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Abstract—Ruthenium-containing catalyst based on an Al-HMS mesoporous aluminosilicate was synthesized, The
mesoporous support and the catalyst on its basis were characterized by the methods of low-temperature desorp-
tion/adsorption of nitrogen, temperature-programmed desorption of ammonia, transmission electron microscopy,
X-ray photoelectron microscopy, and energy-dispersive X-ray fluorescence analysis. The catalyst obtained was
examined in the reaction of hydrodeoxygenation of the model compound of bio-oil, furfural, in the presence of
water. The reaction was performed at initial hydrogen pressures of 1-7 MPa in the temperature range 200-300°C.
It was shown that the catalyst under study exhibits a high activity in the hydrotransformation of furfural: the
conversion was 100% in 1 h at a hydrogen pressure of 5 MPa and temperature of 200°C.
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An increased interest is presently observed in the
processing of renewable phytogenic raw materials for
obtaining biofuel and valuable chemical products. One
of promising sources of biofuel is the lignin-cellulose
biomass formed as wood wastes of nonfood industries
[1]. The technology of fast pyrolysis makes it possible
from this biomass the product named bio-oil [2]. Bio-oil
contains hundreds of organic products formed in thermal
decomposition of the polymers in the biomass: cellulose
(3040 wt %, hemicellulose (20-30 wt %, and lignin
(20-25 wt %), which belong to different classes: low-
molecular alcohols, acids, esters, aldehydes, ketones,
furans, and also phenols of varied structure [1]. The
main compounds formed in the pyrolysis of cellulose
are levoglucosan, hydroxyacetaldehyde, hydroxyacetone,
furfural, and 5-hydroxymethylfurfural. Pyrolysis of
hemicellulose yields acetic acid, glycol aldehyde, furfural,
and anhydro sugars, and that of lignin gives guaiacols,

phenols, and syringoles of varied structure [3]. The
distribution of components in bio-oil directly depends
on the type of a biomass and on the conditions of fast
pyrolysis.

The complex chemical composition, high content
of oxygen and water formed in the pyrolysis of the
biomass provide a high polarity and acidity of bio-oil, its
thermal instability and immiscibility with hydrocarbons.
To improve the quality of bio-oil and enable its joint
processing with hydrocarbon oil products on the
conventional oil-processing equipment, an additional
stage of bio-oil upgrading is necessary. The main
methods for bio-oil upgrading are the esterification [4],
catalytic cracking [5], and catalytic hydrodeoxygenation
(HDO) [6]. A disadvantage of bio-oil upgrading is the
insufficiently effective removal of oxygen from bio-oil,
which may lead to its repolymerization [ 7]. The catalytic
cracking is characterized by a fast deactivation of a
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catalyst, which results from its coking, and by the low
yield of the liquid product, caused by the loss of carbon
due to the reactions of decarbonylation/decarboxylation
[8]. Furthermore, one or several stages of hydroprocessing
are commonly performed prior to the cracking in order
to stabilize and deoxygenate bio-oil [9]. Therefore, a
promising technology for upgrading of bio raw materials
is HDO, during which oxygen is removed from bio-oil
in the form of water, and the coking level is substantially
lower than that in the catalytic cracking [10].

Development of HDO catalysts exhibiting activity in
the processing of such a specific bio raw material as bio-
oil is a topical task of petrochemistry. There exist a wide
variety of HDO catalysts: conventional NiMoS/Al,O;
and CoMoS/Al,0; [11], catalysts based on transition (Ni
[12], Cu [13], Mo [14], W [15], Fe [16]) or noble (Rh,
Ru, Pt, Pd [17]) metals and mixtures of these [18-20].
Of interest are catalysts based on noble metals and, in
particular, Ru-containing catalysts because in the case
of their application there is no need to introduce sulfur
compounds into the reaction system. These catalysts are
active and stable in processes occurring in the presence of
water formed in substantial amounts in the HDO reactions
with bio-oil and can provide an effective hydrogenation/
deoxygenation even under mild process conditions [21].
The activity of HDO catalysts and the distribution of
reaction products are strongly affected by the nature of
a support. In the presence of water, the classical y-Al,O;
is transformed into boehmite AIO(OH),which blocks
and deactivates the active centers of the catalyst [22]. As
alternative to y-Al,O5 can serve the following: zeolites
[23]; oxides ZrO,, Si0O,, TiO,, CeO,, and mixtures of
these [19, 24]; and carbon supports [25]. A disadvantage
of the latter is their difficult regeneration under industrial
conditions [1]. Of particular interest is the HDO with
mesoporous supports. It has been noted in studies
concerned with the HDO of model compounds of bio-
oil in the presence of catalysts based on oxides Al,O3,
Zr0,, Ti0,, Si0O, and their mesoporous analogs that these
latter exhibit a higher catalytic activity, manifested in the
larger degrees of deoxygenation and conversion of the
substrate [26-30].

