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Abstract. Iridium and palladium-iridium catalysts on carbon nanotubes were obtained by the hydrothermal
method. The effect of the resulting catalysts on the yield and composition of birch wood hydrogenation
products obtained in supercritical ethanol at 250 °C for 3 hours was studied. The influence of iridium and
iridium-palladium catalysts in the process of hydrogenation of birch wood on the yield and composition
of products has been established. The use of iridium-palladium catalysts in the process of hydrogenation
of birch wood leads to an increase in its conversion by 40 wt. %, the yield of liquid products by 8 wt. %,
while reducing the yield of solid products by 3 wt. % and gaseous products by 6 wt. %. In the presence
of catalysts during the hydrogenation of birch wood, the yield of monomeric methoxyphenols increases
to 47 wt. %.
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B CBEPXKPUTHYECKOM 3TaHOJI€ B IPUCYTCTBUN UPHIHEBBIX

H na.ﬂnannﬁ-upnnnesmx KaTaJin3aTopoB

A.C. Kazauenko® %, P.B. Bopucos® %, A. B. MupomnukoBa® %,
0.C. Ceae3neBa?, A. M. Ckpunuukos® 5, C. B. BapblHHKOB?
*Uncmumym xumuu u xumudeckou mexronoeuu CO PAH

QUL «Kpacnosapckuil nayunsii yenmp CO PAH»

Poccuiickas @edepayus, Kpacuosapck

*Cubupcruil hedepanvrvlii ynusepcumem
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Annoranus. [lonydeHbl THAPOTEPMAIILHBIM METOIOM HPHAUCBBIC U TaJlJIalHd-UPU IHEBBIC
KaTaJnu3aTopbl HA YTJICPOAHBIX HaHOpr6KaX. I/I3yqu0 HX BJIMAHUEC HA BBIXOJA U COCTAB IMPOAYKTOB
THJIPUPOBAHMS IPEBECHHBI Oepe3bl, IOJyUSHHBIX B CBEPXKpUTHIECKOM 3TaHouie pu 250 °C B TeueHne
3 yacoB. YCTaHOBJIEHO BIHUSHUE HPpUIUCBBIX U HpPIL[Hﬁ-HaHHaI[HeBI:IX KaTaJIn3aTopoOB B IPOLECCE
TUJIPUPOBAHHS IPEBECHHBI Oepe3bl Ha BBIXOJ U COCTaB NPOAYKTOB. McHonb30BaHHEe HPHANI-
HaJulaIueBbIX KaTaJIu3aTOPOB B [IPOLIECCE MUIPUPOBAHNUS JPEBECUHBI OepPE3bl IPUBOAUT K MOBBILICHHIO
ee kKoHBepcuu Ha 40 Mac. %, BBIX0/a )KUAKUX NTPOAYKTOB Ha 8 Mac. %, IIpH OAHOBPEMEHHOM CHUKEHUH
BBIX0JIa TBEP/BIX MPOAYKTOB Ha 3 Mac. % ¥ ra3000pa3HbIX IPOAYKTOB Ha 6 Mac. %. B mpucyrcTBun
KaTaJIu3aTOPOB MPU THAPUPOBAHUHU JIPEBECUHBI Oepe3bl BBIX0J MOHOMEPHBIX METOKCH(EHOJIOB

yBenunuupaetcs 10 47 mac. %.

KaroueBble ci1oBa: runporenusaius, oepesa, najijiaanii, Mpuaui, yriepoaHble HAHOTPYOKH,

BOCCTAHOBHUTCIIBHO-KATAJIUTUYCCKOC q)paK].[I/IOHI/IPOBaHI/IC.

BaarogapnocTu. Pabora BeinonHena B pamkax OroypxeTHoro miana FWES-2021-0012 Muctutyta Xumnuu
U XUMHUYecKoi TexHomoruu Cubupckoro otnenenus Poccuiickoil akaieMun HayK ¢ HCIIOJIb30BaHUEM
o0opynoBaHust KpacHOSIpCKOTO pernoHaIbHOTO IEHTPa KOJUIEKTHBHOTO TONIb30BaHusT CHONpPCKOro

otnenenus Poccuiickoil akageMuu Hayk.

