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Abstract

Microkinetic models based on first principles calculations have been developed for the
vapor and liquid phase hydrodeoxygenation of propionic acid over a Pt (111) surface. Calculations
suggest that decarboxylation does not occur at an appreciable rate. In the vapor phase,
decarbonylation products, propanal and propanol are all produced at similar rates. However, in
both liquid water and 1,4-dioxane, propanol and propanal are favored over decarbonylation
products. While a condensed phase can shift the reaction rate and selectivity significantly, the
dominant pathways towards the various products are hardly affected. Only for propanal production
do we observe a shift in mechanism. At 473 K, the propionic acid conversion rate is increased by
one order of magnitude in liquid 1,4-dioxane relative to the gas phase. In liquid water, the
conversion rate is similar to the vapor phase since adsorbed propionic acid blocks a large fraction
of the surface sites.
Keywords: Propionic acid, Hydrodeoxygenation mechanism, Propanol, Propionaldehyde,

Microkinetic modeling, Solvent effect, Lateral interaction



1 Introduction

During the past decades, increasing consumption of fossil fuels has caused growing
environmental and climate concerns. As a result, many efforts have been devoted to renewable
energy resources, such as wind, solar, geothermal, hydropower and biomass. Among them,
biomass is the only renewable carbon source and thus one of the most promising alternative energy
sources for liquid fuel and chemical production[1, 2]. Triglycerides, the main constituent of
vegetable oils and animal fats, can be used to produce first generation biofuels such as fatty acid
methyl and ethyl esters (FAMEs) through a process called transesterification[3-5]. But FAMEs
have their own disadvantages, such as high viscosity, poor oxidation stability, low energy density,
and high cloud point temperature[3, 4]. Therefore, conversion of triglycerides and their fatty acids
to hydrocarbons with similar or identical properties to conventional fossil fuels, known as “green
diesel”, is of significant academic and industrial interest[6]. In recent years, hydrodeoxygenation
(HDO), a process to convert triglycerides or fatty esters/acids obtained from lipid-rich biomass
feedstock into liquid hydrocarbon fuels, has gained attention[2, 7]. However, the conventional
heterogeneous catalysts used for the HDO process such as sulfided NiMo/Al,O3 and CoMo/Al,03
have various drawbacks|[5, 8]. For instance, short catalyst life times and high sulfur content in the
final product have been found[5, 8]. To overcome the limitations of using conventional sulfided
catalysts in biomass processing, new catalysts must be developed, which requires a better
understanding of the HDO mechanism of triglycerides and organic esters/ acids on metal catalysts.

Recently, we have studied the HDO of an organic acid model molecule (propionic acid) to
C2 hydrocarbons on different Pd and Ru transition metal surfaces based on first-principle
calculations[9-14]. We found that the HDO of propionic acid is mainly associated with two major
reaction mechanisms: (1) decarbonylation (DCN) and (2) decarboxylation (DCX). For all the metal
surfaces investigated in our previous studies, the DCN path is favored over the DCX pathway.
Besides DCN and DCX pathways, alcohols and aldehydes can also be produced during the HDO
of propionic acid. For example, Chen et al.[15] found that Ru/C has a high selectivity to propanol
in the HDO of propionic acid at a temperatures of around 400 K and high H» partial pressure (>20
bar). Unfortunately, to the best of our knowledge, there is little work reporting the mechanisms of
alcohol and aldehyde production in the HDO of propionic acid. In order to gain more insights into
the mechanisms of the HDO of organic acids (such as propionic acid) on transition metal surfaces

and to guide the design of metal catalysts, it is necessary to study multiple metal surfaces and



include as many reaction mechanisms as possible in the reaction network. Pt catalysts have long
been shown to have a high activity towards HDO reactions[16-19]. Interestingly, production of
multiple reaction products appears favorable. For instance, Rachmady and Vannice have studied
the vapor phase acetic acid hydrogenation over supported Pt catalysts and observed various
products such as CO, CHg, ethanol, ethane and ethyl acetate [19]. Similarly, Olcay et al. studied
the aqueous-phase hydrogenation of acetic acid over transition metal catalysts and observed both
ethanol and alkane products over Pt catalysts [20]. In contrast, Lugo-José¢ et al. studied the vapor
phase HDO of propanoic acid over Pt catalysts and found essentially 100% selectivity towards
DCN and DCX products [21]. Clearly, the reaction conditions and environment appear to strongly
affect the product selectivity and thus, Pt metal catalysts are an ideal model system for identifying
rate and selectivity determining steps for the HDO of propionic acid towards DCN, DCX, alcohol
and aldehyde production in various reaction environments.

In regards to solvent effects, a few studies have reported a significant effect of a solvent on
the reaction mechanism, activity and selectivity of HDO reactions [10, 14, 22, 23]. For instance,
Hoelderich et al. studied the deoxygenation of oleic acid (C18) over Pd/C catalyst in liquid water
and found that water can change the selectivity towards C17 hydrocarbons by up to 20% [24].
Similarly, Behtash et al. found that in liquid water the rate of DCX is increased for the HDO of
propionic acid and becomes competitive to the DCN over both Pd (111) and Pd (211) surfaces [10,
14]. Due to the increased activity of the Pd surface in liquid water for C-CO> bond cleavage,
activation of the C-C bond by dehydrogenation (C-H bond cleavage) prior to C-C bond cleave (a
necessary step in the vapor phase) was found to be unnecessary in liquid water. Finally, Mamun
et al. studied the solvent effect on the hydrodeoxygenation of levulinic acid over Ru catalysts and
observed rate increases of 2-4 orders of magnitude in liquid water relative to 1,4-dioxane [25].
Thus, in this paper, we investigated the HDO mechanisms of propionic acid over Pt (111) under
both gas and liquid phase conditions. Water and 1,4-dioxane have been selected as solvents as they
are among the most often used solvents in both the academic and industrial communities. We
aimed at determining the dominant reaction pathways and identifying the rate- and selectivity-
controlling steps for the HDO of propionic acid under both vapor and liquid phase conditions. The
solvent effect on the full microkinetic modelling results, such as reaction orders, apparent
activation energies and turnover frequencies (TOFs) have also been discussed.

2 METHODS



2.1 Computational Methods.

All gas phase calculations were carried out using the Vienna Ab Initio Simulation Package
(VASP)[26, 27] based on density functional theory (DFT) with the projector augmented wave
(PAW) method[28]. The generalized gradient approximation (GGA) with the Perdew and Wang
1991 functional (PW91) was used to treat exchange correlation effects[29, 30]. An energy cutoff
of 400 eV is used for all DFT calculations and the energy convergence criterion was set to 10”7 eV.
All structures were relaxed until the Hellmann-Feynman force on each atom were smaller than
0.01 eV A’'. The optimized lattice constant of a Pt unit cell (3.976A) is in good agreement with
the reported experimental value of 3.912 A[31] and has been used for the construction of the Pt

(111) surface model. To simulate the Pt surface, a 3 x 2v/3 Pt (111) surface model was constructed
with four Pt atom layers separated by a 15 A vacuum gap. The dipole correction was applied to
the direction perpendicular to the surface. For all surface calculations, the bottom two layers were
fixed to their bulk positions while the top two layers were fully relaxed in all directions. In the
vibrational frequency calculations, however, all metal atoms were fixed at their optimized
positions. The Brillouin zone integration was sampled by 4x4x1 k-points for the surface using the
Monkhorst-Pack scheme[32]. In order to precisely locate the transition states of the elementary
reactions, a combination of the climbing image nudged elastic band (CI-NEB) method and the
dimer method was used[33-36]. It should be noted that frequencies below 100 cm™ were shifted
to 100 cm™! for the calculation of partition functions in order to minimize the errors associated with
the harmonic approximation for small frequencies[12].

