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Abstract: Invasive plants spread in such a way that they are threats to native species and to bio-
diversity. In this context, this work aims to determine possible valorizations of Scotch Broom
Cytisus scoparius (L.) Link. This species harvested in the Viseu region was used in the present study.
The eco-valorization of these renewable resources was made by conversion into liquid mixtures that
can later be used in the manufacture of valuable products. For a better understanding of the results
obtained, a chemical characterization of the Cytisus scoparius branches (CsB) was made. The ash

content, extractives in dichloromethane, ethanol and water, lignin, cellulose and hemicellulose of the
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updates initial material were determined. Liquefaction was made in a reactor with different granulometry,
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Optimization of Liquefaction liquefaction lead to higher liquefaction. The highest percentage of liquefaction was 95% which is

Parameters of Cytisus scoparius better than most of the lignocellulosic materials tested before.
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economic damage so that they can be a threat to natural ecosystems, food production,

human health and the economy itself [1]. Therefore, Broom, also called Scotch broom or
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English broom (Cytisus scoparius (L.) Link), is an example of an invasive plant.

In Portugal, communities are dominated by shrubs of the genera Cytisus, Genista,
Adenocarpus and Retama. In accordance with Costa et al. [2], the area of occupation of the
class Cytisetea scopario-striati has increased in recent decades, mainly due to the abandon-
ment of agricultural land. Its development in the Iberian Peninsula resulted in fragmented
Attribution (CC BY) license (https:// landscapes, determining spatial patterns of richness, composition and specific abundance
creativecommons.org/licenses,/by/ or the periods of regression of climatic forests [2]. The class Cytisetea scopario-striati develops
40). well on siliceous, poor on bases, non-hydomorphic soils and presents its greatest evolution
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and diversity in the west of the Iberian Peninsula in the Atlantic and Ibero-Atlantic Mediter-
ranean provinces [2]. According to the national forest inventory, forests represent 40% of
Portugal’s mainland, which is equivalent to almost 3.5 million hectares, 1 million more
hectares than agriculture. The forests with the highest territorial expression are eucalypts
(Eucalyptus globulus Labill) (26%), cork oak (Quercus suber L.) (23%) and pine (Pinus pinaster
Ait.) (22%), and the invasive species represent 0.4% [3,4].

Cytisus scoparius can be found in almost all of Europe and Macaronesia. It was
introduced in North America, Australia and South Africa. It is common in bushes, scrubs
and riparian and the edge of woods and paths. It is used as a medicinal plant, in agroforestry
management, as fuel and in the manufacture of outdoor brooms [5]. Cytisus scoparius is
a shrub 1 to 2 m high. The stem is green, angled, striated longitudinally and hard, with
consistent and flexible branches, usually with five well-defined streaks in an inverted
V-shape. The space between the stretch marks is greater than their width. This plant is
known to have several antioxidant compounds such as flavones, isoflavones, flavonols and
carotenoids [6-8].

The emergence of liquefaction techniques at low pressure and temperatures has in-
creased the interest in invasive plants that can be a cheap lignocellulosic alternative to other
more valuable materials and constitute an alternative for petroleum-derived fuels. This
alternative also has the advantage of contributing to the reduction of greenhouse gas emis-
sions, thus preventing global warming [9]. Liquefaction of moderate to low temperatures
has been done using two different types of solvents, phenol [10-13] or polyalcohols [14-18],
with basic (NaOH, KOH) or acid catalysis (sulphuric acid, paratuluenosulphonic acid, hy-
drochloric acid, oxalic acid or phosphoric acid). Phenol is mostly used when the objective
is to prepare resins such as epoxy resins since there is a higher content of phenols in the
liquefied material [19]. On the other hand, phenol is more toxic than the polyalcohols used
and less green since most of the polyalcohols can be obtained from crude glycerol or other
non-petroleum materials. Several lignocellulosic materials have been liquefied with polyal-
cohols such as agricultural wastes, for example, wheat straw [20], cornstarch [21] or rice
straw, oilseed rape straw and corn stover [22], forest management residues, such as several
woods [15,23,24], barks [16,25,26] or shells [14,27,28] and also some industrial residues such
as orange peel [29]. The lignocellulosic material is composed of carbohydrate polymers
(cellulose and hemicelluloses), lignin and a small part of other compounds (extractives,
salts and minerals). Cellulose and hemicelluloses, which usually account for two-thirds
of the dry mass, are polysaccharides that can be hydrolyzed into sugars and, eventually,
by fermentation, converted into ethanol. Lignin cannot be used for ethanol production,
so that it can be used for thermal energy production by combustion [9]. To improve the
knowledge and evaluation of possible applications, the chemical composition of Broom,
Cytisus scoparius, was determined.

