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The in-situ formation of supported hydrous ruthenium oxide (HRO) from RuO; over micro-mesoporous materials
is reported for the selective hydrogenation of bio-oil under mild reaction conditions (200 °C, 20 bar Hy) in an
aqueous medium. For the first time, the phase composition of HRO was determined using a variety of charac-
terization techniques. Using synchrotron radiation and in-situ X-ray absorption spectroscopy (XAS), we
demonstrated that HRO was generated during the hydrodeoxygenation process. The hydrodeoxygenation (HDO)
of real bio-oil was successfully performed at 200 °C, 20 bar Hy on RuO»-containing catalysts. The approximate

composition of HRO after 3 h of catalytic hydrogenation, consisted of in approximately equal ratios metallic Ru,

RuO,, and RuOOH phases.

1. Introduction

Nowadays, one of the main trends in upgrading renewable feedstocks
is focused on the hydrodeoxygenation (HDO) of lignin-derived sub-
stances into hydrocarbons or aromatics by the complete deoxygenation
[1-11]. Selective hydrogenation of lignin-derived compounds to valu-
able products such as phenol, cyclohexanol and its alkyl derivatives is a
promising process in green chemistry [12-15]. Those chemicals can be
used in the production of plastics, paints, detergents and in many other
applications [16]. HDO of bio-oil molecules requires a certain set of
properties that the catalysts have to possess: high acidity, specific sur-
face area and stability [9,10,16-18]. For instance, bio-oil fractions
contain a number of high-molecular weight compounds, therefore, the
diffusion limitations should be taken into account to prevent premature
coke formation in the catalysts pore system. To avoid this issue, meso-
porous zeolites have been applied in the bio-oil hydroconversion
[19-22]. Almost all of the most common micro-mesoporous systems
have been studied in this process: ZSM-5/MCM-41, ZSM-5/SBA-15,
BEA/TUD, MWW/MCM-41, Ti-, Zr-containing materials and many
others [10,23-28]. Among those micro-mesoporous structures, the

* Corresponding author.
E-mail address: naranov@ips.ac.ru (E. Naranov).

https://doi.org/10.1016/j.apcatb.2023.122861

nanosheets zeolitic materials attracted an increased attention due to
their excellent catalytic performance in the acid catalyzed reactions [26,
29-35]. Moreover, when bulky molecules are used as the substrate, such
materials with an open structure, possessing active sites on the external
surfaces, could catalyze the reactions without diffusional restrictions
[21].

In general, biomass contains a lot of water (up to 50 wt%), as a
consequence, fast pyrolysis of biomass often results in an aqueous bio-oil
solution [2,6,36]. Being present in almost all biomass sources, water as a
solvent should be considered for the HDO process [28,37]. There are a
lot of studies reporting an HDO process in water using different het-
erogeneous and homogeneous catalysts. Some homogeneous catalytic
systems such as Ni, Ru, V, Fe, Ni, RuNi are active in selective HDO
process of aromatic oxygen contained substances under mild conditions
[28]. There are a number of reports on active heterogeneous catalysts
based on Ru, Re, Rh, Pd, and Pt [7,38,39]. These catalytic systems
exhibit high activity in hydrogenolysis and hydrogenation reactions.
Among these precious metals, ruthenium is oxophilic, highly active in
HDO in the aqueous phase and least expensive [9,17,38,40-43]. The fact
that Ru is active in water is due to the interaction of adsorbed water
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molecules with substrate on the active sites through the hydrogen
bonding [14,28,44]. Insyani and Tu found out that the interfacial
RuO»-Ru sites suppressed humin formation and resulted in higher hy-
drogenated products yields due to better adsorption of intermediates
and substrate [45,46]. This observation initiated further studies where
the hydrous form of ruthenium was compared to common anhydrous Ru
catalysts. It was found that the hydrous form was more active compared
to conventionally used ones, since the water molecules near the Ru
species adsorb the substrate on their surface through hydrogen bonding
followed by HDO [47].

However, there is a lack of information regarding the nature of Ru
active sites in aqueous solutions. The structure of ruthenium hydrous
oxides is still unknown as well as the reason of its high activity. There are
studies pointing out that hydrous ruthenium oxide (HRO) is a simple
oxide RuO,-xH,O [48]. Thallada and Kumar have stated that HRO
consisted of Ru, RuO; and Ru(OH)3 [14]. Gundekari and Srinivasan
confirmed the presence of Ru in the spent catalyst during reduction of
Ru(IV) and Ru(VI) species [47]. More physico-chemical data about the
nature of such acid sites are of paramount importance for the develop-
ment of effective HDO catalysts. In this work, the in-situ formation of
ruthenium hydrous oxide supported on MFI nanosheets is reported. The
evolution of the phase transformation ruthenium oxide (IV) — ruthe-
nium hydrous oxide in aqueous solution during HDO process was
thoroughly investigated. For the first time, in-situ X-ray absorption near
edge structure (XANES) data under high pressure and temperature was
collected during HDO process.

