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ARTICLE INFO ABSTRACT

Keywords: With the aim to produce the platform molecule sorbitol from biomass, the two-steps transformation of the
Biomass conversion cellobiose disaccharide by hydrogenation/hydrolysis was attempted using a single catalytic material. The two
Cellulose reactions were first studied separately before integration. Ru nanoparticles deposited on carbon supports were
C?H"biose . tested for the hydrogenation of glucose into sorbitol. The optimal nanoparticles size was established. Two dif-
lg:rr;’og:" doping ferent types of carbon materials (activated coal and graphene nanoplatelets) were modified to incorporate ni-
Graphene nanoplatelets trogen atoms within the carbon lattice. These N-doped carbon materials displayed higher basicity but showed no
Sorbitol activity for the hydrolysis of cellobiose into glucose. They were used to support Ru nanoparticles and these
Ruthenium bifunctional catalysts were studied for the hydrogenolysis of cellobiose into sorbitol. Kinetic studies showed that

the doping of the carbon supports increased the activity of the Ru nanoparticles for this reaction, going through a
hydrogenation followed by disaccharide splitting pathway rather than vice versa. Catalysts were reused and no

sign of deactivation have been observed.

1. Introduction

Today the increasing energy demand and depletion of fossil fuel
reserves have motivated the utilization of biomass resources to produce
fuels and chemicals as a renewable and sustainable alternative [1].
Lignocellulosic biomass, which is composed of lignin (15-35 %), hemi-
cellulose (25-35 %) and cellulose (40-50 %), is the most abundant
biomass type and its non-edible feature makes it very attractive for
further transformation [2,3]. Cellulose is a polymer of glucose con-
nected by $8-1,4-glycosidic bonds. Cellulose has high crystallinity due to
intermolecular and intramolecular hydrogen bonds. For this reason, it is
not soluble in most solvents [4]. Usually, the first step for upgrading it
involves hydrolysis into constituting sugar units. The main known
processes for cellulose hydrolysis are the use of mineral acids (e.g.,
H,S0,4) [1,5], acidic solid catalysts (Amberlyst, sulfonated carbons)
[6-9] or supercritical water [10] and ionic liquids [11]. The main in-
terest behind these studies of cellulose depolymerization is to obtain
glucose. Glucose can further be transformed into platform or building
block molecules such as 5-hydroxymethylfurfural, ethylene glycol,
gluconic acid or sorbitol [12]. Sorbitol is a very useful molecule. It can
be used as precursor in food and pharmaceutical industry. Moreover it
is a chemical platform that can lead to molecules such as sorbitan,
isosorbide, glycerol, etc. [13].
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Cellobiose which is composed of only two glucose units bound to-
gether by the -1,4-glycosidic bond is the simplest model for cellulose
and will be used in this study. It has been pointed out that two reaction
pathways can occur for the transformation of cellobiose into sorbitol,
also called hydrogenolysis (Scheme 1) [14,15]. In the first pathway,
cellobiose is hydrolyzed into glucose before being hydrogenated into
sorbitol. In the second pathway, cellobiose is first hydrogenated into
cellobitol (another disaccharide) and cellobitol is then hydrolyzed into
one molecule of sorbitol and one molecule of glucose, which can further
be hydrogenated into sorbitol.

The direct catalytic conversion of cellulose into sorbitol has been
achieved [16] but remains very challenging. Efficient and selective
catalytic systems need to be investigated. The hydrogenation of cellu-
lose into sorbitol necessitates two main components: noble metals na-
noparticles like Pt, Pd, or Ru for redox activity and acid species (usually
soluble mineral acids or heteropolyacids) to break the 3-1,4-glycosidic
bond. Heterogeneous catalysts are presently the most studied for this
reaction. Metal nanoparticles are usually deposited on a support dis-
playing acidic properties. Inorganic oxides such as SiO, [17] or even
Al,0O3 [18] are often used. Zeolites such as ZSM-5 [19], Beta [20] or
USY [4] have been investigated as well. Zeolites have strong Bronsted
acid sites but have poor hydrothermal stability [21]. Some resins, like
Amberlyst, which display high acidity have been used as a support for
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Scheme 1. Two different pathways for the transformation of cellobiose into sorbitol (reaction rate constants were taken from the literature [14]).

Ru nanoparticles [8]. Activated carbons and nanotubes that have been
treated to increase acidity with SOsH or COOH functions have shown
interesting results [22,23].

Currently, many studies try to improve the hydrolysis step of this
transformation by designing new acidic catalysts. However, improving
the Ru activity can also be an interesting approach. Indeed, this would
activate the second reaction route (bottom in Fig. 1) by hydrogenating
the disaccharide before breaking it. It has indeed been shown that hy-
drolysis of cellobitol is faster than the hydrolysis of cellobiose [14]. In
the present study, we aim at optimizing the high hydrogenation activity
of Ru/C for this transformation without any acidity from the support or
the solution. The optimal Ru nanoparticles size on the chosen carbon
supports will be identified. Moreover, we will determine the pre-
ferential pathway of this reaction and highlight the improvement of Ru
activity over N-doped carbon supports with kinetic studies. Indeed, it is
known that nitrogen atoms introduced within the lattice of carbon
materials can influence the activity of metallic nanoparticles deposited
on it [24]. Eventually, recyclability tests have been carried out to assess
the stability and reusability of the catalysts.

