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Abstract: Thermal conversion of flax shives was studied in sub- and supercritical ethanol medium at
225 and 250 ◦C in the presence of the bifunctional catalyst 3% Ru/C. The use of 3% Ru/C catalyst in
the process of thermal conversion of flax shives in supercritical ethanol was found to increase the
conversion of the shives by 27% and the yield of liquid products by 10%. The use of 3% Ru/C catalyst
in sub- and supercritical ethanol led to the destruction of both lignin and cellulose. The degree of
delignification in the non-catalytic thermal conversion increased upon transition from subcritical
(225 ◦C) to supercritical (250 ◦C) conditions. Main monomeric products of the thermal conversion
process were guaiacylpropene or guaiacylpropane depending on the process temperature. In the
presence of Ru/C catalyst, the molecular weight distribution was shifted towards an increase in the
content of monomeric compounds in the liquid products.

Keywords: flax shives; thermal conversion; propenyl guaiacol; propyl guaiacol; Ru/C catalysts;
valorization; biomass

1. Introduction

Global warming and its environmental impact have given an impetus to the devel-
opment of ecologically sound processes with agricultural wastes such as a lignocellulosic
biomass for social and economic sustainability [1,2].

Flax shives are the main waste (up to 70 wt.%) of the production of flax fiber. These are
the lignified parts of the flax stem, mainly in the form of small straws. Flax shives contain ca.
25% lignin, 50% cellulose, and 20% hemicelluloses [1,3]. Lignin consists mainly of phenyl-
propane structural units formed by oxidation of coniferyl, sinapyl, and p-coumaryl alcohols
linked by C-O and C-C bonds, among which the ester β-O-4 bond predominates [4].

Intensive R&D efforts are focused on new methods for the processing of lignins and
biomass to components of engine fuels and chemicals [5–7]. One of these methods is the
thermocatalytic conversion of lignocellulosic biomass; it is based on one-pot extraction and
depolymerization of lignin [8–10]. Against non-catalytic thermal dissolution of biomass
lignins in aliphatic alcohols, the depolimerization over solid catalysts Ru/C [11], Pt/C,
Rh/C [12,13], ZnPd/C [14,15], and Ni/C [13,16] leads to a significant increase in the lignin
conversion and an increase in the yields of monomeric and dimeric products.

A 3% Ru catalyst supported on the carbon material Sibunit was shown before to be
active to depolymerization and hydrogenolysis of birch ethanol lignin [17], abies wood and
abies ethanol lignin [18], aspen wood and aspen ethanol lignin [19], and flax shives [20].

Ethanol can be obtained from lignocellulosics; it is cheap and environmentally benign.
Ethanol and lower aliphatic alcohols with hydrogen-donor properties are usually used as
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organic solvents [9,11]. In the process of catalytic hydrogenolysis they donate hydrogen to
lignin structures and extract the products of lignin fragmentation, simultaneously alkylate
and reduce intermediates, decreasing the contribution of secondary reactions of their
condensation [21–23].

The present study was aimed at comparing processes of thermal conversion of flax
shives in the sub- and supercritical ethanol in order to establish the influence of the Ru/C
catalyst and hydrogen gas on the conversion of lignin, yields and composition of liquid
and solid products.

2. Results and Discussion
2.1. Catalytic Thermal Conversion of Flax Shives in Sub- and Supercritical Ethanol

Experimental results on the thermal conversion of flax shives in sub- and supercrit-
ical ethanol in the absence and in the presence of the Ru/C catalyst are presented in
Tables 1 and 2.

Table 1. The effect of the catalyst and the process conditions on the yield of products of thermal conversion of flax shives.

Conditions Conversion
Yield, wt.% Hydrogenation with H2 in Ethanol [20]

Liquid Solid Methoxyphenols Conversion Methoxyphenols

Without
catalyst a 44.5 19.99 55.53 2.77 44.1 1.66

Without
catalyst b 64.0 17.34 35.96 7.07 - -

Ru/C a 49.8 19.33 50.15 9.43 55.3 12.21
Ru/C b 76.8 29.69 23.23 11.69 87.6 9.73

a—subcritical ethanol, 225 ◦C; b—supercritical ethanol, 250 ◦C.

