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Abstract 

 

The impact of the solvent on the catalytic activity and selectivity in hydrodeoxygenation has 

been explored on Pd supported on activated carbon. The reaction pathways for benzaldehyde 

and cinnamaldehyde hydrogenation in different solvents were clarified. The reaction rate varied 

sympathetically with weaker adsorption of hydrogen. The activity of benzyl alcohol 

hydrogenolysis is highly dependent on the electric double layer formed on Pd in water 

influencing surface charge and ion concentration.   

 

 

 

 

 

Kurzzusammenfassung 

Die Rolle des Lösungsmittels auf die katalytische Aktivität und Selektivität bei der 

Hydrodeoxygenierung wurde an Pd/C erforscht. Die Mechanismen für die Hydrierung von 

Benzaldehyd und Zimtaldehyd wurden aufgeklärt. Die Reaktionsrate variierte sympathetisch 

mit der schwächeren Adsorption von Wasserstoff. Die Aktivität der Benzylalkohol-

Hydrogenolyse ist stark abhängig von der auf Pd gebildeten elektrischen Doppelschicht in 

Wasser, die die Oberflächenladung und Ionenkonzentration beeinflusst.   
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1.1 General background 

Taking the advantage of industrial evolution, human civilization and global economy have been 

rapidly developing. However, global energy consumption has also increased dramatically since 

industrial evolution 1, as shown in the Figure 1-1. In the last hundred years (from 1919 to 2019) 

the energy consumption increased by one order of magnitude and fossil fuels (gas, oil and coal), 

which are not renewable on human timescale, always dominate. The good news is that the usage 

of renewable energy, such as solar, wind and hydropower, keeps increasing during the past 50 

years.  

 

Figure 1-1. (a) Global primary energy consumption (1919-2019). (b) Percentage of various energy 

sources 1. Primary energy denotes the energy which is from nature and has not been subjected to 

any human engineered conversion process. 

Biomass, the only sustainable organic carbon resource in nature, is a promising alternative 

as sustainable, renewable and carbon-neutral source, which can release the world’s energy 

problems. The energy in biomass can be directly used in combustion, which is less efficient but 

(a)

(b)
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takes the largest quantity a century ago. The other way is to upgrade biomass into a more 

valuable and usable liquid fuel or higher value products for the chemical industry. Therefore, 

utilization of biomass resources has become an alternative to fossil resources for the production 

of fuels and chemicals 2,3.  

A broad range of conversion technologies, including enzymatic 4, catalytic 5–8 and 

thermochemical process (gasification, pyrolysis, liquefaction) 9,10 have been employed in the 

conversion of crude biomass feedstocks 11. Enzymes are industrially expensive because they 

must be produced by living systems and are thermally unstable. Another challenge is to obtain 

the highly pure enzymes 12. In comparison, catalytic technology is considered as an adaptable, 

efficient and economic strategy and has been widely used in biomass conversion and even been 

used in thermochemical process 6,8,13,14. Moreover, catalysts play an important role in upgrading 

of biomass derived biofuels 15–19. The production of chemicals from catalytic processes 

accounts for 85% of industrial energy use as shown in Figure 1-2a 20.  

 

Figure 1-2. Pie charts showing (a) the percentage of catalytic process in all chemical industries and 

(b) the contributions of heterogeneous, homogeneous and bio-catalysis in the catalytic process 20. 

(Reprinted with permission from reference 20. Copyright © 2016, Royal Society of Chemistry.) 

Catalysis is a chemical process in presence of catalyst, a substance that can largely 

increase the reaction rate without consumption during the reaction process. In general, catalysts 

increase the reaction rate by providing an alternative reaction pathway with a lower activation 

barrier on the catalytically active sites and enable a higher concentration of reacting molecules 

in a local volume/area. Therefore, catalysts allow a reaction to perform at a relative mild 

reaction condition, lower temperature and pressure. It should be noted that the catalyst can 

equally decrease the activation barrier for both forward and reverse reaction, thus to accelerate 

both directions and permit the whole system arriving at an equilibrium in a shorter time, while 

the equilibrium position won’t be affected. Generally, catalysts can be divided into two 

categories: homogeneous and heterogeneous catalyst based on the differences of catalysts and 

reactants in phase (solid, liquid and gas). Homogenous catalyst is also called molecular catalyst 

Catalytic 
processes 

85%

Non-catalytic 
processes 15%

Heterogeneous 
catalysts

80%

Homogenous 
catalysts

17%

Biocatalysts
3%

(a) (b)
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which is dispersed in the reactant, which makes the separation of catalysts from products and 

catalysts recycling challengeable. In comparison, heterogeneous catalysts can be easily 

separated from products and recycled, and more intensively used in the catalytic process (> 

80%, Figure 1-2b) 21,22.  

1.2 Heterogeneous catalysis 

The catalytic process involves breaking and forming chemical bonds, and the energy 

required determines the activation barrier, which is directly related to the reaction rate. It is well 

accepted that only chemisorbed species can proceed for further surface reaction in 

heterogeneous catalysis. Two main mechanisms are proposed for surface reactions: Langmuir-

Hinshelwood mechanism and Eley-Rideal mechanism. The difference for the two mechanisms 

is that both reactants need to be first adsorbed on the catalyst surface for reactions described by 

Langmuir-Hinshelwood mechanism; while in Eley-Rideal mechanism, one reactant is adsorbed, 

the other reactant can directly react with the adsorbed species from the gas phase without 

adsorption. It needs to be noticed that the adsorption site can be different to the active site, for 

example, although Had can adsorb on supports like activated carbon and Al2O3, hydrogen can 

only be activated on active sites of transition metals 23. In this case, adsorbed molecule/atom 

needs to migrate from support to active sites for further hydrogenation reaction by following a 

more energetically favored reaction route.  

The energy profile for a typical catalytic reaction is as shown in Figure 1-3. The reaction 

begins with gaseous reactants, in presence of catalyst, the reactants are adsorbed on the catalysts 

surface as ground states with a lower free energy level (a solvation process will also be included 

if in presence of solvents), followed by a transition state (active complex) formation before the 

final products. The adsorption process is spontaneous and decreases the energy to a lower level. 

The energy difference between the ground state and the transition state gives the energy barrier, 

which is related to the reaction rate. Either individually or simultaneously changing the energy 

of ground state and transition state will change the energy barrier and thus the rate constant, 

which can be achieved by either tuning the components and morphology of catalysts or 

controlling the reaction conditions. 
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Figure 1-3. Energy profile showing the reactive states during heterogeneous catalysis reaction. 

1.3 Hydrodeoxygenation 

 

Figure 1-4. Typical reaction pathways for bio-oil upgrading 16. (Reprinted with permission from 

reference 16. Copyright © 2017, Elsevier.) 

The rising interest to utilize biomass resources for the production of fuels and chemicals 

replacing fossil hydrocarbon feedstocks has made it important to better understand the catalyzed 

transformations of oxygenated compounds 3,24,25. Before upgrading, biomass has a low density 

and contains a significant fraction of unsaturated bonds 26. Therefore, the transformation to 

biofuel requires hydrodeoxygenation reactions to lower the oxygen content and increase heat 

values. The main aim of the transformation is to saturate C=C and C=O bonds (hydrogenation) 
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and remove oxygen from the oxygen-containing compounds as shown in Figure 1-4 16.   

1.3.1 Hydrogenation  

Hydrogen addition to unsaturated groups, e.g. C=O and C=C, allows its conversion into 

alcohols, and alkanes. The reduction process can be achieved by (i) addition of electrons 

followed by protons, the proton donors include water, acids, alcohols, alkalis, and amines and 

the frequently used catalysts are metals such as Li, Na, K, Mg, Ca, Fe and Zn and corresponding 

metal salts when the metals possess two or more valence states; (ii) addition of a hydride 

followed by protons, the hydride derived from hydride reagents like lithium tetrahydro-

aluminate, alcohol or amine; and (iii) hydrogen atoms addition, which is from either molecular 

hydrogen or hydrogen donors like alcohols 27,28. Catalytic hydrogenation of the unsaturated 

compounds requires the formation of active hydrogen species and the subsequent bimolecular 

reaction. Taking C=O hydrogenation as an example for a Langmuir-Hinshelwood based 

mechanism, the heterogeneous catalytic reaction starts with the dissociative adsorption of 

molecular hydrogen, which forms two H*, while the substrate molecularly adsorbs on the 

catalyst surface. The hydrogenation of the C=O bond needs two sequential H addition steps. As 

a result of the asymmetric structure of the aldehyde/ketone molecular, the H addition sequence 

can proceed via two plausible pathways as shown in Figure 1-5: the alkoxy pathway, in which 

a reactive hydrogen adatom, H* first attacks the carbonyl carbon, forming an alkoxy 

intermediate, followed by a second H* attack to the carbonyl oxygen and the formation of an 

alcohol and hydroxyl pathway, by adding H* to the carbonyl oxygen forming hydroxyl 

intermediate before adding to the carbonyl carbon. In protic solvents like water, H* can 

dissociate to a proton and electron, which can result in a proton-electron transfer instead of H* 

added to the carbonyl group.  

 

Figure 1-5. Plausible reaction pathways for the hydrogenation of aldehydes and ketones based on 

Langmuir-Hinshelwood mechanism 29. (Reprinted with permission from reference 29. Copyright 

© 2012, Elsevier.) 

Hydroxyl intermediate

Alcohol product

Alkoxy intermediate
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The reaction pathway of carbonyl hydrogenation has been intensively studied. Density 

functional theory (DFT) calculations suggested that in vapor phase, the alkoxy pathway prevails 

because the formation of alkoxyl intermediate is thermodynamically favored 29,30. Zhen et al. 

reported that according to isotope studies, butanal-H2 reactions proceed via the alkoxy pathway 

at the vapor-Ru interfaces on Ru/SiO2 at 323 K31. In comparison, the hydroxyl pathway is 

apparently favored over alkoxy route in presence of solvents, due to the lower barrier to form 

the O–H bond over the C–H bond and the increased stability of the hydroxyl intermediate over 

the alkoxy intermediate over Ru 30. The proton-electron transfer pathway prevails in water 

during guaiacol hydrogenation 32 and especially in presence of negative potential 33,34. 

1.3.2 C-O bond cleavage of alcohols 

C-O bond cleavage is a necessary procedure to decrease the oxygen content in the organic 

compounds, which can be achieved by dehydration and hydrogenolysis reactions. Acid-

catalyzed alcohol dehydration leads to the formation of olefins (via intramolecular dehydration) 

or ethers (via intermolecular dehydration) 35,36. Generally, the dehydration reactions are 

performed at relatively high temperatures (≥ 100 oC) due to the large activation energy (~150 

kJ mol-1) 37–39. Hydrogenolysis reactions require transition metals for hydrogen activation as 

well as for the sorption of the reactant, while acid sites are not necessary. The reaction can 

proceed via a SN2 reaction mechanism, in which a surface hydrogen directly replaces the 

carbonyl group from its attachment to the carbon atom in one step  23,40. Alternatively, the 

reaction can follow a stepwise route starting with the dissociation of the C–O bond, leading to 

a temporary bonding of OH and corresponding residue, and finish with a hydrogen adatom 

addition in the absence of acid sites 23. In presence of protons, the carbonyl group can be 

protonated leading to a better leaving group (H2O
+) and the C-O bond cleavage yields a 

carbenium ion. The reaction completes with hydride transfer or deprotonation 23,40,41.  

Deuterium labeling study is an effective way to distinguish the reaction mechanisms 

mentioned above. Taking 1-(4-isobutylphenyl) ethanol (4-IBPE) hydrogenolysis as an example, 

the potential reaction pathways in presence of H2/D2 are shown in Figure 1-6. The C-O bond 

scission of 1-(4-isobutylphenyl) ethanol (4-IBPE) leads to the formation of 4-

isobutylethylbenzene (4-IBEB) via dehydration-hydrogenation pathway catalyzed by the acidic 

functional groups on the activated carbon supported Pd 23 or hydrogenolysis route on Pd. The 

reaction pathways can be distinguished by using isotopic-labeled reactants. The presence of one 

D can be detected in position 6 (Figure 1-6) if the reaction follows dehydration-hydrogenation 

pathway, while it is not this case with a direct hydrogenolysis route. It was reported over 
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Pd/SiO2 and Pd black, the C–O bond scission of 4-IBPE occurred exclusively by direct 

hydrogenolysis, whereas over Pd/C, both hydrogenolysis and the dehydration–hydrogenation 

route were observed due to the acidic functional groups on the carbon support. This indicates 

that the functional groups on the support will change the reaction pathways. 

 

Figure 1-6. Reaction pathways to C–O bond cleavage of 1-(4-isobutylphenyl) ethanol 23. 4-IBPE, 

4-IBSty and 4-IBEB are 1-(4-isobutylphenyl) ethanol, 4-isobutylstyrene and 4-

isobutylethylbenzene, respectively. (Reprinted with permission from reference 23. Copyright © 

2007, Elsevier.) 

1.4 Factors to affect the heterogeneous catalytic process 

1.4.1 Catalyst 

Common heterogeneous catalysts consist of solid acid catalysts (for acid catalytic 

reaction, e.g. dehydration, cracking), transition metals (for hydrogenation and dehydrogenation 

reaction) and transition metal oxides (mainly for oxidation reaction) 42–44. The catalytic activity 

and product selectivity can be highly affected by catalyst properties, such as particle size, pore 

size, morphology, catalyst composition, catalyst-support interaction and so on.  

Transition metals act as good catalysts because they can donate electrons or withdraw 

electrons from the reagent, and form chemical bond with reactants. It should be noted that the 

interaction between catalyst and substrate should be neither too strong nor too weak, so that it 

can achieve highest activity. If the interaction is too strong, the energy barrier from sorbed state 

to transition state will be too large for the reaction to happen or the active sites will be blocked 

by the products. In addition, for a bimolecular reaction, this will lead to a low local 

concentration for the other reactant due to the competitive adsorption. While if the interaction 

is too weak, the substrate will fail to bind to the active site and no reaction takes place. This is 

called Sabatier principle, which has been verified by tons of investigations and used as a 
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descriptor in heterogeneous catalysis 45,46. Pd shows high activity for hydrogenation reactions 

due to its electronic properties and was chosen for investigation. 

1.4.2 Solvent  

Solvents are widely used in the heterogeneous catalytic reactions to dissolve and dilute 

the reactant as well as to increase the contact between the reactant and the catalyst for solid 

substrates. Thus, to develop the fundamental understanding of reactivity at solid−liquid 

interfaces is of significant  importance 47,48. The properties of solvents, such as polarity, acidity, 

density, hydrogen-bond donating ability and hydrogen-bond accepting ability, are critical in 

catalysis 49-52.  

 

Figure 1-7. Plausible solvent effects in catalysis, which result in differences in 

reactivity/performance of catalytic reactions and product selectivity/distribution 53. (Reprinted 

with permission from reference 53. Copyright © 2019, Royal Society of Chemistry.) 

Compared to the gas-solid interface reaction, the presence of a dense surrounding medium 

have multiple effects on the catalytic reaction with respect to the 1) reaction rate 47, 2) product 

selectivity 52, 3) reaction pathway 54, 4) reaction mechanism 55 and 5) stability of catalysts. The 

potential reasons that solvent can affect reaction rates are due to the effect on mass transfer 56, 

dissolution, kinetics of the reaction by the interaction of the solvent with reactant, intermediate, 

transition complex and products 57–61, and also the effect on the catalyst electronic 62 and 

geometric structures 63 as well as the substrate coverage on catalytic sites via competitive 

adsorption. Moreover, the solvent can directly involve in the catalytic reaction 64,65. Figure 1-7 

categorized the effects as the intrinsic factors responsible for the change in catalytic activity as 

well as those which influence product selectivity 53. Several chosen points will be discussed in 
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detail as following.  

1.4.2.1 Transport phenomena   

The viscosity of a solvent can directly affect the mass transfer of the agents 66, for example, 

the effective diffusivity for H2 changes from 1.69 × 10−5 cm2 s−1 in cyclohexanol to 14.9 × 10−5 

cm2 s−1 in n-hexane 67. Kinetic study is meaningless in presence of mass transport limitation. 

Therefore, it is important to eliminate transport diffusion. A higher stirring speed can help to 

reduce the external diffusion limitation (film diffusion, from bulk phase to particle surface). In 

comparison, the internal transport phenomenon (pore diffusion) is more complicated 68. The 

most widely used experimental method to examine mass transport limitations is Madon− 

Boudart (MB) test in catalysis 69. The test requires a series of rate measurements on catalysts 

with various number of active sites. The reaction rate will be proportional to the number of 

active sites, or we can say turn over frequency that the reaction rate is normalized to the number 

of active sites keeps constant if in the absence of mass transport limitations (both internal and 

external diffusion). 

1.4.2.2 Competitive adsorption 

The major difference between liquid phase reaction and gaseous reaction is that the active 

sites on liquid-solid interface is always saturated with reactants, intermediates, transition states, 

products and also, the solvent. Thus, the competitive adsorption exists between not only the 

reactive species but also with the solvent in liquid phase reactions. Apparently, preferential 

adsorption of the solvent molecules on the active site will inhibit the reactant molecules 

accessibility and lead to a decrease in reaction rate. In some cases, coadsorbed species might 

change the adsorption strength of specific adsorbates. For example, the hydroxyl group of 

sorbed methanol can interact with the π electrons of sorbed cyclohexene, leading to a weaker 

adsorption strength on Ru 69. Consequently, an increased selectivity in the hydrogenation of 

benzene to cyclohexene, rather than the completely hydrogenated cyclohexane, was observed. 

Moreover, the sorbed solvent might change the configuration of the substrate and then 

affect the product selectivity. As shown in Figure 1-8, the adsorption of polar solvents on Pd 

surface decreases the reactivity of the reactants 70. Besides, the competitive adsorption by the 

polar solvent molecules makes the benzene ring impossible to be planar adsorption and the 

hydroxy group of phenol inaccessible to the acid sites, which effectively intercepts the process 

of cyclohexanol dehydration.  
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Figure 1-8. Schematic illustration of the solvent effect on product selectivity for the phenol 

conversion over the bifunctional Pd/NaY catalyst in nonpolar solvent and polar solvent 70. 

(Reprinted with permission from reference 70. Copyright © 2021, Royal Society of Chemistry.) 

1.4.2.3 Solvation effect 

The solvation, during the catalytic process, including the interaction between the solvent 

and all reactive species (reactant, intermediate, transition complex and even the products) is of 

great importance for both activity and selectivity. The intermolecular interactions include 

hydrogen bonding, ion-dipole interactions, and van der Waals forces. Before the surface 

reaction starts, the reactant needs to be dissolved in the selected solvent. In this process, a lower 

coverage of reactant on the active sites will be obtained in a solvent that the reactant can be 

solvated better compared to a solvent with a weaker interaction under the same reaction 

condition. It is reported that polar solvents can enhance the adsorption of nonpolar reactants 71. 

The adsorption of reactant on catalyst surface can lower the free energy of the reactant in bulk 

phase, thus a worse solvated reactant (with a higher free energy) will prefer to adsorbing on the 

active sites to lower the system free energy. This is why the equilibrium adsorption constant is 

generally larger for an agent with a lower solubility. The driving force for surface adsorption 

includes not only the free energy change for adsorption of substrate (A) onto a surface site 

(ΔGads,A), but also free energy changes associated with the desorption of previously adsorbed 

solvent (B) (ΔGads,B) and interactions of A and B with bulk solvent, both in solution and on the 

surface (ΔGsolv,solution and ΔGsolv,surface) 
68. The interaction between sobred species are not 

considered. Therefore, the driving force expression is, 

Nonpolar solvent

(promote dehydration)

Polar solvent

(prohibit dehydration)

https://en.wikipedia.org/wiki/Hydrogen_bonding
https://en.wikipedia.org/wiki/Van_der_Waals_forces
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ΔG= ΔGads,A - ΔGsolv,solution,A - ΔGsolv,surface,A-( ΔGads,B + ΔGsolv,solution,B + ΔGsolv,surface,B) 

Actually, a better solvated reactant indicates a strong interaction between reactant and solvent 

(larger ΔGsolv,solution,A), and will lead to a small driving force for substrate adsorption. 

On one hand, the reactant solvation will decrease its coverage on the catalytic surface; on 

the other hand, the activation barrier can also be affected. The free energy difference between 

transition state and ground state (adsorbed reactants) decides the intrinsic reaction rate, thus the 

destabilization of the ground state will reduce the energy barrier and then accelerate the reaction 

rate. Similarly, the stabilization of transition state can also decrease the activation energy.  

A significant higher reaction rate in γ-valerolactone (GVL) is obtained compared to water 

on acid-catalyzed conversion of xylose into furfural, which is attributed to the stabilization of 

the acidic proton relative to the protonated transition state 72. Combined the reaction kinetics 

studies as well as classical and ab initio molecular dynamics simulations, Max et al. reported 

that altering the relative stabilities of initial states and transition states can achieve a higher rate 

and selectivity by the use of organic solvents and inorganic additives (water) in acid-catalyzed 

dehydration of fructose, tert-butanol, 1,2-pro-panediol and hydroxymethyl furfural 61. 

Except for the solvation of ground state and transition state, stabilization of the key 

intermediate by solvents also significantly affect the reaction activity. Heyden et al. found that 

the polar solvents such as n-butanol and water increased the turnover frequency by a factor of 

up to 30 from the gas-phase, via stabilization of key surface intermediates in 

hydrodeoxygenation of propionic acid on Pd (111) 73. In addition, the decarboxylation rate was 

increased by two orders of magnitude in water making the decarbonylation and decarboxylation 

pathways become essentially competitive. 

