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Abstract

The impact of the solvent on the catalytic activity and selectivity in hydrodeoxygenation has
been explored on Pd supported on activated carbon. The reaction pathways for benzaldehyde
and cinnamaldehyde hydrogenation in different solvents were clarified. The reaction rate varied
sympathetically with weaker adsorption of hydrogen. The activity of benzyl alcohol
hydrogenolysis is highly dependent on the electric double layer formed on Pd in water

influencing surface charge and ion concentration.

Kurzzusammenfassung

Die Rolle des Losungsmittels auf die katalytische Aktivitit und Selektivitdt bei der
Hydrodeoxygenierung wurde an Pd/C erforscht. Die Mechanismen fiir die Hydrierung von
Benzaldehyd und Zimtaldehyd wurden aufgeklart. Die Reaktionsrate variierte sympathetisch
mit der schwicheren Adsorption von Wasserstoff. Die Aktivitit der Benzylalkohol-
Hydrogenolyse ist stark abhdngig von der auf Pd gebildeten elektrischen Doppelschicht in

Wasser, die die Oberflichenladung und Ionenkonzentration beeinflusst.
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Chapter 1

Introduction



1.1 General background

&KDSWHU ,QWURGXF\

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

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

industrial evolution !, as shown in the ) L J X U Hin the last hundred years (from 1919 to 2019)

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

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

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

years.
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)LIXUH D*OREDO SULPDU\ HQHUJ\ FRQVEPSWURB®QWDJH Rl YDULR>
VRXUFBVYLPDU\ HQHUJ\ GHQRWHY WKH HQHUJ\ ZKLFK LV IURP QDYV
DQ\ KXPDQ HQJLQHHUHG FRQYHUVLRQ SURFHVV

Biomass, the only sustainable organic carbon resource in nature, is a promising alternative
as sustainable, renewable and carbon-neutral source, which can release the world’s energy

problems. The energy in biomass can be directly used in combustion, which is less efficient but
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takes the largest quantity a century ago. The other way is to upgrade biomass into a more
valuable and usable liquid fuel or higher value products for the chemical industry. Therefore,
utilization of biomass resources has become an alternative to fossil resources for the production

of fuels and chemicals %?3.

4 5-8

A broad range of conversion technologies, including enzymatic °, catalytic and
thermochemical process (gasification, pyrolysis, liquefaction) *!° have been employed in the
conversion of crude biomass feedstocks !!. Enzymes are industrially expensive because they
must be produced by living systems and are thermally unstable. Another challenge is to obtain
the highly pure enzymes '2. In comparison, catalytic technology is considered as an adaptable,
efficient and economic strategy and has been widely used in biomass conversion and even been
used in thermochemical process %1314 Moreover, catalysts play an important role in upgrading
of biomass derived biofuels *!°. The production of chemicals from catalytic processes
accounts for 85% of industrial energy use as shownin ) L J X U ?°.

(a) Non-catalytic (b)
processes 15% Homogenous

catalysts
17%

Heterogeneous
catalysts
80%

Catalytic
processes
85%

YLIXUH 3LH FKDUWV VISRZFHQWD WKRI FDWDO\WLF SURFHVV LQ DC
E WKH FRQWULEXWLRQV RI KHWH URDMIHR XYV KRP WXHQFHIRW D O\ @
SHSULQWHG ZLWK SHUPLVVERG\IUWLRIK WRbyaHbLietQdF Ehemistry

Catalysis is a chemical process in presence of catalyst, a substance that can largely
increase the reaction rate without consumption during the reaction process. In general, catalysts
increase the reaction rate by providing an alternative reaction pathway with a lower activation
barrier on the catalytically active sites and enable a higher concentration of reacting molecules
in a local volume/area. Therefore, catalysts allow a reaction to perform at a relative mild
reaction condition, lower temperature and pressure. It should be noted that the catalyst can
equally decrease the activation barrier for both forward and reverse reaction, thus to accelerate
both directions and permit the whole system arriving at an equilibrium in a shorter time, while
the equilibrium position won’t be affected. Generally, catalysts can be divided into two
categories: homogeneous and heterogeneous catalyst based on the differences of catalysts and

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

3
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which is dispersed in the reactant, which makes the separation of catalysts from products and
catalysts recycling challengeable. In comparison, heterogeneous catalysts can be easily
separated from products and recycled, and more intensively used in the catalytic process (>

80%, )L J X U H) 2122,
1.2 Heterogeneous catalysis

The catalytic process involves breaking and forming chemical bonds, and the energy
required determines the activation barrier, which is directly related to the reaction rate. It is well
accepted that only chemisorbed species can proceed for further surface reaction in
heterogeneous catalysis. Two main mechanisms are proposed for surface reactions: Langmuir-
Hinshelwood mechanism and Eley-Rideal mechanism. The difference for the two mechanisms
is that both reactants need to be first adsorbed on the catalyst surface for reactions described by
Langmuir-Hinshelwood mechanism; while in Eley-Rideal mechanism, one reactant is adsorbed,
the other reactant can directly react with the adsorbed species from the gas phase without
adsorption. It needs to be noticed that the adsorption site can be different to the active site, for
example, although Haq can adsorb on supports like activated carbon and Al>Os, hydrogen can
only be activated on active sites of transition metals 2. In this case, adsorbed molecule/atom
needs to migrate from support to active sites for further hydrogenation reaction by following a

more energetically favored reaction route.