Table 2. Composition of a solid product, degree of delignification and cellulose yield in processes of noncatalytic and
catalytic thermal conversion of flax shives.

Conditions

Composition of a Solid Product, wt.%
Degree of

Delignification, %
Cellulose

Yield, wt.%

Hydrogenation with H2 in
Ethanol [20] c

Hemicelluloses Lignin Cellulose Degree of
Delignification, %

Cellulose
Yield, wt.%

Without
catalyst a 14.2 26.2 59.6 52.1 65.4 63.3 55.4

Without
catalyst b 4.1 30.1 65.8 64.4 46.8 - -

Ru/C a 6.1 17.1 76.8 71.8 76.1 83.2 51.8
Ru/C b 2.4 20.1 77.5 84.6 35.6 93.1 24.2

a—subcritical ethanol, 225 ◦C; b—supercritical ethanol, 250 ◦C; c—the H2 initial pressure, 4 MPa under the same conditions.

In the non-catalytic process, elevation of the temperature up to 250 ◦C leads to a
decrease in the yield of liquid and solid products and to an increase in the yields of
methoxyphenols. In the presence of the catalyst under subcritical conditions (225 ◦C), the
conversion of flax shives increases by 5% but the yield of liquid products is practically
not changed. Maximum conversion (76.8), the yield of a liquid product (29.7 wt.%) and
monomeric methoxyphenols (3.77% based on lignin content in flax shive) is attained with
the catalyst under supercritical conditions at 250 ◦C.

Comparison of the data [20] and the obtained results show that the use of hydrogen
in catalytic thermal conversion of flax shives leads to an increase in the conversion of both
in subcritical (by 5.5%) and supercritical conditions (by 10.8%).

In the catalytic thermal conversion of the flax shives in the subcritical ethanol, against
the non-catalytic process, the delignification degree and the cellulose yield increases by
19.7% and by 10.7%, respectively, at the content of hemicellulose in a solid product de-
creased by 8.1% (Table 2). A temperature elevation of up to 250 ◦C results in a decrease in
the cellulose yield (by 18.6%) and in an increase in the degree of delignification (by 12.3%).
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Thus, the catalyst provides an increase in the degree of delignification and the cel-
lulose destruction in supercritical ethanol. In the non-catalytic thermal conversion, a
transition from subcritical (225 ◦C) to supercritical (250 ◦C) conditions increases the degree
of delignification and decreases the cellulose yield.

The addition of hydrogen (initial pressure is of 40 bar) in both the non-catalytic and cat-
alytic process of thermal conversion of flax shives in the sub- and supercritical ethanol leads
to an increase in the degree of delignification and destruction of cellulose (Table 2, [20]).
Acceptable degrees of cellulose destruction (less than 50%) are only attained at a low
temperature of 225 ◦C.

2.2. Composition of Liquid Products of Thermal Conversion of Flax Shives

GC-MS analysis of liquid products showed that guaiacol and syringol, as well as their
alkyl and alkenyl derivatives, are the main products of thermal conversion of flax shives.

The maximum yields of guaiacol (1.4%) and syringol (0.6%) obtained by the non-
catalytic hydrogenation (Figure 1) were higher than the yield of guaiacol in the catalytic
process [20]. It is reasonable to conclude about the non-catalytic nature of the formation of
these simplest products.
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Figure 1. Formation of guaiacol and syringol in non-catalytic thermal conversion of flax shives.

Good yields of propane and propene derivatives were only observed in the presence of
the catalyst (Table 3). In the hydrogen-free thermal conversion, propenylguaiacol- and sy-
ringol were only reduced to the corresponding propyl substitutes at 250 ◦C (Figure 2), while
these propenyl substitutes were hydrogenated with hydrogen even at a lower temperature
(225 ◦C) [20].

Table 3. The yield of monomeric products of thermal conversion of flax shives.