2. Experimental section
2.1. Materials synthesis

In this study three types of materials with different morphology was
synthesized: (S1) 1D pore structure “MCM-41-like” mesoporous material
with ZSM-5 crystallites, (S2) mixed phase of 1D pore structure “MCM-
41-like” and MFI nanosheets and (S4) MFI nanosheets morphology.
Typical double-templating procedures of S(X) (X - seed concentration
ratio) were as follows: A — Seeding gel preparation, B — Micellar gel
preparation, C — Crystallization.

(A) 0.69 g NaOH, 5.9 g tetrapropylammonium hydroxide (1 M) was
dissolved in 35.5 g H,0 and mixed thoroughly. Then, 6.9 g fumed silica
(Si03) was added in portions under stirring. The mixture was aged at
100 °C for 16 h.

(B) 43.3 g Hy0 was used to dissolve 0.69 g NaOH and 4.4 g cetril-
trimethylammonium bromide followed by a thoroughly mixing. Subse-
quently 0.36 g of NaAlO, was added along with 4.6 g fumed silica (SiO3)
(in portions under stirring). The mixture was aged at 100 °C for 16 h.
The content of (A) equal to 1.75 g, 3.5 g, 7.0 g was added to the mixture
(B) as a seeding gel, respectively for the materials denoted as for S1; S2;
S4. The resulting gel was stirred for one hour.

(C) Crystallization was performed using a Teflon-lined stainless steel
autoclave at 150 °C for 48 h.

Thereafter, the samples were washed with deionized water and dried
at 95 °C for 12 h. Finally, the materials were calcined at 550 °C for 6 h to
remove the remaining surfactant. Proton forms of the samples were
prepared by ammonium nitrate exchange at 85 °C for 2 h (3 times)
followed by drying at 95 °C overnight and calcination at 550 °C for 6 h.
The loading of the metal (5.0 wt% Ru) onto these supports was done by
incipient wetness impregnation using the solution of ruthenium chloride
(RuCl3-H»0, "Aurat", ®(Ru) > 46.0 wt%) as the metal precursor. In a
typical synthesis of Ru-containing catalysts, the calculated amount of
ruthenium chloride was dissolved in water. Then, a porous material
(calcined at 550 °C) was added to RuCls solution under stirring and kept
at room temperature overnight. The sample was dried at 90 °C for 12 h
and then at 120 °C for 3 h followed by calcination at 400 °C for 5 h.
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2.2. Catalytic experiments

Hydrogenation of oxygen-containing substances (guaiacol or bio-oil)
was conducted in a steel autoclave equipped with a magnetic stirrer and
a pressure gauge [49]. The autoclave was charged with 0.010 g of
catalyst, 0.100 g of guaiacol or bio-oil and 0.5 mL of HO (inner volume
of autoclave - 5 mL). The bio-oil was purchased from BTG (Netherlands),
the detailed composition of bio-oil was showed in [50]. The autoclave
was filled with hydrogen to a pressure of 20 bar. The reaction was run at
170-200 °C with a stirrer speed of 700 rpm. After the reaction, the
autoclave was cooled to room temperature and the pressure was
decreased to atmospheric pressure.

The qualitative composition of the liquid products was determined
by gas chromatography - mass spectrometry (GC-MS) using a Finnigan
MAT 95 XL instrument equipped with a Varian VF-5MS capillary column
and helium as a carrier gas (1.5 cm®/min). Temperature programming
was conducted as follows: holding at 34 °C for 5 min, heating to 290 °C
(10 °C/min), holding for 10 min. The concentrations of the products
were calculated by the ratio between the corresponding peak area and
the sum of the area of the peaks considering the response factors of pure
substances. The results were processed using the Xcalibur software
package. The products were identified by matching their mass spectra
against the dedicated mass spectra library of the software.

NMR analysis was performed on bio-oil sample and products with
each sample being dissolved in 2 mL of dimethyl sulphoxide-d6 (DMSO-
d6). The 'H and, 13C NMR and HSQC spectra were recorded at 25 °Con a
Bruker Avance III HD (400 MHz) NMR spectrometer (Rheinstetten,
Germany) operating at a frequency of 400 MHz for 'H and 100 MHz to
detect the presence of 13C. The 'H spectra were recorded at 1024 scans
and 0.2 s acquisition time. The '3C spectra were recorded at 1024 scans
and 0.01 s acquisition time. The central solvent peak (DMSO-d6) was
used for calibration of the chemical shift. After catalytic experiments the
products were dissolved in 2.2 g of DMSO-d6.

Structural features and changes of acid sites of Ru- catalysts and
intermediates formed during hydrogenation of guaiacol were studied
using in-situ high-temperature diffuse reflectance infrared Fourier
transform (DRIFT) spectroscopy, which made it possible to measure the
infrared (IR) spectra of zeolite catalysts at 200 °C in a dry hydrogen flow.
The sample was placed in a PIKE Diffuse IR high-temperature cell
coupled with a Bruker VERTEX-70 FTIR spectrometer. Spectra were
taken in a continuous mode for 5 min (194 scans/spectrum) with a
resolution of 2 cm ™! in the range of 4000-600 cm ™. The Y axis in the
spectra corresponds to the optical density (D = log(Ip/D)). At first, the
catalysts were heated up to 450 °C in an Ar atmosphere, then the tem-
perature was decreased to 200 °C when the substrate and hydrogen flow
was turned on. After that, the spectra were recorded for one hour. The
reduced catalysts were activated after heating in Ar by switching to Hj
flow at 300 °C for one hour. Then the temperature was decreased to
200 °C and the substrate flow was introduced. Guaiacol was introduced
to the catalytic system by hydrogen flow at a rate of 0.7 L/h.