Iuruposanue: Kazauenko A.C., bopucos P.B., Mupomnukosa A. B., Cenesnesa O. C., Ckpunnukos A. M., bapeimnukos C. B.
T'unpupoBanue 1peBecUHEl 6epe3bl B CBEPXKPUTHYECKOM 3TAHOJIE B IPUCYTCTBUU UPUAHEBBIX U MaJlIa ui-HpUIHEBBIX
karanu3atopos. XKypu. Cub. denep. yn-ta. Xumus, 2024, 17(4). C. 505-515. EDN: FOCKDB

Introduction

The use of lignocellulosic biomass as an alternative to traditional petroleum feedstocks to
obtain valuable chemical products from it is a promising strategy for sustainable development [1].
Woody biomass consists of three main components — cellulose, lignin and hemicelluloses, and has
a complex structure, which makes it difficult to chemically process it into sought-after chemical
compounds [2, 3].
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Traditional industrial technologies are focused on processing predominantly the cellulose
component of woody biomass [2]. At the same time, lignin, being one of the main components of
biomass and a potential source of valuable aromatic substances, remains as a waste [4].

Lignin is an alkyl aromatic heteropolymer commonly found in the cell walls of land plants, where
it has many physiological functions in plant structure, water and nutrient transport, and defense against
microbiological attack [5].

Hemicelluloses are amorphous branched heteropolymers consisting of C 5 and C 6 monosaccharides
and uronic acids. The most common type of hemicellulose in deciduous wood and non-woody plants
is xylan [6].

A promising direction aimed at the comprehensive processing of all components of lignocellulosic
biomass, without preliminary extraction of lignin, is reductive catalytic fractionation (RCF). The RCF
process ensures depolymerization of the lignin component of the biomass, while retaining the bulk of
the cellulosic product.

To effectively implement the RCF process, heterogeneous metal catalysts based on platinum group
metals (Ru, Pt, Pd), as well as based on Ni, Mo, etc., deposited on stable supports are used. Catalytic
hydrogenation of lignins with hydrogen in the presence of solid catalysts Ru/C [7], Pt/C [8], Rh/C [9],
ZnPd/C [10], Ni/C [11] is accompanied by an increase in the degree of their depolymerization and an
increase in yield monomeric and dimeric phenolic products, compared with non-catalytic thermal
dissolution of lignins in aliphatic alcohols.

In a study [12] with a catalyst based on iridium modified with rhenium oxide supported on SiO,
(Ir-ReOx/Si0,), a high yield of cyclohexane (up to 100 %) and naphthenes (44.3 %) was achieved during
the conversion of model compounds and lignin raw materials. respectively. ReO, has been shown to
be primarily responsible for the cleavage of C-O bonds, while Ir is responsible for hydrodeoxygenation
and saturation of benzene rings.

But the high price, limited quantity on Earth, associated with complex isolation and processing,
hinder its future use. Thus, it is necessary to develop the immobilization of a homogeneous iridium
complex on solid supports without loss of catalytic activity [13].

Since the RCF process is carried out at fairly high temperatures and pressures, the catalysts must be
sufficiently stable under hydrothermal conditions and not subject to deactivation. The study [14] reported
the first heterogeneous iridium catalyst supported on Nb,Os. This catalyst is capable of combining
complete conversion during the hydrodeoxygenation of lignin-derived phenols to hydrocarbons with
noticeable selectivity for aromatic compounds. Monooxygenated phenols such as 4-phenylphenol,
4-cyclohexylphenol and naphthol were completely converted to deoxygenated hydrocarbons in less
than 10 hours, suggesting that the [r/Nb205 combination does provide a synergistic effect to enhance
hydrodeoxygenation compared to iridium-based molecular compounds.

In the study [15], with a catalyst based on palladium (0.25 wt. %) supported on CN,, a high
overall monomer yield (52.7 %) and a high degree of delignification (87.1 %) were achieved. This can
be explained by more active hydrogenolysis of C—O bonds in native lignin when using this catalyst.
The main phenolic monomers obtained were 4-n-propylguaiacol (8.66 %) and 4-n-propylsyringol
(28.9 %).

The highest degree of delignification was achieved when using catalysts based on palladium

supported on activated carbon, 95.5 % and 98.1 % at 0.25 % and 5 % palladium content, respectively.
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The purpose of this work is to establish the influence of iridium and palladium-iridium catalysts

on the yield and composition of products of reductive catalytic fractionation of birch wood.