1.4.2.4 Involvement in catalytic reaction 

It is well known that some side reactions occur due to the reaction of reactant and solvent 

which are not expected, e.g. aldol condensation in aldehyde hydrogenation in alcohol solvent 

50,74. Moreover, solvents can be involved in the elementary steps of the expected catalytic 

reaction and thus change the reaction pathway or reaction mechanism. For example, in 

hydrogenation reactions, the adsorbed H (H*) can transform into a solvated proton and an 

electron at the solvent-metal interface in presence of protic solvents on transition metals 75,76. 

Therefore, the reaction mechanism of the saturation reaction could be either Langmuir-

Hinshelwood mechanism with a direct H atom (from the dissociation of hydrogen adsorption) 

addition 77,78 or Eley-Rideal mechanism with a proton coupled electron transfer 31,32,54. In 
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addition, it was reported that the H atom from water molecular can directly add to the 

unsaturated bonds of cinnamaldehyde as shown in Figure 1-9, based on isotopic labeling 

studies and theoretic calculation in Pt3Fe/CNT catalyzed hydrogenation 55.  

 

Figure 1-9. The schematic diagram of the reaction pathway of water-involved hydrogen exchange 

in the Pt3Fe/CNT-catalyzed CALD hydrogenation 55. (Reprinted with permission from reference 

55. Copyright © 2018, Elsevier.) 

1.4.2.5 pH effect  

 

Figure 1-10. Enthalpy diagram of a hydrogenation step at different pH values 85. (Reprinted with 

permission from reference 85. Copyright © 2019, American Chemical Society.) 

The concentration of hydronium ions is an important parameter of catalysis that can be 

utilized to control catalytic reaction, such as hydrogenation and dehydration reaction. It is clear 

that the hydronium ions directly affects the reaction conversion in acid-catalyzed reaction 39,79. 

In addition, increasing concentrations of hydronium ions has been found to enhance the 

reactivity of Pt-group metals for hydrogenation of aromatic rings and carbonyl groups in 

oxygenates 80,81. This beneficial effect of raising hydronium ion concentrations has been 

quantitatively related with the weakening of the H-metal bond, and this argument is put forward 

to explain the orders of magnitude faster electrochemical H2 evolution and oxidation on Pt-

group metals in acid than in base media 82–84. On basis of Brønsted-Evans-Polanyi relationship, 

the activation energy is proportional to the reaction enthalpy. Therefore, a lower hydrogen 

Water-involved 

hydrogen exchange

∆H

pH 

Ea=α+β ∆Hrds

Ph-H*

increasing

Ph* + H* ∆Hrds

∆Hrds= 

∆Hf,Ph-H* - ∆Hf,Ph* - HBE
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binding energy results in a decreasing hydrogenation barriers (as shown in Figure 1-10) 85.  

1.5 Chemical kinetics  

Chemical kinetics is about the reaction rate of a chemical reaction. For a di-molecular 

heterogeneous reaction in gas phase (rxn 1), the rate equation can be expressed as Equation 1.  

 (rxn 1) 

  (1) 

Where PA and PB express the concentration (usually used unit of bar) of the species A and B. 

k is the reaction rate constant which is related to the reactant nature and reaction conditions, e.g. 

temperature. The exponents α and β are the partial orders with respect to species A and B, 

stating how the reactant pressure affects the reaction rate. The reaction orders can be positive, 

zero and negative.  

A chemical reaction is composed with one or more elementary steps, in which the chemical 

species directly form the product in a single step without the formation of transition state and 

intermediate. Based on Langmuir-Hinshelwood mechanism, the elementary steps of rxn 1 

consist of adsorption-surface reaction-desorption. Adsorption/desorption steps are generally 

considered as quasi-equilibrated and surface reaction as the slower step (rate determining step 

or kinetic relevant step). 

              (2) 

               (3) 

     (4) 

                   (5) 

               (6) 

Where * is the empty site, A* and B* denote as sorbed A and sorbed B. KA and KB are 

equilibrium constant of A and B adsorption, K‡ is the equilibrium constant of transition state 

https://en.wikipedia.org/wiki/Reaction_rate_constant
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formation, and k‡ is the rate constant for the product formation. The reaction rate of every 

elementary step follows law of mass-faction that the reaction orders equal to the stoichiometric 

coefficients for each reactant. Therefore the reaction rate for each elementary step is 

            (7) 

             (8) 

                     (9) 

                               (10) 

Where θ*, θA, θB and θTS are coverage of empty site, reactant A, reactant B and transition state. 

Po is at standard state pressure (1 bar). The number of active sites is constant, therefore, the sum 

of θ*, θA, θB and θTS is one. Considering the coverage of transition state is low, this term is not 

involved in the site balance equation.  

                                                            (11) 

                (12) 

                  (13) 

Combing K‡ and k‡, the rate constant of the rate determining step is k. The formation rate of 

product C is  

(14) 

It should be note in liquid phase reaction in presence of solvent, the empty sites are occupied 

by solvent. Based on the elementary steps, the relations of chemical potential can be obtained 

as follows, 

                        (15) 

                         (16) 

https://en.wikipedia.org/wiki/Stoichiometry#Stoichiometric_coefficients
https://en.wikipedia.org/wiki/Stoichiometry#Stoichiometric_coefficients
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           (17) 

µA(g), µB(g) are chemical potentials of A and B in gas phase, µA(ad), µB(ad) are chemical potentials 

of sorbed A and B. The chemical potential expression of each species are  

      (18) 

       (19) 

     (20) 

       (21) 

µA(g)
o, µB(g)

 o, µA(ad)
 o, µB(ad)

 o are chemical potential at standard state. φ and γ are activity 

coefficient, to express the ideality. Under ideal condition, the activity approaches to 1. 

1.6 Scope of this thesis 

The object of this research is to develop a deeper understanding of the significance of 

solvents in heterogeneous catalytic reactions. We chose hydrodeoxygenation of biofuels, 

including the hydrogenation of saturated and unsaturated aldehydes as well as the 

hydrogenolysis of alcohols as model reactions. All reactions present involve the activation of 

hydrogen as well as substrate on metal surface before further reaction. Pd nanoparticles 

supported on activated carbon were used as the catalyst due to the high activity on hydrogen 

activation. Reaction rate and reaction orders were measured in different solvents. The reaction 

mechanisms were confirmed based on kinetic isotope effect and deuterium labelling analysis. 

Kinetic study gives the intrinsic reason for the solvent effect. 

In Chapter 2, benzaldehyde was used as a model carbonyl reactant for probing the 

mechanistic influence of the solvent on aldehyde reduction over Pd/C. The kinetics of the 

reaction were studied in MeOH, water, dioxane, and THF. The specific hydrogen addition 

sequence was explored via isotopic labeling of product and reactant in water and dioxane. For 

both solvents, the hydroxy pathway, which occurs via an initial H attack to the carbonyl oxygen 

followed by a second H attack to the carbonyl carbon, prevails. With kinetic modeling analysis, 

we confirmed that the second H addition step is the rate determining step and obtained the 

equilibrium constants and rate constant of each catalytic step, including those for hydrogen and 
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substrate adsorption and for the two consecutive hydrogen addition events. The solvent interacts 

differently with the various reactive precursors and their transition states, and destabilizes them 

to a different extent. Sorbed substrate and transition state are dissolved to the similar extent and 

the solvation energy of adsorbed hydrogen decides the reactivity differences in various solvents.  

In Chapter 3, the activity and selectivity of the C=O and C=C bond hydrogenation of 

cinnamaldehyde were explored in both protic and aprotic solvents over activated carbon 

supported Pd. The hydrogenation rate of both C=C and C=O bond in protic solvents are higher 

than that in aprotic solvents. Different from sole Had addition mechanism in aprotic solvent, We 

suggest protic solvents can act as H transfer shuttle to accelerate the hydrogenation rate, which 

was supported by the isotope labeling results.  

In Chapter 4, hydrogenolysis of benzyl alcohol is catalyzed by activated carbon supported 

Pd in buffer solutions. In presence of acidic sites, the reaction rate of benzyl alcohol conversion 

is accelerated by 2-3 orders of magnitude. We proposed a mechanism in which both metal sites 

and protons, contribute to the benzyl alcohol conversion. The rate determining step is 

protonated benzyl alcohol losing the hydroxyl group as a water molecule and forming benzyl 

carbenium ion. Due to the presence of positive charged species, e.g. protonated benzyl alcohol 

and transition state, electric potential on Pd surface can affect the conversion by changing the 

chemical potentials of these species. Both hydrogen pressure and hydronium ion concentration 

can change the electric potential, which is equivalent to an external electric potential. Moreover, 

hydronium ions can also affect the concentration of transition state. 

At the end, summary, conclusions and outlook are given in Chapter 5.  
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Chapter 2  

Towards a quantitative understanding of solvent 

effects on Pd catalyzed benzaldehyde 

hydrogenation 

 

The nature of the solvent induces variations in the rate of the metal catalyzed hydrogenation of 

benzaldehyde on Pd (dioxane < tetrahydrofuran < water < methanol). Despite these large 

differences, the reaction pathway does not change; the majority of turnovers occurs via the 

adsorption of H2 and benzaldehyde, followed by stepwise addition of H, first to the carbonyl 

oxygen, forming an adsorbed hydroxyl intermediate, followed by the kinetically relevant H 

addition to the C atom of the formyl group (forming benzyl alcohol) and the desorption. The 

alternative pathways involving the H addition first to C, forming an alkoxy intermediate, occurs 

to a significantly lesser extent. A pathway in which a proton is added in the first step followed 

by an electron transfer is excluded on the basis of kinetic isotope effects of H2O/D2O and H2/D2. 

An analysis of the solvation energy using excess chemical potentials shows that ground and 

transition states are destabilized by the solvents compared to those under solvent-free (gas phase) 

reaction environment. Despite marked differences of the solvent in destabilizing reacting 

organic substrates in ground and transition states, their nearly identical shifts render the rate 

differences inconsequential. Instead, the marked reactivity differences arise solely from the 

differences in the solvation energy of adsorbed hydrogen. The approach provides fundamental 

insight into the impact of solvents and solvent mixtures for catalyzed hydrogenation. 

 

 

 

This chapter is based on the article: Guanhua Cheng et al. Towards a quantitative understanding of solvent 

effects on Pd catalyzed benzaldehyde hydrogenation (submitted to Nature Catalysis). Guanhua Cheng 

performed the experiments, did the data analysis and wrote the manuscript.   
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2.1 Introduction 

Catalytic reduction of organic molecules on transition metals is highly relevant in 

petroleum and petrochemical processes 1. The reaction typically uses stepwise hydrogen 

addition to chemically unsaturated bonds with both hydrogen and the reacting substrate 

chemisorption to the metal surface, i.e., via a Langmuir-Hinshelwood mechanism 2,3. Thus, 

rates depend on the activities and the adsorption equilibrium constants for H2 and the organic 

substrates, which reflect their excess chemical potentials in the sorbed state, as well as the rate 

parameters prior to the rate determining step. 

Such hydrogenation of organic molecules at gas-solid interfaces has been excellently 

studied and is well understood 4,5. For aldehydes, it is generally accepted that the stronger 

adsorption reduces the rate of hydrogenation by reducing the coverage of adsorbed hydrogen 6. 

The presence of a liquid phase, particularly a solvent, significantly complicates the quantitative 

understanding of these rates and thermodynamic parameters in the rate expression. Attempts 

have been made to interpret the weaker adsorption of organic reactants and hydrogen on 

transition metal surfaces 7-9. The most prominent factor is the stabilization of the reaction 

partners in the solvent and the impact of the solvent on binding of reacting fragments to the 

metal 10-12. For example, higher catalytic activity for acetophenone hydrogenation in aliphatic 

C1-C5 alcohols 13 has been attributed to better stabilization by solvents of higher polarity that 

reduce the strength of reactant adsorption 14.  

The interaction of solvent molecules with catalyst surfaces and with reactants, transition 

states, and products has made it very challenging to analyze quantitively, why the specific 

solvents influence catalytic reaction rates and selectivities. In a more general way, the marked 

impact of solvents is hypothesized to be caused by the solvent (i) via altering the adsorption 

configurations of the reductive groups on the transition metal surfaces 15, (ii) via altering the 

potential energy landscape caused by the hydrogen bonding between the protic solvent and 

organic substrates 16-18, and (iii) by promoting the adsorption of adsorbates with opposite 

polarity 19. These effects of solvents on the standard free energies of reaction precursors, 

together with similar effects on the transition states of the catalytic steps, influence the free 

energy landscape of hydrogenation catalysis and in turn rates.  

The Langmuir-Hinshelwood type mechanism for hydrogenation has, however, also not 

been found under all conditions. Especially in water, additional electrochemical effects will 

influence the surface states of the metal itself 20. In the presence of water adsorbed hydrogen 

atoms (H*) will be equilibrated with solvated protons and the associated electrons at the metal 



Chapter 2 Benzaldehyde hydrogenation 

27 
 

interface 21-23. This may lead to the possibility that hydrogenation occurs via a proton coupled 

electron transfer 24,25. Such reaction paths have been invoked to explain, for example, the 

promotional effects of water for aliphatic carbonyl reduction on Ru/C catalysts 25 and the 

dependence of benzaldehyde hydrogenation on acid concentrations 26. 

Hydrogenation of benzaldehyde to benzyl alcohol is a frequently studied model reaction 

for organic molecules with multiple unsaturated bonds, providing both the aromatic ring and 

the carbonyl group. Such combination of functional groups mimic frequent chemical motives 

found in biomass-derived oxygenates, and the product benzyl alcohol is widely used as 

specialty chemical 27. Studies have reported that the rates and selectivities of benzaldehyde 

hydrogenation depend strongly on the identity of solvent 28-30 31, but also on the nature and 

particle size of the transition metal catalyst 32,33, and the acid-base properties of the support 34-

37.   

We investigate in this study the impact of four solvents, i.e., methanol (MeOH), water, 

dioxane, and tetrahydrofuran (THF) on the reduction of benzaldehyde on activated carbon 

supported Pd (Pd/C) using kinetic methods including isotope labelling and kinetic effects. 

Reaction pathways are elucidated and the solvation energies as well as their impact on 

elementary steps are quantified. Detailed kinetic modeling was used to quantify the reversibility 

and kinetic relevance of the reaction steps. The results underline the importance of the 

stabilization of sorbed hydrogen, while the substrate is less influential on the reaction rates.   

2.2 Experimental method 

2.2.1 Chemicals and Catalysts 

Pd/C catalyst with a metal content of 5 wt. % and Pd black were purchased from Sigma Aldrich 

(catalog No. 75992). Benzaldehyde (≥99.0%, CAS No. 100-52-7), benzyl alcohol (≥99.0%, 

CAS No. 100-51-6), ethyl acetate (≥99.9%, CAS No. 141-78-6), 1,4-dioxane (≥ 99.0 %, CAS 

No. 123-91-1), tetrahydrofuran (THF, ≥ 99.0 %, CAS No. 109-99-9), methanol (MeOH, ≥ 

99.0 %, CAS No. 67-56-1) and NaCl (≥99.9%, CAS No. 7647-14-5) were obtained from Sigma 

Aldrich and used as received. Doubly deionized water was prepared from purification of 

deionized water with a Milli-Q water purification system to a resistivity of 18.2 MΩ·cm. H2 

(Air Liquide, >99.99%) was used for hydrogenation.  

2.2.2 Catalyst Characterizations  

The specific surface area and pore diameter distributions of the Pd/C catalyst were determined 

by N2 physisorption isotherms, measured at 77 K on a PMI automated BET sorptometer with 

http://www.ichemistry.cn/chemistry/7647-14-5.htm
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BET and BJH models. Pd dispersion was determined with H2 chemisorption at 298 K. Prior to 

the measurement, the materials were pre-reduced in hydrogen at 573 K for 1 h, treated in 

vacuum at 573 K for 1h and then cooled to 298 K. The first adsorption isotherm was measured 

from 1 to 40 kPa H2, which gives the total H2 uptakes. Afterwards, the sample was outgassed 

at 298 K for 1h and the second isotherm was measured, which gives the amount of physisorbed 

H2. The amount of chemisorbed H2 was determined by the difference in the adsorbed amounts 

between the two isotherms, extrapolated to zero H2 pressure. The Pd dispersion was determined 

from the amount of chemisorbed H2 at zero pressure, by assuming a stoichiometry of 1 H:1 Pd 

surface atom. Additionally, the average particle size of Pd was measured by transmission 

electron microscopy (TEM). The catalyst sample was grounded and ultrasonically dispersed in 

ethanol. Drops of the catalyst suspensions were applied on a copper-carbon grid and the 

measurements were carried out in a JEOL JEM-2011 electron microscope with an accelerating 

voltage of 120 keV. Statistical treatment of the metal particle size was carried out by counting 

at least 300 particles from representative TEM micrographs. The characterization of Pd/C is 

shown in SI, Section S1.    

2.2.3 Catalytic hydrogenation of benzaldehyde 

Benzaldehyde hydrogenation in different solvents was carried out in a 300 mL Hastelloy PARR 

reactor. Rate and selectivity measurements were performed in the batch reaction mode at 298 

K. In a typical reaction, an aliquote of benzaldehyde (225-7000 µL) was dissolved in 100-150 

cm3 of solvent (H2O, dioxane, THF, and MeOH). 5-80 mg Pd/C was added to this reaction 

mixture. The reactor was purged three times with 20 bar H2 to ensure the complete removal of 

air from the reactor before the subsequent introduction of 0.5-10 bar H2 (at atmospheric 

temperature). After H2 introduction, the reactor was heated to the reaction temperature (298 K) 

under vigorous stirring (> 750 rpm). The reaction time is defined by the time in which the 

reactor has reached the desired reaction temperature and maintained at that temperature. During 

the reaction in batch mode, ~1 cm3 sample was withdrawn from the reactor periodically at 

specific time intervals; the concentrations of reactants and products in these samples obtained 

at different reaction times were quantified using a gas chromatograph (GC) equipped with a 

wax capillary column (30 m × 250 μm) and a flame ionization detector (FID). The reaction 

order in H2 was determined at 298 K by systematically varying the H2 pressure from 0.2 to 5 

bar; the reaction orders in benzaldehyde with water MeOH, THF, and dioxane solvents were 

measured by varying the benzaldehyde concentration when keeping the H2 pressure at 1 and 5 

bar, respectively, at 298 K.  
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Benzaldehyde hydrogenation in gas phase was performed in a continuous stirred tank reactor 

(CSTR) with 1mg Pd/C at 298K and ambient pressure. Before the reaction, the catalyst was 

reduced in H2 (10 mL min-1) for 1 h, then a reactant fed of H2 with gaseous benzaldehyde was 

introduced to the reactor.  The gaseous benzaldehyde was introduced by N2 flowing through a 

bottle of liquid benzaldehyde at room temperature, carrying out the gaseous benzaldehyde with 

saturated vapor pressure.  By changing the flow of H2 and N2, the partial pressure of H2 and 

benzaldehyde were varied. Typcially, the total flow rate was 40 mL min-1 with a hydrogen 

partial pressure from 20 mbar to 50 mbar. The benzaldehyde partial pressure in the CSTR was 

detected in-situ using an infrared spectroscopy with a Thermo Fischer Nicolet 6700 

spectrometer at a resolution of 1 cm-1 accumulating 32 scans. 

2.2.4 Transient response method   

A transient response method was used to measure the H coverage on Pd black at room 

temperature and 1 bar pressure in presence of solvent. The approach is to replace pre-adsorbed 

H on Pd with D from D2, producing quantitatively HD and D2. Then the H coverage on Pd is 

calculated by quantifying the amount of H in the desorbed HD and H2. The schematic diagram 

of the setup is as shown in Scheme S1, gas line of H2/D2 connecting with a transparent 

microreactor tube and followed by a mass spectrometer. 50-100 mg Pd black was placed in the 

center of two layers of quartz sand (particle size of 200-300 µm) in a microreactor (~1.5 mL). 

The catalyst was first reduced by H2 flow and then 0.6 ml liquid solvent was added to immerse 

the Pd. After that, H2 and D2 was alternatively flowing through the catalyst, and the gas 

components was detected using a mass spectrometer (MS, Omni Star GSD 320). Solvent was 

added in liquid phase by a syringe. 

 

Schematic diagram of the transient response analysis system. 
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2.2.5 Isotopic labeling experiments  

The isotopic experiments were carried out in a 300 mL Hastelloy PARR reactor. For the reaction 

in water solvent, 14.8 mM benzaldehyde, 150 mL H2O/D2O solvent, 1 bar H2/D2, and 5 mg 

Pd/C were used. For reaction with dioxane solvent, 115 mM benzaldehyde, 100 mL dioxane 

solvent, 5 bar D2, and 80 mg Pd/C were used. Before the reaction, air was removed from the 

reactor by introducing 20 bar H2/D2, followed by depressurizing the reactor for three times. For 

reactions in the aqueous phase, ethyl acetate was used to extract the chemical species and then 

were quantified using GC-MS equipped with a HP-5 capillary column. Selected samples 

obtained in H2/D2O were also analyzed with 1H nuclear magnetic resonance (NMR) 

spectroscopy (500 MHz).   

2.2.6 Vapor pressure of benzaldehyde in solution 

The gas composition of 1M benzaldehyde solution in dioxane, THF and MeOH, saturated 

aqueous benzaldehyde solution as well as condensed benzaldehyde was analyzed by mass 

spectrometer (MS, Omni Star GSD 320) at 298K. With the calibration of condensed 

benzaldehyde which is respect to saturated benzaldehyde vapor pressure, benzaldehyde vapor 

pressure in the respective solution was obtained and further equilibrated constant of 

benzaldehyde dissolution. 

2.2.7 Determination of equilibrium constant of H2 and benzaldehyde in gas phase 

The adsorption of H2 was obtained by hydrogen chemisorption as described in 2.2. The 

adsorption of benzaldehyde from gas phase onto Pd black was performed using a Seteram 

microbalance connected to a vacuum system and a pressure controlled liquid vaporizing system. 