2.3. Characterization

The textural characteristics of the samples were determined by low-
temperature nitrogen adsorption (77 K) using a Micromeritics ASAP
2020 instrument. Prior to analysis, the samples were degassed at 350 °C
for 6 h. The specific surface area was calculated by Brunauer-Emmett-
Teller (BET) theory at a relative partial pressure of P/Py = 0.2; the
pore size distribution was calculated according to the Bar-
rett-Joyner-Halenda (BJH) model using adsorption data following the
approach proposed by Ryoo and co-workers [51].

The composition of the samples was analyzed by atomic absorption
spectrometry using a PerkinElmer Analyst instrument. X-ray powder
diffraction analysis was carried out using a Rigaku D/MAX 2500
diffractometer (CuK, radiation) in the 26 range of 1-50°, with a goni-
ometer rotation speed of 1°min~!. The X-ray phase analysis of the
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samples after catalysis was carried out from the suspension without
preliminary drying.

The XPS measurements were performed using a "PREVAC EA15"
electron spectrometer. In the current work, AlKa (hv = 1486.6 eV, 150
W) were used as a primary radiation source. The pressure in analytical
chamber did not exceed 5 x 10~° mbar during spectra acquisition. The
binding energy (BE) scale was pre-calibrated using the positions of
Ag3ds/2 (368.3 eV) and Au4f;/» (84.0 eV) from silver and gold foils,
respectively. The powdered catalyst samples were supported onto
double-sided conducting scotch tape. The spent catalyst suspended in
the reaction products was transferred by pipettor to the holder of the
XPS system in order exclude the air exposure. To take into account the
effect of surface charging, the Cls at (Ep, = 284.8 eV) from the carbon
contamination was used as an internal standard.

Temperature-programmed reduction with hydrogen (TPR-Hy) was
performed using AutoChem 2950HP instrument (Micromeritics Instru-
ment Corp., Norcross, GA, USA). In a typical procedure, a sample was
purged with Ar flow at 400 °C for 1 h, then cooled down to 50 °C. The
reduction was performed under the 30 mL/min flow of 8 vol% Hy-92 vol
% Ar mixture in the range of 50-400 °C with a ramp of 10 °C/min. Pulse
chemisorption of CO was performed in a quartz reactor using AutoChem
2950HP (Micromeritics Instrument Corp.; Norcross, GA, USA). Samples
were reduced with Hy at 350 °C for 30 min, purged with He for 30 min,
and cooled down to room temperature. A mixture of 3% CO + He
(balance) was applied, loop volume was 0.5 mL. The calculations were
performed by formulas described in the article [52]. TGA was performed
on Mettler TA 4000 system. The heating and cooling of samples was
performed at a rate of 10 °C/min under air flow of (70 mL/min) in the
range from — 20-800 °C.

Raman spectra of catalysts were acquired in the range from 3700 to
100 ecm™! by using a Senterra II confocal Raman microscope (Bruker)
using a 785 nm laser (1 mW) for catalyst samples before and after the
reaction, and 532 nm laser (0.25 mW) for ruthenium oxide sample, and
with the 50 x ocular. Acquisition time was 9 s, 25 scans were recorded
and averaged for each sample. The experiments were performed at room
temperature (RT) in air without any pretreatment.

Fourier transform infrared (FTIR) spectra were recorded on The
Nicolet iS10 spectrometer. Prior to the measurements, the catalysts were
pressed into self-supporting disks and activated in the IR cell attached to
a vacuum line at 673 K for 2 h. Adsorption of pyridine was performed at
423 K for 20 min. Excess probe molecules were further evacuated at 423
K for 20 min. The numbers of Brgnsted and Lewis acid sites were
determined from the intensities of the bands at ca. 1545 and 1455 cm ™
of adsorbed pyridine, respectively, using the molar extinction co-
efficients given by Tamura et al. [53].

For transmission electron microscopy (TEM) FEI's Tecnai Osiris TEM
with an accelerating voltage of 200 keV was used. Scanning electron
microscopy (SEM) images and energy-dispersive X-ray (EDX) spectra
were recorded using an NVision 40 microscope (Carl Zeiss) equipped
with the X-Max 80 EDX detector (Oxford Instruments).

Density functional theory (DFT) calculations were proceeded in
VASP [54-56]. The plane wave basis set with cut off energy of 500 eV
was selected. Monkhorst-pack algorithm was used with 5x5x1 grid in
reciprocal space. The unit cells consisted of 48 Ru atoms (3 layers) for Ru
(111) surface, 32 Ru and 48 O atoms for RuO5 (110) surface and 12 Ru,
24 O and 14 H atoms for RuOOH (001) surface. Relaxations of guaiacol
molecules on the surfaces were carried out keeping the surface atoms
fixed. Bonding energies were calculated as difference between opti-
mized molecule on the surface and a sum of the energies of the molecule
in vacuum and pure surface.

