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Abstract: Eucalyptus globulus forest residues, bark, and branches, were characterized by wet chemistry
methods and involved in the liquefaction process using a glycerol-ethylene glycol reaction mixture
(1:1, v/v) catalyzed by strong mineral acid (3% H2SO4) or strong mineral base (6% KOH). The effect
of the reaction conditions (temperature and duration) and the particle size on the yield of liquefied
products have been evaluated. Acid catalysis revealed remarkably higher yields (25–50%) than when
using basic catalyst. It was considered that bark was more vulnerable to liquefaction with respect to
particle size than branches. Too high temperatures (>180 ◦C) are not advantageous regarding the
liquefaction yields and, therefore, temperatures around 160–180 ◦C would be preferable. The best
yield for the bark sample (>80 mesh fraction) was obtained at 180 ◦C for 60 min (61.6%), while for the
branches the best yield was obtained at 160 ◦C for 60 min (62.2%). Under compromised conditions
(180 ◦C for 60 min), the fine fraction (>80 mesh) of bark and branches did not show significant
differences between their liquefaction yields and can be processed together while adjusting the
suitable processing time. The main advantage of the use of these residues instead of solid wood is
that it would bring the Forest managing companies a much higher income for their wastes that are
usually burned and the use of lignocellulosic materials in detriment of petroleum-based materials for
the production of polymers would make industry less dependent on oil prices fluctuations.

Keywords: bark; branches; Eucalyptus globulus; low temperature liquefaction; optimization; wastes

1. Introduction

Eucalyptus globulus is the most important hardwood for the pulp and paper industry
worldwide due to several features, such as fast-growing, easy adaptability to various types
of soil and climate conditions (temperate, subtropical, and tropical), and the high-quality
papers produced thereof. The plantations of this hardwood genus cover some 18 million
hectares worldwide in 90 countries [1,2] with emphasis to Eucalyptus globulus Labill. being
the dominant species in Southern Europe. It should be noted, however, that there are
more than 700 different eucalyptus species [1], but only approximately a dozen species,
including Eucalyptus globulus, are used for pulp production [2]. In Europe, in 2020, the
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wood consumption for the pulp and paper industry was 146.4 million m3 and 8.6% of this
value, 12.6 million m3, were eucalyptus [3].

Such Eucalyptus globulus forest residues as bark and branches resulting from debarking
and pruning activities do not find industrial use and represent a considerable volume
of wastes. These wastes are used to some extent for energy production, but often end
up in landfills.

There are countless studies on the chemical composition of Eucalyptus globulus man-
agement wastes such as bark, stumps [4], and branches [5]. Thus, eucalyptus bark can
be used for the extraction of phenolic compounds, since they are natural antioxidants [6]
with a lot of applications in food and pharmaceutical sectors. Several studies have been
carried out with the aim of improving the amounts of extractives removed from Eucalyptus
globulus bark by supercritical fluid extraction [7–9] or using ultrafiltration membranes [10]
for the recovery of polyphenolic compounds [11]. Other studies revealed the waste biomass
from Eucalyptus globulus pulp production (e.g., bark) as a source of high-value triterpenic
compounds [12,13]. However, after extraction, a lignocellulosic residue with unaltered
macromolecular compounds is left as a residue.

Recently, several studies on the chemical composition of eucalyptus wastes related to
the evaluation of the industrial bark as a biorefinery feedstock have been carried out [14].
Lima et al. reported the chemical and anatomical characterization and antioxidant prop-
erties of barks from 11 eucalypt species [15]. Similar works were carried out to evaluate
the chemical composition and anatomical structure of Eucalyptus globulus stumps [16] and
different pre-treatments to improve their delignification [17]. Regarding the chemical com-
position of the bark in 11 eucalyptus species, it was concluded that the chemical composition
is specific to each species and differs in extractive content (from 5.5 to 18.6%), in Klason
lignin (from 11.6 to 24.3%) and in glucose/xylose ratio (3.8 to 12.1) [15]. In another study, it
is concluded that by applying pre-treatment, in a biorefinery context, Eucalyptus globulus
stumps (with 11.9% extractives and 22.2% Klason lignin) could be successfully delignified
and, therefore, used for the production of cellulosic pulp [17]. Regarding the chemical
composition of Eucalyptus globulus stumps, it was found that the amount of ash in piled
industrial stumps (19.2%) is much higher than in fresh stumps (3.5%) and that the extractive
content is different in fresh stumps (7.5%) and on stacked stumps (4.1%) [16]. Recently,
a study on the structural composition of lignin from Eucalyptus globulus bark revealed
a H:G:S ratio of 1:26:73 [18]. This study also showed some structural units (p-coumaric
acid, coniferylic acid, and sinapylic acid) in addition to the three main groups mentioned
above. The identification of the components present in the extractives have also motivated
several studies. Recently, 202 compounds were found in the lipophilic fraction of Eucalyptus
globulus, of which, 189 were fully identified [19].

