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Abstract

The upgrading of lignin-derived bio-oils involves a HydroDeOxygenation (HDO) reaction
through either the Hydrogenation (Hyd) or the Direct DeOxygenation (DDO) route, the latter
limiting hydrogen consumption. Herein, dispersion-corrected DFT has been used to evaluate the
adsorption behavior of phenol (as a representative model of bio-oils) and two by-products (water
and CO) over various crystalline and amorphous silica surfaces to evaluate their potential
selectivity (DDO/ Hyd) and efficiency (low inhibiting effect) for HDO processing. Phenol can
adsorb through three modes, flat m-interaction, flat O-interaction or perpendicular O-interaction.
All crystalline surfaces show a preference for the flat n-interaction, which is expected to promote
the Hyd route. Over amorphous surfaces the flat O-interaction dominates, and a very specific and
strong interaction (around -120 kJ/mol) was found on SiO2-3.3 and Si02-2.0 surfaces where the
phenol molecule loses its aromaticity, which is very promising for its degradation under catalytic
conditions. In addition, this makes those surfaces very efficient to adsorb selectively phenol in
presence of water and CO. Remarkably, on all silica surfaces, the interaction energy of CO is
nearly negligible, which makes them more attractive for HDO process compared to sulfide

catalysts with respect to the inhibiting effect criteria.
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1. Introduction

Hydrocarbons derived from lignocellulosic biomass have gathered an increasing interest for
fuel production as they are respectful of environmental norms on CO; emissions [1-3]. Lignin
consists of aryl ether units connected by ether and alkyl bonds, and the cleavage of those bonds
yields to monomeric phenols and methoxyphenols [4]. Thus, bio-oils obtained by the pyrolysis
of lignin contain a large number of phenolic compounds, up to 30% of the total oxygenated
compounds, which represent 45 wt.% of the fraction. The other oxygenates present multiple
functions such as aromatics, aldehydes, ketones, esters, acids, and alcohols.

A high oxygen content leads to deleterious properties such as thermal and chemical
instability, high viscosity and poor engine efficiency [5—8]. Those bio-oils can be upgraded by
HydroDeOxygenation (HDO), a thermal catalytic reaction under hydrogen pressure, to obtain
oxygen-free molecules (aromatics or/and cycloalkanes) and water as the main by-product. It
appears that phenolic compounds like guaiacol and alkylphenols are the most refractory
compounds to the HDO process [9]. Therefore, in addition to studies devoted to the HDO of real
feeds [10-13], the majority of research efforts are dedicated to the catalytic conversion of
phenolic model molecules [14] such guaiacol and its derivates [15-19]. Beside experimental
studies, Density Functional Theory (DFT) calculations were used also to study the adsorption of
oxygenated compounds and the competition of inhibiting molecules on catalytic sites present
under HDO conditions [20-25].

These experimental and theoretical studies have shown that phenolic compounds follow two
main deoxygenation routes: (i) the hydrogenation route (Hyd), which consists of the
hydrogenation of the benzene ring into cyclohexyl before C-O bond cleavage or (ii) the direct

deoxygenation (DDO) route where the C-O bond is directly broken, which limits the
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consumption of hydrogen [14-16,26,27]. Excessive hydrogen consumption during the HDO
reaction via the Hyd route increases the operating costs. Those costs are due to the use of large
H> storage and pressurizing equipment, in addition to high H> and electricity consumption [13].
Therefore, the development of catalysts that enhance the DDO pathway is actively sought.
Besides being selective towards the DDO pathway, a suitable HDO catalyst must meet other
criteria such as a high activity, a good stability (i.e. no or limited deactivation), resistance to the
inhibiting effect of the by-products, H>O [28,29] and CO [26,30], and sustainability for
environmental purposes.