2.4. In-situ XANES studies
To examine the phase transformation of Ru species during guaiacol

hydrogenation in water an in-situ XANES experiment was performed. A
special home-made autoclave-type in-situ cell was designed to collect
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the data in transmission mode [49]. Two collinear holes were made in
the cell body to allow the X-ray beam passing through the sample. The
cell was equipped with Teflon reaction vessel which was placed in
aluminum tube (0.5 mm thick) to prevent the Teflon body from thermal
and high-pressure expansion through the X-ray holes. The temperature
was regulated by four 50 W heaters and was controlled by a type K
thermocouple attached to the channel in the cell body. The working
volume of a Teflon vessel was 5.3 mL.

In-situ XANES spectra were collected at BM23 beamline of ESRF. The
energy was selected by a Si(311) double-crystal monochromator oper-
ated in the continuous scanning mode. Higher harmonics were rejected
by Rh-coated mirrors. The beam intensity before and after the cell were
measured by ionization chambers. Ru foil was measured simultaneously
with the samples for energy calibration. Data processing and analysis
were performed in a self-written Python code using pyFitlt [57], pyMCR
[58], and Larch [59] libraries.

3. Results and discussion
3.1. The structure analysis

We developed three types of micro-mesoporous materials with
different morphology: (S1) “MCM-41-like” mesoporous material with
ZSM-5 crystallites, (S2) mixed phase of “MCM-41-like” mesoporous
material and MFI nanosheets and (S4) MFI nanosheets [60]. At first, the
supported RuO; catalytic systems were synthesized. The textural char-
acteristics are presented in Table 1.

Pristine S1, S2 and S4 materials exhibited v curve (IUPAC) with a
slight shift towards I type (typical for microporous materials) [60].
Textural characteristics of the synthesized catalysts in the oxide form are
presented in Table 1. These results suggest that the introduction of RuO,
in the pore structure did not affect the microstructure at a significant
level. The BET surface area of the RuO,/S1, S2 and S4 catalysts were
lower than those of the pristine S1, S2 and S4 micro-mesoporous sup-
ports. RuO, particles that were distributed inside the pore system, could
block some of the mesopores, resulting in a decrease in the surface area.

The morphology of the RuO»-catalysts was investigated using SEM
and TEM (Fig. 1). Fig. 1b shows that the RuO5/S1 sample represents the
MCM-41-like mesoporous ordered structure containing RuO particles.
For RuO2/S4, nanosheets morphology was revealed containing pretty
much the same size and shape RuO, particles. The RuO3/S2 catalyst
possesses an intermediate morphology between MFI nanosheets and
MCM-41-like (Fig. 1a and b). The particle size of RuO; according to TEM
in all three samples was relatively large — up to 25 nm. The exact values
were determined by CO pulse chemisorption. The results were displayed
in Table 1.

3.2. RuO; phase characterization

The phase analysis of the Ru-supported catalysts was performed

Table 1
Characteristic of supports and RuO, catalysts.
Sample  Si/ SgET- Vmicros Vimesos Viotals Particles Ru
Al m%/g  cm’/g em®/g  cm®/g  size, nm content,
@ M © wt% @
S1 21 1100 0.05 0.80 0.85
S2 20 650 0.08 0.42 0.50
S4 23 510 0.10 0.25 0.35 - -
RuOy/ 21 1060 0.05 0.74 0.79 25 4.8
S1
RuOy/ 21 600 0.07 0.43 0.50 23 5.2
S2
RuOy/ 23 500 0.10 0.22 0.32 26 4.9
S4

(a) ICP/OES analysis. (b) BET specific surface area from adsorption isotherm in
the relative pressure range 0.05-0.20. (c) by CO chemisorption
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Fig. 2. (A) X-ray photoelectron spectroscopy (XPS) spectra of Ru 3p3,» for RuO5/S1-S4, (B) Raman spectra and (C) XANES spectra of RuO; catalysts compared to
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Fig. 1. (a) SEM and (b) TEM images of RuO, catalysts.
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using XRD, and the results are presented in Fig. S2c. The reflections at 260
of 28°, 35° and 54° correspond to the (100), (002), and (101) planes,
respectively, of RuO, phase (JCPDS # 65-2884). The electronic states of
ruthenium contained catalysts were analysed by XPS, and the spectra are
presented in Fig. S2a, S2b, and Fig. 2a. The XPS spectra were referenced
to the main C 1 s peak at 284.8 eV. The main signals at 463.7 eV in the
Ru 3p3,2 XPS spectrum (Fig. 2a) corresponded to Ru*'. The signal at
461.7 eV corresponding to Ru® was not detected. The Ru 3ds/» XPS
spectra of the RuO, catalysts are presented in Fig. S2b. The peak at
282.2 eV in the Ru 3ds/2 XPS profiles of the catalysts further confirmed
the presence of Ru*t [45]. The peak at 279.9 eV in the Ru 3ds,, XPS
profiles of the catalysts belonging to the metallic Ru® phase were not
detected. The similar XPS spectra of Ru in each sample suggested that
the synthesis procedure allowed to obtain the same initial RuO2 nano-
particles over a support of a different type.

