentrations simultaneously by numerically 

solving the differential equation (12) with the Levenberg-Marquart method incorporated in the 

software. 

The value of the activation energy for the step 3 derived from DFT calculations, i.e. 75 kJ/mol 

was used directly in numerical data fitting. 

Preliminary calculations indicated that the estimated values of the equilibrium constants are not 

reliable and therefore the statistical analysis was conducted using the Monte Carlo Markov 

Chain (MCMC) method [66]. In this method the samples are drawn randomly to approximate 
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the probability distribution of parameters. The MCMC method, incorporated in the 

optimization software ModEst, provides a tool for the evaluation of the reliability of the model 

parameters by treating all the uncertainties in the data and the modelling as statistical 

distributions [67]. The results of statistical analysis are illustrated in Figure 8, showing the most 

probable values of constants as maxima [68]. 

Based on statistical analysis (Figure 8) the values of constants were fixed at K1=0.00082 

m3/mol, K2=0.0054 m3/mol during parameter estimation, while the values of activation energies 

were fixed at EactII=15 kJ/mol and EactIII=105 kJ/mol as follows from Figure 8. 

Figure 8. Statistical analysis of the adsorption constants by MCMC method showing  posterior 
distributions for the parameters (y-axes) reflecting their probability vs parameter values (x-
axes) . The most probable values of parameters are at maxima. For abscissa the units are in 
m3/mol for adsorption constants and J/mol for activation energies. 

The estimated values of the rate constants and the activation energies altogether with the relative 

low standard errors are listed in Table 2 having the degree of explanation of 99.83 %. The 
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results presented in Figure 9 clearly demonstrate that the model is able to capture the 

experimentally observed molar fluxes for ethanol oxidative dehydrogenation in an excellent 

way.

Table 2. Parameter estimation results, where k’i is the pre-exponential factor and Ea is the 
activation energy of the corresponding reactions

Parameter Value Units Standard error, %
 (eq. 13)𝑘′Ⅰ 0.9*10-4 m3.g-1. mol-1min-1 3.8
 (eq. 16)𝑘′Ⅱ 3.3*10-2 m6.g-1. mol-2min-1 33
(eq. 17)𝑘′Ⅲ 0.1*10-4 m3.g-1. mol-1min-1 17.7
𝐸𝑎Ⅰ 75 kJ/mol n.d
𝐸𝑎Ⅱ 15 kJ/mol n.d
𝑬𝒂Ⅲ 105 kJ/mol n.d

n.d.- not determined as the values were fixed based on Monte Carlo Markov Chain analysis. 

Figure 9. Comparison between the experimental values of molar fluxes of reactants (dots) and 
the calculations (lines).

3.3.5. Reaction and diffusion in the porous catalyst layer

The developed kinetic model agrees well with DFT computed values and can explain the 

experimental data. Experimental data generated in fixed bed reactors could in principle be 

influenced by external and internal mass transfer limitations. To confirm that the reaction was 

conducted in the kinetic regime and the regressed parameters correspond to the conditions of 
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intrinsic kinetics, the concentration profiles in the catalyst layers with different thicknesses were 

calculated. 

A dynamic model for the reaction and internal diffusion was used to obtain the concentration 

profiles and get the insight in the dynamics of the porous catalyst layer. Because rather thin 

catalyst layers in the semi-elliptical channels are considered, the catalyst layer was regarded as 

a slab. Consequently, the mass balance for a component in the porous layer becomes:

(24)
2

2

1 ( )i i
ei i p

p

c cD r
t r




 
 

 

where is c is concentration, t is the time,  is the effective diffusion coefficient, while  and 𝐷𝑒𝑖 𝜀𝑝

 denote the particle porosity and density, and  is the component generation rate. The 𝜌𝑝 𝑟𝑖

molecular diffusion coefficient were estimated from the Fuller-Schettler equation [69]. The 

numerical values of the diffusion coefficients calculated were updated inside the catalyst layer. 

The system of parabolic partial differential equations (PDE) (24) was discretized with central 

finite differences and the system of ordinary differential equations (ODEs) created was solved 

with respect to time using a stiff ODE solver based on backward differences. A more detailed 

discussion on the general methodology for numerical simulations of concentration profiles is 

presented in ref. [65]. The simulation results for the ethanol concentrations in the catalyst layers 

with 50-1500 μm thickness are shown in Figure 10. 
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Figure 10. Concentration profile of ethanol at 250°C inside the catalyst layer with different 
thicknesses (number are given in m). The length coordinate equals to unity at the surface of 
the catalyst layer and becomes zero at the bottom of the layer. 

The simulations were done for the highest ethanol conversion i.e., the highest residence time 

(0.07 s) and temperature (250°C). The results indicate that there are no internal mass transfer 

limitations for the layer thicknesses less than 200 μm. Since the experimental results in this 

work were carried out in a reactor having catalyst particles of the size ca. 30 μm the reaction 

was not influenced by the internal diffusion limitations in the catalyst pores. 