2. Experimental
2.1. Reagents and materials

The activated carbon (AC; SX + type) (Boehm acidity: 42 mmol/
100 g) was obtained from NORIT. The carbon nanofibers (CNF; LHT
and LHT-OX type) (Boehm acidity: 10 mmol/100 g) were obtained from
Applied Sciences Inc (USA). The graphene nanoplatelets (GNP; C750
type) were purchased from Sigma-Aldrich. Thionyl chloride, ethylene-
diamine, D-(+)-cellobiose (=99 %) were also supplied by Sigma-
Aldrich and used as received.

2.2. Nitrogen doping

1 or 2 g of support was dispersed in respectively, 100 mL or 200 mL
of HNO3 solution (2.5mol/L) in a three-neck round-bottom flask. The
suspension was then heated under reflux and agitation at 105 °C. After
24 h, the mixture was filtrated on a Biichner and extensively washed
with water until constant pH. Finally, the resulting solid was oven dried
overnight at 100 °C.

The oxidized support was dispersed in 100 mL of toluene in a three-
neck round-bottom flask. 6 mL of pure thionyl chloride were then added
using a 12 mL syringe and the suspension was heated under reflux and
agitation at 110 °C. After 5h, the mixture was filtrated and extensively
washed with 500 mL of toluene. The resulting solid was then oven dried
overnight at 100 °C.

The chlorinated support was dispersed in a mixture of 70 mL to-
luene and 30 mL ethylenediamine in a three-neck round-bottom ask.
The suspension was then heated under reflux and agitation at 110 °C.
After 24 h, the mixture was filtrated and washed extensively with
ethanol. The resulting solid was then oven dried overnight at 100 °C.

The solid was then heat-treated in a furnace (Carbolite STF 16/-/
450) under inert atmosphere (N2) following the temperature program
below:

a Temperature rising at 100 °C/h to the desired temperature (700 °C/
900 °C).

b Two hours plateau at the desired temperature.

¢ Temperature decrease at 100 °C/h to room temperature.

2.3. Ru nanoparticles deposition

150 mg of urea was dissolved in 100 mL of a water dispersion
containing 250 mg of support. As 3 wt% of Ru loading on the support is
targeted, 18.4 mg of RuCl3 (Sigma Aldrich) was then added. After one
hour stirring, the heating was turned on to 120 °C (urea starts to de-
compose at 90 °C) and the solution remained at this temperature for one
hour before cooling down. Then, at room temperature, 2 g of sodium
formate were added and the solution was left under agitation for one
hour. After that, the solution was set to 130 °C (formate degradation
temperature) for one hour. Then, the solution was left at room tem-
perature under agitation overnight. Following this, the solid was fil-
trated out, washed extensively with water and oven dried overnight.
Finally, the solid was heat-treated under reductive atmosphere in order
to obtain the desired particles size (Alphagaz mix: 5 % H, / 95 % Ar) at
400 °C or 600 °C for two hours with the same temperature program used
for the nitrogen doping, as described above.

2.4. Catalytic tests

The tests were carried out in a 250 mL stainless steel Parr autoclave.
1 g of cellobiose was added to either 20 mg of catalyst for hydrogena-
tion test or 150 mg of catalyst for hydrolysis test in 120 mL of mQ
water. These testing conditions were based on precedents in the lit-
erature [25,26]. The low cellobiose concentration ensures absence of
diffusional limitations. Then, the autoclave was sealed and the system
was purged three times with nitrogen and heated up to 120 °C or 160 °C
under autogenic pressure of N, for the hydrolysis tests and under 30 bar
of H, for the hydrogenation tests (this pressure is set when the tem-
perature of 160 °C is reached). At that controlled temperature, the
agitation was started at 1700 rpm for several hours. After this fixed
duration of catalytic test, the system was then cooled down to room
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temperature and the solution was filtrated. The solid catalyst was wa-
shed and dried. The filtrate was then diluted to 250 mL with mQ water
and analyzed by HPLC. For hydrolysis test on cellobiose, the same
conditions were used except the reaction was carried out under auto-
genic N, pressure and at 160 °C. For kinetic studies, at various time
intervals, liquid samples were taken and two times diluted with mQ
water before analyzing it similarly. The pressure within the autoclave
was brought back to 30 bar of H, after each sampling.

HPLC analyses were performed with a Waters system equipped with
Waters 2414  refractive index (RD) detector (detector
temperature = 30 °C). Two columns were used. The first one is a
Carbohydrate Transgenomic CarboSep CHO682 column, with mQ H20
(18 MQ.cm at 25°C) as eluent, a flux of 0.4 mL/min, a column tem-
perature of 80 °C and 20 uL of injected volume. The second one is an
Aminex HPX 87C column, with mQ H20 (18 MQ.cm at 25 °C) as eluent,
a flux of 0.5 mL/min, a column temperature of 85 °C and 25 pL of in-
jected volume.

