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DFT methods at the GGA level. Both C-O scission steps are associated with activation barriers of about
75 kJ mol™%, hence are significantly more facile than the analogous reactions on Ru terraces. With these
computational results, we offer an interpretation of recent experiments on the hydrodeoxygenation of

guaiacol (2-methoxyphenol) over Ru/C. We hypothesize that the experimentally observed dependency
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1. Introduction

An important process in the sustainable production of fuels
is the pyrolysis of biomass to yield a “pyrolysis oil”," ie., a
mixture of various organic oxygenates.”* This pyrolysis oil has
to be upgraded in a hydrodeoxygenation (HDO) step, to reduce
its oxygen content.* This is necessary as a low heating value and
other undesirable properties of the pyrolysis oil are related to
its high oxygen content.>® Experiments addressing the catalytic
HDO of aromatic oxygenates have shown that Ru particles of up
to 4 nm, supported on activated carbon, can act as catalyst for
the conversion of the model feedstock guaiacol [2-methoxy-
phenol, C¢H,(OH)(OCHj,)] to deoxygenated aromatic products.”*°
The main product reported for reactions in the temperature range
523-673 K varied with the applied H, pressure. Benzene was
reported as main product for reactions under H, pressure of
approximately 40 bar,” while phenol was obtained when working
at H, pressures of less than 1 bar.*"° Experiments using Ru
particles on other support materials detect a different product
distribution.®™* Here, we solely address processes on the metal
catalyst. Therefore we will only refer to experiments with carbon as
support which is catalytically inactive.
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of the product selectivity on the H, pressure is related to the availability of step sites on a Ru catalyst.

Theoretical studies on the HDO of guaiacol on Ru indicate that
the removal of oxo or hydroxyl groups from an aromatic Ce ring is
kinetically challenging,">"® consistent with the experimental obser-
vation of partially oxygenated species like catechol and phenol as
intermediates or products.” " In these earlier calculations, the Ru
catalyst was modeled as an ideal, flat Ru(0001) surface.">"* The
computational strategy of (first) addressing models of ideal close-
packed surfaces is quite common and was also applied in recent
studies on the HDO of aromatics or on the scission of aromatic
C-O bonds over Fe,"* Ni,"”” Pd,"* and Pt catalysts,'® despite of the
limitation of such models. After all, they neglect certain features of
a real catalyst, e.g., the effect of step and kink sites which have been
shown to play important roles in various Ru catalyzed processes.'” *°
Recently, we proposed a mechanism for the HDO of guaiacol on the
Ru(0001) surface that is consistent with the experimental observa-
tion of phenol as main product at low H, pressure.'> Removing the
first O of guaiacol, via C-O cleavage of catecholate, is kinetically
accessible whereas the removal of the second O, via C-O scission
of phenolate, was calculated to be hindered by a barrier of almost
200 kJ mol '.'*> However, the mechanism for the formation of
benzene, as observed in experiments under elevated H, pressure,”
remained unclear. This open question could not be resolved either
by the recently discussed HDO pathway proceeding via a decarbo-
nylation step." To examine this problem, we studied the crucial C-O
cleavage reactions with more elaborate catalyst models that contain
step sites.

2. Computational methods
and models

The results of this study were obtained from plane-wave based
DFT slab model calculations at the PBE-GGA level>*! using the
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software VASP (version 5.2.12).>*>° Note that standard GGA
functionals are reported to yield similar energetics for reactions
of aromatics on metal surfaces as calculations using the
DFT-D3 approach® or the optB88-vdW functional'* do. In other
words, the known inability of GGA functionals to describe van
der Waals forces properly®® is not expected to bias the results of
the present work. The detailed computational methodology as
well as the Ru(0001) slab models used for studying processes on
terraces have previously been described.’” To model reactions
at step sites, we used slab models which were constructed by
cutting the Ru bulk geometry perpendicular to the crystallo-
graphic [1015] direction. The resulting step sites are locally
of 3-fold (S3) and 4-fold (S4) symmetry (Fig. 1); see the ESIt
(Section S1) for details.