The solvent effect of a liquid is investigated using the implicit solvation model for solid
surfaces (ISMS) method. Information about the iSMS method has recently been published, [23]
and a convergence plot of the iSMS method with system size is provided in Figure S9 in the
supporting information. The key point of this model is to include the long-range metal interactions
through periodic-slab calculations within the framework of DFT calculations in the absence of a
solvent and to consider the effect of the liquid as a localized perturbation that can be described by

cluster models embedded in an implicit continuum solvent. We define a free energy function for

. . . . . . . liquid
an adsorbed surface intermediate on a periodic metal slab in liquid, G rqceintermediate

using a
simple subtraction scheme as follows:
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surface+intermediate surface+intermediate cluster+intermediate cluster+intermediate



where Ggyyface+intermediate 15 the DFT free energy (harmonic approximation for

vibrational contributions) of the surface slab model in the absence of a solvent,

liquid
G q

cluster+intermediate 1S the free energy of a metal cluster in the liquid built by removing selected

metal atoms from the periodic slab model and removing the periodic boundary conditions
(vibrational contributions are not considered), while EZ. Y ory intermediate 1S the DET energy of the
same cluster model without the solvent. The COSMO-RS implicit solvation model was used to

liquid
cluster+intermediate

the solvents are obtained from the COSMOtherm database at the BP/TZVP level of theory. For all
the remaining structures, COSMO-RS input files have been generated from the COSMO

compute G through the COSMOtherm program. Thermodynamic properties of

calculations at the same level of theory. Given the uncertainty in the solvent parameters for the Pt
metal atoms, the solvent calculations were repeated with a cavity radius that is = 10% of the default
Pt cavity. In this way, we study the sensitivity of our liquid phase results with respect to the most

important Pt solvent parameter.

2.2 Microkinetic Modeling
Adsorption free energies of all intermediates, Gags, have been calculated with a universal
reference based on the following equations:
Gads = Gilabtintermediate — Gslab— N¢ X Ec— Nu X Eg—No X Eo  (2)
En=05%xEmp (3
Ec=FEchi—2 xEmx (4)
Eo=Emo—Em> (5)
where Gilab+intermediate 18 the free energy of the intermediate on the surface slab, Ggiap is the
free energy of the clean surface slab, and Ecna, Enz0, En2 are the energy of the CH4, H2O and H»
molecules, respectively. Nc, Ny and No are the number of C, H and O atoms in the intermediate.
Based on the adsorption free energy defined above, the reaction energy and activation energy
barrier can be calculated using the following equations:
AGP"=%vij X Gygs; (6)
AG=Glgs ;- £ Ghgsi (7
with AGP and AG! being the reaction free energy and activation free energy of reaction

step 1, respectively. While v;; and Gilds‘ ; are the stoichiometry coefficient and adsorption free



energy of intermediates j in reaction step i, respectively. Finally, G*ads,i and ngs,i are the
adsorption free energy of the transition state and the sum of the adsorption free energies of the
reactant of reaction step 1, respectively.

For surface reactions, the forward reaction rate constant (kfr) can be calculated according

to the transition state theory as,

ktor = 2= *aT  (8)
where kg is the Boltzmann constant, /4 is Planck constant, T is the reaction temperature in
Kelvin, and AG#% is the zero-point corrected activation barrier for the forward reaction obtained
from DFT calculations. For adsorption processes, the reaction rate constant can be approximated

through collision theory with a sticking coefficient of 1,
1

kfor = Noy2mmakgT ©)
where Ny is the number of sites per surface area (1.454 x 10" m?) and ma denotes the

molecular weight of adsorbent A. The reverse reaction rate constant (Krey) is determined from the

thermodynamic equilibrium constant K,

K =22 (10)

krev

In the presence of solvents, the free energy of reaction and activation barrier were
calculated as,
G;as,l- + Grs(solv) — Gis(solv)  (11)

AGsoivent,i = Ggas,i + Grs(solv) — Gis(solv)  (12)

AG!

solvent,i —

where Gis(solv), Grs(solv), and Grs(solv) are the solvation free energies of the reactants,
transition state and products of reaction step i, respectively, which were obtained from the
COSMO-RS calculations.

With all the forward and reverse reaction rate constants specified, a mean-field
microkinetic model was built for the normalized number of surface species i per surface metal
atoms[37]. The surface coverage of each species is equal to the number of sites occupied by the
species (see Table S3 in the SI) times the normalized number of surface species i per surface metal
atoms. Steady state surface coverages and rates are obtained by using the Matlab ODE solver

odel5s. No assumptions were made regarding the rate controlling steps in building our models.



2.3 Lateral interaction effects

The mean-field approximation of microkinetic models is typically derived under the
assumption of no lateral adsorbate-adsorbate interactions. In particular, strong adsorbate-adsorbate
attraction can lead to island formation which leads to an overestimation of the rate predicted by
the mean-field approximation. At the same time, slight adsorbate-adsorbate repulsion can still be
accommodated by mean-field models that consider the repulsive interaction within the free energy
expression[38]. Without considering any lateral interactions, results from our mean-field
microkinetic model showed that CO and H cover more than 95% of the Pt surface and the fraction
of available free sites becomes exceedingly small. Since both adsorbed CO and H display
significant lateral (repulsive) interactions, we should consider these interactions in our models.
Here, we used a linear lateral interaction model for describing the effects of any high-coverage
surface species (i.e., CO and H) on the free energy of any surface species in the microkinetic
model. To describe the lateral interaction effect on activation barriers, we assumed that the

transition states are affected as half the reactant and half the product:

aas(0)) = Gaas(0) + @y + 6;  (13)
bas(O1, -, 0n) = Gaas(0) + T aij < 6 (14)
G (01, ) O) = GE(0) + 0.5(Gfn(0) - GEn(By, ., 6,)  (15)
where G;,45(0) and G4, (6;) are adsorption energies of species i1 on the clean surface and
surface with 6; sites covered by species j, respectively. a; ; is the lateral interaction coefficient of
species j to species i, and G¥(6,, ...,60, ) and GK., (64, ...,0,) are the activation and reaction free
energy of step k with a surface covered by species 1 with coverage 6;, respectively. All adsorption
energies are calculated for all species at zero coverage and a coverage of 0.25 ML of CO and H.

Table S4 in the SI lists all the a; ; parameters.

3 Results and Discussion

A detailed reaction network for the HDO of propionic acid on Pt (111) along with the
intermediates involved in various elementary reaction steps is shown in Fig. 1. The reaction
network of the DCN and DCX in Fig. 1a is identical to our previous study on the HDO of propionic
acid over Pd and Ru catalysts[9, 12, 13] while Fig. 1b shows the reaction network of propanol and
propionaldehyde production. It is to be noted that we did not include the water-gas shift reaction

in our reaction network that is able to reduce the CO partial pressure in the reactor. The water-gas



shift reaction hardly occurs on Pt (111) but is believed to be catalyzed by Pt-oxide support interface
sites[39, 40]. Thus, in the absence of a meaningful active site model for the water-gas shift, we are
required to set the CO partial pressure to a practical value that leads to CO surface coverages and
modeling results comparable to experimental observations. Fortunately, we found that our
microkinetic modeling results are not very sensitive to the CO partial pressure due to the inclusion
of lateral surface species interactions with CO in our microkinetic models (see section 3.2). Table
1 gives the reaction free energies and activation free energy barriers at a temperature of 473 K.
The solvent effects of water and 1,4-dioxane are treated as corrections to the reaction and activation
free energies, which are also provided in Table 1. In the following section, we will discuss the
effects of solvents on various elementary reaction steps. Then, we will discuss the results of our
microkinetic reactor model under both gas phase and liquid phase conditions, which includes the
turnover frequency (TOF), the dominant pathways for various products, selectivity towards
different products and the effects of solvent on them. Results from our sensitivity analysis, which
includes degree of rate control, degree of thermodynamic rate control, and degree of selectivity
control, will be discussed thereafter. Finally, reaction orders and apparent activation energies under

both gas and liquid phases will be reported.

Table 1 Reaction free energies in eV of all elementary reaction steps in the HDO of PAc on a Pt (111)
surface at a temperature of 473 K in the vapor phase and in the presence of liquid water and 1, 4-dioxane.

The number of * signifies the number of adsorption sites.

