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Featured Application: Biochars from broom and gorse presented appropriate properties for use
as fuels for energy production and pose no risks from an environmental perspective due to their
low PAH content. These biochars are rich in carbon and have a low ash content. However, future
investigations are needed to optimize and better understand their use in energy production and
other potential uses, for example, as reductant materials in carbothermic reduction processes.

Abstract: Biochar (BC), which can be produced from several feedstocks, has been widely studied.
However, the BC derived from highly pyrolytic shrubs, such as broom and gorse, has been less
frequently used and only partially characterized. These wastes, when used for the preparation of
biochar, can fix carbon and contribute to environmental conservation, helping to achieve sustainable
development objectives. Eight biochars from broom and gorse were produced and fully analyzed,
providing a more complete and novel description, with new insights for assessing their utilization.
The aims of this study were to elucidate the effects of feedstock, pyrolysis temperature, and residence
time on biochar properties and to assess the adequacy of these biochars as fuel. Elemental and
proximate analyses and estimations of the lower and higher heating values were performed, and
physical and chemical properties, as well as several other related energy indices, were determined.
The experimental results showed that the temperature was a key factor in the properties of the
biochars, while residence time was less important. The BCs obtained from the two feedstocks did
not show important effects on the properties, which is consistent with the fact that they are woody
legumes. These biochars had a high carbon content and were thermally stable. The BCs also had a
high calorific value and suitable energetic properties. Additionally, their PAH contents were low,
indicating that the use of these biochars would be safe. In conclusion, broom- and gorse-derived
biochars can be considered as renewable fuels for green energy production.

Keywords: biochars; broom; gorse; waste; valorization

1. Introduction

Biochar (BC) is a carbonaceous material that results from the pyrolysis of biomass in an
inert atmosphere or in the limited presence of air [1]. The dominant factors that influence
the physicochemical properties of biochar and its end applications are the feedstock type
and the thermochemical parameters, namely, pyrolysis temperature, residence time, and
heating rate [2,3].

BC can be produced from a variety of organic feedstocks, including sewage sludge [4],
animal manure [5–7], deinking paper sludge [8], and pruning waste [9], among others.
Different feedstocks result in differences in the physical and chemical properties of biochar.
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Lignocellulosic biomass, which includes agricultural residues, forest debris, and industrial
waste, is receiving interest due to its profuse availability and low cost. Commonly, lignocel-
lulose waste is categorized into two main classes: woody and herbaceous or nonwoody
waste [10–12]. Woody plants have a relatively higher lignin content, but herbaceous plants
have higher cellulose and hemicellulose contents. Therefore, the biomass from herbaceous
plants has lower thermal stability, and their macromolecules undergo carbonization more
easily during pyrolysis. These wastes, when used for the preparation of biochar, can
fix carbon and contribute to environmental conservation, helping to achieve sustainable
development objectives.

Regarding pyrolysis conditions, in general, BC production is conducted via slow
pyrolysis, which typically takes place using a heating rate of <2 ◦C s−1; slow pyrolysis can
produce comparatively high-quality BC with a stable carbon content and a low H/C ratio.
Temperature has a significant effect on the physiochemical properties of BC, including
its functional groups, surface area, and porosity. Previous investigations showed that the
temperature of slow pyrolysis mostly varies between 300 and 600 ◦C depending on the
intended BC use [3,5,13]. Residence times may vary from minutes to days; a moderate-
length residence time is required to optimize the biochar production both in terms of yield
and physicochemical properties [11,14]. Common gorse (Ulex europaeus, L.) and scotch
broom (Cytisus scoparius, L. (Link)) are evergreen nitrogen-fixing shrubs belonging to the
legume family; gorse is a spiny or thorny plant. Both shrubs are distributed worldwide,
either as native or introduced species. As a native species, gorse is most abundant along
the western coast of Europe and in the British Isles [15], and it is widespread near the
western Mediterranean Sea. Scotch broom, as a native species, is most common in central
Europe and the British Isles, from Ireland to Ukraine, and from southern Spain to southern
Norway [16,17]. Both legume shrubs have been widely introduced around the world
for different reasons. According to the International Union for Conservation of Nature,
introduced stands of gorse and broom are most abundant in maritime regions at temperate
latitudes, in the United States, Canada, South Africa, New Zealand, and Australia [18–23].
They are also established at subtropical latitudes, for example, in several mountains areas
from India and Brazil [24,25], and on islands such as Hawaii [26] and Reunion [27]. As an
invasive species, gorse and Scotch broom have been recorded in 52 and 54 countries and
islands, respectively [22,23].