We refer to the phenolate and catecholate adsorption com-
plexes under study by labels of the form x-yz with x = “phe”,
“cat”, respectively. y can be 3, 4, or t, indicating adsorption of

Fig. 1 Optimized structures of phenolate and catecholate adsorption com-
plexes at step sites. Color coding: O — red, C - gray, H — white, Ru — cyan
sticks. hcp sites of the Ru surfaces are marked in gray, fcc in white. S3 and S4
type steps are discriminated in the structures of cat-3h and cat-4h.
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the substrate at a S3 step, a S4 step, or on a terrace site. z = h, f
indicates whether the center of at the aromatic ring is over an
hcep or an fec site, respectively (Fig. 1). As we shall address only
C-O cleavage reactions, we denote the corresponding transition
state (TS) structures, derived from the initial state (IS) x-yz, by
the label x-yz-ts and the structure of the co-adsorbed cleavage
products as x-yz-p. Fig. S2 of the ESI{ provides all stationary
structures involved; their Cartesian coordinates can also be
found in the ESL

We consider C-O cleavage at step sites as a process of three
phases: (i) diffusion of the reactant from its most stable
adsorption site on a terrace to a step site forming structure
x-yz (y = 3, 4), (ii) the actual C-O cleavage yielding the structure
x-yz-p with the cleavage products co-adsorbed at the step, and
(iii) diffusion of the cleavage products to their most stable
adsorption sites at formally infinite separation on a Ru(0001)
surface. The latter step implies an overall low-coverage situa-
tion in our model. The changes AG in the Gibbs free energy
associated with the three phases are denoted as AG, s, AGc¢ o,
and AG_4, respectively, where negative values indicate exothermic
processes. The labels “t-s” and “s-t” refer to the diffusion from
the terrace to a step site and vice versa. For the C-O cleavage, we
will present two types of activation barriers. The direct barrier
AG, s = AG(x-yz-ts) — AG(x-yz) is the difference between the Gibbs
free energy of a TS and of the immediately preceding local
minimum structure at the step site, i.e., y = 3, 4. The barrier
AG,: = AG(x-yz-ts) — AG(x-th) = AG,s + AG,; is calculated
relative to the corresponding IS x-th on a terrace. Thus, all AG, ¢
values for the reactions of a given reactant are calculated
relative to the same IS x-th. In other words, differences in AG,
directly reflect the stability difference of the corresponding
isomeric TS structures. All Gibbs free energies of this study
were evaluated for 673 K, the reaction temperature of the
experiments reported in ref. 7 and 8.

3. Results and discussions

First we will briefly comment on the structures of the various
adsorption complexes of phenolate and catecholate and their
thermodynamic stability. Then, we will turn to the reaction
energetics of the C-O cleavage steps, and finally we will discuss
how these results shape the interpretation of the experiments
on guaiacol HDO over Ru.

3.1. Adsorption of phenolate and catecholate at step sites

We identified four adsorption complexes each for phenolate
and catecholate at Ru step sites (Fig. 1) where the Cq ring is
adsorbed on the lower terrace and at least one C-O bond is
pointing to the edge of the ascending step. As the scission of
carbon monoxide and its hydrogenated derivatives at Ru step
sites was reported to yield product structures in which the O
center is located at the upper and the C center at the lower
terrace,”3°
proceeds in a similar fashion. Therefore we focused on the
structures shown in Fig. 1, which feature the adsorbate at the

we assume that the C-O cleavage under study
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ascending steps. However, the adsorbates may also be located
close to the edge of descending steps, as reported for phenol on
Rh(221).*" We will start with the discussion of the structurally
less complex phenolate adsorption complexes and turn to the
catecholate complexes later on.

