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Abstract: For the first time, the fractionation of birch wood into microcrystalline cellulose, xylose and
methoxyphenols is suggested based on the integration of alkali-acid pretreatments and hydrogenation
in ethanol over a bifunctional Ru/C catalyst. It is established that removal of hemicelluloses during
pretreatments of birch wood influences the yields of the liquid, gaseous and solid products of the
non-catalytic and catalytic hydrogenation of pretreated samples in ethanol at 225 ◦C. The bifunctional
Ru/carbon catalyst affects in different ways the conversion and yields of products of hydrogenation of
the initial and acid- and alkali-pretreated birch wood. The most noticeable influence is characteristic of
the hydrogenation of the acid-pretreated wood, where in contrast to the non-catalytic hydrogenation,
the wood conversion and the yields of liquid products increase but the yields of the solid and gaseous
products decrease. GC-MS, gel permeation chromatography and elemental analysis were used for
characterization of the liquid product composition. The molecular mass distribution of the liquid
products of hydrogenation of the initial and pretreated wood shifts towards the low-molecular
range in the presence of the catalyst. From the GC-MS data, the contents of monomer compounds,
predominantly 4-propylsyringol and 4-propanolsyringol, increase in the presence of the ruthenium
catalyst. The solid products of catalytic hydrogenation of the pretreated wood contain up to 95 wt%
of cellulose with the structure, similar to that of microcrystalline cellulose.

Keywords: birch wood; alkali and acid pretreatment; hydrogenation; Ru/carbon catalyst; microcrys-
talline cellulose; xylose; methoxyphenols

1. Introduction

Renewable lignocellulose biomass is an alternative to the traditional oil stock for
production of various chemicals [1–3]. Main constituents of wood biomass are polysaccha-
rides (cellulose and hemicelluloses) and lignin (aromatic biopolymer) [4]. Proportions of
the main constituents of biomass vary depending on the plant species and age [5]. Birch
containing up to 30 wt% of hemicellulose predominates among hardwood trees in Russia.

Hemicelluloses are amorphous branched heteropolymers composed of C5 and C6
monosaccharides and uronic acids. The most widespread hemicelluloses in hardwood
and non-wood plants is xylan [6]. Lignin forms phenylglicoside bonds with the wood
polysaccharides to give the so-called lignocarbohydrate complexes [7]. The chemical bonds
between lignin and hemicelluloses considerably affect the reactivity of the wood for its
chemical transformations [8]. Chemical pretreatments (acid, alkali) of wood disrupt the
initial structure of the lignocarbohydride complexes. The acid pretreatment hydrolyzes
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selectively hemicelluloses in the lignocellulose biomass [9], and may lead to consider-
able changes in the biomass structure [10]. The alkali pretreatment allows the effective
delignification and xylan isolation to be achieved under mild conditions [11].

Complex processing of all components of the lignocellulose biomass is achieved via
its catalytic fractionation based on the selective oxidation with hydrogen peroxide [12] or
oxygen [13], hydrogenation [14–16] or thermal dissolution in supercritical fluids, e.g. in
ethanol [17,18]. The reductive catalytic fractionation of the lignocellulose biomass leads to
depolymerization of lignin, to produce liquid hydrocarbons without sacrificing the main
part of cellulose [19,20].

Heterogeneous metal, acid and bifunctional catalysts bearing acid and metal active
sites are used for the reductive catalytic fractionation [21–23].

The development of new methods of lignocellulose biomass fractionation to expand
the range of products is an urgent problem.

The urgent task is the development of new extraction—Catalytic methods for “green”
fractionation of lignocellulosic biomass, which expands the range of valuable products.
Earlier, we showed that the integration of the processes of dihydroquercetin and arabino-
galactan extraction from larch wood, oxidation of extracted wood by oxygen to vanillin and
cellulose in the presence of catalyst Cu(OH)2, arabinogalactan hydrolysis over solid acid
catalyst to arabinose and galactose and acid-catalyst conversion of cellulose to levulinic
acid makes possible to increase in the number of target products [24].

In the present work, a new method was suggested for fractionation of birch wood into
xylose, microcrystalline cellulose and liquid hydrocarbons rich in methoxyphenols based
on integration of its alkali-acid treatments followed by hydrogenation of the hemicelluloses-
free treated wood in ethanol over a bifunctional Ru/carbon catalyst at 225 ◦C. The influence
of the alkali and acid treatments of birch wood on the yields and compositions of the
products of non-catalytic and catalytic hydrogenation of original and treated wood in
ethanol was established.

2. Results and Discussion
2.1. Hydrogenation of Initial and Pretreated Birch Wood in Ethanol

Processes of catalytic hydrogenation of lignocellulose biomass are used for the frac-
tionation of the main components into liquid, solid and gaseous products [23,25]. A new
process is suggested in the present work for the fractionation of birch wood, which has
a high content of hemicelluloses. This process integrates removal of hemicelluloses and
the following catalytic hydrogenation of lignocellulose. Two procedures are used for the
removal of hemicelluloses from birch wood: acid hydrolysis to monosaccharides and alkali
extraction in the form of xylan.

Chemical analysis revealed that alkali and acid pretreatments led to the removal of a
significant portion of hemicelluloses from birch wood, as well as an increase in the contents
of cellulose (up to 63.6–64.2 wt%) and lignin (up to 28.2–30.2 wt%) in the treated wood
(Table 1).

Table 1. Chemical analysis of processed and initial birch wood.

Sample of Wood * Yield
wt%

* Chemical Composition, wt%

Cellulose Lignin Hemicelluloses

Initial - 47.3 19.0 28.5
Alkali treatment 74.3 64.2 28.2 7.6

Acid treatment 2.5 h 86.7 63.4 29.7 7.0
Acid treatment 5 h 70.0 63.6 30.2 6.2

* From absolutely dry sample.

Comparable yields and compositions of liquid, solid and gaseous products of non-
catalytic and catalytic hydrogenation (ethanol medium, 225 ◦C, operation pressure 10 MPa)
of the initial birch wood and the wood after removal of a significant part of hemicelluloses
are shown in Table 2.
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Table 2. The yields of products of hydrogenation in ethanol at 225 ◦C: initial wood (a), alkali-treated
wood (b), acid-treated wood (c).