Furfural is frequently used as a model compound
in studies of the bio-oil HDO mechanisms because of
being one of the main products formed in the pyrolysis
of the cellulose/hemicellulose part of the biomass and
containing the furan and carbonyl groups characteristic
of the bio-oil composition.
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The goal of our study was to examine the activity of
the Ru-containing catalysts synthesized in the study on the
basis of the AI-HMS mesoporous material in the reaction
of hydroxydeoxygenation of the model compound of bio-
oil, furfural, in the presence of water.

EXPERIMENTAL

Synthesis of AI-HMS mesoporous material. The Al-
HMS mesoporous material (Si/Al = 10) was synthesized
by the procedure similar to that reported in [30]. As
reagents served hexadecylamine (C,cH;sN, Sigma-
Aldrich, 98%), aluminum sec-butoxide (Sigma-Aldrich,
97%), tetracthoxysilane (Sigma-Aldrich, 99.99%),
isopropanol (IPA, IREA 200, analytically pure), and
distilled water. The gel containing the AI-HMS template
had the following molar composition: 20SiO, : Al,O5 :
5C1¢H;sN @ 1661PA : 888H,0.

Synthesis of the Ru/Al-HMS catalyst. The typical
procedure for synthesis of the Ru/Al-HMS catalyst
includes impregnation of the support material with a
solution of a ruthenium salt in methanol (Sigma-Aldrich,
99.8%), followed by removal of the excess of the solvent
on arotor evaporator. For this purpose a calculated amount
of'the support was added at 25°C to a solution of the metal
salt in 30 mL of methanol. The mixture was agitated for
12 h. Then, a sample was dried in an air flow at 60°C for
6 h and then at 100 and 250°C for 3 h at each temperature.
The resulting sample was suspended in 15 mL of methanol
and 15 mL of water. Then 15 mL of a cooled aqueous
solution of NaBH, (Sigma-Aldrich, >98.0%) was added
portionwise to the suspension (NaBH4/Ru molar ratio
10). The reduction was performed in the course of 12 H.
To remove sodium borate formed as a by-product, the
resulting mixture was three times washed with water and
then three times with methanol. The catalyst produced
after the reduction was dried in air and then at 60, 100,
and 250°C for 3 h at each temperature. Ruthenium(III)
chloride (Aurat, mass fraction of ruthenium >46.5%).
When the metal salt solution was prepared, the amount
of RuCl; was calculated so that the theoretical content
of ruthenium in the catalyst was 2 wt % (according to
the results of an energy-dispersive X-ray fluorescence
analysis the content of Ru was 1.79 wt %).

Instruments and methods. The nitrogen adsorption/
desorption isotherms were recorded at a temperature
of 77 K on a Gemini VII 2390 instrument. Prior to
measurements, the samples were degassed at 350°C for
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6 h. The specific surface area was determined by the
BET method with the use of adsorption data at relative
pressures (p/p0) in the range 0.04—0.20. The pore volume
and the pore size distribution were determined from the
adsorption branch of the isotherms by using the Barrett—
Joyner—Halenda model. The specific pore volume was
determined from the amount of nitrogen adsorbed at a
relative pressure p/p, = 0.99.

The acidity of a catalyst sample was determined by
the method of temperature programmed desorption of
ammonia (TPD-NH;) on a Micromeritics Auto Chem
HP Chemisorption Analyzer instrument. A sample under
study was crushed; the 1-2-mm fraction was selected,
placed in a reactor and kept in a flow of helium at 400°C
for 30 min. Then, the temperature was lowered to 100°C
and the sample was saturated with ammonia for 30 min.

The physically adsorbed ammonia was blown away in
a flow of helium until the zero line ceased to drifty. Then
the reactor temperature was raised to 750°C at a rate of
20 deg min~!. The amount of ammonia desorbed in the
course of the TPD was calculated with Auto Chem HP
V2.04 software.

The catalyst was examined by transmission electron
microscopy (TEM) on a Jeol JEM-2100 microscope at
magnifications of 50 to 1 500 000 at image resolution of
0.19 nm at 200 kV.

