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ABSTRACT

A simple organosilane-grafting protocol has been used for the preparation of a copper
heterogeneous catalyst with tunable wettability properties. A series of Cu/SiO, trietoxysilane-
modified systems with gradually reduced alcolphilicity has been used in the hydrogenation of the
platform molecule y-valerolactone into 1,4-pentandiol, a valuable biobased monomer. The surface
modification obtained with the proposed procedure allows to significantly increase the selectivity
(99%) of the process and therefore the yield (80%) in the desired diol. Several characterization
techniques (static contact angle, ATR, CP-MAS solid state NMR, pyridine and ammonia
adsorption) put in light the modification of the surface while preserving the hydrogenation activity
of the metallic phase. The results obtained show the opportunity given by this simple catalytic

system in combining the activity of the copper phase and the modified polarity of the surface.



Introduction

The gradual substitution of petroleum resources with renewable biomasses for energy and
chemical synthesis represents a crucial milestone on the roadmap towards environmental
sustainability. Biomass is however, a very varied and complex feedstock that requires the
challenging development of new processes for the production of biofuels! and biochemicals.>?
Moreover, with respect to the traditional fossil supplies, bio-based molecules can contain up to
50% wt of oxygen, mainly derived from -O-, -OH, -COOH and -COOR groups making them
definitely more polar if compared to the petrol-based hydrocarbons. This fact requires important
changes in the industrial processes and transformation procedures, obtaining also different final
products.>® For this reason, water or highly polar solvents are typically used for biomass
transformations.

Heterogeneous catalysis has been widely studied in biomass valorization processes due to its
versatility and agreement with the Green Chemistry principles,'®!! as well as to its great success in
traditional refinery processes. As known, the heterogeneous catalytic mechanism is a complex
process involving several steps and including reagent adsorption and product desorption towards
and from the catalyst surface. Based on these considerations, it is clear that working with of highly
polar molecules that must interact with the surfaces of the catalyst makes phenomena such as
surface wettability a key problem to be addressed in order to increase the reactivity of the catalysts.

The study of the surface properties of a catalyst, in particular the wettability, becomes mandatory
in order to modulate the stability of the system on one hand and preferential adsorption or
desorption of the organic biomass-derived molecules on the other.!>"> In the recent literature,
several examples are reported relying on the capacity of a more hydrophobic surface to boost

catalyst resistance towards water, poisoning of the active sites, especially acidic ones, thus



allowing long-life and good recyclability of the system.!®!” Therefore, a low hydrophilic surface
is a good tool to improve dehydration of bio-based molecules (such as sorbitol to give
isosorbide?’2!), but also in the case of condensation like esterification of fatty acids?>>* or biobased
acids*?¢ and etherification.?’2

However, nowadays, there are few results regarding the hydrophobization of metal catalysts in
the literature, that means related to the use of solids able to promote hydrogenation or oxidation
reactions too. A viable strategy is the deposition or incorporation of metal particles onto a
hydrophobic support matrix. Water resistant Pd on hierarchically porous zeolites, with different
hydrophobic/hydrophilic character, were prepared demonstrating that modulating the wettability
properties of the support affects the activity of the Pd active phase.” Otherwise, Pd can be
incorporated on carbonaceous material with different hydrophobic degree for furfural and 5-
(hydroxymethyl)-furfural hydrogenation in water. Also in this case, finely tuning of the support
wettability can help to modulate the selectivity of the reaction achieving up to 99% selectivity
towards tetrahydrofurfuryl alcohol.*® Moreover, a electrochemical approach could be used to
prepare Pt or Pd noble metal catalysts with wide range of wettability carefully tuning the deposition
time.?!

Another way to modulate wettability properties of metal catalysts is the post-synthesis
modification of the surface.*?> An high water resistance and stability can be obtained by coating
Ru/TiCeOx  catalysts surface for o-dichlorobenzene catalytic combustion with
phenyltriethoxysilane obtaining a superhydrophobic water repellant and self-cleaning material .**
Many works had showed how surface modification of supported metal catalyst can drive the
reaction pathway, boosting the selectivity towards a desired product. A series of organophosphonic

acids can be used to tune the surface hydrophobicity of Pd/Al,O; catalyst therefore allowing to



control the selectivity in vanillin hydrodeoxygenation reaction pathways.** Stearic acid
functionalized Cu/ZnO exhibited a strong inhibitory effect on the unfavorable water—gas shift
reaction in one-step synthesis of dimethyl ether from syngas.?

v-Valerolactone (GVL) is a platform-molecule obtained from biomass lignocellulosic wastes
and due to its versatility has been considered a benchmark key chemical in the biomass refinery.*
In particular, GVL is the precursor of 14-pentanediol (1,4-PDO), a useful monomer of new
renewable- or semi-renewable polyurethanes and polyesters synthesis.?’