RT Compound Structure
Yields, wt.% Based on Lignin *

225 ◦C without
Catalyst

250 ◦C without
Catalyst 225 ◦C Ru/C 250 ◦C Ru/C

17.71 Guaiacol
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Table 3. Cont.

RT Compound Structure
Yields, wt.% Based on Lignin *

225 ◦C without
Catalyst

250 ◦C without
Catalyst 225 ◦C Ru/C 250 ◦C Ru/C

26.44 Propylguaiacol
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Figure 2. Formation of propene and propane derivatives depending on the conditions of thermal
conversion of flax shives.

Alcohols and hemicelluloses are known to behave as hydrogen donors [9,24,25]. How-
ever, the activity of these donors is insufficient for the hydrogenation of the propenyl group;
therefore, propenylguaiacol and propenylsyringol were the main monomeric methoxyphe-
nols from pine and birch wood without external hydrogen in a H2O/ethanol solvent at
195 ◦C [10]. Elimination of a hydrogen molecule from an alcohol molecule under these
conditions is thermodynamically unfavorable, which may cause a lower efficiency of the
propene reduction with alcohols.

In the non-catalytic process, the total content of the main monomeric compounds is
1.33 wt.%, in subcritical ethanol (225 ◦C) but as high as 3.5 times of that at 250 ◦C. In the
presence of the catalyst, the total yield of monophenols is close to the maximum at the
temperature, which is as low as 225 ◦C; as a result, the yield increases only slightly, from
8.6 to 9.9 wt.% at the temperature elevated to 250 ◦C (Table 3, Figure 3).
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Figure 3. Comparison of contents of the main phenolic components in the process of catalytic thermal
conversion in sub- and supercritical ethanol (225 and 250 ◦C) with hydrogen gas (4 MPa) [20] and
without it.

Note that the reduction of propenylguaiacol with ethanol at 250 ◦C is accompanied by
a 30% decrease in the total content of propenyl and propyl derivatives, while the yield of
ethyl guaiacol and ethyl syringol increases significantly. The comparative data indicate the
possibility of partial β–γ–bond destruction through formaldehyde elimination, which is
similar to a retroaldole reaction [26,27] or hydrogenolysis of the propyl substituent to the
corresponding ethyl group under the considered conditions (Figure 4).
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It should be noted that the maximum total yield of methoxyphenols upon thermal
conversion of flax shives in the absence of molecular hydrogen (11.69%) at 250 ◦C exceeds
those (9.73 wt.%) reported earlier [20], where flax shives were hydrogenated with H2. A
similar relationship, i.e., an increase in the total yield of monomers in the processing of
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birchwood without external hydrogen compared to the hydrogenation process with H2,
was shown elsewhere [24]. Perhaps, the solvent contacts the active catalytic sites to form
easier active hydrogen species, because H2 gas must overcome the mass transfer resistance
and adsorption equilibrium barriers of liquid-solid interface for activation [8,24].

Conditions of thermal conversion of flax shives significantly affect the molecular
weight distribution of liquid products (Figure 5). The liquid products of the non-catalytic
thermal conversion of flax shives consist of oligomers with admixtures of dimers and small
amounts of monomeric compounds. Elevation of the process temperature leads to greater
polydispersity (PD) of molecular mass of the products (Table 4).
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Table 4. Molecular masses of liquid products of the thermal conversion of flax shives.

No. Sample Mn (Da) Mw (Da) PD

1 Thermal conversion of flax shives in subcritical ethanol; 225 ◦C; without the catalyst 600 1250 2.09
2 Thermal conversion of flax shives in supercritical ethanol; 250 ◦C; without the catalyst; 540 1350 2.47
3 Thermal conversion of flax shives in subcritical ethanol; 225 ◦C; 3% Ru/C 510 1040 2.03
4 Thermal conversion of flax shives in supercritical ethanol; 250 ◦C; 3% Ru/C 500 1270 2.55

The Ru/C catalyst increases monomers and dimers (especially at 225 ◦C) content
and decreases the oligomers content in the area of the molecular weight above 1 kDa.
Increasing the temperature leads to an increase of monomers and polymers content as a
result of decreasing the dimers and oligomers quantities. Hence, depolymerization and
repolymerization reactions occur in the process: the catalyst accelerates depolymerization,
and increasing the temperature intensifies both the oligomers depolymerization and the
monomers repolymerization.