In the experiment, 20 mg Pd black was loaded on the microbalance and activated in H2 (~1mbar) 

at 313 K for 20 min, then vacuum, this step was repeated until the catalyst weight was constant 

to make sure the catalyst was reduced thoroughly. After that, the catalyst was kept in vacuum 

state overnight for H2 desorption. The benzaldehyde vapor was introduced stepwise onto the 

catalyst through a dosing valve under a delicate control of the pressure. When the mass keep 

constant even benzaldehyde pressure increase indicates the Pd surface is fully covered. After 

equilibration under a certain pressure, the adsorbed amount was quantified by the mass increase.  

2.3 Results and discussions 

2.3.1 Effects of solvent on turnover rates and reaction orders for benzaldehyde 

hydrogenation on Pd/C  

Condensed phase benzaldehyde hydrogenation on Pd/C leads to selective C=O bond 
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saturation, forming benzyl alcohol as the sole product without hydrogenating the arene ring. 

Such high selectivity was found also for Rh/C, Ni/C, and Pt/C 38. The turnover number (TON) 

and turnover frequency (TOF) for benzyl alcohol formation in different solvents (water, 

methanol (MeOH), tetrahydrofuran (THF), and dioxane) are compared in Table 2-1 and Figure 

A2-2. The TONs and TOFs for benzyl alcohol formation were considerably higher in water and 

MeOH than in THF and dioxane. Most strikingly, the reaction orders for benzaldehyde and H2 

differ among the solvents (Table 2-1 and Figure A2-2b and A2-2c). 

Table 2-1. Summary of reaction rates and reaction orders for the reduction of benzaldehyde on Pd/C.   

Solvent TOF (mol molPd
-1

 

s-1) 

at 298 Ka 

Reaction order in 

benzaldehyde (αs)  

Reaction order in H2 (βs) 

MeOH 0.99 0.01±0.08 0.81±0.01 

Water 0.47 0.05±0.13 1.02±0.05 

THF 0.11 0.47±0 0.26±0.02 

Dioxane 0.033 0.31±0.02 0.17±0.02 

a Initial TOF at 1 bar H2 and 14.8 mM initial benzaldehyde concentration.   

Figure A2-2b shows the TOF as a function of benzaldehyde concentration. As the 

benzaldehyde concentration increases, TOFs increase in THF and dioxane, but remain 

unchanged in water and MeOH. Therefore, the apparent rate equation for the hydrogenation 

(rBZH,s, where subscript BZH denotes benzaldehyde and s denotes solvent, s = H2O, MeOH, 

dioxane, THF) is:  

  (1) 

keff,s is the lumped rate constant in solvent s, which contains the Henry constant of H2 dissolution, 

equilibrium constants of dissolved H2 and benzaldehyde adsorption as well as rate constant of 

the kinetically relevant H addition step; nPd is amount of surface Pd sites;; αs and βs are the 

apparent reaction orders with respect to benzaldehyde and H2 in solvent s, respectively. Under 

constant PH2, TOFs decreased in the order of MeOH > water > THF > dioxane. The reaction 

orders with respect to benzaldehyde in these solvents, αs, vary from 0 (MeOH, water), 0.31 

(dioxane), to 0.47 (THF). The 0th order in water and MeOH suggests that in these solvents, Pd 

surfaces are fully saturated and covered with adsorbed benzaldehyde or benzaldehyde derived 

intermediates before the rate determining step. A positive, fractional order in THF and dioxane 

suggests the metal surfaces to be only partly covered with adsorbed benzaldehyde and/or the 
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quasi-equilibrated intermediates. Figure A2-2c shows the initial TOF values as a function of 

the H2 pressure (1-5 bar). The reaction orders with respect to H2, βs, vary from 0.81 (MeOH), 

1.02 (water), 0.26 (THF), to 0.17 (dioxane) (Table 2-1). The variation in rates and reaction 

orders demonstrates the strong impact of the solvents on the adsorption and, hence, coverage 

of benzaldehyde and hydrogen.  

It should be emphasized, however, that solvents may also alter the nature and free energy 

of the transition states for catalytic steps and in turn influence the rates and the kinetic relevance 

of the elementary steps along the reaction coordinate. These effects may alter the catalytic 

pathways, observed kinetic dependencies, and net rates. Additionally, protic solvents such as 

water and MeOH can coordinate and solvate the hydrogen adatoms on Pd surfaces, converting 

them to interfacial protons, which have been shown to promote C=O bond hydrogenation of 

carbonyl groups 25. In contrast, the aprotic solvents, such as THF and dioxane neither assist 

with interfacial proton formation nor form strong hydrogen bonds with the reactants, 

intermediates, and transition states.  

2.3.2 Mechanism of benzaldehyde hydrogenation on Pd—elementary steps, their 

reversibility, and kinetic relevance of H addition steps to the carbonyl C and O of 

benzaldehyde.  

To interpret the marked variation in kinetic dependencies among the different solvents, 

we first interrogate the general mechanism of the individual hydrogen addition events, without 

assigning their kinetic relevance and equilibrium position, and then probe, how solvents may 

influence the free energies of the adsorbates, the intermediates, and transition states within the 

catalytic cycle and in turn the identity of the kinetically relevant step.   

Scheme 2-1 describes the catalytic sequences and their elementary steps in condensed 

phase benzaldehyde hydrogenation. The catalytic cycle begins with H2 dissociative adsorption 

on a Pd site pair (*-*), forming two adsorbed H adatoms (H*) (Step a). Meanwhile, 

benzaldehyde adsorbs on an ensemble of vacant Pd (*) as chemisorbed benzaldehyde (BZH*) 

(Step b). The C=O bond hydrogenation reaction requires two successive hydrogen addition 

steps, i.e., Step c and Step d. Two pathways for hydrogen addition exist, i.e., the alkoxy pathway 

and the hydroxy pathway, depending on H addition sequence 39. The latter pathway resembles 

the proton-electron coupled transfer pathway (PECT), but adds a hydrogen atom instead of a 

proton in the initial step. Addition of a proton coupled to an electron transfer has been ruled out 

(see below).  
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For the alkoxy pathway (labeled Alkoxy pathway I and indicated by the red arrows), a 

reactive hydrogen adatom, H*, first attacks the carbonyl carbon, forming an alkoxy 

intermediate (BZH-H*, Step c-I), followed by a second hydrogen attack to the carbonyl oxygen, 

which forms the benzyl alcohol (BA*, Step d-I). For the alternate hydroxy pathway (labeled 

Hydroxy pathway II and indicated by blue arrows), the reactive H* first attacks the oxygen, 

forming an O-H bond (BZH-H*, Step c-ǁ), followed by the second attack to the carbonyl carbon, 

which forms the C-H bond (BA*, Step d-Ⅱ). The catalytic cycle completes with the quasi-

equilibrated desorption of benzyl alcohol from Pd (Step e).  

  

 

Scheme 2-1 Schematic illustration of benzaldehyde hydrogenation pathways: alkoxy (red) and hydroxy 

(blue).   

In general, the adsorption-desorption steps (Steps a-b and e) occur much faster than the 

surface reaction. Thus, they are considered to be quasi-equilibrated. However, the H2 

adsorption step does not reach chemical equilibrium, because its desorption rate is comparable 

with that of benzaldehyde hydrogenation in water 40. For this reason, H2 adsorption was 

considered here to be reversible, but not quasi-equilibrated in the kinetic treatment.  

Irrespective of the pathways, the rate expressions have an identical form. Considering the 

first H addition to be reversible (which could be Steps c-I and c-II) and the second H addition 

step (Steps d-I and d-II) to be irreversible, the complete rate expression is (see derivation in 

Appendix 2-6, Section A2-3):  

Step a

Step b

Step c-ǀ

Step d-ǀ

Step e

Step c-ǁ

Step d-ǁ

H2 adsorption

Benzaldehyde 

adsorption

Benzyl alcohol desorption
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(2) 

Despite the identical formalism, the individual thermodynamic and rate constants contained 

within the rate expressions differ in their values and chemical meaning for the two pathways. 

In Equation 2, nPd is amount of surface active sites; CBZH and PH2 denote the benzaldehyde 

concentration and hydrogen pressure, respectively; k2 is the rate constant of the 2nd H addition 

step; KBZH
o is the equilibrium constant of benzaldehyde adsorption step; kH and k-H are the 

forward and reverse rate constants of hydrogen adatom adsorption step (from H2(g)), 

respectively, and their ratio (kH/k-H) equals KH2
o, the adsorption constant of H2 dissociative 

adsorption; K1
o is the thermodynamic equilibrium constant of step c, which equals the ratio of 

the forward rate constant to the reverse rate constant of the 1st H addition (k1/ k-1); ηH and η1 

denote the approaches-to-equilibrium for hydrogen adsorption (Step a) and the 1st H addition 

(Step c), respectively; each approach-to-equilibrium is defined by the ratio of its reverse rate to 

its forward rate of the reaction, which also equals the ratio of the reaction quotient to equilibrium 

constant of the respective reaction step. It should be noted that the KH2
o is the product of the 

Henry constant of H2 dissolution (KHenry) and the adsorption constant of dissolved H2 on Pd 

(KH2,solv
o), KH2

o = KHenry KH2,solv
o.  

2.3.3 Thermodynamic and kinetic contributions determining the rate of benzaldehyde 

hydrogenation in different solvents 

Figure 2-1 shows the change of benzaldehyde concentration during its hydrogenation on 

Pd/C in dioxane and water at constant H2 pressure. The slopes along these profiles reflect the 

instantaneous rate at a particular benzaldehyde concentration. For reactions with different initial 

benzaldehyde concentrations in dioxane (Figure 2-1a), the concentration decrease appears to 

be largely linear, but such consumption becomes less pronounced as a large portion of 

benzaldehyde is consumed. The dependencies confirm that the reaction order with respect to 

benzaldehyde, αdioxane (Equation 1), is positive, but significantly smaller than unity and 

consistent with that derived from the initial rates (Table 2-1, 0.26). Figure 2-1b shows the 

nearly overlapping time-dependent benzaldehyde concentration profiles, irrespectively of the 

H2 pressure. A close examination shows that the benzaldehyde concentration decay appears to 

be slightly higher for reactions conducted at higher H2 pressures, thus, the effective reaction 
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order with respect to H2, βdioxane, is a modestly positive (Table 2-1, 0.17). Similar benzaldehyde 

concentration decays and the associated kinetic interpretations were also found with THF 

(Figure A2-3).  

For dioxane, incorporating 59 mM of benzyl alcohol (the product) into the reaction 

mixture alters neither the benzaldehyde concentration profiles nor rates (Figure A2-4, 

Appendix, Section A2-4), indicating the competitive adsorption of benzyl alcohol alters neither 

the fractional coverages of the various intermediates nor the turnover rates. This finding is 

consistent with those of DFT calculations on uncovered Pd (111) that showed a weaker 

adsorption of benzyl alcohol than that of benzaldehyde (109 kJ mol-1 41 vs. 156 kJ mol-142).  

 

 

Figure 2-1. Hydrogenation of benzaldehyde on Pd/C under different starting benzaldehyde 

concentration and H2 pressure. (a) Changes of benzaldehyde concentration with time for different starting 

benzaldehyde concentrations in dioxane (80 mg Pd/C) at 298 K and 5 bar H2. (b) Changes of benzaldehyde 

concentration with time at different hydrogen pressures in dioxane (115 mM, 80 mg Pd/C) at 298 K. (c) 

Changes of benzaldehyde concentration with time for different starting benzaldehyde concentrations in H2O 

(5 mg Pd/C) at 298 K and 1 bar H2. (d) Changes of benzaldehyde concentration with time under different 

hydrogen pressures in H2O (14.8 mM, 5 mg Pd/C) at 298 K. The grey lines refer to the regression curves 

based on Equation 2. 
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For the contrasting case with water (Figures 2-1c and 2-1d), benzaldehyde 

concentrations decrease nearly linearly over the entire conversion range (0-100%), as also 

verified with separate kinetic studies by varying the initial benzaldehyde concentration (15-30 

mM). Taken together this linear benzaldehyde concentration decrease and the variation of the 

initial benzaldehyde concentrations, we conclude that TOFs are insensitive to benzaldehyde 

concentrations. In contrast, the rates increase proportionally to the H2 pressure (0.5-4 bar, 

Figure 2-1d). Similar rate dependencies were observed for MeOH as solvent (Figure A2-3), 

suggesting that the effective reaction orders in protic solvents are distinctly different from those 

in aprotic solvent.    

An integral analysis, carried out on regression of these time-dependent decays of 

benzaldehyde concentration in Figure 2-1 and Figure A2-3 against the generalized rate 

expression in Equation 2, results in the kinetic parameters, which consist of the rate and 

equilibrium constant values. Prior to the regression, we first determined KH2
o, the equilibrium 

constant for dissociative H2 adsorption on Pd using a thermodynamic approach. In principle, 

KH2
o can be obtained, by measuring the H coverage (θH) on Pd under a certain pressure of H2 

and using Equation 3:  

( )2

2

2

H
H 2

H H
1

K
P




=

−
  (3) 

Under solvent-free conditions, this measurement was easily done using a gaseous H2-

chemisorption approach (see Section S5 in Supporting Information for details). However, this 

approach is not adaptable to the condition with liquid solvent, because a minimum pressure is 

required to maintain the solvent as liquid. Therefore, we designed a transient response method 

to determine the coverage of H (θH) in the presence of solvent under flowing H2 (~1 bar), in 

which the sorbed H on Pd was replaced and purged out into an on-line mass spectrometer after 

switching from H2 flow to D2 flow. Detail are reported in the experimental section.  

Figure 2-2 shows the time dependent partial pressures of H2, HD and D2 in the transient 

H2-D2 experiments for dioxane, THF, water and methanol respectively. The grey curve is the 

H2 partial pressure in the control experiments without Pd, which showed a gradual decreasing 

tail caused by backmixing in the empty volume of the reactor tube after switching to D2 flow. 

The blue curve is the H2 partial pressure in experiments with Pd, and its decreasing tail was 

caused by both the backmixing in the dead volume and desorption of the pre-adsorbed H. The 

difference between the blue curve and grey curve describes the desorbed H2 from pre-adsorbed 

H. The black curve corresponds to D2 and the orange curve to the formed HD by the transient 
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common presence of sorbed H and D on Pd. The HD shows a peak as it is formed and desorbs 

from the Pd surface. In dioxane (Figure 2-2a) and THF (Figure 2-2b), the H2 tail was 

pronounced, indicating high coverages of H (θH). In contrast, in water and MeOH solvent, the 

tail of H2 (blue) dropped and disappeared faster than that of the blank experiment. This is 

hypothesized to be caused by the low coverage of H and in parallel a fast consumption of back-

mixed H2 via reacting with D2 into HD. The total H amount in desorbed HD and H2 allows for 

the calculation of H adsorbed and the H* coverage (θH), by normalizing the cumulative amount 

of H desorbed (as HD and H2) to the surface Pd atoms (the metal dispersion of Pd black used 

here is ~8 %). The measured θH and calculated KH2
o are compiled in Table 2-2. It is worthwhile 

to note here that within the time scale of this transient experiment after switching gas (< 20 s), 

D2 mainly reacts with the surface pre-adsorbed H during the transient reaction. The reaction 

and desorption of hydride (palladium hydride, PdHx) in the bulk solid phase is very slow that 

takes hours of time span, and in particular the main desorption occurs, when the solvent is 

completely evaporated (see Appendix, Section A2-6 for details). 

 

Figure 2-2. Transient response of HD and H2 following the switch from H2 to D2. In (a) dioxane on 100 

mg Pd black*, (b) THF on 100 mg Pd black, (c) water on 50 mg Pd black, and (d) methanol on 50 mg Pd 

black at 298 K and 1 bar pressure. Blank in the figures is signal of H2 in control experiments without Pd 

black. The dash line in Figures shows the switch point from H2 to D2. (*Pd black instead of Pd/C was used 

here to avoid the sorption of H2 on activated carbon support.) 
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Table 2-2. H coverage on Pd in the corresponding solvent and the equilibrium constant of H2 adsorption 

at 298 K. 

Solvent 
H2 pressure a 

 [bar] 

H coverage 

[molH molPd-surf
-1] 

KH2
o b 

Dioxane 0.95 0.89 ± 0.03 77 

THF 0.77 0.44 ± 0.10 0.83 

Water 0.97 0.31 ± 0.05 0.20 

MeOH 0.85 0.02 ± 0.03 4.0×10-4 

a H2 pressure and vapor pressure of the solvent add up to 1 bar. b The equilibrium constant of H2 adsorption has 

been referred to 1 bar. 

Using the KH2
o reported in Table 2-2, the regression of the time dependent concentration 

profiles of benzaldehyde during its hydrogenation catalysis in Figure 2-1 (dioxane and water) 

and Figure A2-3 (THF and methanol) with Equation 2 yields the rate and equilibrium constants 

at 298 K compiled in Table 2-3. For comparison, the adsorption of H2 and benzaldehyde on Pd 

as well as the hydrogenation reaction were also carried out in gas phase, representing the 

solvent-free condition (see Appendix, Section A2-5 for details). The results demonstrate the 

strong effects of solvent on the individual kinetic and thermodynamic parameters.  

We first compare the two solvent groups of polar protic (water and MeOH) vs. aprotic 

solvents (dioxane and THF). Although all solvents largely weaken the adsorption of H2 and 

benzaldehyde compared to solvent-free condition, the equilibrium constant
2HK  is larger in 

aprotic solvents than in protic solvents, ranging from 77 for dioxane to 4x10-4 for methanol and 

4x102 for the gas phase (Table 2-3). In contrast, the difference in the equilibrium constants for 

benzaldehyde adsorption ( BZHK ) is comparatively less pronounced between protic and aprotic 

solvents, ranging from 1.3 (THF) < 4.0 (methanol) < 11.3 (water) < 20 (dioxane). In dioxane 

and THF, the term ηH, which describes the approach-to-equilibrium for H2 adsorption, is 

essentially near unity, indicating that this step is quasi-equilibrated. In contrast, it decreases to 

0.90 in MeOH and to 0.02 in water, indicating deviation from the quasi-thermodynamic 

equilibrium. Since ηH reflects the ratio of the reverse and the forward rate for the H2 dissociative 

adsorption (r-H/rH), the very small ηH of 0.02 in water suggests that the vast majority of surface 

bound hydrogen reacts with benzaldehyde, while only a small fraction recombines and desorbs 

as H2. This is in accordance with the very high Faradaic efficiency (~99%) in electrocatalytic 

hydrogenation of benzaldehyde on Pd 38.  
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Table 2-3. Summary of kinetic parameters of benzaldehyde hydrogenation in different solvents at 298 

K.   

Solvent KH2
o a KBZH

o b K1
o

 

k2  

(mol molPd -1 s-1) 
ηH η1 RMSE c 

Dioxane 77 20 0.2 1.1 0.99 0.99 19.5 

THF 0.83 1.3 7.0 2.5 0.99 0.99 10.6 

Water 0.20 11.3 1.0×10-2 4.1×104 0.02 0.99 4.2 

MeOH 4.0×10-4 4.0 1.2×102 2.5×102 0.90 0.99 3.3 

Gas phase d 

(solvent-free) 
4.0×102 9.4×102 K1

o • k2 = 4.5 ~1 ~1 - 

a Equilibrium constant of dissociative hydrogen adsorption was determined from H coverage on Pd black in corresponding 

solvents at ~1 bar H2, measured with transient response method with Had/D2 reaction. b The equilibrium constant of 

benzaldehyde adsorption has been referred to 1 M. c RMSE is the root mean square error obtained from the difference between 

experimental results and simulated results, and the sensitivity analyses of all estimated rate and equilibrium constants are 

showing in the Section A2-7 Appendix. d The KH2
o in gas was measured by H2 chemisorption at 298 K on Pd/C, KBZH

o in gas 

was measured by gaseous benzaldehyde adsorption on Pd black at 298 K (gaseous benzaldehyde at saturated vapor pressure 

and H2 at 1 bar are denoted as standard state). Both measurements are shown in Supporting Information Section S5. Rate 

constant (K1
o • k2) in the gas phase was obtained based on benzaldehyde hydrogenation rate in gas phase (more details shown 

in Section A2-5 Appendix). 

To further assess the reversibility of the first H addition step, we varied η1, which 

describes the approach-to-equilibrium for this step, over the entire range from 0.1 to 1.0 and 

probed the resulting RMSE, as shown in Figure A2-5. For all solvents, the RMSE becomes 

significantly smaller as η1 value approaches unity. Thus, the optimum kinetic fitting would 

require η1 to equal unity, in the kinetic scenario in which the initial H addition step is quasi-

equilibrated and the second H addition step is kinetically relevant. The predicted time-

dependent concentration profiles are also included in Figure 2-1 and Figure A2-3, together 

with the measured profiles. As summarized in Table 2-3, the RMSEs are small for each of the 

four cases, indicating that the proposed rate equation (Equation 2) captures the kinetic behavior 

of benzaldehyde hydrogenation at liquid-Pd interface in all the solvents studied here, as 

confirmed in the parity plot comparing the measured and predicted concentrations in Figure 

A2-6.  

2.3.4 Effects of solvents on the catalytic paths of benzaldehyde hydrogenation  

Kinetic analysis alone is insufficient in to distinguish between the alkoxy and hydroxy 

pathways thus isotope labeling has to be used. Figure 2-3a shows the elementary steps and 

products during benzaldehyde and D2 reaction. For the alkoxy pathway, addition of D to sorbed 
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benzaldehyde (C6H5CHO*) leads to C6H5CHDO* and in its reverse step a certain fraction of 

the D-labeled benzaldehyde (C6H5CDO*) in addition to C6H5CHO*. For hydroxy pathway, the 

reaction of sorbed benzaldehyde (C6H5CHO*) leads to C6H5CHOD*, and the reverse reaction 

to C6H5CHO*. Thus, we conclude that the presence of C6H5CDO is unequivocal of the alkoxy 

pathway.  