Trietoxyoctylsilane was utilized as a coupling agent for Cu catalyst in the hydrogenation of
levulinic acid to give GVL. The obtained higher water repellency of the grafted materials not only
boosted catalyst resistance but also GVL yield preventing the stabilization of the 4-hydroxyvaleric
acid intermediate through intermolecular hydrogen bonds with water molecules.?

On the basis of these results, in the present work, we would like to demonstrate that a facile
procedure of modification of the surface of a supported metal catalyst in the direction of increasing
its lipophilic character through triethoxyoctylsilane (TEOCS) groups grafting is an effective tool
to improve the catalytic performance in reactions concerning biomass. In particular, the influence
of the lipophilicity of the surface of Cu/SiO, catalyst on the hydrogenation of GVL for the selective
formation of 1.4-pentanediol is presented. Silylation has revealed to be a great tool for the
hydrophobization of silica based materials.*#! The activity carried out was aimed at verifying that
the triethoxyoctylsilane groups did not mask the copper sites at the surface making them less
capable to interacting with the GVL and forming 1,4-PDO. For this reason, the quantity of grafted
TEOCS groups has been modulated in a large interval (from 1 to 15% wt.%) generating some

modified copper silica samples. Targeted characterization studies were aimed at verifying the



properties of the modified-silica surfaces differently rich in TEOCS groups in terms of wettability

and acidity.

Experimental Section

Materials: SiO, (specific surface area of 410 m?/g, total pore volume of 0.63 cm® g™!) was
purchased by Fluka Chemicals. Highly pure (> 99%) trietoxyoctylsilane (TEOCS), y-valero
lactone (GVL) 1 4-pentanediol (1,4-PDO) and copper nitrate trihydrate were purchased from
Sigma Aldrich. Cyclopentyl methyl ether (CPME), stabilized with butylated hydroxy toluene
(purity > 99.5%), was purchased by Tokyo Chemical Industry.

Catalyst preparation: CuO/SiO, was prepared through a Chemisorption-Hydrolysis method*
adding the silica support to an aqueous [Cu(NHj3)4]** solution, prepared by dropping NH,OH to a
Cu(NOs),x 3H,0 solution the nominal copper loading of 16% and a pH of 9. After 20 min under
stirring, the slurry was diluted with 3 L of water in an ice bath at O °C. Then, he solid was filtrated
with a Biichner funnel, washed with water, dried overnight at 120 °C and calcined in air
atmosphere at 350 °C for 4 h. The metal loading was confirmed by Inductively Coupled Plasma
(ICP) analysis in our previous works.* The following code was used in the discussion of this paper:
CuO in the case of calcined catalysts, Cu in the case of reduced catalyst slash the utilized support.
Organosilane grafting was performed preparing a solution of TEOCS of the desired concentration
(in the range 1%—15% w/w) in isopropanol in which 1 g of dry catalyst was dispersed. After 1 h
of vigorous stirring at room temperature, the isopropanol was evaporated under vacuum at 50 °C.

Catalytic tests: Before any reaction the catalysts (100 mg) were pre-treated for 20 min at 270 °C
under air and for 20 min under vacuum and then reduced through three hydrogen (1 bar) and

vacuum cycles (5 mins each) at the same temperature. Generally, yy-valerolactone (5 mmol) was



dissolved in 20 mL of solvent. Then the pre-reduced catalyst was suspended in the reaction mixture
and they were loaded under nitrogen flow in a 100 mL Parr reactor under different H, pressure
(3050 bar) and temperatures (140—180 °C) for 22 h under mechanical stirring (750 rpm). Reaction
conversions and selectivity were determined by GC-FID analysis using an Agilent 6890 Gas 0,25
Chromatography system with a Alltech Heliflex AT-5 capillary column (30 m x 0.32 mm ID x
0.25 pm). Dodecane was used as internal standard (carbon balance >98%). Byproducts were
qualitative determined with GCMS analysis using an Agilent 5957C GC-MS chromatograph with
an HP-5 column. Conversion was determined using the following equation:

n (ty)

where n(ty) are the initial moles of GVL introduced in the reactor and n(t) are the unreacted

moles of GVL determined with GC-FID analysis. Selectivity was determined using this equation:
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where p(t) are the moles of products formed determined by GC-FID analysis. Byproducts were
determined through GC-MS analysis.

Physico-chemical characterizations:

Solid state NMR spectra of the samples were obtained at 99.36 (¥Si) MHz on a Bruker Avance
500 spectrometer, equipped with a 4 mm magic angle spinning (MAS) broad-band probe (spinning
rate VR up to 6 kHz). The MAS spectra were recorded on solid samples, typically around 150 mg.
Each sample was packed into a 4-mm MAS rotor (50 yL sample volume) spinning at 6 kHz and
at a temperature of 303 K with a contact time of 6 ms and accumulation time of 68 h; no resolution
improvement was found at higher rate spinning and/or temperature. The experimental data were

fitted by using a Gaussian function.*



Static contact angle (SCA) measurements of the tested solid supports were performed by means
of a Kriiss Easy instrument.* Notably, moulded thin disks (25-30 mg of the sample powders
pressed at 3 tons) were prepared by using a Specac manual hydraulic press to achieve a compact
and reasonably flat surface. A 1,3-propanediol drop of 5 pLL was gently placed on the surface disk;
the drop profile was extrapolated immediately after the contact with the surface, using a tangent
fitting function to acquire the diol static contact angle (04,). Measurements were repeated ten
times to obtain a statistically relevant population.

Specific surface area (SSA) (determined by Brunauer Emmet Teller method) and pore volume
(PV) (determined by using Barrett-Joyner-Halenda method) of the samples were measured after
evacuation of the samples (ca. 0.2 g sieved as particles in the range of 80-200 mesh) at 200 °C for
6 h under vacuum by collecting N, adsorption/desorption isotherms at —196 °C using a
Micromeritics ASAP 2020.

The water adsorption isotherms were collected on the same instrument and exploiting the same
pre-treatment method of the samples adopted for the morphologic analyses above detailed.
Adsorption of water was performed with 20 ml reservoir of ultrapure water as a vapor source and
held at 40 °C. The adsorption experiments were carried out at 22 °C and the saturation pressure
was 25 mmHg.

The Attenuated Total Reflection (ATR) spectra and Fourier Transform-Infrared (FT-IR) studies
of the adsorption of the pyridine probe molecule were carried out on a FT'S-60 spectrophotometer
equipped with mid-IR MCT detector purchased from BioRad. The experiments were performed
on a thin disk of sample (20-30 mg, pressed at 1-2 tons) after a reduction pre- treatment consisting
in 20 min at 270° at air followed by 20 min at 270 °C under vacuum and finally a reduction under

H, through three hydrogen (1 bar) and vacuum cycle at the same temperature. The first spectrum



was collected before pyridine adsorption as a blank. Then, pyridine vapors were adsorbed at room
temperature and then desorbed in steps of 30 min until 250 °C at the given vacuum (10 bar). The
spectrum of each desorption step was collected every 50 °C up to 250 °C. For quantitative analysis
the amount of absorbed pyridine (mmol,, g..') was calculated on the basis of the relationship
reported by Emeis.*

Surface composition of all the samples was analyzed by X-ray Photoelectron Spectroscopy
(XPS) by means of an M-PROBE Surface Spectrometer with an Al (Ka) source and a spot size
from 0.15 mm to 1 mm in diameter. An applied voltage of 10 V and a vacuum of 10-* —10-7 Torr
were used. The survey scans were investigated in 0—1100 eV binding energy range, using a spot
size of 800 ym with an energy resolution of 4 eV (scan rate of 1 eV per step). The samples were
pre-treated with the same procedure of FT-IR analysis. ESCA Hawk Software was used for data
curation.