The energy profile for a typical catalytic reaction is as shown in ) L J X U HThe reaction
begins with gaseous reactants, in presence of catalyst, the reactants are adsorbed on the catalysts
surface as ground states with a lower free energy level (a solvation process will also be included
if in presence of solvents), followed by a transition state (active complex) formation before the
final products. The adsorption process is spontaneous and decreases the energy to a lower level.
The energy difference between the ground state and the transition state gives the energy barrier,
which is related to the reaction rate. Either individually or simultaneously changing the energy
of ground state and transition state will change the energy barrier and thus the rate constant,
which can be achieved by either tuning the components and morphology of catalysts or

controlling the reaction conditions.
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—_ Uncatalyzed reaction
\

/ Transition
/ state

/ ] \ \

. \
/ Energy \\ Catalyzed reaction

Reactants (g),/ / barrier
NTTTTT T L A
N / Vo)
BT —————— - - - -

/
Sorbed \\ / Products
reactants \ /

Sorbed
products

Standard free energy
(chemical potential)

v

Reaction coordinate

JLIXUH (QHUJ\ SURILOH VKRZLQJ WKH UHDFWLYH VWDWHV GXULQ

1.3 Hydrodeoxygenation

i
Decarbonylation /C\ — R,—H + CO
R; H
(0]
Decarboxylation ﬂ — R;—H + CO,
R1/ \OH
R4
Dehydration Hzc/ —> R=CH, + H0
\
OH
s
Hydrogenolysis HZC\ + H, —— R—CH, + H0
OH
R
. Ry Ro Ry 2
Hydrogenation Seed 4+ H — \cH-CH
/ 7N
H H H H

JLIXUH7\SLFDO UHDFWILRQ RDRYKZESDIJWDSEHILQWHG ZLWKRSHUPLVV
UHIHUHQFH & R S\(WDLMJKYW. K U

The rising interest to utilize biomass resources for the production of fuels and chemicals
replacing fossil hydrocarbon feedstocks has made it important to better understand the catalyzed
transformations of oxygenated compounds *?*?°, Before upgrading, biomass has a low density
and contains a significant fraction of unsaturated bonds ?°. Therefore, the transformation to
biofuel requires hydrodeoxygenation reactions to lower the oxygen content and increase heat
values. The main aim of the transformation is to saturate C=C and C=0O bonds (hydrogenation)

5
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and remove oxygen from the oxygen-containing compounds as shown in ) L J X U HS,
1.3.1 Hydrogenation

Hydrogen addition to unsaturated groups, e.g. C=0 and C=C, allows its conversion into
alcohols, and alkanes. The reduction process can be achieved by (i) addition of electrons
followed by protons, the proton donors include water, acids, alcohols, alkalis, and amines and
the frequently used catalysts are metals such as Li, Na, K, Mg, Ca, Fe and Zn and corresponding
metal salts when the metals possess two or more valence states; (ii) addition of a hydride
followed by protons, the hydride derived from hydride reagents like lithium tetrahydro-
aluminate, alcohol or amine; and (ii1) hydrogen atoms addition, which is from either molecular
hydrogen or hydrogen donors like alcohols 2’?%, Catalytic hydrogenation of the unsaturated
compounds requires the formation of active hydrogen species and the subsequent bimolecular
reaction. Taking C=0O hydrogenation as an example for a Langmuir-Hinshelwood based
mechanism, the heterogeneous catalytic reaction starts with the dissociative adsorption of
molecular hydrogen, which forms two H*, while the substrate molecularly adsorbs on the
catalyst surface. The hydrogenation of the C=0 bond needs two sequential H addition steps. As
a result of the asymmetric structure of the aldehyde/ketone molecular, the H addition sequence
can proceed via two plausible pathways as shown in ) L J X U Hthe alkoxy pathway, in which
a reactive hydrogen adatom, H* first attacks the carbonyl carbon, forming an alkoxy
intermediate, followed by a second H* attack to the carbonyl oxygen and the formation of an
alcohol and hydroxyl pathway, by adding H* to the carbonyl oxygen forming hydroxyl
intermediate before adding to the carbonyl carbon. In protic solvents like water, H* can
dissociate to a proton and electron, which can result in a proton-electron transfer instead of H*

added to the carbonyl group.

+ H
R, / Hydroxyl intermediate >{ OH
: 1\ H
R, Alcohol product
Aldehyde / ketone +H

R,
Alkoxy intermediate

)LIXUH 30DXVLEOH UHDFWLRQ SDWKZD\V IRU WKH K\GURJHQDWLF
/IDQJIPXHLWVKHO ZRRIIQ PHPHSULQWHG ZLWK SHUPLVV IERG \IWLRIKW H | F
¢ (OVHYLHU
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The reaction pathway of carbonyl hydrogenation has been intensively studied. Density
functional theory (DFT) calculations suggested that in vapor phase, the alkoxy pathway prevails
because the formation of alkoxyl intermediate is thermodynamically favored >>°. Zhen et al.
reported that according to isotope studies, butanal-H» reactions proceed via the alkoxy pathway
at the vapor-Ru interfaces on Ru/SiO, at 323 K3!'. In comparison, the hydroxyl pathway is
apparently favored over alkoxy route in presence of solvents, due to the lower barrier to form
the O—H bond over the C—H bond and the increased stability of the hydroxyl intermediate over
the alkoxy intermediate over Ru °. The proton-electron transfer pathway prevails in water

during guaiacol hydrogenation ** and especially in presence of negative potential 334,
1.3.2 C-O bond cleavage of alcohols

C-O bond cleavage is a necessary procedure to decrease the oxygen content in the organic
compounds, which can be achieved by dehydration and hydrogenolysis reactions. Acid-
catalyzed alcohol dehydration leads to the formation of olefins (via intramolecular dehydration)
or ethers (via intermolecular dehydration) *>%. Generally, the dehydration reactions are
performed at relatively high temperatures (> 100 °C) due to the large activation energy (~150
kJ mol) 373, Hydrogenolysis reactions require transition metals for hydrogen activation as
well as for the sorption of the reactant, while acid sites are not necessary. The reaction can
proceed via a SN2 reaction mechanism, in which a surface hydrogen directly replaces the
carbonyl group from its attachment to the carbon atom in one step 2>*°. Alternatively, the
reaction can follow a stepwise route starting with the dissociation of the C—O bond, leading to
a temporary bonding of OH and corresponding residue, and finish with a hydrogen adatom
addition in the absence of acid sites »*. In presence of protons, the carbonyl group can be
protonated leading to a better leaving group (H20") and the C-O bond cleavage yields a

carbenium ion. The reaction completes with hydride transfer or deprotonation 234041,