The conversion of cellobiose was calculated as follows:

llobi ted
n cellobiose converted , |

Cellobiose conversion (%) = —— -
initial n cellobiose

The selectivity in glucose was calculated as follows:

n glucose produced N

Selectivity in glucose (%) =
bing *) 2 *(n cellobiose converted)

The selectivity in sorbitol was calculated as follows:

n sorbitol produced

Selectivity in sorbitol (%) = *100

2 *(n cellobiose converted)

The selectivity in cellobitol was calculated as follows:

n cellobitol produced
n cellobiose converted

Selectivity in cellobitol (%) = 100

The yield in glucose from cellobiose was calculated as follows:

Yield in glucose (%) = n .glf,t.cose P roduc.ed *100
2 * initial n cellobiose

The yield in sorbitol from glucose was calculated as follows:

n sorbitol produced 100

Yield in sorbitol (%) = ———
initial n glucose

The yield in sorbitol from cellobiose was calculated as follows:

n sorbitol produced

Yield in sorbitol (%) =

2 *initial n cellobiose

2.5. Characterization methods

XPS analyses were carried out at room temperature with a SSI-
Xprobe (SSX 100/206) photoelectron spectrometer from Surface
Science Instruments (USA), equipped with a monochromatized micro-
focus 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 Cls peak fixed at 284.4eV. 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 subtraction of a Shirley-type baseline.

TEM analyses have been conducted as follows: the powder samples
were suspended in hexane under ultrasonic treatment, then a drop of
the supernatant 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 tempera-
ture before analysis. The images were obtained on a LEO 922 OMEGA
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energy filter transmission electron microscope.

TPD-CO, analyses were performed on Hiden Catlab reactor com-
bined with a QGA Hiden quadrupole mass spectrometer. During the
first stage, the sample was heated to 850 °C at 10 °C/min under an inert
flux of argon at 50 mL/min. Then, the temperature was maintained for
two hours after which it is let to cool down to 60 °C. Carbon dioxide was
then injected with argon (CO»/Ar: 15/85) at 30 mL/min additionally to
the first argon inlet. Then comes the second stage: carbon dioxide inlet
was stopped and only argon flows at 50 mL/min through the sample at
60 °C for one hour. Next, the sample was heated again from 60 °C to
800 °C at 10 °C/min in flowing argon.

Powder X-ray diffraction (PXRD) patterns were recorded at room
temperature on a Siemens D5000 diffractometer equipped with a Ni
filter using CuK,, radiation (BraggBrentano geometry) operated at 40 kV
and 40 mA. Diffractograms were taken between 5° and 80° (20) with a
step size of 0.02° (20).

Boehm titration method was used to evaluate the catalysts basicity,
based on the procedure used for acidity determination but in the op-
posite way [27,28]. Namely, NaOH solutions were prepared by dilution
of Titrisol ampoules (VWR) containing precise and known quantities of
sodium hydroxide. HCl solutions were prepared by the dilution of
concentrated hydrochloric acid. The HCl concentrations were de-
termined by titration with the standard NaOH solutions. These solu-
tions were prepared with mQ water that had been previously dec-
arbonated by nitrogen flushing. For titrating the basic groups, 60 mg of
sample were dispersed in 30 mL of HCI 0.01 mol/L and the solution was
decarbonized for one hour under Ar flux. The mixture was then agitated
for 23 h under Ar atmosphere. The suspension was then filtrated and
two times 10 mL of the resulting filtrate were back-titrated, under Ar
flux, using the NaOH 0.005mol/L solution. The indicator used was
phenolphthalein. The amount of basic functions in the catalyst was
determined by calculating the difference between the initial amount of
HCI engaged and the amount of remaining HCI after 24 h, titrated by
the NaOH.

To evaluate ruthenium content, ICP analyses have been conducted.
The sample is first burnt to eliminate the carbon that can cause inter-
ferences. Then, ruthenium is mineralized by sodium peroxide (Na>O-)
by ICP method.

Total organic content (TOC) analyses have been performed as such:
a TOC L analyzer separates the different forms of carbon by their
"purgeability", that is to say the tendency of these substances to leave
the solution when they are displaced by a current of gas (sparging
technique). Then each fraction is oxidized in an oven at 680 °C and the
CO,, product of combustion, is measured by non-dispersive infrared
spectroscopy (NDIR). The concentrations are obtained by comparison
with a calibration carried out under strict same conditions from po-
tassium hydrogen phthalate.

3. Results and discussion

In order to obtain efficient catalysts for the targeted two-step pro-
cess, we first studied the impact of the Ru nanoparticles size on the
hydrogenation catalysis step. Then, the supports were doped with ni-
trogen to evaluate its influence on the hydrolysis step and observe if
there is an improvement of the Ru activity for the whole process.