# Reaction Gas Water 1-4-dioxane

AGixn AG! AAGmn AAG' AAGhn AAGH
0 CH;CH,COOH (g) + * -> CH;CH,COOH* 0.79 N/A -0.26 N/A -0.20 N/A
1 CH;CH,COOH* + 3* -> CH;CH,CO*** + OH* 0.52 0.70 0.08 0.06 0.08 0.05
2 CH;CH,COOH* + 2* -> CH;CHCOOH** + H* -0.21 0.72 -0.03 -0.06 0.02 -0.02
3 CH;CH,CO*** > CH;CH,* + CO* + * -0.74 1.47 -0.11  -0.06 -0.08 -0.05
4 CH;CH,CO*** > CH;CHCO** + H* -0.29 0.71 -0.05 -0.09 -0.02  -0.04
5 CH3CHCOOH** + * -> CH3CHCO** + QH* 0.44 0.78 0.06 0.11 0.04 0.06
6 CH;CHCOOH** + 2* -> CH,CHCOOH?*** + H* -0.29 0.67 0.03 -0.02 0.02 0.01
7 CH;CHCOOH** + 2* -> CH;CCOOH*** + H* -0.10 0.74 0.01 0.02 -0.01 -0.01
8 CH;CHCO** + * > CH;CH** + CO* -0.54 0.84 -0.10 0.01 -0.05 0.01
9 CH;CHCO** 4 2% -> CH3CCO*** + H* -0.31 0.65 -0.01 -0.02 0.01 0.00
10  CH;CHCO** + 2* -> CH,CHCO*** 4+ H* 0.06 0.87 -0.03  -0.09 0.00 -0.04
11  CH,CHCOOH?*** + * > CH,CHCO*** + QOH* 0.78 1.47 0.00 0.07 0.02 0.05
12 CH,CHCOOH*** + * > CHCHCOOH*** + H* -0.07 0.77 -0.04 -0.09 -0.03  -0.04
13 CH3;CCOOH*** 4 * > CH;CCO*** + OH* 0.23 0.77 0.04 0.06 0.06 0.06
14  CH;CCO*** > CH;C* +CO* + * -1.18 0.75 -0.09 0.04 -0.07 0.01
15 CH,CHCO*** + * > CH,CH*** + CO* -0.89 0.69 -0.09 0.00 -0.06 0.00
16  CH,CHCO*** + 2% > CHCHCO**** + H* -0.20 0.61 -0.01 -0.05 0.00 -0.01
17 CHCHCOOH*** + 2* > CHCHCO**** + OH* 0.65 1.09 0.04 0.06 0.06 0.07
18  CHCHCO#**** > CHCH*** + CO* -0.82 0.51 -0.11 0.02 -0.07 0.01
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CH,CH*** + * .> CHCH*** + H*

CH,CH,** + 2* -> CH,CH*** + H*
CH,CH*** -> CH,C** + H*

CH;C* + 2* -> CH,C** + H*

CH;CH** + 2% -> CH,CH*** + H*

CH;CH** -> CH3;C* + H*

CH;CH,* + 2* -> CH;CH** + H*

CH;CH;3* + *-> CH;CH,* + H*

CH;CHy* + 2* -> CH,CHy** + H*
CH;CH,COOH* + 2* -> CH3CH,COO** + H*
CH;CH,COO** -> CH3CH,* + CO,*
CH;CH,COO** + 2* -> CH3;CHCOO*** + H*
CH3;CHCOOH** + 2* -> CH;CHCOO*** + H*
CH3;CHCOOH** + 2* -> CH3CH** + COOH**
CH3;CHCOO*** -> CH3CH** + CO,*
CH;CHCOO*** + * > CH3CCOO*** + H*
CH3;CCOOH*** + * > CH3CCOO*** + H*
CH3;CCOOH*** + * > CH3C* + COOH**
CH,CHCOOH*** + 2* -> CH,CH*** + COOH**
CH;CCOO*** -> CH3C* + CO* +*

COOH** -> COy* + H*

COOH** -> CO* + OH*

H,O* + * -> OH* + H*

CH;CH;s (g) + * -> CH3CH3*

CH,CH; (g) + 2* -> CH,CH,**

H,O (g) +* > H,0*

CO, (g) +* > COy*

CHCH (g) + 3* -> CHCH***

CO (g) + * > CO*

H, (g) +2* > H* + H*

CH;CHCHO*** -> CH3;CHCO** + H*
CH;CHCOH*** -> CH;CHCO** + H*
CH;CH,CHO* + 3* -> CH3CH,CO*** + H*
CH;CH,COH* + 3* -> CH3CH,CO*** + H*
CH;CH,CHO* + 3* -> CH;CHCHO*** + H*
CH;CHCH,O*** + * -> CH;CHCHO*** + H*
CH;CHCHOH** + 2* -> CH;CHCHO*** + H*
CH;CH,COH* + 3* -> CH3;CHCOH*** + H*
CH;CHCHOH** + 2* -> CH;CHCOH*** + H*
CH3;CH,CH,O* + * -> CH3;CH,CHO* + H*
CH;CH,CHOH* + * -> CH3CH,CHO* + H*
CH;CH,;CHOH* + * -> CH3CH,COH* + H*
CH;CH,CH,O* + 3* -> CH3;CHCH,O*** + H*
CH;CHCH,OH** + 2* -> CH;CHCH,O*** + H*
CH;CH,CHOH* + 2* -> CH;CHCHOH** + H*
CH;CHCH,OH** + * -> CH;CHCHOH** + H*
CH;CH,CH,OH* + * -> CH3;CH,CH,O* + H*
CH;CH,CH,OH* + * -> CH3;CH,CHOH* + H*
CH3;CH,CH,OH* + 2* -> CH3;CHCH,OH** + H*
CH3CH,CH,0H (g) + * -> CH;CH,CH,OH*
CH3CH»CHO (g) + * -> CH3;CH,CHO*

C4HsO» (dioxane) + 2% > C4HgO **

-0.13
-0.05
-0.38

0.27
-0.29
-0.94
-0.10
-0.11
-0.34
-0.41
-0.09

0.47

0.27
-0.04
-0.66
-0.22

0.15
-0.89
-0.04
-1.38
-0.35
-0.06

0.53

0.57
-0.27

0.52

0.54
-1.56
-0.59
-0.36
-0.92
-0.26
-0.87
-0.25
-0.24
-0.67

0.15
-0.28
-0.51
-0.63

0.14
-0.48
-0.20

0.24
-0.25
-0.58

0.35
-0.41
-0.09

0.66

0.70

1.07

0.69
0.69
0.38
1.06
0.51
0.25
0.66
0.64
0.57
0.31
1.49
1.24
0.75
1.42
0.95
1.04
0.90
1.06
1.86
0.79
0.45
0.46
0.83
N/A
N/A
N/A
N/A
N/A
N/A
N/A
0.08
0.60
0.18
0.04
0.69
-0.06
0.50
1.07
0.45
0.02
0.69
0.28
0.69
0.58
0.74
0.51
0.71
0.46
0.78
N/A
N/A
N/A

-0.03
-0.03
0.00
-0.02
-0.01
0.00
-0.03
-0.01
-0.01
0.11
-0.01
-0.10
0.04
-0.04
0.06
-0.05
-0.02
-0.05
-0.08
0.11
0.14
0.00
0.08
-0.05
-0.09
-0.16
-0.09
-0.16
-0.15
0.01
0.04
0.00
0.12
0.04
0.03
0.01
0.02
0.00
0.06
-0.09
-0.07
0.01
-0.07
0.08
-0.06
0.07
0.01
-0.01
-0.14
-0.14
-0.22
-0.30

-0.07
-0.08
-0.03
-0.09
-0.11
-0.03
-0.07
-0.07
-0.09
0.07
-0.01
-0.17
0.01
-0.01
0.09
-0.02
0.05
0.02
-0.02
0.18
0.04
0.07
0.05
N/A
N/A
N/A
N/A
N/A
N/A
N/A
0.03
0.00
0.09
0.02
-0.02
-0.02
0.02
-0.15
0.01
0.00
0.00
0.02
-0.12
0.08
-0.09
-0.14
0.02
-0.04
-0.16
N/A
N/A
N/A

-0.01
-0.01
0.00
0.00
-0.01
0.00
0.00
0.01
0.01
0.07
0.00
-0.02
0.03
-0.02
0.02
-0.02
0.03
-0.01
-0.04
0.03
0.07
0.00
0.06
-0.06
-0.05
-0.10
-0.07
-0.07
-0.10
0.00
0.01
-0.01
0.08
0.04
0.05
0.01
0.03
0.02
0.05
-0.06
-0.04
0.01
-0.02
0.07
-0.02
0.05
0.03
0.00
-0.07
-0.12
-0.16
-0.22