This study intends to determine if Cytisus scoparius is a suitable material to produce
high quality polyols to be later used for the production of polyurethane foams or adhesives.
The knowledge of the chemical composition of the material and the FTIR analysis of initial,
liquefied material and solid residue will allow us to understand the chemical changes
involved and give some clues on how to improve the liquefaction procedure.

2. Materials and Methods
2.1. Materials

The branches of Cytisus scoparius (CsB) come from the district of Viseu (Sdo Pedro do
Sul). The samples were dried at room temperature, crushed in a Retsh SKI mill (Retsch
GmbH, Haan, Germany) and sieved using a Retsch AS200 for 30 min at 50 rpm. Five frac-
tions, >35 mesh (>0.425 mm); 35-40 mesh (0.425-0.450 mm); 40-60 mesh (0.425-0.250 mm);
60-80 mesh (0.250-0.180 mm) and <80 mesh (<0.180 mm) fraction was used for the tests.
The fractions obtained were dried in a greenhouse at 100 °C for 24 h before each test. The
chemical reagents used were analytical-grade reagents.
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2.2. Chemical Composition

The CsB were characterized for their ash content, extractives (in dichloromethane,
ethanol and hot water), x-cellulose, lignin and hemicelluloses. The 40-60 mesh fraction was
dried at 105 °C for at least 24 h and afterward used for the chemical analyses according to
Tappi T 264 om-97 [30]. The average chemical composition of each sample was determined
in triplicate. The extractives were determined by extraction with different solvents in
sequential order of ascending polarity.

The ash content was determined by calcination at 525 °C in accordance to Tappi T 211
om-93 [31]. The inorganic composition was determined by ICP after ash wet digestion in a
Leco CHNS-932 Elemental Analyzer (St. Joseph, MI, USA).

Extractives were determined by sequential Soxhlet extraction with 150 mL of dichloro-
methane, ethanol and hot water extractives in accordance with Tappi T 204 om-88 [32]. A
total of 10 g of dried material was placed in a filter paper cartridge inside the Soxhlet and
refluxed until extractives were removed. Extractions lasted for 6 h for dichloromethane
and 16 h for both ethanol and water. Extractive content was determined in relation to the
dry material.

Alkaline extraction was done by reflux with 0.3% (11/v) NaOH under a nitrogen atmosphere.

Lignin was determined by the Klason method in extractive free material. Two hydrol-
yses were performed, the first in a water bath at 30 °C with 72% H,SO4 for 1 h followed by
a second with 3% H;SOy in an autoclave at 120 °C for 1 h (according to modified Tappi
T 204 om-88) [33]. The insoluble residue was filtered in a G2 glass crucible, washed with
warm water and acetone, and dried at 100 °C until constant weight. The lignin percentage
was determined according to Equation (1).

PN Insoluble residue
Lignin (%) = Dried material X100 @

Soluble lignin was determined by measuring the absorbance at 205 nm.