Deuterium labeling study is an effective way to distinguish the reaction mechanisms
mentioned above. Taking 1-(4-isobutylphenyl) ethanol (4-IBPE) hydrogenolysis as an example,
the potential reaction pathways in presence of H2/D; are shownin ) L J X U HThe C-O bond
scission of 1-(4-isobutylphenyl) ethanol (4-IBPE) leads to the formation of 4-
isobutylethylbenzene (4-IBEB) via dehydration-hydrogenation pathway catalyzed by the acidic
functional groups on the activated carbon supported Pd > or hydrogenolysis route on Pd. The
reaction pathways can be distinguished by using isotopic-labeled reactants. The presence of one
D can be detected in position 6 () L J X U Mif the reaction follows dehydration-hydrogenation

pathway, while it is not this case with a direct hydrogenolysis route. It was reported over

7
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Pd/Si0, and Pd black, the C—O bond scission of 4-IBPE occurred exclusively by direct
hydrogenolysis, whereas over Pd/C, both hydrogenolysis and the dehydration—hydrogenation
route were observed due to the acidic functional groups on the carbon support. This indicates

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

oD
D
D -HOD N
—_—
4-1BSty
4-1BPE
D, J +D,

4-1IBEB

JLIXUH 5HDFWLRQ SD# KAQE WRH® YDVREXIW\OSKHQ\0, %BWKDQRO

L% 6W\ DQG (% DUH LVREXW\OSKHQ\O LVWREKWQBOW\UHQH DQ

LVRW\OHWK\OEHQ]HQH5H IHVBEWMA & 204 SHUPLVVL&RSANURPKWH{H U
(OVHYLHU

1.4 Factors to affect the heterogeneous catalytic process

1.4.1 Catalyst

Common heterogeneous catalysts consist of solid acid catalysts (for acid catalytic
reaction, e.g. dehydration, cracking), transition metals (for hydrogenation and dehydrogenation
reaction) and transition metal oxides (mainly for oxidation reaction) ****. The catalytic activity
and product selectivity can be highly affected by catalyst properties, such as particle size, pore

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

Transition metals act as good catalysts because they can donate electrons or withdraw
electrons from the reagent, and form chemical bond with reactants. It should be noted that the
interaction between catalyst and substrate should be neither too strong nor too weak, so that it
can achieve highest activity. If the interaction is too strong, the energy barrier from sorbed state
to transition state will be too large for the reaction to happen or the active sites will be blocked
by the products. In addition, for a bimolecular reaction, this will lead to a low local
concentration for the other reactant due to the competitive adsorption. While if the interaction
is too weak, the substrate will fail to bind to the active site and no reaction takes place. This is

called Sabatier principle, which has been verified by tons of investigations and used as a
8
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descriptor in heterogeneous catalysis ***. Pd shows high activity for hydrogenation reactions

due to its electronic properties and was chosen for investigation.
1.4.2 Solvent

Solvents are widely used in the heterogeneous catalytic reactions to dissolve and dilute
the reactant as well as to increase the contact between the reactant and the catalyst for solid
substrates. Thus, to develop the fundamental understanding of reactivity at solid—liquid
interfaces is of significant importance *’*3. The properties of solvents, such as polarity, acidity,
density, hydrogen-bond donating ability and hydrogen-bond accepting ability, are critical in

catalysis 472,

Solvent effects

Activity Product selectivity
—[ Stabilization of reactant/ TS Stablllzatrl)(r)gd?lfcrteactant/ l
Diffusion l —[ Mechanism/pathways l
Catalyst deactivation —[ Undesired reaction inhibition l
Substrate-catalyst interaction —[ Substrate-catalyst interaction l
Mechanism/pathways l

—[ New active species l

JLIXUH B3ODXVLEOH VROYHQW HIIHFWYVY LQ FDWDO\VLV ZKL
UHDFWLYLW\ SHUIRUPDQFH RI FDWDO\WLF UHDFWLFRH3W D@QWBHSU R
ZLVOKIUPLVVLRQ IURP YRISHUIHIKM3IR\DO 6RFLHW\ RI &KHPLVWU\

Compared to the gas-solid interface reaction, the presence of a dense surrounding medium
have multiple effects on the catalytic reaction with respect to the 1) reaction rate *’, 2) product
selectivity 32, 3) reaction pathway °*, 4) reaction mechanism > and 5) stability of catalysts. The
potential reasons that solvent can affect reaction rates are due to the effect on mass transfer %,

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

57-61 62

transition complex and products , and also the effect on the catalyst electronic ®° and
geometric structures % as well as the substrate coverage on catalytic sites via competitive
adsorption. Moreover, the solvent can directly involve in the catalytic reaction . ) LI X U H
categorized the effects as the intrinsic factors responsible for the change in catalytic activity as

well as those which influence product selectivity >*. Several chosen points will be discussed in
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detail as following.
1.4.2.1 Transport phenomena

The viscosity of a solvent can directly affect the mass transfer of the agents *, for example,
the effective diffusivity for Ha changes from 1.69 x 10> cm? s™! in cyclohexanol to 14.9 x 107

!in n-hexane ¢’. Kinetic study is meaningless in presence of mass transport limitation.

cm? s
Therefore, it is important to eliminate transport diffusion. A higher stirring speed can help to
reduce the external diffusion limitation (film diffusion, from bulk phase to particle surface). In
comparison, the internal transport phenomenon (pore diffusion) is more complicated . The
most widely used experimental method to examine mass transport limitations is Madon—
Boudart (MB) test in catalysis ¢°. The test requires a series of rate measurements on catalysts
with various number of active sites. The reaction rate will be proportional to the number of
active sites, or we can say turn over frequency that the reaction rate is normalized to the number

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

external diffusion).
1.4.2.2 Competitive adsorption

The major difference between liquid phase reaction and gaseous reaction is that the active
sites on liquid-solid interface is always saturated with reactants, intermediates, transition states,
products and also, the solvent. Thus, the competitive adsorption exists between not only the
reactive species but also with the solvent in liquid phase reactions. Apparently, preferential
adsorption of the solvent molecules on the active site will inhibit the reactant molecules
accessibility and lead to a decrease in reaction rate. In some cases, coadsorbed species might
change the adsorption strength of specific adsorbates. For example, the hydroxyl group of
sorbed methanol can interact with the & electrons of sorbed cyclohexene, leading to a weaker
adsorption strength on Ru ®. Consequently, an increased selectivity in the hydrogenation of