-0.04
-0.04
-0.01
-0.05
-0.07
-0.02
-0.03
-0.02
-0.04
0.03
0.02
-0.05
0.01
-0.02
0.04
-0.01
0.06
0.04
0.00
0.09
0.01
0.05
0.04
N/A
N/A
N/A
N/A
N/A
N/A
N/A
0.01
-0.01
0.06
0.02
0.02
-0.01
0.03
-0.08
0.01
0.00
0.01
0.02
-0.05
0.06
-0.03
-0.09
0.03
-0.02
-0.08
N/A
N/A
N/A

3.1 Solvent effects on various elementary reaction steps

10



Water and 1,4-dioxane are chosen as solvents because they are usually used in
experimental studies. The free energies at a temperature of 473 K of various steps are shown in
Table 1 with the effects of solvents being shown as corrections to the reaction and activation free
energies. Generally, solvents stabilize the adsorption of gas phase species in the range of 0.05 eV
to 0.26 eV, and water has a stronger effect than 1,4-dioxane. For example, water stabilizes the
adsorption of propionic acid and propionaldehyde adsorption by 0.26 and 0.22 eV, respectively,
while the stabilization is 0.20 and 0.16 eV in 1,4-dioxane, respectively. However, solvents have a
weaker effect on the reaction and activation free energies for surface reaction steps. Only for a few
steps do we observe changes in free energy larger than 0.10 eV as a result of the presence of liquid
water. For decarbonylation steps that produce CO, the reaction energies in water are around 0.1
eV more exergonic than in the gas phase as a result of CO adsorption being stabilized in water by
0.15 eV. For the CH3;CH2COO a-carbon dehydrogenation step in water, the reaction and activation
free energies decrease by 0.10 eV and 0.17 eV, respectively. Stabilization is a result of the
carboxylate group changing its exposure to the liquid phase during reaction (in the reactant state
the carboxylate group points to the surface while in the product state it points at least partially to
the liquid phase). For decarboxylation of CH3CCOO in water, the reaction and activation free
energies increase by 0.11 eV and 0.18 eV, respectively. Again, the solvent effect can be understood
from the change in exposure of the carboxylate group to the liquid phase during reaction (in the
reactant state the carboxylate group points to the liquid phase since the dehydrogenated a-carbon
is strongly bound to the surface while in the product state CO> species is not partially charged
anymore). For almost all other surface reactions, the change in free energy is smaller than 0.10 eV
in liquid 1,4-dioxane. The free energies calculated at + 10% of the default COSMO Pt cavity are
shown in Table S1 and S2. Overall, the observed trends are very similar to those shown in Table
1. Interestingly, a larger Pt cavity radius leads to a larger solvent effect for adsorption processes
and a smaller solvent effect for processes involving a change in exposure of the carboxylate group
to the liquid phase. A more detailed discussion of the effects of solvents on the observed kinetics

is presented in the following sections.

Table 2 TOFs (s'!) and surface coverage of the most abundant surface intermediates under vapor phase and
liquid water and 1,4-dioanxe conditions on a Pt (111) surface at a propionic acid partial pressure of 1 bar,
CO partial pressure of 0.001 bar and a H partial pressure of 0.1 bar with temperatures ranging from 473 K
to 523 K.
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Phase Temperature TOF Onx Bcox 0+ Opac

X) (s

Gas 473 1.79 x 10 0.26 0.32 0.42 0.00
498 5.92 x 10 0.26 0.27 0.47 0.00
523 1.80 x 1073 0.27 0.22 0.51 0.00

water 473 227 x10° 0.04 0.49 0.07 0.40
498 1.68 x 10+ 0.07 0.48 0.19 0.26
523 2.77 x 1073 0.09 0.45 0.36 0.09

1, 4-dioxane 473 4.47 x 10 0.11 0.47 0.25 0.16
498 3.52 x 10* 0.14 0.43 0.41 0.02
523 8.93 x 10 0.16 0.37 0.47 0.00

3.2 Microkinetic Modelling
3.2.1 Models and Activity Results

The microkinetic model based on the reaction network shown in Fig. 1 was solved until
steady state at temperatures of 473, 498, and 523 K. The gas phase partial pressure was set to 1
bar for propionic acid, 0.001 bar for CO gas, 0.1 bar for hydrogen and zero for all other gas phase
molecules, i.e., low conversion conditions. We note that the partial pressures of H-O and CO» have
no effect on our results except that they might promote the water-gas shift reaction, which is not
explicitly considered in our models. Also, the solvent fugacity of 1,4-dioxane and water was found
not to affect our results since the surface coverage of localized water and 1,4-dioxane was found
to be small (Table S3 in the SI). In the following, the reported turnover frequency (TOF)
corresponds to the rate of consumption of propionic acid per surface Pt atom. Table 2 shows the
TOFs and coverages of the most abundant intermediates at different temperatures under both gas
phase and liquid phase conditions.

Under gas phase conditions and 473 K, the coverages of CO*, H* and free site are 26%,
32% and 42%, respectively. Surface coverages are not a strong function of temperature, although
the CO* coverage decreases somewhat with increasing temperature. In the presence of liquid 1,4-
dioxane, CO*, H* and free site remain the dominant surface species; although at 473 K, the
propionic acid coverage becomes 16%, somewhat reducing the hydrogen and free site coverage.
The surface coverage of CO* is increased to 47% in liquid 1,4-dioxane mainly due to solvent
stabilization of CO* as discussed in section 3.1. This effect is even more pronounced in the
presence of liquid water. Here, H is not an abundant surface intermediate with a surface coverage
less than 10% at all investigated temperatures. In contrast, CO* covers nearly 50% of the surface
sites. Due to the strong stabilization effect of water on adsorbed propionic acid, the coverage of

propionic acid becomes 40% at 473 K, which leads to a decreasing coverage of free sites (7%).
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With increased temperature, the coverage of propionic acid decreases and more free sites become
available for surface reactions to take place in water.

Under gas phase conditions, DFT predicts that the reaction has a low TOF of 1.79x107 s°!
at 473 K on a Pt (111) surface. This TOF increases significantly in liquid 1,4-dioxane with the
acceleration increasing with temperature (factor 25 to 50 increase). At 523 K, we predict a TOF in
liquid 1,4-dioxane of 8.93x10™* s\, In contrast, liquid water does not change the TOF significantly
at 473 K relative to the gas phase (less than factor 3 increase) because CH;CH.COOH* and CO*
block 89% of the surface sites (the free site coverage is only 7%). However, at higher temperatures
in liquid water, the CH3CH2COOH* coverage is significantly reduced, and liquid water starts to
accelerate the consumption of propionic acid. For instance, at 523 K the TOF is increased by two
orders of magnitude (factor 154) compared to the gas phase, which is even three times larger than
that computed in 1,4-dioxane. These results suggest that solvents can significantly affect the
reaction kinetics of propionic acid HDO on a Pt (111) surface; however, the selection of an optimal
solvent is strongly temperature dependent since solvents affect many processes, some of which
accelerate while others decelerate the overall kinetics.

3.2.2 Dominant Pathways
3.2.2.1 Dominant Pathways for the DCN mechanism

There are basically two types of reaction pathways involved in the DCN mechanism as
shown in Fig 1a, 2a and 3a: (1) pathways that start with dehydroxylation, CH3CH,COOH* + 3* -
> CH3;CHxCO*** 4+ OH* and followed by either direct decarbonylation or one step of
dehydrogenation prior to the decarbonylation, which will be denoted as direct-DCN-pathl and
direct-DCN-path2, respectively, and (2) pathways that involve a—carbon dehydrogenation prior to
the dehydroxylation step that precedes the decarbonylation, which will be named as indirect-DCN-
path. The rates (in s™') of all elementary reaction steps involved in the DCN mechanism under both
gas and liquid phases environments (calculated with default COSMO Pt cavity) are shown in Fig.

la, 2a and 3a, respectively.
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Figure 1. TOFs (s) of various elementary steps under vapor phase conditions at a temperature of 473 K,
a propionic acid gas phase partial pressure of 1 bar, a CO gas phase partial pressure of 0.001 bar and a
hydrogen partial pressure of 0.1 bar. For convenience, black arrows are the adsorption/desorption steps,
blue arrows are DCX steps, red arrows are DCN steps, purple steps are steps involved in propanol and
propionaldehyde productions, while gray arrows are the steps involved in both DCN and DCX steps and
green arrows are steps involved in DCN and propanol and propionaldehyde productions. Dominant
pathways are shown in dashed arrows. TOFs (s) of reaction steps involved in DCX and DCN are shown
in (a) while the TOFs (s!) for propanol and propionaldehyde production steps are shown in (b).