Several catalysts and supports have been investigated extensively experimentally and
theoretically in this field, including sulfides and metals [11-14,19,27-33]. Conventional sulfides
CoMo and NiMo catalysts show promising performances following the DDO route [5,16,27].
However, their main drawback is the necessity to add H2S in the feed to prevent catalyst
oxidation [21,34,35]. In addition, H2S can poison the active sites leading to a strong deactivation
of the catalysts [26,28,35]. Sulfide catalysts are also sensitive to water [29] and carbon monoxide
[26,30] under HDO conditions. Noble metals showed a high activity but are expensive and have
a low selectivity toward aromatics [13,19,33]. Olcese et al. [18,36,37] studied the competition
between DDO and Hyd routes using non-noble metals (Fe and Co) and showed that Fe/SiO»
presents an interesting selectivity toward the DDO pathway. They proposed that the metallic
reduced iron particles promote the dissociation of H», and then the H atoms react with the
phenolic molecules adsorbed on the silanol groups of the silica surface [36]. The adsorption
mechanisms of phenolic bio-oil molecules on different supports were studied by Popov et al.
[38], showing that silica is more suitable for this purpose compared to alumina and silica-

alumina supports.
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Several DFT and combined DFT/experimental studies were done by Badawi et al. [20-22,30]
in order to study the adsorption of oxygenated bio-oils and inhibiting competitive molecules
(H2S, water, and CO) over MoS, and CoMoS catalysts under HDO conditions. Those studies
enlightened the main reason of the deficiency and deactivation of sulfided catalysts which is the
very high competitive adsorption of water and CO. Using Density Functional Theory at finite
temperature, Mian et al. [39] investigated the adsorption of catechol on the hydrophilic (001)
cristobalite silica surface, having geminal silanol sites, in presence of competitive water
molecules, and they concluded that catechol molecules displace preadsorbed water molecules
and adsorb on the surface with a binding energy of -96 kJ/mol. Simonetti et al. [40] admitted the
nomination of “parallel]” and “perpendicular” when examining the adsorption modes of 5-
fluorouracil on B-cristobalite surface. They identified the H-bonding interactions between the
molecule and the surface silanols, and proved their effect on stabilizing the molecule on the silica
surface. They also discussed the occurrence of m-interaction (between the aromatic ring and the
silanol group) in the “parallel” adsorption [40,41], in accordance with Rimola et al. [42] results
on benzene-silanol interactions. Other molecules have been studied showing the importance of
the H-bonding interactions, induced by the existence of silanols on the silica surface, in
controlling drug delivery [43,44]. Inspired by those previous works in HDO field as well as by
similar studies on the adsorption modes during the HydroDeSulfurization HDS of thiophene [45—
47] we investigated herein two main adsorption modes: (1) perpendicular O-interaction of phenol
(perp O-int) vs (2) flat m-interaction (flat m-int) on silica surface. The phenol perp O-int
adsorption mode is expected to favor the DDO route and to produce benzene as a major product,
while the phenol flat n-int adsorption mode is expected to favor the Hyd route and to produce

cyclohexanol that deoxygenate to give cyclohexane as a major product (see Figure 1).
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Figure 1. Phenol adsorption mechanisms over silica surface: perpendicular O-interaction (perp
O-int) promoting the DDO route vs flat n-interaction (flat n-int) promoting the Hyd route.

Despite the fact that previous studies showed promising performance of silica-supported
catalysts in HDO processing [13,18,19,37,38], the adsorption mechanisms and energies of
phenolic molecules and by-products such as H>O and CO over different sites of various possibly
used silica surfaces for the HDO application have not been studied yet. Here, the adsorption
energies of phenol (as a representative model of bio-oil vapors) and the by-products (water and
CO) are computed by DFT calculations over different crystalline and amorphous silica structures
in order to identify the most efficient surface that favors perp O-int (therefore expected to
promote the DDO route) and bears the lowest inhibiting effect of the by-products. The present
study is organized as follows: first, we will present the silica models used in this work, including
crystalline surfaces ((111), (101), (001) B-cristobalite, and (001) a-quartz) and amorphous
surfaces [48] (with a silanols density ranging from 1.1 to 7.2 OH/nm?). Then, the DFT methods
and parameters, and the calculation method of the adsorption energies are described. After, we
will present the results of the phenol adsorption following different modes and the potential

