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Abstract: Ruthenium nanoparticles supported on carbon black were coated by mesoporous protective
silica layers (Ru/CB@SiO2) with different textural properties (SBET: 280–390 m2/g, pore diameter:
3.4–5.0 nm) and were tested in the selective hydrogenation of glucose into sorbitol. The influence
of key parameters such as the protective layer pore size and the solvent nature were investigated.
X-ray photoelectron spectroscopy (XPS) analyses proved that the hydrothermal stability was highly
improved in ethanolic solution with low water content (silica loss: 99% in water and 32% in ethanolic
solution). In this work, the strong influence of the silica layer pore sizes on the selectivity of the
reaction (shifting from 4% to 68% by increasing the pores sizes from 3.4 to 5 nm) was also highlighted.
Finally, by adding acidic co-catalyst (CB–SO3H), sorbitol was obtained directly through the hydrolytic
hydrogenation of cellobiose (used as a model molecule of cellulose), demonstrating the high potential
of the present methodology to produce active catalysts in biomass transformations.

Keywords: glucose; sorbitol; cellobiose; hydrothermal resistance; hydrolysis; hydrogenation;
mesoporous silica; ruthenium; carbon

1. Introduction

For many years, the conversion of lignocellulosic biomass, an environmentally friendly and
sustainable alternative resource to fossil fuels, into valuable chemicals and biofuels has drawn a
lot of attention [1]. Therefore, cellulose, the main component of such biomass, has been widely
studied and converted into various products such as hydrocarbons, oxygenated bio-oil, and sugar
alcohols [2,3]. Enzymatic catalysis and fermentation allow breaking down cellulose and converting
it into commodity chemicals [4]. Nevertheless, such biological processes suffer from limitations
such as low efficiencies, limited scale of production, and narrow reaction conditions. Therefore,
cellulose valorization transformations have been recently oriented toward solid heterogeneous catalysts.
However, all these transformations are usually performed in aqueous media at higher temperature,
implying the possible sintering of the catalytic active phase [5] and other deactivation processes.

Recently, our group has shown that the coverage of supported catalysts by a mesoporous
silica layer could prevent the sintering of palladium nanoparticles dispersed on carbon black [6].
Nevertheless, it is well known that mesoporous silica materials such as MCM-41 or SBA-15 are poorly
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stable under hydrothermal conditions [7]. Although post-functionalization with hydrophobic moieties
or the incorporation of aluminum atoms are well-known methods to improve the hydrothermal
stability of these materials [8–12], some drawbacks are often silent up. For instance, aluminum
doping in a silica matrix alters the host material structural order, leading to a more amorphous
material [13,14]. In order to override the possible structural properties’ modifications of siliceous
mesoporous materials and increase the catalysts’ hydrothermal stability, catalytic transformations of
cellulose could alternatively be performed in less damaging water-miscible organic solvents. In a recent
review, it has been reported that organic solvents have also a great impact on the catalysts’ performances
in biomass conversion [15]. Moreover, considerable efforts were made to find innovative solvents
that were potentially less toxic, more biocompatible, and had improved reaction rates and product
selectivities [16,17]. For instance, Mellmer et al. have shown that the rate of cellobiose hydrolysis is
strongly improved by using γ-valerolactone as solvent compared to conversion in aqueous media [18].
More recently, it has been proven that by tuning the water content in dimethyl sulfoxide, as well as the
temperature and the reaction time, it is possible to perform a non-catalytic conversion of cellobiose into
5-hydroxymethyl-2-furaldehyde [19]. In addition to the solvent nature in which the catalytic reaction
is carried out, it has been also proven that the mesoporous silica material type, and indirectly some
parameters such as the wall thickness, have a great influence on the material hydrothermal stability [7].