In all adsorption complexes of phenolate (Fig. 1), the O atom
is bonded to Ru centers at the (upward) step edge. The carbon
center of the C-O group in the more stable complexes phe-4h
and phe-3f is located over a hollow site, similar to the structure
of the most stable phenolate complex on a Ru terrace, phe-th
(Fig. S3 of ESIt)."” The AG. values for phe-4h, —9 kJ mol ",
and phe-3f, 16 k] mol ", indicate that these two complexes are
more stable than the isomer species phe-3h, AG._s = 30 k] mol ™/,
and phe-4f, AG,_, = 57 k] mol " (Table 1). The latter two structures
also have their O center bonded to the step edge, but the C atom
of the C-O group is located at a top site. This latter type of
coordination is rather uncommon for aromatic C-O groups on
close-packed Ru surfaces.”

For a quantitative comparison of the adsorption structures,
we examined the distortion of the adsorbed phenolate species
relative to phenolate in the gas phase. Table 1 shows the
elongation of the C-O bond and the angle y between the C-O
bond vector and the Cg plane; in gas phase y = 0°. The Cq plane
of the adsorption complexes is defined by a least-squares fit to
the positions of the C centers of the ring. The two more stable
step-site structures phe-4h and phe-3f have slightly shorter C-O
bonds and slightly smaller angles y than the less stable struc-
tures phe-4f and phe-3h. In other words, the phenolate moiety
is less strongly distorted in the more stable adsorption com-
plexes. This correlation between the distortion from the gas
phase structure of phenolate and the stability of the complexes
is only very rough; the chosen geometric parameters should not
be considered as the only factors determining the stability of a

Table 1 Gibbs free energies of reaction AGi_s, AGc-o, and AGs_ as well
as the activation barriers AG, and AG, s for the C-O scission of adsorbed
catecholate and phenolate.? Also shown are the changes A(C-O) of the
C-0 distances relative to the adsorbate structures as species in the gas
phase® and the angle y formed by the C—O bond vector and the average
plane of the Cg ring in the IS of the C-O scission. Gibbs free energies in
kJ mol~?, distances in pm, angles in degree. For comparison, the corre-
sponding electronic energies are provided in Table S1 of ESI

Aths AGC*O AGsft AGa,t AGa,S A(C_O) Y
cat (gas phase) — 0,0
cat-th —-30 106 13,8 2,4
cat-3h -11 35 —-54 135 147 11, 8 27,1
cat-3f —24 64 -70 52 76 9,9 19, 19
cat-4h —27 2 -5 63 90 9,13 31,5
cat-4f 27 =55 -2 132 105 11, 8 19,1
phe (gas phase) — 0
phe-th -7 185 4 2
phe-3h 30 51 —88 176 146 7 27
phe-3f 16 47 -70 93 77 6 16
phe-4h -9 83 -81 95 104 4 18
phe-4f 57 —15 —-49 171 114 7 19

“ See Section 2 for the various definitions. ? Calculated distances of
species in the gas phase: 123 pm for both C-O bonds of catecholate;
127 pm for the CO bond of phenolate.
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phenolate complex. For instance, phe-3h is less stable than
phe-4f, but features the largest angle y of all phenolate com-
plexes studied.

Similar to the situation of phenolate, the catecholate
complexes cat-4h, AG; = —27 k] mol™', and cat-3f, AG.; =
—24 kJ mol ™', are more stable than cat-3h and cat-4f (Table 1).
However, the overall topology of the more stable structures is
different because both O centers of catecholate interact with Ru
centers at the step (Fig. 1). This interaction induces a slight
rotation of the Cq ring compared to the phenolate complexes on
the analogous adsorption sites. In the less stable catecholate
complexes cat-3h and cat-4f, only one O center interacts with
the step edge, while the other O center binds to a top site on the
terrace. The C atom bound to latter O center adsorbs over a
hollow site, in a similar fashion as in phe-th (Fig. S3 of ESIf).
We also tried to relate the stability of the catecholate complexes
to their adsorbate structure, but were unable to identify a
suitable correlation.

3.2. C-O scission at step sites

Next we will address the C-O cleavage steps, focusing mainly on
the activation barriers of the reactions under study. We will
start with the C-O cleavage of catecholate, the first cleavage
of an aromatic C-O bond in the previously proposed HDO
pathway of guaiacol on Ru."” In the second part of this section,
we will deal with the scission of the phenolate C-O bond, the
second aromatic C-O cleavage step in the guaiacol HDO
mechanism."” Where appropriate, we will indicate the context
of the C-O bond cleavage reactions in the HDO of guaiacol.
Table 1 provides an overview of the energetics of the C-O
cleavage steps.