promotion of the DDO or the Hyd routes attached to each mode. Then, the inhibiting effect of
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water and CO on the adsorption of phenol over all silica surfaces is interpreted. From those
results and experimental conditions, a conclusion is deducted on the most appropriate surface

that would promote the DDO route with less competition of inhibiting molecules.

2. Materials and methods

2.1 Models of Silica Surfaces
2.1.1 B-cristobalite Surfaces

In order to build our models, we used the bulk geometry of SiO: that was previously relaxed
in the tetragonal 142d space group [49,50]. Surfaces are modeled by slabs, constructed by
cutting the bulk crystal along the (111), (101) and (001) crystallographic planes. The surfaces are
terminated by oxygen atoms which are saturated with hydrogen, hence forming hydroxyl-group-
covered surfaces (—OH), which are representative of the energetically most stable SiO> surfaces
[50].
Three layers of [111], [101] and [001] silica surfaces having isolated silanols with a density of

4.29 OH/nm?, 5.24 vicinal sites per nm? and 7.42 geminal sites per nm?

, respectively, were
constructed. The two bottom layers are frozen in the geometry of the bulk and the top layer is
free to relax. The [111] surface unit cell (Figure 2.a) is composed of 96 Si, 208 O, and 32 H
atoms with a = 20.26, b = 20.57, ¢ = 31.54 A (including 15 A of vacuum). The [101] surface
(Figure 2.b) unit cell is composed of 80 Si, 176 O, and 32 H atoms, while the [001] surface

(Figure 2.c) is composed of 64 Si, 144 O, and 32 H atom:s.
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Figure 2. a) [111] B-cristobalite unit cell with isolated silanols (4.29 OH/nm?), b) [101] B-
cristobalite unit cell with vicinal silanols (5.24 OH/nm?), and ¢) [001] B-cristobalite unit cell with
geminal silanols (7.42 OH/nm?).

2.1.2 [001] a-quartz Surface

Periodic DFT studies of the cleaved, reconstructed and fully hydroxylated [001] a-quartz
surfaces at various thickness have been performed by Goumans et al. [51] The surface
investigated herein is the fully hydroxylated one used also by Abbasi et al. [52] with 8.28
OH/nm? of geminal, H-bonded to each other’s, silanols. The studied surface, shown in Figure 3,
is constructed using a SiO; slab in a tetragonal supercell 14.74*14.74*25 A3 (including 10 A of

vacuum) and composed of 36 H, 126 O, and 54 Si atoms.
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Figure 3. Fully hydroxylated [001] o-quartz silica surface with 8.28 geminal OH/nm?.

2.1.3 Amorphous Surfaces

Amorphous surfaces are notoriously difficult to handle with periodic calculations. Here, we
use some of the geometries constructed by Comas-Vives [48] via the dehydroxylation of a fully
hydroxylated surface. The amorphous silica structures having a silanols density of 7.2, 5.9, 4.6,
3.3, 2, and 1.1 OH/nm? were chosen as a representative sample, and labelled SiO»-7.2, Si0>-5.9,
Si02-4.6, Si02-3.3, Si02-2.0, and SiO2-1.1 respectively. Figure 4 shows the fully hydroxylated
Si0,-7.2 (Figure 4.a) and fully dehydroxylated SiO»-1.1 (Figure 4.b) amorphous surfaces. Five
silanol group types (isolated, vicinal, geminal, nest-1, and nest-2) are present on the SiO2-7.2
fully hydroxylated surface, while only isolated silanols are present on the SiO»-1.1 fully

dehydroxylated surface.
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Figure 4. a) Amorphous Si0;-7.2 (7.2 OH/nm?) surface with various silanol groups, b)
Amorphous Si0,-1.1 (1.1 OH/nm?) surface with only isolated silanol groups.

