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Abstract

Microkinetic models based on parameters obtained from density functional theory and transition 

state theory have been developed for the hydrodeoxygenation (HDO) of propanoic acid, a model 

lignocellulosic biomass-derived organic acid, over the flat Pd(100) and Pd(111) surfaces in both 

vapor and liquid phase reaction conditions. The more open Pd(100) surface was found to be 3-7 

orders of magnitude more active than the Pd(111) surface in all reaction environments, indicating 

that the (111) surface is not catalytically active for the HDO of propanoic acid. Over Pd(100) and 

in vapor phase, liquid water, and liquid 1,4-dioxane, propanoic acid hydrodeoxygenation follows 

a decarbonylation (DCN) mechanism that is facilitated by initial α- and -carbon dehydrogenation 𝛽

steps, prior to the rate controlling C-OH and (partially rate controlling) C-CO bond dissociations. 

Only over Pd(111) and aqueous reaction environments is the decarboxylation (DCX) preferred 

over the DCN with the C-CO2 step being rate controlling. 

Keywords

Hydrodeoxygenation, Surface structure sensitivity, Microkinetic modeling, Propanoic acid, 

Biomass conversion, DFT, Solvent effect, Lateral interaction.
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1 1. Introduction

2 Biomass is a promising renewable resource that can strengthen the energy supply chain via 

3 efficient implementation in the global energy infrastructure. Catalytic conversion of biomass to 

4 biofuels is one potential route for its utilization.  First-generation biofuels such as bioethanol and 

5 biodiesel contain oxygenates that are often not compatible with the current transportation 

6 infrastructure due to corrosion issues and a lower energy density than conventional hydrocarbon 

7 fuels.1-5 Therefore, the production of oxygen-free hydrocarbons (second-generation biofuel, 

8 denoted as green diesel) from biomass feedstocks through catalytic hydrodeoxygenation (HDO) 

9 at moderate reaction conditions is one important research area awaiting breakthroughs.

10 The emergence of the food-versus-fuel debate has encouraged researchers to reduce edible 

11 biomass (such as corn or cane sugar) usage during biofuel production and develop new 

12 technologies to utilize non-edible biomass like lignocellulose, which is more abundant and can be 

13 grown faster and with lower costs.2,6 Over the years, various conventional alumina supported 

14 hydrotreating catalysts, i.e., sulfided NiMo/Al2O3 and CoMo/Al2O3, have been used for the 

15 conversion of vegetable and pyrolysis oils to liquid hydrocarbons.7,8  However, these traditional 

16 catalysts have difficulties with carbon oxides separation, high sulfur contents, and short lifespan, 

17 which interrupt their practical usage in large scale biofuel production.7,8 Thus, it is essential to 

18 develop suitable catalysts for the HDO of various bio-oils (a mixture of highly oxygenated 

19 compounds, including acids, alcohols, esters, aldehydes, ketones, and aromatics),9,10 obtained 

20 from, e.g., pyrolysis of lignocellulosic biomass.2 Here, in particular, the HDO of organic acids is 

21 a slow process that requires improvements.

22 Among the various noble metal catalysts, palladium (Pd) has attracted considerable interest for the 

23 HDO of long-chain organic acids like lauric acid, palmitic acid, and stearic acid.11-15 An early 
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24 effort began about four decades ago when Maier and co-workers (1982) reported Pd/SiO2 catalysts 

25 suitable for deoxygenation of carboxylic acids.16 Murzin et al. and Boda et al. performed thorough 

26 investigations for transforming long-chain fatty acids to alkanes over carbon-supported palladium 

27 (Pd/C) catalysts and studied the preferred HDO mechanism among decarbonylation (DCN), 

28 decarboxylation (DCX), and reductive deoxygenation (RDO).17,18  Overall, there is a desire to 

29 design more active and selective DCX or DCN catalysts in future biorefineries because RDO 

30 demands a larger supply of hydrogen from external fossil-fuel sources to remove oxygen in the 

31 form of water. This is, in particular, the case if alkanes, and not alcohols or aldehydes, are the 

32 target products. The DCN and DCX mechanisms require less hydrogen to remove oxygen in the 

33 form of CO2 and CO, where CO is often transformed to CO2 by the water-gas shift reaction. Lugo-

34 José et al. explored the selective HDO of propanoic acid (PAc) over supported group VIII noble 

35 metals experimentally and concluded that turnover frequencies (TOFs) for the PAc conversion are 

36 highest over Pd-based catalysts.19 Lugo-José et al. also evaluated the catalytic effect of the support, 

37 i.e., SiO2, TiO2, and carbon, for palladium catalysts and conferred that Pd/C is most selective (~90–

38 100%) towards non-oxygenated alkane production via decarbonylation and decarboxylation over 

39 the entire temperature range of 200–400°C and that the carbon support does not participate in the 

40 observed catalytic activity.19  In contrast, moderate to a strong interaction between the supports 

41 and the acid in SiO2 and TiO2 supported Pd catalysts led to the formation of oxygenated 

42 hydrocarbons (aldehyde, ketone) together with non-oxygenated hydrocarbons.19  Given these 

43 experimental observations, we conclude that any computational study of the HDO of PAc over Pd 

44 catalysts that only considers the metal phase and not the support can only mimic Pd/C catalysts, 

45 and for these catalysts, only the DCN and DCX mechanisms need to be considered. 
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46 Even when neglecting support effects, supported Pd nanoparticle catalysts display various active 

47 Pd sites that can display very different activities and selectivities.20-28 For very small nanoclusters, 

48 there can be strong particle size effects, and even for larger nanoparticles, the metal particle 

49 consists of surface atoms with different coordination (like steps, edges, kinks, and corners), leading 

50 to different electronic properties.29,30 Boudart et al. ranked catalytic reactions as either structurally–

51 sensitive or structurally–insensitive.31 For a structurally sensitive reaction, the chemisorption 

52 energy and binding mode change significantly across the different faces of a metal crystal.32,33 For 

53 Pd catalysts in general and for the deoxygenation of organic acids in particular, it has been argued 

54 that the fraction of (111) versus (100) versus (211) surface sites has a significant effect on a 

55 catalyst’s activity and selectivity.34-37  Assuming a cuboctahedral shape of catalyst particles with 

56 corners truncated as (100) planes and applying Van Hardeveld and Hartog statistics,38 Lugo- José 

57 et al. estimated the fraction of each surface site j (i.e., (100), (111) and corners/edges) in a series 

58 of catalysts with different particle size distribution and concluded that for the HDO of PAc very 

59 small Pd clusters and corner and edge sites of larger Pd particles are significantly less active than 

60 the (111) and (100) sites of Pd particles.39  This observation agrees with computational studies that 

61 also predict a low HDO activity over Pd(211).40,41 Due to model approximations and experimental 

62 uncertainties, Lugo- José et al. could unfortunately not conclusively determine if (111) or (100) 

63 sites are significantly more active. 

64 Based on these experimental observations, we have previously investigated the HDO of PAc over 

65 various closed-packed metal surfaces from first principles.1,42-47 Our objective had been 

66 understanding the reaction mechanism and reaction kinetics with the ultimate goal of designing 

67 new transition metal catalysts for the HDO of organic acids. Our model reactant has been 

68 propanoic acid (PAc) since both experimental vapor and liquid phase studies can be conducted for 
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69 PAc and because it possesses an α-carbon –CH2 group characteristic of long-chain organic acids, 

70 i.e., there is some hope that the results can be extrapolated to longer-chain hydrocarbons. A 

71 challenge of our calculations has consistently been that we predicted relatively low turnover 

72 frequencies (TOFs), which in principle could have its origin in model approximations such as the 

73 chosen lateral interaction model and approaches for modeling van-der-Waals interactions; 

74 however, it could also point to the (111) metal surface not being the active site in the experimental 

75 catalysts. Thus, one of the primary objectives of this article is to investigate the HDO of PAc over 

76 Pd(100) from first principles and determine whether the Pd(100) surface is more active than the 

77 Pd(111) surface and if experimental observations can be reproduced more reliably for this surface 

78 structure. Given that processing of vegetable and pyrolysis oils will likely have to occur in a 

79 condensed phase containing both significant amounts of water and/or less polar solvents, we also 

80 investigated the effects of liquid water and liquid 1,4-dioxane on the reaction rate and kinetic 

81 parameters. We note that experimentalists have already shown that solvents such as dodecane, 

82 mesitylene, and water not only increase the targeted product selectivity but also boost net rates of 

83 the HDO of organic acid and esters over supported metal catalysts.11,17,47-51 

84 To summarize, this paper presents a careful density functional theory (DFT) study of various 

85 elementary reactions involved in the DCN and DCX mechanisms of PAc over Pd(100) and 

86 contrasts these results to our prior data obtained for the HDO of PAc over Pd(111). Moreover, a 

87 comprehensive microkinetic model is developed for the HDO of PAc over Pd(100) in a vapor, 

88 liquid water, and liquid 1,4-dioxane reaction environment. We consider lateral interaction effects 

89 on both adsorption and surface reactions to predict the dominant reaction pathway, rate-limiting 

90 elementary steps, and reaction orders. Given that such an elaborate lateral interaction model has 

91 previously not been used in our Pd(111) study, we also developed such a model for the HDO of 
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92 PAc over Pd(111). Overall, the same approximations have been applied for both Pd surface 

93 structures to maximize error cancellation. 

94 2. Methods

95 2.1 Computational Models

96 Periodic plane-wave based DFT calculations have been performed with the Vienna Ab Initio 

97 Simulation Package (VASP)52,53 to solve the Kohn-Sham equations under periodic boundary 

98 conditions and attain adsorption and transition state energies and vibrational properties of all 

99 chemical species of relevance for this investigation. The electron-ion interaction is modeled using 

100 the projector-augmented wave method (PAW).54 The nonlocal generalized gradient Perdew and 

101 Wang 91 (PW91) functional is used to describe exchange and correlation, and a k-point mesh of 4 

102 × 4 × 1 is used for Brillouin-zone integration according to the Monkhorst-Pack scheme with a 

103 Methfessel-Paxton smearing of 0.2 eV.55-58 An energy cutoff for plane waves of 400 eV and a self-

104 consistent field (SCF) energy convergence criterion of 1×10-7 eV have been used throughout this 

105 study. All calculations are non-spin-polarized. The optimized lattice constant of fcc-Pd bulk (3.952 

106 Å) is consistent with the experimental value of 3.891 Å. To avoid interactions between the slab 

107 and its periodic image, palladium layers in both structures are separated by a vacuum layer of 15 

108 Å. Each Pd layer has 12 Pd atoms with 3×2  periodicity. The bottom two Pd layers are fixed to 3

109 their bulk positions, while the top two layers are allowed to relax in all directions during 

110 optimization and transition state search calculations. For each elementary reaction step, transition 

111 state was determined climbing image nudged elastic band (CI-NEB) method followed by dimer 

112 method.59-62 Lastly, all metal atoms are fixed in their optimized position during vibrational 

113 frequency calculations. To minimize the errors associated with the harmonic approximation for 
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114 small frequencies, frequencies below 100 cm-1 are shifted to 100 cm-1 during partition function 

115 calculations.44 

116 The approximate effect of solvents on reaction mechanisms at metal-liquid interfaces is studied 

117 using the implicit solvation model for solid surfaces (iSMS) method.63 The main feature of this 

118 method is that it includes long-range metal interactions via periodic-slab calculations within the 