Materials and Methods
Method for obtaining a catalyst

In this work we used: potassium hexachloroiridate(IV) (synthesized according to the method
described in [16]); tetraammine palladium(1I) chloride (synthesized according to the procedure [17]);
hydrochloric acid — “special purity” 20—4”; sodium tetrahydride borate — “reagent grade”; potassium
hydroxide — “reagent grade”, aqueous ammonia “special purity grade”. 23-5"; deionized water
prepared using the Direct-Q3 water purification system (Millipore, USA).

The synthesis of catalysts was carried out in titanium autoclaves with fluoroplastic liners at a
temperature of 180 °C. Platinum metals were deposited using a hydrothermal method onto a carbon
material based on nanotubes (CNTs) [17]. Carbon supports were pre-treated in 0.05 M KOH at 180 °C
for 60 minutes.

The procedure for hydrothermal preparation of Ir/C and Ir-Pd/C catalysts is described in detail in
[18]. A weighed portion of the carbon carrier (1 g) was placed in the autoclave, and a freshly prepared
solution of potassium hexachloroiridate(IV) was added, obtained by dissolving a given weight of salt
in deionized water and 10.0 ml of a 1 M solution of potassium hydroxide. A sample of the reducing
agent (sodium tetrahydride borate) was placed in a cup placed on the inner surface of the autoclave lid.
The autoclave was sealed and heated in an air thermostat in a vertical position for 40 min to 180 °C.
After heating, stirring was turned on, ensuring phase mixing. After 15 minutes, the autoclave was
cooled with running water and opened. The precipitate, in the form of a black powder, was washed
repeatedly with hot distilled water and separated in a CR 4000 centrifuge (Centurion Scientific, UK)
for 15 min at 4000 rpm. The material was dried under vacuum conditions at a temperature of 80 °C.

To obtain a bimetallic catalyst, palladium was applied to the previously prepared It/C material
by decomposing tetraammine palladium (II) chloride in an autoclave [18]. A sample of Ir/C material
was placed in a fluoroplastic reactor, a specified amount of tetraammine palladium (II) chloride was
added, 20 cm3 of 0.05 M KOH solution was poured in, and the system was sealed. Stirring was carried
out for 15 minutes at 25 °C, after which the autoclave was placed in a thermostat heated to 180°C for
120 minutes with constant stirring. After the experiment, the autoclave was opened, the solid phase
was washed repeatedly with hot deionized water and dried at 80 °C under vacuum conditions. The
composition of the obtained catalysts is presented in Table 1.

Electron microscopy studies of the catalysts were performed on an S 5500 scanning electron

microscope (Hitachi, Japan).

Table 1. Composition of the obtained catalysts

N Composition, wt. %
Support Ir Pd
1 Carbon nanotube 5.0 -
2 | Carbon nanotube 4.8 4.8
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Method of birch wood hydrogenation

The hydrogenation process was carried out in a ChemRe SYStem R-201 autoclave (Korea) with a
volume of 300 ml. The reactor was loaded with 60 ml of ethanol, 3.0 g of substrate and 0.3 g of catalyst.
Then the autoclave was hermetically sealed and purged with argon to remove air. Hydrogen was
supplied, the initial pressure of which was 4 MPa. The reaction was carried out with constant stirring
at a speed of 1000 rpm at a temperature of 250 °C for 3 hours. The rate of temperature rise was 10 °C/
min, the time to reach the required temperature was 20—25 minutes. The operating pressure in the
reactor was 10.0 MPa. After cooling the reaction mixture to room temperature, the gaseous products
were collected in a gasometer, their volume was measured, and the composition was determined by
gas chromatography. Then the reaction products were quantitatively discharged from the autoclave by
washing with ethanol, and the resulting mixture of liquid and solid products was separated by filtration.