3. Materials and Methods
3.1. Catalyst Preparation

Carbon supports were prepared by oxidation of powdered Sibunit®-4 carbon (15 g)
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.
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Ruthenium catalysts supported on oxidized Sibunit®-4 (3% Ru/C, fraction 0.056–0.094
mm) were prepared by incipient wetness impregnation with an aqueous Ru (NO) (NO3)3
solution followed by sample drying at room temperature for 2-3 h then at 60 ◦C for 12 h.
The active component was reduced in flowing hydrogen (30 mL/min) at 300 ◦C for 2 h
(temperature ramp: 1 ◦C/min). After cooling down to room temperature in hydrogen, the
catalyst (2 g) was passivated using a gas mixture of 1% of O2 in N2 flow 30 mL/min [28].

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 using the
following formula:

<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 using the formula:

DRu = 6 · MRu

αRu·ρ·N0·〈ds〉
, (2)

where MRu = 0.101 kg/mol is the ruthenium molar weight, ρ = 12,410 kg/m3 is the
ruthenium metal density, αRu = 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 [29].

The catalyst acidity was estimated by the point of zero charge (pzc) by the Sorenson–de
Bruyn method [30].

Characteristics of the ruthenium catalyst: the linear particle size, <dl> = 1.13 ± 0.01 nm;
the dispersion of ruthenium, DRu = 0.94; specific surface area, SBET = 341 m2/g; pore
volume, Vp = 0.50 cm3/g; average pore size, <dp> = 5.88 nm; рНpzc 6.89.

3.2. Flax Shives Samples Preparation

Flax shives (growing region—Tver region, Russia) were provided by the Tver State
Technical University. Air dried flax shives were ground in a VR-2 disintegrator (Russia,
2010), and the fraction of 0.5–2 mm was dried at 80 ◦C and used for the experiments. The
flax shives contained (% of the absolutely dry substrate weight) cellulose (49.9), lignin
(28.1), hemicelluloses (16.0), extractive substances (4.1), and ash (1.9).

3.3. Thermal Conversion of Flax Shives

A 300 mL autoclave (ChemReSYStem R-201, Gyeonggi-do, Korea, 2017) was used for
the thermal conversion of flax shives. The reactor was loaded with 60 mL (1.05 mol) of
ethanol, 3.0 g of the shives, and 0.3 g of the catalyst. The autoclave was sealed and purged
with argon to remove air. The reaction temperature of 225 ◦C or 250 ◦C was maintained for
3 h under constant stirring (1000 rpm). The working pressure in the reactor ranged from
5.1 to 8.0 MPa depending on the process conditions.

After each run, the reactor was cooled down to room temperature. The volume of the
gaseous products was measured, and they were analyzed by gas chromatography (GC).
Then, the reaction products were quantitatively collected from the autoclave by washing
with ethanol. The mixture of the liquid and solid products was separated by filtration. The
solid residue was washed with ethanol until the filtrate became colorless.
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Ethanol was removed from the product solution using a rotary evaporator and the
residue was brought to constant weight in vacuum (1 mmHg) at room temperature. The
liquid yield (a1, wt.%) was calculated:

a1 =
ml
mfs
× 100%, (3)

where m1 is the mass of liquid products (g), mfs is the mass of the flax shives (g).
The solid residue yield a2 was calculated as:

a2 =
msr −mcat

mfs
× 100%, (4)

where msr is the mass of the solid residue after extraction (g), mcat is the mass of the catalyst (g).
The conversion of flax shives Xfs was calculated as:

Xfs =
mfs −msr− mcat

mfs
× 100%. (5)

The degree of delignification (Xl) was calculated using the formula:

Xl =
mfs −mlsr

mlfs
× 100%, (6)

where mlfs and mlsr is the mass of lignin in flax shives and in the solid residue (g), respectively.
The cellulose yield (Xc, wt.%) was calculated as:

Xc =
mcsr

mcfs
× 100%, (7)

where mcfs and mcsr are the mass of cellulose in flax shives and in the solid residue.