119 context of DFT calculations in the absence of a solvent and it considers the effect of the liquid as 

120 a localized perturbation that can be explained by cluster models embedded in an implicit 

121 continuum solvent. The free energy of an adsorbed intermediate on a periodic metal slab at the 

122 solid-liquid interface, , is defined using a subtraction scheme:Gliquid
surface + intermediate

123    (1)Gliquid
surface + intermediate = Gvacuum

surface + intermediate + (Gliquid
cluster + intermediate ―  Evacuum

cluster + intermediate)

124 where  is the plane wave DFT energy of the periodic slab model, including Gvacuum
surface + intermediate

125 vibrational contributions to the free energy in the absence of a solvent,  is the Gliquid
cluster + intermediate

126 free energy of a metal cluster in the liquid constructed by removing selected metal atoms from the 

127 periodic-slab model and removing the periodic boundary conditions, and  is the Evacuum
cluster + intermediate

128 DFT energy of the same cluster in the absence of the solvent. Cluster model DFT calculations were 

129 carried out using TURBOMOLE 7.2.1.64-66  For solvation effect calculations, the lowest energy 

130 spin state has been identified by single point energy calculations on various spin surfaces for each 

131 two-layered cluster model (Figure S5) using the RI-J approximation with auxiliary basis sets and 

132 a self-consistent field energy convergence criterion of 1×10-7 Ha.67-69 COSMO and COSMO-

133 RS70,71 implicit solvation models are used concurrently to calculate  using the Gliquid
cluster + intermediate

134 COSMOtherm program on the same spin surface as for the vacuum cluster calculation.72 The 

135 COSMOtherm database provides thermodynamic properties of the solvents based on quantum 
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136 chemical COSMO calculations at the BP-TZVP level of theory.64,73-76 COSMO-RS iSMS is a 

137 temperature-dependent solvent model that takes the effect of temperature on solvation into 

138 account.70,71 Thus, COSMO-RS calculations were conducted at this level of theory for all 

139 structures at the relevant temperatures.  Since the solvent parameters for the Pd metal atoms were 

140 uncertain, the solvent calculations were repeated with a cavity radius of  ±10% of the default Pd 

141 cavity. We can then examine the sensitivity of our liquid phase results to the most relevant Pd 

142 solvent parameter in this way.

143 2.2 Microkinetic Modeling

144 The free energy of reaction (  and free energy of activation (  of each elementary ΔGRxnk) ∆GTSk)

145 reaction step k were calculated according to the following equations –

146 =  ×                                                                                                                                      (2)∆GRxnk
∑

ivik Gads,ik

147 =  - Σ                                                                                                                                   (3)∆GTSk GTSk GR
ads, k

148 where   and  are the stoichiometric coefficients and adsorption energy of intermediates i vik Gads,ik

149 in reaction step k and  and  are the transition state energies and the sum of the adsorption GTSk ΣGR
ads, k

150 energies of reactants (R) in reaction step k, respectively. Adsorption free energies, Gads, of all 

151 intermediates were calculated using the following equation – 

152 Gads = Gsurface+intermediate – Gsurface – (NC × EC + NH × EH + NO × EO)                                              (4)

153 where Gsurface+intermediate is the free energy of the intermediate on the surface, Gsurface is the free 

154 energy of the clean surface slab, and EC, EH, and EO are calculated from the total energies of CH4, 

155 H2O, and H2 ( , , and ), respectively, using the following equations – ECH4 EH2O EH2
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EC =  – 2 ×       --(5)     ECH4 EH2 EH = ×         --(6)1
2 EH2

EO =  –    --(7)            EH2O EH2

156 For surface reactions, the forward rate constant (kfor) has been calculated as 

157                                             (8) kfor =
kBT

h e
―

∆GTS
kBT

158 where  is the Boltzmann constant, T is the reaction temperature in Kelvin, h is the Planck kB

159 constant, and  is the free energy of activation for the forward reaction at a specific ΔGTS

160 temperature. The reverse rate constant (krev) has been calculated similarly such that the 

161 thermodynamic equilibrium constant K is given as

162          K                                                           (9)=
kfor

krev

163 The forward rate constant of an adsorption reaction, A(g) + * ⇌ A*, is calculated by collision 

164 theory with an approximate sticking probability of 1 independent of reaction 

165 environment/solvent.77

166                                                                                          (10)kfor =
1

N0 2πmakBT

167 where N0 is the number of sites per area, which is 1.48×1019m-2 for Pd(111) and 1.28×1019m-2 for 

168 Pd(100). ma denotes the molecular weight of A. Desorption rate constants are calculated from the 

169 adsorption equilibrium constant and the adsorption rate constant using equation 9. The free energy 

170 of reaction and free energy of activation in the presence of solvent was calculated as 

171 =  + –                                                                                                      (11)∆Gsolv
TSk ∆GGas

TSk Gsolv
TSk Gsolv

ISk

172 =  + –                                                                                                   (12)∆Gsolv
Rxnk ∆GGas

Rxnk Gsolv
FSk Gsolv

ISk
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173 where ,  and  are the solvation free energies of the initial, final, and transition states Gsolv
ISk Gsolv

FSk Gsolv
TSk

174 of reaction step k, respectively, which were obtained from the gas-phase cluster and COSMO-RS 

175 calculations. The free energy of adsorption for an adsorption reaction in solvent (  is ∆Gsolv
ads )

176 calculated as 

177                                                                               (13)∆Gsolv
ads = ∆GGas

ads + Gsolv
adsorbate ― Gsolv

Pd

178 where  is the free energy of adsorption under gas-phase conditions, and  and  ∆GGas
ads Gsolv

adsorbate Gsolv
Pd

179 are, as before, the solvation free energies of the adsorbed molecule and the Pd surface immersed 

180 in the solvent, respectively. With defined forward and reverse rate constants, a full set of 

181 differential species equations for the normalized surfaces coverages of all reaction intermediates 

182 (normalized by surface metal atoms) have been solved until steady-state using MATLAB’s ODE 

183 solver (ode15s).  Thus, for a given reaction environment, temperature, fluid-phase fugacities, the 

184 surface coverage, rate of each intermediate reaction step, and turnover frequency are determined. 

185 2.3. Lateral interaction effects

186 Adsorbate-adsorbate interactions can substantially influence the adsorption energy of surface 

187 intermediates and the stability of transition states.38,39,47-49 Without considering lateral interactions 

188 in our mean-field microkinetic models, we observed that both the Pd(100) and Pd(111) surfaces 

189 were covered with CO and H (  > 98%), leading to very few free sites and small turnover θCO + θH

190 frequencies. Hence, we considered the lateral interaction between all surface intermediates and the 

191 most abundant surface species (CO and H in this study) in our model to compute approximate 

192 differential adsorption energies. Previously, we used Grabow’s model,78 which is easy to 

193 implement and appropriate if lateral interactions only need to be considered for a few surface 

194 intermediates. Unfortunately, it is not practical when lateral interaction effects need to be 
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195 considered for both surface species and transition states. Thus, we used a linear lateral interaction 

196 model that considers the interactions of all high surface coverage species on all surface 

197 intermediates and transition states. 

198  ( ) =  ( ) +       (14)                        Gads,i θj Gads,i 0 ai,j × θj

199  ( ) =  ( ) +              (15)Gads,i θ1,…,θn Gads,i 0 ∑n
j ≠ iai,j × θj

200 ( ) = ( ) + 0.5( (0) - ( ))      (16)Gak θ1,…,θn Gak 0 GRxnk GRxnk θ1,…,θn

201 where (0) and ( )  are adsorption free energies of species i at zero surface coverage and Gads,i Gads,i θj

202 high surface coverage ( ) of the most abundant species j (CO and H), respectively.  is the lateral θj ai,j

203 interaction coefficient of species j concerning adsorbed intermediate species i, which is assumed 

204 to be constant throughout this research. ( ) and (0) are the activation barriers of Gak θ1,…,θn Gak

205 reaction step k at high and zero surface coverage of all other surface species j, respectively. The 

206 free energy of reaction of step k ( ) in the presence and absence of the most abundant species GRxnk

207 j can also be written as (θ1,…,θn) = (θ1,…,θn) and (0) = ), GRxnk
∑

ivik × Gads,i GRxnk
∑

ivik × Gads,i (0

208 where  is the stoichiometric coefficient of species i involved in reaction step k. We note that vik

209 other functional forms for our lateral interaction model are possible; however, more complex forms 

210 require more DFT calculations; and all functional forms will produce similar results as long as the 

211 prediction coverage of the microkinetic model is similar to the coverage at which the lateral 

212 interaction model is parameterized. Fortunately, we choose to perform the lateral interaction 

213 calculations at 25% coverage which is for the strongest interacting surface species, CO, close to 

214 the actual coverage of ~20%. Therefore, our lateral interaction model should be reliable regardless 

215 of functional form. 
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216 3. Results and Discussion

217 Our investigated reaction network is identical with our previous studies from our research group 

218 for the HDO of propanoic acid over metal catalysts and consists of forty-one elementary 

219 reactions.11-13 Figure 1 illustrates all elementary reaction steps and intermediates involved in the 

220 DCN and DCX of propanoic acid to produce C2 hydrocarbons over different surface structures of 

221 Pd. As noted in the introduction, C-C cracking reactions and C3 products are not considered since 

222 they are not observed experimentally for Pd/C catalysts. Reaction free energies (ΔGRxn) and 

223 activation free energy barriers (ΔGTS) at a temperature of 473 K are shown in Table 1. Solvation 

224 effects of water and 1,4-dioxane to reaction energies (ΔΔGRxn) and activation barriers (ΔΔGTS) are 

225 also presented in the same table.

226 In the following, we will first discuss the differences in microkinetic modeling results between the 

227 HDO of propanoic acid over Pd(100) and Pd(111) in a vapor phase reaction environment. Then, 

228 we present results in liquid water and liquid 1,4-dioxane reaction environments at otherwise 

229 identical reaction conditions. Finally, we will extend our discussions to the dominant pathways, 

230 the sensitivity of the adsorbed intermediates, rate-controlling steps, reaction orders, and apparent 

231 activation energies.