As shown in Fig. la, under vapor phase conditions, the direct-DCN-path2 has a rate of
8.21x107 s! which is more than two orders of magnitude larger than that of the indirect-DCN-
path and around 8 orders of magnitude larger than that of the direct-DCN-pathl, i.e., the direct-
DCN-path2 is the dominant DCN path. According to the rates shown in Fig. 1a, the DCN path
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starts with the direct dehydroxylation of adsorbed propionic acid (CH3CH.COOH* ->
CH3CHCO*** + OH*), followed by one step of a—carbon dehydrogenation of CH3;CH,CO***
(CH3CH2CO*** > CH3CHCO** + H*) forming CH;CHCO**, which will go in three possible
reaction directions: (1) one step of dehydrogenation of B—carbon prior to the decarbonylation
(CH3CHCO** -> CH,CHCO*** + H*) step followed by hydrogenation of the decarbonylation
product CHCH*** to yield CH2CHb», (2) one more dehydrogenation step at the o—carbon of
CH3CHCO** (CH;CHCO** -> CH3;CCO*** + H*) followed by decarbonylation of CH3CCO***
and hydrogenation/dehydrogenation of the DCN product CH3C* to the final product CH>CHo, or
(3) decarbonylation of CH3CHCO** to CH;CH** (CH3CHCO** -> CH3CH** + CO*) followed
by hydrogenation of CH3CH** to the final product CH3CH3. These three reactions happen
competitively on the surface with a rate of the same order of magnitude.

In liquid 1,4-dioxane, the rate of the direct-DCN-path2 is increased slightly (~20%) over
the gas phase while the rate of the indirect-DCN-path is increased by almost a factor 6. However,
the direct-DCN-path2 is still much faster than indirect-DCN-path and direct-DCN-path1, and no
matter whether water or dioxane is presented as solvent, the rate of the direct-DCN-pathl is always
negligible. Therefore, the dominant pathway of the DCN is not changed by 1,4-dioxane except
that the decarbonylation of CH;CHCO** (CH3;CHCO** -> CH3;CH** + CO*), which is the
product of the dehydroxylation step of the direct -DCN-path2, is slightly faster than the two
competitive dehydrogenation steps (CH3;CHCO** -> CH,CHCO*** + H*, CH3;CHCO** ->
CH3;CCO*** + H*), Interestingly, the rate of the direct-DCN-path2 is decreased from 8.21x107 s~
!in the gas phase to 2.82x10°® s”! when water is present as solvent, while the rate of the indirect-
DCN-path is increased to 6.25x10° s7!, i.e., it becomes nearly competitive to the direct-DCN-
path2. So, the dominant pathway of the DCN remains unchanged by the presence of liquid water,
except that the decarbonylation of CH;CHCO** to CH3CH** (CH;CHCO** -> CH3;CH** + CO*)
is faster than CH;CHCO** -> CH,CHCO*** + H* and CH;CHCO** -> CH3CCO*** + H*.
Surprisingly, even though the TOF is increased in liquid, the rate of the DCN pathways does not
increase significantly and even becomes smaller in water. This is because propanol and
propionaldehyde production dominate the HDO of propionic acid in the liquid phase, and around
98% of the adsorbed propionic acid is hydrogenated to propanol and propionaldehyde, which will
be further discussed in the following section 3.2.2.2.
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Figure 2 TOFs (s') of various elementary steps in the presence of liquid 1,4-dioxane at a temperature of
473 K, a propionic acid gas phase partial pressure of 1 bar, a CO gas phase partial pressure of 0.001 bar
and a hydrogen partial pressure of 0.1 bar. For convenience, black arrows are the adsorption/desorption
steps, blue arrows are DCX steps, red arrows are DCN steps, purple steps are steps involved in propanol
and propionaldehyde productions, while gray arrows are the steps involved in both DCN and DCX steps
and green arrows are steps involved in DCN and propanol and propionaldehyde productions. Dominant
pathways are shown in dashed arrows. TOFs (s) of reaction steps involved in DCX and DCN are shown
in (a) while the TOFs (s™") for propanol and propionaldehyde production steps are shown in (b).
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Overall, under both vapor and liquid phase conditions, the dominant pathway of the DCN
is the direct-DCN-path2, which first involves direct dehydroxylation of propionic acid, followed

by a-carbon dehydrogenation, and then dependent on the reaction environment, either direct
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decarbonylation or dehydrogenation of the a- or B-carbon prior to decarbonylation. Finally,
hydrogenation of the decarbonylation product will occur to finish the DCN path.
3.2.2.2 Dominant Pathways for Propanol and Propionaldehyde Production

As shown in Fig. 1b, 2b and 3b, we mainly considered three possible pathways for propanol
production: (1) direct dehydroxylation of the adsorbed CH3;CH,COOH?*, followed by
hydrogenation of the carbonyl group of CH3CH,CO*** to form propanol, which will be referred
to as direct-propanol-path, (2) a dehydrogenation step (either a- or B-carbon) taking place prior to
dehydroxylation, followed by a couple of hydrogenation steps after dehydroxylation forming
propanol, which will be denoted as the indirect-propanol-path, and (3) hydrogenation of the
produced propionaldehyde to propanol. We intentionally neglect this third pathway in our
discussion here since it is much slower than the other two pathways according to Fig. 1b, 2b and
3b. Similarly, we also considered three possible pathways for propionaldehyde production: (1)
direct dehydroxylation of the adsorbed CH3;CH>COOH forming a single hydrogen deficient
aldehyde (CH;CH2CO**%*), followed by one hydrogenation step to form propionaldehyde on the
surface, which will be referred as direct-aldehyde-path, (2) dehydrogenation of one hydrogen
deficient propanol that is produced in the direct-propanol-path to form propionaldehyde, i.e.,
CH3CH2COOH* -> CH3CH.CO*** -> CH3CH.COH* -> CH3CH.CHOH* -> CH3CH2CHO*,
which will be called indirect-aldehyde-path, and (3) dehydrogenation prior to dehydroxylation,
followed by hydrogenation to propionaldehyde, which will also be neglected as it is much slower
than the other two pathways as shown in Fig. 1b, 2b and 3b.

Under vapor phase conditions, the dominant pathways for propanol and propionaldehyde
production are both direct formation pathways, which start with dehydroxylation of the adsorbed
propionic acid (CH3CH2COOH* -> CH;CH,CO*** + OH¥*). About 46% of the produced
CH3CH2CO*** follows a decarbonylation mechanism while the rest goes into two competing
directions: (1) one carbon atom hydrogenation step to produce propionaldehyde on the surface and
(2) hydrogenation of the oxygen atom of the carbonyl group of CH3CH>CO*** forming a
propanol-like intermediate CH3CH2COH* on the surface. The rates for these processes are
4.12x107 s and 5.60x10°® s, respectively. CH3CH,COH* can be further hydrogenated to
CH;CH2CHOH*. About 33% of CH;CH2CHOH* is further hydrogenated to propanol while about
67% of CH3;CH,CHOH?* is dehydrogenated to propionaldehyde (CH3;CH>CHO*). As shown in
Table 3, the overall selectivity of the DCN, propanol and propionaldehyde production pathways
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in the vapor phase are predicted to be 46%, 18% and 36%, respectively, indicating that propanol
and propionaldehyde can be produced during the HDO of propionic acid over Pt (111) surface.
This observation agrees very well with our preliminary experimental results.