Transmission electron microscopy (TEM): analysis was performed using a ZEISS
LIBRA200FE. STEM (Scanning TEM) mode exploit a HAADF (High-angle annular dark-field)
detector. The samples were gently smashed in an agate mortar, suspended in isopropyl alcohol for
20 min in an ultrasonic bath and dropped onto a lacey carbon-coated copper TEM grid. The
samples were analyzed after complete solvent evaporation.

Total acidity of the bare CuO/SiO, and functionalized samples was determined by NHj;
adsorption under flowing dynamic experiments. The dried sample (ca. 0.15 g, 45-60 mesh) was
activated at 150 °C under flowing nitrogen for 30 min in a glass tubular reactor; then, the NH3/N,
mixture (ca. 500 ppm of NH;) flowed at 3 NL-h™! through the sample maintained at 80°C and
reached a gas cell (path length 2.4 m multiple reflection gas cell) in the beam of a Fourier

Transform InfraRed spectrometer, FT-IR (equipped with a DTGS detector, Bio-Rad, Hercules,



CA,USA). The NH; stretching mode (966 cm~') was monitored as a function of time. The detailed
adopted procedure and data computation were described elsewhere .+’

Assuming a 1:1 stoichiometry for the NH; adsorption on the surface acid site, the amount of acid
sites per sample mass (in ymol-g~') was determined.

Mass loss of catalysts was determined by thermogravimetric analysis (TGA) on a TGA 7, Perkin
Elmer analyzer, the experiments aimed at determining the stability of the silane groups. Prior to
the analysis, the sample was stored in oven overnight. Then, a weighted amount of the saturated
sample (ca. 10-15 mg) was loaded on the pan of the thermobalance. Each experiment was carried
out under nitrogen flowing gas (60 mL min"'). The thermal program comprised three steps: 1)
isothermal step at 50 °C for 10 min; ii) heating at rate 20 °C/min up to 700 °C*. The instrument

accuracy is around few ug.

Results and discussion

The role of both wettability and acidity of the modified-silica surfaces is pivotal in influencing
the final performances of the catalysts in the hydrogenation of GVL to give 1,4-PDO (Scheme 1),

as already mentioned in our previous work.*

Scheme 1. Hydrogenation of GVL to obtain 1,4-PDO.

Particularly, CuO/SiO, catalyst prepared with the less hydrophilic surface achieved higher
selectivity in the diol product when operating in the green cyclopentyl methyl ether (CPME)
solvent. In this work the silica supported copper catalyst was prepared depositing the metal on

silica gel with the Chemisorption-Hydrolysis method.*> To modulate the wettability features of the



surface, triethoxyoctylsilane (TEOCS) groups were anchored to the surface hydroxyl groups at
different silane percentage loadings (1%, 5%, 10% and 15% w/w). In order to investigate the effect
of the silane surface density on the catalytic performances, the bare and the functionalized catalysts
were tested in the hydrogenation reaction described in Scheme 1 under the reaction conditions
already used and described in our the previous work.* In Figure 1, results obtained in the catalytic

tests are showed.
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Figure 1. Catalytic test results of the prepared catalysts in the GVL hydrogenation. Reaction

conditions: T = 160°C, P(H,) = 50 bar, t = 22 h, substrate/catalyst = 5/1 and solvent: CPME.

After low addition (1% of loading) of the silane chains on Cu/SiO,, we readily observed an
increase in selectivity to 1,4-PDO. The overall activity improved too, raising from the 47% yield
of 14-PDO obtained with the unfunctionalized Cu/SiO, to 80% yield observed with the

Cu/SiO; - 10% TEOCS. Interestingly, a marked yield decrease is appreciable when increasing the
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silane loading percentage more than 10%;, i.e. 15%, while keeping an excellent selectivity toward
the diol. In fact, conversely to what observed with the polar unfunctionalized Cu/SiO, catalyst, a
more efficient desorption of 1,4-PDO strongly limits the formation of byproducts such as
dehydration ones (methyl-tetrahydrofuran),’ that is the same effect previously observed by using
a less polar matrix as the support.*

To properly understand the effect of the silane chains on the catalysts features, we deeply
investigated the surface properties by means of several physico-chemical characterization

techniques and their relationship with the catalytic activity.