232 3.1 Microkinetic Modeling – Gas Phase

233 A microkinetic model is developed that contains all elementary reactions shown in Figure 1 at an 

234 experimental reaction temperature of 473 K. We used a one-site model that permits competition 

235 of every species with each other for space on the surface. Also, we considered that some surface 

236 species occupy more than one metal site. MATLAB code of our microkinetic models is shown in 

237 the Supporting Information. Next, we assumed differential conversion and partial pressures of 

238 propanoic acid, H2O and CO2 of 1 bar; although, the partial pressures of H2O and CO2 do not affect 
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239 our results.  For H2, we used a typical partial pressure range of 0.01 – 10 bar. Most simulations are 

240 performed at 0.01 bar; however, we note that due to the PW91 predicted overbinding of hydrogen, 

241 this corresponds likely to a somewhat larger (although not precisely known) experimental 

242 hydrogen pressure. As we did not include the water-gas shift (CO + H2O  CO2 + H2) reaction in 

243 our models that converts the CO produced by DCN and since very small amounts of CO can 

244 significantly affect the HDO rate, we used a constant CO partial pressure of 1×10-5 bar except 

245 when otherwise noted. All other gas-phase product (ethane, ethene, and acetylene) partial pressures 

246 were set to zero. Without considering lateral interactions, we observed in all simulations a CO and 

247 H covered surface, and thus, we considered their lateral interactions with all other surface 

248 intermediates and transition states on both Pd(100) and Pd(111). Table S2 in the Supporting 

249 Information (SI) lists all lateral interaction parameters (  and ) for Pd(100) and Pd(111). In aCO aH

250 the following, we define the turnover frequency (TOF) as the consumption rate of propanoic acid 

251 per surface Pd atom. Finally, we note that a palladium hydride (PdH) or a subsurface hydride phase 

252 can form in the presence of high-pressure hydrogen. However, at a low hydrogen partial pressure 

253 of 0.01 bar and a reaction temperature of 473 K, bulk PdH is not thermodynamically stable, so 

254 throughout this study, we did not consider the formation of a bulk or a subsurface PdH phase.79

255 Pd(100): The overall gas phase TOF for the HDO of PAc over Pd(100) was calculated to be 

256 2.45×10-2 s-1 at 473 K, which is slightly larger than the experimentally observed TOF for the same 

257 reaction over a Pd/C catalyst19 which was found to be 1.67×10-4 s-1 (0.01 min-1). We note that the 

258 experimental rate is normalized to the total number of Pd surface atoms, while our rate is 

259 normalized to the number of Pd(100) surface atoms. Before further discussing the TOF and other 

260 kinetic data, we briefly discuss the reaction network for the HDO of PAc.  
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261 The DCN mechanism for the HDO of propanoic acid can occur through three major reaction 

262 pathways such as (a) the direct DCN without any dehydrogenation (CH3CH2COOH  

263 CH3CH2CO  CH3CH2  CH3CH3), (b) complete -carbon dehydrogenation before DCN 𝛼

264 (CH3CH2COOH  CH3CHCOOH   CH3CCOOH  CH3CCO  CH3C  CH3CH  CH3CH2 

265  CH3CH3), and (c) - and -carbon dehydrogenation ahead of the DCN (CH3CH2COOH  𝛼 𝛽

266 CH3CHCOOH   CH2CHCOOH  CHCHCOOH  CHCHCO  CHCH  CH2C  CH3C 

267  CH3CH  CH3CH2  CH3CH3). At 473 K, the activation free energy for the direct 

268 dehydroxylation of propanoic acid (Step 1: CH3CH2COOH* + 2*  CH3CH2CO** + OH*, ΔGTS = 

269 0.82 eV) is 0.32 eV higher than the free energy barrier for the -carbon dehydrogenation (Step 2: 𝛼

270 CH3CH2COOH* + 2*   CH3CHCOOH** + H*, ΔGTS = 0.50 eV). Subsequent -carbon 𝛼

271 dehydrogenation of CH3CHCOOH** (Step 7: CH3CHCOOH** + *  CH3CCOOH** + H*,  ΔGTS 

272 = 0.73 eV) is not favored because it requires overcoming a higher activation free energy barrier 

273 than the preferred -carbon dehydrogenation of CH3CHCOOH**  (Step 6: CH3CHCOOH** + 2*  𝛽

274 CH2CHCOOH*** + H*, ΔGTS = 0.42 eV). Then adsorbed vinyl-1-ol-1-olate (CH2CHCOOH) 

275 preferentially undergoes dehydroxylation (Step 11: CH2CHCOOH*** + *  CH2CHCO*** + OH*, 

276 ΔGTS = 1.11 eV),  -carbon dehydrogenation (Step 16: CH2CHCO***  CHCHCO** + H*, ΔGTS 𝛽

277 = 0.51 eV) and decarbonylation (Step 18: CHCHCO** + *  CHCH** + CO*, ΔGTS = 0.90 eV) 

278 toward products. The microkinetic model (including lateral interactions) suggests the same 

279 dominant reaction pathway for the DCN of PAc over Pd(100) as a “thermodynamic study” would 

280 predict based on zero-coverage free energy, ΔG, calculations at 473 K (see Figure 1). 

281 DCX pathways can also remove oxygen atoms in the form of CO2. Four potentially relevant 

282 reaction pathways have been identified in DCX reaction mechanism: α- and -carbon 𝛽

283 dehydrogenation before decarboxylation (DCX1: CH3CH2COOH  CH3CHCOOH  
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284 CH2CHCOOH  CH2CH  products), O-H bond cleavage followed by partial or full α-carbon 

285 dehydrogenation and decarboxylation (DCX2: CH3CH2COOH CH3CH2COO  CH3CHCOO 

286  CH3CCOO  CH3C  products), complete α-carbon dehydrogenation followed by C-C 

287 cleavage (DCX3: CH3CH2COOH  CH3CHCOOH  CH3CCOOH CH3C  products) and 

288 O-H bond dissociation followed by decarboxylation (DCX4: CH3CH2COOH CH3CH2COO  

289 CH3CH2  products). Among the different DCX pathways, DCX1 and DCX3 differ from others 

290 (DCX2 and DCX4) by their initial α-carbon dehydrogenation and C-C bond cleavage liberating a 

291 carboxylic group (COOH). Other pathways (DCX2 and DCX4) start with production of 

292 propanoate (CH3CH2COO) by O-H cleavage, and decarboxylation proceeds with C-CO2 bond 

293 dissociation.  C-C bond cleavage of the DCX1 route (2.56×10-5 s-1) is preferred over the direct 

294 decarboxylation DCX4 route (2.29×10-6 s-1) with an approximately one order of magnitude higher 

295 TOF. However, C-C bond cleavage from vinyl-1-ol-1-olate (CH2CHCOOH) (Step 37: 

296 CH2CHCOOH*** + 2*   CH2CH*** + COOH**, ΔGTS = 1.37 eV) involves overcoming a 0.26 eV 

297 higher activation barrier relative to the rate-limiting C-OH bond dissociation (Step 11: 

298 CH2CHCOOH*** + *  CH2CHCO*** + OH*, ΔGTS = 1.11 eV) in the DCN. Thus, the turnover 

299 frequency of the DCX pathways is ~3 orders of magnitude lower (2.79×10-5 s-1) at 473 K than the 

300 summation of the TOFs of the DCN pathways and the DCN selectivity is nearly 100% over 

301 Pd(100) and vapor phase reaction conditions. 

302 Table 2 illustrates that at 473 K, the PAc conversion rate decreases by ~2 to 3 orders of magnitude 

303 when increasing the CO (1×10-5 – 1×10-1 bar) and H2 (0.01 – 10 bar) partial pressure in the vapor 

304 phase, primarily due to repulsive lateral interaction effects of adsorbed CO and H and site blockage 

305 of these species. Increasing the reaction temperature from 473 K to 523 K, increases the gas phase 

306 PAc conversion rate by a factor 3-5 times. Rate constants increase with temperature, and the CO 

Page 16 of 48Catalysis Science & Technology



17

307 and H coverage decreases (see Table 3). Interestingly, the free site coverage is not increasing with 

308 temperature due to accumulation of acetylene on the surface. Given that we did not consider lateral 

309 interaction of adsorbed acetylene with other surface species and transition state, the predicted 

310 acetylene coverage is likely an overestimation. 

311 Pd(111): The overall gas-phase turnover frequency of PAc on Pd(111) is calculated to be 2.57×10-

312 9 s-1, which is approximately seven orders of magnitude lower than the TOF over Pd(100).  CO  

313 adsorbs slightly stronger on Pd(111) relative to Pd(100) 

314  and H2 is much stronger adsorbed (Step 47:ΔGPd(111)
CO(Ads) =  ― 0.46 eV  vs  ΔGPd(100)

CO(Ads) =  ― 0.42 eV)

315 on Pd(111) relative to Pd(100) . (Step 48: ΔGPd(111)
H2(Ads) =  ― 0.25 eV  vs  ΔGPd(100)

H2(Ads) =  ― 0.04 eV)

316 Thus, the free site coverage (  is smaller over Pd(111) than over Pd(100) (   being 

317 one (minor) reason why the overall rate of reaction is lower over Pd(111) than over Pd(100) at 473 

318 K (see Table 2). 

319 Propanoic acid dehydroxylation followed by full -carbon dehydrogenation and decarbonylation 𝛼

320 (CH3CH2COOH  CH3CH2CO  CH3CHCO  CH3CCO  CH3C  CH3CH3) is the 

321 thermodynamically dominant reaction path at 473 K (Table 1) with four consecutive bond 

322 dissociations, e.g. C-OH  (Step 1: CH3CH2COOH* + 3*  CH3CH2CO*** + OH*; ΔGTS
 = 1.18 eV), 

323 C-H  (Step 4: CH3CH2CO***  CH3CHCO** + H*; ΔGTS
 = 0.91 eV), C-H (Step 9: CH3CHCO** + 

324 2*  CH3CCO*** + H*, ΔGTS
 = 0.94 eV) and C-CO (Step 14: CH3CCO***  CH3C* + CO* + *, 

325 ΔGTS
 = 0.34 eV), and a TOF of 1.84×10-9 s-1 (Figure 1). Among the other competitive DCN 

326 pathways, the CH3CH2COOH  CH3CHCOOH   CH2CHCOOH  CH2CHCO  CHCHCO 

327  CHCH  CH3CH3 route requires overcoming high activation free energies to dissociate the 

328 rate determining carbon-hydroxyl bond (Step 11:  CH2CHCOOH*** + *  CH2CHCO*** + OH*, 

329 ΔGTS
 = 1.43 eV) and carbon-carbon (Step 18: CHCHCO****   CHCH*** + CO*, ΔGTS

 = 0.66 eV) 
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330 bond. This route displays a three orders of magnitude lower TOF of 2.05×10-12 s-1 in the vapor 

331 phase. DCX starting with hydrogen cleavage from the O-H group (Step 28: CH3CH2COOH* + 2* 

332  CH3CH2COO** + H*; ΔGTS
 = 0.47 eV) and then direct decarboxylation (Step 29: 

333 CH3CH2COO**  CH3CH2
* + CO2

*; ΔGTS
 = 1.41 eV) also seems competitive to the above 

334 mentioned dominant DCN pathway. Although the DCX of propanoic acid over Pd(111) 

335  is 2.6 times slower than the DCN (∑TOFDCX = 7.23 × 10 ―10 s ―1)

336  and the predicted DCX selectivity is accordingly somewhat lower (∑TOFDCN = 1.84 × 10 ―9s ―1)

337 than the DCN selectivity (SDCX:SDCN = 28:72) during gas-phase HDO; the rate difference is hardly 

338 large enough to make conclusive statements given all model uncertainties.

339 Table 2 illustrates the effect of varying CO and H2 partial pressures on the TOFs and surface 

340 coverages in the gas phase. Increasing the hydrogen partial pressure from 0.01 bar to 10 bar reduces 

341 the TOF for the HDO of PAc over Pd(111) by ~5-6 orders of magnitude due to a lower free site 

342 coverage and repulsive lateral interaction effects of the adsorbed H. Under these conditions, the 

343 direct decarboxylation (CH3CH2COOH CH3CH2COO  CH3CH2  products) is becoming 

344 the dominant deoxygenation pathway. In contrast, increasing the CO partial pressure from 1×10-5 

345 to 1×10-1 bar increases (at high H2 pressure) the TOF by ~2 to 4 orders of magnitude (Table 2) due 

346 to repulsive interactions of adsorbed CO with various species, which prohibits excessive 

347 adsorption of H atoms on the Pd(111) surface. We further discuss this point later when we compute 

348 gas-phase reaction orders and perform a sensitivity analysis. At lower H2 pressure and elevated 

349 CO partial pressure (PCO 0.1 bar), CO blocks the surface and inhibits the HDO rate.  ≥  

350 Finally, increasing the temperature from 473 K to 523 K leads to an increase in TOF by 1 to 2 

351 orders of magnitude (Table 3). At higher temperatures, the direct decarboxylation (CH3CH2COOH 

352  CH3CH2COO  CH3CH2  products) is predicted to become the dominant mechanism over 
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353 Pd(111) (SDCX = 0.56  at 523K vs. SDCX = 0.28  at 473K). However, at all reaction temperatures 

354 and partial pressures, we predict that the Pd(100) surface is at least four orders of magnitude more 

355 active than the Pd(111) surface under vapor phase reaction conditions. Also, over Pd(100) the 

356 DCN selectivity always remains close to 1, and the preferred reaction pathway always remains: 

357 CH3CH2COOH  CH3CHCOOH   CH2CHCOOH   CH2CHCO  CHCHCO  CHCH  

358 products.