3.1. Hydrogenation of glucose into sorbitol with Ru/C samples

First, Ru nanoparticles have been deposited on carbon nanofibers
(LHT and LHT-OX which are simply oxidized LHT) as described in the
experimental section in order to assess the optimal nanoparticles size
for the transformation of glucose into sorbitol. To do so, first, Ru has
been precipitated as hydroxide by urea degradation using deposition-
precipitation method [29]. The catalysts have then been reduced under
Ar/H, (95/5) at different temperatures to promote controlled coales-
cence and obtain nanoparticles of different sizes. Carbon nanofibers
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Fig. 1. TEM images of Ru nanoparticles deposited on CNF (LHT-OX) by deposition-precipitation method: (a) without any thermal treatment (b) heated under

reductive atmosphere at 600 °C (c) at 900 °C (d) at 1200 °C.

were chosen as model supports because they stabilize small nano-
particles and present a homogeneous carbon surface and structure.
TEM images of the catalysts have been taken and are shown in
Fig. 1. Without any heating, the nanoparticles have an average size of
less than 1 nm (standard deviation of 0.3 nm) (Fig. 1 (a)). After thermal
treatment at 600 °C, the size is growing to 1 —2 nm (standard deviation
of 0.5nm) (Fig. 1(b)). At 900 °C we obtained nanoparticles between 2
and 5nm (standard deviation of 1.1 nm) (Fig. 1(c)). Finally at 1200 °C,
the nanoparticles size ranges from 5 nm to 10 nm (standard deviation of
1.6 nm) (Fig. 1(d)). Four other catalysts have been synthesized in ex-
actly the same conditions on non-oxidized nanofibers (LHT) for com-
parison (the corresponding TEM images are given in Electronic Sup-
plementary Material, S1 in SI). It is interesting to note that these carbon
nanofibers stabilize very well the nanoparticles. Indeed, even at high
temperature, sintering is low and we are keeping relatively small na-
noparticles that more importantly remain nicely distributed over the
carbon surface. It is known that Ru has not a strong tendency of
growing into large particles. But in the literature we can see that Ru
nanoparticles of over 10 nm can be obtained after a heat treatment at
only 500 °C [22]. The fact that we obtain the same size after a treatment
at 1200 °C shows that the CNF are decreasing the sintering phenomena.
These catalysts have been tested in the hydrogenation of glucose
into sorbitol. The results are presented in Table 1. First, we observe that
Ru is improving both conversion and selectivity towards sorbitol even
when it is not reduced before the reaction (because Ru can be reduced
in situ during the catalytic test by the H, atmosphere). This is concluded
based on comparisons with blank test (without any catalyst) and tests

Table 1
Hydrogenation of glucose into sorbitol at 120 °C under 30 bar of H, during 2h.
Catalyst Thermal Nanoparticles Glucose Selectivity ~ Yield in
treatment size (nm) conversion  in sorbitol  sorbitol
under Ar/ (%) (%) (%)
H, (95/5)
Blank / / 9 41 4
LHT / / 10 15 2
Ru / LHT / <1 40 80 32
Ru / LHT 600 °C 1-2 33 38 13
Ru / LHT 900 °C 2-5 12 81 10
Ru / LHT 1200°C 5-10 4 80 3
LHT-0OX / / 14 23 3
Ru / LHT-OX / <1 57 78 44
Ru / LHT-OX 600 °C 1-2 74 84 62
Ru / LHT-OX 900 °C 2-5 62 83 51
Ru / LHT-OX 1200°C 5-10 14 41 6

involving the bare supports. Second, we notice that the oxidized na-
nofibers are better supports than the non-oxidized ones. For all nano-
particles sizes, Ru is more active when it is deposited on oxidized na-
nofibers. Finally, the conversion is different depending on the
nanoparticles size and the maximum of sorbitol yield is obtained with
Ru/LHT-OX reduced at 600 °C. It means that small nanoparticles are
more active for the hydrogenation of glucose into sorbitol and the op-
timal nanoparticles size is around 1 —2 nm. We observed (S2 in SI) that
there is no link between the activity and the O amount measured by
XPS within the samples. The differences of yield can be attributed solely
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to the different nanoparticles sizes and not to the removal of some
oxygenated functions during heat-treatment.

The same methodology was applied to the two other carbonaceous
supports considered in this work, namely activated coal (AC) and gra-
phene nanoplatelets (GNP). Ru was deposited on the solid surface and
then heat-treated at different temperatures (TEM images are presented
in S3 in SI). The Ru nanoparticles are less visible due to the nature of
those supports and the contrast given by their thickness. It has been
observed that sintering is higher on AC and GNP than on CNF.
Therefore, heat-treatment at 400 °C gives the optimal nanoparticles size
of 1—2nm on both AC and GNP (against 600 °C for CNF). This high-
lights once more the stabilizing effect of the CNF on the Ru nano-
particles.