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

Moreover, the sorbed solvent might change the configuration of the substrate and then
affect the product selectivity. As shown in ) L J X U Hthe adsorption of polar solvents on Pd
surface decreases the reactivity of the reactants °, Besides, the competitive adsorption by the
polar solvent molecules makes the benzene ring impossible to be planar adsorption and the
hydroxy group of phenol inaccessible to the acid sites, which effectively intercepts the process

of cyclohexanol dehydration.
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1.4.2.3 Solvation effect

The solvation, during the catalytic process, including the interaction between the solvent
and all reactive species (reactant, intermediate, transition complex and even the products) is of
great importance for both activity and selectivity. The intermolecular interactions include
hydrogen bonding, ion-dipole interactions, and van der Waals forces. Before the surface
reaction starts, the reactant needs to be dissolved in the selected solvent. In this process, a lower
coverage of reactant on the active sites will be obtained in a solvent that the reactant can be
solvated better compared to a solvent with a weaker interaction under the same reaction
condition. It is reported that polar solvents can enhance the adsorption of nonpolar reactants ’!
The adsorption of reactant on catalyst surface can lower the free energy of the reactant in bulk
phase, thus a worse solvated reactant (with a higher free energy) will prefer to adsorbing on the
active sites to lower the system free energy. This is why the equilibrium adsorption constant is
generally larger for an agent with a lower solubility. The driving force for surface adsorption
includes not only the free energy change for adsorption of substrate (A) onto a surface site
(AGags,a), but also free energy changes associated with the desorption of previously adsorbed
solvent (B) (AGads,B) and interactions of A and B with bulk solvent, both in solution and on the
surface (AGsolvsolution and AGsolvsurface) 0. The interaction between sobred species are not

considered. Therefore, the driving force expression is,

11
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AG= AGads,A - AGsolv,solution,A - AGsolv,surface,A'( AGads,B + AGsolv,solution,B + AGsolv,surface,B)

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

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

On one hand, the reactant solvation will decrease its coverage on the catalytic surface; on
the other hand, the activation barrier can also be affected. The free energy difference between
transition state and ground state (adsorbed reactants) decides the intrinsic reaction rate, thus the
destabilization of the ground state will reduce the energy barrier and then accelerate the reaction

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

A significant higher reaction rate in y-valerolactone (GVL) is obtained compared to water
on acid-catalyzed conversion of xylose into furfural, which is attributed to the stabilization of
the acidic proton relative to the protonated transition state ’2. Combined the reaction kinetics
studies as well as classical and ab initio molecular dynamics simulations, Max et al. reported
that altering the relative stabilities of initial states and transition states can achieve a higher rate
and selectivity by the use of organic solvents and inorganic additives (water) in acid-catalyzed

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

Except for the solvation of ground state and transition state, stabilization of the key
intermediate by solvents also significantly affect the reaction activity. Heyden et al. found that
the polar solvents such as n-butanol and water increased the turnover frequency by a factor of
up to 30 from the gas-phase, via stabilization of key surface intermediates in
hydrodeoxygenation of propionic acid on Pd (111) °. In addition, the decarboxylation rate was
increased by two orders of magnitude in water making the decarbonylation and decarboxylation

pathways become essentially competitive.
1.4.2.4 Involvement in catalytic reaction

It is well known that some side reactions occur due to the reaction of reactant and solvent
which are not expected, e.g. aldol condensation in aldehyde hydrogenation in alcohol solvent
50.74 Moreover, solvents can be involved in the elementary steps of the expected catalytic
reaction and thus change the reaction pathway or reaction mechanism. For example, in
hydrogenation reactions, the adsorbed H (H*) can transform into a solvated proton and an
electron at the solvent-metal interface in presence of protic solvents on transition metals 7>7°.
Therefore, the reaction mechanism of the saturation reaction could be either Langmuir-
Hinshelwood mechanism with a direct H atom (from the dissociation of hydrogen adsorption)

addition "7® or Eley-Rideal mechanism with a proton coupled electron transfer 3%, In

12
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addition, it was reported that the H atom from water molecular can directly add to the

unsaturated bonds of cinnamaldehyde as shown in )L J X U H based on isotopic labeling

studies and theoretic calculation in Pt;Fe/CNT catalyzed hydrogenation >°.
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The concentration of hydronium ions is an important parameter of catalysis that can be
utilized to control catalytic reaction, such as hydrogenation and dehydration reaction. It is clear
that the hydronium ions directly affects the reaction conversion in acid-catalyzed reaction %",
In addition, increasing concentrations of hydronium ions has been found to enhance the

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

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

quantitatively related with the weakening of the H-metal bond, and this argument is put forward
to explain the orders of magnitude faster electrochemical H» evolution and oxidation on Pt-
group metals in acid than in base media 3234, On basis of Brensted-Evans-Polanyi relationship,
the activation energy is proportional to the reaction enthalpy. Therefore, a lower hydrogen
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binding energy results in a decreasing hydrogenation barriers (as shownin ) L J X U H) %,
1.5 Chemical kinetics

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

heterogeneous reaction in gas phase (rxn 1), the rate equation can be expressed as Equation 1.
k
A(g) +B(g9) =C(g) (xn 1)

dP,
=g SRR )

Where 3\ and 3 express the concentration (usually used unit of bar) of the species A and B.
Ns the reaction rate constant which is related to the reactant nature and reaction conditions, e.g.
temperature. The exponents . and are the partial orders with respect to species A and B,
stating how the reactant pressure affects the reaction rate. The reaction orders can be positive,

zero and negative.

A chemical reaction is composed with one or more elementary steps, in which the chemical
species directly form the product in a single step without the formation of transition state and
intermediate. Based on Langmuir-Hinshelwood mechanism, the elementary steps of rxn 1
consist of adsorption-surface reaction-desorption. Adsorption/desorption steps are generally
considered as quasi-equilibrated and surface reaction as the slower step (rate determining step

or kinetic relevant step).