The most studied hydrothermal liquefaction takes places at high temperatures (200–370 ◦C)
and pressures (4–20 MPa). However, at these temperatures and pressures, the obtained
liquid has very small molecules and is mainly produced as a source for liquid fuels [20].
In the last few years, special attention has been given to liquefaction at lower tempera-
tures and pressures where the resulting liquid has higher molecules than can easily be
repolymerized into value added material. Since lignocellulosic materials are the most
abundant natural material, many studies on their liquefaction from agricultural or forest
residues have been done, such as wheat straw [21], corn stover [22–25], soybean straw [26],
cotton stalks [27,28], olive pits [29], pine bark [30,31], Quercus cerris bark [32], cork [33],
microalgae [34], lignin from enzymatic hydrolysis [35] and pure cellulose [36], pine wood
sawdust [37], almond husk [38], rice husk [24,39], apricot stone [40], peanut shell [41], wal-
nut shells [42], agricultural residues (rice straw, wheat straw, corn stover, and oilseed rape
straw) [24], wheat straw [43], corn husks [44]; digested sewage sludge, hemp stalk hurd,
and sugar beet pulp [45] were reported. The growing interest in the study of liquefaction
of agroforest residues is due to these processes allowing the manufacture of value-added
products similar to those traditionally made from petroleum. This is just one more path to
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substitute petroleum-based products, similar to what’s been done with liquid and solid
biofuels [1].

In biomass liquefaction at relatively low temperatures and pressure, the most used
solvents are phenol [46], ethylene glycol (EG) [23,47], polyethylene glycol (PEG) [27], and
glycerol [20,26,36]. The function of the solvent in liquefaction is to dissolve the liquefaction
products and prevent them from re-polymerization [20]. In the absence of a catalyst,
liquefaction conditions require high pressure and temperatures (300–500 ◦C). In contrast,
in the presence of a suitable catalyst, and at atmospheric pressure, the temperature range
required for liquefaction of biomass is around 180 ◦C [46]. Both basic and acid catalysts
can be involved in liquefaction reactions. The most used acid catalysts are organic acids,
such as oxalic acid, p-toluenesulfonic and methanesulfonic acids, and inorganic acids,
such as hydrochloric, sulfuric, or phosphoric acids [48,49]. Sulfuric acid was identified
as the acid with the best catalytic efficiency [20]. The most common basic catalysts are
potassium hydroxide [50] and sodium hydroxide [51]. The liquefaction of lignocellulosic
materials comprises a complex set of reactions involving the three components of the plant
cell wall: lignin, hemicellulose, and cellulose. Such reactions are basically of three types:
esterification, etherification of cellulose, or lignin derivatives and different degradation
reactions of biomass [22]. During liquefaction, the polymeric components of the cell
wall are converted into smaller fragments, which can be used as macromonomers in
the manufacture of polymers such as polyurethane foams [52], epoxy resins [53], and
polyurethane adhesives [54].

Fernandes et al. [55] studied the liquefaction of Eucalyptus globulus sawdust using
2-ethylhexanol (2-EH) as a solvent, using p-toluenesulphonic acid (PTSA) (2.44%) as catalyst
with a solvent:biomass ratio of 1:5. The optimal liquefaction results were found at 160 ◦C
for 180 min. Furthermore, Mateus et al. [56] studied the liquefaction of Eucalyptus globulus
bark using PTSA (3%) as catalyst and a mixture of 2-EH and diethylene glycol (DEG) (1:3) as
solvent with a biomass:solvent ratio of 1:10. In this study, the best yield of liquefied products
was achieved at 150 ◦C for 180 min. In another work, Vale et al. [57] liquefied the Eucalyptus
globulus bark to prepare the polyurethane foams. In this work, the mixture of DEG and
2-EH was used as a solvent, in a mass proportion of 1:1:3 (biomass: DEG:2-EH), using
PTSA (3%) as a catalyst. The best liquefaction yield was achieved at 160 ◦C for 120 min.