The solid was washed with ethanol until the solvent became colorless. The solvent was removed
from the liquid product using a rotary evaporator, and the product was brought to constant weight by
drying under vacuum (1 mm Hg) at room temperature. The yield of liquid products (al), the yield of
solid product (a2), the total yield of gaseous products (a.3) and wood conversion (yd) were determined

using formulas 1—4:

m; (9)

a, = x 100%, Q)
L i (9) ’
mg (g) — Meqe (g)
a, = X 100%, 2
SR ° @
my (9)
A, = X 100%, 3
O M ©
i + -
- My (9) + Mege (9) —my(g) X 100%, @

Min (g)

where m; —mass of liquid products (g), m;, — mass of the initial sample (g), m;— mass of the solid

residue (g),, mg,— mass of the catalyst (g), m, — mass of gaseous products (g).

Study of birch wood hydrogenation products

The composition of gaseous products of birch wood in supercritical ethanol was determined by
GC using a Kristall 2000 M chromatograph (Chromatek, Russia) with a thermal conductivity detector.
Carrier gas is helium (flow rate 15 ml/min). Detector temperature 170 °C. To analyze CO and CH4,
a column with NaX zeolite (3 m x 2 mm) was used in isothermal mode at a temperature of 60 °C.
Analysis of CO, and hydrocarbon gases was carried out on a column with Porapak Q in the following
mode: 1 min— 60 °C and then increasing the temperature to 180 °C at a rate of 10 °C/min.

The solid product of hydrogenation of birch wood was analyzed for the content of hemicelluloses,
cellulose and lignin. The content of residual lignin in the solid product was determined using hydrolysis
with 72 % sulfuric acid according to the Komarov method [19], and the content of hemicellulose
was determined by gas chromatography (GC) of the resulting hydrolysates [20]. The content and
composition of monosaccharides in hydrolysates were determined by GC using a VARIAN-450 GC
gas chromatograph with a flame ionization detector and a VF-624ms capillary column with a length

of 30 m and an internal diameter of 0.32 mm. Chromatography conditions: helium carrier gas, injector
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temperature 250 °C, initial column temperature 50 °C (5 min), temperature increase to 180 °C at a
rate of 10 °C/min, hold. at 180 °C for 37 minutes. Before analysis, the hydrolyzate was derivatized
according to the procedure in [21] to obtain trimethylsilyl derivatives. Sorbitol was used as an internal
standard. Peaks were identified by the retention time of tautomeric forms of monosaccharides.
Cellulose was determined in the solid products of flaxseed hydrogenation using the nitrogen-alcohol
method (Kiirschner-Hoffer) [19].

Liquid ethanol-soluble products of non-catalytic and catalytic hydrogenation of birch wood were
analyzed by GC—MS using an Agilent 7890A chromatograph equipped with an Agilent 7000A Triple
Quad selective mass detector, recording the total ion current. Product separation was carried out on an
HP-5MS capillary column with temperature programming in the range of 40-250 °C. Identification
was carried out using the NIST MS Search 2.0 instrument database. To quantify the yield of monomeric
compounds, standard substances such as guaiacol, syringol, 2-methoxy-4-methylphenol, isoeugenol,
4-ethylguaiacol, 4-allyl-2,6-dimethoxyphenol (Sigma-Aldrich), ethyl palmitate (Tokyo Chem. Ind.).
Phenanthrene was used as an internal standard.

The elemental composition of wood, liquid and solid products of its transformation was determined
using an HCNS-O EAFLAS HTM 1112 analyzer (Thermo Quest).

Results and discussion

Features of the structure and structure of catalysts are discussed in detail in [18]. An electron
micrograph of a typical sample of an Ir-Pd/C catalyst with a mass fraction of iridium and palladium
of 4.8 %, which was obtained by the sequential reduction of complex salts of platinum metals under
hydrothermal conditions, is shown in Fig. 1. The initial nanotubes with a transverse diameter of 30—70
nm are coated with nanosized particles platinum metals are predominantly spherical in shape. Iridium
has a particle diameter of 4—-8 nm, and palladium, which is more prone to aggregation processes,
ranges from 10 to 40 nm.