We start by comparing the values AG, ¢ for the C-O cleavage
of catecholate (Table 1), thus evaluating the stability of the
associated TSs. C-O cleavage via the intermediates cat-3f or
cat-4h is kinetically accessible as indicated by their AG, . values
of 52 k] mol~" and 63 k] mol ", respectively. The associated TSs
(Fig. 2) are by 54 k] mol " (cat-3f-ts) and 43 k] mol ™", (cat-4h-ts)
more stable than the TS of the corresponding reaction on a
terrace for which AG, = 106 k] mol " (Fig. 3)."> By the same
criterion, reactions via the intermediates cat-3h and cat-4f are
even less likely than the reaction on a terrace (Table 1), thus we
will not consider the corresponding reaction pathways in the
following.

The accessible C—O cleavage pathways via cat-3f or cat-4h
start with the exothermic formation of the complexes at the
step site, both of similar stability, AG._s = —24 kJ mol * and
—27 k] mol . The actual scission of the C-O bond is associated
with direct barriers AG, s of 76 k] mol " and 90 kJ mol ", thus
the reaction at the S3 type step via cat-3f is kinetically slightly
preferred. However, that C—O cleavage step is endothermic,
AGc.o = 64 k] mol™!, while the alternative C-O scission at
the S4 type step via cat-4h is thermo-neutral. The difference in
AGc_o can be related to the interaction between the O center of
the “spectator” C-O bond and the Ru atoms of the step edge.
In the reaction via cat-4h, both catecholate O atoms remain
bound to the step edge during the entire C-O cleavage process

This journal is © the Owner Societies 2015
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phe-4h-ts

Fig. 2 Optimized structures of TS (left-hand column) and product
structures (right-hand column) of the most favored C-O cleavage pathways
of catecholate and phenolate at S3 and S4 type steps. Lay-out as in Fig. 1.

(Fig. 1 and 2). At variance, in the reaction via cat-3f, both O
centers are bonded to the step edge only up to the TS cat-3f-ts
(Fig. 1 and 2), but not in the product cat-3f-p (Fig. 2). In the
latter structure, the O of the spectator C-O bond is bound to a
top site at the terrace. The missing interaction in cat-3f-p
between the O center and the step edge results in a destabiliza-
tion compared to cat-4h-p, thus rationalizing the endothermic
nature of the reaction via cat-3f. The product structures cat-3f-p
and cat-4h-p in Fig. 2 reflect local energy minima, reached
directly from the TSs. Thus, the co-adsorbed moieties
2-oxophenyl and O do not necessarily represent their most
preferred adsorption geometries.>” Rather, diffusion of these
fragments to their most stable adsorption sites on a terrace in
part entails a notable stabilization, AG,_(phe-3f-p) = —70 kJ mol *,
AG,_4(phe-a4h-p) = —5 k] mol " (Table 1, Fig. 3).

In the HDO path for guaiacol on the ideal surface
Ru(0001),"* the resulting 2-oxophenyl is easily hydrogenated
in an exothermic step to yield phenolate which directly leads
to the second C—O scission reaction under study. The C—O