The content of ruthenium was determined by energy-
dispersive X-ray fluorescence analysis (EDXFA) on a
Thermo Fisher Scientific ARL Quant’X analyzer in a
vacuum. The results obtained were processed by using the
no-standard UniQuant method. Samples were prepared as
follows: powdered samples were compacted into pellets
on a boric-acid substrate and covered with a Lavsan film
pressed with an annular holder to a cuvette.

Measurements by the method of X-ray photoelectron

spectroscopy (XPS) were made on a Kratos Axis Ultra
DLD instrument. Photoelectrons were excited by the

Support Surface area according to the
BET model, m? g! A
Al-HMSa 935 35

a SiAl molar ratio in the AI-HMS sample is 10.

presented below:

The Al-HMS sample has a high specific surface area of
935 m?2 g-! and mesoporous structure, which is confirmed
by the low-temperature nitrogen adsorption/desorption

Pore diameter,
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X-rays from the aluminum anode (AlK, = 1486.6 eV. The
photoelectron peaks were calibrated against the carbon
line C1s with binding energy of 284.4 eV. The pass energy
ofthe energy analyzer was 160 eV (survey spectrum) and
40 eV (separate lines).

Catalytic experiments. The catalytic experiments
on HDO of furfural were performed at an increased
hydrogen pressure an vigorous agitation in a 45-mL
steel autoclave equipped with a magnetic rabble and
glass insert-tube in which a calculated amount of the
catalyst (0.1 g) and a model mixture containing 0.25 g
of furfural (Sigma-Aldrich, 99%) and 1 g of water were
placed. The autoclave was hermetically sealed and filled
with hydrogen to a pressure of 1-7 MPa. The reaction
was performed in the temperature range 200-300°C in
the course of 0.5—4 h, with the temperature monitored
with a thermocouple. After the reaction was complete,
the autoclave was cooled to below room temperature. The
catalyst was separated from the solution by centrifugation.
To provide a full dissolution of organic compounds and
homogenization of the reaction mixture, isopropanol was
added to a sample before a chromatographic analysis. The
hydrogenation products were analyzed on a Kristallyuks
4000 M chromatograph equipped with a PID and a
Petrocol® DH 50.2 column with polydimethylsiloxane as
fixed liquid phase (50 m x 0.25 mm, carrier-gas helium,
flow division 1 : 90). Additionally, liquid products were
analyzed by chromato-mass spectrometry on Finnigan
MAT 95 XL instrument equipped with a chromatograph
with Varian VF-5MS capillary column (30 m x 0.25 mm x
0.25 mm), carrier-gas helium (1.5 cm3 min-1).

RESULTS AND DISCUSSION

The procedure used to synthesize the AI-HMS
support and its characteristics were described in more
detail earlier in [30]. The main physicochemical
characteristics of the AI-HMS mesoporous support are

Total number of acid centers,
umol g-! NH;

286

Pore volume,

1.04

data according to which the sample is characterized by
a type-1V isotherm with a hysteresis loop. According to
TPD-NHj, the total number of acid centers in the AI-HMS
support (Si/Al = 10) is 286 pmol g-! NH;. The material
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Fig. 1. (a) TEM micrograph of Ru/Al-HMS and (b) ruthenium particle size distribution.

mostly contains medium-strength acid centers (7, =
300-500°C) and a minor amount of strong acid centers
(Tax > 500°C) [29].

After the metal was deposited, the Ru/AI-HMS
catalyst was characterized by the methods of TEM and
XPS. According to TEM, Ru/Al-HMS has an ordered
structure with ruthenium particles uniformly distributed
over the surface of the support. Distinct channels and
hexagonally ordered mesopores with sizes of 3040 A
can be distinguished in TEM micrographs (Fig. 1a).
The average size of ruthenium particles is 1.4—1.8 nm
(Fig. 1b).

Figure 2 shows a high-resolution part Ru3d of the
XPS spectrum for a Ru/AI-HMS sample. Because of
the superposition of lines Cls (285 eV) Ru3d;,, only
the component Ru3ds,, (280.1 eV) can be reliably
identified. However, the deconvolution of the spectrum
demonstrated the presence of two ruthenium states with
binding energies of 280.0 and 283.9 eV for Ru3ds),
and Ru3d;),, which corresponds to metallic ruthenium
[30, 31]. The spectrum also shows peaks at energies of
281.0, 282.2, 285.2, and 287.9 eV, which correspond to
ruthenium in the oxidized state [31] According to XPS
data, about 69% of ruthenium is in the metallic state.

The catalytic activity of the Ru/AlI-HMS sample
obtained was evaluated in the reaction of hydrodeoxygen-
ation of the model compound of bio-oil (furfural) in the
presence of water for three varied reaction parameters:
temperature, initial hydrogen pressure, and reaction
duration.

