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Ru/C catalysts for the transformation of levulinic acid into gamma-valerolactone have been prepared using
carbon materials with different textural and chemical properties, and morphology. In the mild reaction
conditions used (70 °C, 15 bar Hy, 1 h), all the reduced catalysts are active and selective, with similar
behavior independently of the support's properties. Surprisingly, the un-reduced (as prepared) catalysts
show also catalytic activity, which varies (from moderate to high) with the carbon support type, indicating
that an in situ (under reaction) reduction process takes place. The catalysts prepared with the supports of
lower surface chemistry are almost as active as their reduced counterparts, whereas those prepared with
rich surface chemistry supports are noticeably less active, but become activated in consecutive runs. The
size of the developed Ru particles depends on the reduction conditions (i.e., reduction treatment at 250 °C
or reaction conditions) and is highly influenced by the support's surface chemistry, which determines the
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Introduction

The urgent need to produce energy and chemical products in
sustainable and environmentally friendly ways has prompted
researchers to develop cleaner and more efficient processes.
In this context, the transformation of lignocellulosic biomass
residues to obtain fuels and other high value-added products
is a relevant issue. Lignocellulosic biomass constitutes an
abundant raw material from which useful platform chemicals,
like furfural (FAL) and levulinic acid (LA), can be obtained
through the catalytic dehydration of six- and five-carbon atom
sugars, as shown in Fig. 1.

Lignocellulosic biomass is mainly composed of cellulose,
hemicellulose and lignin, being a small amount of inorganic
salts also usually present. The proportion of the main
components depends on the biomass origin, e.g., hardwood
contains 40-55 wt% cellulose, 24-40 wt% hemicellulose, and
18-25 wt% lignin, while for softwood these constituents are
45-50 wt%, 25-35 wt% and 25-35 wt%, respectively.®

Acid hydrolysis of lignocellulosic biomass leading to LA
can be described by the following consecutive reactions of
cellulose: (i) hydrolysis into glucose, (ii) isomerization of
glucose to fructose, (iii) dehydration of glucose and fructose
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(hexoses) to HMF, and (iv) rehydration of HMF to LA and
formic acid.*”

LA exhibits a high industrial potential for the production
of important platform molecules and high value-added
chemicals, including 1,4-pentanodiol (PND), valeric acid (VA),
y-valerolactone (GVL), 2-methyltetrahydrofuran (2-MTHF),
diphenolic acid and levulinates.®™®

Among the mentioned products, y-valerolactone (GVL) is
considered the most outstanding feedstock derived from LA.
It can be used in direct applications, such as in the
production of fragrances, as food ingredient, green solvent,’
or fuel additive.>* In this last application, GVL has shown to
perform better than ethanol due to its lower vapour pressure
and higher energy content, and also because it decreases the
CO and smoke content in exhaust gases compared to neat
diesel.'™'" Therefore, GVL is becoming a promising additive
in the production of liquid fuels.”**"* Besides, GVL presents
interesting practical properties as it is biodegradable, safe,
and non-toxic.> However, the future use of GVL derived from
lignocellulosic biomass will be strongly conditioned by the
availability of an effective catalytic process. GVL can be
obtained from LA by a two-step process that occurs through
any (or a combination) of the following routes'>'*** (Fig. 2):
a) in the gas phase, via LA dehydration (enolization process)
to produce angelica lactone (AL), which is further
hydrogenated, or b) in the liquid phase, via hydrogenation of
the carbonyl group of LA at the C4 position to obtain
4-hydroxypentanoic acid (HPA), a thermolabile intermediate
compound, followed by a lactonization process
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Fig. 1 Reaction pathway of lignocellulosic biomass conversion to platform molecules and value-added products.

(intramolecular esterification) favoured by acid catalysts.
Hydrogenation, and dehydration and lactonization steps
require adequate catalysts, metallic and acidic, respectively.

To enhance the acidity of the reaction medium and to
increase the activity, several researchers (i.e. Galletti et al.®)
have incorporated acidic agents into the catalytic system,
either as mineral acids in solution or as solid acids, such as
Amberlyst A-15, Amberlyst A-70 or niobium phosphate.
However, it would be interesting to develop bifunctional
catalysts, including both metal and acidic functions.

This can be achieved using acidic supports on which
metal active phases such as Rh, Pd, Pt, or Ru are
deposited."”” ™ Such catalysts enhance the selectivity to GVL
and accelerate the esterification process of HPA'*?° and,
among them, Ru-based catalysts have shown to be very
active."**'™*®  Regarding the catalyst supports, carbon
materials have shown interesting properties as they are very
versatile in terms of surface area, porosity and surface
chemistry, and allow to achieve suitable metal dispersion
and metal-support interaction.*"**?® Besides, they are
thermally and chemically stable.>”*

Several researchers have focused their work on developing
greener processes for the transformation of LA into GVL.
Usually, the target experimental variables to improve the
system are the nature and content of the metal used as active
phase,>**° the type of support,'®****® including nature and
physico-chemical  properties, and the operation
conditions, such as temperature, pressure and/or reaction
time.” Some of the indicated studies have led to good results,
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Scheme of hydrogenation routes of LA to produce GVL, based on the information from references.

although in many cases the catalysts' preparation procedures
and the catalytic methods involve non-green solvents and
high-priced activation processes and/or reaction conditions.
Considering this, the present work focuses on the search for
an efficient catalytic transformation of LA to GVL using mild
temperature conditions and simple and unsophisticated
heterogeneous bifunctional catalysts. The use of carbon
materials as supports to prepare Ru-based catalysts could
accomplish the requirements of simplicity and low cost and,
as the family of carbon materials is very broad, it is feasible
to find a suitable support of this nature.

The main properties of carbon materials affecting the
efficiency of the M/C catalysts are surface area and porosity,
and surface chemistry.*> Porosity determines the location of
the active species and the diffusion of reactants and
products, while surface chemistry modulates the support's
wettability and the metal support interaction, being able to
provide some active sites (like acidic sites). In general, carbon
surface chemistry is a complex issue, as both the nature and
amount of surface oxygen groups can largely vary, and its
effect in catalytic applications is strongly dependent on the
catalytic system (supported active phase, preparation method,
reaction conditions, etc.).