Hydrogenation
Conditions

Yield, wt% *

Liquid Products Solid Product Gases

* non-catalytic a 50.0 33.0 10.5
** non-catalytic b 48.0 44.5 9.8
** non-catalytic c 42.0 58.0 5.6

* Ru/C a 49.0 29.0 16.0
** Ru/C b 52.0 41.6 8.4
** Ru/C c 47.5 49.0 3.5

* From initial absolutely dry wood; ** from treated absolutely dry wood.

Among the products of non-catalytic hydrogenation of initial birch wood, there are
50.0 wt% of liquid, 33.0 wt% of solid, 10.5 wt% of gaseous products. When hemicelluloses
have been removed from the wood by the alkali treatment, the yield of solid hydrogenation
products increases up to 44.5 wt%, while the yields of the liquid and gaseous products
decrease down to 48 and 9.8 wt%, respectively. Hydrolytic removal of hemicelluloses results
in a decrease in the yields of liquid and gaseous products (42.0 and 5.6 wt%, respectively),
and an increase in the yield of solid products (58.0 wt%).

The ruthenium catalyst influences different ways the yields of liquid, solid and gaseous
products of hydrogenation of initial, alkali- and acid-treated birch wood (Table 2).

In catalytic hydrogenation of the initial birch wood, the yield of gaseous products
increases (16.0 wt%), the yield of solid products decreases (29.0 wt%), the yield of liquid
products practically does not change (Table 2).

Less influence of the catalyst on the yield of gaseous products is observed during
hydrogenation of pretreated wood. The Ru/C catalyst has a greater impact on the yields
of liquid and solid products. If compare to the non-catalytic hydrogenation process, the
catalyst increases the liquid product yield from 48.0 to 52.0 wt% in the case of alkali-treated
wood and from 42.0 to 47.5 wt% from the acid-treated wood. At the same time, the solid
product yield decreases from 44.5 to 41.6 wt% in the case of alkali-treated wood, and from
58.0 to 49.0 wt% for acid-treated wood (Table 2).

The yield of liquid products of catalytic hydrogenation of lignocellulose biomass is
known to increase due to intensification of the reaction of depolymerization of native lignin
in the presence of bifunctional catalysts [26]. The acid sites cause cleavage of ether and C-C
bonds on the acid sites [26], and metal sites favor stabilization of low-molecular products of
the lignin depolymerization in the presence of hydrogen [19]. This results in improvement
of the liquid product yields and a decrease in the solid residue yield.

2.2. Composition of Liquid Products of Birch Wood Hydrogenation

GC-MS, GPC and elemental analysis techniques were used for determining compo-
sitions of liquid products of catalytic and non-catalytic hydrogenation of the initial and
pretreated birch wood in ethanol at 225 ◦C.

Data on the elemental composition of products of the initial and pretreated birch wood
are summarized in Table 3.

There are higher proportions of carbon and hydrogen but lower proportions of oxy-
gen in the liquid products of non-catalytic and catalytic hydrogenation of the pretreated
wood against those producing by hydrogenation of the initial wood. The greatest de-
crease in the oxygen content is observed for liquid products of catalytic hydrogenation
of the acid-pretreated wood. Hence, the bifunctional ruthenium catalyst, as well as alkali
and acid treatments, result in intensification of the reactions of hydrodeoxygenation of
liquid products.



Catalysts 2021, 11, 1362 4 of 18

Table 3. Elemental composition of liquid products of hydrogenation of the initial (a), alkali-pretreated
(b) and acid-pretreated (c) birch wood.

Hydrogenation Conditions C, wt% H, wt% O, wt%

non-catalytic a 59.2 8.3 32.5
non-catalytic b 60.3 6.9 32.8
non-catalytic c 61.1 8.2 30.7

Ru/C a 60.8 8.8 30.4
Ru/C b 62.9 7.3 29.8
Ru/C c 68.0 8.5 23.5

Initial wood 49.9 6.1 44.0

Gel permeation chromatography was used to obtain data on the molecular mass
distribution of the liquid products of hydrogenation of the initial and pretreated birch
wood (Table 4). The mass-average molecular mass of 1588 Da and polydispersity of
2.275 was established for the liquid products at non-catalytic hydrogenation of the initial
birch wood.

Table 4. Molecular mass characteristics of the liquid products of hydrogenation of initial wood (a), alkali-treated wood (b),
acid-treated wood (c).

Hydrogenation Conditions Number-Average Molecular Mass
Mn(Da)

Mass-Average Molecular Mass
Mw(Da)

Polydispersity
PD

non-catalytic a 698 1588 2.275
non-catalytic b 573 1508 2.632
non-catalytic c 701 1481 1.481

Ru/C a 374 524 1.401
Ru/C b 401 668 1.666
Ru/C c 390 664 1.703

The alkali pretreatment of the wood leads to a decrease in the average molecular mass
of the liquid products of non-catalytic hydrogenation to 1508 Da and an increase in the
polydispersity to 2.632 against those in the liquid products of the initial wood hydrogena-
tion (1588 Da and 2.275, respectively), while the range of MM remains broad enough (more
than 1000 Da). The acid pretreatment of the wood results in more considerable decrease
in MM (down to 1481 Da) and polydispersity (down to 1.481) of the liquid products of
non-catalytic hydrogenation.

In the presence of the ruthenium catalyst, the curves of the molecular mass distribution
of the liquid products both of initial and alkali- and acid-pretreated wood are shifted to the
range of lower molecular masses (524–668 Da), their polydispersity also being decreased to
1.401–1.703 (Table 4).

In the curves of molecular mass distributions of liquid products of birch wood hy-
drogenation, the peaks at ~178 Da and ~290 Da (initial wood), ~285 Da (alkali-treated)
and ~275 Da (acid treated) are observed, which are assigned to the monomer compounds
(Figure 1).

In general, broader ranges of molecular mass distribution are characteristic of the
liquid products of hydrogenation of alkali- and acid-treated birch wood, rather than those
of hydrogenation of the initial birch wood.

GC-MS data show that the liquid products of wood hydrogenation contain mainly
methoxyphenol derivatives formed via lignin depolymerization, as well as minor quantities
of products of polysaccharide conversion.