Table 1. Specific surface area (SSA), total pore volume (PV) and diol static contact angle (SCA)

values
Sample SSA /m2g™" | Pore Volume / cm® g7' | SCA (Og1) / °
SiO, 410 0.63 501
CuO/Si0, 365 0.54 62+ 1
CuO/Si0; — 1% TEOCS 358 0.52 65+1
CuO/Si0,; — 5% TEOCS 331 041 72+ 1
CuO/Si0, — 10% TEOCS 245 0.37 75+3
CuO/Si0,—- 15% TEOCS 263 0.50 75+4

Firstly, specific surface area (SSA) and total pore volume (PV) of the samples were determined
through nitrogen adsorption isotherms (see Table 1, 2" and 3™ columns). The silane grafted
samples possess slightly lower SSA and PV values than those of the bare catalyst (CuO/Si0,).
This phenomenon could be due to a progressive loss of accessibility of the pores due to the

increasing alkylic chains interaction of the silane grafted catalysts.* The slightly increase of SSA
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and PV in the case of the CuO/SiO, — 15% TEOCS could be due to the creation of a rougher
surface due to the silane grafting.’! The alkylic chain interactions of the organosilane residues will
be discussed more deeply later in this paper.

To delve into the metallic phase surface morphology, TEM analyses were carried out on bare
and silane coated samples. All the samples have similar morphologies; small copper nanoparticles
(<2.3>nm, Figures 2 and Figure S1) appeared well dispersed onto the support. Neither aggregation
nor copper nanoparticles (NPs) higher than 5 nm were detected (as showed in the size distribution
diagrams, see Figure 2). A different scenario was observed for 15%-clad sample where copper
nanoparticles are less detectable in TEM (Figure S1b) and pop up in STEM analysis (Figure S1b).
Actually, HAADF-STEM (Figure S1b) contrast is proportional to the atomic number Z and it is
less sensitive to the morphology, allowing the detection of buried particles in thin depth. Again,

the nanoparticle size and sample morphology are, anyway, comparable to those of the other

samples.
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Figure 2. Representative TEM micrographs of selected samples a) CuO/SiOz, b) CuO/SiO: - 5%

TEOCS, ¢) CuO/SiO; - 10 % TEOCS, top, and associated size distributions of copper NPs, down.

The effective anchoring of octylsilane chains on the catalyst surface was confirmed by ATR
spectroscopy and XPS spectroscopy (Figure 3). In ATR spectra the characteristic bands of alkanes
were identified. In particular, the bands centered at 2926 cm™ and 2853 cm! are respectively
ascribable to the asymmetric and symmetric stretching of the C-H bond in the -CH,- moieties of
the organosilane chains respectively. Moreover, the band at 2962 cm™ is diagnostic of the
asymmetric stretching of C-H bond in the -CH; groups.**>? The intensity of the alkane bands
increases with the silane loading concentration coherently. The enrichment of silane groups at the
catalyst surfaces was studied by XPS, also to investigate the influence of these groups on copper
reducibility (Figure 3b and S2). Samples were analyzed before and after reduction (carried out as
described in the Experimental Section). Notwithstanding the high complexity of the Si 2p and O
Is peaks do not allow an exhaustive fitting, only the main species can be identified (Figure 3b and
S3a). The moderate enlargement of the Si and O bands is probably due to the appearance of
contributions relative to the oxidation of the surface species™ in our case represented by the
siloxane bounds.

To prove the effective reduction of the copper centers even in the presence of the silane groups
XPS analysis was performed on a selected sample (10% silane loading) investigating the copper
state on the fresh calcined and the reduced catalyst surface. As it can be observed in Figure S2,
Cu(II) species can be readily identified by Cu 2p¥?peak at about 933 eV and of by Cu 2p'?peak at
about 953 eV. It can be confirmed also acknowledging the presence of the typical shake up peaks
near the main ones. The reduction of the copper phase was confirmed by the disappearance of the

shake-up peak typical of the CuO species®* and by the changing of the contribution peak areas.*
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Figure 3. a) ATR spectra of the catalysts; b) XPS spectra, Si 2p*? band of bare sample CuO/SiO,
and CuO/SiO, — 15% TEOCS. The typical bands of defective (Si**)*>5¢, Si*(Si0,)>7=8, Si-OH>’, Si-

0;-C;% are reported.