2.2 Computational Methods

Periodic DFT calculations [53,54] have been performed using the Vienna Ab initio
Simulation Package (VASP) [55,56], where the electronic wave functions have been expanded
into plane waves up to a 450 eV cut-off energy. The semi-local Perdew—Burke—Ernzerhof (PBE)
exchange-correlation functional in the generalized gradient approximation (GGA) proposed by
Perdew et al. [57] was chosen. The projector augmented wave (PAW) method [58,59] was used
to describe the electron-ion interactions and the Kohn-Sham equations were solved self-
consistently until the energy difference between cycles decreases below 10° eV. A Gaussian
smearing of o = 0.1 eV was applied to band occupations in order to improve the total energy
convergence. The atomic positions have been relaxed until all forces were smaller than 0.03 eV/
A per atom. The I'-point was used for the Brillouin zone integration.

The importance of dispersion forces on DFT calculations for similar adsorption applications
where adsorbates are very close to the surface was highlighted by Sun et al. [60]. Therefore, Van
der Waals (vdW) interactions have been taken into account [61-65] to describe the long-range

electron correlation that contributes significantly to the adsorption process. A computationally
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affordable approach consist in adding a pairwise interatomic C¢R= term to the DFT energy [66—
71]. Here, the semi-empirical D2 approach of Grimme [68,69] is adopted. In Supporting
Information, we will present the effect of dispersion (vdW) forces on the adsorption energies of
studied molecules over crystalline surfaces, in order to highlight the importance of taking into
account those interactions.

Several sets of DFT calculations have been conducted, the first considers the relaxation of
the first layer of the silica structure (with the bottom fixed) and enable us to obtain the energy of
pure silica surface Egjppr. The second set enables determining the energies of isolated
molecules water, CO, and phenol in the gaseous phase Ex ppr (Where all atoms are relaxed). The
third is a geometrical optimization of the interaction of those molecules on the silica surface,
giving Egjj_x prr (the molecules and the first silica layer are relaxed). From those energies, we

calculate the adsorption energies E,qs prr between molecules and the silica surface as follow:

Eadsprr = Esii—xprr — Esi,prr — Exprr

3 Results and discussion

3.1 Phenol Adsorption Modes on Silica Surfaces

The type and the number of interacting silanol groups with the phenol molecule affect the
adsorption mode. On one hand, the perp O-int adsorption mode, that is expected to promote the
DDO route, includes usually the interaction of the oxygen atom of phenol with the hydrogen
atom of the silanol group (H-bond acceptor, PhOH:::--HO-Si) and/or the interaction of the
hydrogen atom of phenol with the oxygen atom of the silanol group (H-bond donor,
PhOH:**:*HO-Si). On the other hand, the flat n-int adsorption mode, that would favor the Hyd

route, is induced principally by the interaction of the phenol ring with the OH of the silanol
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group (m-interaction, HO-Ph(m):+---HO-Si), but it may include the H-bond donor and H-bond

acceptor interactions types. The third adsorption mode, flat O-int, is found over amorphous
surfaces where the phenol molecule interacts with the surface through its hydroxyl group (H-
bond donor or/and acceptor), which would be to the advantage of the DDO route. However, the

aromatic ring is parallel to the surface and would be close enough to promote also the Hyd route

(Figure 5).
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Figure 5. The possible types of interaction (H-bond donor, H-bond acceptor, and m-interaction)
occuring during the adsorption of phenol via the three modes perp O-int, flat n-int, and flat O-int

over silica surfaces.