Cellulose Kiirschner—-Hoffer was determined by using 1 g of material that was refluxed
with 100 mL of nitric acid: ethanol 20:80 solution for 1 h. This procedure was repeated
again, and the final insoluble material was filtered using a G2 crucible and by washing
with ethanol and hot water.

Hemicelluloses were determined by difference.

2.3. Liquefaction

In order to study the optimal conditions of liquefaction for the branches of Cytisus sco-
parius shrubs (CsB), different liquefaction reaction times, temperature and size of the
samples were tested.

The liquefaction process was conducted 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, catalyzed with sulfuric acid (3%). Liquefied samples were
dissolved in methanol and filtered in a G3 crucible.

The liquefaction yield was determined by the insoluble material retained in the crucible
according to Equation (2).

. . . o Insoluble residue
Liquefaction yield (%) = Dried imitial material < 100 ()

The effect of particle size was studied for five fractions, >35 mesh (>0.425 mm);
35-40 mesh (0.425-0.450 mm); 40-60 mesh (0.425-0.250 mm); 60-80 mesh (0.250-0.180 mm)
and 80 mesh (<0.180 mm). The temperature ranged between 140 °C and 180 °C and
liquefaction time from 15 to 60 min. Studies were made using different ratios of CsB:solvent,
1:5, 1:10 and 1:12.
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3. Results and Discussion
3.1. Chemical Composition

Table 1 presents the chemical composition of CsB, where it can be observed that it is
composed of 0.69% ashes, similar to the 0.78% obtained by Gonzalez et al. with Broom from
Ourense (north-west Spain) [34]. Ashes are essentially composed by potassium (0.694%)
and calcium (0.046%) followed by sodium (0.042%), magnesium (0.030%) and phosphor
(0.028%). This ash, given its composition rich in potassium and calcium, can be used in the
glass industry to reduce the melting temperature of silica.

Table 1. Chemical composition of CsB.

Parameters Content (% Dry Matter, w/w)
Ashes 0.694 + 0.012
K 0.194 + 0.001
Ca 0.046 + 0.001
Na 0.042 + 0.001
Mg 0.030 £ 0.001
P 0.028 + 0.001
Fe <0.01 £ 0.000
Zn <0.01 £ 0.000
Dichloromethane 0.689 £ 0.274
Extractives Ethanol 6.638 + 1.466
Hot water 1.977 £ 0.794
Total 9.304 + 1.466
1% NaOH extract 2 20.77 £ 0.15
Klason Lignin 14.57 £ 0.06
Cellulose Kiirscher and Hoffer 36.05 £ 1.15
Hemicelluloses 18.61 £+ 1.47

a Corrected for the extractive content and ash. P Corrected for the extractive content, ash and alkaline extract.

Total extractives represented around 9.3%, most of which were soluble in ethanol
(6.64%) and hot water (1.98%) and only 0.69% in dichloromethane. This means that ex-
tractives from Broom are most likely phenolic compounds and some small sugars that are
obtained in ethanol and water extracts, respectively. These extractives are important since
they proved to be good for the preparation of formulations for topical application to protect
skin against oxidative damage [6,35]. Dichloromethane removes mostly non-polar extrac-
tives such as fatty acids, alkanes, waxes, terpenes and terpenoids, as stated before [36]. On
the other hand, ethanol extractives are generally composed of lignans, flavonoid, stilbenes
and mostly tannins (hydrolyzable and condensed). Some of these tannins have larger
molecules and can only be removed by more aggressive extraction procedures such as 1%
NaOH solutions. Results show that Broom has a high amount of such compounds. Klason
lignin represents 14.57% of Broom, while cellulose Kiirscher and Hoffer represent around
36.1% and hemicelluloses 18.6%. The determination of the chemical composition will allow
us to understand the possible uses of CsB better.