359 3.2 Microkinetic Modeling – Liquid Phase

360 Solvent effects are approximated by modeling reactions at solid-liquid interfaces with the iSMS 

361 method. For reactions in aqueous phase environments, the water fugacity is increased from 1 bar 

362 to 14.17 bar which corresponds to the equilibrium water partial pressure of a dilute solution at 473 

363 K ( , where and  are mole fraction of water 𝑥𝑤𝑎𝑡𝑒𝑟𝑓𝐿
𝑤𝑎𝑡𝑒𝑟 = 𝑦𝑤𝑎𝑡𝑒𝑟𝑃𝑡𝑜𝑡𝑎𝑙 =  𝑝𝑤𝑎𝑡𝑒𝑟 𝑥𝑤𝑎𝑡𝑒𝑟 𝑦𝑤𝑎𝑡𝑒𝑟

364 respectively in liquid mixture and vapor;  is fugacity of pure water at reaction temperature; 𝑓𝐿
𝑤𝑎𝑡𝑒𝑟

365  and  are system total pressure and water partial pressure, respectively). For reactions 𝑃𝑡𝑜𝑡𝑎𝑙 𝑝𝑤𝑎𝑡𝑒𝑟

366 in liquid 1,4-dioxane the solvent fugacity is 4.45 bar. Table 1 depicts the solvation effect of water, 

367 protic solvent, and 1,4-dioxane, an aprotic solvent, on the free energy of reaction 

368  and activation  of all elementary steps. (ΔΔGsolv
Rxn = ΔGsolv

Rxn ― ΔGGas
Rxn) (ΔΔGsolv

TS = ΔGsolv
TS ― ΔGGas

TS )

369 Solvents can stabilize or destabilize the adsorption of intermediates and modify metal-adsorbate 

370 interactions. For example, liquid water stabilizes the propanoic acid adsorption by 0.29 eV on 

371 Pd(100) surface and by 0.20 eV on Pd(111) surface (Table 1). In the following sections, we 

372 described the effects of the solvent on the results of our microkinetic model for Pd(100) and 

373 Pd(111).

374 3.2.1 Liquid water
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375 Pd(100): In presence of liquid water, the rate of the HDO of PAc over the Pd(100) surface becomes 

376 one order of magnitude lower (TOFwater=1.35×10-3 s-1) than predicted for the gas phase study 

377 (TOFgas= 2.45×10-2 s-1)  (Figure 2). Water increases the adsorption strength of CO and H by 0.25 

378 eV and 0.32 eV, respectively, at 473 K (Table 1). Thus, CO and H are the most abundant surface 

379 intermediates (CO= 0.32 and H= 0.17) and the free site (water covered) coverage decreases to 

380 0.38 (Table 5).  For the DCN mechanism in water, the -carbon dehydrogenation of PAc (Step 2: 𝛼

381 CH3CH2COOH* + 2*   CH3CHCOOH** + H*, Δ  = 0.50 eV, ΔΔ = -0.03) followed by Ggas
TS Gwater

TS

382 the -carbon dehydrogenation of ethylidene-1-ol-1-olate (CH3CHCOOH) (Step 6: 𝛽

383 CH3CHCOOH** + 2*  CH2CHCOOH*** + H*, Δ  = 0.42 eV, ΔΔ  -0.05 eV) are both Ggas
TS Gwater

TS =

384 slightly facilitated in liquid water relative to the gas phase. In contrast, C-OH bond cleavage from 

385 vinyl-1-ol-1-olate (Step 11: CH2CHCOOH*** + *  CH2CHCO*** + OH*, Δ  = 1.11 eV,  Ggas
TS ∆∆

386 = +0.03 eV), which is rate determining, and C-CO bond dissociation (Step 18: CHCHCO** Gwater
TS

387 + *  CHCH** + CO*, Δ  = 0.90 eV,  = +0.02 eV) are slightly inhibited in liquid water Ggas
TS ∆∆Gwater

TS

388 (Table 1) such that the turnover frequency is slightly lower (  vs ∑TOFwater = 9.97 × 10 ―4 s ―1

389 ). Similar to the gas phase, the HDO of PAc over Pd(100) proceeds ∑TOFgas = 2.41 × 10 ―2 s ―1

390 in water by - and -carbon dehydrogenation followed by dehydroxylation and decarbonylation 𝛼 𝛽

391 (CH3CH2COOH  CH3CHCOOH   CH2CHCOOH   CH2CHCO  CHCHCO  CHCH 

392  products). Other DCN pathways such as (a) the direct DCN without dehydrogenation 

393 (CH3CH2COOH  CH3CH2CO  CH3CH2  products, = 1.94×10-5 s-1), (b) the ∑TOFwater

394 complete -carbon dehydrogenation and dehydroxylation before DCN (CH3CH2COOH  𝛼

395 CH3CHCOOH CH3CHCO  CH3CCOCH3C  products, = 2.23×10-4 s-1) are   ∑TOFwater

396 not favored under these reaction condition (Figure 2). Among the DCX pathways, O-H bond 

397 dissociation followed by direct decarboxylation (CH3CH2COOH  CH3CH2COO  CH3CH2 
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398  products, )  is kinetically favorable.  Figure 2 and Table 4 ∑TOFwater = 3.98 × 10 ―5 s ―1

399 illustrate that the DCN mechanism remains dominant in liquid water and the selectivity towards 

400 decarboxylation increases only minimally ( 1.35×10-3 s-1,   vs  ∑TOFDCN
water = Swater

DCN = 0.97

401 4.13×10-5 s-1, ). Even a variation in default palladium COSMO cavity ∑TOFDCX
water =  Swater

DCX = 0.03

402 radius by ±10% does not change the dominant mechanism for the HDO of PAc over Pd(100) and 

403 the TOF and selectivity change only minimally (Figure S1 and S2). Furthermore, Table 5 and 6 

404 demonstrate that increasing the partial pressure of CO and H2 or increases the temperature leads 

405 over Pd(100) in liquid water qualitatively to the same rate inhibition/increases as predicted for the 

406 vapor phase. 

407 Pd(111): Liquid water increases the TOF of the HDO of PAc over Pd(111) by one order of 

408 magnitude (Figure 2) relative to the gas phase (TOFwater = 1.30×10-8 s-1  vs  TOFgas = 2.57×10-9 s-

409 1). Water strongly stabilizes adsorbed CO (ΔΔ ) such that it covers nearly 70% Gwater
CO(Ads) =  ― 0.24

410 of the surface sites at 473 K ( , reducing the hydrogen coverage over θwater
CO = 0.70 vs θgas

CO = 0.21)

411 Pd(111) (  (Table 3 and 5). Also, the dominant pathway changes over θwater
H = 0.01 vs θgas

H = 0.55)

412 Pd(111) in presence of water in that the direct decarboxylation becomes the dominant mechanism 

413 (CH3CH2COOH CH3CH2COO  CH3CH2  products) instead of the decarbonylation with 

414 C-H bond activation that is preferred in the gas phase: PAc  dehydroxylation  full -carbon 𝛼

415 dehydrogenation  decarbonylation  C2 products. Liquid water facilitates the O-H bond 

416 activation (Step 28: CH3CH2COOH* + 2*  CH3CH2COO** + H*; Δ  = 0.47 eV,  = -Ggas
TS ∆∆Gwater

TS

417 0.02 eV) and C-CO2 bond dissociation (Step 29: CH3CH2COO**  CH3CH2
* + CO2

*; Δ  = Ggas
TS

418 1.41 eV,  = -0.05 eV) (see Table 1) and thus, the turnover frequency is increased (∆∆Gwater
TS

419 = 1.28×10-8 s-1 vs = 7.23×10-10 s-1) and the selectivity dramatically changes to ∑TOFwater ∑TOFgas

420 decarboxylation ( ) (Table 4). Swater
DCX  = 0.99  vs  Sgas

DCX =  0.03
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421 We note that liquid water also reduces the selectivity to decarbonylation over Pd(111); however, 

422 the selectivity difference is large enough on the (100) facet that the effect is less pronounced (

423  = 99  vs ) (see Table 4). Figure S1 and S2 in the Swater
DCX (111)/Swater

DCN (111) Swater
DCX (100)/Swater

DCN (100) =  3 97

424 supporting information illustrates the complete reaction network, dominant pathway, rates and 

425 TOFs when changing the default palladium COSMO cavity radius by ±10% in lqiud water. Finally, 

426 Table 5  illustrate that increasing the CO and H2 partial pressure decreases the TOF by 3 – 5 orders 

427 of magnitude in liquid water similar to the vapor phase simulations. Also, temperature increases 

428 lead to similar (although slightly larger) (factor 100) rate increases in liquid water (Table 6) as 

429 observed in the vapor phase. The relative increase in rate in water can be understood by the higher 

430 CO coverage in water and a higher temperature facilitating CO desorption.  Finally, regardless of 

431 temperature, pressure, and changes in the default palladium COSMO cavity radius, the direct 

432 decarboxylation route is preferred in water, and the gas-phase-favored decarbonylation pathway is 

433 no longer dominant.

434 3.2.2 Liquid 1,4-dioxane

435 Pd(100): Overall TOF on Pd(100) in presence of aprotic solvent 1,4-dioxane is 7.15×10-4 s-1 

436 (Figure 3), which is approximately one order of magnitude lower than gas phase and only by a 

437 factor of 2 lower than liquid water. However, the dominant mechanism of the HDO of propanoic 

438 acid over Pd(100) remains similar in 1,4-dioxane (Figure 3) to the gas and liquid water phase:  𝛼

439 and -carbon dehydrogenation  dehydroxylation  decarbonylation  products 𝛽

440 (CH3CH2COOH CH3CHCOOH CH2CHCOOH   CH2CHCO  CHCHCO  CHCH  

441 products) and the DCN selectivity remains high ( ) (see Table 4). As before, S1,4 ― dioxane
DCN = 0.99

442 increasing the CO (PCO= 10-5 – 10-1 bar) and H2 (  bar) partial pressures in 1,4-PH2 =  0.01 ― 10

443 dioxane (Table 7) decreased the rate; and increasing the temperature increases the rate without a 
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444 significant change in selectivity relative to our simulations for the Pd(100) surface in gas and liquid 

445 water reaction environments (Table 6). Finally, we found that the above mentioned dominant 

446 pathways and selectivity trends (SDCN > SDCX) remain identical when changing the default 

447 palladium COSMO cavity radius by ±10% for the simulations in 1,4-dioxane (see Figure S3 and 

448 S4).

449 Pd(111): In 1,4-dioxane, the HDO rate of PAc (TOF = 1.44×10-7 s-1) is approximately one order 

450 of magnitude higher than in water and two orders of magnitude higher than in the vapor phase. In 

451 contrast to the simulations in liquid water, the DCN mechanism is preferred in 1,4-dioxane (

452 ) and starts with dehydroxylation followed by and -carbon S1,4 ― dioxane
DCN  = 0.79 𝛼 𝛽

453 dehydrogenation (CH3CH2COOH  CH3CH2CO  CH3CHCO  CH2CHCO  CH2CH  

454 products) (Figure 3). Table 4 (and Figure S3 and S4) illustrate the sensitivity of the selectivity 

455 when changing the Pd cavity radius. Similar to our simulations in liquid water, increasing the 

456 partial pressures of CO and H2 in 1,4-dioxane leads to a very small number of free sites, and the 

457 rate of reaction decreases by 2 – 6 order of magnitudes (Table 7). Increasing the reaction 

458 temperature increases the free site coverage and increases the reaction rate by ~2 orders of 

459 magnitude (for a 50 K increase – see Table 6). 