In this context, we propose to cover heterogeneous catalysts (ruthenium on carbon black)
by protective mesoporous silica layers with different structural properties and to evaluate their
performances in the one-pot conversion of cellobiose into sorbitol in water-miscible organic solvents
(Figure 1). Ruthenium being the most effective metal for this reaction has been selected as
the active metal in the present study [20,21]. Two surfactants have been selected (P123 and
hexadecyltrimethylammonium bromide, or CTAB) for the mesoporous layers formation. These
should lead to coating layers presenting mesopores of different sizes. In the first part, the positive
impact of using an organic polar solvent (such as ethanol) and the influence of the mesoporous
protective layer type on the catalyst’s activity and stability in the selective hydrogenation of glucose
into sorbitol will be highlighted. In a second part, preliminary tests in the hydrolytic hydrogenation of
cellobiose into sorbitol will be carried out. Cellulose is an insoluble polymer with a complex and robust
crystalline structure; therefore, simple and soluble model molecules of cellulose such as cellobiose
are often used in biomass conversion studies [22–24]. Sorbitol, which is the hydrogenated form of
glucose, is targeted in this work because it is a platform molecule that is used for the production of
value-added chemicals [25–28]. This reaction is also a good model system to study both hydrolysis
and hydrogenation reactions in one pot (Figure 1). In short, the goal of this paper is to successfully
prepare a protected catalyst and then prove that the underlying active phase is still accessible and the
protecting layer can remain intact in catalytic testing conditions.
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2. Results and Discussion

A starting Ru/CB reference catalyst was prepared by homogeneous deposition–precipitation by
using the urea method. This implies the slow precipitation of Ru hydroxide on the support followed by
a reduction in N2/H2 atmosphere. Calcination was avoided because it is not compatible with the carbon
support. Two different covered catalysts were subsequently prepared, using two different templating
agents to create mesoporosity in the siliceous coating, namely Ru/CB@SiO2(C) when using CTAB
and Ru/CB@SiO2(P) when using pluronic P123 as the templating agent. They were characterized by
X-ray photoelectron spectroscopy (XPS), nitrogen physisorption, and SEM-EDX in order to identify the
influence of their physicochemical characteristics on hydrothermal stability and activity in a biomass
model reaction: the hydrolytic hydrogenation of cellobiose into sorbitol.

2.1. XPS

The surface atomic percentages in C1s, O1s, N1s, Si2p, and Ru3p measured by XPS for
Ru/CB@SiO2(C), Ru/CB@SiO2(P) (covered catalysts) and Ru/CB (reference catalyst) are given in
Table 1. As shown by these results, the covered materials exhibit a high level of oxygen and a lower
carbon surface atomic percentage than the reference sample. Moreover, we can observe the emergence
of a Si2p peak and a drastic fall of the Ru3p surface atomic percentage. All these observations confirm
the silica layer deposition on a Ru/CB catalyst, regardless of the surfactant type (neutral or anionic) or
the preparation conditions (acidic or basic). It can also be noted that the XPS spectra display the Ru3p3/2

peak assigned to the metallic state (Figure S1 in the electronic supporting information). This result
implies that the coverage of the catalysts surface by a silica layer does not affect the metal oxidation
state. In the case of the covered sample using CTAB as a template (Ru/CB@SiO2(C)), the higher level of
nitrogen is imputed to residual surfactant in the smaller pores.

Table 1. X-ray photoelectron spectroscopy (XPS) analyses of reference and covered catalysts.

Sample C1s O1s Si2p N1s Ru3p

Ru/CB 96.0 3.4 / 0.1 0.49
Ru/CB@SiO2(C) 47.2 35.6 15.2 1.0 0.09
Ru/CB@SiO2(P) 34.3 46.2 19.3 0.1 0.07