A4 *Em A 2)
B+ *=2B* 3)

A* + B*E2TS*  (4)

TS* 55 o* (5)
Cr<=C + * (6)

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

equilibrium constant of A and B adsorption, K* is the equilibrium constant of transition state
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formation, and N is the rate constant for the product formation. The reaction rate of every
elementary step follows law of mass-faction that the reaction orders equal to the stoichiometric

coefficients for each reactant. Therefore the reaction rate for each elementary step is
0, = K, P, /P°0* (7)
s = Ky Py /P°6* (8)
Ors = K10, 05 9)
r=k'Ors (10)

Where *, A, pand s are coverage of empty site, reactant A, reactant B and transition state.
3 is at standard state pressure (1 bar). The number of active sites is constant, therefore, the sum
of *, A, Band rsis one. Considering the coverage of transition state is low, this term is not

involved in the site balance equation.

0y + 65 +6%=1 (11)
KAPA/P00*+KBPB/P00*+0*:1 (12)
0* = (1+ Ky Py /P°+ Kz P /P°) ! (13)

Combing K*and N the rate constant of the rate determining step is NThe formation rate of

product C is

kK, Py /P° Ky Py /P°
(1+ K P JP°+ Ky Py /P°)2 (19

r= kieTS = kiKierB = keAeB =

It should be note in liquid phase reaction in presence of solvent, the empty sites are occupied
by solvent. Based on the elementary steps, the relations of chemical potential can be obtained

as follows,

Hea(g) = Ha(ad) (15)

HB(g) = HB(ad) (16)

15



&KDSWHU L, QWURGXF\

UB(ad) T UB(ad) = Hts (17)

—te), —Bte) are chemical potentials of A and B in gas phase, —rad), —Btad) are chemical potentials

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

P = i T RTInPy /P°+ RTIngp,  (18)
U = ps + RTInPs /P° + RTIngs  (19)
(et = 8 + RTING, /0% + RTInyy  (20)

UBad) = USea) T RTINOs /0% + RTInys  (21)

—-t9)’, —Bre) O —Atad) O, —Brad) ° are chemical potential at standard state. 3and are activity

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

1.6 Scope of this thesis

The object of this research is to develop a deeper understanding of the significance of
solvents in heterogeneous catalytic reactions. We chose hydrodeoxygenation of biofuels,
including the hydrogenation of saturated and unsaturated aldehydes as well as the
hydrogenolysis of alcohols as model reactions. All reactions present involve the activation of
hydrogen as well as substrate on metal surface before further reaction. Pd nanoparticles
supported on activated carbon were used as the catalyst due to the high activity on hydrogen
activation. Reaction rate and reaction orders were measured in different solvents. The reaction
mechanisms were confirmed based on kinetic isotope effect and deuterium labelling analysis.

Kinetic study gives the intrinsic reason for the solvent effect.

In Chapter 2, benzaldehyde was used as a model carbonyl reactant for probing the
mechanistic influence of the solvent on aldehyde reduction over Pd/C. The kinetics of the
reaction were studied in MeOH, water, dioxane, and THF. The specific hydrogen addition
sequence was explored via isotopic labeling of product and reactant in water and dioxane. For
both solvents, the hydroxy pathway, which occurs via an initial H attack to the carbonyl oxygen
followed by a second H attack to the carbonyl carbon, prevails. With kinetic modeling analysis,
we confirmed that the second H addition step is the rate determining step and obtained the

equilibrium constants and rate constant of each catalytic step, including those for hydrogen and
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substrate adsorption and for the two consecutive hydrogen addition events. The solvent interacts
differently with the various reactive precursors and their transition states, and destabilizes them
to a different extent. Sorbed substrate and transition state are dissolved to the similar extent and

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

In Chapter 3, the activity and selectivity of the C=0O and C=C bond hydrogenation of
cinnamaldehyde were explored in both protic and aprotic solvents over activated carbon
supported Pd. The hydrogenation rate of both C=C and C=0 bond in protic solvents are higher
than that in aprotic solvents. Different from sole Hag addition mechanism in aprotic solvent, We
suggest protic solvents can act as H transfer shuttle to accelerate the hydrogenation rate, which

was supported by the isotope labeling results.

In Chapter 4, hydrogenolysis of benzyl alcohol is catalyzed by activated carbon supported
Pd in buffer solutions. In presence of acidic sites, the reaction rate of benzyl alcohol conversion
is accelerated by 2-3 orders of magnitude. We proposed a mechanism in which both metal sites
and protons, contribute to the benzyl alcohol conversion. The rate determining step is
protonated benzyl alcohol losing the hydroxyl group as a water molecule and forming benzyl
carbenium ion. Due to the presence of positive charged species, e.g. protonated benzyl alcohol
and transition state, electric potential on Pd surface can affect the conversion by changing the
chemical potentials of these species. Both hydrogen pressure and hydronium ion concentration
can change the electric potential, which is equivalent to an external electric potential. Moreover,

hydronium ions can also affect the concentration of transition state.

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

Towards a quantitative understanding of solvent
effects on Pd catalyzed benzaldehyde

hydrogenation

The nature of the solvent induces variations in the rate of the metal catalyzed hydrogenation of
benzaldehyde on Pd (dioxane < tetrahydrofuran < water < methanol). Despite these large
differences, the reaction pathway does not change; the majority of turnovers occurs via the
adsorption of H and benzaldehyde, followed by stepwise addition of H, first to the carbonyl
oxygen, forming an adsorbed hydroxyl intermediate, followed by the kinetically relevant H
addition to the C atom of the formyl group (forming benzyl alcohol) and the desorption. The
alternative pathways involving the H addition first to C, forming an alkoxy intermediate, occurs
to a significantly lesser extent. A pathway in which a proton is added in the first step followed
by an electron transfer is excluded on the basis of kinetic isotope effects of H2O/D>0 and H2/D».
An analysis of the solvation energy using excess chemical potentials shows that ground and
transition states are destabilized by the solvents compared to those under solvent-free (gas phase)
reaction environment. Despite marked differences of the solvent in destabilizing reacting
organic substrates in ground and transition states, their nearly identical shifts render the rate
differences inconsequential. Instead, the marked reactivity differences arise solely from the
differences in the solvation energy of adsorbed hydrogen. The approach provides fundamental

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

This chapter is based on the article: Guanhua Cheng et al. Towards a quantitative understanding of solvent
effects on Pd catalyzed benzaldehyde hydrogenation (submitted to Nature Catalysis). Guanhua Cheng

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

Catalytic reduction of organic molecules on transition metals is highly relevant in
petroleum and petrochemical processes '. The reaction typically uses stepwise hydrogen
addition to chemically unsaturated bonds with both hydrogen and the reacting substrate
chemisorption to the metal surface, i.e., via a Langmuir-Hinshelwood mechanism 3. Thus,
rates depend on the activities and the adsorption equilibrium constants for H> and the organic
substrates, which reflect their excess chemical potentials in the sorbed state, as well as the rate

parameters prior to the rate determining step.