To ascertain once again the RuO; —catalysts nature, Raman spec-
troscopy was carried out (Fig. 2b). The major Raman active modes for
RuO; are Eg at 509 cm’l, A g at 624 em ! and By g at 687 em LIt
should be noted that the three Raman modes of single crystal of ruthe-
nium oxide are located at 523, 645, and 710 cm! [61]. Synthesized
RuO, catalysts showed a red-shift of about 20 cm™!, what can be
attributed to the nanosized RuO; species [62].

The chemical environments of Ru species were examined by Ru K-
edge XANES (Fig. 2c). XANES spectra of all three samples were identical
to that of RuO» reference confirming the Ru(IV) state in the as-prepared
catalysts.

The reduction properties of RuO, catalysts were analysed by Ha-TPR.
Fig. S3 shows that the position of the TPR curves maxima poorly de-
pends on the supports. The peak position was located at 120 — 127 °C
(126.5 °C for RuO»/S1, 125 °C RuO5/S2 and 120 °C for RuO/S4). Since
the S4 material consisted of nanosheets, the RuO, nanoparticles were
located between the zeolite layers which are easy to penetrate than 1D
(MCM-41-like) mesoporous structure. However, there are many studies
interpreting the difference in the dependences of H-TPR on the supports
acidity and its strong metal-support interaction [46,63]. Generally,
when there is no strong metal-support interaction the Hy-TPR profiles
represent single peak in the 140-170 °C [64,65]. The acidity of the
supports and Ru-catalysts was studied using pyridine FT-IR. The types
and concentrations of the acid sites of RuOy/SX (X -1, 2, 4) catalysts are
presented in Table 2. The acidity of micro-mesoporous materials slightly
changed after the introduction of RuO2. There was a decrease of Lewis
acid sites in all catalysts. It is known that the changes in the acid site
concentration could be expected due to interactions between RuO,
nanoparticles and acid sites. Since RuO5 particles size is greater than
MFI pores, it leads to the catalyst distribution at the outer surface of the
zeolite structure. Therefore, a majority of the particles would not
interact with acid sites.

3.3. Guaiacol hydroconversion

Since the materials morphology was quite different (unlike the initial
state of RuO; particles), the dependence of catalytic activity on mate-
rials characteristics was accurately compared, using guaiacol as a model

Table 2
Acidity of micro-mesoporous materials measured by FTIR spectroscopy of
adsorbed pyridine, pmole/g.

Sample BAS @ LAS @ BAS/LAS ®
s1 44 146 0.30

S2 54 126 0.43

S4 72 88 0.81
Ru0,/S1 47 113 0.42
Ru0,/S2 52 98 0.53
Ru0,/S4 80 80 1

(a) acidity from FTIR of adsorbed pyridine analysis, (b) ratio of Brgnsted acid
sites to Lewis acid sites,
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substrate. Ru zeolite catalysts have been widely studied as an HDO
catalysts due to their high activity in the HYD (hydrogenation) and HDO
of guaiacol [9,10,44,66-68]. Hydrogenation of guaiacol over
Ru-contained acidic catalyst can occur via HYD/HDO or HYD reaction
pathways (Scheme 1). At first, fully hydrogenated product 2-methoxycy-
clohexanol is formed. Then, depending on the catalysts acidity and re-
action conditions HDO can occur. In some cases direct deoxygenation
can happen [18,43]. When the substrate is directly deoxygenated, ox-
ygen is usually removed without aromatic ring saturation. In that sce-
nario phenol can be produced. After full hydrogenation, guaiacol is
saturated to obtain 2-methoxycyclohexanol, followed by sequential
deoxygenation to produce cyclohexanol and cyclohexane (in some cases
methoxycyclohexane).

The hydroconversion of guaiacol in water was conducted under mild
conditions at 170 — 200 °C and 20 bar of H,. 2-Methoxycyclohexanol
was obtained as the major product, while trace amounts of phenol
(<0.2%) and relatively small amounts of cyclohexane were also detected
in the product mixture (Table 3). Moreover, negligible amounts of ar-
omatic products, resulting from the DDO (direct deoxygenation)
pathway such as anisole and benzene, were obtained in the product
mixture. Since the reaction was conducted at relatively low tempera-
tures (up to 200 °C), the HYD route was highly preferred over DDO [41,
69]. From the thermodynamic point of view, hydrogenation of aro-
matics is more advantageous way than the oxygen removal under the
studied conditions [70], therefore, the phenol formation is negligible
due to the fact that phenol was the intermediate of cyclohexanol for-
mation [71]. The bond strength of C(Ar)-O is more than 80 kJ/mole
greater than C(sp>)-O, which implies that the HDO would be easier via
hydrogenation step first [72], however in the case of acidic catalysts, the
dehydration step can occur [73]. The in-situ DRIFT analysis of guaiacol
hydrogenation over RuO2 catalysts demonstrated the demethox-
ylation/demethylation step increased in the following order
Ru05/S1 < RuO2/S1 < RuOy/S1 (by the intensity of phenol formation,
Fig. S8-9). Nevertheless, the benzene ring saturation was dominant in all
catalytic system.