2.2. N2 Physisorption

The covered samples have also been characterized by nitrogen physisorption (Figure 2) to evaluate
the impact of surfactant type on the samples’ textural properties. Ru/CB@SiO2(C) exhibits a type IV
(according to IUPAC) nitrogen adsorption–desorption isotherm with a H1 hysteris loop, which is
typical of mesoporous materials with a narrow pore size distribution, as already proven in our recent
paper with palladium nanoparticles as the active phase [6]. The isotherm obtained for Ru/CB@SiO2(P)
is also characteristic of mesoporous materials, but the H3 type hysteresis loop obtained implies a
material possessing a framework with a wide pore size distribution. Moreover, the hysteresis branches’
positions for this material shifted toward higher pressures. Since the capillary condensation pressure is
a function of the pore diameter [29,30], the observed behavior shows that, as expected, covered material
using pluronic surfactant (P123) displays larger pores than its CTAB counterpart. Indeed, the average
pore diameter extracted from Barrett–Joyner–Halanda (BJH) curves is higher for Ru/CB@SiO2(P)
material (5 nm) than for Ru/CB@SiO2(C) material (1.7 nm) (Figure S2). As expected, the BJH curve also
shows a very large pore size distribution for the Ru/CB@SiO2(P) catalyst. In the case of samples with
narrow mesopores (such as Ru/CB@SiO2(C)), it appears that the BJH method underestimates the sample
pore size and that DFT (Density Functional Theory) analysis is more adapted to evaluate the pore size
distribution [31]. Based on DFT analyses (Figure S2), Ru/CB@SiO2(C) material contains essentially
mesopores (3.4 nm) with some micropores. The total pores’ volume consistently corresponds to the sum
of values calculated by the Dubinin and the BJH methods in both cases (see Figure S2). In consequence,
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the specific surface area of the Ru/CB@SiO2(P) sample is lower than that of the Ru/CB@SiO2(C) material
(280 m2/g versus 390 m2/g, respectively), which is also a direct influence of the pore diameter increase.
In both cases, the Brunauer–Emmett–Teller (BET) surface area has been greatly increased compared to
the uncovered catalyst (60 m2/g).
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Figure 2. Nitrogen adsorption/desorption isotherms of (#) Ru/CB@SiO2(C) and (•) Ru/CB@SiO2(P)
materials in comparison with the starting uncovered Ru/CB (dotted line) catalyst.

2.3. SEM-EDX

Then, the covered catalysts have been analyzed by SEM-EDX (Energy-Dispersive X-ray) and
TEM, and compared to the Ru/CB reference sample (Figure 3). As it can be seen on SEM images, after
coverage of the ruthenium-supported catalyst (Figure 3b,c), the samples’ morphology has been only
slightly modified, meaning that the silica layers are thin and homogeneously deposited around the
Ru/CB catalysts. Moreover, EDX analyses (Figure S3) have revealed the presence of a distinguishable
peak of silicon for covered samples, which is consistent with XPS analyses. The images also revealed
that the silica layer is thicker in the case of the Ru/CB@SiO2(C) catalyst. Based on TEM images, all the
samples show narrow particle size distribution at ~1 nm, confirming that the silica coating does not
affect the ruthenium particle size. TEM images of samples without Ru were also recorded (Figure S4),
which confirmed the above observations.
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2.4. Catalytic Tests

The catalytic performances of the synthesized catalysts were estimated in the hydrogenation of
glucose into sorbitol. The glucose conversion and sorbitol selectivity are reported in Table 2. The
reaction was first studied with a blank test in water (Entry 1). Although glucose is converted without
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catalyst (21%), the selectivity toward sorbitol is quite low (2%), leading essentially to fructose isomer.
Since carbon black, which is used as support, could have a catalytic activity by itself, its catalytic
performance was also evaluated (Entry 2): similar results to the blank were obtained. This test
clearly shows that metallic nanoparticles are required to produce a high amount of sorbitol in this
hydrogenation process. Indeed, when the reference (uncovered) Ru/CB catalyst is used (Entry 3), the
selectivity toward sorbitol is higher (67%) together with a better activity (glucose conversion: 43%).
This result makes sense, since it is well known that ruthenium is one of the best active phases for
glucose hydrogenation (see Table S3 for a comparison of normalized activity values with catalysts from
the literature) [32–35]. The covered catalyst Ru/CB@SiO2(C) displays a conversion of 30% (Entry 4).
According to elemental analyses (ICP) results (Table S1), this catalyst contains 1.8 wt % of ruthenium,
while it was 2.3 wt % for the uncovered catalyst. Taking into account this dilution factor due to
the addition of a silica layer (for the same engaged catalyst mass), we can calculate the activity as
percentage conversion per mg of Ru engaged. The value obtained for Ru/CB@SiO2(C) is very close to
the reference catalyst (41%/mg and 47%/mg respectively, compare Entries 4 and 3). This means that the
silica layer does not prevent the diffusion of glucose to reach the ruthenium nanoparticles that are the
active phase for this transformation, even in the presence of some residual surfactant in the porous
network. Furthermore, as shown by XPS measurements (Table S2), this residual surfactant has been
almost completely removed during the catalytic test. Nevertheless, the selectivity toward sorbitol is
surprisingly low (4%), indicating that the silica protective layer could have an impact on the reaction
selectivity. Particles size and support effects can be discarded. Indeed, the ruthenium deposition
and the carbonaceous support are the same as the reference catalyst, and the coverage methodology
does not affect the particles’ size, as already demonstrated in [6] and in TEM images. We believe that
because the pores’ sizes are below the limit for easy diffusion, the sugar molecules enter the pores
with steric constraints and probably do not have a complete rotational degree of freedom (the concept
of shape selectivity known for zeolites), with a strong effect on the selectivity. Indeed, based on the
seminal paper by Beck and Schultz [36], the restrictions of glucose diffusion through the silica layers
can be calculated, considering 3.4 nm and 5.0 nm as the pore diameters of our materials and 0.88 nm for
the molecular diameter of glucose. This reveals that the mobility of glucose through the mesoporous
channels of Ru/CB@SiO2 catalysts is respectively 46% and 30% (for 3.4 nm and 5.0 nm pores) lower
than its mobility in free solution.