In both liquid water and 1,4-dioxane, the dominant pathway for propanol production is
always the direct-propanol-path, while that for propionaldehyde is changed from the direct
pathway to the indirect pathway. As shown in Fig. 2b and 3b, the first step for propanol and
propionaldehyde production is still the direct dehydroxylation of adsorbed CH3CH>COOH*
forming CH3CH>CO*** on the surface. In the following, however, hydrogenation of
CH;CH2CO*** to propionaldehyde can no longer compete with hydrogenation of CH;CH2CO***
to CH;CH,COH*. In liquid water, the rates of these processes are 5.73x10 s and 2.22x10° s},
respectively, while they are 1.29x10° s™! and 4.25x107° s!, respectively, in 1,4-dioxane. Then,
CH3CH>COH* will go through one hydrogenation step to form CH;CH>CHOH?*, which will partly
be dehydrogenated to propionaldehyde (from 23% to 30% depending on the solvent and the cavity
of Pt as demonstrated by the selectivity shown in Table 3) with the remainder being hydrogenated
to propanol. What’s more, unlike in the gas phase where 46% of the CH3;CH,CO*** species is
decarbonylated, almost all the produced CH3;CH>CO*** (around 98% in both liquid water and 1,4-
dioxane) will be hydrogenated to CH;CH2COH?*. Due to this change in dominant pathway, the
selectivity of propanol increased dramatically in the condensed phase from 18% to around 70-
75%, while the selectivity of DCN products dramatically dropped from 46% to around 2%. The
selectivity of propionaldehyde is less sensitive to the reaction environment and 23 to 36% of the

reaction flux goes towards propionaldehyde.

Table 3 Product selectivity under gas and liquid phase conditions at a temperature of 473 K, a propionic
acid gas phase partial pressure of 1 bar, a CO gas phase partial pressure of 0.001 bar and a hydrogen partial
pressure of 0.1 bar. Results from solvation calculations with +10% of default COMSO Pt cavity radius are
also shown for water and 1,4-dioxane. N/A denotes that the value is smaller than 0.01.

gas water water water 1, 4-dioxane 1, 4-dioxane 1, 4-dioxane
(default) (+10%) (-10%) (default) (+10%) (-10%)
Spex N/A N/A 0.01 0.01 N/A N/A N/A
Spex 0.46 0.02 0.01 0.01 0.02 0.02 0.02
Spropanot  0.18 0.74 0.75 0.69 0.71 0.70 0.68
Spropanal~ 0.36 0.24 0.23 0.30 0.27 0.28 0.30

In summary, while the dominant pathway for propanol production remains unchanged in
both gas and liquid phase environments, the dominant pathway for propionaldehyde production

changed from a direct formation pathway to an indirect pathway. What’s more, the solvent greatly
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promotes the rate of propanol production, which leads to a dramatic increase in the selectivity
towards propanol and a decrease in selectivity of DCN products.
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Figure 3 TOFs (s) of various elementary steps in the presence of liquid water at a temperature of 473 K,
a propionic acid gas phase partial pressure of 1 bar, a CO gas phase partial pressure of 0.001 bar and a
hydrogen partial pressure of 0.1 bar. For convenience, black arrows are the adsorption/desorption steps,
blue arrows are DCX steps, red arrows are DCN steps, purple steps are steps involved in propanol and
propionaldehyde productions, while gray arrows are the steps involved in both DCN and DCX steps and
green arrows are steps involved in DCN and propanol and propionaldehyde productions. Dominant
pathways are shown in dashed arrows. TOFs (s!) of reaction steps involved in DCX and DCN are shown
in (a) while the TOFs (s™") for propanol and propionaldehyde production steps are shown in (b).

3.2.2.3 Dominant Pathways for the DCX

19



There are at least five potentially relevant reaction pathways identified from our earlier
research on Pd and Ru catalysts: (1) dehydrogenation of the carboxyl group in adsorbed propionic
acid prior to decarboxylation followed by hydrogenation steps to the final products ethane or
ethene (CH3CH,COOH* - CH3CH,COO** - CH3CH»* - CH3CH3*), (2) same carboxyl group
dehydrogenation as in pathway 1 followed by a-carbon dehydrogenation before decarboxylation
and hydrogenation of the decarboxylation product to ethane (CH;CH.COOH* - CH3CH,COO*
- CH3CHCOO*** - CH3CH** - CH3CHz* - CH3CH3%*), (3) this pathway is almost the same
as pathway 2 except that the a-carbon is fully dehydrogenated prior to decarboxylation
(CH;CH2.COOH* - CH;CH.COO** - CH;CHCOO*** - CH3CCOO*** - CH;C* -
CH3CH>* - CH3CH3%*), (4) in this pathway, one or two a-carbon dehydrogenation steps occur
before dehydrogenation of the carboxyl group and decarboxylation (CH3CH,COOH* -
CH3CHCOOH** - CH3CCOOH*** - CH3;CCOO*** - CH3C* ->CH;CH2* - CH3CH3%),
(5) both a- and B-carbon dehydrogenation prior to dehydrogenation of the carboxyl group and
decarboxylation.

No matter the reaction environment (vapor or liquid water or 1,4-dioxane), the dominant
pathway for the DCX is always pathway 1. The rate of the DCX is very small and at least 3 orders
of magnitude smaller than the DCN, propanol, and propionaldehyde production pathways, which
agrees well with our preliminary experimental results. In condensed water and 1,4-dioxane, the
DCX rate increases by at least one order of magnitude relative to the vapor phase but overall
remains much smaller than the rate for propanol and propionaldehyde production. Thus, the
selectivity towards DCX remains negligible in all reaction environments. Our prediction that the
DCX pathway is not favored during the HDO of propionic acid, but that the rate increases in
condensed phases agrees very well with previous studies on the HDO of propionic and acetic acid
on other metal surfaces[10, 14, 20, 22, 41].

3.2.3 Sensitivity Analysis

To carry out a sensitivity analysis of our results, we computed Campbell’s degree of kinetic
rate control, DRC;, and selectivity control, DSC;, where i can be either a transition state or stable
adsorbed intermediate[42, 43]. This enables discovery of the rate- and selectivity controlling steps
and surface intermediates in the HDO of propionic acid over Pt (111). The degree of rate control

and selectivity control can be calculated using the following equations.
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where the partial derivative is taken holding constant the standard-state free energy of all
other species Gjo (intermediates, transition states, reactants, and products). The value of DRC;

describes the relative increase in net rate due to the (differential) stabilization of the standard-state
free energy for species i, holding all the other species’ energies constant. DRC;p and DRCjr are
the degrees of rate control of species i for the rates of making product P and consuming reactant
R, respectively. The value of DSC; describes the relative increase in net selectivity to product P
from reactant R due to the (differential) stabilization of the standard-state free energy for species 1
(either a transition state or stable adsorbed intermediate state), holding all other species’ energies
constant.
3.2.3.1 Degrees of Rate Control

As shown in Table 4, reaction step 1 (CH;CH,COOH* + 3* -> CH3CH2CO*** + OH*)
solely controls the rate of the reaction (the rate of consumption of propionic acid) under both vapor
and liquid phase conditions. The C-OH bond scission has also previously been identified as the
rate controlling step in the HDO of propionic acid over Pd (111) and Ru (0001). Similarly, Olcay
et al. and Pallassana and Neurock suggested that C-OH bond cleavage is rate controlling in the

HDO of acetic acid on Pt (111), Pd (111) and Rh (111) surfaces[20, 44].