The composition of the phenol compounds in the liquid products of the hydrogenation
of birch wood is shown in Table 5. The total contents of methoxyphenols in the liquid
products of hydrogenation of the initial and acid-treated wood are 5.03–5.14%, in respect of
the lignin weight. In the products of hydrogenation of alkali-treated wood, the proportion
of methyxyphenols increases up to 12.09 wt%.
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Figure 1. Molecular mass distributions of liquid products of hydrogenation of the initial (a), alkali-treated (b) and acid-
treated (c) wood.

The following compounds are detected in most appreciable amounts among the phe-
nolic products of non-catalytic hydrogenation: 4-propylsyringol (3.18 wt%) for initial birch
wood, syringol (4.65 wt%), 4-propylsyringol (2.58 wt%), 4-propenylsyringol (1.50 wt%),
4-ethylsyringol (1.16 wt%) for alkali-pretreated wood and 4-propenylsyringol (2.97 wt%)
for acid-pretreated wood.

The total content of methoxyphenols in the liquid products increases considerably
(up to twice) in the presence of the ruthenium catalyst (Table 5). The maximal content of
methoxyphenols (24.46 wt%) is detected in the liquid products of the catalytic hydrogena-
tion of alkali-treated birch wood.

The catalyst also considerably affects the composition of the phenolic products to
increase the contents of 4-propylsyringol (up to 9.80–7.55 wt%), 4-propanolsyringol (up to
9.71–3.54 wt%) and 4-propylguaiacol (up to 2.60–1.65 wt%), but to decrease the contents
of syringol and 4-propenylsyringol in the products of the initial and pretreated wood
(Table 5).

The increasing yield of phenol monomers in the presence of the bifunctional ruthe-
nium catalyst can be explained in terms of the following mechanism. In the course of
the lignin depolymerization in the presence of acids, there occurs the cleavage of β-O-4
bonds [27] via several steps (Figure 2). The first step is the removal of OH-group from the
α-position to form the benzyl carbocation. The carbocation gives enol ether as an intermedi-
ate; hydrogenolysis of its C–O bonds produces C2-aldehydes and C3-ketones [28]. Ketones
can enter reactions of condensation under hydrogenation conditions [20,27]. Metal sites of
the catalyst favor hydrogenation of ketones with hydrogen to form non-condensed com-
pounds (4-propylsyringol, 4-propylguaiacol, 4-propanolsyringol and 4-propanolguaiacol),
depending on the catalyst nature and the reaction conditions (Figure 2).
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Table 5. Composition and content of phenolic compounds in liquid products of hydrogenation of initial (a), alkali-treated
(b) acid-treated (c) birch wood.

RT Compound
Content, wt% *

Non-
cat. a

Non-
cat. b

Non-
cat. c Ru/C a Ru/C b Ru/C c

24.39 4-ethylguaiacol 0.05 0.26 0.03 0.2 0.42 0.24

26.53 Syringol no 4.65 0.43 0.7 0.58 0.37

26.84 4-propylguaiacol 0.02 0.27 0.05 2.6 1.65 2.07

27.93 4-propenylguaiacol 0.31 0.67 0.77 0.2 0.02 0.36

28.97 4-methylsyringol 0.04 0.35 0.15 0.2 0.04 0.29

30.92 4-ethylsyringol 0.11 1.16 0.2 1.4 1.33 0.93

32.72 4-propenylsyringol 1.32 1.5 2.97 0.6 no 0.27

32.88 4-propylsyringol 3.18 2.58 0.54 9.8 8.64 7.55

33.92 4-propanolguaiacol no no no no 2.07 no

39.17 4-propanolsyringol no 0.65 no 4.1 9.71 3.54

Total content of alkylphenols 5.03 12.09 5.14 19.8 24.46 15.62
Other methoxyphenols 0.68 1.94 0.8 0.28 0.41 0.48

*—calculated per lignin weight in the wood.

Figure 2. Scheme of lignin hydrolysis via cleavage of β-O-4 bonds and hydrogenation of intermediates in the presence of
Ru-containing catalysts [27].

4-Propanolsyringol is formed due to hydrogenation of the C=C bond of mono-
lignol resulting from hydrogenolysis of the β-O-4 bond. The further dehydration of
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4-propanolsyringol to 4-propenylsyringol, followed by hydrogenation, gives 4-propylsyringol
(Figure 3) [27,29].

Figure 3. Formation of 4-Propylsyringol via cleavage of β-O-4 bonds followed by hydrogenation and dehydration of
sinapyl alcohol.

It is known that propyl-substituted phenolic compounds are preferably formed
in the presence of ruthenium catalysts [30,31]. However, the increased content of 4-
propanolsyringol in the liquid products of hydrogenation of alkali-pretreated birch wood
may be accounted for by the fact that the removal of hemicelluloses from wood makes
easier cleavage of the β-O-4 bonds of lignin and the formation of sinapyl alcohol to be
hydrogenated for 4-propanolsyringol (Figure 3).

The data in Table 5 demonstrate that the acid pretreatment of the wood leads to
a decrease in the content of monomer phenolic compounds in the liquid products of
wood hydrogenation. The acid hydrolysis of the wood probably contributes reactions
of lignin condensation to decrease the content of the β-O-4 bonds, which reduces the
yield of the monomers during hydrogenation. In contrast, the alkali pretreatment of the
wood under mild conditions allows much of β-O-4 bonds in lignin to be preserved [32,33].
The alkali pretreatment of the wood results in removal of hemicelluloses to facilitate
depolymerization of lignin during hydrogenation, and favors an increase in the yields of
monomer methoxyphenols.

The influence of the time of acid treatment of birch wood on the yield of monomer
methoxyphenols at the catalytic hydrogenation was studied (Figure 4). It was established
that the total yield of methoxyphenols reduces with increasing the time of the acid treat-
ment from 2.5 to 5 h. The time of the acid treatment also influences the composition of
methoxyphenols formed. No 4-propanolsyringol but the maximal yield of 4-propylsyringol
is observed after 2.5. h treatment (Figure 4).

Figure 4. Influence of the time of the acid treatment of birch wood on the content of phenolic com-
pounds in the liquid products of Ru/C catalyzed hydrogenation of initial (1), 2.5 h acid-pretreated (2)
and 5 h acid-pretreated (3) wood.
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The increase the time of the acid treatment of birch wood probably leads to strengthen-
ing of the condensation processes to decrease the number of reactive β-O-4 bonds in lignin,
which results in a reduce in the yield of monomer methoxyphenols during hydrogenation.