This journal is © the Owner Societies 2015
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cleavage reactions via phe-3f and phe-4h are associated with
lower barriers AG, s than the reaction on a terrace via phe-th
(Table 1, Fig. 3). Recall that the C-O scission of catecholate
preferentially proceeds via analogous surface complexes, cat-3f
and cat-4h. C-O cleavage of phenolate via the less stable
intermediates phe-3h and phe-4f can be ruled out due to their
high barriers AG, ;. Diffusion of phenolate from a terrace site,
phe-th, to the step sites to form phe-3f or phe-4h, is character-
ized by AG,_ values of 16 k] mol~* and —9 kJ mol ", respec-
tively. In other words, formation of phenolate complexes at
step sites is thermodynamically less favorable than the corre-
sponding process of catecholate, (Table 1) which starts form the
strained structure cat-th (Fig. S3 of ESIt).'> Release of this
strain renders the diffusion of catecholate thermodynamically
favorable. In contrast, no such strain is affecting the pheno-
late complex phe-th at the terrace (Fig. S3 of ESIt).'> The
C-O cleavage steps of phenolate have direct barriers AG,, of
77 kJ mol™" (phe-3f) and 104 kJ mol *(phe-4h), comparable
to catecholate, and are endothermic processes with AG¢ o =
47 k] mol ™' and 83 kJ mol ', respectively. Also here, the
product species, phenyl and O, are considerably stabilized by
diffusion to their preferred terrace sites. The resulting phenyl
moiety can easily be hydrogenated to yield the experimentally
observed benzene;’ see our earlier study.'?

Having discussed the energetics for the C-O cleavage of
catecholate and phenolate, we comment on some conspicuous
differences between the reactions of these two adsorbates. One
aspect is the relative stability of pertinent IS structures at step
sites. While cat-3f and cat-4h are of similar stability, phe-4h is
by 25 k] mol ! more stable than phe-3f. The difference between
catecholate and phenolate may be related to the orientation of
the aromatic substrates (Fig. 1). The two catecholate complexes
differ somewhat in the orientation of the C¢ rings, but the Cg
moiety of both phenolate complexes are oriented in the same
way, with alternating C centers at top sites.

The second topic concerns the Gibbs free energies AGc_o
of the direct C-O cleavage. Both kinetically accessible C-O
scissions of phenolate, of phe-4h and phe-3f, are significantly
endothermic. In contrast, only the reaction of catecholate via
cat-3f is endothermic whereas the alternative via cat-4h is
thermo-neutral. As discussed above, the difference in energetics
of the catecholate reactions is related to the effect of the spectator
C-O group. As there is no such secondary structure component in
phenolate, the C-O scission products phe-3f-p and phe-3h-p are
almost degenerated (Fig. 3). The difference between the corre-
sponding AG¢_o values is mainly related to the stability difference
of the IS structures phe-3f and phe-3h.

As central result of this computational work on Ru catalysts
we note that the barriers calculated for C-O cleavage of aro-
matic oxygenates are significantly lower at step sites than at
terrace sites. This finding can be rationalized by the larger
number of surface atoms interacting with the substrate in the
TS structures at steps as will be demonstrated on the example
of phenolate C-O cleavage (Fig. 4). Recall a similar situation for
the dissociation of N, on Ru catalysts." As the involved C and O
centers become under-coordinated upon bond scission, a TS is

Phys. Chem. Chem. Phys., 2015, 17, 1532415330 | 15327


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5cp01027f

Open Access Article. Published on 21 May 2015. Downloaded on 10/27/2025 11:22:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

PCCP Paper
A
0 - guaiacol, gas phase

terrace -30 106 terrace -7 185
-50 1 3Sstep 64 76 3Sstep 47 77

4Sstep 2 90 4S step 83 104
-100

O,
‘ N 2
-150 i
2-oxyphenyl
0= : =
- - O N Z
200
cat-th
-250 -
cat-3f-p
-300 - ¥ o o
AG. kJ mol-' e cardnp 1phe-‘th < benzene,
) phe-3f gas phase
phe-4h

Fig. 3 Gibbs free energy profiles for the most likely C-O bond cleavage of catecholate and phenolate reactions in the context of guaiacol HDO
reported in ref. 12: profile for the pathway on a terrace in gray (data from ref. 12), at a S3 type step in black, and a S4 type step in blue. Intermediate states
are represented by bars, TSs by arches. Values in black denote results for AGc_o, in red direct barriers, i.e., AG, s for reactions at steps and AG,; for
reactions on terraces. All AG values are calculated for 673 K and 1 bar, and are referred to guaiacol in the gas phase and bare Ru surfaces.