For instance, Zhu et al.,* report that oxidation treatments
over a commercial activated carbon used to prepare Ru/C
catalysts for ammonia synthesis make the support's surface
more amenable to metal dispersion, and a high
concentration of surface oxygen groups leads to high Ru
dispersion and activity. Another example is reported by
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Zanutelo et al.,** who studied the modification of surface
oxygen content of Ru/C catalysts used in the partial
hydrogenation of benzene in liquid phase. The obtained
results showed that the catalytic performance of the Ru/C
catalysts was influenced by certain functional groups existing
on the carbon surface: carbonyl groups led to a decrease of
the catalytic activity and selectivity, while the presence of
carboxylic groups increased the cyclohexene yield.

Considering all these features of carbon materials, for this
study, five carbon materials with different textural and
chemical properties, and morphology, have been selected.
They are carbon materials of different nature that do not
constitute a series in any of their properties and have been
selected with the purpose of testing spherically shaped
carbons that will afford an easy manipulation of the catalyst,
and conventional (granular and powdery) activated carbons.
The study allows investigating the effect of the carbon
support in achieving different interactions with the metal
precursor and the consequences in the final properties of the
catalysts.

With the aim of coming up with a simpler and cheaper
process, the influence on the catalytic activity of skipping the
common catalysts reduction treatment has been studied.

Thus, this work deals with testing prepared Ru/C
catalysts for the conversion of LA into GVL under mild
reaction conditions, and embraces a thorough analysis of
the effect of the properties (texture and surface chemistry)
of a set of different carbon supports on the catalytic activity
of Ru/C catalysts: the use of scarcely reported spherically
shaped supports and the important point of skipping the
catalyst's reduction thermal treatment. All these issues
constitute the novelties of the present study with respect to
those previously reported, and the obtained conclusions
could be helpful in reducing the complexity and costs of
the catalytic process.

Materials and methods
Materials

The following carbon materials have been used as supports
to prepare Ru/C catalysts:

Carbons named IC-1 and IC-2, provided by Immutrix
Therapeutics (USA), have spherical morphology with mean
size of 0.15 mm and 0.5 mm, respectively, and have been
obtained by polymerization of phenol-formaldehyde resin,
resembling the synthesis of carbon xerogels, according to a
patented production process.>® Preparation of IC-1 includes
the carbonization with CO, at 700 °C, and IC-2 is physically
activated with CO, at 1050 °C during 5 h. According to the
producer, these carbon materials contain large transport
pores (26-50 nm in IC-1 and 150 nm in IC-2).

Carbon named ACGE, from Gun-Ei Chemical Industry
(Japan), is also spherically shaped with average size in the
range of 0.1-0.5 mm and was prepared by activation of a
carbonized material obtained from phenolic resins.

This journal is © The Royal Society of Chemistry 2024
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Carbons IC-1 and ACGE have also been used after milling
in order to determine any particular influence of the
spherical morphology. Milling was performed using a
planetary ball mill (PM 200, Retsch Company) in the
following conditions: 500 rpm, 1 h, 3.5 g agate balls per g
carbon, and reverse rotation (1 min stop period). The ground
samples are named IC-1g and ACGEg.

Carbons SA-30 and WV-1100 are commercial activated
carbons supplied by MeadWestvaco (now Ingevity
Corporation (North Charleston, SC, USA)). SA-30 is a fine
powder (<0.1 mm) and WV-1100 presents granular
morphology (~1 mm, 10 x 25 mesh).

RuCl; (45-55 wt% Ru), levulinic acid (98%), and gamma-
valerolactone (99%) have been purchased from Sigma
Aldrich.

Preparation of catalysts

Carbon materials (dried at 115 °C, 24 h) were mixed with an
aqueous RuCl; solution (18 mL solution per g support) of the
appropriate concentration to obtain catalysts with nominal 1
wt% Ru. The mixture was mechanically stirred for 24 h, then
ultrasonicated for 3 h and, finally, the solvent was evaporated
in a stove (115 °C, 20 h). The catalysts are named Ru/C,
where C is, in each case, the name of the carbon material, as
indicated above.

A fraction of the prepared catalysts was submitted to a
reduction treatment (250 °C, 75 mL min™" H,, 4 h). The
nomenclature of the reduced samples includes “R” as a
superscript (Ru®/C).

Characterization of supports and catalysts

To determine the actual ruthenium content of the catalysts,
the samples were digested using aqua regia (HNO;z;:HCI (1:
3), 4 mL) and the following heating program: 20 °C min" to
100 °C, 5 °C min~* to 170 °C and 7 °C min™" to 240 °C with
15 min soaking time. After cooling down to 30 °C, the
obtained solutions were diluted to 15 mL with milli-Q water
and then, they were analyzed by inductively coupled plasma
mass spectrometry (ICP-MS, ICP Agilent 7700x coupled to MS
Agilent 8900). In all catalysts, the actual Ru loading ranged
between 0.7 and 0.8 wt%.

The specific surface area and porosity of the supports and
catalysts were determined by a combination of techniques.
On one hand, N, and CO, adsorption isotherms, at —196 °C
and 0 °C, respectively,**® were obtained using a volumetric
Autosorb-6B apparatus (Quantachrome Instruments). The
samples were previously degassed at 250 °C for 4 h. On the
other hand, Hg porosimetry was measured using a
POREMASTER-60 GT equipment (Quantachrome
Instruments). In this case, the samples were previously dried
(110 °C, 12 h). The pore size distribution was determined
using the Washburn equation, which relates applied pressure
and pore diameter.*®

N, adsorption data allow the determination of the
apparent surface area (Sggr) and the total micropore volume

React. Chem. Eng., 2024, 9, 461-474 | 463
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(Vpr,n,) (pores smaller than 2 nm) by application of the BET
and Dubinin-Radushkevich equations, respectively, and also
allows estimating the volume of mesopores of size from 2.0
to 7.5 nm, from the volume of nitrogen adsorbed between 0.2
and 0.7 P/P,, named Veson,.>  © CO, adsorption isotherms
were used to determine the volume of narrow micropores
(Vbr,co,), those smaller than 0.7 nm.**"*' The volume of
supermicropores, ie. pores with size ranging 0.7-2.0 nm
(Vsuper micro), Was calculated as the difference between Vpg n,,
and Vpgrco,”  *' Hg porosimetry allowed determining the
volume of mesopores of size between 7.5 and 50 nm
(Vineso,ig) and, also, the volume of macropores (pores larger
than 50 nm) (Viacrong). The total volume of mesopores was
calculated as Vimeso = Vimeso,N, T Vimeso,He-

Temperature programmed desorption (TPD)
measurements were performed to study the surface chemistry
of the carbon materials. For that purpose, 10 mg sample were
heated at 20 °C min™" in He flow (100 mL min™") up to 950
°C in a thermobalance (TA-SDT Q600) coupled to a mass
spectrometer (Thermostar, Balzers), what the
simultaneous determination of weight loss and analysis of
evolved gases (CO,, CO, and H,0).