Cytisus scoparius chemical composition is somewhat different from the one presented
by Gonzélez et al. [34]. These authors reported similar ash (0.78%) and extractives content
(9.13%) but a higher lignin percentage (26.6%); however, no alkaline extraction was made
before lignin determination. Therefore, the existent polyphenols were most likely counted
as lignin. In this study, the 20.8% alkaline extract has removed most of the polyphenols
reducing the Klason lignin obtained. This extraction might also remove some other non-
tannin material, such as lignin [37] and possibly some hemicelluloses, as stated before [38].
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On the other hand, the lignin content is not that far from the lignin content (16%) from
Broom obtained from agricultural wastelands located in Zachodniopomorskie Voivodeship
in Poland [39]. In the study by Gonzalez et al. [34], cellulose was estimated by glucan to
be around 40% and hemicelluloses by their sugar constituents to be around 19% which
is similar to the results obtained here. Moreover, some chemical differences are expected
since the origin of the plants is different. Results obtained for Cytisus striatus, generally
called Portuguese Broom, are not that different, with 0.8% ash content, 4.7% ethanol toluene
extractives, 22.4% lignin and 70% holocellulose [40].

3.2. Liquefaction Optimization

Figure 1 presents the variation of the liquefaction yield with the size of particles.
Results show that for the larger particles >35 mesh, the percentage of liquefaction was
only around 62.5% which can mean that the size of some of these particles was too big for
them to be solubilized. On the other hand, for lower-size particles, the differences between
the different sizes are small with 35-40 mesh, 40-60 mesh and <80 mesh (powder) with
a very similar value ranging from 92.4 to 95.1%. In relation to 60-80 mesh particles, the
percentage of liquefaction was slightly lower (80.9%), which can be due to the different
chemical composition in this particle size has observed before [14,17,41]. The different
chemical composition of each fraction is particularly important in heterogeneous materials
such as in this case where there is a mixture of wood, bark and even flowers with very
different chemical composition between each other. This result is extremely important as it
allows industries to use larger particles (below 35 mesh), excluding the time-consuming
process and complex transformation of Cytisus scoparius bushes to dust.
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Figure 1. Liquefaction yield for different particle size for the Cytisus scoparius branches (CsB) (constant
parameters: 180 °C, time 60 min and ratio CsB:solvent of 1:10).

To perform an optimization of the CsB/solvent ratios, tests with different ones were
performed using 1:5, 1:10, 1:12 for 60 min (min) at 180 °C. The results obtained are given
in Figure 2.

The results show an increase in liquefaction yield, between 54.8%, 55.8% and 87.2%
for a CsB/solvent ratio of 1:5, 1:10 and 1:12, respectively. In fact, this shows that using a
higher amount of solvent leads to better liquefaction yields, as proven before [17]; however,
it should be noted that more solvent corresponds to a higher cost. Thus, in the choice of
solvent ratio, economic and environmental issues should be considered. It was decided
to use the 1:10 ratio rather than the 1:5 ratio for the subsequent tests since, although here
the difference is small, some earlier tests have shown that 1:5 was not enough in some
conditions, and choosing this ratio could affect the study of the other parameters [17].
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Figure 2. Study of the ratio CsB:solvent for the samples of the branches (CsB) of Cytisus scoparius
(constant parameters: 180 °C, time 60 min and size for the samples <80 mesh).

Temperature optimization was performed by varying the temperature between 140 °C
and 180 °C, keeping all other parameters constant. The results obtained are shown in Figure 3.
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Figure 3. Study of the temperature for the samples of the branches (CsB) of Cytisus scoparius (constant
parameters: time 60 min, size for the samples <80 mesh and ratio CsB:solvent of 1:10).