Along with the lignin depolymerization, wood polysaccharides are transformed
during hydrogenation. The products of the polysaccharide transformation contain mainly
furan derivatives, ethers, alcohols, ketones and monosaccharides. However, the total yield
of these compounds is far lower of the yield of methoxyphenols, being no more than
several percent.

2.3. Composition and Structure of Solid Products of Birch Wood Hydrogenation

The solid product of non-catalytic hydrogenation of birch wood contains 71.8 wt% of
cellulose, 18.8 wt% of lignin and 9.4 wt% of hemicelluloses. In the solid product of catalytic
hydrogenation of the wood, the cellulose content increases up to 87 wt%, while contents of
lignin and hemicelluloses decrease down to 7.8 and 5.2 wt%, respectively (Table 6).

Table 6. Chemical composition of solid products of hydrogenation of initial (a), alkali-pretreated (b),
acid-pretreated (c) birch wood.

Hydrogenation Conditions
Composition of the Solid Product, wt%

Cellulose Lignin Hemicelluloses

non-cat. a 71.8 18.8 9.4
non-cat. b 78.7 14.2 7.1
non-cat.c 84.4 12.7 2.9
Ru/C a 87.0 7.8 5.2
Ru/C b 94.7 5.3 1.4
Ru/C c 95.0 3.8 1.2

In the solid products of non-catalytic hydrogenation of the alkali- and acid-pretreated
wood, the cellulose content increases up to 78.7–84.4 wt%, the contents of lignin and
hemicelluloses decrease down to 14.2–12.7 wt% and 7.1–2.9 wt%, respectively (Table 6).

In the solid products of catalytic hydrogenation of the-pretreated birch wood, the
contents of lignin and hemicelluloses decrease down to 5.3–3.8 wt% and to 1.4–1.2 wt%,
respectively, while the content of cellulose reaches 95 wt% (Table 6). Hence, alkali or acid
pretreatments of birch wood allow the solid products with high content of cellulose to be
obtained by the catalytic hydrogenation of the-pretreated wood in ethanol at 225 ◦C.

IR spectroscopy and XRD techniques were used for studying the structure of the solid
products of the wood hydrogenation. Figure 5 shows IR spectra of the initial wood and of
the solid products of its hydrogenation.

In the IR spectrum of the initial wood, there are absorption bands of its main structural
constituents, as well as bands assigned to bonds between macromolecules of cellulose,
lignin and hemicelluloses [34]. The absorption band at 1734 cm−1 is assigned to the stretch-
ing vibrations of the C=O group in the ester group of uronic acid of hemicelluloses [35]. The
band at 1734 cm−1 is far less intense in the solid product (sample 2) of hydrogenation of the
initial birch wood (curve 2 in Figure 5), and practically disappears in the spectra of the solid
products of the hydrogenation of the initial and pretreated wood (curves 3–5 in Figure 5).
The absorption bands at 1593 and 1505 cm−1 in the IR spectra of the initial birch wood and
of the solid hydrogenation products are assigned to stretching vibrations of the C–C bonds
of syringol and guaiacol rings [36]. The decrease in the intensity of these absorption bands
argues for a reduce in the lignin contents in the solid hydrogenation products.

Absorption bands at 1500–900 cm–1 are assigned to vibrations of the C–H bonds in the
methyl and methylene groups, to C–O and O-H bonds, to vibrations of the glycoside bond
and glucopyranose ring of cellulose [37]. If compared to the spectra of the initial birch
wood, the spectra of the solid hydrogenation products show more intense absorption bands
at 1455 and 1421 cm−1 related to cellulose. Considerably more intense absorption bands at
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1421 cm−1 in the spectra of the solid products compared to the initial wood characterize
the high cellulose crystallinity in these samples [38].

Figure 5. IR spectra of the initial birch wood (1), solid product of non-catalytic hydrogenation of the initial wood (2), solid
residue of catalytic hydrogenation of the initial wood (3), solid product of catalytic hydrogenation of the alkali-pretreated
wood (4) and solid product of catalytic hydrogenation of the acid-pretreated wood (5).

Diffraction patterns of the initial and-pretreated birch wood and of the solid products
of their hydrogenation are shown in Figure 6.

Figure 6. Diffraction patterns of the samples birch wood (A): initial (1), alkali-treated (2), acid-treated (3) and of the solid
products of catalytic hydrogenation of the birch wood (B): initial (1), alkali-pretreated (2) and acid-pretreated (3).

Diffraction patterns of all the samples under study contain two peaks with maxima
at 2θ equal to 22.5◦ and 16◦ (Figure 6) assigned to reflections of atoms in plane (002) and
overlapped reflections of atoms in planes (101) and (101) , respectively, of the cellulose
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crystal lattice [39]. The widths of the diffraction peaks depend on the size of crystallinity
regions referred to as the coherent scattering ranges. Pronounced peak at the diffraction
angle 2θ near 22.5◦ is the criterion of the cellulose crystallinity, and characterizes the
proportion of closely densed cellulose molecules [40]. The diffraction patterns were used
for calculating crystallinity indices (CI) of the samples of birch wood and solid products
(Table 7).

Table 7. Crystallinity indices of the samples of birch wood and solid product of its hydrogenation
initial (a), alkali-pretreated (b) and acid-pretreated (c) wood.

Sample Crystallinity Index

Birch wood a 0.59
Birch wood b 0.51
Birch wood a 0.69

Solid product b 0.64
Solid product b 0.54
Solid product c 0.70

Solid product Ru/C a 0.70
Solid product Ru/C b 0.62
Solid product Ru/C c 0.74

The crystallinity index of the initial birch wood equals 0.59, but decreases to 0.51 for
the alkali-pretreated wood. The acid pretreatment increases CI to 0.69 owing to hydrolysis
of the amorphous part of cellulose.

The crystallinity indices of the solid products of hydrogenation of the initial and-
pretreated wood are the higher of those of the initial and-pretreated wood (Table 7). The
reason is the removal of a considerable part of hemicelluloses, amorphous cellulose and
lignin during wood hydrogenation.

The highest crystallinity index CI (0.74) comparable to CI of microcrystalline cellulose
(0.75) [41] is characteristic of the solid product of catalytic hydrogenation of the acid-
pretreated wood.