460 4. Apparent Activation Barrier, Reaction Orders, and Sensitivity Analysis  

461 To gain further insights into the temperature dependence of the conversion rate, the apparent 

462 activation barriers (Eapp) have been calculated using Equation 17. Here, a temperature range of 473 

463 to 523 K is used for all reaction environments and hydrogen partial pressures/fugacities. 

464                                                                                                         (17)Eapp = kBT2(∂ ln (TOF)
∂T )

P,pi
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465 Next, reaction orders were calculated at 473 K using Equation 18. 

466                                                                                                                      (18)ni = (∂ ln(TOF)
∂ ln pi )

T,pj,  j ≠ i

467 For the sensitivity analysis, Campbell’s degrees of rate and thermodynamic rate control,  XRC,i and 

468 XTRC,n and degrees of selectivity control (DSCi) were calculated to identify rate- and selectivity-

469 controlling steps and intermediates in the HDO of propanoic acid over Pd(100) and Pd(111).43-47 

470 Specifically, the following equations are used:

XRC,i = (∂ ln TOF

∂ 
― G TS

i

kBT
)

G0 TS
j ≠ i  ,G0 

𝑚   

,   XTRC,n = (∂ ln TOF

∂ 
― G 0

n

kBT
)

G0
m ≠ n ,  G0,TS

i

DSCi = ( ∂ln S

∂ 
― G TS

i

RT
)

GTS 
j ≠ i,  G0 

𝑚 

= (∂ln  (rp
rr)

∂ 
― G TS

i

RT
)

G0,TS 
j ≠ i ,  G0 

𝑚 

= XRC,i P ―  XRC,i R

 (19)

471 where  and  are the free energies of the transition state of reaction j and the ground state of GTS
j G0

m

472 intermediate m, respectively.  Non-zero rate and selectivity control values indicate that the 

473 transition and ground states significantly influence the overall conversion of propanoic acid. The 

474 degree of selectivity control is an extended definition of the degree of rate control where the net 

475 rate is replaced with selectivity for the production of the most desired product P (C2 hydrocarbons 

476 – CH3CH3 and CH2CH2) from the consumption of the most valuable reactant R (CH3CH2COOH) 
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477 , . Here, DSCi explains the relative increase in net selectivity to product P (ethane and S =  
rp

rr

478 ethylene) from reactant R (propanoic acid) due to the (differential) stabilization of the standard-

479 state free energy for a transition state of reaction step i, holding all other transition states’ and all 

480 adsorbed species’ energies constant. XRC,i P and XRC,i R are the degrees of rate control of transition 

481 state i for the rates of making product P and consuming reactant R, respectively.

482 Pd(100): Our model predicts an apparent activation barrier ( ) of +0.59 eV for the HDO of Eapp

483 propanoic acid on Pd(100) in the gas phase (Figure 4), which is in reasonable agreement with 

484 experimentally observed Eapp value of ~0.72±0.03 eV (16.7±0.6 kcal/mol).19 The calculated 

485 apparent activation barriers in water ( ) and 1,4-dioxane ( )  are +1.54 eV and Ewater
app E1,4 ― dioxane

app

486 +1.80 eV, respectively. The reaction order of propanoic acid in the gas phase and in a partial 

487 pressure range of 0.90–1.10 bar at 473K is +0.65 (Figure 5a), which is consistent with experimental 

488 studies ( ) by Lugo José et al.23 As shown in Figure 5a, the reaction order of propanoic nPAc =  0.50

489 acid in water and 1,4-dioxane are +0.34 and +0.88, respectively. The reaction order of hydrogen 

490 (Figure 5b) is found to be –0.41 in gas, –0.46 in water, and –1.19 in 1,4-dioxane. This observation 

491 disagrees somewhat with experimental results that suggest the HDO of propanoic acid in gas phase 

492 is independent of partial pressure of hydrogen ( ).19 Possibly, this difference in experimental nH2 = 0

493 and computational results originates from the use of the PW91 functional that overestimates 

494 hydrogen adsorption energies. Finally, in the CO partial pressure range of 10-6 – 10-4 bar, the 

495 calculated CO reaction order in gas, water, and 1,4-dioxane are –0.36, –0.76 and –0.37 (Figure 

496 5c). In other words, CO poisons the surface, and whenever the DCN is the dominant reaction 

497 mechanism, it is imperative that the catalyst also catalyzes the water-gas shift reaction to reduce 
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498 the CO partial pressure. Overall, Pd(100) is predicted to be an active catalyst at low hydrogen and 

499 CO partial pressure. 

500 According to Campbell’s degree of rate control, C-OH bond dissociation is the most rate-

501 controlling step under both vapor and liquid phase conditions. As shown in Table 8, 

502 dehydroxylation of  CH2CHCOOH (Step 11: CH2CHCOOH*** + *  CH2CHCO*** + OH*, Xgas
RC

503 ) has the largest rate control value in all reaction =  0.47,  Xwater
RC =  0.66,  X1,4 ― dioxane

RC =  0.81

504 environments – vapor and liquid. Additionally, α– and β– carbon dehydrogenation steps are also 

505 found to be partially rate-controlling under above-mentioned reaction conditions. XRC of propanoic 

506 acid α– carbon dehydrogenation (Step 2: CH3CH2COOH* + 2*  CH3CHCOOH** + H*) are 0.18, 

507 0.02 and 0.07 in gas, water and 1,4-dioxane, respectively. XRC values of other major reaction steps 

508 are listed in Table 8. 

509 The degree of thermodynamic rate control (XTRC) of the two most abundant surface intermediates, 

510 CO* and H*, are listed in Table 9. In gas phase, the degrees of thermodynamic rate control of CO*  

511 (XTRC, CO = -1.55) and H* (XTRC, H = -1.14) suggest that the destabilization of CO* and H* can 

512 increase rate of reaction by creating free sites for the rate controlling step. In liquid phase reaction 

513 environments, the XTRC of CO* and H* are: = 3.23,  =  1.82 and = Xwater
TRC, CO ― X1,4 ― dioxane

TRC, CO ― Xwater
TRC,  H

514 4.10,  =  1.33 respectively and the overall HDO rate can be improved by ― X1,4 ― dioxane
TRC, H ―

515 destabilizing both species. Table 10 illustrates degrees of selectivity control for the DCX and DCN 

516 pathways. Results indicate that the selectivity of the DCN path is entirely determined by C-OH 

517 bond dissociation (Step 11: CH2CHCOOH*** + *  CH2CHCO*** + OH*, = -0.92, DSCgas
DCX DSCwater

DCX

518 = -0.68 and  = -0.83) and to some extent on initial α–carbon dehydrogenation of DSC1,4 ― dioxane
DCX

519 PAc (Step 2: CH3CH2COOH* + 2*  CH3CHCOOH** + H*; = -0.03, = -0.03 and DSCgas
DCX DSCwater

DCX

520 = -0.01). In addition, a positive degree of selectivity control (DSCDCX) is observed DSC1,4 ― dioxane
DCX
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521 for the direct decarboxylation of propanoate (Step 29: CH3CH2COO**  CH3CH2
* + CO2

*; DSCgas
DCX

522 = +0.08, = +0.96 and  = +0.95), demonstrating that stabilizing the C-CO2 DSCwater
DCX DSC1,4 ― dioxane

DCX

523 bond dissociation transition state increases the selectivity towards the DCX in all reaction 

524 environments.

525 Pd(111): An identical apparent activation energy trend  is (E1,4 ― dioxane
app >  Ewater

app >   Egas
app)

526 observed between Pd(100) and Pd(111). for Pd(111) are 1.61 eV, 1.92 eV and 2.07 eV in gas, Eapp 

527 water, and 1,4-dioxane, respectively. For Pd(111), we observe that the propanoic acid, CO and H2 

528 reaction orders are a strong function of reaction environment (although in all environments the rate 

529 is extremely low) (see Figure 5). The propanoic acid reaction order is +1.0 in gas, +0.83 in water, 

530 and -0.29 in 1,4-dioxane and the H2 order is generally negative, varying from -0.46 in water to -

531 2.24 in the gas phase. Adsorbed hydrogen atoms inhibit the HDO of PAc on the (111) surface (θgas
H

532 =  3.49;  =   = = 0.55, Xgas
TRC, H ― θwater

H = 0.01, Xwater
TRC,  H ―1.17; θ1,4 ― dioxane

H = 0.06, X1,4 ― dioxane
TRC, H

533 ) and H* adsorbed strongly in gas phase. The reaction order and XTRC of CO* in gas phase ―1.44

534 are +1.70 (Figure 5c) and +1.98, respectively, and demonstrate that adsorbed CO increases the 

535 TOF (Table 2). The only exception is at higher CO partial pressure (  0.1 bar) when CO occupies ≥

536 most of the surface sites ( ) and the TOF is reduced. Unlike the gas phase, negative θgas
CO ≥ 0.90

537 reaction orders ( ) and negative thermodynamic rate nwater
CO = ―0.94 and n1,4 ― dioxane

CO = ―0.59

538 control values ( = = ) were computed for CO* in liquid Xwater
TRC,  CO ―0.82 and X1,4 ― dioxane

TRC,  CO  ― 0.85

539 phase due to its high surface coverage ( ) even at low CO θwater
CO =  0.70 and  θ1,4 ― dioxane

CO = 0.63

540 partial pressures. 