The objective of this study was to determine the optimal conditions for the liquefaction
of the bark and branches of Eucalyptus globulus, in terms of reaction time, temperature,
particle size, and type of catalyst (acid or base). These forest residues were also char-
acterized as to their chemical composition in order to identify the possible ways of this
biomass transformation to obtain value-added products (foams, polymers, and adhesives)
while liquefaction is carried out at low pressure and temperature with an appropriate
catalyst. The advantage of using these wastes over wood would bring higher revenue
for Forest management companies and make polymer companies less dependent on oil
prices fluctuations.

2. Materials and Methods
2.1. Sample Preparation

The bark and branch forest residues used in experiments are presented in Figure 1.
These waste samples were supplied by Pedrosa & Irmãos, which is a Portuguese forest
management company located in Leiria. Bark and branches were removed from Eucalyptus
globulus trunks to produce logs to be used in pulp and paper industry.

After drying at room temperature, the samples were reduced to sawdust using a
knives mill (Fritsch Pulversitte 19), followed by sieving for half an hour at 50 rpm (Retsh
5657 HAAN 1). The following fractions were obtained: >40 mesh (>0.425 mm); 40–60 mesh
(0.425–0.250 mm); 60–80 mesh (0.250–0.180 mm), and <80 mesh (<0.180 mm). Afterwards
these fractions were dried at 103 ◦C overnight.
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Figure 1. Eucalyptus globulus forest residues: (a) bark and (b) branches.

2.2. Chemical Composition

Ash content determination was done in accordance with ISO 1762:2015 standard using
the 40–60 mesh fraction. The sample was incinerated in a furnace at 525 ◦C for 3 h.

Moisture content of bark and branches was determined gravimetrically. The method
used consisted in the determination of mass loss of the sample of 40–60 mesh fraction,
dried in an oven at 105 ± 3 ◦C overnight.

Extractives were determined according to Tappi T 204 om-07 method [58]. Extrac-
tions were done sequentially in a Soxhlet apparatus with solvents of increasing polarity:
dichloromethane (6 h), ethanol (12 h) and hot water (12 h).

The protein content was determined in the extracted sample with a 1% solution of
pepsin in 0.1 M HCl (liquid-to-wood ratio 50). The resulting solution was left in the oven at
37 ◦C for 4 h and then filtered with warm water until neutralization. The remaining residue
was dried at 60 ◦C until constant weight.

Tannin content was determined in a sample without extractives and proteins with
a solution of NaOH at 0.3% (v/v). The resulting mixture was kept under a nitrogen
atmosphere reflux during 1 h. The extracted material was filtered off, washed with hot
water until neutralization and dried until constant weight at 60 ◦C.

Lignin content was determined from extractives-free samples such as a Klason lignin,
according to Tappi T222 om-02 standard procedure [59]. This method consists in the direct
determination of lignin and is based on isolation and determination of acid-insoluble lignin
by two-step hydrolysis: first with concentrated sulfuric acid (72%), followed by hydrolysis
with diluted sulfuric acid (3%).

The cellulose content was determined by the Kürscher and Hoffer method, which
consists in the treatment of samples with nitric acid and ethanol (1:4, v/v). This method
involves the sample free from extractives with a 50 mL solution of nitric acid and ethanol
(1:4, v/v) for 3 h in reflux. At the end of each hour, the supernatant was removed by
decanting and more 50 mL of ethanol and nitric acid solution were added (1:4, v/v). The
insoluble residue obtained after 3 h is filtered off and washed with warm water until neutral
reaction. The hemicellulose content was determined indirectly by the difference between
the total polysaccharides content and cellulose.

2.3. Liquefaction

In order to study the optimal conditions for liquefaction of bark and branches of
Eucalyptus globulus different liquefaction reaction time, temperature, type of catalyst (acid
or base), and size of the biomass fraction were examined.