We examined the influence exerted by the reaction

275 280 285 290 295
Bond energy, eV

Fig. 2. XPS Ru3d spectrum of a Ru/Al-HMS sample.

temperature on the conversion and composition of
products formed in HDO of furfural in the presence of Ru/
Al-HMS (Fig. 3). In the temperature range 200-300°C,
the conversion of furfural was 100% (2 h, 5 MPa H,).

At 200°C, the main products formed in the HDO of
furfural were tetrahydrofurfuryl alcohol (THFA, 35%) and
cyclopentanol (47%). The reaction mixture also contained
methyltetrahydrofuran/tetrahydrofuran (MeTHF + THF,
2%, in aggregate) and mono- and diatomic C,—Cs alcohols
of varied structure (1,2-pentanediol, 1,5-pentanediol, 2-
pentanol, n-pentanol, and n-butanol, 9%, in aggregate).
It should be noted that the reaction mixture can contain,
in addition to alcohols, the corresponding ketones and
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Fig. 3. Distribution of products formed in the HDO of furfural (2 h, 5 MPa, G2) at various reaction temperatures in the presence of

Ru/Al-HMS catalyst.

aldehydes (cyclopentanone, 2-pentanone, butanal,
etc.). However, their total content does not exceed
2%, which is probably due to the large number of
acid centers in Ru/Al-HMS, the presence of which is
responsible for the predominant formation of alcohols.
Presumably, C=0 groups are firmly fixed on acid centers
of the support, which makes slower the desorption of
aldehydes/ketones from the catalyst surface and favors
their further conversion into the corresponding alcohols
[32]. Compounds obtained as a result of condensation
between furfural and(or) half-products formed in the
course of HDO (dimers of varied structure, 7%, in
aggregate). As the HDO temperature is raised to 250°C,
the shares of THFA and cyclopentanol decreased to
27 and 43%, respectively, with the selectivity with
respect to tetrahydrofurans and C,~Cs alcohols slightly
increasing to 6 and 10%, respectively. The content of
condensation products in the reaction mixture increased
to 16%. Performing the reaction at 300°C resulted in a
sharp increase in the share of tetrahydrofurans to 17%
and in that of C,—~C5 monoatomic alcohols to 36%. The
selectivity with respect to pentanols decreased to 2%,
which is indicative of a partial deoxygenation of OH
groups at 300°C. The selectivities with respect to THFA
and cyclopentanol decreased to 7 and 14%, respectively.
The share of the condensation products increased to
23%. On the one hand, the formation of heavy oxygen-
containing condensation products is an undesirable side
process because these compounds can be adsorbed on
the active centers of the catalyst and thereby decrease
its activity [35, 36]. On the other hand, the condensed
furan derivatives can be transformed under the HDO

conditions into C;y, alkanes, which can serve as
components of the propellant and diesel fuel [37]. Thus,
the HDO of furfural in the presence of Ru/AI-HMS in the
temperature range 200—300°C yielded a multicomponent
mixture of products (C,—C; alcohols, tetrahydrofurans,
cyclopentanol, THFA and condensation products). An
increase in temperature leads to active formation of
C,—C;s alcohols of varied structure, products of opening
of a furan ring, and tetrahydrofurans produced via the
hydrogenation of the ring and deoxygenation of the
terminal OH group of furfural [13, 38]. Raising the
reaction temperature also leads to an increase in the
share of condensation products.

It was shown that the initial hydrogen pressure strongly
affects the conversion of furfural and the distribution of
HDO products (Fig, 4). Ata hydrogen pressure of 1 MPa,
the conversion of furfural was 29%, with furfuryl alcohol
being the main reaction product with a selectivity of 93%.
Raising the hydrogen pressure to 3 MPa resulted in that
the conversion sharply increased to 95%, with furfuryl
alcohol also remaining the main reaction product, but its
selectivity decreased to 83%. Other furfural HDO products
were detected in minor amounts: THFA, cyclopentanol,
pentanediols, MeTHF/THF, and condensation products.
If the HDO is performed at a hydrogen pressure of 5
MPa, the conversion of furfural reached a value of 100%,
with the reaction mixture mostly containing THFA (35%)
and cyclopentanol (47%). The HDO of furfural at a high
hydrogen pressure (7 MPa) resulted in a more selective
formation of THFA (79%) with the conversion also
being 100%. Hence a conclusion can be made that the
HDO in the presence of Ru/AI-HMS at a low hydrogen
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Fig. 4. (a) Conversion of furfural and (b) distribution of products
formed in the HDO of furfural (2 h, 200°C) at various initial
hydrogen pressures in the presence of Ru/Al-HMS catalyst.