Such hydrogenation of organic molecules at gas-solid interfaces has been excellently
studied and is well understood *°. For aldehydes, it is generally accepted that the stronger
adsorption reduces the rate of hydrogenation by reducing the coverage of adsorbed hydrogen ©.
The presence of a liquid phase, particularly a solvent, significantly complicates the quantitative
understanding of these rates and thermodynamic parameters in the rate expression. Attempts
have been made to interpret the weaker adsorption of organic reactants and hydrogen on
transition metal surfaces °. The most prominent factor is the stabilization of the reaction
partners in the solvent and the impact of the solvent on binding of reacting fragments to the
metal %12, For example, higher catalytic activity for acetophenone hydrogenation in aliphatic
C;-Cs alcohols ° has been attributed to better stabilization by solvents of higher polarity that

reduce the strength of reactant adsorption ',

The interaction of solvent molecules with catalyst surfaces and with reactants, transition
states, and products has made it very challenging to analyze quantitively, why the specific
solvents influence catalytic reaction rates and selectivities. In a more general way, the marked
impact of solvents is hypothesized to be caused by the solvent (i) via altering the adsorption
configurations of the reductive groups on the transition metal surfaces '°, (ii) via altering the
potential energy landscape caused by the hydrogen bonding between the protic solvent and

organic substrates '8

, and (ii1) by promoting the adsorption of adsorbates with opposite
polarity '°. These effects of solvents on the standard free energies of reaction precursors,
together with similar effects on the transition states of the catalytic steps, influence the free

energy landscape of hydrogenation catalysis and in turn rates.

The Langmuir-Hinshelwood type mechanism for hydrogenation has, however, also not
been found under all conditions. Especially in water, additional electrochemical effects will
influence the surface states of the metal itself 2. In the presence of water adsorbed hydrogen

atoms (H*) will be equilibrated with solvated protons and the associated electrons at the metal
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interface 2!23. This may lead to the possibility that hydrogenation occurs via a proton coupled
electron transfer 2*2°. Such reaction paths have been invoked to explain, for example, the
promotional effects of water for aliphatic carbonyl reduction on Ru/C catalysts 2° and the

dependence of benzaldehyde hydrogenation on acid concentrations °.

Hydrogenation of benzaldehyde to benzyl alcohol is a frequently studied model reaction
for organic molecules with multiple unsaturated bonds, providing both the aromatic ring and
the carbonyl group. Such combination of functional groups mimic frequent chemical motives
found in biomass-derived oxygenates, and the product benzyl alcohol is widely used as
specialty chemical ?’. Studies have reported that the rates and selectivities of benzaldehyde
hydrogenation depend strongly on the identity of solvent 3% 3! but also on the nature and

particle size of the transition metal catalyst >3, and the acid-base properties of the support 3+
37

We investigate in this study the impact of four solvents, i.e., methanol (MeOH), water,
dioxane, and tetrahydrofuran (THF) on the reduction of benzaldehyde on activated carbon
supported Pd (Pd/C) using kinetic methods including isotope labelling and kinetic effects.
Reaction pathways are elucidated and the solvation energies as well as their impact on
elementary steps are quantified. Detailed kinetic modeling was used to quantify the reversibility
and kinetic relevance of the reaction steps. The results underline the importance of the

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

2.2.1 Chemicals and Catalysts

Pd/C catalyst with a metal content of 5 wt. % and Pd black were purchased from Sigma Aldrich
(catalog No. 75992). Benzaldehyde (>99.0%, CAS No. 100-52-7), benzyl alcohol (>99.0%,
CAS No. 100-51-6), ethyl acetate (>99.9%, CAS No. 141-78-6), 1,4-dioxane (> 99.0 %, CAS
No. 123-91-1), tetrahydrofuran (THF, > 99.0 %, CAS No. 109-99-9), methanol (MeOH, >
99.0 %, CAS No. 67-56-1) and NaCl (=99.9%, CAS No. 7647-14-5) were obtained from Sigma
Aldrich and used as received. Doubly deionized water was prepared from purification of
deionized water with a Milli-Q water purification system to a resistivity of 18.2 MQ-cm. H»

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

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

by N2 physisorption isotherms, measured at 77 K on a PMI automated BET sorptometer with
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BET and BJH models. Pd dispersion was determined with H> chemisorption at 298 K. Prior to
the measurement, the materials were pre-reduced in hydrogen at 573 K for 1 h, treated in
vacuum at 573 K for 1h and then cooled to 298 K. The first adsorption isotherm was measured
from 1 to 40 kPa H», which gives the total H> uptakes. Afterwards, the sample was outgassed
at 298 K for 1h and the second isotherm was measured, which gives the amount of physisorbed
H>. The amount of chemisorbed H» was determined by the difference in the adsorbed amounts
between the two isotherms, extrapolated to zero H> pressure. The Pd dispersion was determined
from the amount of chemisorbed H» at zero pressure, by assuming a stoichiometry of 1 H:1 Pd
surface atom. Additionally, the average particle size of Pd was measured by transmission
electron microscopy (TEM). The catalyst sample was grounded and ultrasonically dispersed in
ethanol. Drops of the catalyst suspensions were applied on a copper-carbon grid and the
measurements were carried out in a JEOL JEM-2011 electron microscope with an accelerating
voltage of 120 keV. Statistical treatment of the metal particle size was carried out by counting
at least 300 particles from representative TEM micrographs. The characterization of Pd/C is