The liquefaction was carried out in a double shirt reactor (600 mL) heated with oil
(Reactor Parr LKT PED). The samples were introduced in the reactor with a mixture of
glycerol and ethylene glycol (1:1, v/v) catalyzed with sulfuric acid (3%) or potassium
hydroxide (6%). Liquid-to-solid ratio was 1:10 in all experiments, there is 100 g of solvent
for each 10 g of solid material. Different temperature and time of liquefaction were tested,
with temperatures ranging between 140 ◦C and 200 ◦C, and the liquefaction time from 15 to
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120 min. After liquefaction, liquefied samples were dissolved in methanol and filtered with
a filter paper in a Buckner funnel to determine the unreacted residue. The latter was then
washed with hot water until neutral reaction and dried at 105 ◦C until constant weight.

The effect of particle size was studied for <40, 40–60, 60–80, and <80 mesh fractions.
The catalysts examined were sulfuric acid (3% wt.) or potassium hydroxide (6% wt.).

3. Results and Discussion
3.1. Chemical Composition

The studied materials are wastes of a Forest management company that efficiently
separates Eucalyptus globulus bark and branches before sending wood for the cellulose
companies. The material dries in the sun and the initial samples had moisture around
17.5% and 10.6% for bark and branches, respectively. Since especially branches are mostly
removed in the forest and afterwards transported to the company and chipped, there can be
a vast diversity in the composition, such as bark, leaves, and possibly some sand, as men-
tioned before for Pinus Sylvestris forest residues shredded chips [60]. Bark and branches are
heterogeneous materials, consisting of non-structural and structural components. Among
the macromolecular structural components, the main ones are cellulose, hemicelluloses,
and lignin. The non-structural components are low molecular weight compounds, which
include mainly the extractives and inorganic compounds. It is known that the chemical
composition of branches and bark varies from species to species, changing in various parts
of the same tree (trunk, branches, roots, bark, and needles) and is also affected by the
trees growing conditions [61]. Other factors influencing the chemical composition of the
bark and branches includes the age of trees, tree cutting season, and time elapsed between
cutting and carrying out the analyses. The results on the chemical composition of bark and
branches used in this study are depicted in Table 1. The major component for both samples
is cellulose, with 40.5% and 41.3% for bark and branches, respectively. Similar results for
the cellulose content were presented by Vázquez et al. [62] for eucalyptus bark cellulose
(41.6%) and Pereira et al. [5] for Eucalyptus globulus branches (41.2%). Miranda et al. [63]
reported a 62.6% of holocellulose content in eucalyptus bark, which is not much different from
the 63.6% obtained in this study. The second most representative component are hemicelluloses,
with values are of 23.1% and 22.3%, for bark and branches, respectively (Table 1).

Table 1. Chemical Composition of barks and branches of Eucalyptus globulus (% dry material).

Parameter Bark Composition (%) Branches Composition (%)

Ashes 14.2 ± 1.2 10.6 ± 0.8

Extract.
Dichloromethane 1.2 ± 0.2 3.0 ± 0.2

Ethanol 2.9 + 0.3 3.1 ± 0.2
Hot water 4.4 ± 1.0 4.8 ± 0.5

Proteins a - - 0.3 ± 0.1
Tannins b 11.4 ± 6.8 16.8 ± 0.6

Klason Lignin c 15.6 ± 0.3 17.9 ± 1.6
Cellulose 40.5 ± 1.0 41.3 ± 3.7

Hemicelluloses 23.1 22.3
a Corrected for the extractive content and ash, b Corrected for the extractive content, ash, proteins, c Corrected for
the extractive content, ash, proteins and tannins.

The hemicellulose content was determined indirectly by the difference between the
total polysaccharides and cellulose, which might justify the differences from other studies.
Most of the studies report some smaller amount of hemicelluloses for eucalyptus bark
(e.g., 20.8% [62] or 7.0–19.6% [5]). Pereira et al. [5] reported 17.8% of pentosans for euca-
lyptus branches. Klason lignin represented of 17.9% and 15.6% for branches and bark,
respectively. Vázquez et al. [62] reported 16.7% of lignin in eucalyptus bark, which is quite
similar to the data obtained in this work (Table 1). At the same time, Pereira et al. [5]
obtained a lignin content of 21.8% for branches, which is considerably higher than that
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found here. However, in that work, a contribution of tannins was not counted for the
lignin content.