According to the data presented in Table 2, the use of catalysts leads to a decrease in the yield of
gaseous products to 1.8 wt. % and an increase in the yield of liquid product to 58 wt. % when using the
I1/C catalyst. When using this catalyst, a decrease in the yield of the solid product is observed (up to 40

wt. %) compared to the non-catalytic experiment (50 wt. %). The use of a Pd-Ir/C bimetallic catalyst

Fig. 1. SEM image of Ir-Pd/C catalyst (4.8 wt. % Ir, 4.8 wt. % Pd)
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Table 2. Results of non-catalytic and catalytic hydrogenation of birch wood in supercritical ethanol at 250 °C, 3
hours, Py, = 10.0 MPa

Conversion, | Yield liquid Yield solid Yield of gas, wt,%
wt. % products, wt. % | products, wt,% CcO CO, CH, Sum
w/o catalyst 50.0 42.4 50.0 3.8 3.1 0,7 7,6
Pd-Ir/C 52,5 50,8 47,5 0,3 1,4 0,03 1,73
Ir/C 59,8 58,0 40,2 0,16 1,5 0, 02 1,80

Table 3. Chemical composition of solid products of hydrogenation of birch wood samples in supercritical ethanol
at 250 °C, 3 hours, Py, = 10.0 MPa.

Composition, wt. %
sample - —
Hemicellulose Lignin Cellulose
w/o catalyst 12.5 17.8 69.7
Pd-Ir/C 3,0 6,8 90,2
Ir/C 4,1 7.6 88,3

leads to a decrease in the yield of gaseous products to 1.7 wt. %, increasing the yield of liquid products
to 51 wt. %.

The results of chemical analysis (Table 3) also confirm that the Pd-Ir/C bimetallic catalyst has
greater catalytic activity in the process of hydrogenation of birch wood, as evidenced by the yield of
lignin in the solid product. When using this catalyst, the lowest lignin content (6.8 wt. %) in the solid
product is observed, while the highest cellulose content is observed and amounts to 90 wt. %.

According to the data presented in Fig. 2, during the hydrogenation of birch wood in the case
of a catalytic and non-catalytic process, a high conversion of hemicelluloses (more than 96 wt. %)
is observed, which is due to the low thermal stability of xylan [22]. The use of an iridium catalyst
increases lignin conversion by 30 wt. %, while the use of a palladium-iridium catalyst increases lignin

conversion by 40 wt. % compared to the non-catalytic experiment. It should be noted that the use of
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Fig. 2. Conversion of structural components of birch wood during hydrogenation in supercritical ethanol at 250 °C
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Fig. 3. Composition of gaseous products of hydrogenation of birch wood in supercritical ethanol at 250 °C,
3 hours, Py, = 10.0 MPa

catalysts leads to a decrease in cellulose conversion by 15 and 24 wt. % for the iridium and palladium-
iridium catalysts, respectively.

According to the data shown in Fig. 3, the composition of the gaseous products of hydrogenation of
birch wood consists mainly of carbon monoxide and carbon dioxide and methane. The use of catalysts
leads to a change in the ratio between the main components of gaseous products. Thus, the use of
iridium and palladium-iridium catalysts leads to a decrease in the content of carbon monoxide and an
increase in methane in the gaseous products of hydrogenation of birch wood.

The results of elemental analysis of the composition of the original birch wood and its
hydrogenation products are shown in Table 4. Liquid products of catalytic hydrogenation of birch wood
contain less oxygen and more hydrogen compared to liquid products of non-catalytic hydrogenation.
All this indicates the occurrence of the process of catalytic hydrodeoxygenation of lignin leading to
the formation of monomeric and dimeric products from lignin [23-25]. The presence of a catalyst in
the reaction medium intensifies the processes of hydrodeoxygenation, which is also indicated by an
increase in the yield of carbon dioxide in gaseous products.

The use of iridium and iridium-palladium catalysts in the process of hydrogenation of birch
wood in supercritical ethanol leads to an increase in the yield of monomeric methoxyphenols
(Table 5). When hydrogenating birch wood, the main monophenolic components are 4-propylsyringol

and 4-propanolsyringol. During hydrogenation in the absence of a catalyst, 4-propenylsyringol (0.8

Table 4. Elemental composition of liquid products of hydrogenation of birch wood samples in supercritical ethanol
at 250 °C, 3 hours, Py, = 10.0 MPa

Sample C, mac. % H, mac. % O, mac. %
Initial birch wood 49,8 6,1 441
w/o catalyst 58,6 7,5 33,9
Pd-Ir/C 60,3 8,0 31,7
Ir/C 59,2 7.8 33,0
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Table 5. Yield of monomer compounds in liquid products of hydrogenation of birch wood in supercritical ethanol
at 250 °C, 3 hours, Py, = 10.0 MPa