The turnover frequency — TOF for the series of catalysts were
calculated based on the assumption of exposed Ru sites being only active
site for guaiacol hydrogenation. The number of exposed Ru sites in each
catalyst were determined by CO chemisorption. TOF(h™!) was calcu-
lated by dividing moles of converted guaiacol within 0.25 h of the re-
action (mol/h) by the number of exposed Ru sites (mol). Under these
conditions the conversion of guaiacol did not exceed 50 wt%. Apparent
activation energy (E,) was determined from the Arrhenius plot by con-
ducting the hydrogenation process at different temperatures (Fig. 3). For
RuO,/S1 and RuO2/S2, the apparent E, were 45 and 48 kJ/mol
respectively. For RuOy/S4 E, decreased to 28 kJ/mol suggesting the
difference in the availability of active sites. Since the size effect of the
RuO3 nanoparticles could not be related to activity due to the similarity
of nanoparticles nature and shape, the decrease in the apparent acti-
vation energy could be induced by the difference in the supports’
morphology and acidity. A series of experiments was conducted at
200 °C, 20 bar Hy, for 0.25 h using different stirring rate, ranging from
300 to 1000 rpm for each catalysts. The activity of the catalysts
remained the same, therefore, the external mass transfer limitations
could be neglected.

The products distribution was determined at different reaction time.
Guaiacol was partially converted (ca. ~50%) to hydrogenated products
after 15 min of conducting experiment. The time needed to achieve the
complete conversion of guaiacol at 200 °C was longer than 3 h. At the
beginning of reaction, a high selectivity towards 2-methoxycyclohexa-
nol was observed (> 50%), after that it was converted to HDO prod-
ucts such as cyclohexanol and cyclohexane (for RuO2/S2 and RuOy/54).
The content of HDO products was clearly dependant on the BAS con-
centration, e.g. the selectivity towards cyclohexane was in the following
order: RuOy/S1 < RuO3/S2 < RuOy/S4. The difference in selectivity
towards cyclohexane was much greater than the difference in the BAS
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Scheme 1. General reaction pathways of guaiacol hydrogenation.

Table 3
Selectivity over different catalysts. Reaction conditions: 200 °C, 20 bar Ha,
catalysts mass 0.05 g.

0.25h RuO,/S1 RuO,/S2 RuOy/54
Conversion, % 55 62 62
2-methoxycyclohexanol 56 55 51
cyclohexanol 44 45 47
cyclohexane 0 0 2
0.5h

Conversion, % 78 81 85
2-methoxycyclohexanol 43 50 41
cyclohexanol 57 50 55
cyclohexane 0 0 4
1h

Conversion, % 85 85 91
2-methoxycyclohexanol 38 45 30
cyclohexanol 62 53 60
cyclohexane 0 2 10
3h

Conversion, % 89 91 95
2-methoxycyclohexanol 31 44 23
cyclohexanol 68 51 61
cyclohexane 1 5 16
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concentration (Table 2). Therefore, it was suggested that the availability
of Ru-species located near BAS could affect catalysis. MFI nanosheets
possess the highest external strong acid sites sites compared to different
porous materials [29]. In this regard, the possibility of Ru-species
location around the BAS is much higher in the case of S4 material
than S2 and especially S1 material with cylindrical pores. The perfor-
mance of RuO2/S4 in the guaiacol hydrogenation was compared with
various catalytic systems based on Ru (Table S2). Under similar condi-
tions, the application of Ru catalyst in the oxide phase supported on MFI
nanosheets turned out to be beneficial.

The recyclability of Ru-containing catalysts was tested at 200 °C in 3
catalytic runs. Before the next hydrogenation reaction, the spent catalyst
was thoroughly washed with acetone and dried at 95 °C for 3 h and
calcined at 400 °C in order to oxidize any reduced Ru species. It was
shown that the conversion of guaiacol was maintained, the catalysts
kept their initial activity.

To establish the reaction intermediates and products, the hydroge-
nation of guaiacol, HDO process, was studied by in-situ high-tempera-
ture DRIFT method. In order to compare the difference between the
oxidized and reduced Ru catalysts, all catalysts were studied in both
forms. Fig. 4 shows the differential surface spectra of the catalyst based
on material S1, i.e. the spectrum of the pure catalyst recorded at the
same temperature was subtracted from the surface spectrum of the
catalyst with the substrate. According to the literature data [74], in the
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Fig. 3. Comparison of micro-mesoporous catalysts activity: (a) Kinetic analysis of guaiacol hydrogenation at 200 °C, 20 bar H,, (b) Arrhenius plots for the guaiacol

hydrogenation (reaction conditions: 20 bar Hy, 0.25 h).
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Fig. 4. Differential DRIFT spectra of RuO,/S1 and reduced Ru/S1 catalyst
surface under a substrate and hydrogen flow during 1 h.