The reducibility of the catalysts and the interaction
between metal and support were tested by temperature
programmed reduction with H, (H,-TPR), performed in Pulse
Chemisorb 2705 (Micromeritics) equipped with a TCD
(thermal conductivity detector). The H,-TPR experiments
were carried out using 20 mg sample and a 5% H,/Ar flow
(50 mL min™'), heating at 10 °C min™ from room
temperature to 950 °C. It can be mentioned that TPR
measurements were also carried out following the process by
mass spectrometry in order to avoid dealing with the
interferences due to the decomposition of surface oxygen
groups that come about in the analysis by TCD. However, it
was not possible to properly appreciate the variations of the
hydrogen concentration and, thus, this technique resulted in
low sensitivity.

Transmission electron microscopy (TEM, JEOL JEM-2010
(200 keV) with digital camera GATAN ORIUS SC600, and
TALOS F200X Microscope coupled to EDX system) was used
to analyze the mean size and distribution of the Ru particles
in the Ru/C catalysts. The particle size was determined by
image analysis with the Image] software. Field emission
scanning electron microscopy (FESEM, Merlin VP Compact
from Zeiss with a resolution of 0.8 nm at 15 kV and 1.6 nm
at 1 kV) was used to study the surface morphology of the
carbon materials.

Surface chemical composition of the catalysts and the
electronic states of the supported Ru and O species were
analyzed by X-ray photoelectron spectroscopy (XPS,
VGMicrotech Multilab ESCA-3000 spectrometer,
ThermoFisher Scientific, Waltham, MA, USA). Ru 3p electrons
were analyzed instead of Ru 3d, since Ru 3d and C 1s
electrons have similar binding energy.*>**

The acidity of the supports has been examined by
titration. A sodium hydroxide (NaOH) solution has been used

allows
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to neutralize all Brensted acids groups (phenol, lactone and
carboxylic acid groups). A mixture of 0.1 g of the carbon
support and 20 mL of a 0.05 M NaOH solution was treated in
an ultrasounds bath for 1 h and, after filtration, the solution
was titrated with 0.05 M HCI. The amount of acidic sites was
calculated using eqn (1).

(Vaon ~ Vial)-C

mmol acid sites per g = p—

(1)
being Vnaou the volume of NaOH solution, Vi the volume
of the HCI solution consumed, C the concentration of the
NaOH and HCI solutions, and ms the mass of support used.

Catalytic activity tests

Levulinic acid hydrogenation tests were performed in a 100
mL stainless steel batch reactor (Parr Instruments Company)
using 0.445 mL LA (0.0043 mol LA), 130 mg catalyst, and 25
mL distilled water. The system was purged with He and then,
under mechanical stirring (500 rpm), the reactor was
pressurized with H, up to 15 bar, and the reaction
temperature was fixed at 70 °C (by heating at 5 °C min™).
Once the desired temperature had been reached, the reaction
time was set to 1 h. Finally, the reactor was depressurized,
and hydrogen was quickly replaced by He (about 4 bar) for
the cooling down to room temperature to occur in inert gas.
After opening the reactor, the solid and liquid phases
contained in the reactor were separated by sedimentation.
The solution was taken with a syringe and, after filtration
(0.45 um filter), it was analyzed by high-performance liquid
chromatography (HPLC, Agilent Model 1100 series, equipped
with Diode Array Detector (DAD)), using the ZORBAX Eclipse
XDB-C8 column (4.6 x 150 mm). An optimization of the
analysis method has been carried out, being the details of
the selected experimental conditions compiled in Table S1
(ESIY).

In some cases, the recovered catalyst was thoroughly
washed with distilled water and dried (110 °C), to be used in
consecutive catalytic runs.

Ru/IC-1g and Ru/ACGEg catalysts were only tested as-
prepared (un-reduced), while the rest of the catalysts were
tested both in the reduced and un-reduced state.

Blank experiments (without catalyst) and experiments with
the carbon supports have been also carried out in the same
reaction conditions. Besides, the adsorption of levulinic acid
into carbon supports has been also studied (0.130 g carbon
was mixed with 0.445 mL LA and 25 mL water and stirred for
1 h at 70 °C in a closed (non-pressurized) glass container).
The filtrated solution was also analyzed by HPLC.

LA conversion, GVL yield, selectivity to GVL, and the
specific reaction rate (r5) were calculated as follows:

NyA initial ~ MLA final

LA conversion (%) = 100 (2)
NLA initial
. n
GVL yield (%) = —>%—.100 (3)
LA initial

This journal is © The Royal Society of Chemistry 2024
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GVL selectivity (%) = _ Yyield -100 (4)
ty (%)= Conversion
re (h_l) _ NLA initial ~ LA final 100 (5)

NRru-t

where 74 initia1 T€presents the moles of LA introduced in the
reactor, Npa,fna, and ngyr, are, respectively, the LA and GVL
moles in the liquid reaction product, ng, represents the number
of moles of Ru in the catalyst, and t is the reaction time (in h).

Results and discussion
Textural properties of supports and catalysts

Fig. 3 shows the N, adsorption-desorption isotherms
obtained for the carbon supports. For IC-1, IC-2 and ACGE
samples, the N, isotherms are type I with a slight slope,
indicating that these supports are essentially microporous,
but contain also some mesopores. Activated carbons IC-2 and
ACGE present a similar and high adsorption capacity and
their N, adsorption-desorption isotherms show an open
knee, indicative of a wide micropore size distribution. In
contrast, the adsorption capacity of IC-1 is much lower, and
the shape of the isotherm reveals a narrow micropore size
distribution (closed knee) and a significant amount of
mesopores (hysteresis loop).*’

The N, adsorption isotherms of the SA-30 and WV-1100
activated carbons can be classified as a combination of type I
and type IV. The high adsorption capacity at low relative

Table 1 Textural properties of carbon supports
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pressures, and the slope and the hysteresis loop, evidence,
respectively, the presence of a remarkable amount of micro
and mesopores.”