2.4. Composition of Gaseous Products of Hydrogenation of Birch Wood

Gaseous products of hydrogenation of the initial and-pretreated birch wood contain
mainly carbon dioxide (Figure 7). An increase in the proportions of CO and CH4 at a
decrease in the proportion of CO2 is observed at the catalytic hydrogenation of the wood.
The increasing yield of CO is supposedly due to intensification of the acid-catalyzed
hydrolysis of ester bonds between lignin fragments. The ketones thus formed undergo
decarbonylation over the metal sites of the catalyst to release CO [42]. The increase in the
methane yield is thought to result from the intensified hydrocracking of methoxyphenols
formed during the catalytic depolymerization of lignin [43].

2.5. Fractionation of Birch Wood into Microcrystalline Cellulose, Xylose and Methoxyphenols

The results obtained allowed us to suggest two ways of birch wood fractionation
(Figure 8). One of them integrates the stages of hemicelluloses hydrolysis to xylose by
acid treatment and the subsequent hydrogenation of “hemicellulose-free” wood in ethanol
at 225 ◦C in presence of bifunctional catalyst Ru/Carbon. The other way includes the
stages of alkali treatment of wood to remove hemicelluloses in the form of xylan and the
subsequent catalytic hydrogenation of the treated wood.

Individual stages of the suggested complex processing of birch wood were optimized.
It was previously was established [44] that the high yield of xylose (72.4–77.1 wt%

of the hemicellulose content in the birch wood) was achieved at wood hydrolysis with
3% H2SO4 at 100 ◦C for 5 h.
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Figure 7. Composition of gaseous products of hydrogenation of the initial (a), alkali-pretreated (b)
and acid-pretreated (c) wood.

At the present work, the high yield of xylan (up to 82.0 wt% from the hemicelluloses
content in the birch wood) was observed at wood pretreatment with 4% NaOH at 25 ◦C
for 6 h. In order to produce xylose by hydrolysis of the obtained xylan, an ecologically
sound solid acid catalyst Amberlyst-15 was suggested to be used instead of the toxic and
corrosive sulfuric acid catalyst. It was established that xylan is completely hydrolyzed
to xylose during 6 h at 130 ◦C, and during 3 h at 150 ◦C. The content of furfural in the
produced hydrolysates is lower by an order of magnitude than the content of xylose.

The highest yield of microcrystalline cellulose (MCC) (49 wt% from the-treated wood)
was obtained by catalytic hydrogenation of acid-pretreated birch wood. The MCC sample
with the crystallinity index of 0.74 comprised 95.0 wt% of cellulose, 3.8 wt% of lignin,
1.2 wt% of hemicellulose. The composition and structure of produced cellulose corre-
sponded to the commercial MCC.

The maximal amount of methoxyphenols (24.5 wt%) is contained in the liquid products
of catalytic hydrogenation of alkali-pretreated birch wood.

The products of the complex processing of birch wood are in demand for many areas.
Due to such unique properties of microcrystalline cellulose as nontoxicity, biodegrad-

ability, high mechanical strength, large surface area and biocompatibility, this material
is commonly used in medicine and in the pharmaceutical, food, chemical, cosmetic and
fragrance industries [45]. Microcrystalline cellulose is used in thin-layer chromatography,
for the production of sorbents, biocomposites, polymer-based reinforced materials and
other products [46].

Xylose is used as a substitute at citric acid in the production of xylitol and furfural in
the microbiological industry. Methoxyphenols are used for the production of additives and
components of motor fuels in the chemical industry [47].

The industrial processes of microcrystalline cellulose (MCC) production are multistage,
resource-consuming and environmentally harmful due to the use of toxic reagents at the
stages of pulping, bleaching and acidizing cellulose [48]. Only the cellulose component
of wood is used in the conventional production of MCC, but lignin and hemicelluloses
remain as unused waste. Taking all these into account, the developed method of birch
wood fractionation into MCC, xylose, methoxyphenols and polyols is much more effective
in the respect to product yield, overall environmental friendless and economic outlook.
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Figure 8. Scheme of complex processing of birch wood.

3. Materials and Methods
3.1. Initial Wood

Birch wood (Betula pendula) was used for the studies. Components of the wood
(expressed as weight percentage in the absolutely dry wood) were: 47.3% cellulose,
19.0% lignin, 28.5% hemicelluloses, 4.9% extractants and 0.3% ash. The wood was crushed
using a vibration machine VR-2 to obtain submillimeter particles, deresinated successively
with petroleum ether and acetone (according to the standard ANSI/ASTM D 1105 method)
and dried at 80 ◦C to constant weight.

3.2. Catalyst Ru/Carbon

A bifunctional catalyst 3% wt Ru was prepared by impregnation of the acid carbon
support Sibunit (fraction 0.056–0.094 mm) with an aqueous solution of Ru(NO)(NO3)4.
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The carbon support was acid-modified by oxidation with a mixture of O2 and N2
(20:80 vol%) in the presence of water vapor (saturation at 90 ◦C, vapor pressure 70.1 kPa,
flow rate 200 mL/min) at 450◦C for 2 h according to procedure [49].

The ruthenium catalysts were dried at room temperature for 2-3 h, then at 60 ◦C for
12 h and reduced in flowing hydrogen (30 mL/min) at 300 ◦C for 2 h. After cooling down
to room temperature in hydrogen, the catalyst was passivated using a gas mixture of 1% of
O2 in N2 flow 30 mL/min [50].

Textural characteristics of the samples were determined from the N2 adsorption
isotherms at 77 K with an automatic analyzer of specific surface area and porosity instru-
ment (Micromeritics ASAP-2020 Plus, Norcross, GA, USA, 2018).

High-resolution electron microscopy images and the size distribution of ruthenium
particles were acquired using a transmission electron microscope HT7700 (Hitachi, Tokyo,
Japan, 2014) at the accelerating voltage of 110 kV and resolution of 2 Å. Particle size
distribution histograms were obtained by statistical (500-800 particles) analysis of the TEM
images. Linear (<dl>) and weight-average diameters (<ds>) were calculated by formulae

<dl> = Σdi/N, <ds> = Σdi
3/Σdi

2 (1)

where di is the diameter of a deposited particle and N is the total number of particles.
The ruthenium dispersion DRu in the catalysts was calculated by a formula

DRu = 6 · MRu

αRu·ρ·N0·< ds >
(2)

where MRu = 0.101 kg/mol is the ruthenium molar weight, ρ = 12410 kg/m3 is the ruthe-
nium metal density, aRu = 6.13 · 10−20 is the average effective area of the metal atom on
the surface (m2), N0 is the Avogadro number and ds is the weight-average diameter of
ruthenium particles [50].