pressure (<3 MPa) leads to a poor conversion of furfural,
with furfuryl alcohol selectively formed. As the pressure
is raised to 5 MPa H,, a full conversion of furfural is
reached. However, the reaction occurs simultaneously
by several pathways, which is evidenced by te complex
composition OF the reaction mixture after the HDO.
At high hydrogen pressure (>5 MPa) is predominantly
converted in the presence of Ru/Al-HMS to THFA, in
agreement with published data on the HDO of furfural
in the presence of catalysts based on noble metals [39,
40]. It should be noted, however, that, as regards the
industrial applicability, performing the processes at a
high hydrogen pressure makes more intricate the design
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of industrial installation and requires a gross expenditure
of materials and energy [1].

Figure 5 shows the results of the HDO of furfural at
various reaction durations. After 0.5 h of the reaction the
conversion of furfural was 35%, with furfuryl alcohol
being the main product (94%). Tetrahydrofurfuryl
alcohol (THFA, 4%) and condensation products (2%)
were detected in trace amounts. After 1 h of the HDO,
the conversion of furfural was 90%, with the selectivity
with respect to furfuryl alcohol decreasing to 54% and
that with respect to THFA increasing to 34%. Also,
tetrahydrofurans ( MeTHF + THF, 2%, in aggregate) and
cyclopentanol (1%) were detected in the reaction mixture

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 92 No. 9 2019
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Scheme. Possible pathways of furfural HDO in the presence of Ru/Al-HMS catalyst.
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with low selectivities. AS the reaction duration increased
to 2 h, the conversion of furfural reached 100%, furfuryl
alcohol was not found in the reaction mixture, and the
amount of THFA remained at the same level (35%). The
selectivity with respect to cyclopentanol substantially
increased, to 47%. The products formed in the opening
of the furan ring were found in the reaction mixture
for the first time: pentanediols (2%, in aggregate) and
monoatomic C,—C; alcohols (pentanols and butanol, 7%,
in aggregate). As the reaction duration increased further,
to 4 h, the selectivity with respect to THFA decreased to
12%, and that with respect to cyclopentanol increased
to 62%. In this case, a gradual increase in the selectivity
with respect to tetrahydrofurans (MeHTF + THF, 4%, in

OH

HZOW
> . - 7 \_/
~H,0 le

OH

Cyclopentanol

aggregate) and alcohols (C,—Cs alcohols 7%, pentanediols
9%). As the reaction duration increased from 0.5 to 1 h,
the content of the condensation products increased to 7%,
as the reaction duration was raised further, it remained
constant, 6—8%.

Based on the results obtained, we can conclude that
the Ru/AI-HMS catalyst we synthesized exhibits a high
activity in the HDO of furfural (5 MPa H,, 200°C: in
1 h, the conversion of the substrate reaches a value
of 90%. In the conditions under study, a double-stage
hydrogenation of furfural occurs at short reaction duration
to give furfuryl alcohol in the first stage with its further
conversion to THFA. At long reaction duration, the
conversion of furfural may occur by several pathways

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 92 No. 9 2019
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(see the scheme). The presence of a small amount of
tetrahydrofurans in the reaction mixture suggests that
a dehydroxylation/decarbonylation of the THFA being
formed can occur on the acid centers of the catalyst to
MeTHF and THF, respectively (see Scheme, I) [41]. Also
possible is the further opening of the tetrahydrofuran ring,
accompanied by the formation of pentanols and butanol;
the latter was found in the reaction mixture in amounts
not exceeding 1-2%. However, the conversion of THFA
by this pathway is a side process, which is evidenced
by the low selectivities with respect to tetrahydrofurans
and butanol.

In the HDO of furfural in the presence of water on
Ru-containing catalysts, alcohols can be formed by
another mechanism (see Scheme, II) [42, 43] Originally,
pentanediols are formed via opening of the furan ring
at C,—O or Cs—O bonds, followed by the hydrogenation
of the resulting intermediate to pentanediols with linear
or branched chain. Under the HDO conditions, the
pentanediols can undergo further stepped deoxygenation
to give pentanols and butanols and then also the
corresponding C,—Cs alkanes.