3.1.a Crystalline Silica Surfaces

Two possible phenol adsorption mechanisms (perp O-int and flat n-int) have been identified
over the [001], [101], [001] B-cristobalite surfaces, and [001] a-quartz surfaces (Figure 6). The
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adsorption energies of phenol in both modes over the various crystalline surfaces are compared
in Figure 7. Results show that the [101] B-cristobalite surface, having vicinal silanols, favors
equally the perp O-int and the flat m-int modes in comparison to other crystalline surfaces where

the flat m-int mode dominates.

Figure 6. Phenol adsorption configuration modes over crystalline silica surfaces: a) perp O-int
over [111] B-cristobalite, b) flat m-int over [111] PB-cristobalite, ¢) perp O-int over [101] B-
cristobalite, d) flat m-int over [101] B-cristobalite, e) perp O-int over [001] B-cristobalite, e) flat
n-int over [001] B-cristobalite, f) perp O-int over [001] a-quartz, h) flat n-int over [001] a-quartz.
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Figure 7. Adsorption energies of phenol (perp O-int vs flat w-int) over crystalline surfaces.

The interaction types and lengths between phenol molecule and silanol groups of different
surfaces are presented in Table 1. The length of the interaction between the OH group of the
phenol and the silanols varies from 1.60 to 2.05 A depending on the silica surface (density and
type of silanols). When comparing the phenol perp O-int with the flat n-int over the [101] B-
cristobalite; it appears that the H-bond donor and acceptor interaction types present similar
bonding lengths resulting in similar interactions. Another important geometrical parameter is the
length of the C-O bond of the phenol molecule, the initial C-O bond length before interaction
with silica surfaces being of approximately 1.40 A. This length decreases to an average of 1.38 A
with no large variation depending on the adsorption mechanism and the silica surface. It is
obvious that high adsorption energies correspond to phenol adsorption over silica surfaces
having three interactions, while those having two interactions show an energy around -65 kJ/mol,

and those with only one-interaction show lower energy values.
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Table 1. Interaction types and distances between phenol and crystalline surfaces.

perp O-int flat 7-int
PhOH:-----HO-Si: 1.82 A PhOH:----HO-Si: 2.05 A
[.111] B? PhOH:----HO-Si: 1.79 A PhOH:----HO-Si: 1.76 A
cristobalite
- HO-Ph(n)-----HO-Si
PhOH-----HO-Si: 1.92 A PhOH-----HO-Si: 1.92 A
[101] B- PhOH:----HO-Si: 2.05 A PhOH:----HO-Si: 1.79 A
cristobalite .
PhOH:----HO-Si: 1.82 A HO-Ph(n):----HO-Si
PhOH:----HO-Si: 1.71 A PhOH:----HO-Si: 2.00 A
[.001] B? PhOH:----HO-Si: 1.70 A PhOH:----HO-Si: 1.74 A
cristobalite
- HO-Ph(n)-----HO-Si
PhOH:----HO-Si: 1.60 A PhOH:----HO-Si: 1.60 A
[001] a-quartz | - PhOH:---HO-Si: 1.75 A
- HO-Ph(n)-----HO-Si

3.1.b Amorphous Silica Surfaces

Figure 8 shows the adsorption modes of phenol on various amorphous silica surfaces as a
function of the silanol type and densities. Adsorption energies of phenol corresponding to
various interaction modes (perp O-int, flat m-int, and flat O-int) over all considered sites of silica