541 Campbell’s degree of rate control analysis (Table 8) suggests that propanoic acid dehydroxylation 

542 (Step 1: CH3CH2COOH* + 3*  CH3CH2CO*** + OH*; ) is rate Xgas
RC =  0.71 and Xwater

RC =  0.01
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543 controlling in gas phase and C-CO2 bond breakage (Step 29: CH3CH2COO**   CH3CH2
* + CO2

*; 

544 ) is rate controlling in liquid water. In 1,4-dioxane, hydrogenation Xgas
RC =  0.28 and  Xwater

RC =  0.98

545 of ethylidene (Step 25:CH3CH** + H*  CH3CH2
* + 2*, XRC = 0.97 ) is rate controlling in addition 

546 to C-OH bond cleavage in step 1 (XRC = 0.14), while the degree of rate control value of C-CO2 

547 bond dissociation in step 29 is -0.22.  Table 10 illustrates that C-OH bond dissociation determines 

548 the selectivity for the DCN (Step 1: CH3CH2COOH* + 3*  CH3CH2CO*** + OH*, = -0.71, DSCgas
DCX

549 = 0.00 and = -0.12) and C-CO2 bond dissociation dictates the selectivity of DSCwater
DCX DSC1,4 ― dioxane

DCX

550 the DCX route (Step 29: CH3CH2COO**  CH3CH2
* + CO2

*, = -0.29, = -0.98 and  DSCgas
DCN DSCwater

DCN

551 = -0.22) for the HDO of PAc on the Pd(111) surface. DSC1,4 ― dioxane
DCN

552 Finally, we note here that in liquid water, propanoic acid may, dependent on the solution pH, 

553 dissociate into a carboxylate that can adsorb and initiate the decarbonylation and decarboxylation 

554 reaction over Pd(100) and Pd(111). However, our simulation results in liquid water are hardly 

555 affected by the presence of the carboxylate species since the O-H bond dissociation is fast and 

556 kinetically not relevant over Pd(100) and Pd(111). As mentioned above, in liquid water, C-OH and 

557 C-CO2 are rate limiting over Pd(100) and Pd(111) surfaces, respectively.

558 5. Conclusion

559 In conclusion, a microkinetic model with embedded lateral interactions was built from first 

560 principles to analyze the sensitivity of the surface structures (Pd(100) and Pd(111) towards the 

561 hydrodeoxygenation of propanoic acid in vapor, liquid water, and liquid 1,4-dioxane. The model 

562 strongly suggests that, in the gas phase, the hydrodeoxygenation of propanoic acid is structure 

563 sensitive and that the TOFs are significantly higher (by 6 to 7 orders of magnitude) over Pd(100) 

564 than over Pd(111). Similarly in condensed phase media, the Pd(100) surface is four to five orders 

565 of magnitude more active than the Pd(111) surface.  Decarbonylation is the most dominant reaction 
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566 mechanism on Pd(100) in all reaction environments and involves - and -carbon 𝛼 𝛽

567 dehydrogenation steps prior to dehydroxylation, further  -carbon dehydrogenation and 𝛽

568 decarbonylation (CH3CH2COOH  CH3CHCOOH  CH2CHCOOH  CH2CHCO  

569 CHCHCO  CHCH  CH3CH3/CH2CH2). Although the decarbonylation is favored on 

570 Pd(100) in all reaction environments, the TOF values are different in each reaction environment 

571 and follow the sequence TOFgas > TOFwater > TOF1,4-dioxane.  Over the Pd(111) surface in gas phase, 

572 the dominant decarbonylation reaction pathway begins with C-OH bond dissociation followed by 

573 full -carbon dehydrogenation and decarbonylation  (CH3CH2COOH  CH3CH2CO  𝛼

574 CH3CHCO  CH3CCO  CH3C  CH3CH3 and CH2CH2). In the presence of liquid water, 

575 decarboxylation is preferred over decarbonylation with rate limiting C-CO2 bond dissociation. 

576 Here, the overall reaction rate is ~1 order of magnitude higher than in the gas phase. 

577 Finally, our sensitivity analysis suggests that stabilization of the rate controlling C-OH bond 

578 dissociation from vinyl-1-ol-1-olate (CH2CHCOOH) may increase the overall rate of reaction and 

579 selectivity of DCN in gas and condensed phase media over Pd(100). Meanwhile, C-OH and C-

580 CO2 are rate and selectivity controlling in gas phase and liquid water over Pd(111). Overall, a 

581 reasonable agreement with the experimental turnover frequencies, dominant pathways, rate 

582 determining steps, apparent activation energies, and reaction orders could be achieved.
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Table 1. Reaction and activation free energies in eV of all the elementary reaction steps in the HDO of propanoic acid over 

Pd(100) and Pd(111) at a temperature of 473 K, a propanoic acid partial pressure of 1 bar, a CO partial pressure of 1×10-5 

bar, and a hydrogen partial pressure of 0.01 bar in the vapor phase. Solvation free energy of reaction and activation are also 

given for both liquid water and 1,4-dioxane. The number of * symbolizes the number of occupied adsorption sites. 

Gas Water 1,4-dioxane
ΔGRxn ΔGTS ∆∆Gwater

Rxn ∆∆Gwater
TS ΔΔGRxn ΔΔGTS# Facet Surface reactions

(eV) (eV) (eV) (eV) (eV) (eV)
100 CH3CH2COOH(g) + *   CH3CH2COOH* 0.78 N/A -0.29 N/A -0.17 N/A0
111 CH3CH2COOH(g) + *   CH3CH2COOH* 0.63 N/A -0.20 N/A -0.13 N/A
100 CH3CH2COOH* + 2*   CH3CH2CO** + OH* 0.02 0.82 -0.10 -0.02 -0.03 0.011
111 CH3CH2COOH* + 3* CH3CH2CO*** + OH* 0.89 1.18 0.03 -0.02 0.07 0.03
100 CH3CH2COOH* + 2*  CH3CHCOOH** + H* -0.01 0.50 -0.17 -0.03 -0.07 0.012
111 CH3CH2COOH* + 2*  CH3CHCOOH** + H* 0.71 1.02 -0.01 -0.04 0.02 0.01
100 CH3CH2CO**  CH3CH2* + CO* -0.06 1.06 -0.10 0.00 -0.05 -0.013
111 CH3CH2CO***   CH3CH2* + CO* + * -0.51 1.41 -0.18 0.00 -0.11 0.01
100 CH3CH2CO** + * CH3CHCO** + H* 0.26 0.87 -0.18 -0.02 -0.10 0.004
111 CH3CH2CO***   CH3CHCO** + H* 0.07 0.91 -0.10 -0.06 -0.04 -0.01
100 CH3CHCOOH** + *   CH3CHCO** + OH* 0.28 0.81 -0.11 -0.01 -0.06 -0.015
111 CH3CHCOOH** + *   CH3CHCO** + OH* 0.26 0.79 -0.06 -0.05 0.00 -0.02
100 CH3CHCOOH** + 2*   CH2CHCOOH*** + H* -0.43 0.42 -0.19 -0.05 -0.12 -0.026
111 CH3CHCOOH** + 2*   CH2CHCOOH*** + H* -0.74 0.36 -0.07 -0.05 -0.03 0.01
100 CH3CHCOOH** + *  CH3CCOOH** + H* 0.12 0.73 -0.18 -0.07 -0.13 -0.057
111 CH3CHCOOH** + 2*   CH3CCOOH*** + H* 0.00 1.15 -0.11 -0.07 -0.08 -0.02
100 CH3CHCO**  CH3CH* + CO* -0.30 1.05 -0.09 0.07 -0.06 0.048
111 CH3CHCO** + *   CH3CH** + CO* -0.56 1.17 -0.12 0.05 -0.08 0.02
100 CH3CHCO** + *  CH3CCO** + H* 0.04 0.62 -0.12 -0.01 -0.06 0.029
111 CH3CHCO** + 2*  CH3CCO*** + H* 0.23 0.94 -0.04 -0.03 -0.03 -0.02
100 CH3CHCO** + 2*  CH2CHCO*** + H* 0.07 0.73 -0.19 -0.04 -0.11 0.0010
111 CH3CHCO** + 2*  CH2CHCO*** + H* -0.04 0.71 -0.01 -0.04 0.01 0.00
100 CH2CHCOOH*** + *  CH2CHCO*** + OH* 0.78 1.11 -0.10 0.03 -0.05 0.0111
111 CH2CHCOOH*** + *  CH2CHCO*** + OH* 0.95 1.43 0.00 -0.05 0.04 -0.01
100 CH2CHCOOH*** + *   CHCHCOOH*** + H* 0.57 1.05 -0.19 -0.05 -0.13 -0.0412
111 CH2CHCOOH*** + *   CHCHCOOH*** + H* 0.50 1.13 -0.06 -0.02 -0.03 0.00
100 CH3CCOOH** + *  CH3CCO** + OH* 0.20 1.64 -0.05 0.03 0.01 0.0313
111 CH3CCOOH*** + *  CH3CCO*** + OH* 0.48 0.92 0.01 0.00 0.05 0.04
100 CH3CCO**  CH3C* + CO* -0.80 0.68 -0.17 -0.07 -0.12 -0.0514
111 CH3CCO***  CH3C* + CO* + * -1.69 0.34 -0.14 0.02 -0.08 0.02
100 CH2CHCO*** + *   CH2CH*** + CO* -0.36 0.74 -0.20 -0.03 -0.14 -0.0215
111 CH2CHCO*** + *  CH2CH*** + CO* -0.54 1.01 -0.20 -0.01 -0.13 0.00
100 CH2CHCO***  CHCHCO** + H* -0.12 0.51 -0.20 -0.03 -0.13 -0.0216
111 CH2CHCO*** + 2*   CHCHCO**** + H* 0.51 0.97 -0.06 -0.03 -0.04 -0.02
100 CHCHCOOH***   CHCHCO** + OH* 0.09 0.88 -0.11 0.01 -0.05 0.0217
111 CHCHCOOH*** + 2*  CHCHCO**** + OH* 0.96 1.28 0.00 0.00 0.03 0.02
100 CHCHCO** + *  CHCH** + CO* -0.75 0.90 -0.14 0.02 -0.11 0.0118
111 CHCHCO****   CHCH*** + CO* -1.01 0.66 -0.16 0.04 -0.10 0.02
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Gas Water 1,4-dioxane
ΔGRxn ΔGTS ∆∆Gwater

Rxn ∆∆Gwater
TS ΔΔGRxn ΔΔGTS# Facet Surface reactions

(eV) (eV) (eV) (eV) (eV) (eV)
100 CH2CH*** CHCH** + H * -0.51 0.41 -0.14 -0.02 -0.09 -0.0119
111 CH2CH*** + * CHCH*** + H * 0.04 0.66 -0.03 -0.02 -0.01 -0.01
100 CH2CH2** + 2*   CH2CH*** +H * 0.37 1.47 -0.21 0.01 -0.13 0.0120
111 CH2CH2** + 2*   CH2CH*** + H * 0.30 1.06 -0.05 -0.01 -0.03 0.00
100 CH2CH***   CH2C* + H* + * 0.01 0.62 -0.08 0.00 -0.06 -0.0121
111 CH2CH***   CH2C** + H* -0.29 0.52 -0.03 -0.02 -0.02 -0.01
100 CH3C* + *  CH2C* + H* 0.48 1.00 -0.18 -0.09 -0.13 -0.0622
111 CH3C* + 2*  CH2C** + H* 0.59 1.30 -0.05 -0.04 -0.03 -0.03
100 CH3CH* + 3*  CH2CH*** + H* 0.00 0.68 -0.31 -0.15 -0.20 -0.0923
111 CH3CH** + 2*  CH2CH*** + H* -0.03 0.69 -0.08 -0.08 -0.04 -0.04
100 CH3CH* + *  CH3C* + H* -0.47 0.28 -0.20 -0.09 -0.13 -0.0724
111 CH3CH**  CH3C* + H* -0.91 0.17 -0.06 -0.03 -0.03 -0.01
100 CH3CH2* + *  CH3CH* + H*  0.02 0.50 -0.16 -0.04 -0.10 -0.0325
111 CH3CH2* + 2* CH3CH** + H*  0.03 0.81 -0.04 -0.04 -0.01 0.00
100 CH3CH3* + *  CH3CH2* + H* 0.35 0.68 -0.17 -0.09 -0.09 -0.0526
111 CH3CH3* + *   CH3CH2* + H* 0.27 0.77 -0.02 -0.05 0.00 -0.01
100 CH3CH2* + 2*  CH2CH2** + H* -0.34 0.33 -0.26 -0.09 -0.17 -0.0627
111 CH3CH2* + 2*  CH2CH2** + H* -0.31 0.50 -0.07 -0.04 -0.03 0.00
100 CH3CH2COOH* + 2*  CH3CH2COO** + H* -0.50 0.56 -0.15 0.01 -0.10 -0.0128
111 CH3CH2COOH* + 2*   CH3CH2COO** + H* -0.11 0.47 0.02 -0.02 0.01 0.01
100 CH3CH2COO**  CH3CH2* + CO2* 0.42 1.52 0.07 -0.03 0.11 -0.0229
111 CH3CH2COO**   CH3CH2* + CO2* 0.16 1.41 0.05 -0.05 0.05 -0.02
100 CH3CH2COO** + 2*  CH3CHCOO*** + H* 0.54 0.95 -0.23 -0.05 -0.11 0.0230
111 CH3CH2COO** + 2*  CH3CHCOO*** + H* 0.91 1.31 -0.19 -0.15 -0.06 -0.04
100 CH3CHCOOH** + 2*  CH3CHCOO*** + H* 0.05 0.70 -0.20 0.01 -0.14 0.0031
111 CH3CHCOOH** + 2*  CH3CHCOO*** + H* 0.09 0.79 -0.16 -0.07 -0.07 -0.03
100 CH3CHCOOH** + *   CH3CH* + COOH** 0.44 1.36 -0.10 -0.03 -0.04 -0.0232
111 CH3CHCOOH** + 2*   CH3CH** + COOH* -0.03 1.13 -0.11 -0.05 -0.04 -0.01
100 CH3CHCOO***    CH3CH* + CO2* + * -0.10 1.44 0.14 0.06 0.12 0.04