As diffusion limitations might affect the activation energy of a reaction, the activation energy 

obtained in this work was compared with the literature data. The activation energy (75 kJ/mol) 

is considerably higher than the values reported in the literature for the ethanol oxidation on 

different supported gold catalysts. An apparent activation energy of 35 kJ/mol over Au/MCM-

41 within the temperature range of 170-185°C was reported by Guan and Hensen [7]. The 

apparent activation energies for different CeO2 supported gold catalysts were in the range of 

22-50 kJ/mol [70]. A similar value of the apparent activation energy (49 kJ/mol) was observed 

over Au/SiO2 catalyst at 120-180°C [71]. Although the average gold particle size (1.8 nm) was 

similar to the catalyst used in this study (~2 nm), the catalyst particle size was considerably 

larger (125-250 µm). The apparent activation energy for the oxidation of ethanol on Au/CeZr 
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cordierite monolithic catalysts with unspecified thickness at 50-300°C was 84 kJ/mol in [72] 

similar to that of the current work.  

The difference in the activation energies might be correlated to the diffusion limitations in 

previous works. If a reaction is strongly influenced by diffusion, the effectiveness factor is 

proportional to the reciprocal value of the Thiele modulus  where 𝜂𝑒, 𝑖 = 1/𝜑𝑖 𝜑𝑖 =

 [65] implying that  is proportional to . The apparent (𝑘𝑐𝑛 ― 1
𝑖 /𝐷𝑒, 𝑖) 𝑅𝑙 𝑟′𝑖 𝑘 = 𝐴𝑒 ―𝐸𝑎/𝑅𝑇

activation energy is  in the extreme case, which might explain the differences between the 
1
2𝐸𝑎

values of the activation energy in this work and the literature. However, it should be kept in 

mind that the apparent activation energy depends on the details of the kinetic models and can 

deviate significantly from the true activation energy [73]. Moreover, the activation energies 

should be compared at the same reactant concentrations and in the general case could depend 

on the metal cluster size [74]. 
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4. Conclusions

In the present work experimental and computational studies were performed to understand the 

mechanism of oxidative dehydrogenation of ethanol over gold on alumina. The catalysts with 

the metal loading of ca. 1 wt% and the particle size ranging from ca. 2 to 7 nm were prepared 

by the deposition- precipitation method and studied in a laboratory scale fixed bed reactor 

operating at temperatures 130 - 250oC and atmospheric pressure. The critical role of oxygen in 

the oxidative dehydrogenation was also demonstrated by low activity towards acetaldehyde and 

preferential dehydration to ethylene on acid sites of the catalyst support in the absence of O2. 

In the presence of oxygen, acetaldehyde was the main product.

Computational studies on the catalytic pathways were performed accounting for the van der 

Waals dispersion effects. The theoretical analysis revealed the key features of the reaction 

mechanism: molecular adsorption of dioxygen, oxygen assisted dissociative adsorption of 

ethanol with the formation of ethoxy and peroxy species, decomposition of the latter to O and 

OH species, recombination of hydroxyls giving water and adsorbed oxygen. The latter either 

reacts with ethoxy species with the formation of acetaldehyde or recombines to dioxygen. The 

computational studies show that activation of molecular oxygen does not proceed on a bare 

gold surface. However, the presence of a hydrogen bond donor e.g., ethanol, facilitates O-O 

bond rupture through formation of an OOH intermediate by abstraction of a proton from the 

bond donor. In the reaction pathway from oxygen and ethanol to the main reaction products 

acetaldehyde and water, the main intermediates are peroxy (OOH), ethoxy species as well as O 

and OH formed from the peroxy intermediate.

Based on the DFT considerations a kinetic model was developed. The model was supplemented 

with kinetic equations accounting for the formation of diethyl ether and ethyl acetate. Numerical 

data fitting demonstrated an adequate description of the representative experimental data with 

statistically well-identified parameters. The value of the activation energy computed by DFT 



33

for the rate-limiting step of O2 hydrogenation to OOH where EtOH is the hydrogen donor was 

directly used in numerical data fitting. This rate-limiting step is followed by the irreversible 

acetaldehyde formation step which makes the overall reaction thermodynamically favorable. It 

was also shown that the current kinetic experiments are free from mass transfer effects and that 

the obtained kinetic parameters reflect the true kinetics of the reaction. Performed simulations 

revealed that the role of mass transfer becomes prominent for catalyst particles exceeding 200 

m, while in the current experimental work the catalyst particles were 20-30 m. 

In conclusion, experimental and computational work performed in this study allowed to propose 

a feasible mechanism that was able to adequately describe experimental data. In the proposed 

mechanism the oxidative dehydrogenation of ethanol over an alumina-supported gold catalyst 

is assisted by synergetic interactions between molecular oxygen and ethanol. The latter reactant 

provides hydrogen bonding needed to dissociate molecular O2 giving reactive oxygen species 

required in oxidative dehydrogenation of ethanol to acetaldehyde. Besides detailed 

understanding of the reaction mechanism, a DFT-inspired kinetic model successfully explained 

both experimental and computational results forming a solid basis towards developing selective 

alcohol dehydrogenation catalysts.
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