The liquefaction yield increased with the increase of temperature liquefaction, achiev-
ing a promising value of 95.1% for 180 °C. At lower temperatures, the liquefaction yield was
only 65% and 73.5% for 140 °C and 160 °C, respectively. The high percentage of liquefaction
for 180 °C is higher than that obtained for other materials in similar conditions, such as,
for example, Eucalyptus globulus bark (61.6%) and branches (62.2%) [26]. Until 180 °C, no
recondensation reactions were observed, or at least it was not significant, probably due to
the use of a co-solvent system by the addition of a low-molecular-weight glycol (glycerol)
and ethylene glycol, as mentioned before [15].
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The optimization of liquefaction time was performed by varying the time between
15 and 60 min, keeping all other parameters constant. The results obtained are presented
in Figure 4.
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Figure 4. Study of liquefaction yield along liquefaction time for Broom branches for the fraction > 80 mesh
(powder) at 180 °C with acid catalysis.

Results show that it takes only 30 min to obtain a good liquefaction yield of 77.7% but
also, that higher liquefaction can be obtained for 60 min (95.1%). The liquefaction yield was
higher than the obtained for walnut shells (85%) before [42]. No decrease was observed
with the increase in temperature, as reported, for instance, by Soares et al. [23] with cork lig-
uefaction. These authors observed a decrease in higher temperatures which was attributed
to polycondensation reactions between the liquefaction intermediates. Depending on the
final product to be produced, a lower or higher liquefaction can be obtained.

The high percentage of liquefaction (95%) shows that broom can be successfully
liquefied bi polyalcohols with acid catalysis. The percentage of liquefaction is higher
than the one obtained before for several other lignocellulosic materials such as rice straw,
oilseed rape straw, wheat straw or corn stover [22] or orange peel wastes [43]. The low
amount of residue allows using the obtained polyol without any separation between the
solid residue and the liquefied material, which can be costly. Therefore, Broom has a
nice potential to be used for the production of polyurethane foams, as was done before for
several lignocellulosic materials, for instance, wood, barks or agricultural wastes [22,43—-46].

3.3. FTIR of Liquefaction

Figure 5 presents the variation of the FTIR spectrum between the initial material
and the liquefied polyol at 180 °C for 15 min, 30 min and 60 min. There are no major
differences between the spectra of polyols produced with 15 min, 30 min or 60 min reactions.
Big differences are observed between the initial and the liquefied material. There is a
clear increase in the hydroxyl peak and a shifting of the peak maximum from around
3350 cm ™! to around 3250 cm~!. This is to be expected since the solvents used, glycerol
and ethyleneglycol, are alcohols and, therefore, have several hydroxyl groups in their
constitution. The shifting for lower wavenumbers can be due to the different functional
groups present in liquefied material. Generally, alcohols absorb at higher wavenumbers
(3600-3300 cm 1) than carboxylic acids (3300-2500 cm 1), therefore, this shifting to lower
wavenumbers could be due to the increase in carboxylic acids. Nevertheless, generally, the
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C=0 of carboxylic acids has a strong absorption at about 1725-1700 cm !, which is not
seen in liquefied spectra.
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Figure 5. FTIR spectra of the initial material and the liquefied polyol at 180 °C for 15 min, 30 min and
60 min at 180 °C with acid catalysis.

The CH peaks are also very different in the polyol and in the initial material. These
bands result from the overlapping of -CHj- (2935-2915 em~ 1) and -CHj3 (2970-2950 cm 1)
stretching asymmetric vibrations and -CHj- (2865-2845 cm 1) and -CHj (2880-2860 cm ™ 1)
stretching symmetric vibrations [47]. The original peaks are sharper, and there is an increase
in the 2850 cm ! peak in relation to 2930 cm ! shifting the maximum to around 2860 cm~1.
Similar behavior has been observed before for liquefied cherry seeds [48].