IR spectra of aromatic and aliphatic ethers and alcohols, the most
intense bands of stretching mode of Cx-O(vCa,.O) bonds are located in
the region of 1230-50 cm_l, AIk-O (vcus-o) in the region of 1050 cm_l,
and C-OH bonds (vc.on) in the region of 970 c¢m™ L. This series of bands
was well identified in the surface spectra of the RuO3/S1 and Ru/S1
catalysts, apparently due to low concentration of BAS of the support. The
band intensities at the beginning of the process were pretty similar over
Ru0,/S1 and Ru/S1 catalysts. After 20 min of the experiment, a wide
intense band at 1350-25 cm ™!, which is characteristic of secondary al-
cohols (Vcon) [73,75], including cyclohexanol, appears in the spectrum
of the RuO,/S1 surface. At the same time the band at 1400-1450 cm ™!
from bending modes of CHy and CH3 groups increases. In the DRIFT
spectrum of the Ru/S1 surface, the intensity of the band at 1350 cm ™ is
noticeably lower. After 20 min of experiments the bands at 970 cm™?
(C-OH) and 1050 em ™! (O-CH3) [7,39] became more intensive, indi-
cating the formation of hydrogenated products. The RuO5/S1 catalyst
was more active than reduced Ru/S1. The observed phenomenon
remained the same throughout the whole experiment, which clearly
suggested that adsorption of the substrate and products was preferable
in the case of RuO4/S1 catalyst. For RuO,/S2 and especially for RuO,/S4
catalysts the results were less discernible due to the higher content of
acid sites which can be adsorption centers for oxygen containing sub-
stances. However, the common trend of more active RuO, state was
observed in more intensive bands for the formation of hydrogenated
products (Fig. S8-S9).

3.4. Hydroconversion of bio-oil

The HDO of bio-oil obtained from hardwood products via rapid py-
rolysis was performed at 200 °C and 2 MPa of H; in water for 3 h in an
autoclave. This reaction led to a complex mixture which was mixed with
DMSO-dg to homogenize products. The composition of bio-oil can be
resolved by the application of 2D HSQC NMR analysis [76-78]. The
results are shown in Fig. 5. The differences in signals density and dis-
tribution on 2D NMR spectra showed that upon hydroconversion the
unsaturated functionalities such as alkenes, arenes and different ethers
decreased while aliphatic and saturated ethers appear as dominating
groups. As in the case of guaiacol hydrogenation, the RuO,/S4 catalyst
possessed the highest activity towards fully saturated products. R.
Insyani et al. demonstrated that during HDO of oxygen-contained sub-
stances the presence of RuO5 in Ru-catalyst suppressed the formation of
humin and coke and favored the target products [45].

To analyze coke formation, the differential TGA of the spent catalysts
was performed. The samples after catalytic experiments were dried at
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80 °C for 6 h to remove water and light organic molecules. The results
are shown in Table 4. The TGA analysis of spent catalysts confirmed the
following order of the carbonaceous deposits content in the samples:
RuO3/S4 < Ru0,/S2 < RuO,/S1. Therefore, we can conclude that an
open structure such as nanosheets-like can prevent the catalytic system
from excessive coke formation.

Since the initial bio-oil contained carboxylic acids, alcohols and
other oxygen-containing molecules, the high content of acid sites could
indeed lead to the side products. In order to compare the catalytic per-
formance of reduced and oxidized catalysts, an additional experiment
was conducted with bio-o0il hydrogenation over reduced Ru/S4 cata-
lysts. The results showed that in the case of Ru/S4 the content of residue
after the catalytic process was higher compared with RuO5/S4 catalyst.
Therefore, we can conclude that RuO; interface played an important
role in the HDO of oxygen contained substances by suppressing heavy
products formation.

A number of additional analyses were used to elucidate the trans-
formation of the Ru-phase after the HDO of bio-oil (Fig. 6b, ¢). The XRD
analysis showed no characteristic metallic Ru reflexes in three spent
catalysts, which could be attributed to the incomplete reduction or the
small size of Ru nanoparticles (Fig. 6b, c). It was also demonstrated that
the reflexes ascribed to (110) and (101) planes of RuO, structure got less
intensive and dislocated to a new direction. The (110) reflex shifted to
the lower angle direction, while the (101) reflex shifted to the opposite
side. Furukawa et al. described this phenomenon during the electro-
chemical reduction of RuO; species as the partial reduction of ruthe-
nium oxide to RuOOH [79]. Moreover, a simultaneous formation of
amorphous phase (10-20°) was observed. The appearance of an amor-
phous phase could be due to carbonaceous deposits in the pore system.

The state of Ru in the spent catalysts as it was mentioned earlier is an
open question. In a hydrocarbon solution the reduction of RuO; to
metallic state occurs pretty fast [80]. With the presence of water, which
contributes to the HDO process, the reduction slows down. Even after
3 h of hydrogenation, the final state was only slightly metallic. The XPS
analysis of the spent catalysts revealed the partial presence of metallic
Ru (Fig. 6a). However, the most abundantly observed Ru-phase was still
an oxidized form. In Rug, XPS of hydrous ruthenium oxide (HRO)/S4,
additional peaks appear at 463.4 and 466.8 eV belonged to the trans-
formed RuO, to RuOOH and RuO,-H50. The signal attributed to RuOOH
in the spent catalyst was negatively shifted by ~0.6 eV which also
confirmed that Ru was in the hydrous form. Raman spectroscopic
measurements were performed on the spent catalysts as shown in
Fig. 6d. The spectrum of the catalysts shows a broad peak at
200-500 cm ™! which has been assigned to hydrated form RuO, [61].
The crystalline phase of any Ru-contained species was not detected.