Table 4 Degrees of rate control for various steps under gas and liquid phase conditions at a temperature of
473 K, a propionic acid partial pressure of 1 bar, a CO partial pressure of 0.001 bar and a hydrogen partial
pressure of 0.1 bar. Results from solvation calculations with £10% of default COMSO Pt cavity radius are
also shown for water and 1,4-dioxane. N/A denotes that the value is smaller than 0.01.

gas water water  water 1, 4-dioxane 1, 4-dioxane 1, 4-dioxane

(default) (+10%) (-10%) (default) (+10%) (-10%)
Stepl 096 096 095  0.96 0.96 0.96 0.96
Step4  N/A 005  -0.10 -0.01 -0.03 -0.03 -0.01
Step8  N/A -0.02  -0.04 -0.01 N/A N/A N/A
Step25 N/A 006  0.12 0.3 0.02 0.02 0.01

The degrees of thermodynamic rate control of the three most abundant surface

intermediates H*, CO* and CH3CH2COOH* are listed in Table 5. In the gas phase, the values of
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the degrees of thermodynamic rate control for CO* and CH3CH,COOH* are 1.84 and 0.96,
respectively, demonstrating that stabilizing the adsorption of CO* and CH3CH,COOH?* can
increase the rate of the reaction. In the case of CO*, this observation can be explained by the lateral
interactions of CO* with other adsorbates. In contrast, H* has a large negative value of the degree
of rate control (-3.04), which indicates that destabilizing the adsorption of H* and creating more
free sites for the rate controlling reaction step 1 facilitates the HDO of propionic acid over Pt (111).
In the condensed phase, the thermodynamic degrees of rate control change significantly. In liquid
water, the H* coverage is small, and a small positive degree of thermodynamic rate control is
observed. Also, the CO* and CH3CH2COOH™* coverages are high such that negative degrees of
thermodynamic rate control are computed. Somewhat similarly, in condensed 1,4-dioxane, both
H* and CO* have negative degrees of thermodynamic rate control due to the significant surface
coverage of these species while CH3CH2COOH* has a small positive degree of rate control that is
sensitive to the Pt cavity radius in the solvation calculations, given the small but significant

propionic acid coverage on the surface.

Table 5 Degrees of thermodynamic rate control for H*, CO* and CH3CH>COOH* (the most abundant
surface species) under gas and liquid phase conditions at a temperature of 473 K, a propionic acid partial
pressure of 1 bar, a CO partial pressure of 0.001 bar and a hydrogen partial pressure of 0.1 bar. Results
from solvation calculations with £10% of default COMSO Pt cavity radius are also shown for water and
1,4-dioxane.

Surface species gas water water  water 1, 4-dioxane 1, 4-dioxane 1, 4-dioxane
(default) (+10%) (-10%) (default) (+10%) (-10%)
H* -3.04 0.11 0.09 0.08 -0.63 -0.35 -0.21
CO* 1.84 -3.16 -3.28 -3.34 -2.21 -2.40 -2.61
CH;CH,COOH* (.96 -0.84 -1.02 -0.96 0.18 -0.05 -0.12

3.2.3.2 Degrees of Selectivity Control

The degrees of selectivity control of various key reaction steps for DCX, DCN, propanol,
and propionaldehyde production are shown in Table 6, 7, 8 and 9, respectively, and corresponding
degrees of selectivity control of various key surface intermediates are shown in Table S5, S6, S7,
S8, respectively. Results shown in Table 6 indicate that the selectivity to the DCX path is solely
determined by step 1 (CH3CH2COOH* + 3* -> CH3;CHCO*** + OH*), i.e., deceleration of the
dehydroxylation step increases the selectivity towards DCX most in all reaction environments.
From the results of the degrees of thermodynamic selectivity control shown in Table S5,

CH3CH.COO**, CH3;CH2,COOH*, H* and CO* are the key surface intermediates that have an
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apparent effect on the DCX path selectivity. Generally, stabilization of the adsorption of
CH3CHCOO**, which is the key species in the DCX path, can increase the DCX path selectivity.
For the other three species, the effect varies dependent on the reaction environment. For instance,
stabilization of the CO* adsorption in gas phase will decrease the DCX path selectivity, while in

liquid phase, it will increase the selectivity towards the DCX path.

Table 6 Degrees of selectivity control for various key reaction steps that have impact on DCX path under
gas and liquid phase conditions at a temperature of 473 K, a propionic acid partial pressure of 1 bar, a CO
partial pressure of 0.001 bar and a hydrogen partial pressure of 0.1 bar. Results from solvation calculations
with £10% of the default COMSO Pt cavity radius are also shown for water and 1,4-dioxane. N/A denotes
that the value is smaller than 0.01.

Step1 Step 5

Gas -0.965 -0.002
Water (default) -0.957 -0.004
Water (+10%) -0.948 -0.010
Water (-10%) -0.957 0.002

1,4-dioxane (default) -0.973 0.013
1,4-dioxane (+10%) -0.963 -0.002
1,4-dioxane (-10%) -0.937 -0.001

For DCN products, under gas phase conditions, stabilizing the transition state of reaction
step 4 (CH3;CH,CO*** -> CH3CHCO** + H*), which competes with steps that lead to propanol
and propionaldehyde production, increases the selectivity most. Similarly, destabilizing the
transition states for propanol and propionaldehyde formation (reaction step 51, 59 and 66)
increases the selectivity towards DCN products. In liquid phase, the reaction flux through step 51
(direct-aldehyde-path) becomes small, so this transition state has a negligible effect on selectivity.
In contrast, the propanol and propionaldehyde formation steps (steps 59 and 66) have an even more
negative selectivity control towards DCN products in condensed phase. Also, stabilizing the
transition state of step 4 continues to increase the selectivity towards DCN in liquid phase. This
effect is even more pronounced in liquid 1,4-dioxane. Finally, steps 1 (CH;CH.COOH* + 3* ->
CH3CH2CO*** + OH*), 5 (CH;CHCOOH** + * -> CH;CHCO** + OH*), and 8 (CH;CHCO**
+ * > CH3CH** + CO*) also affect the selectivity to DCN products somewhat in liquid water.
The origin for the selectivity control of these steps is that the indirect-DCN-path (which involves
dehydrogenation steps) becomes competitive against the direct-DCN-path in water. As shown in
Table S6, stabilizing the adsorption of H*, CH3;CH>CO*** and CH3;CHCO** will increase the
selectivity towards the DCN path, while stabilizing the adsorption of those alcohol and aldehyde
like intermediates (CH3;CHCHOH*, CH3CH>CH,OH* and CH3CH2CHO%*) will decrease the
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DCN path selectivity since it will promote the propanol and propionaldehyde production. The
effect of CO adsorption on the selectivity varies depending on the reaction environment and the Pt

cavity used in the solvent calculations such that we are unable to determine it reliably.

Table 7 Degrees of selectivity control for various key reaction steps that have impact on the DCN path
under gas and liquid phase conditions at a temperature of 473 K, a propionic acid partial pressure of 1 bar,
a CO partial pressure of 0.001 bar and a hydrogen partial pressure of 0.1 bar. Results from solvation
calculations with £10% of default COMSO Pt cavity radius are also shown for water and 1,4-dioxane. N/A
denotes that the value is smaller than 0.01.

Step1 Step4 Step5 Step8 Step51 Step 59 Step 66

Gas N/A 049 NA 001 -0.23 -0.13 -0.18
Water (default) -0.10 046 0.10 0.24 N/A -0.21 -0.62
Water (+10%) -043  0.21 044 024 N/A -0.12 -0.39
Water (-10%) -0.22 020 0.23 0.36 N/A -0.22 -0.50

1,4-dioxane (default) -0.02  0.75 0.02  0.09 -0.03 -0.23 -0.67
1,4-dioxane (+10%) -0.02 0.76  0.02  0.09 -0.02 -0.25 -0.64
1,4-dioxane (-10%) -0.02 066 0.02 0.16 -0.02 -0.27 -0.64

Next, for propanol production, Table 8 summarizes the degrees of selectivity control.
Stabilizing reaction step 66 (CH3CH.CHOH* + * -> CH3CH,CHOH* + H*) and decelerating
step 59 (CH;CH,CHOH* + * -> CH3CH2CHO* + H*) leads to increased propanol production in
all reaction environments. Step 66 facilitates direct propanol production and step 59 determines
the relative reaction flux going towards propionaldehyde versus propanol. In the vapor phase,
decelerating steps 4 and step 51 also increases the selectivity towards propanol. Step 4 is a key
reaction step to produce DCN products while step 51 is instrumental for propionaldehyde
production. The stability of these transition states plays only a minor role in condensed phases
where the main reaction flux goes to propanol production. Table S7 shows the thermodynamic
selectivity control of various key species on propanol production. In the gas phase, stabilization of
H* adsorption changes the selectivity towards alcohol production, while it has a much smaller
effect in the condensed phase. In contrast, stabilization of CO* decreases the propanol selectivity
in vapor phase, while it increases the selectivity towards alcohols in condensed phase. Stabilization
of key intermediates in the DCN and aldehyde mechanism, CH3;CH>CO*** and CH3;CH,CHO%*,
decrease the selectivity towards propanol in the vapor phase. Given that in condensed phase the
decarbonlyation and aldehyde production is less dominant, these species do not display a
selectivity control in condensed phases. Also, stabilizing adsorbed propanol, CH;CH>CH,OH*,
increases the selectivity towards propanol production in all reaction environments as it increases

the reaction flux for the hydrogenation of CH3;CH>CHOH?* towards CH3CH>CH>OH*.
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Table 8 Degrees of selectivity control for various key reaction steps that have impact on the propanol and
the propionaldehyde production path under gas and liquid phase conditions at a temperature of 473 K, a
propionic acid partial pressure of 1 bar, a CO partial pressure of 0.001 bar and a hydrogen partial pressure
of 0.1 bar. Results from solvation calculations with +£10% of default COMSO Pt cavity radius are also
shown for water and 1,4-dioxane. N/A denotes that the value is smaller than 0.01. The values in front of
the brackets and the values in the brackets corresponding to the degrees of selectivity control for the
propanol and the propionaldehyde production path, respectively.