Extractives were determined with dichloromethane (non-polar), ethanol (semi polar),
and water (polar). Bark presented 1.2% of non-polar, 2.9% semi-polar, and 4.4% of polar ex-
tractives, representing 8.5% of total extractives. There are not so many studies for extractives
from eucalyptus bark using the same solvents. Nevertheless, Miranda et al. [63] reported
0.9%, 0.2%, 1.3%, and 4.1% for dichloromethane, methanol, ethanol, and water extractives,
respectively, which is comparable to the results presented in Table 1. Pereira et al. [5]
reported a similar percentage of total extractives in eucalyptus bark (6.3–8.5%). Other
researchers reported somewhat higher values, as for instance Yadav et al. [64] that reported
7.2% for the extractives soluble in ethanol and 15.5% for water extractives.

Branches presented 3.0% extractives in dichloromethane, 3.1% in ethanol, and 4.8% in
water. The similarity between bark and branches chemical composition was to be expected
since branches have a high bark content. The high percentage of ashes obtained in this study,
14.2% and 10.6% for bark and branches, respectively, might be due to some contamination
of the samples from some inorganic materials since these wastes are left outside in the
field as stated before [65]. Other studies refer smaller amounts of ashes for eucalyptus
bark as for instance 12.1% [63], 4.7% [62], or 4.5% [66] or even between 1.6 and 3.5% [5].
According to Neiva et al. [18], eucalyptus bark has a high mineral content dominated by
Ca that corresponds to 75% of the mineral fraction, while in wood is just 19%. There is also
a high amount of Fe (546 ppm) and Mn (731 ppm). These authors also mentioned that the
HHV of eucalypt bark was 18.4 (MJ/kg), lower than the 19.3 (MJ/kg) for wood. The values
for branches are difficult to find since they depend on the amount of leaves, bark, or wood
in the sample.

3.2. Liquefaction Optimization

The most important parameter in the liquefaction reaction is the catalyst in use,
which allows the reaction to be developed at lower temperatures and pressures than non-
catalyzed liquefaction. Catalyst promotes both the degradation of cellular macromolecular
compounds and their reactions with the liquid medium, favoring their dissolution. In
this work, sulfuric acid was used as an acid catalyst and potassium hydroxide as a basic
catalyst. Figure 2 shows the liquefaction yields for the bark (a) and branches (b) in both
alkaline and acid media. The results show that the acid catalyzed process led to higher
liquefaction yields than for the base-catalyzed one for both bark and branches. The best
liquefaction yield for bark in acid medium was around 60% for 60 min reaction time, while
in basic medium, the highest yield of about 50% was obtained at 120 min reaction time. In
relation to branches, the results were different since liquefaction percentage was higher
with 61.7% for acid medium obtained at 60 min and 53.2% for basic medium at the same
time. Alkaline medium is generally favorable for barks with high suberin content since
it is known that suberin can be depolymerized by alkaline-catalyzed treatment in alcohol
media as highlighted previously [18,32,50].

For instance, Esteves et al. [50] reported a liquefaction yield of around 60% for KOH
and 30% for sulfuric acid catalyzed liquefaction of Pseudotsuga menziezii bark, which is
a bark with high suberin content. The lower liquefaction yield obtained here for basic
catalysis is probably due to the very low suberin content of eucalypt bark (<1%, [15]).
Similar results were reported previously by other researchers [67,68].

Figure 3 presents the variation of the liquefaction yield in relation to the size of the
particles. Results show that the particle size has no significant influence on the liquefaction
yield and for the samples of bark and branches a similar yield of 61.6% and 56.0%, respec-
tively, could be achieved using fractions of <80 mesh. The size of the samples is generally
important when the chemical composition of the various fractions is very different, which
happens, for example, in the bark of Pseudotsuga menziesii, which has a higher cork content
in the larger particles than in the smaller ones. Results presented by Miranda et al. [63]
show that the chemical composition of fine (F, <0.180 mm), medium (M, 0.250–0.450 mm),
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and coarse (C, >2 mm) fractions differs mostly in the extractive content and there is only a
smaller percentage of lignin and therefore higher holocelulose content in the coarse fraction.
That work demonstrated that, theoretically, the coarse bark fraction would be more easily
liquefied than the fine fraction by looking only at the chemical composition. However, in
finer fractions, the reaction should be faster due to the better accessibility of the chemicals
to the material. This equilibrium might justify the results presented in Figure 3, because
there is a slightly higher liquefaction yield in the coarse (<40 mesh) fraction, decreasing
further for the 60–80 mesh fraction, and increasing for the fine (<80) fraction.