3.2. N-doped carbon supports synthesis

N-doped carbon supports have been synthesized as described in the
experimental section. The first step is a nitric acid oxidation to promote
carboxylic group formation on the surface of the carbon support. These
carboxylic acid groups are subsequently transformed into acyl chlor-
ides. Then, the chlorine is replaced by ethylenediamine (EDA) (Scheme
2). Finally, the heat treatment will decompose EDA and incorporate the
nitrogen atoms in the carbon supports lattice.

The three types of carbon supports were treated this way: carbon
nanofibers (CNF LHT-OX), activated coal (AC) and graphene nanopla-
telets (GNP). Carbon nanofibers could not be oxidized further with
HNOs, as it is already the oxidized form of CNFs. It can be seen that the
O/C ratio measured by XPS is not increased after the oxidation for CNFs
whereas it is highly improved after oxidation of AC and GNP (Table 2).

These functionalized materials have also been characterized by
Boehm titration and XPS (O/C and N/C ratios) at each step of their
preparation (Table 2). Indeed the nitrogen incorporated within the
support present a basic character that can be determined by such back-
titration method. The quantification of the basic sites can inform us on
the amount of nitrogen incorporated in the carbon materials.

Obviously, nitric acid treatment causes a decrease in basicity mea-
sured by titration. We notice that, in the next step, the incorporation of
EDA is increasing nitrogen content and basicity of the support. After the
heat-treatment, these dangling amine functions will mainly be

Table 2
Basicity from Boehm titration and atomic ratios determined by XPS for the
pristine and the functionalized supports.

Catalysts Thermal 0/C atomic Basicity N/C atomic
treatment (°C)  ratio (XPS) (mmol/ ratio (XPS)
100 g)
CNF / 0.035 0 0.002
Oxidized CNF / 0.020 0 0.002
EDA-CNF / 0.026 10 0.017
N-doped CNF 700 0.018 0 0.008
AC / 0.041 24 0.003
Oxidized AC / 0.135 5 0.006
EDA-oxidized AC / 0.160 46 0.111
N-doped oxidized AC 900 0.055 91 0.035
GNP / 0.063 31 0.000
EDA-GNP / 0.051 102 0.043
N-doped GNP 900 0.025 61 0.008
Oxidized GNP / 0.258 0 0.004
EDA-oxidized GNP / 0.095 167 0.077
N-doped oxidized GNP 900 0.018 81 0.014

Applied Catalysis B: Environmental 282 (2021) 119515

Scheme 2. Functionalization of carbon sup-
ports with ethylenediamine.

O)}\/\/H2

destroyed and a small portion of the nitrogen will be inserted in the
structure of the carbon support and form nitrogenated heterocycles.
This is witnessed by the decrease of N/C ratio. The increase of basicity
after heat-treatment for AC is also explained by the decomposition of
oxygenated functions that transform into basic functions such as chro-
mene and pyrone [30]. It is also pointed out that pre-oxidized GNP are
more N-functionalized than the pristine GNP even though GNP display
more O-group than the other supports at the start (Boehm acidity for
pristine GNP: 228 mmol/100 g). The final basicity and the amount of
nitrogen are both higher for the pre-oxidized material. This is explained
by the need for carboxylic acid functions to attach the EDA on the
support (Scheme 2). The amount of nitrogen on the surface of the
functionalized carbons determined by XPS analyses, namely the N over
Cratio, is varying exactly the same way than the basicity determined by
Boehm titration (S4 in SI), confirming the link between the two factors
and the incorporation of nitrogen. Strikingly, the final sample of CNFs
incorporated very low levels of N and displayed no basicity. This carbon
support was therefore discarded for the following steps.

Depending on the type of nitrogen functions present on the support,
nitrogen peaks (N1s) obtained by XPS analyses will appear at different
binding energies. After grafting EDA but before heat-treatment, we
have as expected a majority of terminal amine functions (NH, peak at
400 eV). After the heat treatment, nitrogen enters within the carbon
structure and functions such as pyridine or pyrrole appear, as confirmed
by increase of the peak at 398.6 eV in the XPS spectrum of N-doped
GNP (Fig. 2). The same observation can be made for N-doped AC (S5 in
SI).

We can therefore quantify the amount of pyridine/pyrrole functions
versus amine functions. Before heat-treatment, we have almost 80 % of
amines functions. After heat treatment, we have less total amount of
nitrogen but the ratio between amine functions and pyridine/pyrrole
functions is around 50/50 (in at.%).

CO,-TPD analyses have been carried out on the N-doped supports to
confirm the presence of basic sites. The TPD analyses for the N-doped
activated coal are presented in Fig. 3. TPD analyses for the N-doped
GNPs can be found in the supporting information (S6 in SI).