The benzaldehyde-D2 isotopic tracing experiments were carried out in dioxane and D2O 

as representative aprotic and protic solvents (58 mM benzaldehyde and 5 bar D2 in dioxane and 

15 mM and 1 bar D2 in D2O, 298 K). The time-dependent 1D-benzaldehyde (C6H5CDO), 2D-

benzyl alcohol (C6H5CHDOD) and 3D-benzyl alcohol (C6H5CD2OD) concentrations in 

dioxane are shown in Figure 2-3b, and the formation rates of these compounds in dioxane and 

D2O are shown in Figure 2-3c. In dioxane, the rate of D-benzaldehyde (C6H5CDO) formation 

was four times smaller than that of benzyl alcohol (60 vs. 308 mol molPd
-1 h-1). The detection 

of D-benzaldehyde establishes, however, the presence of the alkoxy pathway. The low rate of 

D-benzaldehyde formation allows the conclusion that this pathway is not the dominating 

pathway. The quasi-equilibrium of the first H (D) addition (η1 = 0.99) suggests that C6H5CHO 

hydrogenates to C6H5CHDO and then forms C6H5CDO in the reverse step at a much higher rate 

than it undergoes 2nd H(D) addition to form the C6H5CHDOD* and desorb as benzyl alcohol. 

The observed significantly higher rate of benzyl alcohol formation excludes the alkoxy pathway 

as the predominant catalytic path. Thus, we conclude that the hydroxy pathway dominates the 

overall hydrogenation.   
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Figure 2-3. Deuterated products in the hydrogenation of benzaldehyde in the presence of D2 and 

deuterated solvents. (a) The reaction pathway leading to the formation of D-benzaldehyde in the presence 

of D2 on Pd/C at 298 K. (b) Product formation in the reaction of benzaldehyde in dioxane and D2. (c) 

Formation rate of D-benzaldehyde and D-benzyl alcohol in dioxane and D2O under D2. (58 mM 

benzaldehyde and 5 bar D2 in dioxane; 15 mM benzaldehyde and 1 bar D2 in D2O. Both performed at 298 K) 

Similarly, D-benzaldehyde is also formed during benzaldehyde hydrogenation in D2O, 

but at a much lower rate than benzyl alcohol formation (Figure 2-3c). Taken together, we 

conclude that the hydroxy pathway dominates in both water and dioxane. Since water and 

dioxane are the two extreme solvents within the four, we hypothesize the hydroxy pathway to 

be also the dominant path in THF and MeOH solvent. This establishes firmly that the solvent 

identity does not alter the reaction pathways, i.e., the solvent must influence kinetic and 

thermodynamic parameters of the hydroxy pathway.  

The unequivocal mechanistic conclusion reached is in direct contrast to other catalytic 

pathways found for aliphatic aldehyde hydrogenation at slightly higher temperatures than in the 

current work (323 K vs. 298 K). At the gas-Ru interface, i.e., without a solvent, the alkoxy 

pathway has been concluded to dominate 39 and at Ru interfaces with protic solvents, the proton-

electron coupled transfer pathway was concluded to dominate 25. There are several plausible 

explanations on the distinctly different hydrogenation mechanisms for aldehydes found on 

transition metal surfaces of (i) the aromatic ring of benzaldehyde used in the current study 

prefers to adsorb on transition metal surfaces via π-interactions 42. If the reaction follows alkoxy 

pathway, after the C of C=O bond saturated and untouching to the metal surface, the alkoxy 
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intermediate will be less stable for further H addition. (ii) Interactions of the benzylic ring with 

transition metal are known to alter the work function of the metal and the d-band structure. 

Density functional theory calculations for Ru (0001) surfaces 22, suggest that the reaction 

enthalpy for ionizing H* increases by 0.5 eV (making the formation of protons energetically 

difficult). Thus, hydrogenation of aliphatic aldehydes, not inducing such effects, could follow 

drastically different 25. 

Next, we interrogate the potential formation of interfacial protons at the interface of protic 

solvents and Pd and, if formed, their potential involvement in hydrogenation catalysis. In the 

presence of protic solvents (e.g., water), solvation could promote the formation of hydronium 

ions from adsorbed hydrogen adatoms on transition metals 21,43. While it has been established 

at this point that the hydroxy pathway dominates kinetically, it is not firmly established whether 

the reaction occurs through proton coupled electron transfer mechanism (PCET) or via H* 

addition. This pathway has been proposed for the hydrogenation of the carbonyl group in 

furfural by the presence of H2O 44. In the PCET mechanism, the reaction involves a proton 

addition event, during which a proton attacks the electronegative O of the formyl group. If 

hydrogenation follows PCET, both H* and the solvent must be involved in the elementary steps 

and we use this criterion to establish whether or not the PCET mechanism is operative (Table 

A2-4).  

Figure 2-4 compares the conversion rate of benzaldehyde in H2O-H2, H2O-D2, D2O-H2 

and D2O-D2 at 298 K and 1 bar pressure. If the solvent were involved in the elementary step, 

one would observe a strong kinetic isotope effect, as the solvent is switched from H2O to D2O. 

Figure 2-4 shows that benzaldehyde conversion rates remained nearly unchanged when 

switching from H2O to D2O for benzaldehyde-H2 reactions (1695 vs. 1460 mol molPd
-1 h-1 in 

experiments I vs. II), and also found for benzaldehyde-D2 reaction (544 vs. 522 mol molPd
-1 h-

1 in experiments III vs. IV). When comparing between the two groups of experiments, the rates 

were three times as high in H2 than that in D2 (experiments I-II vs. III-IV). This further suggests 

a strong kinetic isotope effect (rH/rD = ~3) with respect to the co-reactant H2 (or D2), but not to 

changing the solvent from H2O to D2O. We conclude from these observations that the 

benzaldehyde hydrogenation follows Langmuir-Hinshelwood mechanism, involving strictly 

H* but not the proton from hydronium ions (formed from water). Thus, we also conclude that 

water (the solvent) is not involved in the actual catalytic step, but affects the standard free 

energies of reactant and transition states via solvating the reacting species. This scenario might 

be due to the low concentration of generated proton in water, which could be kinetically 

insufficient for PCET.  
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Figure 2-4. Kinetic isotope effect of H2O/D2O and H2/D2 on TOF of benzaldehyde hydrogenation. 

Turnover rates of benzaldehyde hydrogenation in H2O-H2, H2O-D2, D2O-H2 and D2O-D2 at 298 K and 

atmospheric pressure with a benzaldehyde concentration of 14.8 mM on Pd/C. 

2.3.5 Difference in solvation extent of reacting substrates and transition states 

Scheme 2-2a schematically shows the reaction free energy and chemical potential 

profiles for all elementary steps, including the solvation of reactants, reactant adsorption, and 

sequential H addition, during benzaldehyde hydrogenation on Pd/C. Since the 2nd H addition 

step is kinetically relevant, the specifics of the energy barrier for the 1st H addition step are 

kinetically inconsequential. Scheme 2b only focuses on the kinetic relevant steps, i.e., the 

sorbed benzaldehyde, the ground state and transition state for the 2nd H addition. Fixing the 

chemical potential of gaseous benzaldehyde (μo
BZH(g)) at saturated vapor pressure (1.3 mbar at 

298 K) and H2 (μ
o

H2(g)) at 1 bar as 0 kJ mol-1, the standard chemical potentials of each state 

(species) in different solvents are calculated from their corresponding equilibrium constant or 

rate constant shown in Table 2-3, and are summarized in Table 2-4. Although these reactions 

start with the same benzaldehyde concentration, the standard chemical potentials of 

benzaldehyde (µo
BZH(solv)) are different and depend on solvent identity. The value of µo

BZH(solv) 

at 1 M concentration and 298 K in THF (-7 kJ mol-1), dioxane (-6 kJ mol-1) and MeOH (-7 kJ 

mol-1) are quite negative, while in water (7 kJ mol-1) it is much higher (Table 2-4, Entry 1). 

This difference is caused by the low polarity of benzaldehyde, consisting of a nonpolar benzyl 

ring and a formyl group, leading to a much lower solubility in water (~7 g L-1 at 298 K) than 

that in MeOH, THF, and dioxane (miscible solute).   
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Table 2-4. Summary of standard free energy for the states in Scheme 2a. 

Standard free energy (kJ mol-1) Dioxane THF Water MeOH 
Gas phase 

(solvent-free) 

0 
BZH(g)  0 

2H (g)  0 

1b BZH(solv)  -7 -6 7 -7 - 

2 BZH(ad)  -14 -7 1 -10 -17 

3c 
2H (solv)  15 14 18 14 - 

4 H(ad)  -5 0 2 10 -7 

5 GS BZH(ad) H(ad)2  = +  -24 -7 5 10 -31 

6 TS  52 59 63 54 37 

7 
‡

TS BZH(ad) H(ad)2G    = − −  76 66 58 44 68 

8 TS BZH(ad) −  66 66 62 64 54 

a All standard chemical potentials are referred to BZH(g) at saturated vapor pressure (1.3 mbar) and H2 (g) at 1 bar, which are 

treated here as zero (Entry 0). b The standard chemical potential for dissolved benzaldehyde is calculated based on the measured 

benzaldehyde partial pressure equilibrated with 1 M solution in MeOH, THF and dioxane, and from the solubility of 

benzaldehyde in water, and the ideal chemical potential is calculated based on the molar ratio of benzaldehyde to solvent 

(chemical potential of liquid benzaldehyde was denoted as zero). c The standard chemical potential for dissolved hydrogen is 

calculated based on hydrogen solubility at 1 bar H2 and 298 K 45 46 .  
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Scheme 2-2. Standard free energy profile of the benzaldehyde hydrogenation. (a) Standard free energy 

(standard chemical potential) profile during benzaldehyde hydrogenation in a certain solvent. Measured 

results (derived from thermodynamic and kinetic parameters) shown with solid lines while assumed values 

shown using dashed lines. (b) Simplified energy profile showing specified energy states and species in above 

Scheme 2a in different solvents and in gas phase representing solvent-free conditions. 
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MeOH, -7 kJ mol-1 in THF and 1 kJ mol-1 in water (Table 2-4, Entry 2).  

The adsorbed H on Pd has also significant different standard chemical potentials μo
H(ad) 

among the four solvents, changing from -5 kJ mol-1 in dioxane to 10 kJ mol-1 in MeOH (Table 

2-4, Entry 4). Compared to that in solvent-free condition which has μo
H(ad) of -7 kJ mol-1, all the 

four solvents destabilized the sorbed H to different extents. The destabilization is strongest in 

MeOH, followed by water, THF and dioxane, although dissolved H2 in the all the four solvents 

are destabilized to the same extent (Table 2-4, Entry 3). Therefore, the H coverage is orders of 

magnitude smaller in MeOH and water in comparison with dioxane and THF.  

The standard chemical potential of the reacting ground state μo
GS (adsorbed benzaldehyde 

+ 2 adsorbed H) is the sum of μo
BZH(ad)

 and 2 μo
H(ad) (Table 2-3, Entry 5). It showed the same 

trend as that for H* (μo
H(ad)), i.e., it was the highest in MeOH followed by water, THF, dioxane 

and the lowest under solvent-free condition. In contrast, the standard chemical potential of the 

transition state μo
TS was the highest in water (63 kJ mol-1) followed by THF (59 kJ mol-1), 

MeOH (54 kJ mol-1), dioxane (52 kJ mol-1) and solvent-free condition (37 kJ mol-1) (Table 2-

4, Entry 6), in the same sequence as that for adsorbed benzaldehyde μo
BZHad (water > THF > 

MeOH > dioxane > solvent-free). The reaction free energy barrier (∆G‡o) is the standard 

chemical potential difference between the transition state and ground state (Equation 4).  

‡

TS GSG   = −      (4) 

Dioxane shows the highest ∆G‡o (76 kJ mol-1), while MeOH shows the lowest (44 kJ mol-

1) among the four solvents (Table 2-4, Entry 7). It is interesting to note that the barriers from 

sorbed benzaldehyde to the transition state (μo
TS - μo

BZH(ad)) are identical for the four solvents 

(62-66 kJ mol-1) (Scheme 2-2b, Table 2-4 Entry 8).    

To further explore the impact of solvent on the hydrogenation of benzaldehyde, the free 

energy of solvation was calculated by the difference between the standard free energy in a 

specific solvent (µo
(solv)) and that under solvent-free condition (µo

(solv-free)) (Equation 5). This 

free energy, representing the extent of the interaction between solvent molecules and reacting 

substrates, is also known as the excess free energy (ΔG
 excess 

(solv) ) or excess chemical potential (µ

excess 

(solv) ).  

(sol -

excess

( v) (solv frelso v) e)  = −     (5) 

For example, the sorbed H on Pd in MeOH has the standard chemical potential (µo
H(ad)) 

of 10 kJ mol-1, which is 17 kJ mol-1 higher than the counterpart under solvent-free condition (-
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7 kJ mol-1). Therefore, its excess chemical potential (µ
excess 

H(ad) ) is 17 kJ mol-1, quantifying the extent 

of the interaction between the solvent MeOH molecules and H*. The values of µexcess
 for the 

four solvents of H*, sorbed benzaldehyde, the reacting ground state and the transition state are 

summarized in Table 2-5.  

Table 2-5. Summary of excess chemical potential in different solvents for the states in Scheme 2-2. 

Excess chemical potential  

(free energy of solvation, kJ mol-1) 
Dioxane THF Water MeOH 

1 
excess

BZH(ad)  3 10 18 7 

2 
excess

H(ad)  2 7 9 17 

3 
excess excess excess

GS BZH(ad) H(ad)2  = +  7 24 36 41 

4 
excess

TS  15 22 26 17 

5 
‡excess excess excess

TS GSG   = −  8 -2 -10 -24 

 

The µexcess are all positive in all solvents for all the species/states on Pd surface including 

H*, benzaldehyde, reacting ground state and transition state, highlighting the easier adsorption 

and desorption in the solvents (Table 2-5, Entries 1-4). For dioxane, the transition state is 

destabilized more than the ground state, thus, the excess free energy barrier (ΔG‡excess) is 

increased. However, it is inverse for THF, water and methanol, i.e., the ground state is 

destabilized more than the transition state (Table 2-5, Entry 5), leading to a lower reaction 

barrier in presence of solvent.  

The µ
excess 

H(ad)  shows an inverse linear correlation with ΔG‡excess (Figure 2-5a), indicating that 

the solvation destabilizes adsorbed H and reduces the reaction free energy barrier. On the 

contrary, the ΔG‡excess does not show a correlation with µ
excess 

BZH(ad) (Figure 2-5b). This is attributed 

to the fact that the transition state resembles the ground state, i.e., both change similarly (Figure 

2-5b inset). This is more evident when reformulating ΔG‡excess as Equation 6 to separate the 

solvation of sorbed benzaldehyde and H contributions in the ground state (Table 2-5, Entry 3).   

( )‡excess excess excess excess excess excess

TS GS TS BZH(ad) H(ad)2G     = − = − −   (6) 

Although both values of µ
excess 

TS and µ
excess 

BZH(ad) vary largely with solvents, their difference (µ
excess 

TS - µ

excess 

BZH(ad)) is quite similar, i.e., 12 kJ mol-1 for both dioxane and THF, 8 and 10 kJ mol-1 for water 

and MeOH (Entries 1 and 4 in Table 2-5). Consequently only the solvation of surface H affects 

the energy barrier via the term µ
excess 

H(ad) . This also explains the observed slope of -2.1 in Figure 2-
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5a, which agrees well with the value of -2 that is deduced from Equation 6.      

     

 

Figure 2-5. Dependence of reaction barrier on sorbed H / sorbed benzaldehyde. (a) Excess free energy 

barrier from ground state to transition state, ∆G‡excess, as a function of excess chemical potential for sorbed 

H, µexcess 

H(ad) ; (b) ∆G‡excess as a function of excess chemical potential for sorbed benzaldehyde, µexcess 

BZH(ad); the inset 

graph shows the correlation between µexcess 

BZH(ad) and the excess chemical potential of transition state µexcess 

TS . 

2.4 Conclusions 

Solvents strongly affect the hydrogenation rate of benzaldehyde to benzyl alcohol on Pd/C. 

From dioxane and THF to water and MeOH, the rate increased by one order of magnitude. We 

have established unequivocally that the elementary steps and their kinetic relevance do not vary, 

i.e., that the catalytic cycle is initiated by (dissociative) adsorption of H2 and benzaldehyde on 

Pd, followed by stepwise additions of H* adatoms. The first H* is added to the O, forming a 

hydroxyl intermediate, before the second H* is being added to the C of the formyl group.  The 

pathway by adding H* first to the carbonyl carbon atom, occurs only to a minor extent. A proton 

coupled electron transfer pathways has been excluded using isotope labelling and kinetic 

isotope effects.  

The kinetic analysis shows that the dissociative adsorption of H2 on Pd is quasi-

equilibrated in dioxane and THF, while it deviates from equilibrium in water and MeOH. The 

first H addition to benzaldehyde on Pd is quasi-equilibrated, while the second H addition is 

rate-determining in all solvents.  

The solvents influence the adsorbed reactants as well as the transition state. In general 

binding to the surface relative to the fluid phase is drastically weaker for all reactants. Because 

of the absence of an apparent influence of the binding of benzaldehyde on the reaction rate 

(standard free energy barrier), leads us to the conclusion that the similarity of adsorbed 

benzaldehyde with the partly hydrogenated intermediate is influenced nearly identical with all 
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solvents. In contrast, the differences in the stabilization of binding of H* to the catalyst surface 

determine the reaction rates. Weaker binding to the surface (higher relative excess potentials) 

of H* leads to higher reaction rates, i.e., methanol and water being by far more active solvents 

that the aprotic THF and dioxane. 

The results show that the impact of solvents on the rates of hydrogenation of aldehyde 

functional groups can be quantitatively linked to the state of adsorbed hydrogen, which is 

transferred as atomic hydrogen. Weaker hydrogen bonding to the metal is positive for the rate 

of hydrogenation. For the concentration range of the hydronium ions investigated, the coupled 

transfer of protons and electrons has not found to be operative.  
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2.5 Appendix 

A2-1 Characterization of Pd/C 

Table A2-1. Textural properties of the activated carbon supported Pd catalysts. 

Catalyst Metal loading 

(wt.%)  
BET surface 

area (m2∙g-1) 

Particle size 

(nm)a  

Dispersion 

(%)b 

Pd/C 5 1034 3.3 33 

a measured by TEM.  

b measured by hydrogen chemisorption. 

 

   
Figure A2-1. Representative TEM images of Pd/C.  

 

 

 

A2-2 Solvents effect on TON and reaction orders of benzaldehyde hydrogenation 

 

Figure A2-2. (a) Turnover number (TON) per exposed Pd atom for the formation of benzyl alcohol in 

H2O, methanol (MeOH), tetrahydrofuran (THF), and dioxane at 1 bar H2 and 298 K with an initial 

benzaldehyde concentration of 14.8 mM; (b) TOF as a function of benzaldehyde concentration at 1 bar 

H2 in water and MeOH and at 5 bar H2 in THF and dioxane; (c) TOF as a function of H2 pressure with 

the initial benzaldehyde concentration of 115 mM in dioxane and THF and 14.8 mM in MeOH and 

water. α and β refers to the apparent reaction orders with respect to benzaldehyde and hydrogen.  
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A2-3 Derivation of rate equation 

The sum of the fractional coverages for species i (𝜃i), which include the adsorbed H 

adatom (H*), adsorbed benzaldehyde (BZH*), partially hydrogenated benzaldehyde 

intermediates (BZH-H*), together with that of the unoccupied site (*), equals unity:   

     (A1) 

Pseudo steady-state approximation, carried out on the elementary steps in Scheme 2-1, gives 

the fractional coverage of adsorbed benzaldehyde:   

     (A2) 

Pseudo steady-state approximation of the reactive H* adatoms, taken into consideration of all 

rates that form and consume the H*, which include H2 dissociative adsorption (forward of step 

a, ra,f), decomposition of partially hydrogenated benzaldehyde intermediates (reverse of step c, 

rc,r), and either desorbed as hydrogen (reverse of step a, ra,r) or undergoes hydrogenation to form 

partially hydrogenated benzaldehyde intermediates (forward of step c, rc,f) or benzyl alcohol 

(step d, rd), gives 

     (A3) 

     (A4) 

     (A5) 

     (A6) 

     (A7) 

     (A8) 

and then leading to the equation A9, 

      (A9) 

Next, the pseudo steady-state treatment of the BZH-H* intermediates leads to Equation A10 

and A11, upon rearrangement, Equation A12, since the partially hydrogenated benzaldehyde 

intermediates (forward of step c, rc,f) either undergo sequential hydrogenation to benzyl alcohol 

(step d, rd) or dehydrogenate back to benzaldehyde (reverse of step c, rc,r):  

    (A10) 

     (A11) 
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             (A12) 

Substituting Equation A11 in Equation A9:  

     (A13) 

We defined ηH for the H2 adsorption (step a) and η1 for the initial benzaldehyde hydrogenation 

step (step c) by the ratio of the reverse rate (r-H, r-1) divided by the forward rate (rH, r1) of their 

respective steps:   

      (A14) 

     (A15) 

ηH and η1 are the rigorous measures on the reversibility of their respectively step and can range 

from zero to one; when η approaches zero, the step is irreversible, but as it approaches unity, 

the step becomes quasi-equilibrated.   