3.4. The Products Analysis

GC-MS analysis of liquid products was carried out using an Agilent 7890 A chro-
matograph equipped with an Agilent 7000 A Triple Quad mass selective detector (Agilent,
Santa Clara, CA, USA, 2008) (with an HP-5MS capillary column (30 m × 0.25 mm inner
diameter)), by recording the total ion current. The chromatographic separation of ethanol
soluble products was carried out by increasing the temperature from 40 to 200 ◦C at a rate of
3 ◦C/min. The NIST MS library and literature data were used to identify chromatographic
peaks. To quantify the yield of monomer compounds, the standard substances, such as
guaiacol, syringol, 2-methoxy-4-methylphenol, isoeugenol, 4-ethylguaiacol, 4-allyl-2,6-
dimethoxyphenol (Sigma–Aldrich, St. Louis, MO, USA), and ethyl palmitate (Tokyo Chem.
Ind., Tokyo, Japan) were used. Phenanthrene was used as an internal standard.

The yield of monomeric compounds based on lignin was calculated using the formula:

Y(%) =
Si ×Cst

Sst
× fi/Clig × 100%, (8)

where Si—substance peak area; Sst—internal standard peak area; Cst—internal standard
concentration; fi—the calibration factors; Clig—lignin concentration, mg/mL.

Molecular-weight distribution of the liquid samples was determined by gel perme-
ation chromatography (GPC) using an Agilent 1260 Infinity II Multi-Detector GPC/SEC
System (Agilent, Santa Clara, CA, USA, 2018). A PLgel Mixed-E column with tetrahydro-
furan stabilized by 250 ppm 2,6-di-tert-butyl-4-methylphenol as an eluent was used for
separation. The columns were calibrated with polystyrene calibration standards (Agilent,
Santa Clara, CA, USA). The eluent flow was 1 mL/min and 100 µL injection loop was used.
All samples (1 mg/mL) were completely dissolved in eluent overnight. After dissolution
all samples were filtered through a 0.22-µm Agilent PTFE membrane filter.
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Th contents of hemicellulose, cellulose and lignin were determined in the solid prod-
ucts of thermal conversion of flax shives. The residual lignin content was determined by
hydrolysis with 72% sulfuric acid [31], hemicelluloses were determined as a content of
pentosanes in the obtained filtrate, and cellulose in the solid products was determined
using the alcohol-nitric acid (Kürschner-Hoffer) method [32,33].

Contents and compositions of monosaccharides in the filtrate obtained by hydrolysis
with 72% sulfuric acid were determined by GC [31] using a VARIAN-450 GC gas chro-
matograph (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; the initial column temperature of 50 ◦C (5 min) was
elevated at the 10 ◦C/min rate up to 180 ◦C and maintained at 180 ◦C for 37 min. Before the
analysis, the filtrates were derivatized according to the procedure described elsewhere [34]
to produce trimethylsilyl derivatives. Sorbitol was used as an internal standard. The peaks
were identified using the retention times of tautomeric forms of monosaccharides.

4. Conclusions

Thermal conversion of flax shives in ethanol was studied in the presence of the
bifunctional ruthenium catalyst supported on oxidized Sibunit-4. This catalyst is highly
efficient for the thermal conversion of flax shives at 225–250 ◦C for 3 h. The temperature
elevation and addition of the catalyst improves the efficiency of thermal conversion of
flax shives in ethanol. The maximum conversion (76.8%), the yield of the liquid product
(29.7 wt.%) and monomeric methoxyphenols (9.9% expressed as lignin) are attained in the
presence of the catalyst under supercritical conditions at 250 ◦C. The simplest compounds,
such as guaiacol, are formed in the absence of catalysts, while propane derivatives are
mainly formed under the action of the catalyst.

Comparison of the literature data and the results obtained show that the use of
hydrogen leads to an increase in the conversion and in the degree of delignification of flax
shives, as well as to a decrease in the yield of cellulose both in catalytic and non-catalytic
processes. In the hydrogen-free process under study, guaiacyl- and syringylpropenes are
only reduced to the corresponding propanes at 250 ◦C, but hydrogenation of these propenes
with molecular hydrogen gives the propanes even at a lower temperature (225 ◦C).

Analysis of the molecular weight distribution of liquid products showed that the
use of the catalyst, as well as molecular hydrogen, leads to shifting the molecular weight
distribution towards low molecular weight products.
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