Compound Yield, wt. %*
w/o cat. Ir/C Pd-Ir/C
4-propenylguaiacol 0.3 0.1 0.1
4-propenylsyringol 0,8 0.2 2.3
4-propylguaiacol - 0.4 1.0
4-propylsyringol 0.2 5.4 5.3
4-methylsyringol - 0.4 0.3
4-ethylsyringol 0.1 0.9 0,5
4-propanolsyringol 0.2 2.0 30.8
Other methoxyphenols 0.1 5.1 7.5
Total 1.7 14,5 47.8

* — Per mass of Klason lignin

wt. %) predominates. The use of catalysts leads to saturation of the double bond of 4-propenylsyringol,
which leads to an increase in the yield of 4-propylsyringol (up to 5.5 wt. %). In addition, the use of
catalysts promotes the cleavage of reactive -O-4 and C—C bonds, which leads to an overall increase
in the yields of monophenolic components [26]. The use of a Pd-Ir/C catalyst leads to the production of
4-propanolsyringol in high yield (up to 30 wt. %).

The maximum yield of monomeric methoxyphenols (up to 47.8 wt. %) is observed when using a
palladium-iridium catalyst. It is known that bimetallic systems have greater catalytic activity due to
the synergistic effect [9]. For example, the Pd/Zn/C bimetallic catalyst demonstrated high efficiency
in the depolymerization of native poplar wood lignin in methanol and promoted the formation of
4-propylguaiacol and 4-propylsyringol as the main products, providing a total monomer yield of
54 wt. % [9].

Conclusion

The influence of Ir and — Pd-Ir catalysts deposited on taunite on the yield and composition of birch
wood hydrogenation products was studied. It has been shown that the Pd-Ir-taunite bimetallic catalyst
has greater activity compared to the monometallic catalyst.

Using a bimetallic catalyst, the yield of monomeric methcosiphenols from lignin reaches 47.8
wt. %, with the main monomer being 4-propanolsyringol with a yield of up to 30 wt. %.

It has been shown that when using the Ir/C catalyst, a decrease in the yield of the solid product is
observed (up to 40 wt. %) compared to the non-catalytic experiment (50 wt. %). The use of a Pd-Ir/C
bimetallic catalyst leads to a decrease in the yield of gaseous products to 1.7 wt. %, increasing the yield
of liquid products to 51 wt. %.

The use of the I1/C catalyst increases lignin conversion by 30 wt. %, while the use of the Pd-Ir/C
catalyst increases lignin conversion by 40 wt. % compared to the non-catalytic experiment.

Conflict of interest
The authors of this work declare that they have no conflict of interest.

— 513 —



Journal of Siberian Federal University. Chemistry 2024 17(4): 505-515

References

[1] Luterbacher J.S., Alonso D. Martin and Dumesic J.A. Targeted chemical upgrading of
lignocellulosic biomass to platform molecules. Green Chemistry, 2014. 16(12). 4816—4838.

[2] Rowell R.M. Handbook of wood chemistry and wood composites. 2nd edn. 2012: CRC. Press:
Taylor and Francis Group.

[3] Popa V.1. Pulp Production and Processing: High-Tech Applications2020, Berlin, Boston: De
Gruyter.

[4] Amen-Chen C., Pakdel H. and Roy C. Production of monomeric phenols by thermochemical
conversion of biomass: A review. Bioresource technology, 2001. 79. 277-99.

[5] Van den Bosch S. et al. Reductive lignocellulose fractionation into soluble lignin-derived
phenolic monomers and dimers and processable carbohydrate pulps. Energy & Environmental
Science, 2015. 8(6). 1748—1763.

[6] Naidu D.S., Hlangothi S.P. and John M.J. Bio-based products from xylan: A review.
Carbohydrate Polymers, 2018. 179. 28—41.

[7] Van den Bosch S. et al. Tuning the lignin oil OH-content with Ru and Pd catalysts during
lignin hydrogenolysis on birch wood. Chemical Communications, 2015. 51(67). 13158-13161.