Table 2. Conversion and selectivity for the hydrogenation of glucose after 2 h reaction at 150 ◦C.

Entry Sample Solvent Glucose
Conversion (%)

Activity 1

(%/mg)
Sorbitol

Selectivity (%)

1 Blank H2O 21 / 2
2 CB H2O 16 / 7
3 Ru/CB H2O 43 47 67
4 Ru/CB@SiO2(C) H2O 30 41 4

5 2 Ru/CB@SiO2(C)-HT H2O 41 45 68
6 Blank EtOH/H2O 26 / 1
7 Ru/CB EtOH/H2O 92 100 74
8 Ru/CB@SiO2(C) EtOH/H2O 69 94 4
9 Ru/CB@SiO2(P) EtOH/H2O 43 82 58

10 3 Ru/CB@SiO2(P) EtOH/H2O 50 81 66
1 Normalized activity = glucose conversion per mg of ruthenium engaged. 2 Treated in hot water for 24 h.
3 Second run.

Moreover, after the catalytic test, XPS analyses have revealed that 99% of Si has been lost by
the known desilication process in water (Table S2) [37]. As mentioned in the introduction, it is well
established in the literature that silica materials are poorly stable in hydrothermal conditions [7].
Desilication is a slow phenomenon leading to a progressive loss of the silica layer in solution. So,
during the whole catalytic test, the Ru/CB@SiO2(C) catalyst is constantly covered by a silica layer
that only decreases in thickness. Hence, the accessibility remains, and the selectivity is controlled by
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shape selectivity at all times, very differently from the uncovered catalyst. In order to confirm this
hypothesis, we have treated the Ru/CB@SiO2(C) in hot water for 24 h (to completely remove the silica
layer). This “treated” catalyst has been then re-evaluated in the glucose hydrogenation reaction (Entry
5). Both its conversion and selectivity toward glucose are the same as that of the reference (uncovered)
catalyst (Ru/CB), which corroborates our hypothesis.

Consequently, the next tests were carried out in an ethanol–water mixture (110:10, v/v) to minimize
the silica losses. A new blank test has been performed in those conditions that shows relatively low
activity and selectivity as in pure water (Entry 6). Astonishingly, in the case of the reference (uncovered)
catalyst (Entry 7), the conversion has drastically increased (92%), while the selectivity is quite stable
(74%). In the same way, the Ru/CB@SiO2(C) covered sample shows higher conversion than in pure
water (69%), but still a very low selectivity (4%) (Entry 8). Therefore, it appears that the solvent
nature has an effective impact on the catalyst activity for this reaction, which was never reported in
the literature, to the best of our knowledge. As expected, the stability of our catalysts has been also
improved in an ethanol–water mixture with a much lower silicon loss (32% loss of the initial Si content
according to XPS measurement compared to 99% loss in pure water, see Table S2). Moreover, the
water-miscible organic solvent allows totally removing the residual surfactant. An additional TGA
(Thermogravimetric Analysis) measurement of Ru/CB@SiO2(C) after the catalytic test in ethanol/water
media was carried out (see Figure S5). In order to clearly identify the temperature at which the CTAB
is decomposed, a reference sample consisting of CTAB deposited on carbon black (CB) has been also
analyzed. As can be noticed, CTAB is decomposed at ~250 ◦C under air. This mass loss does not appear
in the case of Ru/CB@SiO2(C) catalyst. These results clearly prove that any remaining CTAB surfactant
is also totally removed during the catalytic test in organic media and does not prevent glucose from
reaching the underlying ruthenium nanoparticles.