For the N-doped activated coal, the basicity amounts to 63 mmol/
100 g if the first CO, desorption peak is considered (starting at 200 °C)
together with the main contribution at 750 °C. It is interesting to link
this measure to the result obtained by Boehm titration on the same
sample (Table 2). Both results are in the same order of magnitude but
slightly different (63 vs 91). For GNPs, the difference is more pro-
nounced (21 vs 81) with also a higher figure for basicity measured by
Boehm titration. It is important to point out that the amount of CO,
desorbed variates with the temperature at which the saturation is car-
ried out [31]. At 50 °C, even the weakest sites adsorb the probe mole-
cule that will then be quantified during the desorption. This slight
difference could also come from the hypothesis that one CO, molecule
was adsorbed on each basic site whereas the reality might be that two
close basic sites adsorb only one molecule, underestimating the number
of basic sites determined by TPD. In addition, the main peak seems to
extend above 800 °C, which could not be measured with our instru-
ment. This difference in basicity can also be the result of the short pre-
treatment of samples required for TPD analyses. As we already noticed
a decrease of basicity by XPS and Boehm titration after the heat
treatment of EDA-AC or EDA-GNP, this pre-treatment at 850 °C could
also have the same impact but the type of functions should not be much
different. Nevertheless, it can be firmly concluded that the sample
contains basic sites that are stable at temperatures up to 200 °C. A
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Fig. 2. N1s peaks (in blue: amine; in orange: pyridine/pyrrole) from XPS analyses of (a) N-doped GNP before heat-treatment (b) N-doped GNP after heat treatment at
900 °C, as a representative example (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 3. Molecular flow of CO as a function of the temperature for activated coal
and N-doped activated coal.

higher stability is not needed as biomass transformation is carried out in
water and thus never exceeds this limit.

3.3. Ru nanoparticles deposition on N-doped carbon supports

N-doped carbon materials were then used as supports for Ru na-
noparticles. The nitrogen within the structure should help to reach good
dispersion and a better tethering of the metal nanoparticles. The Ru
nanoparticles were deposited on the supports with the precipitation/
deposition method, as described in the experimental section and im-
plemented on non-functionalized supports (Section 3.1). ICP analyses
have confirmed that between 2.6 and 2.9 wt% of Ru were deposited on
the supports (S7 in SI).

It is shown that the heat treatment used for reducing Ru nano-
particles has a slight influence on the nitrogen content and the types of
nitrogen functions present in the final activated materials. It can be
seen that the ratio of pyridine/pyrrole functions over amine functions is
getting a bit higher after Ru deposition (S8 in SI). Indeed, the change in
the type of nitrogen functions present is also depending on the duration
of the heat treatment. As the N-doped carbon supports had already been
heated beforehand up to 900 °C, the further treatment at 600 °C for Ru
reduction will influence the nitrogen functions less dramatically than if
it was the sole heat-treatment. This change in the composition of ni-
trogen functions would have been more substantial if the second heat
treatment was done at a higher temperature than the first one. Heat
treatment for the reduction of Ru nanoparticles has been optimized for
each support in order to obtain a Ru nanoparticle size of 1 —2nm. The
catalysts on N-doped activated coal have been heated at 600 °C under
Ar/H, (95/5) whereas the catalysts on N-doped GNP have been heated
at 400 °C under Ar/H, (95/5). TEM images of these catalysts are pre-
sented in Fig. 4. We notice here that the Ru nanoparticles are better

dispersed on the N-doped materials than on the pristine support (see
section 3.1) showing the positive impact of the nitrogen presence
within the lattice.

All catalysts were analyzed by XPS (S9 in SI) and the position of the
Rugps/» peak indicated that metallic Ru is always obtained after the
heat treatment under Ar/H.,.

The Ru/N-doped AC and Ru/N-doped GNP samples were also
characterized by XRD (Fig. 5). The peaks around 26° and 43° corre-
spond to the graphitic domains (002 and 100 reflections, respectively)
of the AC and the GNP carbonaceous materials [32-34]. The peak at 44°
matches with metallic Ru [35]. There is no meaningful difference be-
tween the Ru/pristine AC and the Ru/N-doped AC. However, the Ru
peak is more visible in the case of Ru/N-doped GNP compared to the
Ru/pristine GNP, even if the Ru loading (as measured by ICP, see
above) is similar in all cases, indicating that the Ru nanoparticles are
more crystalline when they are supported on N-doped GNP. Indeed the
presence of the nitrogen functions seem to play a role in the struc-
turation of the nanoparticles.

Basicity of the Ru/N-doped GNP has been measured by Boehm ti-
trations. The results can be found in Table 3. The drop of basicity ob-
served after the addition of Ru nanoparticles can be explained either by
the fact that Ru nanoparticles will block the access to some of the ni-
trogen functions or by the heat treatment implemented to reduce the
Ru. Indeed, a decrease of basicity has been observed after a heat
treatment on EDA-GNP or EDA-oxidized GNP (see above).

3.4. Hydrolysis of cellobiose into glucose with N-doped carbons

It is known that acidic functions are the most suitable active sites for
the hydrolysis of cellobiose into glucose. However it has been shown
that when the acidic functions are too weak or in too low quantities
they have no influence on the hydrolysis of cellobiose [9]. Nevertheless,
hydrolysis in general is a chemical reaction that can also be catalyzed
by basic functions. Given that the N-doped carbons that we have pre-
pared contain basic functions (amine, pyridine, pyrrole, etc.), they
might present an activity for the hydrolysis of the (3-1,4-glycosidic bond
(see Scheme 1). Acid sites are usually used to catalyze such transfor-
mation, but basic functions could also fulfill this role. Therefore, we
carried out some catalytic tests on the hydrolysis of cellobiose into
glucose under nitrogen in the absence of Ru or H, (Table 4). The solvent
used is water. Indeed cellobiose is soluble in it and we also need water
as a reactant for the hydrolysis (S10 in SI).