[8] Li C. et al. One-pot catalytic hydrocracking of raw woody biomass into chemicals over
supported carbide catalysts: simultaneous conversion of cellulose, hemicellulose and lignin. Energy
& Environmental Science, 2012. 5(4). 6383—6390.

[9] Parsell T. et al. A synergistic biorefinery based on catalytic conversion of lignin prior to
cellulose starting from lignocellulosic biomass. Green Chemistry, 2015. 17(3). 1492—-1499.

[10] Klein 1. et al. Mechanistic investigation of the Zn/Pd/C catalyzed cleavage and
hydrodeoxygenation of lignin. Green Chemistry, 2016. 18(8). 2399-2405.

[11] Song Q. et al. Lignin depolymerization (LDP) in alcohol over nickel-based catalysts
via a fragmentation—hydrogenolysis process. Energy & Environmental Science, 2013. 6(3).
994-1007.

[12] Li X. et al. One-Pot Conversion of Lignin into Naphthenes Catalyzed by a Heterogeneous
Rhenium Oxide-Modified Iridium Compound. ChemSusChem, 2020. 13(17). 4409—4419.

[13] Hao Z. et al. Efficient visible-light-driven depolymerization of oxidized lignin to aromatics
catalyzed by an iridium complex immobilized on mesocellular silica foams. Applied Catalysis B:
Environmental, 2018. 237. 366-372.

[14] Jeantelot G. et al. Selective Hydrodeoxygenation of Lignin-Derived Phenols to Aromatics
Catalyzed by Nb20O5-Supported Iridium. ACS Omega, 2022. 7(35). 31561-31566.

[15] Park J. et al. Highly Efficient Reductive Catalytic Fractionation of Lignocellulosic Biomass
over Extremely Low-Loaded Pd Catalysts. ACS Catalysis, 2020. 10(21). 12487—-12506.

[16] Borisov R.V. et al. Characterization of Metallic Iridium Nanoparticles Synthesized under
Hydrothermal Conditions. Inorganic Materials, 2022. 58(2). 215-222.

[17] Borisov R.V., Belousov O. V. and Zhizhaev A. M. Synthesis of Pd, Pt, and Pd—Pt Nanoparticles
on Carbon Nanotubes under Hydrothermal Autoclave Conditions. Russian Journal of Inorganic
Chemistry, 2020. 65(10). 1623-1629.

[18] Borisov R.\V. et al. Hydrothermal synthesis of Ir and Ir — Pd nanoparticles on carbon
nanotubes. Russian Chemical Bulletin, 2022. 71(6). 1164—1172.

— 514 —



Journal of Siberian Federal University. Chemistry 2024 17(4): 505-515

[19] Obolenskaya A.V., Elnitskaya Z.P. and L. A. A. Laboratory work on the chemistry of wood
and cellulose. 1991, Moscow: “Ecology”. 321.

[20] Sjostrom E. and Alén R. Analytical Methods in Wood Chemistry, Pulping, and Papermaking
1999, Berlin-Heidelberg: Springer-Verlag.

[21] Ruiz-Matute A.L et al. Derivatization of carbohydrates for GC and GC-MS analyses.
Journal of Chromatography B, 2011. 879(17). 1226—-1240.

[22] Carvalho D.M. et al. Improving the thermal stability of different types of xylan by acetylation.
Carbohydrate Polymers, 2019. 220. 132-140.

[23] Schutyser W. et al. Chemicals from lignin: an interplay of lignocellulose fractionation,
depolymerisation, and upgrading. Chemical Society Reviews, 2018. 47(3). 852—908.

[24] Chikunov A.S. et al. Hydrogenolysis of birch ethanol-lignin in supercritical ethanol over
Ru and Ni catalysts bifunctional supported on oxidized carbon. J. Sib. Fed. Univ. Chem.,, 2018. 11(1).
131-150.

[25] Miroshnikova AV. et al. Reductive Catalytic Fractionation of Lignocellulosic Biomass: A
New Promissing Method for Its Complex Processing. Catalysis in Industry, 2022. 14(2). 231-250.

[26] Taran O.P. et al. Reductive Catalytic Fractionation of Spruce Wood over Ru/C Bifunctional
Catalyst in the Medium of Ethanol and Molecular Hydrogen. Catalysts, 2022. 12, DOI: 10.3390/
catal12111384.