surfaces are compared in Table 2.
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Figure 8. Adsorption mechanisms of phenol over different sites of various amorphous silica
surfaces: a) perp O-int over nest-2 site of Si02-7.2, b) perp O-int over vicinal site of Si02-2.0, ¢)
flat m-int over vicinal site of Si0;-5.9, d) flat w-int over isolated site of SiO,-1.1, e) flat O-int
over nest-2 site of Si0;-3.3, f) flat O-int over nest-1 site of Si02-2.0.
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Based on the models of Comas-Vives [48], five types of silanols (isolated, nest-1, vicinal,
nest-2, geminal) are present on the most saturated surfaces for 3.3 OH/nm? and higher. Nest 1
site is composed of a vicinal silanol and an isolated silanol while nest 2 is composed of a geminal
silanol associated to one OH group of a neighbor vicinal silanol. For Si0-2.0, one can observe
the disappearance of nest-2 and geminal sites. For the most unsaturated surface SiO»-1.1, only
isolated sites are present. If we compare the strength of adsorption sites per sites, the interaction
of phenol with the silanols globally increase in the following order: isolated and vicinal (from -
19 to 55 kJ/mol) < geminal (from -22 to -76 kJ/mol) < nest-2 (from -31 to -77 kJ/mol) < nest-1
(from -33 to -120 kJ/mol).

Table 2. Phenol adsorption energies (kJ/mol) over different sites of amorphous surfaces with

various silanol densities and types. The most favorable configuration for phenol adsorption is
indicated in bold for each silanols density.

Silanols Site Isolated | Nest-1 Vicinal Nest-2 | Geminal
perp O-int -33 -54 -30 -65 -46
Si02-7.2 flat w-int -34 -59 -26 -45 -29
flat O-int -31 -34 -55 -70 -51
perp O-int -26 -50 -29 -51 =27
Si02-5.9 flat m-int -22 -46 -29 -31 -27
flat O-int -26 -52 -30 -35 -24
perp O-int -19 -69 -23 -62 -76
Si02-4.6 flat m-int -42 -82 -33 -65 -43
flat O-int =27 -80 -19 -44 -58
perp O-int -34 -54 -20 -73 -23
Si02-3.3 flat 7-int -29 -33 -18 -42 -22
flat O-int -31 -117 -35 =77 -24
perp O-int -19 -53 -21 * *
Si0:-2.0 flat m-int -22 -35 -17 * *
flat O-int -30 -120 -38 * *
perp O-int -22 * * * *
SiO»-1.1 flat 7-int -24 * * * *
flat O-int -26 * * * *
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For the Si0»-7.2 surface which presents the highest silanol density, the most favorable
configuration for phenol adsorption is a flat O-int on the nest 2 (-70 kJ/mol), followed by a flat
n-int on the nest 1 (-59 kJ/mol). For silanol density ranging from 2 to 5.9 OH/nm?, the phenol
always prefers to accommodate on the nest 1, via a flat O-int mode, except for Si0»-4.6 where
the flat O-int and flat m-int modes coexist (adsorption energy around -80 kJ/mol). In addition for
this silanol density, phenol can adsorb quite strongly (-76 kJ/mol) on the geminal site through a
perp O-int mode, which could favor the DDO route in HDO reaction.

For Si02-2.0 and Si0:-3.3 surfaces, very high interaction energies (around -120 kJ/mol) are
observed for nest 1, due to an optimal accommodation of the phenol molecule on the surface. For
this configuration (see Figure 8.f), two hydrogen bonds are formed, one between the H atom of
the hydroxyl group of phenol and the O atom of an isolated silanol (1.72 A), the other between
the O atom of phenol and the H atom of a vicinal silanol (1.95 A). In addition, a deformation of
the phenol structure (loss of its planarity corresponding to a destabilization around 20 kJ/mol
compared to the molecule alone), is observed leading to a specific interaction between the
aromatic ring and a Si atom of the surface (distance between this Si atom and the carbon y of
2.28 A). Similar adsorption configurations have been found in the literature for furan [20] and
thiophene [45] on MoS» surfaces, which chemically activate the molecules. The interaction
energy of phenol with the nest 1 progressively decreases when the silanol density increases, as
the presence of additional silanol group(s) hinder or limit the interaction(s) described above.
Finally, the SiO»-1.1 weakly adsorb phenol (around -25 kJ/mol) without favoring any adsorption