Rearranging Equation A14, the fractional coverage of H* is 

      (A16a) 

      (A16b) 

Where      (A16c) 

Rearranging Equation A13, 

     (A17) 

Substituting Equation A15, A16a and A2 in Equation A17,  

     (A18a) 
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where  (A18b) 

Substituting Equation A16b and A2 in Equation A15, the fractional coverage of BZH-H* is 

      (A19) 

Substituting in Equation A2, A19, and A16b in Equation A1, the fraction of unoccupied Pd sites 

is:  

     (A20) 

Substituting Equation A16b, A19 and A20 in Equation A8, the benzyl alcohol formation rate 

can be written as: 

     (A21) 

Substituting Equation A18a in Equation A21, the full rate expression for benzaldehyde 

hydrogenation is 

 

(A22) 

This rate expression contains the rate constant of the kinetically relevant step (k2), equilibrium 

constants for the adsorption of reactants (KBZH
o, K1

o, KH2
o), and also those related to the 

adsorption of the various species occupying the Pd sites (θ*, θH, θBZH, θBZH-H), and the 

approaches-to-equilibrium (ηH and η1). Each term in the denominator of the rate expressions 

denotes the relative abundances of a type of surface species to the unoccupied Pd sites during 

steady-state catalysis.  

  

https://www.sciencedirect.com/topics/chemical-engineering/catalysis


Chapter 2 Benzaldehyde hydrogenation 

54 
 

A2-4 Competitive adsorption of benzaldehyde and benzyl alcohol and kinetic fitting 

 
Figure A2-3. (a) Time-dependent concentration of benzaldehyde as a function of time with different 

initial concentration in THF (15 mg Pd/C) at 298 K and 5 bar H2. (b) Time-dependent concentration 

of benzaldehyde as a function of hydrogen pressure in dioxane (117 mM, 15 mg Pd/C) at 298 K. (c) 

Time-dependent concentration of benzaldehyde as a function of time with different initial 

concentration in MeOH (1mg Pd/C) at 298 K and 1 bar H2. (d) Time-dependent concentration of 

benzaldehyde as a function of hydrogen pressure in dioxane (14.8 mM, 1 mg Pd/C) at 298 K. 

 

 

Figure A2-4. Concentration of benzaldehyde as a function of time with and without benzyl alcohol in 

dioxane (20 mg Pd/C) at 298 K and 1 bar H2. 
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Figure A2-5. Relative root mean square error (RMSE) as a function of η1. 

 

 

 
Figure A2-6. Parity plot comparing predicted concentration and experimental results in dioxane (black 

points), THF (green points), MeOH (blue points) and water (orange points). 
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The equilibrium constant of H2 adsorption (Ko
H2) and benzaldehyde adsorption (Ko

BZH) on Pd 

in gas phase were determined by measuring adsorption isotherm of H2 and gaseous 

benzaldehyde on Pd. The experiment procedure is described in Section 2-7. 

The adsorption isotherm of H2 is shown in Figure A2-7a and that of benzaldehyde is shown in 

Figure A2-7b. After analysis of obtained adsorption isotherm using Equation A23 and A24, the 

adsorption constants are obtained as 396 ± 98 for Ko
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of -17 ± 0.3 kJ mol-1 for benzaldehyde adsorption. Here, gaseous benzaldehyde at saturated 

vapor pressure and H2 at 1 bar are denoted as standard state.  

   
( )2

2

2

H
H 2

H H1
K

P




=

−
       (A23) 

( )
BZH

BZH

BZH BZH1
K

P




=

−
     (A24) 

The reaction rate of benzaldehyde hydrogenation under solvent-free condition is represented by 

the reaction in gas phase measured in a CSTR reactor. The reaction result is shown in Table 

A2-3. It is widely accepted that the dissociative adsorption of hydrogen in hydrogenation is 

equilibrated for gas phase reaction, thus, ηH (Equation A14) equals to 1. Based on the fact that 

the η1 approaches to 1 in the reactions in all the solvents, we assume the same for gas phase 

reaction. In the following equations for the gas phase reaction, PBZH is used to express 

benzaldehyde pressure instead of CBZH used in the former equations in the liquid phase. Thus, 

Equation A20, A21 can be written as  

2 2 2 2H H BZH BZH 1 H H BZH BZH

1 1 K P K P K K P K P −

 = + + +      (A25) 

( )2

2

2 2 2

22 1 H H BZH BZH

d 2

H H BZH BZH 1 H H BZH BZH1

k K K P K
r

K P K P K

P

K K P P+ + +

= (A26) 

Substituting the denominator in Equation A26 by Equation A25, we got 

  
2 2

2

d 2 1 H H BZH BZHr k K K P K P =          (A27) 

Rearrange Equation A2, we obtained  

   
BZH

BZH BZHK P


 =               (A28) 

Substituting the θ* in Equation A27 by Equation A28,  

2 2

2

d 2 1 H H BZH

BZH BZH

1
r k K K P

K P
=      (A29) 

Due to the strong adsorption of benzaldehyde on Pd in gas phase (-17 ± 0.3 kJ mol-1), Pd surface 

is readily saturated by benzaldehyde at a benzaldehyde pressure of 0.025 P/P0 (Figure A2-7b). 

Accordingly, we assume that Pd is dominantly occupied by adsorbed benzaldehyde (θBZH≈1) 

under present reaction conditions (benzaldehyde partial pressure P/P0 ≥0.45, Table A2-3).  Thus, 

Equation A29 can be written into Equation A30, 
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   (A30) 

Equation A30 predicts the rd increasing proportionally with the pressure ratio of H2 to 

benzaldehyde (PH2/PBZH).With the measured TOF under different PH2 and PBZH (Table A2-3), 

we plot the reaction rate (TOF) as a function of Ko
H2PH2/K

o
BZHPBZH (Figure A2-8). It indeed 

shows a proportional increase as predicted in Equation S30. In particular, the slope is the value 

of  K1
o·k2, which is 4.5 s-1. It should be noted here that with current data it is not possible to 

obtain the individual value of K1
o and k2. However, their product (K1

o·k2) can still be useful for 

the analyse of reaction barriers. 

 

 

Figure A2-7. (a) Coverage of H2 as a function of H2 pressure on Pd/C at 298K; (b) Coverage of 

benzaldehyde as a function of benzaldehyde pressure on Pd black at 298K, P0 is the saturated vapor 

pressure of benzaldehyde.  

 

 

Table A2-2. Reaction results of benzaldehyde hydrogenation on Pd/C in gas phase. 

H2 pressure [bar] 0.02 0.03 0.04 0.05 

Benzaldehyde pressurea [/P0] 0.98 0.97 0.96 0.95 

Benzaldehyde pressureb [/P0] 0.96 0.85 0.6 0.45 

TOF (s-1) 0.015 0.056 0.15 0.21 

a benzaldehyde pressure of the feedstock, P0 is the saturated vapor pressure of benzaldehyde. 
b benzaldehyde pressure in the CSTR reactor, P0 is the saturated vapor pressure of benzaldehyde. 
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Figure A2-8. TOF as a function of for benzaldehyde hydrogenation in solvent-free condition 

(gas phase). 
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A2-6 Hydride desorption as H2 after solvent evaporation 

In Figure A2-9a and A2-9b, D2 reacted the pre-adsorbed H to form HD and H2 after switch 

from H2 to D2, and this transient reaction takes ~20 s. After this reaction, D2 was switched to 

N2 which is inert and can accelerate the evaporation of dioxane. After flowing N2 for 2000s, a 

large amount of H2 (176 μmol H) desorption was observed exactly after liquid dioxane totally 

evaporation, which is ~5 times of the surface Pd sites (38 μmol) and ~0.4 of the total amount 

of Pd in Pd black used (472 μmol). The later desorbed H can neither react with D2 during the 

transient reaction nor desorbed in N2 in presence of solvent, indicating this is the palladium 

hydride and trapped in subsurface of Pd in the presence of solvent. Thus, the measured H 

coverage using the transient method is surface H. 

 

 

Figure A2-9.  (a) Transient response of HD and H2 following the switch from H2 to D2 in dioxane then 

flowing N2 to accelerate the evaporation of dioxane. (b) showing the transient response during 100-

200s. The dash line showing the gas switch during the reaction. The flow rate of H2 and D2 are 10 mL 

min and N2 32 mL min. Pd black used in this experiment is 50 mg. 
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A2-7 Sensitivity analyses of all estimated rate and equilibrium constant values 

The sensitivity analyses of all estimated rate and equilibrium constants showed significant 

sensitivity differences in the root mean square error (RMSE) of the regressed kinetic fitting. 

For the benzaldehyde adsorption equilibrium constant, KBZH
o, a 30% change in its value causes 

the RMSE to increase by 76 ± 35% in dioxane and 78 ± 44% in THF and to a much lower extent 

of 37 ± 8% in water and 19 ± 5% in MeOH. The parameters for the H addition step, K1
o and k2, 

affect the rate values strongly, in aprotic solvent: 30% variation of K1
o and k2 leading to a ~107% 

± 65% and ~350% ± 60% increase of the RMSE, respectively. For the case of protic solvents, 

these changes lead the RMSE to increase by ~22% ± 13% and ~80% ± 40% with, respectively.  

  

Figure A2-10. Sensitivity of the relative parameter values (a) rate constant of 2nd H addition step k2, (b) 

equilibrium constant of 1st H addition to benzaldehyde, (c) equilibrium constant of benzaldehyde 

adsorption KBZH
o on the root mean square error for benzaldehyde concentration predicted by Eq. 17 

in dioxane. 

 

 

 

Figure A2-11. Sensitivity of the relative parameter values (a) rate constant of 2nd H addition step k2, (b) 

equilibrium constant of 1st H addition to benzaldehyde, (c) equilibrium constant of benzaldehyde adsorption 

KBZH
o on the root mean square error for benzaldehyde concentration predicted by Eq. 17 in water. 
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Figure A2-12. Sensitivity of the relative parameter values (a) rate constant of 2nd H addition step k2, (b) 

equilibrium constant of 1st H addition to benzaldehyde, (c) equilibrium constant of benzaldehyde 

adsorption KBZH
o on the root mean square error for benzaldehyde concentration predicted by Eq. 17 

in THF. 

 

 

Figure A2-13. Sensitivity of the relative parameter values (a) rate constant of 2nd H addition step k2, (b) 

equilibrium constant of 1st H addition to benzaldehyde, (c) equilibrium constant of benzaldehyde 

adsorption KBZH
o on the root mean square error for benzaldehyde concentration predicted by Eq. 17 

in MeOH. 

 

 

 
Table A2-3. Summary of sensitivity analyses of parameters with a 30% change. 

Solvent Sensitivity of k2   Sensitivity of K1
o
 Sensitivity of KBZH

o  

dioxane 330 ± 60% 123 ± 44% 76 ± 35% 

THF 370 ± 60% 92 ± 48% 78± 44% 

water 80 ± 40% 19 ± 11% 37 ± 8% 

MeOH 80 ± 4% 26 ± 7% 19 ± 5% 
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A2-8 PCET in protic solvent 

Table A2-4. Elementary steps of benzaldehyde hydrogenation and corresponding rate expressions 

based on proton coupled electron transfer mechanism.  

Step No. Description Elementary step 

a H2 adsorption 
 

b benzaldehyde (BZH) adsorption 
 

c H3O+ formation 

 

d 1st H addition 
 

e 2nd H addition 
 

f Benzyl alcohol (BA) desorption 
 

a Key to symbols: *, an unoccupied metal site; , a quasi-equilibrated step,  an irreversible step; and →, 

an irreversible step.  

  

k-1

k1

k2
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Chapter 3  

Role of solvents on the selective hydrogenation of 

cinnamaldehyde 

 

Solvent properties e.g., like polarity can strongly influence the hydrogenation of 

cinnamaldehyde, a frequently used model substrate for hydrogenation reactions of , -

unsaturated aldehydes, over noble and base metal catalysts using H2 as reductive agent. Both 

the C=C and C=O bond hydrogenation rates are sensitive to the polarity in protic solvents, while 

show only a weak dependency in aprotic solvents. IR spectra indicates that the interaction of 

solvent and cinnamaldehyde is not the main reason leading to such a scenario. The reaction 

mechanism in protic solvents are different from that in aprotic solvents. Aprotic solvents can 

only enable the reaction mechanism of Had addition. In contrast, isotope labeling results suggest 

a reaction mechanism of H transfer addition in protic solvents. 
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3.1 Introduction 

Chemoselective reduction of C=O bond in presence of a C=C bond in ,-unsaturated 

aldehydes is a critical step in flavor, fragrance, and pharmaceutical syntheses. The reaction 

suffers from poor selectivities, because the desired C=O bond hydrogenation is 

thermodynamically less favored than C=C bond hydrogenation by 35 kJ mol-1 1. Among the 

various ,-unsaturated aldehydes, cinnamaldehyde derived from cinnamon essential oil 

represents a particularly suitable model compound for probing the catalytic properties as it 

contains both the strong aromaticity and conjugated C=O and C=C double bonds.  

Group VIII metals (Pt, Pd, Rh) are among the most frequently used catalysts for 

hydrogenation reactions 2. Attempts to promote the selectivities in C=O hydrogenation on these 

metals include: (i) the modification of the metal ensemble sites and the electron densities by 

incorporation of a secondary metal, such as Zn, Cr 3,4, (ii) the change of the metal cluster size 

and morphologies 5,6, (iii) the use of reducible carriers (CeO2, ZnO, etc.) as support 7-9 that 

interact strongly with the metal, (iv) the addition of alkali additives into the reaction medium to 

promote the adsorption of the  carbonyl group and to suppress side reactions. 

These modifications are proposed to alter the d-electron densities of transition metal, the 

size of the exposed metal ensemble, and in turn, the relative heats of ,-unsaturated aldehyde 

adsorption, as they adsorb and interact with the metal sites via their C=O or C=C bonds. 

Delbecq et al. computed the binding energies of several ,-unsaturated aldehydes (acrolein, 

crotonaldehyde, cinnamaldehyde, and propenol) on uncovered Pd49 (111) (a Pd cluster of 49 

atoms) surfaces and reported that the most stable adsorption configuration of these aldehydes 

is the η4(di-π) configuration, where two adjacent metal sites (Pd-Pd) interact with the C=C and 

C=O bonds, forming a four center Pd-(C-O)-(C-C)-Pd adsorbed intermediate 10. Their 

computational results show, in general, a more exothermic and stronger binding of the metal to 

the C=C π bonds rather than to the C=O π bonds (by ~ 14-61 kJ mol-1). The strategies are to 

alter aldehyde adsorption configurations, the resulting relative surface abundance of these 

adsorbed aldehydes, and in turn their individual rates and selectivities. Another strategy is to 

incorporate Lewis-acid sites onto the metal support, which interact with C=O groups through 

the unshared electron pairs of carbonyl oxygen and thus lower the energy of the πCO*-orbital, 

which promotes the cinnamyl alcohol selectivity 11,12. Incorporating an electropositive promoter 

such as Fe or Sn enriches the d-electron density of the metals and promotes the backbonding 

interaction with πCO* to a larger extent than with πCC*, thus favoring C=O over C=C bond 

adsorption 13,14. For example, the addition of alkali ions (Na+) on Pt (5 wt%)/CeO2–ZrO2 
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enhances both the cinnamaldehyde conversion rates and selectivity to cinnamyl alcohol 7. In 

addition, larger metal particles will increase the selectivity of unsaturated alcohols due to the 

enhanced repulsive force between the large rigid phenyl ring and the flat surface5,6,15.  

Despite the extensive studies, there are little mechanistic insights at the molecular level 

on the catalytic requirements for these two competing hydrogenation steps. The hydrogenation 

occurs via either 1,2 addition that saturates the C=O bond or 3,4 addition that saturates the C=C 

bond initially, after which, secondary hydrogenation may occur, resulting in the saturated 

product. The relative rates and catalytic requirements for these primary and secondary hydrogen 

addition steps have not been systematically examined. In addition to the metal site and electron 

density requirements, the reactions typically occur in the presence of solvent, which may 

influence the adsorption configurations and free energies of the adsorbed ,-unsaturated 

aldehyde reactants, their derived intermediates, and transition states. On Pd/C and Pt/C, Yamada 

et.al reported that in polar solvents the C=O polar bond is selectively activated, while in the 

contrasting case with non-polar solvents the C=C bond is activated 16. Pyridine as the solvent 

can assist with the selective hydrogenation of cinnamaldehyde to cinnamyl alcohol, because it 

competitively adsorbs on the metal surfaces and provides the steric hindrance for the adsorption 

of the C=C bond, that causes the cinnamaldehyde to adsorb through its C=O bond 17. These 

effects have neither been addressed systematically nor been examined at the molecular scale. 

To our best knowledge, there is no catalyst which would allow the selectively hydrogen attack 

to C=C or C=O bonds.  

This work investigated the catalytic rates and mechanism cinnamaldehyde hydrogenation 

under different solvents (protic solvents and aprotic solvents) over Pd/C. With an attempt to 

study the solvent effects on selective hydrogenation of cinnamaldehyde, d-labeling study of 

hydrogenation products was performed to determine the reaction mechanism in protic solvents. 

In addition, kinetic analysis was used to study the solvent insensitivity of activity in aprotic 

solvents. 

3.2 Experimental method 

3.2.1 Chemicals 

Nobel metal nanoparticles (Pd) with 5 wt.% metal loadings (CAS No. 205680) and particle 

sizes supported on high surface area carbon were purchased from Sigma Aldrich. Trans-

Cinnamaldehyde (CA, ≥ 99.0 %, CAS No. 239968), cinnamyl alcohol (CAL, ≥ 98.0 %, CAS 

No. 108197), hydrocinnamaldehyde (HCA, ≥ 99.0 %, CAS No. 93762), 3-phenyl propanol 
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(PPL, ≥ 98.0 %, CAS No.140856), methanol (MeOH, ≥ 99.0 %, CAS No. 322415), ethanol 

(EtOH, ≥ 99.0 %, CAS No. 34852), n-Propanol (n-PrOH, ≥ 99.0 %, CAS No. 23519779), 

isopropanol (iPrOH, ≥ 99.0 %, CAS No. 278475), tert-Butanol (t-Butanol, ≥ 99.0 %, CAS No. 

360538), diethyl ether (Et2O, ≥ 99.0 %, CAS No. 32203), dimethyl sulfoxide (DMSO, ≥ 99.0 %, 

CAS No. D4540), tetrahydrofuran (THF, ≥ 99.0 %, CAS No. 186562), 1,4-dioxane (≥ 99.0 %, 

CAS No. 296309), N,N-dimethylformanide (≥ 99.0 %, CAS No. 51781), decalin (≥ 99.0 %, 

CAS No. 91178) and Trifluoroacetic acid (TFA, ≥ 99.9 % CAS No. 76051) were obtained from 

Sigma Aldrich and used without any further purification. High purity water, obtained with a 

Milli-Q water purification system with a resistivity of 18.2 MΩ·cm, was used in all experiments. 

H2 (Air Liquide, > 99.99 %) was used for thermal hydrogenation. 

3.2.2 Catalyst Characterization  

The dispersion of the noble metal nanoparticles was determined by H2 chemisorption (20 %) 

performed on a Thermo Scientific Surfer Analyzer. Morphology and particle size of the 

supported noble metal nanoparticles were determined by transmission electron microscopy 

(TEM) recorded on a JEOL JEM-2011 with an accelerating voltage of 120 keV. Catalyst 

samples were mounted on the copper-coated carbon TEM grid. Statistical treatment of the metal 

particle size was carried out over at least 300 particles on representative micrographs. Electron 

paramagnetic resonance (ESR) spectra were recorded in perpendicular mode on an X-band Joel 

Jes Fa 200 spectrometer. The measurements were performed in a high-pressure quartz tube at 

133 K (9.45 GHz, 1 mW microwave power) in order to identify transiently formed radicals as 

(paramagnetic) intermediates. The average particle size was determined to be 5 nm. 

3.2.3 Thermal catalytic hydrogenation  

Catalytic hydrogenation reactions were carried out in a double jacketed 100 mL glass batch 

reactor equipped with a magnetic stirrer and a pressure balanced glass valve for H2 gas supply. 

In this reactor operating configuration, the H2 pressure was kept constant, by introducing a 

continuous stream of H2 into the reactor, whereas the liquid reaction mixture was constantly 

stirred. Typical measurements were performed at atmospheric pressure by using 10 mg of 

catalyst in 60 mL solution. The catalyst was added to the solution and reduced with H2 for 30 

min under continuous stirring (600 rpm) prior to adding CA reactant (66 mM) at 298 K. The 

temperature was controlled with a Julabo F25-ED cooling/heating circulator. The reaction time 

was recorded as soon as CA was added to the reaction mixture. For analyzing the composition 

of the reaction mixture, 1 mL sample was taken from the chemical reactor every 10 min and 

filtered with a minisart syringe filter prior to GC analysis using a wax capillary column (30 m 
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× 250 μm) and a flame ionization detector (FID). Blank tests of the catalyst were conducted 

with H2 and a reaction mixture consisting of CA and solvent. For calibration all possible 

hydrogenation products of CA were purchased from Sigma Aldrich with high analytical purity 

(> 99.9 %). The reaction order in H2 was determined at 298 K by systematically varying the H2 

pressure from 0.3 to 1 bar in the glass batch reactor using 33 mM CA and 10 - 20 mg 5 wt. % 

Pd/C in EtOH and dioxane. The reaction order in CA was determined by varying the CA 

concentration from 16 to 66 mM in the presence of 1 bar H2 and 10 - 20 mg Pd/C (5 wt. %) in 

in EtOH and dioxane.  