The physicochemical analysis of the spent catalysts allowed us to
assume an approximate composition of supported ruthenium hydrous
oxide. Since the active sites in hydrogenation are supposed to be metallic
ruthenium species and the XPS analysis confirmed their existence, the
presence of metallic Ru is suggested. The diffraction patterns do not
contain reflections of Ru which can be explained by the small size and
amorphous nature. The RuOy phase is inhomogeneous, which can be
explained by the presence of Ru(Ill) and Ru(IV). According to XPS no
phase is dominant, the composition of HRO can be described as
miscellaneous.

To study the reason for higher activity of oxidized catalyst, the
adsorption energies of guaiacol on the Ru(111), RuO3(110) and RuOOH
(001) surfaces were calculated at DFT level of theory. The most
favourable adsorption positions and corresponding adsorption energies
are presented in Fig. 7a-f. The binding energies of oxygen-containing
substances on the Ru metallic surface are in agreement with the litera-
ture [41,81]. The obtained results showed that the surface of RuOOH
was more prone to the adsorption of guaiacol. These results can be
explained by assuming that hydroxyl groups on the RuOOH surface form
donor-acceptor interactions with the substrate, e.g. the guaiacol
adsorption in a flat geometry (Fig. 7c) is less favorable than the
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Fig. 5. 2D 1 H-13 C HSQC NMR spectra of initial and hydrogenated bio-oil over different catalysts at 200 °C, 20 bar H, 3 h.

Table 4
The content heavy residue in the synthesized catalysts after bio-
oil hydrogenation by TGA analysis.

Catalysts Heavy residue content, wt%
RuO,/S1 16.1
RuO,/S2 12.5
RuO,/S4 8.7
Ru/S4 9.1

adsorption of an inclined hydroxyl group and -OCHgs group (Fig. 7f)
which was indirectly confirmed by in-situ high-temperature DRIFT re-
sults. These findings are in accordance with the study reporting that the
presence of oxygen on the surface significantly favored adsorption ge-
ometries and energies [45]. To examine formation of active ruthenium
sites during hydrogenation an in-situ XAS experiment was performed.

3.5. In-situ evolution of Ru-species under high pressures and temperatures

Ru K-edge XANES spectra of the Ru-based heterogeneous catalytic
system were collected using the high-pressure cell schematically shown
in Fig. S1. The catalytic system consisted of Ru catalyst dispersed in the
water-guaiacol mixture and sealed under 20 bar of Hy with continuous
stirring. Upon the heating, we observed a shift of the absorption edge to
lower energies for every sample, which indicated the reduction of the
initial Ru(IV) oxide phase (Fig. 8). According to the position of the ab-
sorption edge indicative for the oxidate state, ruthenium is reduced from
ca. 4+ to ca. 2+ (see evolution in Fig. S4). The spectrum of the
resulting Ru(Il) state does not possess isosbestic points with the refer-
ence spectra of RuOy (which is identical to the initial states of the
catalyst) and ruthenium foil (Fig. S5a), thus, it cannot be represented as
a linear combination of the known Ru(IV) and Ru(0) states (Fig. S5c).
The formation of new type of Ru-species was also confirmed by the
principal component analysis (PCA) of the whole XANES dataset
(Fig. S6), which revealed the presence of three different Ru-species, two
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Fig. 6. (a) XPS spectra of Ru 3p3,5 for HRO/S1-S4, (b) XRD patterns in the 20 range of 5-55°, (c) XRD patterns in the 20 range of 25-37° and (d) Raman spectra of the

catalysts after bio-oil hydrogenation.

of which were identified as Ru(IV) oxide and metallic Ru. Since the third
species did not correspond to any of the available Ru reference spectra,
an extensive screening of possible structures was performed by direct
comparison of the experimental XANES spectrum with theoretically
calculated ones. The best agreement (Fig. S5d) was observed for a
structure of RuOOH shown in Fig. S7. Linear combination fitting (LCF)
performed using theoretical spectra for RuO,, metallic Ru, and RuOOH
structures, revealed the coexistence of all three phases in the active
catalyst (at the end of the heating). The phase fractions obtained from
LCF are reported in Table S1.

4. Conclusion

In summary, we revealed the composition of ruthenium hydrous
oxide supported on micro-mesoporous materials formed during hydro-
conversion of oxygen containing substances in aqueous media. In-situ
XANES measurements allowed us to determine phase evolution of Ru-
contained catalysts. It was found that the most active catalyst was hy-
drous ruthenium oxide HRO/S4 (that was formed from RuO2/S4 during
HDO) consisted of metallic Ru, RuO, and RuOOH. The in-situ DRIFT

experiments showed preferential adsorption of guaiacol during hydro-
genation on oxidized Ru species rather than reduced ones. It was
demonstrated that morphology and acidity of the catalysts affected the
product distribution in HDO: high content of acid sites leads to the
production of deoxygenated products, while the structure of the support
prevents coke formation. The obtained results suggest an efficient
approach for the production of valuable chemicals from real bio-oils,
and open new approaches for established bio refineries.
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