mode.
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Phenol can be more adsorbed on amorphous silica surfaces than crystalline surfaces in general
because of the presence of silanol nests on the amorphous surfaces which allows the phenol to
interact though several hydrogen bonds, m-ring interaction and Si-C bonds at the same time.
However, when comparing similar sites of both types of surface (namely geminal, vicinal and
isolated silanols), we observe higher phenol adsorption energies over crystalline surfaces, due to
the surrounding environment of the site and the morphology of the structure. For example, the
adsorption energy of phenol on the isolated site for all the amorphous surfaces is around -30
kJ/mol, which is much smaller than the one found (-88 kJ/mol) over the [111] B-cristobalite
surface (having only isolated silanols). This high value is due to the surrounding isolated silanols
over the crystalline surface where the phenol molecule interacts with several isolated silanols,

while over the amorphous surface the isolated site is really far from any other silanol.

Regarding the potential consequences on the reactivity of phenol upon HDO conditions, it is
hard to conclude on the DDO or HYD selectivity as the flat O-int is the most favorable
configuration for almost all amorphous silica surfaces. Only the SiO>-4.6 shows a potential good
HDO selectivity as it could favor the DDO route if phenol adsorbs on geminal sites. Further
investigations such as the calculation of reaction mechanisms are needed to provide better
conclusions, but they are beyond the scope of the present work. Nonetheless, one important
feature of materials to be used in HDO processes is their ability to prevent inhibiting effect of by

products on the adsorption of reactants, which will be developed in the next section.
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3.2 Competitive Adsorption of Inhibiting Molecules

The competitive adsorption of inhibiting molecules (water and CO) is one of the main
parameters that affect the hydrodeoxygenation process. A comparative histogram of adsorption
energy of water, CO, and phenol onto crystalline silica surfaces is presented in Figure 9. The
interaction energy of CO is low (around -20 kJ/mol) whatever the crystalline surface. As the
energy of phenol adsorption is around -90 kJ/mol, the inhibition effect of CO is expected to be
negligible. Those results suggest that silica-based materials are particularly promising for the
HDO process comparing to conventional MoS2 and CoMoS catalysts which suffer from a strong
competitive adsorption of CO (CO interaction energy over CoMoS 50% M-edge is four times
higher than that of phenol, with a value of -160 kJ/mol), in addition to the poisoning effect of
H>S [30].

Our computed water adsorption energies are similar to those calculated by Yang et al. [72]
for [111] B-cristobalite (-77 kJ/mol compared to -74 kJ/mol) and [001] B-cristobalite (-42 kJ/mol
compared to -43 kJ/mol). As well, similar adsorption energy is found over the [001] a-quartz as
that reported by Yang et al. [73] (-58 kd/mol compared to -53 kJ/mol). The competition
between water and phenol cannot be considered minor, with an adsorption energy difference of
about -10 kJ/mol, except on the [001] B-cristobalite surface. The water adsorption energy of
those surfaces is much higher than the water liquefaction heat (-44 kJ/mol) that is usually used to
define the hydrophobicity of the surface [74,75]. Therefore, the [111] B-cristobalite, [101] B-
cristobalite and [001] a-quartz surfaces can be considered as hydrophilic, unlike the [001] B-

cristobalite surface where the adsorption energy of water is around -42 kJ/mol.
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Figure 9. Adsorption energies of phenol and inhibiting molecules over crystalline surfaces.