3.2.4 ATR-IR measurement  

Interactions between the CA substrate and solvents in the liquid phases were examined by 

attenuated total reflectance infrared spectroscopy (ATR-IR) using a Thermo Fischer Nicolet 6700 

spectrometer at a resolution of 4 cm−1 accumulating 100 scans at 296 K on a home-built ATR cell 

with a trapezoid ZnSe crystal as internal reflection element. For each experiment, a liquid mixture 

of CA and a solvent in a volume ratio similar to that used in the reaction was mixed using a 

magnetic stirrer and then loaded onto an ATR crystal.  

3.2.5 Isotope-labeling experiments 

The reactions in C2H5OD were carried out in a 100 mL Hastelloy PARR reactor. 33 mM 

cinnamaldehyde, 30 mL C2H5OD (99.8%, Sigma), 1 bar H2 and 2 mg Pd/C were sealed in the 

reactor for reaction at 296 K and 750 rmp. Before the reaction, air was removed from the reactor 

by introducing 20 bar D2, followed by depressurizing the reactor for three times. After the 

experiment, the product analysis was quantified using GC-MS equipped with a HP-5 capillary 

column. For the reference samples, standard hydrocinnamaldehyde and phenyl propanol were 

added into C2H5OD and measured using GC-MS after three days to make sure the completion 

of H-D exchange. 

3.2.6 Measurement of equilibrium constant of H2 adsorption 

The measurement of equilibrium constant of H2 adsorption in liquid was used a transient 

method as described in Chapter 2. 

3.3 Results and Discussion  

3.3.1 Catalytic pathways, rates, and chemical selectivity of cinnamaldehyde 

hydrogenation  

Scheme 3-1 summarizes all reaction pathways and the associated products for 
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cinnamaldehyde hydrogenation on Pd/C catalysts. 1,2-Addition of hydrogen (Step 1a) produces 

the cinnamyl alcohol (CAL) as a desirable pathway. In competing to this pathway, 3,4-addition 

leads to the hydrocinnamaldehyde (HCA, Step 1b). The secondary hydrogen addition to either 

CAL or HCA (Steps 2a and 2b) forms the 3-phenyl propanol (PPL) as the common product. 

Hydrogenolysis of cinnamyl alcohol to trans-β-Methylstyrene (MS, Step 2c) and further 

hydrogenation to propylbenzene (PB, Step 3a) are not observed in present experiments due to 

the low proton concentration. 

 

Scheme 3-1. Reaction pathways for the cinnamaldehyde hydrogenation over Pd/C and the TOF of 

different reaction steps measured in ethanol at 1 bar H2 and 298. 

Figure 3-1a shows the time-dependent concentration profiles of CA and hydrogenation 

products (HCA, CAL, PPL) during CA-H2 reactions on Pd/C (5 wt.% Pd/C with an average 

particle size of 5.6 nm) at 1 bar H2 and 298 K in EtOH. First, CA conversion leads to the 

formation of HCA, CAL and PPL, in which, the detected CAL is only in trace over the entire 

conversion range (0% - >80% conversion) (Figure 3-1a), suggesting a rapid sequential reaction 

from CAL to PPL. Second, the hydrogenation of HCA, an intermediate of CA hydrogenation, 

shows negligible rates under similar conditions, thus the sequential reaction (Step 2b) does not 

occur at kinetically significant extents (Figure 3-1b). This result also indicates the PPL is 

produced predominantly from the secondary hydrogenation of the CAL (Step 2a). Third, a 

separate reaction study with CAL-H2 reactions has shown a much higher rate than that of CA 

(Figure 3-1c), with the rate ratio for Step 2a over Step 1a of ~15 times (Table A3-2), when 

comparing at identical cinnamaldehyde and cinnamyl alcohol concentration (33 mM). This 

explains why only traces of cinnamyl alcohol are detected during CA hydrogenation.  
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Cinnamyl alcohol

(CAL)

3-phenyl propanol

(PPL)

Hydrocinnamaldehyde

(HCA)

trans-β-Methylstyrene

(MS)
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Step 3a

Propylbenzene
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Figure 3-1. Time-dependent-profiles of the catalytic hydrogenation of 33 mM (a) cinnamaldehyde, (b) 

hydrocinnamaldehyde and (c) cinnamyl alcohol over 10 mg Pd/C (5 wt. %, 5 mg Pd/C for cinnamyl 

alcohol) in 60 ml EtOH at 298 K and 1 bar H2.  

3.3.2 Solvent effects on the C=C and C=O hydrogenation over Pd/C 

Figures 3-2 captures the solvent identity effects for two group of solvents, protic vs. 

aprotic, on 5 wt.% Pd/C at 298 K and 1 bar H2. In protic alcoholic solvent (blue points), the 

saturation rate for both C=O and C=C bonds varies with the solvent polarity, whereas that of 

C=O bond hydrogenation is more sensitive to the solvent properties. In the contrasting case of 

aprotic solvents (orange points), the hydrogenation rates of C=O and C=C do not exhibit a 

sensitivity on solvent polarity. Comparing the TOF values between the two series of solvents, 

both the C=O and C=C bond hydrogenation rates are significantly enhanced with the presence 

of H bonds prevalent in protic solvents.  

Solvents can affect catalytic reaction rates by interacting with or reacting with surface-

bound species, activating it towards reaction or deactivating it 18,19. The higher sensitivity of 

C=O bond to the solvent polarity may be caused by the destabilization of the C=O bond by the 

H bonds in solvent molecules, which leads to a lower activation energy and related higher 

hydrogenation rate. Not only the solvents, but also the functional group could affect C=C 

hydrogenation. The hydrogenation rate of C=C bond of CAL (Figure 3-1c, Figure A3-1) is one 

time higher than that of the C=C of CA, when comparing at a reactant concentration of 33 mM. 

Moreover, the hydrogenation rate of C=C bond in methylstyrene (MS) (Figure A3-1) is 2~3 
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times higher than that of CAL in alcoholic solvents (methanol, ethanol, isopropanol and tert-

butanol). Thermodynamic arguments indicate that the isolated C=C bond should be the easiest 

to hydrogenate followed by the conjugated C=C bond and finally the C=O bond 20. Dyson et.al 

reported a higher selectivity of C=C saturation in polar solvents than in apolar solvents over 

Wilkinson's catalyst for the hydrogenation of alkenes containing aromatic nitro-groups, a 

speculation could be the alkene protons hydrogen-bond with the solvent thereby activating the 

unsaturated C=C bond rather than the nitro-group 21. Here, we propose that the solvent can 

stabilize the transition state or destabilize the ground state to decrease the activation energy 

barrier, which could have an effect on both C=O and C=C hydrogenation. 

 

Figure 3-2. Turnover of frequency of C=C and C=O bonds hydrogenation in protic and aprotic solvents 

as a function of relative polarity (normalized to the polarity of water) of solvents. 

3.3.3 Correlation of solvation effects on cinnamaldehyde molecular and hydrogenation 

rates 

ATR-IR of C=O and C=C absorption bands of CA were measured by mixing CA with 

solvent molecules (80 mM, 150 mM in methanol) to check the substrate solvation in different 

solvents as shown in Figure 3-3. In gas phase, the C=O and C=C vibrational stretches of CA 

are located at 1705 and 1624 cm-1 22, respectively. In presence of solvents, the C=O vibrational 

stretch shifts to lower wavenumbers to different extent depending on the solvent chemical 

identity, while in contrast, the C=C absorption band remains almost unchanged at 1625 cm-1 

regardless of the solvent (Figure 3-3a). These results indicate that the solvents interact strongly 

with the carbonyl group but not with the C=C bond of CA. To quantitatively analyze the C=O 

band shift in the solvents, the band in gas phase was used as a reference. The observed red-shift 
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of C=O band indicates a strong correlation between the C=O stretching frequency and the 

hydrogen bonding of the solvents 16, and the larger the wavenumber red-shifted, the stronger 

the specific force (H-bonding) and non-specific force (non-specific dipolar and dispersion 

interactions of the solvent and the solute) between the carbonyl group and the solvent.  

Figure 3-3b shows a plot of hydrogenation rates of C=O and C=C bonds against the 

extent of the red-shift in different solvents with respect to that in gas phase. For protic solvents, 

the C=O shift (stabilization trend by solvent) is in accordance with the hydrogenation rate of 

C=O. The stronger the interaction strength of CA with solvents, the higher the conversion rate. 

However, even no C=C band shift was observed in protic solvents, the activity of C=C bond 

hydrogenation follows the trend of C=O band shift. In aprotic solvents, even the C=O band is 

red-shifted, no significant effect on hydrogenation rate is observed. A possible explanation is 

that the solvent effect is different in protic and aprotic solvents. Moreover, the main influence 

of solvents on the reaction rate is not by the interaction with the substrate. Two solvents with 

the similar polarity, dioxane and EtOH, were chosen for further detailed study. 

 

Figure 3-3. (a) ATR-IR spectra of pure cinnamaldehyde. (a) ATR-IR spectra of cinnamaldehyde 

measured in different solvents (80 mM, except in methanol 150 mM). (b) Turnover frequency of C=C 

and C=O bonds hydrogenation in protic and aprotic solvents as a function of wavenumber shift of C=O 

bond of cinnamaldehyde in different solvents by ATR-IR spectra using the band in gas phase as a 

reference.  

3.3.4 Comparison of reaction orders in EtOH and dioxane 

The reaction orders (R.O.) with respect to cinnamaldehyde and H2 in EtOH and dioxane 

are shown in Figure 3-4 and Table 3-1. For cinnamaldehyde, the reaction orders are near zero 
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in both EtOH (0.2) and dioxane (0.1), indicating a high coverage of cinnamaldehyde and 

cinnamaldehyde derived species. Separately, the reaction orders are the same for C=C saturation 

(0.1) in both solvents, while for C=O bond hydrogenation, a reaction order of 0.1 is observed 

in dioxane while much higher in EtOH (0.7). This indicates the solvent could affect C=O bond 

hydrogenation route or change the C=O bond saturation intermediates. In contrast, the hydrogen 

pressure affects C=O and C=C bonds hydrogenation routes parallelly in both solvents. The 

reaction order in H2 is larger in EtOH (0.9) than that in dioxane (0.7), indicating a lower H 

coverage in EtOH compared that in dioxane. 

 

Figure 3-4. (a) TOF as a function of cinnamaldehyde (16-66 mM) at 1 bar H2 and 298 K. (b) 
TOF as a function of H2 (0.3-1 bar) at 33 mM cinnamaldehyde and 298 K. 

 
Table 3-1. Summary of reaction orders.   

Solvent 
Reaction 

order in CA 

Reaction order 

of C=C in CA 

Reaction order 

of C=O in CA 

Reaction 

order in H2 

Reaction order 

of C=C in H2 

Reaction order 

of C=O in H2 

EtOH 0.2 0.1 0.7 0.9 0.9 0.7 

Dioxane 0.1 0.1 0.1 0.7 0.7 0.7 

3.3.5 Effects of solvents on catalytic pathway of cinnamaldehyde hydrogenation   

In aprotic solvents, there is no doubt that the solvent cannot directly participate in the 

elementary steps, and the reductive species is dissociatively adsorbed hydrogen (Had). Scheme 

3-2 shows the reaction mechanism for cinnamaldehyde hydrogenation in aprotic solvents, left 

pattern presents the C=C bond saturation and right pattern gives the reaction pathway of 

cinnamyl alcohol hydrogenation as well as further reaction to phenyl propanol. The steps of 

molecular cinnamaldehyde adsorption and H2 dissociative adsorption are considered as quasi-
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equilibrated. The reaction order in H2 varies from 0.7 to 1 in aprotic solvents for both C=C and 

C=O bond hydrogenation (Table A3-2). Therefore, the 2nd H addition is considered as the rate-

determining step, otherwise the reaction order should be 0.5 (derivation in Appendix). The 

adsorption configurations of cinnamaldehyde is assumed as η4(di-π), with both C=C and C=O 

bonds attaching on the Pd surface, because of the highest binding energy of this configuration 

10. HCA desorbs from Pd surface after C=C bond saturation. In comparison, CAL will react 

with Had further to yield PPL. 

 

Scheme 3-2. Reaction mechanism based on Langmuir–Hinshelwood adsorption in aprotic solvents.  

Left pattern shows the C=C hydrogenation pathway and right pattern shows the C=O bond 

hydrogenation as well as further formation of phenyl propanol. 

 

Scheme 3-3. Possible reaction mechanism with H transfer in protic solvents. R=CH3, C2H5, C3H7, C4H9.   

The presence of polar protic solvent enables the reaction pathway with hydrogen transfer 

between Had and solvent (Scheme 3-3) 23, and differs the sole pathway of Had addition in aprotic 

solvent. Therefore, the potential involvement of this reaction pathway in hydrogenation 

catalysis needs to be clarified, which could be determined by the analysis of D involvement in 

hydrogenation products of cinnamaldehyde in d-ethanol (C2H5OD)-H2. Considering phenyl 

propanol (PPL) only yield from cinnamyl alcohol (CAL) and the transformation rate is one 

order of magnitude larger than the formation rate of cinnamyl alcohol (Table A3-1), there is no 

need to analyze cinnamyl alcohol. The reference tests for exchange process were carried out in 

the absence of catalyst and H2. Based on the mass spectra of phenyl propanol (PPL), the 
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observation of m/z peak at 137 suggests the H-D exchange between d-ethanol and hydroxyl 

group of PPL compared to that in C2H5OH. The only one D detection indicates only H atom of 

hydroxyl group deuterated, while C-H was not attached.  In comparison, the mass spectra of 

hydrocinnamaldehyde (HCA) in C2H5OD keeps the same as that in C2H5OH, confirming that 

C-H could not be exchanged with D from the solvent. The presence of m/z peak at 137 for PPL 

and 135 for HCA yielding from cinnamaldehyde hydrogenation in (C2H5OD)-H2, suggesting 

the involvement of D from C2H5OD. It is hard to tell whether the D in PPL is from solvent 

involved reaction pathway or H-D exchange after PPL formation because less than one D 

deuterated into the PPL. It suggests that time is needed for the completion of H-D exchange 

process between d-ethanol and hydroxyl group of PPL, otherwise, the number of D in PPL 

should be one at least. The result for HCA confirmed the existence of a solvent involved reaction 

process. In addition, due to the involved D in HCA is less than one, the direct Had from H2 

dissociation addition also exists. 

 

Figure 3-5. The mass spectra of (a) PPL and (b) HCA in C2H5OH and C2H5OD as well as hydrogenation 

products in C2H5OD - H2 on Pd/C at 298K. The samples of PPL and HCA in C2H5OD without Pd/C 

were exchanged for 3 days at 298K.  
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Based on the deuterium study, we can confirm the existence of the reaction pathway in 

which the solvent is involved in cinnamaldehyde hydrogenation in protic solvent. This explains 

the higher reaction rate in protic solvents than that in aprotic solvents (Figure 3-2). Moreover, 

the enhancement present in both C=C and C=O hydrogenation, suggesting this reaction 

pathway exists in both reactions. The ability of H transfer is related to proton affinity of the 

protic solvents, therefore, it is methanol > ethanol > propanol > butanol 24, which is in 

accordance with the reaction activity. This activity trend is also related to the larger 

destabilization of sorbed H in methanol (Table A3-3) which attributes to a smaller energy 

barrier. A higher selectivity of cinnamyl alcohol is observed in methanol > ethanol > propanol 

= butanol (Table A3-4), a possible explanation is that methanol can better activate C=O bond 

to increase the selectivity (Figure 3-3). 

Considering the 2nd H addition is rate-determining step in aprotic solvents, the rate is 

related to the activation barrier as well as coverages of H and substrate, then the rate equation 

can be expressed in the Arrhenius equation (the expression cannot distinguish C=C and C=O 

hydrogenation) 

   (1) 

Where Ea is the activation barrier, A is an independent prefactor including the activation entropy, 

and θH and θCA are the coverages of adsorbed hydrogen and adsorbed cinnamaladehyde. The 

aprotic solvents present possess similar standard entropy in gas phase (303 J mol-1 K-1 for 

dioxane, 301.7 J mol-1 K-1 for THF, 333 J mol-1 K-1 for decalin and 306 J mol-1 K-1 for DMF) 

25,26. Based on the equation describing the standard entropies of adsorbed molecules (ΔSads
o) 

linearly depend on those of the gas-phase molecules (Sgas
o) at the same temperature on flat 

surface (−ΔSads(T) = 0.3Sgas(T) + 3.3R) reported by Campbell and Sellers 27, the adsorption 

entropy of these solvents are essentially the same at 298 K considering the Pd surface is not 

confined environment. we assume the entropy of H2 adsorption is relative constant in various 

solvents. Here, we assumed that the entropy of the adsorbed species are independent on solvent. 

This expression applies for both C=C and C=O hydrogenation, while Ea is different for the 

reaction pathways. The enthalpy change (ΔHr) for the hydrogenation of either C=C and C=O 

is  

    (2) 
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ΔHH2
o is standard enthalpy of H2 adsorption, ΔHCA

o is standard enthalpy of CA adsorption and 

ΔHCA-2H
o is standard enthalpy of intermediate with two H addition. According to Evans–Polanyi 

principle, the activation energy of the rate-determining step varies linearly with its reaction 

enthalpy: 

     (3) 

where β is constant between 0 and 1, α is a constant. It is likely that the solvent effect on sorbed 

CA and the intermediate to the same extent (ΔHCA-H2
o - ΔHCA

o ≈ constant) due to the similar 

structure, and main effect on the adsorption enthalpy of H2. Substitute Ea in Equation 3 into 

Equation 1,  

   (4) 

where A’ is a new constant. If we substitute the expression of θH, θCA and θ*
 (deviation in the 

SI) into Equation 4,  

   (5) 

The equilibrium constant of hydrogen adsorption can be expressed using enthalpy of hydrogen 

adsorption,   

   (6) 

In which B is a constant. Considering the reaction order in cinnamaldehyde is near 0 while that 

in H2 is near 1, coverage of substrate is higher than that of H, then 

 (7) 

combined with Equation 6, Equation 5 can be simplified as 

   (8) 



Chapter 3 Cinnamaldehyde hydrogenation 

82 
 

Taking the natural log of both sides gives Equation 8, 

   (9) 

As mentioned above, we assume the entropy of H2 adsorption is relative constant in 

various solvents. Therefore, the free energy of H2 adsorption can be used to represent ΔHH2
o. 

Figure 3-6 presents the relation of ln TOF as a function of free energy of H2 adsorption for both 

C=C and C=O hydrogenation. According to the slope of 0, β is 1.0 in Equation 8, suggesting a 

late transition state for the rate-determining step. Thus, the transition state resembles the product 

(hydrocinnamaldehyde and cinnamyl alcohol) on the aspects of energy and structure and the 

enthalpies of sorbed products are not sensitive to the solvents. Therefore, the hydrogenation 

rate is relative constant in aprotic solvents (Figure 3-2). 

 

Figure 3-6. ln TOF as a function of free energy of H2 adsorption. (a) C=C bond hydrogenation and (b) 

C=O bond hydrogenation. The method to obtain the free energy of H2 adsorption in the liquid is as 

described in Chapter 2 

3.4 Conclusions 

The nature of the solvent plays an important role in the hydrogenation rate of cinnamaldehyde 

on Pd/C. The hydrogenation rate of cinnamaldehyde is much higher in protic solvents than that 

in aprotic solvents. The isotope labeling result shows that reaction mechanisms with H transfer 

and direct Had addition coexist in protic solvents. In contrast, aprotic solvents only enable Had 

addition pathway. Protic solvents with higher proton affinity facilitate the reaction pathway with 

H transfer leading to a higher activity. In addition, the solvent with higher polarity destabilizes 

the adsorbed C=O bond in cinnamaldehyde via hydrogen bonding facilitating C=O bond 

hydrogenation resulting in a higher selectivity in C=O bond saturation. A late transition state of 

rate determining step is suggested based on the kinetic analysis. The insensitivity of 

hydrogenation rate in aprotic solvents is attributed to the similar enthalpy of sorbed product. 
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3.5 Appendix 

Table A3-1. Hydrogenation rate and selectivity of CA, CAL and HCA on Pd/C.  

Reactant 

Selectivity at 20% 

conversion 
TOF 

(mol molPd
-1h-1) 

Formation rate 

(mol molPd
-1h-1) 

C=C C=O HCA PPL CAL 

CA 87 13 2438 2121 293 24 

CAL 100 0 4463 0 4463 0 

HCA 0 100 0.2 0 0.2 0 

Reaction condition: the hydrogenation of cinnamaldehyde (CA) and hydrocinnamaldehyde (HCA) were 

performed over 10 mg Pd/C and cinnamyl alcohol (CAL) over 5 mg Pd/C (5wt.%) in EtOH at 298 K, 1 bar 

of H2 flow and stirring speed of 600 rpm. 

 
Table A3-2. Summary of reaction orders in aprotic solvents.   

Solvent 
Reaction 

order in CA 

Reaction order 

of C=C in CA 

Reaction order 

of C=O in CA 

Reaction 

order in H2 

Reaction order 

of C=C in H2 

Reaction order 

of C=O in H2 

THF 0.02 0.02 0.00 0.79 0.72 1.01 

dioxane 0.09 0.09 0.05 0.72 0.72 0.76 

DMF 0.14 0.11 0.86 0.91 0.98 1.02 

decalin 0.02 0.02 0.03 0.91 0.98 0.62 

 
 

Table A3-3. Equilibrium constant* of H2 adsorption in protic solvents on Pd. 

Solvent methanol ethanol  isopropanol tert-butanol 

KH2
o (bar) 4.0 × 10-4 6.9 × 10-4  1.2 × 10-3 - 

*The equilibrium constant of H2 adsorption was measured on Pd black at 298 K and 1 bar pressure. 

A transient method was used in which to react the presorbed H using D2, with the quantification of formed 

HD and H2 to determine the H coverage on Pd black in different solvents. The equilibrium constant of H2 

adsorption was calculated based on the H coverage. 