The catalyst acidity was estimated by the pH point of zero charge (pzc) by the
Sorenson–de Bruyn method [51]. pHpzc has been proved to correlate with total amount of
acid surface species in previous work [49].

Characteristics of the ruthenium catalyst: average particle size of ruthenium <dl>
1.13 ± 0.01 nm; dispersion of ruthenium DRu-0.94; specific surface area (SBET) = 341 m2/g;
pore volume (Vpore) = 0.50 cm3/g; average pore size <dpore> 5.88 nm; pHpzc 6.89.

The resulting ruthenium catalyst contained both acid and metal active sites, and was
therefore bifunctional.

3.3. Acid Hydrolysis of Hemicelluloses

Birch wood was treated with 3% sulfuric acid under optimal conditions determined be-
fore [44]: 100 ◦C, 5 h. The yield of xylose reached 77 wt% of the initial hemicellulose content
in the birch wood. Glucose and mannose were only in minor quantities in the hydrolyzate.

3.4. Isolation of Xylan

Xylan was extracted from birch wood via treatment with 4% sodium hydroxide (chem-
ical purity grade) solution at room temperature, water duty 40, for 4 h under continuous
stirring. The solution was filtered using a Buchner funnel, and the solid precipitate ion
the filter was washed with 50 mL of water. The solution of xylan was neutralized with
35% acetic acid (chemical purity grade) until flocculation. Then, the solution and the
precipitation with 96% ethanol added at the ratio of 1:1 was maintained cooled (+5 ◦C) for
20 h. The obtained xylan was separated from ethanol by centrifuging at 8000 rps for 8 min
using centrifuge OHAUS Frontier 5816, frosted and lyophilizated using a drier Iney-6.

3.5. Hydrogenation of Birch Wood

Birch wood was hydrogenated using a 300 mL autoclave ChemReSYStem R-201
(Korea) (see the scheme in Figure 9). Ethanol (60 mL), the substrate (3.0 g) and catalyst
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(0.3 g) were loaded into the reactor. The autoclave was sealed hermetically and blown with
argon to remove air. Hydrogen started to feed at the pressure of 4 MPa. The process was
conducted at 225 ◦C for 4.5 h with constant stirring at a rate of 800 rpm. The conditions
were chosen based on the experimental results reported elsewhere [52]. Temperature was
elevated at the rate of 10 ◦C/min, the required temperature was reached in 20–25 min.
The operation pressure was 10 MPa. Upon cooling the reaction mixture down to room
temperature, the gas-phase products were collected to a gasometer, and the volume was
measured. The composition at gases was determined by GC analysis. The soluble and
solid reaction products were uploaded quantitatively from the autoclave with ethanol and
separated by filtration (Figure 9).

Figure 9. Scheme of birch wood hydrogenation and analysis of the products.

A rotary evaporator was used for removing the solvent from the soluble products. The
liquid products were dried to constant weight in vacuum (1 mm Hg) at room temperature.
The solid product was washed with ethanol until the solvent discoloration and dried to
constant weight at 80 ◦C. The yields of liquid (α1), solid (α2), gaseous (α3) products and
the conversion of birch wood (Xinit) were determined by Formulas (3)–(6)

a1 =
m1(g)

minit(g)
× 100% (3)

a2 =
ms(g)− mcat(g)

minit(g)
× 100% (4)

a3 =
mg(g)

minit(g)
× 100% (5)

Xinit =
minit(g)− ms(g)

minit(g)
(6)
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where ml (g) is the mass of liquid products, minit (g) the mass of the initial absolutely dry
wood or of the processed absolutely dry wood, ms (g) the solid product mass, mcat (g) the
catalyst mass and mg (g) the mass of gaseous products.

3.6. Analysis of Liquid Products

An Agilent 7890A chromatograph with an Agilent 7000A TripleQuad detector of se-
lective masses was in a capillary column HP-5MS (30 m) used for GC-MS analysis of liquid
products of wood hydrogenation at the temperature programmed between 40 and 250 ◦C.
The constituents were identified using the database of the NIST MS Search 2.0 instrument.

The molecular mass distribution of the liquid products was determined by gel-
penetration chromatographic technique using an Agilent 1260 Infinity II Multi-Detector
GPC/SEC System chromatograph based on triple detection: with a refractometer (RI),
viscosimeter (VS) and light scattering (LS). A PLgelMixed-E column with tetrahydrofuran
as the eluent stabilized by 250 ppm of butylhydroxytoluene was used for separation. The
column was calibrated using polydisperse polystyrene standards (Agilent, Santa Clara,
CA, USA). The eluent was injected by 100 µL samples at the rate of 1 mL/min. Samples to
be analyzed were dissolved in THF (1 mg/mL), and filtered through a 0.22 µm membrane
PTFE filter (Millipore). Data were acquired and processed using the Agilent GPC/SEC
MDS program package.

3.7. Analysis of Gaseous Products

GC analysis of gaseous products of birch wood hydrogenation was carried out using a
Cristall 2000 M chromatograph (Chromatec, Yoshkar-Ola, Russia) equipped with a thermal
conductivity detector at 170 ◦C. Helium was used as the gas carrier (15 mL/min). A column
with NaX zeolite (3 m × 2 mm) was used for analysis for CO and CH4 at 60 ◦C. A Porapak
Q column was used for analysis for CO2 and hydrocarbon gases at the temperature elevated
from 60 to 180 ◦C at the rate of 10 ◦C/min.

3.8. Analysis of Solid Products

The cellulose content was calculated from the difference between the mass of wood
(or solid residue) and the summary contents of hemicelluloses and lignin. To determine
the residual lignin content, wood polysaccharides were hydrolyzed with 72% H2SO4
at 98 ◦C [53]. The compositions and concentration of monosaccharides in the solution
obtained by hemicelluloses hydrolysis with 4% sulfuric acid were determined by GC [53].