Figure 2. Effect of the catalyst on the liquefaction yields from (a) bark and (b) branches for the fraction
> 80 mesh (powder) at 180 ◦C.

Figure 3. Effect of the bark and branches particle size to the liquefaction at 180 ◦C for 60 min with
acid catalysis.

The best temperature to achieve the highest liquefaction was studied for 60 min
reaction time. Figure 4 shows the liquefaction yields for reaction temperatures between
140 ◦C and 200 ◦C for both bark and branches. The best liquefaction yields were obtained
for the bark at 180 ◦C (61.6%) and for the branches at 160 ◦C (62.2%). The different
results between bark and branches can be attributed to the somewhat different chemical
composition of both forest wastes. The poorer results obtained at 200 ◦C are probably
due to some condensation reactions between the liquefaction products. Similar results
were reported previously for the liquefaction of cork [69]. According to Kurimoto and
Tamura [70], re-condensation happens at higher temperatures when both the cellulose and
the lignin are liquefied. Nevertheless, these authors suggested that this reaction could be
inhibited by the addition of low-molecular weight glycols, such as glycerol.
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Figure 4. Effect of the reaction temperature on the liquefaction yield of bark and branches particles
fraction > 80 mesh (powder) for 60 min with acid catalysis.

The variation of liquefaction yield along the treatment was studied for a liquefaction
at 180 ◦C. Figure 5 shows the variation of bark and branches liquefaction yields for 15 min,
30 min, 60 min, and 120 min of treatment. It was found that for the bark sample, the
best yield was obtained for 60 min and 180 ◦C (61.6%), while that for the branches the
best yield was obtained for 120 min and 180 ◦C (61.2%). No significant difference was
observed between bark and branches which is probably due to the relatively similar
chemical composition of both residues as seen before. According to Hu et al. [71], in the
first reaction stages, hemicelluloses, lignin, and amorphous cellulose are liquefied due to
their better accessibility to chemicals while crystalline cellulose needs longer reaction time.

Figure 5. Effect of reaction time on yield of liquefaction products from the fraction of bark and
branches particles > 80 mesh (powder) at 180 ◦C with acid catalysis.

The use of these wastes produced in forest management companies would bring a
huge economic impact since these wastes are generally burned, and the possibility of using
them to substitute wood in some products, derived from liquefied lignocellulosic materials,
such as adhesives or polyurethane foams, would bring an important revenue for these
companies. Another advantage is that the processing of these wastes is similar to the one
used with wood and, therefore, no additional costs would be required to implementing this
technology. Foams and adhesives are mostly produced from petroleum, which is becoming
scarce. Lignocellulosic materials have been described as “the most abundant, economical,
and highly renewable natural feedstock globally, with an approximate 200 billion tons
yield” [20]. Another advantage is that since these materials are not derived from fossil fuels,
they are not susceptible to oil prices fluctuations that are becoming more unpredictable
every day [72].
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4. Conclusions

Chemical analysis of the main forest residues of E. globulus, bark and branches, did
not reveal significant differences in the abundance of their macromolecular components
(cellulose, lignin and hemicelluloses). The highest liquefaction yields in the reaction mixture
glycerol:ethylene glycol (1:1, v/v) for E. globulus bark and branches were obtained with acid
catalyst. The best results for the bark powder were achieved at 180 ◦C for 60 min and for
branches, (62.2% yield) attained with >80 mesh fraction at 160 ◦C for 60 min. Under certain
conditions (e.g., at 180 ◦C for 60 min), the fine fraction (>80 mesh) of bark and branches did
not show significant differences between their liquefaction yields. This means that both
wastes can be mixed together for their processing as already practiced in most cases of
other forest residues. Too high temperatures (>180 ◦C) are not advantageous regarding the
liquefaction yields and, therefore, temperatures around 160–180 ◦C would be preferable for
different bark/branches mixtures, while adjusting the suitable processing times. Overall,
these results put in evidence that these lignocellulosic wastes can efficiently be converted
into a liquefied material that can later be used for the production of added value materials.
This study to test the ability of these liquefied materials to produce polyurethane foams
and adhesives is ongoing.
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