The adsorption energies of phenol and inhibiting molecules on various sites of amorphous
surfaces are gathered in Table 3. As for crystalline surfaces, CO is weakly adsorbed compared to
phenol. Indeed, the CO adsorption energy over the more hydroxylated surface (Si02-7.2) is
around -20 kJ/mol, and it is much smaller over other surfaces. The inhibiting effect of water on
the adsorption of phenol is expected to be important for the most hydroxylated surfaces (SiO2-
7.2 and Si02-5.9) as the adsorption energy of water can exceed the one of phenol by 50 kJ/mol
on some sites (as the isolated silanol). However, the effect of water becomes more and more
limited when decreasing the silanol density, in line with the fact that amorphous surfaces having
a silanol density larger than 5 OH/nm? can be considered hydrophilic (Eass > heat of
liquefaction). Over Si0:-4.6, the adsorption energies of water and phenol are similar for every
sites except the isolated one where phenol is more adsorbed than water by 22 kJ/mol.
Remarkably, the adsorption of phenol is expected to be not impacted by the presence of water on

the Si0»-3.3 and SiO»-2.0 surfaces as their nest-1 site can strongly interact with phenol (around -
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120 kJ/mol), which is much larger than water on the same site (around -50 kJ/mol) or other sites
(between -20 and -30 kJ/mol).

Table 3. Inhibiting molecules competition: Adsorption energies (kJ/mol) of water, CO, and
phenol over different sites of amorphous surfaces.

Silanol Sites Isolated | Nest-1 | Vicinal Nest-2 | Geminal
Phenol -34 -59 -55 -70 -51
Si02-7.2 HO -85 -67 -26 -74 -30
CO -18 -21 -18 21 -19
Phenol -26 -52 -30 -51 -27
Si02-5.9 H:O -76 -55 -39 -58 -24
CO -8 -9 -14 -14 -11
Phenol -42 -82 -33 -65 -76
Si0:2-4.6 H:O -20 -81 -32 -63 -67
CO -10 -13 -12 21 -13
Phenol -34 -117 -35 =77 -24
Si02-3.3 H>O -34 -51 -24 -70 -19
CO -11 -11 -11 -12 -7
Phenol -30 -120 -38 * *
Si02-2.0 H.O -31 -55 -24 * *
CO -14 -13 -11 * *
Phenol -26 * * * *
SiO:-1.1 H;O -33 * * * *
CO _13 k k k k

4. Conclusion

The HydroDeOxygenation (HDO) reaction is a key step in the upgrading of lignin and occurs
through either the Hydrogenation (Hyd) or the Direct DeOxygenation (DDO) route, the latter
being highly desirable because it limits the hydrogen consumption. The selectivity (DDO route
promotion) and the efficiency (low inhibiting effect of by-products) of the HDO reaction are
strongly depending on the surface properties of the catalyst. Knowing that the adsorption is the

first step of the catalytic mechanism, this study focuses on the adsorption properties of different
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crystalline and amorphous silica surfaces. The adsorption energies of phenol via three interaction
modes (perpendicular O-interaction, flat m-interaction, and flat O-interaction), and inhibitor
molecules (water and CO) over silica surfaces are investigated and compared using dispersion-
corrected DFT calculations. The flat m-interaction, where the phenol is parallel to the surface and
interacts with it through its aromatic ring, dominates over all crystalline surfaces, which would
favor the Hyd route. Over amorphous surfaces the flat O-interaction dominates, and a very
specific and strong interaction (around -120 kJ/mol) was found on Si0;-3.3 and Si0O>-2.0
surfaces where the phenol molecule loses its aromaticity, which is very promising for its
degradation under catalytic conditions.

Furthermore, the competitive effect of inhibiting molecules (water and CO) is interpreted.
We have shown that CO competition is negligible over all silica surfaces, which make them
more attractive than conventional sulfide catalysts in respect with this criterion. The inhibiting
effect of water on the adsorption of phenol is expected to be important for the amorphous
surfaces having a silanol density higher than 5 OH/ nm?. However, the Si0O»-3.3 and SiO»-2.0
surfaces exhibit a very weak adsorption of water (and CO) compared to phenol. Our results
should motivate the synthesis of amorphous silica having between 2 and 4 OH/nm? and further
catalytic tests for HDO applications as they could present a highly selective adsorption of

phenolic molecules towards by-products H.O and CO.
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