The N, adsorption isotherms for IC-1g and ACGEg
samples are very similar to those of the parent samples,
revealing that the milling process has a negligible effect on
the textural properties determined by this method (Fig. 3).
This can be well observed by the comparison of the pore size
distribution of original and ground samples determined from
N, adsorption data (Fig. S1, ESIT).

In summary, the N, adsorption-desorption isotherms
shown in Fig. 3 reveal significant differences between the
carbon materials in terms of pore volumes and pore size
distributions.

Table 1 shows the specific surface area (Sggr) and pore
volumes calculated from N, and CO, adsorption data (CO,
adsorption isotherms not shown), and from Hg porosimetry,
for the carbon materials. Analogous data for the supported
catalysts (as prepared and reduced) are shown in Table S2.}

Data of Table 1 show that all the carbon supports, except
IC-1, present very high surface area and well-developed
porosity. Despite their different origin (raw material and
preparation method), IC-2 and ACGE show similarities in
textural properties determined by N, and CO, adsorption,
and they have the largest micropore volumes (particularly of
narrow micropores (Vpg,co,))-

The SA-30 and WV-1100 carbons present large volume of
mesopores and similar pore size distribution.

All the carbon materials, except IC-2, have a high Vies0,1g-
The macropore volume is negligible for IC-1 and ACGE,
moderate for SA-30 and WV-1100 (0.2 and 0.4 cm® g7,
respectively), and very high for IC-2 (1.17 ecm® g™). It can be
mentioned that the volume of broad mesopores (Vineso,1g) 1S
larger in IC-1g than in IC-1, and the first one contains some
macropores.

The pore size distributions obtained by Hg porosimetry
(Fig. S2, ESIf material), show that ACGE, SA-30, and WV-
1100 present a wide pore size distribution, whereas for
IC-1 and IC-2 it is practically mono- or bimodal. Thus,
defined pores of about 24 nm, and between 20 and 160
nm, are present in IC-1 and in IC-2, respectively (in good
agreement with the information provided by the
manufacturer). These broad pores, usually defined as

Sample SBET‘Z (mz gﬂ) VDR,COZb (Cms gﬁl) VDR,Nza (Cm3 gil) Vmeso,Nla (cm3 gﬁl) Vmeso,HgC (Cm3 gq) VT,meso (Cms gﬁl) Vmacro,ch (Cms gﬁl)
1C-1 542 0.19 0.22 0.04 0.55 0.59 0.00
1C-1g 571 0.21 0.23 0.04 0.28 0.32 0.13
1C-2 2081 0.60 0.92 0.07 0.04 0.12 1.17
ACGE 1920 0.50 0.81 0.09 0.29 0.38 0.01
ACGEg 1991 0.52 0.85 0.09 0.22 0.31 0.05
SA-30 1587 0.35 0.68 0.31 0.40 0.71 0.41
WV-1100 1713 0.37 0.70 0.30 0.51 0.81 0.20

“ Parameters calculated from the N, adsorption isotherms as indicated in the text. ” Parameters calculated from the CO, adsorption isotherms

as indicated in the text. © Parameters determined by Hg porosimetry.

This journal is © The Royal Society of Chemistry 2024
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transport pores, can play a relevant role in the kinetics of
liquid phase processes.

Data of Table S21 show that the specific surface areas of
all the as-prepared supported catalysts (after impregnation
with the RuCl; aqueous solution and drying) are slightly
lower than those of the corresponding carbon supports but,
after the reduction treatment, the Sggr values slightly
increase again. Such behavior has previously been observed
by other researchers.**

The N, adsorption-desorption isotherms obtained for
both, un-reduced and reduced catalysts, compared with those
of the corresponding supports are presented in Fig. S3.f
These data confirm that the metallic phase incorporation has
a very slight effect on the textural properties of the resulting
materials with respect to the supports.

The average pore size calculated from N, adsorption
data using the Quantachrome Quadrawin software (based
on non-local-density functional theory (NLDFT), and
based on the general adsorption isotherm (GAI) equation
up to 0.7 relative pressure (ref. 45 and 46)), ranges from
2.0 to 4.5 nm (Table S37).
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To sum up, as the surface area and porosity of the
catalysts (reduced and non-reduced) and the corresponding
supports are very similar, it can be assumed that the
incorporation of ruthenium only has a slight effect on the
textural properties of the catalysts, being the pore size
distribution preserved. The largest decrease in the support's
surface area upon metal incorporation, around 14%,
corresponds to sample IC-2. This agrees with the large
volume of narrow micropores and small volume of
mesopores of this carbon material.

TPD and titration of acid sites results

TPD measurements allow estimating the amount and type of
oxygen surface groups on the carbon materials. As it is
known, CO, is mainly produced from the decomposition of
functional groups such as carboxylic acids, anhydrides, and
lactones, with acidic character, while CO emission is due to
the decomposition of phenol type groups, weakly acidic, and
of carbonyls and quinones, of basic character.*” A schematic
representation of these surface oxygen groups is presented in
Fig. S4, and Table S4f shows the reported decomposition
temperature intervals.*®*°

The obtained TPD patterns reveal significant differences
between the surface chemistry of the different carbon
materials (Fig. 4 and Table 2). The following observations can
be pointed out: the two granular commercial ACs (SA-30 and
WV-1100) have a large and similar total content of oxygen
groups. This content is moderate for ACGE and IC-1, and
quite low for IC-2. Finally, milling produces a certain increase
of the surface oxygen content in IC-1, and almost no
modification in ACGE.

It should be mentioned that the decomposition of surface
oxygen groups does not imply non-stability of the catalysts,
since such process does not occur at the reaction
temperature (70 °C).

Although TPD data of the Ru/C catalysts could have been
considered suitable to extract information about the surface
chemistry of the catalysts, metallic Ru exerts a catalytic effect
on the decomposition of some surface oxygen functional
groups®™°®*! and, thus, this affects the CO, and CO
evolution profiles (qualitative and quantitatively). Fig. S5 and
Table S5t show, respectively, the comparison of the TPD

Table 2 Amount of CO, and CO evolved in TPD experiments, the corresponding total oxygen of carbon supports and the amount of acid sites

determined by titration

Acid sites

Sample CO, (umol g7 CO (umol g™ Ototal (Wt%) (mmol g™
I1IC-1 258 928 2.3 0.82

1C-1g 374 1172 3.1 —

1C-2 68 208 0.6 0.48

ACGE 351 1559 3.6 0.90
ACGEg 342 1267 3.1 —

SA-30 539 2065 5.0 1.60
WV-1100 735 2202 5.9 1.40
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Fig. 5 TPR profiles of the Ru/C samples.

profiles and of the corresponding quantification, for supports
and reduced catalysts.