In the case of Ru/CB@SiO2(P) material (Entry 9), the selectivity toward the desired product is
much better (58%), which can be attributed to the larger pore diameter. As discussed above, the shape
selectivity effect will be stronger for the smaller pores’ layer. However, the observed difference in
glucose conversion, in comparison with the reference catalyst (compare Entry 7 with 9), cannot be
totally explained by the silica dilution factor as above (normalized activity calculated according to
ruthenium mass engaged is 82%/mg in this case). Therefore, it would appear that some of the ruthenium
nanoparticles are completely covered by the silica and consequently unreachable. In addition, the large
pore distribution of this catalyst also implies the presence of micropores (see Figure S2), which could
prevent the access to some ruthenium nanoparticles and explain the slight decrease in normalized
activity. Nevertheless, the loss of Si after the catalytic test decreased even further (18% according to
XPS measurement, see Table S2). This improvement in stability is not surprising. Indeed, Zhao et al.
have already shown that mesoporous materials such as SBA-15, with larger pores, were more stable
than MCM-41 under hydrothermal conditions [38]. More recently, Pollock et al. found that SBA-15
treated in liquid water at 155 ◦C lost its secondary pore network by a complete closure [39]. In our case,
when Ru/CB@SiO2(P) catalyst was reused for a second run (Entry 10), the conversion and selectivity
are quite similar (if not better) than in the first run. The slight increase could be ascribed to relatively
higher Ru loading due to slight Si loss (18% measured by XPS, as discussed above). In comparison, the
uncovered Ru/CB catalyst, upon recycling, loses 16% activity (glucose conversion), but the selectivity
is maintained. Moreover, the covered catalyst still exhibits a high specific surface area (227 m2/g),
the same isotherm curve shape, and similar pore size distribution compared with the fresh catalyst
(Figure S6). These results imply that our material (more specifically the silica layer) is stable under
these conditions. They also prove that the underlying ruthenium nanoparticles are still accessible and
consequently that the pore network is still open.

The best-performing covered catalyst, namely Ru/CB@SiO2(P), was finally tested in a model
reaction of cellulose valorization: the catalytic transformation of cellobiose into sorbitol in one pot.
Kinetic modeling has shown that hydrolysis is the rate-limiting step for the hydrolytic hydrogenation of
cellobiose (or cellulose) to sorbitol (110–115 KJ/mol for the hydrolysis of cellobiose) [19,40]. Therefore,
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this step is a highly demanding reaction that usually requires strong acid sites irrespective of the
reaction pathway to produce sorbitol, as shown in Figure 4.
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Nevertheless, as shown in Table 3, when the hydrolysis of cellobiose was performed without
catalyst in pure water (Entry 1), glucose was obtained. Therefore, the hydrolytic hydrogenation of
cellobiose in organic medium in the presence of our covered catalysts was performed with small
fractions of water (Entry 2–4) to ensure the production of glucose without damaging the silica layer.
Unfortunately, no glucose or sorbitol were obtained after 2 h of reaction with Ru/CB@SiO2(P) catalyst
(Entry 2), meaning that the small volume fraction of water (Xw = 8%) introduced is not enough to
allow the hydrolysis reaction. By increasing this fraction to Xw = 33% (Entry 3) and Xw = 50% (Entry
4), the results remained unchanged. However, cellobiose is in the meantime mainly converted into
cellobitol (up to 42%). Usually, it is known that the hydrolytic hydrogenation of cellobiose (or cellulose)
to sorbitol occurs via the hydrolysis of glycosidic bonds followed by the hydrogenation of glucose into
sorbitol. Nevertheless, as proven by Palkovits et al. [40], the cellobiose conversion could also proceed
through an alternative pathway: the hydrogenation of a C–O bond on one of the glucose rings, leading
to cellobitol and consecutive hydrolysis to sorbitol and glucose (Figure 4). This result proves again that
our material, thanks to its large pores, allows the diffusion of larger biomolecules such as cellobiose
through the silica layer to reach the underlying metallic nanoparticles that are the active phase for
this transformation.

Table 3. Conversion and selectivity for the hydrogenation and hydrolysis of cellobiose at 150 ◦C for 2 h
under 30 bars of pure hydrogen.