It is shown that N-doped carbons (AC and GNP) with or without
heat treatment does not improve the hydrolysis of cellobiose into glu-
cose. Indeed the results obtained are not better than the catalytic test
without any catalyst (blank). Only the N-doped GNP before heat
treatment, with the dangling EDA, is slightly increasing the conversion
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Fig. 4. TEM images of Ru nanoparticles on a) pristine AC ; b) N-doped AC ; c) pristine GNP ; d) N-doped GNP.
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Fig. 5. XRD pattern for (a) pristine AC, Ru nanoparticles on AC and Ru nano-
particles on N-doped AC and for (b) pristine GNP, Ru nanoparticles on GNP and
Ru nanoparticles on N-doped GNP. Asterisks denote peaks attributed to carbon
phases and ‘#’ denote Ru metal phase.

Table 3
Basicity of the GNP before and after deposition of Ru nanoparticles.

Catalysts Basicity (mmol/100 g)
GNP 31
N-doped GNP 61
Ru / N-doped GNP 28
Oxidized GNP 0
N-doped oxidized GNP 81
Ru / N-doped oxidized GNP 35

but the selectivity towards glucose is lower. After the heat treatment,
the N-doped GNP is giving the same results as the blank. The amount of
basic functions on the carbon material should not be the issue, given
that the molar ratio between cellobiose and basic functions is around 10
after heat treatment. The main explanation for this lack of activity is
that the basic functions that have been introduced on the carbon sup-
ports are not adequate sites, given the mechanism [36], to catalyze the
hydrolysis. We tested for comparison two modified carbon materials
that display high acidity [9]. These catalysts have high activity for the
hydrolysis unlike the N-doped carbon materials. Therefore, we can
conclude that the nitrogen functions incorporated within the carbon
supports will have no direct impact on the hydrolysis of cellobiose into
glucose.
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Table 4

Hydrolysis of cellobiose into glucose (160 °C; 1700 rpm; No; 2 h).
Catalyst Conversion (%) Selectivity in glucose (%) Yield in glucose (%)
Blank (no catalyst) 42 70 29
AC pristine 43 60 26
N doped AC before heat treatment 33 61 20
N doped AC after heat treatment 38 59 22
GNP pristine 43 68 29
N doped GNP before heat treatment 57 33 19
N doped GNP after heat treatment 37 73 27
SO3H on AC'' 86 86 74
SO3H on GNP ' 93 84 78

! Results with catalysts from [9].
3.5. Hydrogenation of cellobiose into sorbitol

The previous section indicated that the basic functions are not
playing an active and direct role in the hydrolysis of cellobiose into
glucose. Therefore, we can reach our final goal and assess the impact of
nitrogen functions on the activity of Ru nanoparticles for the direct
transformation of cellobiose into sorbitol. We selected, for this part of
the work, the most promising catalysts among the materials synthesized
in the previous sections, to assess their activity in this 2-step transfor-
mation. Kinetic curves have been built over 6h period for four re-
presentative catalysts (Fig. 6). As mentioned in the introduction, two
pathways are possible to obtain sorbitol from cellobiose. The same re-
action pattern is observable in all cases. Indeed the preferential
pathway is going through the hydrogenation of cellobiose into cello-
bitol before breaking this hydrogenated disaccharide into sorbitol/
glucose (see Scheme 1 in Introduction). After 1—2hours, cellobitol
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production is reaching a peak before decreasing. Concomitantly, sor-
bitol production rises. A very peculiar observation is that nearly no
glucose accumulation has been observed during the course of the re-
action. This means that as soon as the glucose is formed by cellobitol
hydrolysis, it is hydrogenated into sorbitol. It is confirming, as men-
tioned in literature [37], that both hydrogenation reactions are faster
than the two hydrolysis steps (see above Scheme 1).

We notice that both catalysts prepared on N-doped supports display
better activity than the catalysts on non-functionalized supports
(Table 5). This is the proof that the nitrogen atoms incorporated in the
lattice enhance the Ru nanoparticles activity.

This can be explained first by the fact that the nitrogen atoms im-
proved the dispersion of the Ru nanoparticles (see TEM images and
discussion above). Second, they can also influence the spin density and
the charge distribution, which have an impact on the Ru reactivity as
already shown in the literature [24]. Unfortunately, we could not detect
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Fig. 6. Kinetic curves for the transformation of cellobiose into sorbitol (testing conditions: 160 °C; 30 bar Hy; 1700 rpm).
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Hydrogenation of cellobiose into sorbitol with pristine and N-doped AC and GNP: conversion of cellobiose and selectivity into glucose, cellobitol and sorbitol after 6 h

(160 °C; 1700 rpm; 30 bar Hy).