 

 
Table A3-4. Selectivity of C=C and C=O bond hydrogenation. 

Solvent C=C saturation C=O saturation 

methanol 85% 15% 

ethanol 87% 13% 

isopropanol 93% 7% 

n-propanol 93% 7% 

tert-butanol 93% 7% 

THF 97% 3% 

dioxane 93% 7% 

DMF 96% 4% 

decalin 96% 4% 

*The selectivities were determined under a conversion of 20% at 1 bar H2 and 298 K. 
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Figure A3-1. TOF of cinnamyl alcohol and trans-β-methyl styrene consumption rate as a function of 

relative polarity in alcoholic solvents at a concentration of 66 mM, 298 K and 1 bar H2. 

 

A3.1 Derivation of rate equation 

A3.1.1 power law and general reaction order expression 

Rate equation of cinnamaldehyde hydrogenation based on power law, 

     (A1) 

Thus, the reaction order in hydrogen and cinnamaldehyde can be expressed as, 

     (A2) 

     (A3) 

klumped denotes the lumped rate constant, which equals the rata constant of the kinetically 

relevant step multiplies the respective equilibrium constants of reactants for the various 

elementary steps that are required to form the surface precursor (prior to the kinetically relevant 

step). γ and η are reaction orders of hydrogen and cinnamaldehyde, respectively.  

A3.1.2 Reaction order expression for 2nd H addition as rate determining step 

The sum of the fractional coverages for species i (θi), which include the adsorbed H adatom 

(H*), adsorbed cinnamaldehyde (CA*), the partially hydrogenated cinnamaldehyde 

intermediated (CA-H*) for both CA-Hc* (partially C=C bond hydrogenated cinnamaldehyde 

intermediates) and CA-Ho* (partially C=O bond hydrogenated cinnamaldehyde intermediates) 

considering the rate equation cannot distinguish from C=C hydrogenation to C=O 
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hydrogenation, together with that of the unoccupied site (*), equals unity:   

   (A4) 

Pseudo steady-state approximation, carried out on the elementary steps in Scheme 2 gives the 

fractional coverage of H atoms, adsorbed cinnamaldehyde and partially hydrogenated 

cinnamaldehyde intermediated, 

         (A5) 

          (A6) 

      (A7) 

Substituting Equation A5 and A6 in Equation A7 leading to equation A8， 

     (A8) 

Substituting Equation A5, A6 and A8 into Equation A4,  

     (A9) 

  (A10) 

The reaction rate expression is  

 (A11) 

In the rate expressions, k2 the rate constant of the kinetically relevant step; KH2
o equilibrium 

constants for the adsorption of H2; KCA
o equilibrium constants for the adsorption of CA; K1 is 

rate constants for first H addition. 

Based on Equation A3,  

   (A12) 

    (A13) 

A3.1.3 Reaction order expression for 1st H addition as rate determining step 

If the first H addition step is the rate determining step, then the surface is mainly saturated by 

adsorbed H adatom (H*), adsorbed cinnamaldehyde (CA*), together with that of the 
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unoccupied site (*), equals unity:   

   (A14) 

Substituting Equation S5 and S6 Equation S14, the expression of empty site is 

  (A15) 

The reaction rate expression is  

 (A16) 

In the rate expressions, k1 the rate constant of the kinetically relevant step. 

Based on Equation A3,  

   (A17) 

    (A18) 

Considering the smallest coverage is 0 for all the species, therefore, γ is 0.5 at largest if 1st H 

addition is rate determining step. 
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Chapter 4 

Understanding of the rate-enhancement with 

hydronium ions on the hydrogenolysis of benzyl 

alcohol over Pd/C 

Acidity can significantly promote the hydrogenolysis reaction of benzylic alcohol, reductively 

converting C-O bonds to the corresponding C-H bonds. There are three plausible reaction 

pathways for benzyl alcohol hydrogenolysis: 1) a one-step attack in which the adsorbed H 

displaces the carbonyl group to form toluene; 2) a partial hydrogenation of the benzene ring 

providing a β-H leading intra-molecular dehydration forming an olefin which is further 

hydrogenated to toluene; 3) protonated benzyl alcohol dehydrates to benzylic carbenium 

followed by a hydride addition to form toluene. Combining low H coverage and 0th reaction 

order of H2 under the benzyl alcohol concentration present as well as the negligible kinetic 

isotope effects of H2 and D2 during reaction in H2O or D2O, we confirm that adsorbed H is not 

involved in the rate-determining step. Moreover, isotope-labeling analysis of the products 

indicate that benzene ring hydrogenation is not an elementary step in benzyl alcohol 

hydrogenolysis under the conditions present. Thus the reaction follows the protonation-

dehydration-hydride addition pathway. An analysis of the rate equation shows that the 

spontaneous electric potential on Pd in aqueous solution plays an important role in the catalytic 

reaction which can influence the relative stability of transition state and ground state. Both H2 

and H+ can affect the reaction by tuning the electric potential on Pd. The enhanced reaction rate 

at low pH is attributed to the increasing concentration of transition state though the negative 

effect on increasing the activation barrier. 

 

This chapter is based on the article: Guanhua Cheng et al. Understanding of the rate-enhancement with 

hydronium ions on the reaction of benzyl alcohol hydrogenolysis over Pd/C (prepared for submission). 

Guanhua Cheng performed the experiments, did the data analysis and wrote the manuscript. 
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4.1 Introduction 

Catalytic reactions catalyzed by transition metals, e.g. hydrogenolysis and reduction, are 

fundamental in both, chemical production and energy conversion 1–3. The activity of the 

catalytic reactions is highly dependent on the interactions between the key reaction agents and 

the metal surfaces as well as the interfacial medium surrounding (solvent). The catalytic rate 

can be enhanced by destabilization of reactant or / and stabilization of transition state so that to 

decrease the activation energy barrier 4,5. 

The gas-solid interfacial reactions have been extensively explored and well understood 67. 

However, the presence of aqueous electrolytes, on one hand, results in the formation of a metal–

liquid interface capable of catalyzing complex multi-proton-coupled electron transfer (PCET) 

reactions 8–10. On the other hand, the generation of electrostatic potential gradient from metal 

surface to bulk solution caused by the polarization of the electrode surface, which contributes 

to the chemical potentials of charged species as well as the arrangement of the hydrated ions 

and molecules 11. Therefore, not only the chemisorbed species on the metal surfaces which can 

directly involve in the reaction, but also nonspecifically adsorbed hydrated ions / molecules at 

the outer Helmholtz plane, especially the hydronium ions, play an important role in the catalytic 

reaction. It has been reported that hydronium ions can greatly enhance reactions catalyzed by 

Pt and Pt-group metals, by an energy-favored PCET pathway 12–14 or by weakening of the H-

metal bond, which decreases the activation barrier 15. The growing understanding of the 

processes on the interface indicates that the proton activity at the electrode surface plays a 

central role in kinetics, thermodynamics, and reaction mechanisms 16,17. 

The reductive conversion of C-O bonds to the corresponding C-H bonds can be achieved 

by hydrogenolysis using molecular hydrogen as the reductant. It was reported that the activity 

and selectivity for C-O bond cleavage is sensitive to the acidity of the catalyst support or of the 

solvents 18–23, and that neutralizing the acid sites by bases will remove the enhancement 21,24. 

Extensive investigations on the reaction mechanism were performed in order to understand the 

promoter effect of acidity on benzylic alcohol hydrogenolysis. There are two main reaction 

mechanisms proposed. One is that the C-O bond scission proceeds via a dehydration-

hydrogenation route, e.g. 1-(4-isobutylphenyl) ethanol converting to 4-isobutylethylbenzene on 

Pd supported on acid functionalized activated carbon 18 or 1-phenylethanol to ethylbenzene on 

a bi-functional  Pd/HMOR catalyst at 303 K 25. The other is a direct C-OH bond breaking by 

an incoming hydrogen 26,27, for example, the reactions of 1-(4-isobutylphenyl) ethanol on 

Pd/SiO2 and Pd black18 and 1-Indanol over Rh 21. Therefore, the acidic sites either catalyzes the 

https://www.google.com/search?rlz=1C1GCEV_enDE942&sxsrf=ALeKk02YqXFegiwVMWz6mYUZWIP-RLZTUw:1614765966358&q=functionalized&spell=1&sa=X&ved=2ahUKEwjGssf-75PvAhWd8uAKHUbjCPgQBSgAegQIAxA2
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dehydration reaction or makes the carbonyl a better leaving group. 

However, the individual contributions of hydronium ions and the metallic function on the 

kinetics of benzylic alcohol hydrogenolysis as well as the elementary steps are still unclear. 

Moreover, the role of electrostatic (metal–ion) force on catalytic reaction is not discussed. Thus 

making the elucidation of the reaction pathway and elementary steps are important for the 

understanding of interfacial reactions. 

 In this work, we describe the role of the hydronium ions and metal sites at the interface 

of metal surface and outer Helmholtz plane for benzyl alcohol hydrogenolysis over Pd/C in 

aqueous buffer solution. Pd is chosen due to its high activity and selectivity towards C-O bond 

cleavage 28. Reaction pathway identified proceeds via  the protonation of the OH group makes 

a better leaving group (OH2
+) leading to the formation benzylic carbocation, and toluene yield 

after a hydride addition. Through kinetic analysis and the study of kinetic isotope effects, we 

confirmed that dehydration of the protonated alcohol is the rate-determining step. Hydronium 

ions affect the reaction by changing the electric potential on Pd as well as the transition state 

concentration. While H2 is basically through influencing the electric potential which is 

equivalent as directly applying an electric potential. 

4.2 Experimental method  

4.2.1 Chemicals and Catalyst 

Pd/C catalyst with a Pd content of 5 wt. % was purchased from Sigma Aldrich. All chemicals 

were obtained from commercial suppliers and used as received, inlcuding benzyl alcohol 

(Sigma-Aldrich, ≥99.0%) and chemicals for buffer solutions (Sigma-Aldrich, ≥99.9% e.g. 

HClO4, H3PO4, NaH2PO4, Na2HPO4, H2SO4, Na2SO4, CH3COOH, CH3COONa), NaCl (Sigma-

Aldrich, ≥99.9%), ethyl acetate (Sigma-Aldrich, ≥99.9%, HPLC), and 2-cyclohexen-1-one 

(Sigma Aldrich, >99 %). High purity water, treated with a Milli-Q water purification system 

until a resistivity of 18.2 MΩ·cm, was used in all experiments. H2 (Air Liquide, >99.99%) was 

used for hydrogenation.  

4.2.2 Catalyst characterization 

The specific surface area of the catalyst was determined (according to BET) from N2 

physisorption, which were measured at 77 K on a PMI automated BET sorptometer. The 

samples were first outgassed at 523 K in vacuum (< 0.001 mbar) for 20h before measurement.  

The dispersion of the metals was determined by H2 chemisorption on Thermo Scientific Surfer 

Analyzer. The Pd/C catalysts were treated in vacuum at 588 K for 1h and then cooled to 313 K. 

https://www.google.com/search?rlz=1C1GCEV_enDE942&sxsrf=ALeKk03KkjwyrdFBpBP5OWXEZEhDj_YuxA:1616518446558&q=equivalent&spell=1&sa=X&ved=2ahUKEwilip6-8MbvAhURnxQKHSm8ChwQkeECKAB6BAgHEDY
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A first set of H2 adsorption isotherm was measured from 1 to 40 kPa. Afterwards, the samples 

were outgassed at the same temperature for 1 h to remove the physisorbed H2, followed by a 

second set of isotherms being measured, which corresponded to physisorbed H2. The difference 

of the two isotherms was the chemisorbed hydrogen on Pd. The concentrations of surface Pd 

atoms were determined by extrapolating the saturated region of the difference isotherms to zero 

hydrogen pressure and using the value as the number of surface Pd atoms assuming a 

stoichiometry of one hydrogen to one Pd atom. Then the dispersion of Pd was calculated by 

comparing the surface Pd atoms to the total Pd atams. 

The size of Pd particle was determined by transmission electron microscopy (TEM, JEOL JEM-

2011) with an accelerating voltage of 120 keV. Statistical treatment of the metal particle size 

was done by counting at least 300 particles detected in several places of the grid.  

4.2.3 Catalytic reaction measurements under OCV (open circuit potential) 

Benzyl alcohol hydrogenolysis was carried out in a batch reactor with 5-10 mg Pd/C (5 wt.% 

Pd loading) in 0.2 M buffer solution. Typical measurements under atmospheric pressure were 

performed with H2 or diluted H2 using N2 (flow rate of 10 mL·min-1) flowing through the 

reactant solution at 296 K and 600 rpm. Reactions at higher H2 pressures were performed in a 

300 mL Hastelloy PARR reactor, and air was removed from the reactor by introducing 20 bar 

H2, followed by depressurizing the reactor for three times. The benzyl alcohol concentration 

was 20 mM. After the reaction, the solution was extracted using ethyl acetate with 2-

cyclohexen-1-one as the internal standard for quantification. NaCl was used to increase the 

extraction efficiency. The extracted ethyl acetate was treated with Na2SO4
 to remove dissolved 

water. Quantitative analyses of the samples were performed by gas chromatography equipped 

with a Wax capillary column (30m x 250 μm) and a flame ionization detector (FID). Reaction 

orders of H2 were determined by changing H2 pressure from 0.1 bar to 20 bar.  

The reactions in D2O or/and D2 were carried out in a 100 mL Hastelloy PARR reactor. 20mM 

benzyl alcohol, 30 mL 0.2 M D3PO4 solution in D2O (99.8%, Sigma), 1 bar D2 and 10 mg Pd/C 

were sealed in the reactor for reaction at 296 K and 750 rmp. Before the reaction, air was 

removed from the reactor by introducing 20 bar D2, followed by depressurizing the reactor for 

three times. After the experiment, ethyl acetate was used to extract the chemical species and 

then were quantified using GC-MS equipped with a HP-5 capillary column.  
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4.2.4 Electrocatalytic reaction 

Experiments were carried out in a H cell with a Nafion 117 proton exchange membrane (Ion 

Power, Inc.) to separate the cathodic and anodic compartments. An electrochemical workstation 

VSP-300, Bio Logic was used to perform electrochemical procedures. A piece of carbon felt 

(Alfa Aesar >99.0%, 3.2 mm thickness) infiltrated with 10 mg Pd/C connected to a graphite rod 

(Sigma Aldrich, 99.99%) was used as working electrode in the cathode compartment. A 

platinum wire (Alfa Aesar, 99.9 %) was used as counter electrode in the anodic compartment. 

Ag/AgCl was used as a reference electrode. The cathode and anode compartments were filled 

with 60 mL 0.2 M H3PO4 solution as electrolyte solution. All reactions were performed at 

atmospheric pressure at constant potential referred to the reverse hydrogen electrode (RHE). 

The catalyst was first activated under a constant current of -40 mA for 10 min before adding 

benzyl alcohol (20 mM) into the cathode compartment. Then an electric potential was applied 

for reaction. Product analysis is the same as performed in the catalytic reaction under OCV. 

4.2.5 Cyclic Voltammetry 

The coverage of benzyl alcohol on Pd surface was determined via cyclic voltammetry in a 

Teflon H-cell with a Nafion 117 proton exchange membrance to separate cathodic and anodic 

compartments. 20 mg Pd/C (30 wt %, Sigma Aldrich) on carbon felt (Alfa Aesar >99.0%, 3.2 

mm thickness) was used as working electrode, a Ag/AgCl electrode with double-junction was 

used as reference electrode, and a platinum wire (Alfa Aesar, 99.9 %) was used as counter 

electrode. The electrolytes are phosphate buffer (pH 2.5) and acetate buffer (pH 5). The cyclic 

voltammetry was measured at 5 mV s-1 with 20 mL min-1 N2 bubbling, and under different 

concentrations of benzyl alcohol. The sites blocked by benzyl alcohol (benzyl alcohol coverage) 

was calculated based on the area difference of the underpotentially deposited hydrogen (Hupd) 

peak before and after the benzyl alcohol addition 33. The same measurement was also performed 

on Pd/C (5 wt.%), but it was difficult to distinguish the Hupd peak from the double layer 

capacitance background current induced by the carbon support.  

4.3 Results and discussion   

4.3.1 pH effect on TOF and reaction orders for Pd/C catalyzed benzyl alcohol 

hydrogenolysis in buffer solution 

      (Rxn1) 



Chapter 4 Benzyl hydrogenolysis 

95 
 

Reductive elimination of benzyl alcohol over Pd/C (5 wt.% with a particle size of ~ 3 nm, 

SI) was investigated in 0.2 M aqueous buffer solution as a function of the pH value at room 

temperature and atmospheric pressure of H2. In this reaction, the C-O bond in benzyl alcohol 

was selectively cleaved to form toluene under present reaction conditions as shown in the 

reaction equation Rxn 1. During the reaction, products resulting from the hydrogenation of the 

aromatic ring, e.g. cyclohexylmethanol and methylcyclohexane, were not observed, with 

toluene was the only product. The dependency of turnover frequency (TOF) on the pH value is 

shown in Figure 4-1a. At a pH above 5 the TOF was very low and with the decreasing pH it 

increased from 15 h-1 at pH 7 to 878 h-1 at pH 0.63, independently of the type of buffer solution 

used. This significant dependence of the conversion rates on the pH suggests a strong role of 

hydronium ions on the rate of the reaction. It has to be mentioned that in the absence of Pd, 

benzyl alcohol was not converted in acidic media (pH 1). Thus, the conversion of benzyl alcohol 

to toluene requires both the presence of Pd and acids. An apparent reaction order in hydronium 

ion of approximate 0.3 was observed for this reaction during the whole pH range (see Figure 

4-1b). The close relation of the rate of alcohol hydrogenolysis on the pH was also observed by 

Ryu et al. in the hydrogenation / hydrogenolysis of cis-2-butene-1 over Pt. They quantified 

changes in interfacial pH local to the electrochemical double layer by using a concurrent non-

faradaic probe reaction, however, they didn’t focus on the hydrogenolysis mechanism in 

presence of hydronium ions 17.  

 

Figure 4-1. (a) TOF as a function of pH in the catalytic conversion of benzyl alcohol to toluene on Pd/C. 

(b) Log TOF as a function of pH to obtain the apparent reaction order in bulk hydronium ion. Reaction 

condition: 0.2 M buffer solution, 298 K and 1 bar H2. The legend indicates different buffer compositions. 

Considering that hydronium ions are involved in the reaction, we assume that the 

elementary steps occur between the Pd surface and the outer Helmholtz plane. In this case the 

rate equation for the reaction (rBA, where subscript BA denotes benzyl alcohol) is: 
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   (1) 

keff is the effective rate constant; aH
+ is the hydronium ion activity in the bulk phase, α, β and γ 

are the apparent reaction orders with respect to benzaldehyde, H2 and hydronium ions. 

The reaction orders for both benzyl alcohol and H2 were measured at pH 2.5 and pH 5, as 

shown in Figure A4-2 and Table 4-1. At pH 2.5, the reaction order in benzyl alcohol is slightly 

positive (α=0.17, Figure A4-2) and near 0th order with respect to H2 (β=0.09, Figure A4-2b). 

At pH 5, the reaction order with respect to both benzyl alcohol and hydrogen are near 0 (Figure 

A4-2c and Figure A4-2d). The reaction order being zero or close to zero for organic substrate 

is common in hydrogenation and hydrogenolysis reactions 27,29–31, which is the result of the 

high coverage of substrate on the catalyst. Due to the competitive adsorption of hydrogen and 

the substrate, such reaction order of 0th for H2 indicates that either H coverage on Pd surface is 

also very high, or the adsorbed H does not participate in the rate determining step.  

Table 4-1. Summary of reaction rates and reaction orders.   

pH TOF (mol molPd
-1h-1) * 

Reaction order in benzyl 

alcohol (α) 
Reaction order in H2 (β) 

2.5 527 0.08 0.09 

5 162 -0.01 0.09 

* TOF at 1 bar H2 and 298 K with a benzyl alcohol concentration of 20 mM.  

In order to justify whether the Pd surface has a substantial coverage of H, cyclic 

voltammetry on Pd/C (20 mg, 30 wt.%) with different concentrations of benzyl alcohol was 

measured at pH 2.5 (Figure 4-2a) and pH 5 (Figure 4-2b). In presence of benzyl alcohol, the 

peak of hydrogen underpotential deposition is reduced (Hupd, 0.06 V to 0.34 V vs. RHE at pH 

2.5 and 0.09 V to 0.43 V vs. RHE at pH 5), and totally disappears at a concentration of 500 µM 

(Figure 4-2a-b).  Comparing the Hupd current in presence and absence of benzyl alcohol allows 

to determine the fraction of H that was inhibited (blocked) by benzyl alcohol molecules (Figure 

4-2c-d). The drastically decreased Hupd with increasing benzyl alcohol concentration indicates 

that benzyl alcohol binds much stronger than H on Pd, which will lead to a full coverage of the 

Pd surface by benzyl alcohol and a very low coverage with H under our reaction condition 

(benzyl alcohol concentration between 10 mM and 40 mM). Therefore, the possibility of a high 

coverage of H can be excluded, and the observed near zero reaction order of H2 in benzyl 

alcohol reaction indicates that the H adtoms are only involved in elementary steps after the rate 
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determining step. If this is the case, benzyl alcohol conversion should only have a small kinetic 

isotope effect for gaseous H2 vs. D2 (as shown in Figure 4-3). The conversion rate of benzyl 

alcohol remains essentially the same for reactions with H2 and D2 in either H2O or D2O at 298 

K and 1 bar pressure. In comparison, the rate in H2O compared to that in D2O is 1.4 in H2 and 

1.3 in D2. That is to say, the reaction has a stronger isotope effect for the solvent than the gas, 

indicating that the solvent is involved in the kinetic relevant step.  