phe-3f-ts

phe-3h-ts

Fig. 4 Optimized TS structures for C-O cleavage of phenolate at
selected surface sites. Color coding of atoms as in Fig. 1. The Ru centers
coordinating to the atoms of the cleaving C-O bond are highlighted.
Structure of phe-th-ts from ref. 12.

expected to be more stable if more surface atoms are interacting
with these centers. In the TS structure phe-th-ts on a Ru terrace
(Fig. 4) only three Ru atoms stabilize the centers C and O at two
neighboring bridge sites which share one common Ru atom.
Adsorption at a common Ru atom induces a repulsive interaction
that destabilizes the TS structure.®® In contrast, five Ru centers
are interacting with the atoms of the C-O bond in phe-3f-ts, the
most stable TS associated with the C-O cleavage of phenolate.
The O atom binds at a bridge site, the C atom at a hollow site,

15328 | Phys. Chem. Chem. Phys., 2015, 17, 1532415330

and these sites do not share any Ru atoms (Fig. 4). By the same
token, one can also rationalize why C-O bond breaking via other
routes is kinetically inaccessible. For instance, both the O and the
C center of the energetically high lying TS structure phe-3h-ts
(Fig. 4) are adsorbed at top sites. Thus only two surface atoms
participate in the stabilization of the atoms of the cleaving
C-0 bond.

In summary, for a Ru catalyst with step sites, the C-O
cleavage of catecholate and phenolate invokes similar direct
barriers AG, s. The lowest AG, s values have been calculated for
the reactions at S3 type step sites: 76 k] mol " (catecholate) and
77 kJ mol ! (phenolate). Thus, not only the C-O cleavage of
catecholate, but also the corresponding reaction of phenolate is
kinetically accessible (Fig. 3), consistent with the formation of
benzene in guaiacol HDO over Ru observed in the experiment at
approximately 40 bar H,.” Our earlier work on guaiacol HDO
over Ru(0001) revealed that the C-O bond cleavage steps
determine the overall rate of the HDO process on Ru terrace
sites,'” consistent with the observation of catechol and phenol
as intermediates and products.”® This statement also holds for
the HDO process over a Ru surface with step sites and close-
packed terrace sites: all elementary reactions - other than Cypy-O
cleavage steps — of the mechanism on Ru(0001), previously
presented,'” have barriers of at most 65 k] mol*. Thus, even if
step sites affect any of these other reactions, one does not expect
these reactions to change the overall kinetics which justifies the
exclusive focus of this work on C-O scission steps.

As alternative to direct C-O scission discussed here, a
mechanism via the hydrogenated species phenol and catechol
may seem plausible. Yet, hydrogenation of the most stable
adsorption complexes of phenolate (phe-3f, phe-4h) and catecho-
late (cat-3f, cat-4h) at step sites is calculated highly endothermic,

This journal is © the Owner Societies 2015
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so that the hydrogenation products lie above the TS of “direct”
C-O cleavage, ruling out C-OH cleavage via phenol or catechol.

3.3. Interpretation of experiments

Although the computational results presented allow one to
rationalize the experimentally observed formation of benzene’
by the C-O bond cleavage at step sites, the dependence of
the product selectivity on the H, pressure’*° remains to be
explained. The fact that only the experimental setup with
elevated H, pressure of ~40 bar leads to the formation of
benzene as main product,” suggests the possibility that hydrogen
may play a role in the mechanism for the removal of the last O
center from the aromatic substrate. The only mechanism of
converting phenol to benzene on Ru, that discusses a ‘“‘direct”
effect of an elevated H, pressure, invokes the partially hydro-
genated intermediate CsHgOH." Yet, this mechanism can be
ruled out for energetic reasons, due to the preceding hydrogena-
tion of phenolate to phenol, as just discussed. Thus, hydrogen
likely plays an “indirect” role for the C-O cleavage steps.

Taking together the present results and those of our previous
work,"> the cleavage of the phenolate C-O bond, ultimately
leading to the formation of benzene, seems only possible at step
sites of a Ru catalyst. However, the first C-O bond of catecholate
may be cleaved on a terrace as well as at step sites of a Ru
surface.'” Thus, the H, dependent formation of benzene seems to
be related to the availability of step sites. To rationalize this crucial
effect of surface defects, we invoke carbon depositions at step sites
which, under lower H, pressure, may block the only sites that are
catalytically active for the C-O cleavage of phenolate.