A VARIAN-450 GC gas chromatograph (Varian Inc. Palo Alto, CA, USA), a flame
ionization detector, a VF-624 ms capillary column of 30 m length and 0.32 mm inner
diameter with helium as the gas carrier at the injector temperature of 250 ◦C were used for
the analysis. Before the analysis, the solution was derivatized according to the procedure
described elsewhere [54] to produce trimethylsilyl derivatives. Sorbitol was used as an
internal standard. The peaks were identified using the retention times of tautomeric forms
of monosaccharides.

The elemental composition of wood and the liquid products was determined using a
HCNS-O EAFLAS HTM 1112 analyzer (Thermo Quest).

Infrared spectroscopy analysis (FTIR) was carried out in the transmission mode.
Samples of cellulose (4 mg each) were prepared in pellets with matrix KBr. The spectra
were acquired with a Bruker Tensor-27 in the range of 4000–400 cm−1. Spectral data were
processed using the OPUS/YR (version 2.2) program package.

X-ray diffraction (XRD) analysis was carried out using a PANalyticalX’Pert Pro (PAN-
alytical, Netherlands) spectrometer with CuKα radiation (λ = 0.54 nm). The analysis was
performed in the angle 4 range of 2θ = 5◦–70◦ with a step of 0.1◦ on the powder sample in
a 2.5-cm diameter cuvette.
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Crystallinity index (CI) was calculated from the ratio of the height between the in-
tensity of the crystalline peak (I002–IAM) and total intensity (I002) after subtraction of the
background signal

CI =
I002 − IAM

I002
, (7)

where I002 is the height of peak 002; IAM is the height of the minimum between peaks
002 and 101 [40].

4. Conclusions

It is established that the removal of hemicelluloses via alkali- and acid-pretreatment of
birch wood improves efficiency of the reductive fractionation of the “hemicelluloses-free”
wood in ethanol at 225 ◦C in the presence of the bifunctional Ru/C catalyst. This way of
wood fractionation gives the microcrystalline cellulose and liquid products a high content
of methoxyphenols.

The acid pretreatment, rather than the alkali pretreatment, affects more significantly
the yield and composition of products of the catalytic hydrogenation of birch wood.

The bifunctional Ru/C catalyst bears both acid and metal active sites increases in the
of the methoxyphenols contents in the liquid products of hydrogenation of both initial
and pretreated birch wood. The content of saturated alkyl-substituted methoxyphenols
(4-propylsyringol and 4-propylguaiacol) is most noticeable, probably due to intensification
of hydrogenolysis of β-O-4 bonds and hydrogenation of C=C bonds in lignin.

The fractionation of the birch wood biomass into xylose, microcrystalline cellulose and
methoxyphenols is suggested to achieve by integrating processes of alkali-acid pretreatment
of the wood and hydrogenation of the-treated wood in ethanol at 225 ◦C in the presence of
a bifunctional Ru/carbon catalyst.
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34. Teacă, C.A.; Roşu, D.; Bodîrlău, R.; Roşu, L. Structural Changes in Wood under Artificial UV Light Irradiation Determined by
FTIR Spectroscopy and Color Measurements—A Brief Review. BioResources 2013, 8, 1478–1507. [CrossRef]

35. Shi, J.-B.; Yang, Q.-L.; Lin, L.; Peng, L.-C. Fractionation and characterization of physicochemical and structural features of corn
stalk hemicelluloses from yellow liquor of active oxygen cooking. Ind. Crops Prod. 2013, 44, 542–548. [CrossRef]

http://doi.org/10.1039/c2ra22045h
http://doi.org/10.1002/cssc.201402752
http://doi.org/10.1007/s11144-018-1518-6
http://doi.org/10.1080/02773813.2016.1235583
http://doi.org/10.1039/C5EE00204D
http://doi.org/10.17516/1998-2836-0150
http://doi.org/10.3390/catal11010042
http://doi.org/10.1016/j.cattod.2017.11.036
http://doi.org/10.3390/catal11080970
http://doi.org/10.1016/j.copbio.2018.12.005
http://doi.org/10.1039/C7CS00566K
http://doi.org/10.1021/acs.chemrev.5b00155
http://doi.org/10.1002/cssc.201600237
http://doi.org/10.1039/C7EE01298E
http://doi.org/10.1016/j.cattod.2020.05.044
http://doi.org/10.1016/j.cattod.2020.05.048
http://doi.org/10.1016/j.biortech.2018.09.072
http://doi.org/10.1039/C8GC03440K
http://doi.org/10.1021/jacs.5b03693
http://doi.org/10.1039/C8GC03511C
http://doi.org/10.1039/C5CC04025F
http://doi.org/10.1016/j.biortech.2019.121335
http://www.ncbi.nlm.nih.gov/pubmed/31003204
http://doi.org/10.1021/bm058014q
http://www.ncbi.nlm.nih.gov/pubmed/16283780
http://doi.org/10.1007/s00226-017-0941-6
http://doi.org/10.15376/biores.8.1.1478-1507
http://doi.org/10.1016/j.indcrop.2012.09.026


Catalysts 2021, 11, 1362 18 of 18

36. Cheng, S.; Huang, A.; Wang, S.; Zhang, Q. Effect of Different Heat Treatment Temperatures on the Chemical Composition and
Structure of Chinese Fir Wood. BioResources 2016, 11, 4006–4016. [CrossRef]

37. Shi, J.; Xing, D.; Lia, J. FTIR Studies of the Changes in Wood Chemistry from Wood Forming Tissue under Inclined Treatment.
Energy Proc. 2012, 16, 758–762. [CrossRef]

38. Nelson, M.L.; O’Connor, R.T. Relation of certain infrared bands to cellulose crystallinity and crystal lattice type. Part II. A new
infrared ratio for estimation of crystallinity in celluloses I and II. J. Appl. Polymer Sci. 1964, 8, 1325–1341. [CrossRef]

39. Šturcová, A.; His, I.; Apperley, D.C.; Sugiyama, J.; Jarvis, M.C. Structural Details of Crystalline Cellulose from Higher Plants.
Biomacromolecules 2004, 5, 1333–1339. [CrossRef]

40. Park, S.; Baker, J.O.; Himmel, M.E.; Parilla, P.A.; Johnson, D.K. Cellulose crystallinity index: Measurement techniques and their
impact on interpreting cellulase performance. Biotechnol. Biofuels 2010, 3, 10. [CrossRef]