The acidity of the carbon supports has been measured by
titration, what allows to quantify Brensted acid groups (H'
donors), which are mainly carboxylic and phenol-type groups.
The results, expressed as mmol of acid sites per gram of
support (Table 2), show significant differences in the acidity
of these carbon materials.

TPR results

The TPR analysis of the as-prepared catalysts is depicted in
Fig. 5. As the decomposition of surface oxygen groups during
the TPR test leads to some interferences in the TCD signal,
the TPR data have only been plotted up to 300 °C (to focus
on the reduction of Ru species, with minor effect of the
surface oxygen groups decomposition). The complete profiles
are shown in Fig. S6,f including the TPR and TPD profiles of
the supports, to better observe the effect of the supported Ru.

The TPR profiles of the as prepared catalysts show that: i)
for Ru/IC-2 and Ru/ACGE, two defined maxima are observed,
in both cases the first one at about 60 °C, and the second one
at 110 °C for Ru/IC-2, and at 130 °C for Ru/ACGE. These peaks
could be associated to the reduction of different Ru
species,” >* or to the reduction of the Ru species with different
interaction with the surface of the carbon materials.>
Moreover, since Ru is reduced, a spill over effect is not
discarded. This information agrees with the XPS results shown
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and discussed later. ii) For Ru/IC-1, there is only one wide
peak, with the maximum at about 70 °C. This peak seems to
include several processes, and indicates the presence of Ru
species of different reducibility.>* iii) In the case of the Ru/WV-
1100 and Ru/SA-30 catalysts, the Ru reduction is observed at
higher temperatures (maximum reduction at about 160 and
150 °C, respectively), but it is a less defined process, probably
because the metal reduction overlaps with the decomposition
of surface oxygen functional groups™® (see Fig. S61).

These data show that the reducibility of the Ru species is
strongly influenced by the nature of the carbon material used
as support. It should be pointed out that the behaviour of the
catalysts prepared with the spherical carbon materials and
with the granular or powdered activated carbons is
significantly different.

The TPR profiles of the catalysts prepared with the ground
and original supports are quite similar (Fig. S77).

XPS analysis

The Ru 3p;, XPS profiles of the Ru/C catalysts (as-prepared
and reduced) are presented in Fig. S8. Spectra of the as-
prepared catalysts show two peaks, at ~463 eV, which can be
assigned to RuCl,, and at ~465.5-466.5 eV, which
corresponds to Ru-O species, represented as RuO,.”” ®° The
specific binding energies determined for each sample and
the calculated proportion of the different proposed species
are compiled in Table 3. According to these data, chloride
species are present in a larger proportion than oxide ones.

In the case of the reduced catalysts, Ru is present in
different oxidation states. The peak at about 462 eV reveals
the presence of Ru’,®"®* while the peak at about 464.5-465
eV can be assigned to RuO,/Ru’ species (oxidized Ru on
metallic Ru).®® This kind of species is probably the result of
some surface oxidation of the reduced Ru nanoparticles. As
shown in Table 3, in the Ru®/C catalysts Ru is mainly in the
reduced state.

As chloride is found on the reduced catalysts, but RuCl,
seems not to be present, it can be assumed that a small
amount of chloride (199 eV (ref. 57 and 58)) remains
interacting with the carbon surface.

Table 3 Binding energy values of Ru species (and percentage of each of them (in brackets), O wt% corresponding to strong acid groups (carboxylic

and phenol groups) and Cl wt% in as-prepared and reduced catalysts)

Sample RuCl, RuO, Ru’ RuO,/Ru’ Ojeia® (Wt%) Cl (Wt%)
Ru/IC-1 463.36 (65%) 466.18 (35%) — — 5.28 1.67
Ru®/IC-1 — — 461.85 (71%) 465.25 (29%) 3.88 0.57
Ru/IC-2 463.07 (68%) 465.47 (32%) — — 3.71 1.13
Ru®/1C-2 — — 462.04 (72%) 464.86 (28%) 3.20 0.76
Ru/ACGE 463.66 (79%) 466.47 (21%) — — 5.00 1.61
Ru®/ACGE — — 462.06 (80%) 464.87 (20%) 7.91 0.54
Ru/SA-30 463.23 (59%) 466.18 (41%) — — 7.72 0.74
Ru®/SA-30 — — 461.70 (63%) 464.42 (37%) 7.65 0.14
RU/WV-1100 463.17 (76%) 465.54 (24%) — — 12.60 0.63
Ru¥/WV-1100 — — 462.36 (83%) 465.42 (17%) 9.42 0.80

“ Calculated from O 1s XPS results, as sum of wt% of oxygen species corresponding to carboxylic and phenolic groups.

This journal is © The Royal Society of Chemistry 2024
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The XPS analysis of the O 1s signal in the un-reduced and
reduced catalysts (Fig. S9f) helps to evaluate their surface
chemistry. Table S61 shows the quantification of the amount
of oxygen present as carbonyl and anhydride (B.E. about 531
eV designated as O1), phenol (B.E. about 533 eV, designated
as 02), and carboxylic (B.E. about 534 eV, designated as
03)*7%7% groups in each sample (these assignations of
peaks to O species is also indicated in Fig. S91). It should be
pointed out that oxygen bonded to Ru cannot be
distinguished because of the low amount of Ru-O species

50inm

50lnm:

50 nmA
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with respect to the abundant surface oxygen complexes. In
particular the signal of oxygen bonded to Ru (in RuO,
species, with B.E. around 530 eV (ref. 66)) would appear at
similar B.E. as the one due to O1 one, which makes even
more difficult to distinguish these species.

(The survey XPS data and the elemental
composition (at%) of the analysed samples are shown in Fig.
S10 and Table S7,i respectively).