The opening of the furan ring in the presence of a
catalyst having acid centers may also yield cyclopentanol
(see Scheme, III) [44, 45]. Furfuryl alcohol undergoes
dehydroxylation on acid centers of the support to give
furan methyl carbocation. Further occurs a carbocation
rearrangement to give an intermediate penta-2,4-diene-
1,4-diol. The terminal OH group of the diol is subjected
to dehydroxylation. After that the enolic attack on the
carbocation center formed after the cleavage of the OH
group results in a closure of the ring with its subsequent
hydrogenation on metallic centers of the catalyst to
give cyclopentanol. According to published data, one of
factors determining the nature of the products formed
is the strength of interaction between the metal and the
furan ring [12]. The strong interaction of furfural with
oxophilic ruthenium mostly results in that ring opening
products are formed, C,—C; alcohols, whereas the weaker
interaction, e.g., in the case of Pd-containing catalysts,
yields furans [46, 47].

CONCLUSIONS

A study of the fundamental aspects of the
hydrodeoxygenation of the model compound of bio-
oil, furfural, in the presence of water on a ruthenium
catalyst on AI-HMS mesoporous support demonstrated
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that the reaction may occur by several pathways:
hydrogenation by the scheme furfural — furfuryl
alcohol — tetrahydrofurfuryl alcohol with the subsequent
deoxygenation of the OH group to give tetrahydrofurans;
hydrogenation with opening of the furan ring to give linear,
branched, and cyclic C,—Cs alcohols of varied structure.
The influence exerted by temperature on the course of the
hydrodeoxygenation was examined: in the temperature
range 200-300°C, the conversion of furfural is 100%,and
the reaction mixture contains tetrahydrofurfuryl alcohol,
C,—C; alcohols, and tetrahydrofurans. It was shown
that the initial pressure of hydrogen strongly affects the
conversion of furfural. Raising the initial pressure of
hydrogen within the range 1-7 MPa leads to an increase
in the conversion of furfural, with its full conversion
reached at 5 MPa.

CONFLICT OF INTEREST

A co-author, A. L. Maksimov, is the Editor in Chief of
Zhurnal Prikladnoi Khimii, the rest of the co-authors state that
they have no conflict of interest to be disclosed in the present
communication.

REFERENCES

—_—

. Talmadge, M.S., Baldwin, R.M., Biddy, M.J.,
McCormick, R.L., Beckham, G.T., Ferguson, G.A.,
Czernik, S., Magrini-Bair, K.A., Foust, T.D., Metelsk, P.D.,
Hetrickd, C., and Nimlos, M.R., Green Chem., 2014, vol. 16,
pp- 407—453. https://doi.org/10.1039/C3GC41951G

2. Mullen, Ch.A. and Boateng, A.A., Fuel, 2019, vol. 245,
pp- 360-367. https://doi.org/10.1016/j.fuel.2019.02.027

3. Shen, D., Jin, W., Hu, J., Xiao, R., and Luo, K.,
Renew. Sust. Energ. Rev., 2015, vol. 51, pp. 761-774.
https://doi.org/10.1016/j.rser.2015.06.054

4. Sundqvist, T., Oasmaa, A., and Koskinen, A.,
Energy Fuels, 2015, vol. 29, pp. 2527-2534.
https://doi.org/10.1021/acs.energyfuels.5600238

5. Santillan-Jimenez, E., Pace, R., Morgan, T., Behnke, C.,
Sajkowski, D.J., Lappas, A., and Crocker, M., Fuel
Process. Technol., 2019, vol. 188, pp. 164-171.
https://doi.org/10.1016/j.fuproc.2019.02.018

6. Lee, 1.G., Lee, H., Kang, B.S., Kim, Y.M., Kim, S.C.,
Jung, S.C., Ko, C.H., and Park, Y.K., J. Nanosci.
Nanotechnol., 2018, vol. 18, no. 2, pp. 1331-1335.
https://doi.org/10.1166/jnn.2018.14907

7. Diebold, J.P. and Czernik, S., Energy Fuels, 1997, vol. 115,
pp. 1081-1091. https://doi.org/10.1021/ef9700339

8. Galadima, A. and Muraza, O., Energy Convers. Manag.,

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 92 No. 9 2019



1314

10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

2015, vol. 105, no. 15, pp. 338-354.
https://doi.org/10.1016/j.enconman.2015.07.078

. Zhang, Y., Brown, T.R., Hu, G., and Brown, R.C., Chem.