 

Figure 4-2. Cyclic voltammograms at a scan rate of 5 mV s-1 showing hydrogen underpotential 

deposition on Pd/C (30 wt.%) at room temperature with benzyl alcohol concentration varying from 0 

µM to 500 µM at (a) pH 2.5 in phosphate buffer solution and (b) pH 5 in acetate buffer solution. The 

calculated fraction of underpotentially deposited hydrogen that is inhibited on Pd vs benzyl alcohol 

concentration (c) pH 2.5 in phosphate buffer solution and (d) pH 5 in acetate buffer solution, which is 

calculated from the decrease in Hupd charge relative to that without benzyl alcohol obtained from (a) 

and (b), respectively. 
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Figure 4-3. Turnover rates of benzyl alcohol hydrogenolysis in H2O-H2, H2O-D2, D2O-H2 and D2O-D2. 

Reaction consition: at 298 K and atmospheric pressure with a benzyl alcohol concentration of 20 mM 

on Pd/C and 0.2 M phosphoric acid. 

4.3.2 Reaction pathways 

Three pathways are possible to convert benzyl alcohol to toluene: (1) direct hydrogenolysis, 

(2) hydrogenation-dehydration-hydrogen scrambling (Scheme A4-1) and (3) protonation-

dehydration-hydride addition (Scheme 4-1). In the first pathway, molecular benzyl alcohol adsorbs 

on the Pd surface (BAad), and dissociatively adsorbed H2 as the reduced agent (Had), which directly 

attacks the hydroxyl group of the benzylic carbon leading to the formation of toluene and water. 

However, for this pathway, the elementary step of hydrogenolysis, which is a slower step, involves 

Had, and the low coverage conflicts with the small reaction order in H2 observed.  

In the second reaction pathway, benzyl alcohol and H2 are adsorbed and the aromatic ring of 

benzyl alcohol is partial hydrogenated. The intramolecular dehydration yields the stable olefin 

product, followed by hydrogen scrambling leading to toluene formation or hydrogenation to 5-

methylcyclohexa-1,3-diene. This mechanism was similar to that reported for C–O bond cleavage 

of 1-(4-isobutylphenyl) ethanol over Pd supported on acidic carbon 18. However, benzyl alcohol 

does not have a hydrogen in the  position for dehydration. If the aromatic ring undergoes 

partial hydrogenation, it can provide the hydrogen needed to complete the intermolecular 

dehydration, in analogy to the reductive solvolysis that has been observed for C-O bond 

cleavage of aryl ethers 3,32. This reaction pathway has been excluded because 5-

methylcyclohexa-1,3-diene was not detected, in addition, deuterium was not observed in the 

aromatic ring for reactions performed in D2 and D2O (Appendix, Section A4-3). The third 

pathway, water elimination upon protonation of the hydroxyl group to a carbocation in presence 

of hydronium ions, which yields toluene via hydride addition will be described in detail in the 

following part. 

0

200

400

600

800

H2O H2 H2O D2 D2O H2 D2O D2

T
O

F
 (

m
o
l 
m

o
l P

d
-1

h
-1

)

H2O

H2

H2O

D2

D2O 

D2

D2O 

H2



Chapter 4 Benzyl hydrogenolysis 

99 
 

4.3.3 The role of acid in benzyl alcohol hydrogenolysis 

Considering the results described above, not only the metal site is necessary for benzyl 

alcohol hydrogenolysis, but also hydronium ions are required in the reaction. Therefore, a 

metal-acid bifunctional catalytic mechanism is proposed via the elementary steps shown in 

Scheme 4-1.  

 

Scheme 4-1. Reaction pathway of benzyl alcohol hydrogenolysis via protonation dehydration-

hydrogenation pathway on Pd and acids. The hydronium ion is expressed as proton in the scheme.  

Under a certain H2 pressure and hydronium ion concentration, an electrochemical 

equilibrium will be established between these two species on the metal surface as shown in the 

reaction equation Rxn 2 (Step g in Scheme 4-1). This is known as the hydrogen electrode 

reaction. 

 (Rxn 2) 

The catalytic cycle starts with benzyl alcohol adsorption on vacant Pd sites (*) (Step a), 

afterwards, the adsorbed benzyl alcohol (BA*) gets protonated (Step b, C6H5CH2OH2
+, BAH+*) 

and then eliminate the OH group as a water molecule via dehydration to benzyl carbocation 

(C6H5CH2
+) (Step c). Toluene is then produced through a H addition combining charge 

neutralization with an electron (hydride) (Step d) and then desorbs from the Pd surface (Step 

e). H2 dissociative adsorption on a Pd site pair (*-*), forming two adsorbed H atoms (H*) (Step 

f). The adsorption-desorption steps (Step a, e and f) were generally accepted to occur much 
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faster than the surface reaction, thus they are considered quasi-equilibrated in the kinetic 

treatment. While the dehydration step (Step e) is considered as rate-determining step when 

deriving the rate equation.  

 

Scheme 4-2. (a) Schematically showing the reaction mechanism of benzyl alcohol hydrogenolysis (Step 

b-c) between Pd surface and Helmholtz plane. (b) Potential profile as a function of distance from Pd 

surface. φM, φOHP, φB are potentials on Pd surface, at outer Helmholtz plane and in the bulk, 

respectively. 

The catalytic reaction occurs at the Pd-water interface. Scheme 4-2a shows the reaction 

elementary steps (Step b-c) in the space between the metal surface and outer Helmholtz plane 

(OHP). The chemisorbed species, possessing chemical interactions with the surface, are located 

in the inner Helmholtz plane (IHP), while the nonspecifically adsorbed ions like hydrated 

hydronium ions and hydrated cations are located at the outer Helmholtz plane. The electric 

potential on Pd surface is determined by the equilibrium between H2 and hydronium ion, i.e. 

hydrogen electrode reaction (Rxn 2). Under open circuit potential (OCP), the electric potential 

on Pd surface is expressed by Nernst Equation (Equation 2),  
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  (2) 

in which φSHE is standard hydrogen electrode potential (SHE), which is often used as a reference 

and generally defined as 0 V for convenience. The aH+ is the hydronium ion activity in the bulk 

solution. It should be noted that φM is the electric potential difference between Pd surface and 

electrolyte. The electric potential decays with the distance away from Pd surface until reaching 

the level of the bulk solution, which is considered as 0 V (Figure 4-2b). 

Pd surface is covered with adsorbed H (Had), adsorbed benzyl alcohol (BAad), protonated 

benzyl alcohol (BAH+
ad), together with that of the unoccupied site (*). During the reaction, 

there is also a very small concentration of transition state (TS) at the interface. The expressions 

of chemical potentials for all the species are 

(3) 

  (4) 

(5) 

(6) 

  (7) 

(8) 

  (9) 

The µBAaq, µBAad, µH2, µHad, µH+, µBAH
+
ad and µTS are chemical potential of benzyl alcohol in 

bulk, sorbed benzyl alcohol, gas H2, sorbed H, hydronium ion in bulk, sorbed protonated benzyl 

alcohol and transition state, respectively. The transition state (TS) and sorbed protonated benzyl 

alcohol (BAH+
ad) are positively charged species, thus they are considered to locate closer to the 

outer Helmholtz plane (Scheme 4-2a). The φBAH
+

ad, φB and φTS are the electrochemical potential 

at the position of BAH+
ad, bulk solution and transition state. Generally, φB is denoted as 0 V. 

Chemical potential of the charged species BAH+
ad, H+ and TS are affected by not only the 

activity but also the electric potential at their located position.   

Because the dehydration step (Step e) is the RDS, the adsorption of substrate (Step a) and 

H2 (Step f) as well as the protonation of benzyl alcohol (Step b) are considered as quasi-
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equilibrated. Thus giving the following relations of chemical potentials, 

 (10) 

 (11) 

 (12) 

 With these equations, the reaction rate is derived as (see derivation details in Appendix): 

(13a) 

In which, r is benzyl alcohol conversion rate, kB is Boltzmann constant, T is the temperature 

and h is Planck constant. Substitute µTS with (µBAaq + µH
+), µHad with 1/2µH2, µBAad with µBAaq 

and µBAH
+
ad with (µBAaq + µH

+) in Equation 13a, 

(13b) 

Apparently, the reaction rate (Equation 13b) is affected by the chemical potentials of aqueous 

benzyl alcohol (µBAaq), hydronium ion (µH+) and H2 (µH2) as well as φTS and φBAH
+
ad. The 

chemical potentials are dependent on the benzyl alcohol concentration, hydronium ion 

concentration and gases hydrogen pressure, respectively. Then individually to see how each of 

the parameter influences the reaction, 

 (14) 

   (15) 

   (16) 

  (17) 

Actually, Equation 14, 15 and 16 give the reaction order with respect to benzyl alcohol, 

H2 and H+. It is noticeable that their reaction orders are functions of the coverages of 
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corresponding species. In particular, the reaction orders of H2 and hydronium ions contains term 

of φM (Eqs. 15 and 16), indicating that they can influence the reaction rate by changing the 

electric potential on Pd because they are involved in the hydrogen electrode reaction 

establishing the OCP. On the other hand, benzyl alcohol does not affect the electric potential, 

so its reaction order expression does not contain the φM term (Equation 14). The measured 

reaction order of benzyl alcohol was 0, indicating the (θBA + θBAH+ad) being 1 according to 

Equation 15, and meaning Pd surface is fully covered by benzyl alcohol and its protonated form 

BAH+. This is in accordance with the CV measurements (Figure 2) that Pd surface is saturated 

with benzyl alcohol and derived species.  

  

Figure 4-4. lnTOF as a function of electric potential of Pd at pH 1.6. Reaction condition: 10 mg Pd/C 

(5wt.%) at 298K. 

The influence of electric potential φM on the rate is expressed in Equation 17. It implies 

to change the reaction rate by externally giving an electric potential on Pd. To verify it, Pd/C 

was loaded on an electrode and exposed to a negative electric potential (vs. SHE). Figure 4 

shows the conversion rate of benzyl alcohol to toluene at pH 1.6 under different electric 

potentials. A larger reaction rate was obtained under a more negative electric potential. 

Therefore, we can reasonably assume that transition state is closer to Pd surface compared to 

protonated benzyl alcohol (BAH+), so that transition state is stabilized more than ground state 

to decrease the activation energy barrier.     

H2 competes the active sites on Pd, while this effect is negligible under reaction conditions 

due to the small coverage of Had. Therefore, the main effect of H2 on the reaction rate is by 

tuning φM (Equation 15), and a higher H2 pressure is equivalent to a more negative φM (Equation 

2). H+ concentration is directly related to the concentration of BAH+
ad, and the reaction order 

in H+ can partially reflect the relative abundance of BAad and BAH+
ad on Pd surface (the none 

electric potential related part in Equation 16). This explains the changing reaction order in H+ 
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during the whole pH range from pH 0.6 to pH 7 (Figure 4-1b) and why a smaller reaction order 

was obtained at a lower pH. However, increasing H+ concentration also increases φM, which 

inhibits the reaction. As shown in Figure 4-5, for each pH, the reaction rate increases with H2 

pressure increasing, which results from the decreasing of electric potential. The black line with 

arrow schematically shows the effect of H2 pressure increasing (or φM decreasing) on reaction 

rate. In comparison, to decrease pH (showing with the blue line with arrow) can be decomposed 

into two parts, BAH+
ad

 coverage (or transition state concentration) increasing (red dash line 

with arrow) and φM increasing (black dash line with arrow). Apparently, the increase in BAH+
ad 

coverage overcomes the negative influence by the electric potential increasing, and shows an 

increased reaction rate with decreasing pH.  

 

Figure 4-5. lnTOF as a function of electric potential on Pd at OCP under pH 0.6 (0.5-20 bar), pH 2.5 

(0.3-10 bar) and pH 5 (0.2-10 bar) on Pd/C (5wt.%) at 298K.  

4.4 Conclusions 

The reductive elimination of benzyl alcohol is catalyzed by Pd/C in aqueous buffer solution. 

The conversion rate of benzyl alcohol hydrogenolysis is accelerated by 2-3 orders of magnitude 

with increasing the hydronium ion concentration. A reaction mechanism is proposed that the 

reaction proceeds through dehydration of the protonated benzyl alcohol and forming toluene 

before a hydride addition, and dehydration of the protonated benzyl alcohol step is considered 

as kinetic relevant. Because the transition state (TS) and sorbed protonated benzyl alcohol 

(BAH+
ad) are positively charged species, the electric potential in the region between Pd surface 

and outer Helmholtz plane can directly influence their chemical potential. In addition, the 

transition state can be stabilized better than the ground state (BAH+
ad) so that to decrease the 

activation barrier under a more negative electric potential. H2 affects the reaction rate mainly 

through changing the electric potential on Pd, which is equivalent to directly applying an 

electric potential. In comparison, hydronium ion affects not only the electric potential but also 
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the abundance of transition state. The influence on increasing the transition state concentration 

by decreasing pH overcomes the negative effect on electric potentials, and gives an accelerating 

reaction rate. 

4.5 Appendix 

A4-1 Characterization of Pd/C 

 
Figure A4-1. Representative TEM images of Pd/C. 

 
Table A4-1. Textural properties of the Pd supported catalysts. 

Catalyst Metal loading 

(wt.%)  

BET surface 

area (m2∙g-1) 

Particle size 

(nm)a  

Dispersion 

(%)b 

Pd/C 5 1034 2.9 33 

a measured by TEM.  

b measured by hydrogen chemisorption. 

 

  

50 nm

Pd/MWNTPd/C

50 nm
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A4-2 Reaction order in benzyl alcohol and hydrogen 

 

 

Figure A4-2. (a) TOF as a function of benzyl alcohol concentration (6.4-20 mM) at 1 bar H2 and (b) 

TOF as a function of hydrogen pressure (0.3-1bar) with the benzyl alcohol concentration of 10 mM in 

0.2 M phosphate buffer (pH=2.5). (c) TOF as a function of benzyl alcohol concentration (10-32 mM) at 

1 bar H2 and (d) TOF as a function of hydrogen pressure (0.3-1bar) with the benzyl alcohol 

concentration of 10 mM in 0.2 M acetate buffer (pH=5).  
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A4-3 Deuterium study 

 

Scheme A4-1. Reaction mechanism of benzyl alcohol reductive elimination through hydrogenation-

dehydration-hydrogen scrambling.  

 

Deuterium study was performed to probe the pathway of partial hydrogenation-dehydration-

hydrogen scrambling. If hydrogenation of the aromatic ring occurs during the conversion of 

benzyl alcohol, we should observe the aromatic rings of product with D- incorporation (Scheme 

S1). However, comparing mass spectra of the toluene converted from benzyl alcohol and 

standard toluene, it indicates no deuterium involves on the aromatic ring. (Figure S3).  

 

 

Figure A4-3. Mass spectra of aromatic ring from toluene yield from benzyl alcohol 

conversion and standard toluene.   
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A4-4 Derivation of the rate equation 

The sum of the fractional coverages for species i (𝜃i), which include the adsorbed H 

adatom (Had), adsorbed benzyl alcohol (BAad), protonated benzyl alcohol (BAH+
ad), together 

with that of the unoccupied site (*), equals unity:   

 (A1) 

According to the elementary steps, the relations can be obtained as below, 

 (Step a) 

(Step b) 

(Step c) 

Therefore, based on the equilibrium, the chemical potential of the species above shows the 

relation as following, 

(A2) 

(A3) 

(A4) 

In which µBAaq, µBAad, µH2, µHad, µH+, µBAH
+
ad and µTS are chemical potential of benzyl alcohol 

in bulk, sorbed benzyl alcohol, gas H2, sorbed H, hydronium ion in bulk, sorbed protonated 

benzyl alcohol and transition state, respectively. The expressions for each chemical potential 

are 

(A5) 

 (A6a) 

 (A6b) 

(A7) 

  (A8a) 

(A8b) 

  (A9a) 
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(A9b) 

(A10) 

(A11a) 

(A11b) 

In which φBAH
+

ad, φB and φTS are the electrochemical potential at the position of BAH+
ad, bulk 

phase and transition state. Generally, φB is denoted as 0. Substitute Equation A1, A6b, A8b and 

A9b in 1/ 𝜃*, we can obtain 

(A12) 

Then substitute Equation A12 into Equation A11b, after arrangement, we can obtain the 

expression of θTS, 

(A13) 

Therefore, the rate equation is obtained as follows, 

(A14a) 
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(A14b) 

Then with the rate equation, and partial derivative of lnr with respect to lnCBAaq, lnPH2, lnaH+ 

and φM, we can obtain 

 (A15) 

(A16) 

(A17) 

(A18) 

Due to the equilibrium of hydronium ions and gas hydrogen, the electrode potential of Pd can 

be written as, 

 (A19) 

In which φSHE is standard hydrogen electrode (SHE), which is often used as a reference and 

generally defined it as 0 V for convenience. It should be noted that φM is contact potential, and 

the electron work function of Pd is not considered here. With Equation A19, we can obtain, 
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(A20a) 

(A20b) 

(A20c)  

(A21a) 

 (A21b) 

 (A21c) 

Substitute Equation A20c into Equation A16,  

 (A22) 

Substitute Equation A21c into Equation A17,  

 (A23) 
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The incentive of this dissertation is to figure out the intrinsic reasons behind the solvent 

effect on hydrodeoxygenation reaction on Pd/C, including benzaldehyde hydrogenation, 

cinnamaldehyde hydrogenation and benzyl alcohol hydrogenolysis, which all need H2 

activation on Pd for further reaction. The conversions were carried out under mild operating 

conditions, i.e., room temperature and ambient pressure in condensed phase. The apparent 

effects of solvents are present on the reaction rate, reaction orders as well as product selectivity. 

The reasons for these differences could be the change in the reaction mechanism, kinetic 

relevant step and energy barrier. 

Protic solvents can contribute to the reaction via directly participating in the elementary 

steps to change the reaction mechanism, such as proton coupled electron transfer (PCET) and 

H transfer shuttle. Generally, detection of kinetic isotope effect (KIE) of H2O verses D2O (or 

normal solvent verses deuterated solvent) is an effective way to distinguish whether solvents 

involved in the reaction. A large kinetic isotope effect suggests the involvement of solvents in 

elementary steps, otherwise, an insignificant KIE hints the solvent effect via solvation of 

reactants. In benzaldehyde hydrogenation (Chapter 2), the rate difference is minimum in H2O 

verses D2O for both H2 and D2, excluding the reaction pathway of PCET. In contrast, a stronger 

isotope effect for the solvent (1.3~1.4) than the gas (1.0~1.1) was observed in benzyl alcohol 

hydrogenolysis (Chapter 4), indicating that the solvent is involved in the kinetic relevant step. 

In addition, another method is to detect if D involved in the product yielded in deuterated 

solvent-H2, and if involved D is observed, reference samples of standard product in deuterated 

solvent will need to be analyzed to figure out whether the detected D is from the reaction process. 

In cinnamaldehyde hydrogenation (Chapter 3), the observation of D involvement in the product 

hydrocinnamaldehyde in C2H5OH-H2 suggests the presence of H transfer in the hydrogenation 

process. 

For substance with simple molecular structure, D labeling analysis of both reactant and 

products using mass spectra can help to distinguish H addition sequence. In benzaldehyde 

hydrogenation (Chapter 2), due to the asymmetry of the molecular, the H addition pathway 

could be the first H* is added to the O, forming a hydroxyl intermediate, before the second H* 

is being added to the C of the formyl group (hydroxyl pathway) or/and by adding H* first to 

the carbonyl carbon atom (carboxyl pathway). Because the 1st H addition is quasi-equilibrated, 

the formation rate of D-labeled benzaldehyde should be one order of magnitude larger than that 

benzyl alcohol if carboxyl pathway is dominated. With this method, we concluded that both 

reaction pathways coexist, while hydroxyl pathway is dominate. 
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Solvents may change the kinetic relevant step of reaction and the reaction orders reflect 

the relative abundance of sorbed species on catalyst surface. The determination of kinetic 

relevant step can be either by the reaction order with respect of H2 or by the comparison of 

energy barrier of all elementary steps. In benzaldehyde hydrogenation (Chapter 2), the rate ratio 

of the forward and reverse reaction of 1st H addition confirmed the conclusion.  Similarly, it 

was also concluded that the second H addition is slower in cinnamaldehyde hydrogenation 

(Chapter 3), for both C=C and C=O bond saturation due to the larger reaction order in H2 (> 

0.5). For benzyl alcohol hydrogenolysis (Chapter 4), the dehydration step is commonly 

accepted as a slow step which needs to overcome higher energy barrier compared to hydride 

addition step. The reaction orders in substrate and H2 can help to confirm the relative coverage 

of H related species or substrate related species.  

When the reaction mechanism and kinetic relevant steps are the same, then the solvent 

effect could be through solvation of adsorbed reactants as well as the transition state, which can 

change the binding energy and then the energy barrier. In benzaldehyde hydrogenation (Chapter 

2), we found adsorbed benzaldehyde with the partly hydrogenated intermediate was influenced 

nearly identical by solvents, while the differences in the stabilization of binding of H* to the 

catalyst surface determine the reaction rates. Weaker hydrogen binding to the metal is positive 

for the rate of hydrogenation. For benzyl alcohol hydrogenolysis, hydronium ion participates in 

the reaction, on one hand contributes the concentration of transition state. On the other hand, 

hydronium ion changes the electric potential on Pd, and the chemical potential of ground state 

and transition state, thus to change the energy barrier. 

Heterogeneous catalytic reactions in presence of solvent are more complex than that in 

gas phase. Solvents can compete for acitive sites and stabilize the sorbed species. Moreover, 

solvents can be directly involved in the elementary steps in some cases. The understanding of 

the above solvent effects enables us to manage the reactivity of hydrodeoxygenations and tuning 

reaction conditions for the targeted reaction. 
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