33
111 CH3CHCOO***   CH3CH** + CO2* -0.73 0.69 0.19 0.01 0.10 -0.02
100 CH3CHCOO***  CH3CCOO** + H* 0.39 1.03 -0.29 -0.13 -0.20 -0.0734
111 CH3CHCOO*** + *  CH3CCOO*** + H* 0.46 1.15 -0.15 -0.11 -0.10 -0.06
100 CH3CCOOH** + *   CH3CCOO** + H* 0.32 1.18 -0.31 -0.06 -0.21 0.0035
111 CH3CCOOH*** + *   CH3CCOO*** + H* 0.55 1.19 -0.20 -0.06 -0.09 0.01
100 CH3CCOOH** + *  CH3C* + COOH** -0.15 1.49 -0.12 -0.02 -0.04 0.0236
111 CH3CCOOH***  CH3C* + COOH** -0.94 0.73 -0.07 -0.01 0.00 0.02
100 CH2CHCOOH*** + 2*   CH2CH*** + 

COOH**
0.88 1.37 -0.21 -0.02 -0.12 -0.02

37 111 CH2CHCOOH*** + 2*   CH2CH*** + 
COOH**

0.69 1.91 -0.13 -0.05 -0.06 -0.02

100 CH3CCOO**  CH3C* + CO2* -0.96 1.88 0.23 0.19 0.19 0.12
38

111 CH3CCOO***    CH3C* + CO2* + * -2.10 0.20 0.28 0.24 0.17 0.14
100 COOH**  CO2* + H* -0.49 0.35 0.03 0.03 0.02 0.0039
111 COOH**  CO2* + H* -0.61 0.29 0.15 0.01 0.07 -0.01
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Gas Water 1,4-dioxane
ΔGRxn ΔGTS ∆∆Gwater

Rxn ∆∆Gwater
TS ΔΔGRxn ΔΔGTS# Facet Surface reactions

(eV) (eV) (eV) (eV) (eV) (eV)
100 COOH**  CO* + OH* -0.46 0.22 -0.10 -0.06 -0.07 -0.0340
111 COOH**  CO* + OH* -0.28 0.61 -0.07 -0.02 -0.03 -0.01
100 H2O* + *  OH* + H* 0.55 1.26 -0.13 -0.14 -0.10 -0.0941
111 H2O* + *  OH* + H* 0.69 1.17 0.03 -0.05 0.03 -0.03
100 CH3CH3(g) + * CH3CH3* 0.62 N/A -0.08 N/A -0.04 N/A42
111 CH3CH3(g) + *  CH3CH3* 0.63 N/A -0.03 N/A -0.03 N/A
100 CH2CH2(g) + 2*  CH2CH2** -0.15 N/A -0.19 N/A -0.09 N/A43
111 CH2CH2(g) + 2*  CH2CH2** 0.03 N/A -0.09 N/A -0.03 N/A
100 H2O(g) + *  H2O* 0.31 N/A -0.18 N/A -0.08 N/A

44 111 H2O(g) + *  H2O* 
(water: solvent in liquid phase env)

0.38 N/A -0.11 N/A -0.05 N/A

100 CO2(g) + *  CO2* 0.42 N/A -0.11 N/A -0.03 N/A45
111 CO2(g) + *  CO2* 0.49 N/A -0.07 N/A -0.05 N/A
100 CHCH(g) + 2* CHCH**  -1.73 N/A -0.22 N/A -0.11 N/A46
111 CHCH(g) + 3* CHCH***  -0.86 N/A -0.13 N/A -0.04 N/A
100 CO (g) + *  CO* -0.42 N/A -0.25 N/A -0.15 N/A47
111 CO (g) + *  CO* -0.46 N/A -0.24 N/A -0.15 N/A
100 H2 (g) + 2*H* + H* -0.04 N/A -0.32 N/A -0.21 N/A48
111 H2 (g) + 2*  H* + H* -0.25 N/A -0.04 N/A -0.02 N/A
100 C4H8O2 (g) + *  C4H8O2* 0.10 N/A -0.31 N/A -0.16 N/A

49 111 C4H8O2 (g) + *  C4H8O2*
(1,4-dioxane: solvent in liquid phase env)

0.46 N/A -0.23 N/A -0.14 N/A

Page 33 of 48 Catalysis Science & Technology



34

Table 2. TOFs (s-1) and surface coverage of the most abundant surface intermediates in vapor phase on Pd(100) 

and Pd(111) at 473 K, a propanoic acid fugacity of 1 bar, a CO fugacity of 1×10-5, 1×10-3, 1×10-1 bar, and an H2 

fugacity of 0.01, 1, and 10 bar.

PCO= 1×10-5 bar PCO= 1×10-3 bar PCO= 1×10-1 bar PH2

(Bar) Facet
TOF (s-1) θCO θH θ ∗ TOF (s-1) θCO θH θ ∗ TOF (s-1) θCO θH θ ∗

100 2.45×10-2 0.19 0.12 0.64 9.11×10-4 0.28 0.06 0.65 2.98×10-5 0.39 0.02 0.57
0.01

111 2.57×10-9 0.21 0.55 0.24 7.17×10-8 0.74 0.05 0.16 1.14×10-10 0.93 0.01 0.02
100 1.17×10-3 0.19 0.25 0.55 2.45×10-5 0.29 0.16 0.55 2.91×10-6 0.39 0.08 0.51

1
111 1.77×10-13 0.01 0.95 0.04 1.02×10-10 0.44 0.48 0.08 2.19×10-11 0.92 0.02 0.02
100 2.80×10-4 0.19 0.33 0.47 5.87×10-6 0.29 0.23 0.47 7.76×10-7 0.40 0.14 0.45

10
111 5.27×10-15 0.01 0.98 0.01 4.91×10-14 0.20 0.78 0.02 2.14×10-11 0.89 0.07 0.02

Table 3. TOFs (s-1) and surface coverage of the most abundant surface intermediates in vapor phase on Pd(100) 

and Pd(111) at a propanoic acid fugacity of 1 bar, CO fugacity of 1×10-5 bar, and an H2 fugacity of 0.01 bar in a 

temperature range from 473 to 523 K. 

Temperature Pd(100) Pd(111)
(K) TOF (s-1) θCO θH θ ∗ θCHCH TOF (s-1) θCO θH θ ∗

473 2.45×10-2 0.19 0.12 0.64 0.04 2.57×10-9 0.21 0.55 0.24
498 7.48×10-2 0.16 0.10 0.56 0.16 1.47×10-8 0.13 0.54 0.31
523 1.01×10-1 0.13 0.09 0.42 0.32 1.11×10-7 0.08 0.54 0.38

Table 4. Product selectivity via DCN and DCX pathways under vapor and liquid phase reaction conditions at a 

temperature of 473 K, a propanoic acid fugacity of 1 bar, a CO fugacity of 1×10-5 bar, and a hydrogen fugacity 

of 0.01 bar over Pd(100) and Pd(111). Solvation calculation results for water and 1,4-dioxane are also shown with 

±10% of the default COSMO Pd cavity radius.

gas water water water
1, 4-

dioxane
1, 4-

dioxane
1, 4-

dioxaneFacet Routes 
 (default) (+10%) (-10%) (default) (+10%) (-10%)

SDCN 1.00 0.97 0.94 0.93 0.99 0.99 0.96
Pd(100)

SDCX 0.00 0.03 0.06 0.07 0.01 0.01 0.04
SDCN 0.72 0.01 0.01 0.01 0.79 0.67 0.23

Pd(111)
SDCX 0.28 0.99 0.99 0.99 0.21 0.33 0.77
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Table 5. TOFs (s-1) and surface coverage of the most abundant surface intermediates in liquid water on 

Pd(100) and Pd(111) at 473 K, a propanoic acid fugacity of 1 bar, a CO fugacity of 1×10-5, 1×10-3, 1×10-1 

bar, and an H2 fugacity of 0.01, 1, and 10 bar. Only absolute surface coverage (  values larger 0.01 are θ)

shown.

PH2

(Bar)
PCO

(Bar)
Facet TOF (s-1) θCO θH θ ∗ θPAc

100 1.35×10-3 0.32 0.17 0.38 -
10-5

111 1.30×10-8 0.70 0.01 0.23 0.04
100 2.15×10-5 0.37 0.06 0.54 -

10-3
111 9.21×10-11 0.84 0.01 0.10 0.05
100 1.20×10-6 0.43 0.01 0.54 -

0.01 

10-1
111 2.87×10-13 0.96 - 0.02 0.02
100 1.46×10-4 0.29 0.30 0.39 -

10-5
111 1.63×10-9 0.63 0.19 0.17 -
100 8.62×10-7 0.36 0.16 0.47 -

10-3
111 9.26×10-12 0.84 - 0.10 0.05
100 9.28×10-8 0.44 0.05 0.50 -

1 

10-1
111 2.87×10-14 0.96 - 0.02 0.02
100 6.36×10-5 0.29 0.37 0.33 -

10-5
111 1.37×10-11 0.33 0.65 0.02 -
100 1.80×10-7 0.36 0.22 0.41 -

10-3
111 2.98×10-12 0.84 0.01 0.10 0.04
100 1.92×10-8 0.44 0.10 0.45 -

10 

10-1
111 9.05×10-15 0.95 - 0.02 0.02
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Table 6. TOFs (s-1) and surface coverage of the most abundant surface intermediates in liquid water and liquid 

1,4-dioxane on Pd(100) and Pd(111) at a propanoic acid fugacity of 1 bar, CO fugacity of 1×10-5 bar, and an H2 

fugacity of 0.01 bar in a temperature range from 473 to 523 K. Only absolute surface coverage (  values larger θ)

0.01 are shown.