As the amount of oxygen associated with carboxylic-type
and phenol-type surface oxygen groups can be used as a

surface

50 nm

Fig. 6 TEM images of un-reduced and reduced catalysts and EDX of reduced catalysts: Ru/IC-1 (al), Ru?/IC-1 (a2 and a2x), Ru/IC-2 (b1), Ru?/IC-2
(b2 and b2x), Ru/ACGE (c1), Ru®/ACGE (c2 and c2x), Ru/SA-30 (d1), Ru®/SA-30 (d2 and d2x), Ru?/WV-1100 (el) and Ru®/WV-1100 (e2 and e2x).
Images have been obtained with the TALOS F200X Microscope coupled to an EDX system.
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Table 4 Mean Ru nanoparticle size in the reduced catalysts

Catalyst Mean Ru particle size (nm)
Ru®/IC-1 3.45 + 4.16

Ru®/I1C-2 3.31+4.18

Ru®/ACGE 14.84 + 14.05

Ru®/SA-30 2.90 + 3.55

Ru®/WV-1100 2.19 + 0.54

tentative evaluation of the acidity of the Ru/C and Ru®/C
samples, the sum of O wt% corresponding to O2 and O3
species has been calculated, identified as O,qq (Wt%), and
included in Table 3. These data reveal that the catalysts' acidity
trend, determined this way, is similar to the one found by the
supports' titration. Also, these data show that the acidity is
lower in the reduced catalysts than in the un-reduced (as
prepared) ones, in agreement with the removal of the less
thermally-stable oxygen surface groups (mainly carboxylic acid
type) as a consequence of the reduction heat treatment.

Morphology of supports and distribution of Ru particles

Fig. S111 shows the FESEM images obtained for the carbon
materials used as supports in this work. They clearly reveal
the important differences in the surface morphology of
spherical and granular carbons. The spherical carbons, IC-1
and IC-2, show a relatively smooth surface with some
“openings” that can be related to large pores. These openings
are noticeably more abundant and larger in the case of
carbon IC-2, allowing to distinguish an inner structure made
of particle aggregates (see detail in Fig. S11b27). According to
the manufacturer, the porous structure of these carbon
materials is typical of xerogel materials, with irregular form
and interparticle porosity (very different from the slit or
channel porous structures of granular or powdered activated
carbons). ACGE also shows a smooth surface with some
“holes”, which are smaller than in IC-1 and IC-2. In the case
of SA-30 and WV-1100, a wrinkled and irregular surface is
observed, and the morphology and size of the discernible
wide porosity (interparticular spaces or cavities) is very
heterogeneous (images d2 and e2, in Fig. S11f), with
irregular form and interparticle porosity.

Fig. 6 shows some representative TEM images of as-
prepared (un-reduced) and reduced catalysts.

Images al-el, which correspond to the un-reduced
catalysts, show some dark areas due to overlapping layers of
carbon. Ru nanoparticles are not observed, and a higher
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resolution would be required to detect other Ru species (i.e.,
atomically distributed ones).

In the case of the reduced catalysts (TEM images a2-e2
and EDX mapping in images a2x-e2x) Ru nanoparticles can
be observed, although they are very small and cannot always
be distinguished from the carbon support. With the only
exception of Ru®/ACGE, the reduced catalysts show a good
particle size distribution, and mean particle sizes ranging
from about 2 to 4 nm (Fig. 6 and Table 4, respectively). The
particle size distribution in Ru®/ACGE is wider (1-60 nm), the
mean particle size is close to 15 nm, but there are many
small Ru nanoparticles. The obtained data show that, in
general, the catalysts present a good metal dispersion and a
good distribution of metal particles (Fig. S127).

Catalytic activity results

Results of the blank experiments (without catalyst and with
the carbon supports) have shown that LA conversion does
not occur in the absence of Ru. Moreover, some LA
adsorption on the IC-2 carbon has been observed (about 7%
of LA is adsorbed), which can be related to the large
transport pores (with size around 160 nm) of this support.

The catalytic activity results obtained for the Ru®/C
catalysts are presented in Table 5. It should be pointed out
that all the reduced catalysts lead to a high LA conversion
(~80-90%) and high selectivity to GVL (70-86%) at the
moderate reaction temperature used in the catalytic tests. In
all cases, hydroxypentanoic acid (HPA) was detected as the
only by-product.

The differences between the catalytic performance of these
catalysts are relatively small and, thus, it can be concluded that
the Ru nanoparticles are almost equally active in all of them,
and their performance is not influenced by the different
properties of the supports. It can be assumed that the
reduction treatment (H, (75 mL min™") 250 °C, 4 h) generates
Ru nanoparticles of the suitable size and structure to carry out
the LA hydrogenation efficiently. It can be highlighted that the
catalysts prepared with the spherical supports lead to quite
satisfactory results, with the added advantage respect to the
powdery catalysts of a significantly easier manipulation.

As this research work aimed to make simpler and less
expensive catalytic systems (from the point of view of the
catalysts preparation procedures and conditions and the
catalytic activity tests), the possibility of skipping the
reduction treatment, usually performed prior to the use of
the catalysts, has been investigated.

Table 5 LA conversion, GVL yield, and selectivity to GVL and to HPA of the Ru®?/C catalysts

LA conversion GVL yield GVL selectivity HPA selectivity
Entry Catalyst (%) (%) (%) (%)
1 Ru®¥/IC-1 78 63 82 18
2 Ru®¥/1C-2 81 69 86 14
3 Ru®/ACGE 81 59 73 27
4 Ru®/SA-30 88 62 70 30
5 Ru®/WV-1100 94 75 80 20

This journal is © The Royal Society of Chemistry 2024
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Table 6 LA conversion, GVL yield, and selectivity to GVL and to HPA of the as-prepared Ru/C catalysts

Entry Catalyst LA conversion (%) GVL yield (%) GVL selectivity (%) HPA selectivity (%)
1 Ru/IC-1 63 56 90 10

2 Ru/IC-1g 74 59 79 21

3 Ru/IC-2 84 63 76 24

4 Ru/ACGE 68 58 86 14

5 Ru/ACGEg 64 42 66 34

6 Ru/SA-30 13 5 40 —

7 Ru/WV-1100 11 4 40 —

“ Not determined because of the negligible HPLC signal.

Table 6 shows the catalytic activity results obtained with
the as-prepared (un-reduced) catalysts.

The un-reduced catalysts show very different catalytic
activity depending on the support's nature. The catalysts
prepared with the spherical carbon materials (IC-1, IC-2 and
ACGE), which contain a low-to-moderate amount of surface
oxygen groups, are noticeably more active than those
prepared with the granular or powder activated carbons,
being almost as active as their reduced counterparts. This
constitutes an important advantage because H, and energy
consumption are avoided, and a time-consuming step can be
omitted. These results imply that total or partial in situ Ru
reduction may occur in these samples during the catalytic
tests. In contrast, the granular Ru/WV-1100 and powder Ru/
SA-30 catalysts, present a very low LA conversion and
extremely low GVL yield, which allows to assume that in
them, the reduction process is less efficient. In these last two
cases, as the LA conversion is very low, the amount of HPA is
negligible and the low signal does not allow a proper
quantification.