shown in SI, Section S1.
2.2.3 Catalytic hydrogenation of benzaldehyde

Benzaldehyde hydrogenation in different solvents was carried out in a 300 mL Hastelloy PARR
reactor. Rate and selectivity measurements were performed in the batch reaction mode at 298
K. In a typical reaction, an aliquote of benzaldehyde (225-7000 pL) was dissolved in 100-150
cm?’ of solvent (H20, dioxane, THF, and MeOH). 5-80 mg Pd/C was added to this reaction
mixture. The reactor was purged three times with 20 bar H> to ensure the complete removal of
air from the reactor before the subsequent introduction of 0.5-10 bar H» (at atmospheric
temperature). After H> introduction, the reactor was heated to the reaction temperature (298 K)
under vigorous stirring (> 750 rpm). The reaction time is defined by the time in which the
reactor has reached the desired reaction temperature and maintained at that temperature. During
the reaction in batch mode, ~1 ¢cm® sample was withdrawn from the reactor periodically at
specific time intervals; the concentrations of reactants and products in these samples obtained
at different reaction times were quantified using a gas chromatograph (GC) equipped with a
wax capillary column (30 m x 250 um) and a flame ionization detector (FID). The reaction
order in H> was determined at 298 K by systematically varying the H» pressure from 0.2 to 5
bar; the reaction orders in benzaldehyde with water MeOH, THF, and dioxane solvents were
measured by varying the benzaldehyde concentration when keeping the H» pressure at 1 and 5

bar, respectively, at 298 K.
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Benzaldehyde hydrogenation in gas phase was performed in a continuous stirred tank reactor
(CSTR) with Img Pd/C at 298K and ambient pressure. Before the reaction, the catalyst was
reduced in H2 (10 mL min™") for 1 h, then a reactant fed of H, with gaseous benzaldehyde was
introduced to the reactor. The gaseous benzaldehyde was introduced by N> flowing through a
bottle of liquid benzaldehyde at room temperature, carrying out the gaseous benzaldehyde with
saturated vapor pressure. By changing the flow of H> and N, the partial pressure of H, and
benzaldehyde were varied. Typcially, the total flow rate was 40 mL min™' with a hydrogen
partial pressure from 20 mbar to 50 mbar. The benzaldehyde partial pressure in the CSTR was
detected in-situ using an infrared spectroscopy with a Thermo Fischer Nicolet 6700

spectrometer at a resolution of 1 cm™ accumulating 32 scans.
2.2.4 Transient response method

A transient response method was used to measure the H coverage on Pd black at room
temperature and 1 bar pressure in presence of solvent. The approach is to replace pre-adsorbed
H on Pd with D from D, producing quantitatively HD and D,. Then the H coverage on Pd is
calculated by quantifying the amount of H in the desorbed HD and H». The schematic diagram
of the setup is as shown in Scheme S1, gas line of H2/D> connecting with a transparent
microreactor tube and followed by a mass spectrometer. 50-100 mg Pd black was placed in the
center of two layers of quartz sand (particle size of 200-300 pm) in a microreactor (~1.5 mL).
The catalyst was first reduced by H> flow and then 0.6 ml liquid solvent was added to immerse
the Pd. After that, H> and D, was alternatively flowing through the catalyst, and the gas
components was detected using a mass spectrometer (MS, Omni Star GSD 320). Solvent was

added in liquid phase by a syringe.

H,

Four-way valve . Solvent (I.) added

Vent

MS

D,

/ Reactor

Quartz sand «—
—> Catalyst

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

The isotopic experiments were carried out in a 300 mL Hastelloy PARR reactor. For the reaction
in water solvent, 14.8 mM benzaldehyde, 150 mL H>O/D>0 solvent, 1 bar Ho/D», and 5 mg
Pd/C were used. For reaction with dioxane solvent, 115 mM benzaldehyde, 100 mL dioxane
solvent, 5 bar D, and 80 mg Pd/C were used. Before the reaction, air was removed from the
reactor by introducing 20 bar H»/D», followed by depressurizing the reactor for three times. For
reactions in the aqueous phase, ethyl acetate was used to extract the chemical species and then
were quantified using GC-MS equipped with a HP-5 capillary column. Selected samples
obtained in Ho/D,O were also analyzed with 'H nuclear magnetic resonance (NMR)

spectroscopy (500 MHz).
2.2.6 Vapor pressure of benzaldehyde in solution

The gas composition of 1M benzaldehyde solution in dioxane, THF and MeOH, saturated
aqueous benzaldehyde solution as well as condensed benzaldehyde was analyzed by mass
spectrometer (MS, Omni Star GSD 320) at 298K. With the calibration of condensed
benzaldehyde which is respect to saturated benzaldehyde vapor pressure, benzaldehyde vapor
pressure in the respective solution was obtained and further equilibrated constant of

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

The adsorption of H> was obtained by hydrogen chemisorption as described in 2.2. The
adsorption of benzaldehyde from gas phase onto Pd black was performed using a Seteram
microbalance connected to a vacuum system and a pressure controlled liquid vaporizing system.
In the experiment, 20 mg Pd black was loaded on the microbalance and activated in Hz (~1mbar)
at 313 K for 20 min, then vacuum, this step was repeated until the catalyst weight was constant
to make sure the catalyst was reduced thoroughly. After that, the catalyst was kept in vacuum
state overnight for H, desorption. The benzaldehyde vapor was introduced stepwise onto the
catalyst through a dosing valve under a delicate control of the pressure. When the mass keep
constant even benzaldehyde pressure increase indicates the Pd surface is fully covered. After

equilibration under a certain pressure, the adsorbed amount was quantified by the mass increase.
2.3 Results and discussions

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

hydrogenation on Pd/C

Condensed phase benzaldehyde hydrogenation on Pd/C leads to selective C=0O bond
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saturation, forming benzyl alcohol as the sole product without hydrogenating the arene ring.
Such high selectivity was found also for Rh/C, Ni/C, and Pt/C *. The turnover number (TON)

and turnover frequency (TOF) for benzyl alcohol formation in different solvents (water,
methanol (MeOH), tetrahydrofuran (THF), and dioxane) are comparedin 7 DEOHnd )LJXUH
$ . The TONs and TOFs for benzyl alcohol formation were considerably higher in water and
MeOH than in THF and dioxane. Most strikingly, the reaction orders for benzaldehyde and H»
differ among the solvents (7T DEOHnd )LIXUHEAnd $ B.