To ensure the stability of the silane chains under the reaction temperature, TG analyses were

performed on the bare and silane modified samples. TG profiles are showed in Figure 4 while
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onset and end temperature values of the two major weight loss events together with the associated
weight loss percentages are reported in Table S1. The rank of mass loss evaluated at 550°C is the
following: Cu/SiO, = Cu/SiO, — 1% TEOCS << Cu/SiO, — 5% TEOCS = Cu/SiO, — 10% TEOCS
<< Cu/SiO, — 15% TEOCS.

In general, physisorbed water loss is complete at around 200 °C, where a plateau is observed.
Successively, another mass loss is observed around 320-330 °C, associated with the partial or total
decomposition of the grafted silane.*® As observed from the TG data, silane chains are stable onto

the catalyst surface up to 320 °C, definitely compatible with the reaction conditions (160 °C).
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Figure 4. TGA profiles of all the CuO/SiO, samples
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To have an insight into the wettability of the sample surfaces by varying silane loading,®! the
static contact angle (SCA) between the solid samples and 1,3-propandiol was measured (Table 1,
4% column). The 1,3-propandiol, being poorly viscous, was chosen to mimic the reaction product,
i.e. 14-PDO, thus giving an overall idea of the alcoholphilicity of the surface. As it can be
observed, copper deposition increases the SCA limiting the polarity of the surface due to the partial
coverage of the surface hydroxyl groups of the silica. After the silane grafting, the surface affinity
towards 1,3-propandiol decreases, passing from 62° of the bare catalyst to 75° of the
CuO/Si0; - 15% TEOCS.

However, contact angle measurements possess some limitations due to the intrinsic porosity and
surface roughness of the specimens. Hence, water adsorption isotherms represent a useful tool to

assess the hydrophilicity of a porous solid giving a measure of its affinity to water.
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Figure 5. Water adsorption isotherms at temperature of 40°C on SiO,, CuO/SiO,, CuO/SiO, — 5%

TEOCS and CuO/SiO, - 10 % TEOCS
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The water adsorption capacity of the SiO, support and bare and functionalized CuO/SiO,
catalysts is showed in Figure 5.

Also in this case, the same decreasing trend was observed already found in the N, adsorption
experiments, ie the adsorption of water decreases as the density of the silane on CuO/SiO,
increases ; In particular, the computed monolayer volume, V,, yauer, Values pass from 42 cm?/g to 22
cm?/g for CuO/SiO, and CuO/SiO,-10% TEOCS respectively (analogously to the decrease of V,,
n2 values computed for the Ny-adsorption experiments which diminish with the increase of silane
loading passing from 84 to 29 cm?/g for CuO/SiO, and CuO/SiO,- 10% TEOCS respectively). As
a consequence, some differences in SSA,... among samples are still appreciable passing from 128
m?/g in the case of CuO/SiO, to 68 m?/g in the case of the 10% silane loaded catalyst. This could
be due to the hydrophobic interactions of the alkylic chains of the organosilanes that decreases the
affinity of the surface towards water molecules.

Differences in the adsorbed water volume are more significant moving to higher relative
pressures (p/p°® = 0.5). The adsorbed volume of water decreases from silica to CuO/SiO, passing
from 107.3 cm®g STP to 87.6 cm?/g respectively and proportionally with the increase of silane
surface density (from 87.6 cm?/g for the bare catalyst going to 23.2 cm?/g for the CuO/SiO,- 10%
TEOCS). These results corroborate the reduced surface polarity of the functionalized samples
evaluated by contact angle measurements.

It is worth noting that a decrease of the overall hydrophilicity/polarity of the catalytic surface
significantly improves the selectivity towards the 1,4-PDO (see Figure 1), preventing side reaction
to occur, as showed also in our previous study.* On the other hand, the activity of the catalytic

system remarkably decreases when the silane loading passes from 10% to 15% notwithstanding
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the decrease of the alcoholphilicity decrease. In this respect, the different configuration of silane

molecules bonded to the catalyst surface could play a role (Figure 6b) in masking the Cu sites.
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Figure 6. a) Si NMR of pure triethylethoxysilane and 2°Si CP-MAS NMR of the sample catalysts;

b) sketches of the possible silane/SiO, configurations; fitting procedures of ¢) CuO/SiO, — 10 %