This argument is supported by DFT calculations which
showed that C atoms at step sites of Ru surfaces are by
~100 k] mol™' more stable than at terrace sites.?® A similar
preference for the formation of carbon depositions at step sites
was also determined for other metal catalysts, e.g., Pd.**** The
formation of carbon depositions during the HDO process at
elevated H, pressure likely is reduced or even inhibited, similar
to the situation reported for steam reforming and the methana-
tion process, both over Ni.*® Recall also the experimental
studies on HDO over Ru that mention coke formation as a
possible reason for the deactivation of the catalyst.”*'* Addi-
tional experiments®” on guaiacol HDO over Ru at 40 bar H,
showed that the selectivity for benzene drops with the time on
stream while the phenol selectivity increases concomitantly.
This finding is in line with our assumption that the product
selectivity of HDO is related to the deactivation of the catalyst.
The original experiments”® on Ru catalyzed guaiacol HDO
seem compatible with a faster catalyst deactivation under lower
H, pressure although the process conditions in those two sets
of experiments are not identical. In the experiment at ~1 bar
total pressure yielding phenol,® the guaiacol conversion rate
dropped steadily from initially 100% to ~30% after 3-4 hours
on stream. In contrast, in the experiment at 40 bar yielding
benzene,” the conversion rate decreases from 50% to ~35%
within the first 2 hours of the process, but stays constant
during the next 4 hours, consistent with the assumption that
the C deposition is reduced.

This journal is © the Owner Societies 2015
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Blocking of step sites on metal surfaces by carbonaceous
species leading to the inhibition of bond breaking reactions
is well known.?®%>%8 For the particular case of Ru surfaces, TPD
experiments demonstrated that C atoms at steps suppress the
scission of carbon monoxide,?®?® which is known to occur at
the step sites only."”*®**® The concept of reduced carbon
deposition at high H, pressure is in line with the fact that
transition metal catalysts based on Ni or Ru can be regenerated
with H,, once they are deactivated due to coking.***° Not only
carbonaceous species, but also oxygen may block catalytic sites,
as has been discussed for the HDO process over Fe,O; catalysts.*°
However, this effect should be negligible on Ru as O atoms on Ru
do not have a special preference for step sites, as shown by earlier
calculations.*®

4. Conclusions

In this computational study, we extended previous efforts'* to
clarify mechanistic details of the Ru catalyzed hydrodeoxygena-
tion (HDO) of aromatic oxygenates, such as guaiacol. We
examined C-O cleavage of catecholate and phenolate which
have previously been identified as the reaction steps with the
highest barriers involved in the HDO of guaiacol.'” The present
results demonstrate that pertinent adsorption complexes at
step sites of a Ru surface feature notably lower barriers for
the crucial C-O cleavage steps. Gibbs free energies of activation
for the scission of the C-O bonds of catecholate and phenolate,
adsorbed on Ru terrace sites, were calculated 106 k] mol™* and
185 kJ mol *, but the corresponding reactions at step sites have
barriers of only 76 kJ mol " and 77 kJ mol ™.

Based on these results, we rationalized the experimentally
observed formation of benzene in guaiacol HDO under elevated
H, pressure,”** which we suggest to be associated with the
availability of step sites on the Ru catalyst. Carbon deposition,
that preferentially occurs at the step sites, may deactivate at low
H, pressure the only sites catalytically active for the C-O cleavage
of phenolate, thus preventing the formation of a fully deoxyge-
nated product like benzene. In contrast, at elevated H, pressure,
hydrogen may reduce the carbon depositions at steps, allowing
the C-O scission of phenolate to proceed with a barrier of only
77 kJ mol . Confirmation of the suggested scenario by experi-
ments is highly desirable, e.g., by examining guaiacol HDO on Ru
single crystals with clearly defined surface structures, the step
sites of which can selectively be blocked.>***
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