7TDEOH6XPPDU\ RI UHDFWLRQ UDWHVRDQMEKBHDHGARWPWLROGAHIUEHQ]DOG

Solvent TOF (mol molpg?ts?) Reaction order in Reaction order in Hz ( s)
at 298 K2 benzaldehyde ( .s)
MeOH 0.99 0.0140.08 0.8140.01
Water 0.47 0.05#0.13 1.0240.05
THF 0.11 0.4730 0.2640.02
Dioxane 0.033 0.3140.02 0.1740.02

2 Initial TOF at 1 bar H, and 14.8 mM initial benzaldehyde concentration.

)LJXUH BEshows the TOF as a function of benzaldehyde concentration. As the
benzaldehyde concentration increases, TOFs increase in THF and dioxane, but remain
unchanged in water and MeOH. Therefore, the apparent rate equation for the hydrogenation
( Bzn,s, where subscript BZH denotes benzaldehyde and \Wdenotes solvent, \= H>0O, MeOH,
dioxane, THF) is:

dn N
TBzH,s = ~ % = keﬂ,snPdCB%Hsz (1)

Rs 1s the lumped rate constant in solvent Ywhich contains the Henry constant of Hz dissolution,
equilibrium constants of dissolved H> and benzaldehyde adsorption as well as rate constant of
the kinetically relevant H addition step; @ is amount of surface Pd sites;; .vand vare the
apparent reaction orders with respect to benzaldehyde and H in solvent Yrespectively. Under
constant 31, TOFs decreased in the order of MeOH > water > THF > dioxane. The reaction
orders with respect to benzaldehyde in these solvents, .5, vary from 0 (MeOH, water), 0.31
(dioxane), to 0.47 (THF). The 0™ order in water and MeOH suggests that in these solvents, Pd
surfaces are fully saturated and covered with adsorbed benzaldehyde or benzaldehyde derived
intermediates before the rate determining step. A positive, fractional order in THF and dioxane

suggests the metal surfaces to be only partly covered with adsorbed benzaldehyde and/or the
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quasi-equilibrated intermediates. ) L J X U H F8hows the initial TOF values as a function of
the Hy pressure (1-5 bar). The reaction orders with respect to Ha, s, vary from 0.81 (MeOH),
1.02 (water), 0.26 (THF), to 0.17 (dioxane) ( 7D E O Bl The variation in rates and reaction
orders demonstrates the strong impact of the solvents on the adsorption and, hence, coverage

of benzaldehyde and hydrogen.

It should be emphasized, however, that solvents may also alter the nature and free energy
of the transition states for catalytic steps and in turn influence the rates and the kinetic relevance
of the elementary steps along the reaction coordinate. These effects may alter the catalytic
pathways, observed kinetic dependencies, and net rates. Additionally, protic solvents such as
water and MeOH can coordinate and solvate the hydrogen adatoms on Pd surfaces, converting
them to interfacial protons, which have been shown to promote C=0 bond hydrogenation of
carbonyl groups 2°. In contrast, the aprotic solvents, such as THF and dioxane neither assist
with interfacial proton formation nor form strong hydrogen bonds with the reactants,

intermediates, and transition states.

2.3.2 Mechanism of benzaldehyde hydrogenation on Pd 2 elementary steps, their
reversibility, and Kinetic relevance of H addition steps to the carbonyl C and O of

benzaldehyde.

To interpret the marked variation in kinetic dependencies among the different solvents,
we first interrogate the general mechanism of the individual hydrogen addition events, without
assigning their kinetic relevance and equilibrium position, and then probe, how solvents may
influence the free energies of the adsorbates, the intermediates, and transition states within the

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

6 F K H P Hdescribes the catalytic sequences and their elementary steps in condensed
phase benzaldehyde hydrogenation. The catalytic cycle begins with H> dissociative adsorption
on a Pd site pair (*-*), forming two adsorbed H adatoms (H*) (Step a). Meanwhile,
benzaldehyde adsorbs on an ensemble of vacant Pd (*) as chemisorbed benzaldehyde (BZH*)
(Step b). The C=0 bond hydrogenation reaction requires two successive hydrogen addition
steps, i.e., Step ¢ and Step d. Two pathways for hydrogen addition exist, i.e., the alkoxy pathway
and the hydroxy pathway, depending on H addition sequence *°. The latter pathway resembles
the proton-electron coupled transfer pathway (PECT), but adds a hydrogen atom instead of a
proton in the initial step. Addition of a proton coupled to an electron transfer has been ruled out

(see below).
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For the alkoxy pathway (labeled Alkoxy pathway I and indicated by the red arrows), a
reactive hydrogen adatom, H*, first attacks the carbonyl carbon, forming an alkoxy
intermediate (BZH-H*, Step c-1), followed by a second hydrogen attack to the carbonyl oxygen,
which forms the benzyl alcohol (BA*, Step d-I). For the alternate hydroxy pathway (labeled
Hydroxy pathway II and indicated by blue arrows), the reactive H* first attacks the oxygen,
forming an O-H bond (BZH-H*, Step c-I), followed by the second attack to the carbonyl carbon,
which forms the C-H bond (BA*, Step d- ). The catalytic cycle completes with the quasi-

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

ke Step a

Kaa kq H, adsorption
tep e HH
Benzyl alcohol desorption P
———

Stepb | Kez’

Step d- A Benzaldehyde
ka H adsorption

H |
e p——
' Ho_\/@
Vp,, e LR
pef/?w 1Step c- A
Ay

6FKHPHOFKHPDWLF LOOXVWUDWLRQ RI EHQ]DOGHK\GH K\GURJHQDWL|
EOXH

In general, the adsorption-desorption steps (Steps a-b and e) occur much faster than the
surface reaction. Thus, they are considered to be quasi-equilibrated. However, the H2
adsorption step does not reach chemical equilibrium, because its desorption rate is comparable
with that of benzaldehyde hydrogenation in water *°. For this reason, H> adsorption was

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

Irrespective of the pathways, the rate expressions have an identical form. Considering the
first H addition to be reversible (which could be Steps c-I and c-II) and the second H addition
step (Steps d-I and d-II) to be irreversible, the complete rate expression is (see derivation in

Appendix 2-6, Section A2-3):
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