In situ (under reaction conditions) reduction process has
been also found to occur in other studies. For example, Zhang
et al.®” found that in the CuAg/Al,O; catalysts used in the
hydrogenation of LA to GVL (180 °C, 1.4 bar H,, 4 h) CuO was
reduced assisted by the spill-over effect caused by Ag. In the
recent work of Chaparro-Garnica et al.,*® Pd was supported on
carbon materials functionalized with nitrogen and they were
used to obtain hydrogen by formic acid dehydrogenation.
These catalysts were used either after reduction with NaBH,
or un-reduced, and it was found that the un-reduced catalysts
performed better, which was explained by a more effective in

Table 7 Activity results for consecutive catalytic runs with Ru/IC-1, Ru/
IC-2 and Ru/WV-1100

LA conversion GVL yield GVL selectivity
Catalyst (%) (%) (%)
R1 Ru/IC-1 63 56 90
R2 Ru/IC-1 67 49 73
R3 Ru/IC-1 57 51 89
R4 Ru/IC-1 72 61 85
R1 Ru/IC-2 84 63 76
R2 Ru/IC-2 89 29 33
R1 Ru/WV-1100 11 4 40
R2 Ru/WV-1100 36 32 90
R3 Ru/WV-1100 68 65 96

470 | React. Chem. Eng., 2024, 9, 461-474

situ (under reaction conditions) reduction of the catalysts by
the generated hydrogen.

The stability and reusability of the un-reduced catalysts
have been studied by performing several consecutive catalytic
runs with Ru/IC-1, Ru/IC-2, and Ru/WV-1100. The results are
presented in Table 7. It can be observed that Ru/IC-1
maintains the activity after four consecutive catalytic runs.
This implies that the Ru species become reduced (at least
partially) in the first catalytic run, and the Ru/IC-1 catalyst is
very stable. Ru/IC-2 maintains a high LA conversion in the
second catalytic run, but the selectivity to GVL decreases
about 50%. Finally, the catalytic activity of Ru/WV-1100
increases from run to run, and in the third run, LA
conversion and GVL selectivity are as high as for Ru/IC-1. It
seems that successive catalytic runs lead to a high reduction
of the Ru species (and could also produce some sintering of
the Ru particles). As LA conversion is kept (or increased) in
consecutive runs, it can be assumed that metal leaching is
negligible.

To analyse in depth the effect of the spherical
morphology of the supports, Ru catalysts prepared with the
IC-1g and ACGEg milled carbons have been also tested.
The obtained results, included in Table 6, show that the
catalytic properties do not change when the ground
supports are used. This allows to rule out a particular
effect of the morphology.

Characterization of used catalysts

As the catalysts become (at least partially) reduced in situ
under reaction conditions, the characterization of the used
samples was performed to better understand the observed
catalytic behaviour. The XPS analysis of the used Ru/IC-1 and
Ru/SA-30 catalysts reveals that both contain Ru’ but in quite
different proportions: 61% and 21%, respectively, confirming
that the in situ reduction process occurs to a larger extent in
the case of the first one.

Fig. 7 shows a comparison of the Ru 3pz, XPS patterns
obtained for Ru®/C and used Ru/C catalysts (prepared with
IC-1 and SA-30 supports). Apart from the important
modification of the electronic state of Ru upon use, a slight
displacement of the Ru’ B.E. towards higher values is
observed for the two of them. This indicates that the
interaction of the in situ reduced Ru species is different

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 XPS results for (a) RuR/IC-1 (continuous line) and Ru/IC-1 (dotted

Signals in orange and blue correspond to RuO, and Ru(0), respectively.

(likely stronger or more extensive) than for those reduced
with H, at 250 °C.%°

The more efficient reduction under reaction conditions of
Ru/IC-1, Ru/IC-2, and Ru/ACGE catalysts agrees with the
lower temperature reduction features determined for them in
the TPR measurements (Fig. 5).

TEM-EDX analysis of the spent Ru®/C catalysts shows that
they present well distributed and small Ru particles (2-4 nm
average size) similar to those found in the fresh Ru®/C
catalysts (Fig. S121) (compare images a2-e2 of Fig. 6, with the
corresponding images a2-e2 (i, ii and iii) in Fig. S137). This
means that the mild reaction conditions do not produce any
sintering of the original Ru nanoparticles. The Ru/C spent
catalysts also show metallic Ru nanoparticles (compare
images al-el of Fig. 6 with the corresponding images al-el
(i, ii and iii) in Fig. S137), in line with XPS data, confirming
the in situ reduction process.

The mean particle size in used Ru/IC-1 and Ru/ACGE
catalysts is 2.4 and 2.3 nm respectively, which is similar to
the one obtained for the previously reduced samples. In
contrast, for the used Ru/SA-30 and Ru/WV-1100 catalysts,
very small Ru particles have been detected (smaller than 1
nm, although a proper statistic size analysis has been
difficult, see images d1 and el in Fig. S137), noticeably
lower than those observed after the external H, reduction
treatment at 250 °C. Thus, the in situ reduction process
reveals significant differences in the interaction of Ru
species with the surface of IC-1, IC-2, and ACGE on one
side, and of SA-30 and WV-1100 on the other side. A
tentative explanation of this difference is the following: the
Ru species present in the solution used to impregnate the
supports are prone to be anchored on surface oxygen
groups and, as the amount of surface oxygen groups in the
commercial activated carbons is larger than in the
spherically shaped carbon materials, such an anchorage is
favoured in the first ones (being feasible an atomic
dispersion). The mapping images presented in Fig. S14f
corresponding to catalyst Ru/WV-1100 show that O and Ru
appear in the same areas. The reduction treatment at 250
°C produces the decomposition of the less thermally stable
surface oxygen groups, with the consequent mobility of the
anchored Ru species (leading to Ru nanoparticles of size
around 2-4 nm). In contrast, in the in situ (under reaction

This journal is © The Royal Society of Chemistry 2024
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line), and (b) Ru®/SA-30 (continuous line) and Ru/SA-30 (dotted line).

conditions, 70 ©°C) reduction, such a decomposition of
surface oxygen groups is limited, and the reduced particles
remain smaller. In other words, for the carbon materials
with larger amount of surface oxygen groups, the low
temperature reduction process leads to very small (and less
reducible) Ru particles, due to the original high dispersion
of the Ru species anchored on the rich oxygen groups
surface.