Entry Sample H2O/EtOH
(v/v)

Cellobiose
Conversion

(%)

Glucose
Selectivity

(%)

Ethyl
Glucopyr.
Selectivity

(%)

Cellobitol
Selectivity

(%)

Sorbitol
Selectivity

(%)

1 blank 120/0 44 14 0 0 0
2 Ru/CB@SiO2(P) 10/110 43 0 0 30 0
3 Ru/CB@SiO2(P) 40/80 38 0 0 27 0
4 Ru/CB@SiO2(P) 60/60 45 0 0 42 0

5 Ru/CB@SiO2(P)
+ CB–SO3H 10/110 69 13 19 6 2

6 1 Ru/CB@SiO2(P)
+ CB–SO3H 10/110 94 20 32 0 8

1 Test carried out with 200 mg of Ru/CB@SiO2(P).

Finally, an acidic material consisting of sulfonic acid moieties grafted on carbon black
(CB-SO3H) [41] was added (Entry 5) in the catalytic medium. Sulfonic acid functions are often
used for cellobiose/cellulose hydrolysis reactions [42–45]. As can been seen, after 2 h, glucose is
produced. This result confirms that acidic sites are essential to hydrolyse cellobiose in organic medium.
Another compound has been also detected, which could be attributed to ethyl glucopyranoside.
Experimental and theoretical studies have shown that this cellulose hydrolysis mechanism involves
the glycosidic oxygen protonation (Figure 5) [46]. In this mechanism, a cyclic oxonium ion is formed
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and reacts with water to reestablish the anomeric center and regenerate H3O+ species. Based on this
mechanism, a solvent such as ethanol could easily react with the second intermediate to produce
ethyl glucopyranoside (Figure 5). More importantly, we have also observed in this test (Entry 5) the
production of cellobitol and sorbitol. This means that the ruthenium nanoparticles of the covered
catalyst are still active and accessible. Recently, Soisangwan et al. have shown that the conversion of
cellobiose raised with the increasing ethanol concentration in subcritical water (liquid water between
100 and 374 ◦C under high pressure [usually from 1 to 6 MPa]) [47]. However, they also demonstrated
that ethanol promotes the isomerization of disaccharides at the expense of a hydrolysis reaction [48].
In our case, isomerization is limited. Indeed, only a small amount of isomers such as fructose or
cellobiulose are observed, demonstrating the good performances of our combined catalysts. Other
(undetected) by-products such as 5-(hydroxymethyl)furfural (HMF) are formed as expected in this
case. By increasing the amount of covered catalyst engaged (Entry 6), the conversion and the sorbitol
selectivity are further improved. This also impacts positively the hydrolysis step, as expected. All these
preliminary results in the hydrolytic hydrogenation of cellobiose show the high potential of the
as-prepared protected catalyst in biomass valorization.Catalysts 2020, 10, 149 9 of 14 
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3. Materials and Methods

3.1. Reagents

The carbon black support (CB) was received as 250G type from IMERYS GRAPHITE & CARBON.
Hexadecyltrimethylammonium bromide (CTAB, 95%), (3-aminopropyl) trimethoxysilane (APTES,
99%), tetraethyl orthosilicate (TEOS, >98%), thionyl chloride (SOCl2, >99%), Ruthenium(III) chloride
hydrate, pluronic P123, sulfanilic acid (99%), and isopentyl nitrite (96%) were purchased from Sigma
Aldrich and used as received. A commercial ultrasonic cleaner (VWR) was used for sonication.

3.2. Syntheses

3.2.1. Synthesis of Ru/CB Catalyst (Reference)

A non-covered Ru/CB catalyst used as a reference has been synthesized by an urea assisted
deposition–precipitation procedure [49]. First, 600 mg of urea were dissolved in 300 mL of distilled
water. Then, 1 g of CB was added, and the mixture was stirred for 15 min. Then, 73.5 mg of RuCl3 (3.5
wt % Ru) were added. After stirring for 1 h, the mixture was heated to 120 ◦C for 1 h, cooled down
to room temperature, and stirred overnight. Next, the solid was filtered out, washed with 250 mL
of distilled water, and dried at 100 ◦C overnight. Finally, the catalyst was submitted to a thermal
treatment under reducing atmosphere in a tubular oven STF 16/450 from CARBOLITE. The sample
was placed into porcelain combustion boats and heated during 2 h at 600 ◦C (heating ramp and cooling
ramp: 100 ◦C/h) under a stream of N2/H2 (95:5).
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3.2.2. Synthesis of Ru/CB@SiO2(C)