Step 4 Step 51 Step 59 Step 66
Gas -0.41 [-0.41] -0.23[0.39] -0.13[0.22] 0.79 [-0.18]
Water (default) -0.01 [-0.01] N/A[0.01] -0.24[0.72] 0.25[-0.71]
Water (+10%) N/A[N/A] N/A[N/A] -0.2210.74] 0.23[-0.73]
Water (-10%) N/A[N/A] N/A[N/A] -0.30[0.67] 0.30[-0.67]
1, 4-dioxane (default) -0.02 [-0.02] -0.03 [0.08] -0.23[0.62] 0.28[-0.68]
1, 4-dioxane (+10%) -0.02 [-0.02] -0.02 [0.06] -0.27[0.63] 0.30[-0.67]
1, 4-dioxane (-10%)  -0.01[-0.01] -0.02[0.04] -0.28[0.64] 0.31[-0.66]

Finally, for propionaldehyde production, Table 8 summarizes the degrees of selectivity
control. Again, step 59 and 66 are the key rate controlling steps in all reaction environments
determining the relative reaction flux going towards propionaldehyde versus propanol. In the vapor
phase, where DCN products are also produced, decelerating step 4 (CH3CH,CO*** ->
CH3CHCO** + H*) and accelerating the direct aldehyde production step 51 (CH;CH,CHO* + 3*
-> CH3CH2CO*** + H*) also favors production of propionaldehyde. For the surface intermediates
that have a significant effect on propionaldehyde selectivity, shown in Table S8, the stability of
adsorbed H*, CO*, CH;CH.CHOH* and CH3;CH,CH>OH* are most relevant. Stabilizing H*
adsorption increases the selectivity to propionaldehyde in vapor phase while it has practically no
effect in the condensed phase. Stabilizing CO* reduces the selectivity in the vapor phase while it
increases it in liquid water and 1,4-dioxane. Next, stabilizing CH;CH>CHOH™* increases the
selectivity in all environments, while stabilizing CH3CH,CH>OH* decreases the selectivity in all
environments, given that these species determine the relative reaction flux going towards alcohol
and aldehyde.

3.2.4 Apparent Activation Barrier & Reaction Orders

In order to understand the temperature dependence of the rate of the reaction, apparent

activation barriers (£,) have been calculated using the following equation with a temperature range

from 473K to 523K in all reaction environments.

din(TOF)

dar )P,T (18)
To gain insights into the pressure dependence of the HDO of propionic acid on Pt (111)

E, = kgT? (

surface, reaction orders of H> and propionic acid have also been calculated using,
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a; = (dln(TOF)) (19)

din(P;) TPjsi

Figure 4a illustrates the reaction order with respect to H» in the vapor phase (-1.08), liquid

1,4-dioxane (-0.21) and liquid water (0.04). These reaction orders correlate (as expected) very well

with the degrees of thermodynamic rate control of H* in the different reaction environments (see

Table 5). Similarly, the reaction orders of propionic acid shown in Figure 4b, 1.00 in the vapor

phase, 0.15 in 1,4-dioxane, and -0.44 in liquid water, correlate with the degree of thermodynamic

rate control of adsorbed propionic acid. While in the vapor phase the propionic acid coverage is

very low, the coverage increases in condensed phase with a high coverage in liquid water, where

adsorbed propionic acid blocks active sites for reaction. Figure 5 illustrates the change in propionic

acid reaction order with temperature in liquid water. With increasing temperature, the surface

coverage of propionic acid decreases and thus, the reaction order increases until it reaches close to

one at 573 K.
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Figure 4 Reaction orders of (a) H, and (b) propionic acid at a temperature of 473 K, a propionic acid gas
phase partial pressure of 1 bar, a CO gas phase partial pressure of 0.001 bar and a hydrogen partial pressure

of 0.1 bar.
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Finally, Figure 6 displays Arrhenius plots for the consumption of propionaldehyde in
various reaction environments. We compute apparent activation barriers of 0.99 eV, 1.28 eV and
3.03 eV in the gas phase, and liquid 1,4-dioxane and water, respectively. The large apparent
activation barrier in water can again be explained by propionic acid inhibition at low temperatures
which disappears with increasing temperature when the free site coverage increases (see Table 2

and the change in reaction order with respect to propionic acid as displayed in Figure 4c).
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Figure 5 Reaction orders of propionic acid at a temperature of 473 K, a propionic acid gas phase partial
pressure of 1 bar, a CO gas phase partial pressure of 0.001 bar and a hydrogen partial pressure of 0.1 bar at
various temperatures over Pt (111) in liquid water.
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Figure 6 Arrhenius plot for the HDO of propionic acid in the temperature range 473—523 K with a propionic
acid gas phase partial pressure of 1 bar, a CO gas phase partial pressure of 0.001 bar and a hydrogen partial
pressure of 0.1 bar.

4 Conclusions
Microkinetic models based on transition state theory and DFT have been developed for the

investigation of the HDO of propionic acid over Pt (111) surface under both vapor and liquid phase
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conditions. In all reaction environments, decarboxylation is not favored. In the gas phase, both
decarbonylation products and propanol and propionaldehyde can be produced. However, propanol
and propionaldehyde production is favored over decarbonylation products in liquid phase. Under
both vapor and liquid phase conditions, the dominant pathway for decarbonylation is the direct
path which starts with dehydroxylation of adsorbed propionic acid, followed by a-carbon
dehydrogenation and then either direct decarbonylation or further dehydrogenation prior to
decarbonylation. Propanol and propionaldehyde production also favor a direct formation pathway
which starts with direct dehydroxylation and hydrogenation of the carbonyl group. Only the
propionaldehyde production mechanism changes in liquid phase. Here, the propanol production is
significantly favored such that propionaldehyde is primarily produced from dehydrogenated
surface alcohol species. In liquid 1,4-dioxane and at 473 K, the conversion rate of propionic acid
is predicted to increase by one order of magnitude. Higher temperatures further increase the solvent
acceleration on the turnover frequency. In liquid water and at 473 K, the propionic acid
consumption rate is not significantly increased, primarily because of strong adsorption of propionic
acid which leads to the surface being partially blocked by propionic acid. With increasing
temperature, however, the TOF is dramatically increased in liquid water and becomes even larger
than that in liquid 1,4-dioxane as the surface is much less covered by propionic acid at these
temperatures. The rate of the reaction is solely controlled by the dehydroxylation of adsorbed
propionic acid under both vapor and liquid phase conditions. The rate of the decarbonylation
mechanism is barely affected by the solvents and the increase in propionic acid conversion due to
the presence of a solvent primarily originates from an increase in the rate of propanol and
propionaldehyde production. Thus, solvents can be designed to manipulate the selectivity of the
HDO of organic acids.
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Appendix A. Supplementary material

The corresponding results of the solvent calculations with a £10% of the default COSMO
Pt cavity radius, including the reaction energies, activation barriers, MKM results, reaction orders
of hydrogen and propionic acid etc. are provided. Also shown are the CO and H lateral interaction
coefficients of various surface intermediates and the degrees of thermodynamic selectivity control
of various key species under various reaction conditions. Finally, a convergence plot of our solvent
cluster model is provided.
Appendix B. Supplementary material
The corresponding optimized coordinates of all ground and transition state structures are provided

in txt file format.
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