TEOCS and d) CuO/SiO, — 15 % TEOCS. Table: *Si CP-MAS NMR chemical shifts and relative

percentages for the three proposed structures
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Notably, TEOCS could be mainly grafted to the surface in three configurations: with a single
bond (T'), two bonds (T?) and bonding with an adjacent silane chain (T3).#%2 According to this,
the prevalence of a T? type structure could lead to a decrease in copper accessibility, hindering the
GVL substrate to reach the hydrogenation active site. To confirm our hypothesis, ?Si NMR of
pure triethylethoxysilane as a standard and ?Si CP-MAS NMR of the sample catalysts were
performed. As displayed in Figure 6a inset, the 2’Si'-NMR pattern of TEOCS shows the presence
of a singlet at -45 ppm. On the contrary, *Si CP-MAS of the bare CuO/SiO, present two important
contributions ascribable to the bulky silica support: siloxane tetra-coordinate Si—(OSi),(Q*at—110
pm), and bonded to a single silanol Si—(OSi);—(OH) (Q? at —101 ppm).** Moreover, in the case of
the functionalized catalysts, a second family of signals can be found at higher ppm, assigned to the
organosilane bonds. Four distinguished contributions were found in the region between -80 and -
30 ppm. Specifically, i) the contribution of the T' configuration was found at -49 ppm, ii) the signal
at -58 ppm can be assigned to the T? structure, and finally iii) the contribution peak at -68 ppm
could be ascribed to the T?.%4463 A small amount of the precursor (T°) can still be found in the
signal at -40 ppm.* In the case of CuO/SiO, -5% TEOCS, since the signal intensities are
comparable to the background noise, no fitting analysis was performed. The comparison between
CuO/Si0O; -10% TEOCS and CuO/SiO, -15% TEOCS spectra reveals that the silane bounds in a
different way according to its surface concentration. Specifically, we assist a decrease of both T!
and T? bonding structures advantaging the T in the 15% TEOCS sample (see the percentages of
the peak deconvolutions in the Table inset in Figure 6. This indicates that the silane is prone to
reticulate at higher concentration* limiting the copper site availability.

Copper nanoparticles of CuO/SiO, prepared with CH method, already showed a peculiar Lewis

acidity when analyzed through FT-IR investigations after pyridine adsorption.*? In this respect, the
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use of probe molecules adsorption could shed some further light on copper accessibility as well as
on knowledge of the nature of acid sites and total surface acidity.

With this scope, FT-IR spectra after pyridine adsorption on bare and functionalized catalysts
were measured (Figure 7) and the concentration of their acid sites were evaluated (Table S2). This
also allows one to investigate the possible influence of the silane on the acidity of the copper sites.
All the samples maintain the acidity already observed on the catalyst prepared with CH method.*?
Furthermore, a more pronounced band at 1575 cm! was observed in the case of functionalized
compounds. This could be probably due to the 8b mode of adsorbed pyridine corresponding to the
vibrational modes of benzenic ring of pyridine.®>% As far as quantitative analysis is considered,
the concentration of Lewis acid sites was higher for the silane-clad catalysts except for the 15%
one. The moderate increase of acidity in the case of CuO/Si10, 5% and 10% TEOCS suggests that
TEOCS grafting plays a role in promoting the acidity of the surface. A plausible explanation could
be searched in the mild electron withdrawing ability of Si: the possible formation of new -Cu-O-
Si-R bonds could further lower the electron density of copper nanoparticles, enhancing their
acidity. This was already observed in a work of Lin and co-workers*® where silane grafting on
copper phyllosilicates catalysts induced the formation of new acid sites. Surprisingly, the acidic
site density of Cu/SiO, — 15% TEOCS catalyst drops to a value even lower with respect to that of

the bare sample.
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Figure 7. FT-IR spectra after pyridine adsorption of the catalysts (L = Lewis, B = Brgnsted).

This could be clarified by the fact that a higher density of silane chains (as for the Cu/SiO, —
15% TEOCS) encourages the formation of more reticulated structures on the surface, as previously
mentioned (*Si CP MAS). This could hinder the pyridine probe to access the active sites thus
supporting our hypothesis concerning the GVL interaction with Cu/SiO, — 15% TEOCS catalyst.
This apparent reduction in acidity could be well due to a masking effect of the acidic sites by silane
chains.