The peak at 1730 cm ™!, corresponding to non-conjugated C=0 linkages, completely
disappeared in the spectra of the liquefied material, and the 1650 cm~! band was signifi-
cantly reduced and narrowed. This might be due to the low amount of lignin in the initial
material and to the lower resistance of Broom polysaccharides to hydrolysis. This is in line
with the increase observed in this peak in the FTIR spectrum of the solid residue, especially
after 60 min liquefaction. Similarly, the peak at 1510 cm ™! also disappears in the polyol
spectra, and this peak has been associated with benzene ring stretching vibrations [47,49].
The 1230 cm ™! peak also decreases in the liquefied material. Although there is an apparent
decrease in the 1030 cm~! peak, this might be due to the high increase in the 3350 cm ™!
band that proportionally decreases the remaining peaks. There is, however, a narrowing of
the peak and the appearance of a more pronounced shoulder at 1100 cm ™. There is a new
visible peak appearing at around 850 cm ! which can be due to stretching vibrations in the
pyranose ring [49]. The changes in FTIR spectra for the liquefied material are very different
from those observed for sweet cherry seeds, which can be due to the significantly different
chemical composition between them.

Figure 6 presents the variation of the FTIR spectrum between the initial material and
the liquefied polyol for a 60 min reaction at 140 °C, 160 °C and 180 °C. Similar to the
results presented in Figure 6, the main differences are observed between the initial and
the liquefied material. Nevertheless, at 140 °C, there is a smaller increase in the 3350 cm~1
band and a much higher C-O-C peak at 1030 cm ™! in relation to the other temperatures.
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Figure 6. FTIR spectra of the initial material and the liquefied polyol for a 60 min reaction at 140 °C,
160 °C and 180 °C with acid catalysis.

Figure 7 presents the FTIR spectra of the initial material and of the solid residue
obtained by liquefaction at 180 °C for 15 min, 30 min and 60 min reaction time. The solid
residue spectrum changes rapidly from the initial material and along the reaction time.
There is a slight narrowing of the 3350 cm~! band in the initial of the liquefaction and a
decrease for 60 min reaction time. In relation to the CH peaks, there is a decrease of the
2930 cm ! peak followed by an increase for longer reaction times. The same seems to
happen to the 1730 cm~! peak and somewhat to the 1650 cm ! band. These changes might
be due to an initial cleavage of acetyl or acetoxy groups in hemicelluloses. The fingertip
region is much less defined in the solid residue, and there seems to be a decrease at the
1226 cm~! peak. The C-O-C peak also seems to increase and decrease later.
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Figure 7. FTIR spectra of the initial material and of the solid residue obtained by liquefaction at
180 °C for 15 min, 30 min and 60 min reaction time with acid catalysis.
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The changes observed in the solid residue along the liquefaction time are similar to
those presented in Figure 8 with the increase in liquefaction temperature.
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Figure 8. FTIR spectra of the initial material and of the solid residue obtained by liquefaction for
60 min at temperatures 140 °C, 160 °C and 180 °C with acid catalysis.

FTIR analysis shows that it is not only one of the macromolecular compounds that
is being liquefied but rather that all the chemical compounds are affected by polyalcohol
liquefaction with acid catalysis.

4. Conclusions

Results have shown that in relation to macromolecular compounds, Broom is mainly
composed of cellulose, followed by hemicelluloses and lignin. Alkaline extract repre-
sented more than 20% and is probably composed of tannins. Extractives were more than
9%, with ethanol soluble representing more than half, followed by water soluble and
dichloromethane extractives. These phenolic compounds can be retrieved before lique-
faction in a biorefinery approach. Ashes were around 0.69%. No significative differences
were found for the different fractions, although the 40-60 mesh fraction presented the best
results. A higher amount of solvent improved the liquefaction percentage. The same was
observed for higher temperatures and the time of liquefaction. At the ideal conditions, a
high percentage of liquefaction (95%) could be achieved, better than most lignocellulosic
materials. These conditions were 180 °C, 60 min for the 40-60 mesh fraction. The results
have proven that Broom can be a valuable material that, once liquefied, can be later used
for the manufacture of goods without any further separation to substitute petroleum-based
products such as, for instance, polyurethane foams.
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