It should be mentioned that the XPS and TEM analysis
have allowed to indirectly state that the Ru content on the
catalysts has not appreciably decreased upon use. Besides,
the results of the reuse experiments do not reveal the loss of
active species from the catalysts. All these pieces of evidence
the catalysts' stability.

Final remarks

The results presented above indicate that the in situ (under
reaction conditions) reduction of catalysts prepared with the
supports that contain less surface oxygen groups is more
effective, and the nanoparticles developed are bigger (of
about 2-4 nm). These two facts are behind the higher
catalytic activity of the as-prepared Ru/IC-1, Ru/IC-2, and Ru/
ACGE catalysts compared to Ru/SA-30 and Ru/WV-1100 ones.
This effect of the particle size is in line with other studies
dealing with hydrogenation reactions which report lower
catalytic activity when the active phase is present as single
atoms.”®”"

Although an effect of the porous structure (pores shapes,
tortuosity, etc.) cannot be discarded, the surface chemistry
has shown to have the highest influence.

The present study has shown that the prepared catalysts
are quite efficient for the transformation of LA into GVL
under mild reaction conditions. The excellent results
obtained with catalysts for which the thermal reduction with
H, can be skipped if the appropriate carbon supports are
used is of particular importance.

For a better evaluation of the relevance of the obtained
activity results, it is interesting to compare them with
previously published data dealing with carbon-supported Ru
catalysts for the same reaction, also carried out in aqueous
media (Table 8).
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Table 8 Literature comparison of operation conditions and activity results for several reported Ru/C catalysts

Nominal Ru  Reduction prior to T P t GVL yield

Entry  Catalyst wt% catalytic use/conditions S/IC*  (°C) (bar) (min) (%) s (h™) Ref.

1 Ru/C 5 YES/500 °C, 1 h, sz 58 190 10 60 64-83 44-55 25

2 Ru/C-DARCO 5 YES/200 °C, 1 h, sz 58 190 10 60 72 50 26

3 Ru/C Vulcan XC72R 1 YES/NaBH,“ 155 100 5 60 80 155 54

4 Ru/C 0.5 YES/450 °C, 4 h, H,” 46 90 45 360 72 24 72

5 Ru®/C? 1 250°C,4h,H, (75mlmin) 338 70 15 60  59-75 274-318  This work
6 Ru/IC-2 1 NO 338 70 15 60 63 306 This work
7 Ru/IC-1 1 NO 338 70 15 60 56 213 This work

“ Substrate/catalyst ratio (initial LA moles/Ru moles in the catalyst). ” Non-specified flow rate. © NaBH,/RuCl; molar ratio = 2.5. ¢ All the

reduced catalysts presented in this work.

The work of Jedrzejezyk et al> (entry 1) is focused on

the nature of the carbon material used as support for Ru/
C catalysts. Several types of commercially available carbon
materials were used by these researchers: AC with different
grain size (<0.1-1 mm) by Windsor Laboratories, Ltd.
(UK); Norit carbon (grain size < 0.1 mm) by ChemPur,
Piekary Slaskie (Poland) and AG carbon (grain size < 0.1
mm) delivered by Gryfskand, Gryfino (Poland). The study
reports that the most active catalysts (83% GVL yield) are
those in which the support has the largest number of
defects because they lead to a strong metal-support
interaction. The work of Ruppert et al>® (entry 2) studies
the effect of the Ru precursor (RuCl; or Ru(acac);) and of
the reduction temperature, in catalysts prepared with the
commercial activated carbon C-DARCO. A high GVL yield
(72%) was obtained using the RuCl; and the lowest
reduction T (200 °C).

The recent work of Jones et al.”* (entry 3) uses NaBH, to
reduce the catalysts during the catalyst preparation
procedure, and the GVL yield obtained is high (80%). In
these last two studies, the specific velocity is lower than in
the present work because of the higher Ru loading (5 wt%).
On the other hand, Piskun et al”® (entry 4) using a
commercial 0.5 wt% Ru/C (Johnson Matthey) and a
relatively low temperature but high pressure (90 °C and 45
bar H,) obtained a good GVL yield (72%) but in 6 h
reaction time.

The comparison of the results of this work (entries 5,
6, and 7) with those obtained by other researchers
shows that high GVL yields and very high specific
reaction rates (r;) are obtained with the catalysts
prepared in this work. It is particularly interesting that
very good results have been obtained under mild
reaction conditions and with catalysts that had not been
previously reduced (entries 6 and 7). This implies the
saving of energy hydrogen, and time. Also, the
proportion of metal used in the present study is lower
than in other works (higher relation S/C). In summary,
it can be considered that the developed -catalysts and
the stated reaction conditions make the studied catalytic
system quite interesting from the point of view of easy
management and energy saving.

472 | React. Chem. Eng., 2024, 9, 461-474

Conclusions

Ru/C catalysts for the transformation of levulinic acid (LA) to
gamma-valerolactone (GVL) have been prepared using as
supports carbon materials, which differ in porous texture,
surface chemistry, and morphology. The reaction has been
carried out at 70 °C, a relatively low temperature compared
with other reported works, in order to make the process less
energy-demanding. All the Ru®/C catalysts (reduced in H, at
250 °C) provide very good LA conversion and GVL yield (60-
70%), meaning that the reduction treatment leads to very
active catalytic species in all catalysts, independently of the
differences between supports. Skipping the pre-reduction
process has shown that using the un-reduced catalysts, the
catalytic properties strongly supports’
properties. The most active and selective (un-reduced)

depend on the

catalysts are those prepared with supports that contain lower
amount of surface oxygen groups.

The surface chemistry has shown to be behind the
effectiveness of the in situ reduction and of the development
of Ru nanoparticles of the suitable size (of about 2-4 nm,
instead of very small ones). In contrast, the support's
morphology per se does not seem to be determinant.

However, the used spherically shaped supports meet
interesting properties, as they have led to catalysts that are
not only active and reusable catalysts without the costly pre-
reduction treatment but also more easily handled.

The corollary of this work is that carbon materials
offer many possibilities to develop active, selective, and
practical catalysts. In this application, the carbon surface
chemistry has suitable
support-metal interaction that determines the reducibility

revealed to be crucial for a
of the Ru species (conventional thermal reduction can be
skipped) as well as the size of the developed particles,
leading to active, selective and stable catalysts for this
application.
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