To measure the total surface acidity of the samples, gas-solid titrations of the acid sites were
carried out using ammonia as probe. The results obtained by this method are reported in Table S2.
Contrary to what was observed using pyridine, all of samples have comparable acidity (0.31-0.35
mmol(NH;) g...”!) demonstrating that copper sites maintained acid feature despite the silanization

of the surface.
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The reason of the different observed results by the use of pyridine or ammonia probes could be
sought in the different steric hindrance of the two molecules. Ammonia has a much smaller kinetic
diameter than pyridine, so it could be less affected by the steric hindering effect of silane chains
and could titrate all the accessible Cu sites on sample surfaces independently of the silane density.
Utilizing different probes with diverse size is often used as a method to assess accessibility of the
acid sites.%%

The information gained from the surface features such as morphology, wettability and acidity
lead us to hypothesize a viable explanation of the critical aspects involved in the increased
selectivity in the hydrogenation of GVL to 1,4-PDO. Wettability is a key factor in driving the
removal of the diol product from the catalytic active sites. Notably, a lower hydrophilic/polar
behavior of the catalyst surface by alkyl silane grafting allows a better desorption of the diol
product, thus preventing dehydration side reactions. Actually, the selectivity towards the diol is
increased up to 99% at the 5% w/w functionalization as soon as the silane easily reaches the
surface. However, the great impact of acidity in the activation of GVL makes this aspect important
in increasing conversion. This could explain the coherent trend of acidic sites density with GVL
conversion with a maximum value (82%) obtained when working with of Cu/SiO, — 10% TEOCS
catalyst and a significant decrease with Cu/SiO, — 15% TEOCS (0.34 against 0.22 mmol,, g,
respectively). However, the activation of the substrate is directly connected to copper accessibility
that appears to decrease with a too high TEOCS concentration (Figure 6). In this way, the proper
choice with the anchoring degree of TEOCS allows to tune both the surface properties and the
copper activity finding in the 10% loading the best trade-off for catalyst performances. The fine
tuning of the surface grafting degree with hydrophobic residues is already known in the literature.

The hydrophobization of Cu/ZnO catalyst showed a very positive inhibitory effect on the

22



unfavorable water—gas shift reaction in one-step synthesis of dimethyl ether from syngas keeping
the catalytic activity very high. However, an excessing degree of stearic acid anchoring affected

negatively the conversion due to a partial coverage of the active sites.®

Figure 6. Possible mechanism for the hydrogenation of GVL on CuO/SiO; silane-grafted catalysts.

Conclusions
Biomass-derived platform molecules transformation requires particular attention in designing
the properties of heterogeneous catalytic systems. In particular, the high oxygen content of

biobased molecules entails a major role of their surface polarity. In this work we set up a simple
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and reliable protocol for the surface modification of Cu/SiO, catalyst. The effective
functionalization was confirmed by the appearance of alkanes bonds stretching signals (from ATR
spectroscopy) together with new Si-O and O-C bands in XPS determinations. Then, these
organosilane functionalized materials were tested in the hydrogenation of GVL to give 1,4-PDO.
The results obtained clearly showed that the functionalization significantly lowers the
alcoholphilicity of the surface (diol CA decrease of around 20%) resulting in an important increase
in selectivity (20%) due to the easier desorption of the diol produced. Moreover, a huge reduction
in water adsorption (around 75% at p/p° = 0.5) is appreciable for the sample covered by 10 % of
the adopted silane molecule.

At the same time, this functionalization technique does not affect the copper phase activity.
Actually, a silanization coverage up to 10% is desirable and leads to an increase in diol yield of
about 40% reaching a selectivity of 98%, while a further organosilane loading gives rise to a
decrease in activity due to the scarce accessibility of GVL to copper sites. This behavior is
corroborated by CP MAS measurements showing a dense surface silane layer due to the presence
of T° configuration. Hence, the capability to easily tune the wettability properties of the metal
supported catalyst paves the way to a wide range of applications in which both the metallic phase

activity and the polarity of the surface play a pivotal role in affecting the catalytic reaction.
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