Eng. J., 2013, vol. 225, pp. 895-904.
https://doi.org/10.1016/j.cej.2013.01.030

Ardiyanti, A.R., Gutierrez, A., Honkela, M.L., Krause, A.,
and Heeres, H.J., Appl. Catal., 4, 2011, vol. 407, pp. 56—66.
https://doi.org/10.1016/j.apcata.2011.08.024

Lin, Y.-C.,Li, C.-L., Wan, H.-P., Lee, H.-T., and Liu, C.-F.,
Energy Fuels, 2011, vol. 25, pp. 890-896.
https://doi.org/10.1021/ef101521z

Banerjee, A. and Mushrif, S.H., J. Phys. Chem. C, 2018,
vol. 122, no. 32, pp. 18383-18394.
https://doi.org/10.1021/acs.jpcc.8b01301

Sitthisa, S. and Resasco, D.E., Catal. Lett., 2011, vol. 141,
no. 6, pp. 784—791. https://doi.org/10.1007/s10562-011-
0581-7

Lee, W.-Sh., Wang, Zh., Zheng, W., Vlachos, D.G., and
Bhan, A., Catal. Sci. Technol., 2014, vol. 4, pp. 2340-2352.
https://doi.org/10.1039/C4CY00286E

Lin, Zh., Chen, R., Qu, Zh., and Chen, J.G., Green Chem.,
2018, vol. 20, pp. 2679-2696.
https://doi.org/10.1039/C8GC00239H

Olcese, R.N., Bettahar, M., Petitjean, D., Malaman, B.,
Giovanella, F., and Dufour, A., App!l. Catal., B, 2012, vol.
115-116, pp. 63-73.
https://doi.org/10.1016/j.apcatb.2011.12.005

Faba, L., Diaz, E., and Orddiiez, S., Appl. Catal., B, 2014,
vol. 160-161, pp. 436444,
https://doi.org/10.1016/j.apcatb.2014.05.053

Wang, C., Luo, J., Liao, V., Lee, J. ., Onn, T.M., Murray,
Ch.B., and Gorte, R.J., Catal. Today, 2018, vol. 302,
pp. 73-79. https://doi.org/10.1016/j.cattod.2017.06.042

Wang, W., Zhang, Ch., Chen, G., and Zhang, R., Appl. Sci.,
2019, vol. 9, no. 6, pp. 1257.
https://doi.org/10.3390/app9061257

Jiang, Zh., Wan, W, Lin, Zh., Xie, J., and Chen, J.G., ACS
Catal., 2017, vol. 79, pp. 5758-5765.
https://doi.org/10.1021/acscatal.7b01682.

Yao, G., Wu, G., Dai, W., Guan, N.,and Li, L., Fuel, 2015,
vol. 150, pp. 175-183.
https://doi.org/10.1016/j.fuel.2015.02.035

Mortensen, P.M., Grunwaldt, J.-D., Jensen, P.A., Knudsen,
K.G.,and Jensen, A.D., Appl. Catal., A, 2011, vol. 407, nos.
1-2, pp. 1-19. https://doi.org/10.1016/j.apcata.2011.08.046
Zhang, W., Chen, J., Liu, R., Wang, Sh., Chen, L., and
Li, K., ACS Sustainable Chem. Eng., 2014, vol. 24,
pp. 683—691. https://doi.org/10.1021/sc400401n

He, Zh. and Wang, X., Catal. Sustainable Energy, 2012,
vol. 1, pp. 28-52. https://doi.org/110.2478/cse-2012-0004

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

ROLDUGINA et al.

Luo, J., Monai, M., Yun, H., Arroyo-Ramirez, L., Wang, C.,
Murray, Ch.B., Fornasiero, P., Gorte, R.J., Catal. Lett.,
2016, vol. 146, no. 4, pp. 711-717.
https://doi.org/10.1007/s10562-016-1705-x

Ghampson, T.I., Sepulveda, C., Garcia, R., Garcia
Fierro, J.L., Escalona, N., DeSisto, W.J., Appl. Catal., A,
2012, vol. 435-436, pp. 51-60.
https://doi.org/10.1016/j.apcata.2012.05.039

Wang, Y.X., Wu, J.H., and Wang, S.N., RSC Adv., 2013,
vol. 3, pp. 12635-12640.
https://doi.org/10.1039/C3RA41405A

Phan, T.N., Park, Y.-K., Lee, 1.-G., and Ko, C.H., 4Appl.
Catal., A, 2017, vol. 544, pp. 84-93.
https://doi.org/ 10.1016/j.apcata.2017.06.029

An, K., Musselwhite, N., Kennedy, G., Pushkarev, V.V,
Baker, L.R., and Somorjai, G.A., J. Colloid Interface Sci.,
2013, vol. 392, pp. 122—-128.
https://doi.org/10.1016/j.jcis.2012.10.029