T (K) Facet TOF (s-1) 𝛉𝐂𝐎 𝛉𝐇 𝛉 ∗ 𝛉𝐂𝐇𝟐𝐂𝐇𝐂𝐎𝐎𝐇 𝛉𝐂𝐇𝟑𝐂𝐇𝟐𝐂𝐎𝐎 𝛉𝐂𝐇𝐂𝐇 𝛉𝐂𝐇𝟑𝐂 𝛉𝐏𝐀𝐜

100 1.35×10-3 0.32 0.17 0.38 0.05 0.07 0.01 - -
473

111 1.30×10-8 0.70 0.01 0.23 - - - - 0.04
100 2.01×10-2 0.32 0.17 0.21 0.07 0.06 0.14 0.01 -

498
111 2.77×10-7 0.65 0.02 0.11 - - - 0.20 0.01
100 4.94×10-2 0.29 0.16 0.10 0.01 0.02 0.38 0.03 -

W
at

er

523
111 1.36×10-6 0.56 0.01 0.04 - - - 0.37 -
100 7.15×10-4 0.24 0.13 0.62 - 0.01 - - -

473
111 1.44×10-7 0.63 0.06 0.09 - - - 0.19 0.01
100 1.48×10-2 0.22 0.13 0.55 - 0.01 0.06 - -

498
111 1.69×10-6 0.54 0.09 0.14 - - - 0.22 -
100 4.73×10-2 0.20 0.14 0.40 - - 0.25 - -1,

4 
-D

io
xa

ne

523
111 1.74×10-5 0.46 0.14 0.25 - - - 0.14 -
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Table 7.  TOFs (s-1) and surface coverage of the most abundant surface intermediates (CO and H) and others 

in 1,4-dioxane on Pd(100) and Pd(111) at 473 K, a propanoic acid fugacity of 1 bar, a CO fugacity of 1×10-5, 

1×10-3, 1×10-1 bar, and an H2 fugacity of 0.01, 1, and 10 bar. Only absolute surface coverage (  values larger θ)

0.01 are shown.

PH2

(Bar)
PCO

(Bar)
Facet TOF (s-1) θCO θH θ ∗ θPAc θCH3C

100 7.15×10-4 0.24 0.13 0.62 - -
10-5

111 1.44×10-7 0.63 0.06 0.09 - 0.19
100 9.12×10-5 0.36 0.07 0.52 - -

10-3
111 1.14×10-8 0.85 - 0.01 0.12 -
100 2.45×10-5 0.48 0.03 0.35 - -

0.01 

10-1
111 2.84×10-12 0.95 - - 0.04 -
100 1.61×10-6 0.21 0.22 0.56 - -

10-5
111 2.32×10-11 0.22 0.73 0.05 - -
100 7.53×10-7 0.34 0.16 0.49 - -

10-3
111 1.59×10-10 0.84 0.03 0.02 0.09 -
100 1.19×10-6 0.46 0.11 0.37 - -

1 

10-1
111 2.85×10-13 0.95 - - 0.04 -
100 1.55×10-7 0.20 0.27 0.52 - -

10-5
111 1.51×10-13 0.08 0.91 0.01 - -
100 6.99×10-8 0.33 0.21 0.45 - -

10-3
111 1.10×10-10 0.79 0.16 0.02 0.03 -
100 1.39×10-7 0.45 0.15 0.37 - -

10 

10-1
111 9.14×10-14 0.95 - - 0.04 -
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Table 8. Degree of rate control for various steps over Pd(100) and Pd(111) under gas and liquid phase 

reaction conditions, including ±10% of the default COSMO palladium cavity radius in liquid water and 

1,4-dioxane, at a temperature of 473 K, a propanoic acid fugacity of 1 bar, a CO fugacity of 1×10-5 bar, 

and a hydrogen fugacity of 0.01 bar.

Facet Reaction gas water water water
1,4-

dioxane
1,4-

dioxane
1,4-

dioxane
 step no.  (default) (+10%) (-10%) (default) (+10%) (-10%)

01 0.00 0.01 0.04 0.00 0.01 0.02 0.00

02 0.18 0.02 0.01 0.07 0.07 0.05 0.14

11 0.47 0.66 0.58 0.51 0.81 0.83 0.68

21 0.16 0.04 0.02 0.13 0.02 -0.01 0.03

25 0.13 0.01 0.01 0.02 0.01 0.00 0.01

Pd
(1

00
)

29 0.01 0.03 0.06 0.08 0.01 0.01 0.05

01 0.71 0.01 0.01 0.01 0.14 0.19 0.00

02 0.00 0.00 0.00 0.00 0.00 0.00 0.00

11 0.01 0.00 -0.01 -0.01 0.00 0.00 0.00

21 0.00 0.00 0.01 0.01 0.00 0.00 0.00

25 -0.01 0.00 0.00 0.00 0.97 0.98 0.20

Pd
(1

11
)

29 0.28 0.98 0.98 0.99 -0.22 -0.32 0.77

Table 9. Degrees of thermodynamic rate control for H* and CO* (the most abundant surface species) 

under gas and liquid phase reaction conditions at a temperature of 473 K, a propanoic acid fugacity 

of 1 bar, a CO fugacity of 1×10-5 bar, and a hydrogen fugacity of 0.01 bar over Pd(100) and Pd(111). 

Results from solvation calculations with ±10% of the default COSMO Pd cavity are also shown for 

liquid water and 1,4-dioxane.

Facet Surface gas water water water
1,4-

dioxane
1,4-

dioxane
1,4-

dioxane
 species (default) (+10%) (10%) (default) (+10%) (-10%)

H* -1.14 -4.10 -3.56 -1.49 -1.33 -1.36 -1.40Pd(100)
CO* -1.55 -3.23 -2.30 -1.89 -1.82 -2.13 -0.91
H* -3.49 -1.17 -1.25 -1.11 -1.44 -1.42 -1.26

Pd(111) CO* 1.98 -0.82 -0.80 -0.89 -0.85 -0.71 -0.95
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Table 10. Degree of selectivity control (DSC) for reaction steps that have impact on the DCN and DCX pathway under gas and liquid 

phase reaction conditions at a temperature of 473 K, a propanoic acid fugacity of 1 bar, a CO fugacity of 1×10-5 bar, and a hydrogen 

fugacity of 0.01 bar over Pd(100) and Pd(111). Results from solvation calculations with ±10% of the default COMSOL Pd cavity are 

also shown for liquid water and 1,4-dioxane. Only absolute DSC values larger 0.01 are shown.

gas water water water 1, 4-dioxane 1, 4-dioxane 1, 4-dioxaneReaction 
Steps Facet Path (default) (+10%) (-10%) (default) (+10%) (-10%)

DSCDCN - - - - - - -100 DSCDCX - -0.02 -0.04 - -0.01 -0.02 -
DSCDCN 0.29 0.01 0.02 - 0.03 0.05 -0.03Step-1

111 DSCDCX -0.71 0.00 - - -0.12 -0.09 0.01
DSCDCN - - - 0.01 - - -100 DSCDCX -0.03 -0.03 -0.01 -0.11 -0.01 -0.05 -0.14
DSCDCN - - - - - - -Step-2

111 DSCDCX - - - - - - -
DSCDCN - 0.02 0.03 0.04 0.01 0.01 0.03100 DSCDCX -0.92 -0.68 0.59 -0.57 -0.83 -0.84 -0.70
DSCDCN - - - - - - -Step-11

111 DSCDCX - - - - - - -
DSCDCN - - - - - - -100 DSCDCX 0.03 -0.02 -0.01 -0.06 -0.01 - -0.02
DSCDCN - - - - - - -Step-21

111 DSCDCX - - - - - - -
DSCDCN - - - - - - -100 DSCDCX 0.02 -0.01 - 0.01 - - -
DSCDCN - - - - 0.09 0.17 0.07Step-25

111 DSCDCX - - - - -0.35 -0.35 -0.02
DSCDCN - -0.03 -0.06 -0.07 -0.01 -0.01 -0.04100 DSCDCX 0.08 0.96 0.93 0.88 0.95 0.97 0.95
DSCDCN -0.29 -0.98 -0.98 -0.99 -0.22 -0.33 -0.77Step-29

111 DSCDCX 0.71 0.02 0.02 0.01 0.79 0.67 0.23
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Figure 1. TOFs (s-1) of various elementary steps at a temperature of 473 K and vapor phase 

reaction conditions of a propanoic acid partial pressure of 1 bar, a CO partial pressure of 1×10-5 

bar, and a hydrogen partial pressure of 0.01 bar. Black arrows symbolize adsorption/desorption 

steps, blue arrows are DCN steps, red arrows are DCX steps, and gray arrows are the steps involved 

in both DCN and DCX steps. Bold numbers indicate the rate of elementary steps on Pd(100), while 

italic numbers indicate the rate on Pd(111). Dominate pathways over Pd(100) and Pd(111) are 

shown in dashed arrows and double line arrows, respectively. Gray double and dashed line arrows 

demonstrate overlapping dominant pathways on Pd(100) and Pd(111).

Page 40 of 48Catalysis Science & Technology



41

Figure 2. TOFs (s-1) of various elementary steps at a temperature of 473 K and liquid water 

reaction conditions with default palladium COSMO cavity radius, a propanoic acid fugacity of 1 

bar, a CO fugacity of 1×10-5 bar, and a hydrogen fugacity of 0.01 bar. Black arrows symbolize 

adsorption/desorption steps, blue arrows are DCN steps, red arrows are DCX steps, and gray 

arrows are the steps involved in both DCN and DCX steps. Bold numbers indicate the rate of 

elementary steps on Pd(100), while italic numbers indicate the rate on Pd(111). Dominate 

pathways over Pd(100) and Pd(111) are shown in dashed arrows and double line arrows, 

respectively. Gray double and dashed line arrows demonstrate overlapping dominant pathways for 

Pd(100) and Pd(111).

Page 41 of 48 Catalysis Science & Technology



42

Figure 3. TOFs (s-1) of various elementary steps at a temperature of 473 K and liquid 1,4-dioxane 

reaction conditions with default palladium COSMO cavity radius, a propanoic acid fugacity of 1 

bar, a CO fugacity of 1×10-5 bar, and a hydrogen fugacity of 0.01 bar. Black arrows symbolize 

adsorption/desorption steps, blue arrows are DCN steps, red arrows are DCX steps, and gray 

arrows are the steps involved in both DCN and DCX steps. Bold numbers indicate the rate of 

elementary steps on Pd(100), while italic numbers indicate the rate on Pd(111). Dominate 

pathways over Pd(100) and Pd(111) are shown in dashed arrows and double line arrows, 

respectively. Gray double and dashed line arrows demonstrate overlapping dominant pathways for 

Pd(100) and Pd(111).
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Figure 4. Arrhenius plot for the HDO of propanoic acid in various reaction media, a reaction 

temperature between 473 and 523 K, a propanoic acid fugacity of 1 bar, a CO fugacity of 1×10-5 

bar, and a hydrogen fugacity of 0.01 bar over Pd(100) and Pd(111). Experimental values obtained 

from Lugo-José et al.19 under gas phase reaction conditions are indicated by triangular markers.
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Figure 5. Reaction orders in various reaction media of (a) propanoic acid (b) H2, and (c) CO at a 

temperature of 473 K, a propanoic acid fugacity of 1 bar, a hydrogen fugacity of 0.01 bar, and a 

CO fugacity of 1×10-5 bar for Pd(100) and Pd(111).
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