Catalyst Conversion (%) Selectivity in glucose (%) Selectivity in cellobitol (%) Selectivity in sorbitol (%) Yield in sorbitol (%)
Ru / pristine AC 99 0 36 51 51
Ru / pristine GNP 100 0 35 40 40
Ru / N-doped AC 100 1 31 66 66
Ru / N-doped GNP 100 0 13 61 61
Table 6

Hydrogenation of cellobiose into sorbitol without catalyst (blank), with N-doped GNP, EDA GNP and with a mixture of Ru/GNP and N-doped GNP: conversion of
cellobiose, selectivity into glucose, cellobitol and sorbitol and yield in sorbitol after 2h (160 °C; 1700 rpm; 30 bar Hy).

Catalyst Conversion (%) Selectivity in glucose (%) Selectivity in cellobitol (%) Selectivity in sorbitol (%) Yield in sorbitol (%)
Blank 21 52 0 0 0
Ru / N-doped GNP 95 6 50 29 28
Ru / EDA GNP 70 0 57 11 8
Ru / GNP + N-doped GNP (mechanical mix) 100 0 64 22 22

any by-product apart from some traces of fructose (produced by iso-
merization of glucose). It is known that 5-HMF or levulinic acid could
be obtained as products from degradation of sorbitol but their presence
could not be confirmed with our HPLC system. Therefore, total organic
content (TOC) analyses were performed and it was confirmed that the
carbon balance at the end of the reaction in solution was respected (S11
in SI).

Some catalytic tests have been performed with Ru nanoparticles on
EDA GNP as support (Table 6). In this case the nitrogen has not been
incorporated into the carbon lattice and mainly ethylenediamine NH,
dangling functions are present. The results have shown that this catalyst
is less active than the bifunctional catalyst Ru / N-doped GNP. A me-
chanical mixture between Ru / GNP and N-doped GNP has also been
tested. As this mixture is less active than the bifunctional catalyst, it
proves that the Ru nanoparticles have to be on the N-doped support to
be promoted by the nitrogen functions. A simple proximity between the
two type of solids is not enough to enhance the Ru activity.

Recyclability tests have been performed with the Ru/N-doped GNP
catalyst to assess the stability of the catalyst over several runs. After
each catalytic test, the catalyst was recovered and dried. It has then be
reused for the next reaction. The results are shown in Table 7 for a total
of three consecutive catalytic tests. We can see that the conversion re-
mains the same in all the different runs. The selectivity is slightly lower
for the 2nd and the 3rd run. Despite this slight decrease of selectivity
after the first reaction, the catalyst can be re-used for many runs
without losing its activity.

XPS analyses and TEM images have been carried out on the used
catalyst (S12 and S13 in SI). These analyses have confirmed that the
used catalyst has quite the same composition and morphology than the
starting catalyst. XPS analyses have indicated that the nitrogen func-
tions have the same composition than before the catalytic tests. TEM
images have shown that Ru nanoparticles have the same size and the
same dispersion on the support, confirming the stability of our bi-
functional material.

By improving the Ru hydrogenation ability, we have promoted
sorbitol formation from cellobiose without requiring hydrolysis sec-
ondary active sites or the addition of inorganic acids in the solution.

Table 7

This opens the door to many applications for biomass valorization re-
actions that currently still depend on environmentally harmful sub-
stances.

4. Conclusion

Three different carbon supports, namely carbon nanofibers, acti-
vated coal and graphene nanoplatelets have been modified to in-
corporate nitrogen atoms within the lattice of the carbon sheets. These
N-doped carbon materials have been analyzed by XPS, TPD and Boehm
titration, which demonstrated successful modification, thereby in-
creasing surface basicity and number of pyridine/pyrrole sites. These
new supports were used to deposit Ru nanoparticles. TEM and XRD
analyses have shown improvement of the deposition of Ru nano-
particles on N-doped carbon supports compared with the pristine ones.
The nanoparticles are better dispersed and more crystalline.

These Ru/N-doped carbon catalysts have been tested for the direct
2-steps transformation of cellobiose into sorbitol. Optimal Ru nano-
particles size for the hydrogenation of glucose into sorbitol were first
determined to be around 1—2nm. Then, the impact of the nitrogen
functions on cellobiose hydrolysis was assessed as null. Kinetic curves
for the full transformation have demonstrated that the first step is the
hydrogenation of cellobiose into cellobitol and the second step is cel-
lobitol hydrolysis into one molecule of sorbitol and one molecule of
glucose that is directly transformed into sorbitol. This study clearly
highlighted the better activity of the catalysts supported on N-doped
carbon materials compared to pristine ones. Nitrogen within the
structure of the support is improving the Ru nanoparticles activity.
Finally, one of our best catalysts has been tested several times to assess
its recyclability. It displayed high activity over several runs showing
that neither the introduced nitrogen functions nor the Ru nanoparticles
suffer from deactivation, as confirmed by XPS and TEM analyses.
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