The synthesis of nanoparticles supported on carbon black (CB) covered by a thin mesoporous
silica layer has been previously described for palladium catalysts [6]. In this study, it has been adapted
for ruthenium as follows. First, 2 g of carbon black (CB) were introduced in a 250 mL round-bottom
flask containing 100 mL of toluene. Then, 6 mL of SOCl2 were added, and the mixture was heated for
5 h under reflux. Then, it was filtered out and extensively washed with toluene (500 mL). The resulting
material (CB–Cl) was dried overnight under vacuum at 100 ◦C. Then, 1 g of CB–Cl was introduced
in a 250 mL round-bottom flask containing 100 mL of dichloromethane. Then, 1 mL of APTES was
added, and the mixture was stirred for 24 h at room temperature. Finally, the material (CB-APTES)
was filtered out, washed with dichloromethane (250 mL) and methanol (250 mL), and dried overnight
under vacuum at 100 ◦C. Then, ruthenium nanoparticles were deposited on CB-APTES (1 g) by a
urea-assisted procedure, using the same synthesis conditions as described above, by engaging 73.5 mg
of RuCl3 (3.5 wt % Ru). After a thermal treatment for 2 h at 600 ◦C under reducing atmosphere (N2/H2,
95:5), 0.250 g of Ru/CB-APTES was introduced in a 100 mL round-bottom flask containing 25 mL of
distilled water. Then, 10 mL of NaOH (0.1 M) were added, and the mixture was sonicated for 10 min.
To this suspension, 0.571 g of CTAB was added, and the solution was heated at 60 ◦C. Then, 0.7 mL of
TEOS was added dropwise within 30 min. This suspension was further stirred for 3 h 30 min, then
charged into a propylene bottle, which was closed tightly and heated at 100 ◦C for 3 days. The product
was filtered out, washed with ethanol (250 mL), and dried at 100 ◦C overnight. The CTAB template
was removed by refluxing the solid material (Ru/CB@SiO2) for 24 h in ethanol.

3.2.3. Synthesis of Ru/CB@SiO2(P)

The synthesis of Ru/CB@SiO2(P) was achieved following the procedure described above to prepare
Ru/CB@SiO2(C) with two modifications. First, during the sol–gel process with TEOS as a precursor,
35 mL of HCl 0.3 M was used instead of a NaOH (0.1 M)/water mixture. Second, 120 mg of pluronic
P123 were added instead of 571 mg CTAB.

3.2.4. Synthesis of CB–SO3H

The supports functionalization was carried out by a diazonium coupling method [41]. Typically,
1 g of carbon black was dispersed in 60 mL of distilled water. Then, 1.5 g of sulfanilic acid were added,
and the suspension was stirred at 70 ◦C during 10 min. Afterwards, 1.2 mL of isopentyl nitrite were
added at 30 ◦C, and the mixture was stirred during 16 h. Then, it was filtered out and washed with
distilled water and ethanol. The resulting material, CB–SO3H, was dried overnight at 100 ◦C.

3.3. Characterizations

The solid materials were characterized by X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), elemental analyses (ICP), and
N2 physisorption.

XPS analyses were carried out at room temperature with an SSI-X-probe (SSX 100/206) photoelectron
spectrometer from Surface Science Instruments (USA), equipped with a monochromatized microfocus
Al X-ray source. Samples were stuck onto small sample holders with double-face adhesive tape and
then placed on an insulating ceramic carousel (Macor®, Switzerland). Charge effects were avoided by
placing a nickel grid above the samples and using a flood gun set at 8 eV. The binding energies were
calculated with respect to the C-(C, H) component of the C1s peak fixed at 284.8 eV. Data treatment
was performed using the CasaXPS program (Casa Software Ltd., UK). The peaks were decomposed
into a sum of Gaussian/Lorentzian (85/15) after the subtraction of a Shirley-type baseline.

SEM images were obtained on a Field Emission Scanning Electron Microscope JEOL JSM−7600 F,
equipped with an energy dispersive X-ray system. The powder samples were pressed onto double-face
adhesive carbon tape adhered to an aluminum sample holder. Images were acquired at different
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acceleration voltages ranging between 3 and 15 keV, using an InLens detector. TEM images were
obtained on an LEO 922 Omega Energy Filter Transmission Electron Microscope operating at 120 kV.
The samples were suspended in hexane under ultrasonic treatment. A drop of the suspension was
deposited on a holey carbon film supported on a copper grid (Holey Carbon Film 300 Mesh Cu,
Electron Microscopy Sciences), which was dried overnight under vacuum at room temperature, before
introduction in the microscope.