41. Sudakova, I.G.; Garyntseva, N.V.; Chudina, A.I.; Kuznetsov, B.N. Experimental and Mathematical Optimization of the Peroxide
Delignification of Larch Wood in the Presence of MnSO4 Catalyst. Catal. Industry 2020, 12, 265–272. [CrossRef]

42. Rinaldi, R.; Jastrzebski, R.; Clough, M.T.; Ralph, J.; Kennema, M.; Bruijnincx, P.C.A.; Weckhuysen, B.M. Paving the Way for Lignin
Valorisation: Recent Advances in Bioengineering, Biorefining and Catalysis. Angew. Chem. Int. Ed. 2016, 55, 8164–8215. [CrossRef]

43. Boonyasuwat, S.; Omotoso, T.; Resasco, D.E.; Crossley, S.P. Conversion of Guaiacol over Supported Ru Catalysts. Catal. Lett. 2013,
143, 783–791. [CrossRef]

44. Yatsenkova, O.V.; Chudina, A.I.; Skripnikov, A.M.; Chesnokov, N.V.; Kuznetsov, B.N. The Influence of Sulfuric Acid Catalyst
Concentration on Hydrolysis of Birch Wood Hemicelluloses. J. Sib. Federal Univ. Chem. 2015, 2, 211–221. [CrossRef]

45. Thoorens, G.; Krier, F.; Leclercq, B.; Carlin, B.; Evrard, B. Microcrystalline cellulose, a direct compression binder in a quality by
design environment—A review. Int. J. Pharm. 2014, 473, 64–72. [CrossRef] [PubMed]

46. Ghanbarzadeh, B.; Oleyaei, S.A.; Almasi, H. Nano-Structured Materials Utilized in Biopolymer based Plastics for Food Packaging
Applications. Crit. Rev. Food Sci. Nutr. 2014, 55, 1699–1723. [CrossRef] [PubMed]

47. Sun, Z.; Fridrich, B.; de Santi, A.; Elangovan, S.; Barta, K. Bright Side of Lignin Depolymerization: Toward New Platform
Chemicals. Chem. Rev. 2018, 118, 614–678. [CrossRef]

48. Walker, J.C.F. Primary Wood Processing: Principles and Practice; Springer: Dordrecht, The Netherlands, 1993; pp. 1–596.
49. Taran, O.P.; Polyanskaya, E.M.; Ogorodnikova, O.L.; Descorme, C.; Besson, M.; Parmon, V.N. Sibunit-based catalytic materials for

the deep oxidation of organic ecotoxicants in aqueous solution: I. Surface properties of the oxidized sibunit samples. Catal. Ind.
2010, 2, 381–386. [CrossRef]

50. Taran, O.P.; Descorme, C.; Polyanskaya, E.M.; Ayusheev, A.B.; Besson, M.; Parmon, V.N. Sibunit-based catalytic materials for the
deep oxidation of organic ecotoxicants in aqueous solutions. III: Wet air oxidation of phenol over oxidized carbon and Rr/C
catalysts. Catal. Ind. 2013, 5, 164–174. [CrossRef]

51. Meng, X.; Bhagia, S.; Wang, Y.; Zhou, Y.; Pu, Y.; Dunlap, J.R.; Shuai, L.; Ragauskas, A.J.; Yoo, C.G. Effects of the advanced
organosolv pretreatment strategies on structural properties of woody biomass. Ind. Crops Prod. 2020, 146, 112144. [CrossRef]

52. Liu, X.; Feng, S.; Fang, Q.; Jiang, Z.; Hu, C. Reductive catalytic fractionation of lignin in birch sawdust to monophenolic
compounds with high selectivity. Mol. Catal. 2020, 495, 111164. [CrossRef]

53. Sluiter, J.B.; Ruiz, R.O.; Scarlata, C.J.; Sluiter, A.D.; Templeton, D.W. Compositional Analysis of Lignocellulosic Feedstocks. 1.
Review and Description of Methods. J. Agricult. Food Chem. 2010, 58, 9043–9053. [CrossRef]

54. Ruiz-Matute, A.I.; Hernández-Hernández, O.; Rodríguez-Sánchez, S.; Sanz, M.L.; Martínez-Castro, I. Derivatization of carbohy-
drates for GC and GC–MS analyses. J. Chromatogr. B 2011, 879, 1226–1240. [CrossRef]

http://doi.org/10.15376/biores.11.2.4006-4016
http://doi.org/10.1016/j.egypro.2012.01.122
http://doi.org/10.1002/app.1964.070080323
http://doi.org/10.1021/bm034517p
http://doi.org/10.1186/1754-6834-3-10
http://doi.org/10.1134/S2070050420030125
http://doi.org/10.1002/anie.201510351
http://doi.org/10.1007/s10562-013-1033-3
http://doi.org/10.17516/1998-2836-2015-8-2-211-221
http://doi.org/10.1016/j.ijpharm.2014.06.055
http://www.ncbi.nlm.nih.gov/pubmed/24993785
http://doi.org/10.1080/10408398.2012.731023
http://www.ncbi.nlm.nih.gov/pubmed/24798951
http://doi.org/10.1021/acs.chemrev.7b00588
http://doi.org/10.1134/S2070050410040136
http://doi.org/10.1134/S2070050413020104
http://doi.org/10.1016/j.indcrop.2020.112144
http://doi.org/10.1016/j.mcat.2020.111164
http://doi.org/10.1021/jf1008023
http://doi.org/10.1016/j.jchromb.2010.11.013

	Introduction 
	Results and Discussion 
	Hydrogenation of Initial and Pretreated Birch Wood in Ethanol 
	Composition of Liquid Products of Birch Wood Hydrogenation 
	Composition and Structure of Solid Products of Birch Wood Hydrogenation 
	Composition of Gaseous Products of Hydrogenation of Birch Wood 
	Fractionation of Birch Wood into Microcrystalline Cellulose, Xylose and Methoxyphenols 

	Materials and Methods 
	Initial Wood 
	Catalyst Ru/Carbon 
	Acid Hydrolysis of Hemicelluloses 
	Isolation of Xylan 
	Hydrogenation of Birch Wood 
	Analysis of Liquid Products 
	Analysis of Gaseous Products 
	Analysis of Solid Products 

	Conclusions 
	References