Roldugina, E.A., Naranov, E.R., Maximov, A.L., and
Karakhanov, E.A., Appl. Catal., A, 2018, vol. 553C,
pp- 24-35. https://doi.org/10.1016/j.apcata.2018.01.008

Morgan, D.J., Surf. Interface Anal., 2015, vol. 47, no. 11,
pp. 1072—1079. https://doi.org/10.1002/sia.5852

Scire, S., Minico, S., and Crisafulli, C., Appl. Catal., A,
2002, vol. 235, no. 1-2, pp. 21-31.
https://doi.org/10.1016/S0926-860X(02)00237-5

Fuente-Hernandez, A., Lee, R., Béland, N., Zamboni, I.,
and Lavoie, J.-M., Energies, 2017, vol. 10, no. 3, pp. 286.
https://doi.org/10.3390/en10030286

Mariscal, R., Maireles-Torres, P., Ojeda, M., Sadaba, I., and
Lépez Granados, M., Energy Environ. Sci., 2016, vol. 9,
pp- 1144-1189. https://doi.org/10.1039/C5S5EE02666K

Li, H.-L., Wang, S.-Y., Wang, W.-J., Ren, J.-L., Peng, F.,
Sun, R.-C., and Liang, L., Bioresources, 2013, vol. 8, no.
3, pp. 3200-3211.
https://doi.org/10.15376/biores.8.3.3200-3211

Yu, W., Tang, Y., Mo, L., Chen, P, Lou, H., and Zheng, X.,
Bioresour. Technol., 2011, vol. 102, pp. 8241-8246.
https://doi.org/10.1016/j.biortech.2011.06.015

Yang, J., Li, N, Li, Sh., Wang, W., Li, L., Wang, A.,
Wang, X., Cong, Y., and Zhang, T., Green Chem., 2014,
vol. 16, pp. 4879-4884.
https://doi.org/10.1039/c4gc01314j

Fu, Z., Wang, Z., Lin, W., and Song, W., Energy Sources,
Part A,2017, vol. 39, no. 11, pp. 1176-1181.
https://doi.org/10.1080/15567036.2017.1310959

Liu, L.-J., Guo, H.-M., Xue, B., Lou, H., and Chen, M.,
RSC Adv., 2015, vol. 5, no. 82, pp. 66704-66710.
https://doi.org/10.1039/C5RA14284A

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 92 No. 9 2019



40.

41.

42.

43.

HYDRO-OXYGENATION

Li, C,, Xu, G., Liu, X., Zhang, Y., and Fu, Y., Ind. Eng.
Chem. Res., 2017, vol. 56, no. 31, pp. 8843-8849.
https://doi.org/10.1021/acs.iecr.7b02046

Shi, D., Yang, Q., Peterson, C., Lamic-Humblot, A.-F.,
Girardon, J.-S., Griboval-Constant, A., Stievano, L.,
Sougrati, M.T., Briois, V., Bagot, P.A.J., Wojcieszak, R.,
Paul, S., Marceau, E., Catal. Today, 2019, vol. 334,
pp. 162—172. https://doi.org/10.1016/j.cattod.2018.11.041
Fang, R.Q., Liu, H.L., Luque, R., and Li, Y.W., Green
Chem., 2015, vol. 17, pp. 4183—4188.

https://doi.org/10.1039/C5GC01462]

Nakagawa, Y. and Tomishige, K., Catal. Today, 2012,

vol. 195, pp. 136-143.
https://doi.org/10.1016/j.cattod.2012.04.048

44,

45.

46.

47.

OF FURFURAL 1315

Hronec, M. and Fulajtarova, K., Catal. Commun., 2012,
vol. 24, pp. 100-104.
https://doi.org/10.1016/j.catcom.2012.03.020

Shen, T., Hu, R., Zhu, C., Li, M., Zhuang, W., Tang, C.,
and Ying, H., RSC Adyv, 2018, vol. 8, pp. 37993-38001.
https://doi.org/10.1039/C8RA08757A

Chatterjee, C., Pong, F., and Sen, A., Green Chem., 2015,
vol. 17, no. 1, pp. 40-71.
https://doi.org/10.1039/C4GC01062K

Khromova, S.A., Bykova, M.V., Bulavchenko, O.A.,
Ermakov, D.Y., Saraev, A.A., Kaichev, V.V., Vender-
bosch, R.H., and Yakovlev, V.A., Top. Catal., 2016, vol. 59,
no. 15-16, pp. 1413-1423.
https://doi.org/10.1007/s11244-016-0649-0

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 92 No. 9 2019




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS (Pfeps)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [14400.000 14400.000]
>> setpagedevice