The elemental analyses (C, H, N, Si, and Ru) were carried out by MEDAC Ltd., UK by
microgravimetry for C, H, N (direct measure) and by ICP after acid digestion for Si and Ru.

The pore texture of the covered catalysts was characterized by nitrogen adsorption–desorption
isotherms. The measures were achieved at 77 K by using a Micromeritics ASAP 2020 analyzer. Before
analysis, the samples (0.02–0.10 g) were degassed for 2 h at 200 ◦C with a heating rate of 10 ◦C/min
under 0.133 Pa pressure. The analysis of the isotherms provided specific surface areas calculated with
the Brunauer–Emmett–Teller (BET) equation, SBET. The pore volume, Vp, of the samples and the pores’
average diameter were calculated using the Barrett–Joyner–Halanda (BJH) and DFT models.

3.4. Catalytic Tests

The tests were carried out in a 250 mL stainless steel Parr autoclave. First, 1 g of cellobiose (or
glucose) was added to 40 mg of catalyst in 120 mL of mQ (milliQ) water (or a mixture of ethanol/mQ
water). Then, the autoclave was sealed, and the system was purged three times with nitrogen and once
with pure hydrogen. Once the desired temperature has been reached (150 ◦C), 30 bars of hydrogen
were introduced, and the mixture was stirred at 1700 rpm for 2 h. Then, the system was cooled down
to room temperature, and the solution was filtrated. Then, the filtrate was diluted to 250 mL with mQ
water and analyzed by HPLC.

HPLC analyses were performed with a Waters system equipped with a Waters 2414 refractive
index (RI) detector (detector temperature = 30 ◦C). The column used is an Aminex HPX 87 C column,
with mQ H2O (18 MΩ.cm at 25 ◦C) as the eluent, a flux of 0.5 mL/min, a column temperature of 85 ◦C,
and 25 µL of injected volume.

4. Conclusions

In the present work, catalysts covered by protective silica layers with very different morphologies
and textural properties have been prepared. These catalysts have been fully characterized by XPS,
SEM, ICP, and N2 physisorption. The presence of the layer was confirmed by XPS and SEM/TEM. Two
different templates were used, and both gave mesoporous silica but with different pore sizes: 3.4 nm
when using CTAB and 5 nm when using pluronic P123. Moreover, the silica layer was thicker in the
former case (Ru/CB@SiO2(C) catalyst).

The covered catalysts were successfully tested in the hydrogenation of glucose into sorbitol.
In comparison with uncovered catalyst, it was demonstrated that the diffusion of reactants/products
through the mesoporous layer was possible to reach the underlying active phase. Moreover, the
stability of protective silica layers was improved in organic medium at high temperature as confirmed
by XPS. The solvent also had a strong influence on the catalysts performance: the conversion being
doubled when moving from water to ethanol as solvent. Finally, the selectivity of the studied reaction
was influenced by the silica layers’ structure: the larger the pores, the higher the selectivity.

Preliminary tests in the hydrolytic hydrogenation of cellobiose were undertaken as well. These
revealed that in the absence of acid sites, cellobiose is mainly converted into cellobitol (disaccharide
hydrogenation product). This underlines the accessibility of ruthenium nanoparticles despite the
protective silica layer and the need for strong acid sites to perform the hydrolysis in organic polar
medium. On the contrary, when acidic material was added (heterogeneous acid catalyst consisting of
sulfonic acid groups grafted on carbon black), sorbitol was formed, corresponding to the subsequent
hydrogenation and hydrolysis steps from cellobiose. Therefore, the protected catalyst is still active
in this combination one pot system. All these results prove that by using the present methodology,
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protected catalysts with good performances in model reactions for biomass valorization could be easily
prepared, which opens the door to many studies with multifunctional catalytic systems.
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Figure S3: SEM-EDX analyses of (a) Ru/CB, (b) Ru/CB@SiO2(C), and (c) Ru/CB@SiO2(P) catalysts. Figure S4:
TEM images of (a) CB@SiO2(C) and (b) CB@SiO2(P) covered materials. Table S1: Elemental analysis by ICP of
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