Although several beneficial attributes of gorse and broom have been identified, they
are now viewed as prolific seeders that escaped from cultivation and had become invasive
species and noxious weeds in most of the countries to which they have been introduced.
Moreover, even though these species have been present in European countries for centuries,
they are often considered a weed due to their several detrimental effects [28].

On the other hand, the positive effects of these shrubs are associated with their ability
to fix nitrogen. Additionally, they have some secondary beneficial effects like their use as
hedges or ornamental plants [19,27] and natural herbicides [29], and for their medicinal
or immunological value [30]. Gorse was historically used as fuel in the British Isles; in
northwest Spain and northern Portugal, it has been extensively mixed with animal waste
to make fertilizer. In addition, gorse has been used as fodder and broom for cleaning
purposes in several regions worldwide. Nowadays, these traditional uses, however, have
been abandoned, leading to increased biomass availability [15,30].

The harmful effects of gorse and Scotch broom are associated with their ability to form
dense impenetrable monospecific stands that affect the dynamics of the landscape; modify
the edaphic composition; reduce or even eliminate native grasslands, forests, rangelands,
and agricultural lands areas; and create fire hazards [21,31]. Moreover, serious fire hazards
can affect both the invasive and native ranges of gorse and Scotch broom, because these
shrubs are highly flammable and produce high residual biomass [31–33]. For example, the
shrub communities in the European region of Galicia, Spain, and northern Portugal, belong-
ing both to the Euro-Atlantic and Mediterranean biogeographic domains, are abundant.
In this region, gorse and broom are prone to severe wildfires, which have intensified in



Appl. Sci. 2024, 14, 4283 3 of 18

recent decades [34–36]. The surface areas of gorse and broom in this European region have
been estimated at about 530,000 and 470,000 ha, respectively [37]. Fuel loads have been
measured in Galicia, yielding aerial biomass values of 33.6 ± 14.5 and 53.7 ± 36.0 t ha−1

for gorse and broom, respectively. Additionally, the total measured fuel load amounts,
including litter, are 40.0 ± 22.8 for gorse and 61.9 ± 47.3 t ha−1 for broom. In addition,
frequently gorse, but also broom, occurs under Pinus and Eucalyptus forests, which are also
subjected to fire hazards. The risk of wildfires could be drastically reduced if this available
and abundant low-cost aerial biomass is used as feedstock to synthetize renewable sources
of energy, including biochar.

Characterizations of BC from woody feedstocks including trees [38], tree by-products
such as wood chips [39], wood industry residues such as sawdust [40], or pruning waste [3,9]
are widely available. Similarly, several invasive herbaceous species have been broadly
used as biochar feedstock in several applications [41]. Selected examples are (i) Ambrosia
artemisiifolia L., used as a metal-accumulating biochar in order to treat potentially toxic
elements (PTEs) [42]; (ii) Eupatorium adenophorum biochar, which reduced the Pb and Cd
contents from aqueous solutions, leading to possible use in heavy metal remediation [43];
and (iii) Ambrosia trifida L., converted to biochar and used as an effective adsorbent for
the treatment of Trichloroethylene (TCE)-contaminated groundwater, which is the pre-
dominantly occurring chlorinated hydrocarbon in groundwater in industrial/urban areas
around the world [44]. For fuel production, the ideal invasive species is Spartina alterniflora
due to its high productivity and heat value [45].

However, despite the wide distribution of gorse and broom across much of the tem-
perate and subtropical agroecological landscapes of the world, research on the valorization
of its biomass produced via modern thermochemical conversion techniques has been rather
limited. The valorization of gorse as a potential renewable energy source (fuel or electricity)
has been addressed [46,47], and the use of broom [48] and gorse [49] for fuel production
has been also explored. Notably, a characterization of torrefaction products from both gorse
and broom was reported [50].

Overall, the characterization of gorse- and Scotch broom-derived BC has received
comparatively less attention than that of BC from forest species or invasive herbaceous
plants. As a result, the former two biochars have been only partially described, and their full
characterization still is lacking. Even if the biochar obtained from gorse [51] and broom [52]
has been used for ameliorating agricultural and forest soil properties, respectively the
scarce existing BC characterization research has mainly focused on the effect of pyrolysis
conditions on selected BC properties. For example, Kaal et al. [53] reported elemental
analyses, pyrolysis chromatograms, and FTIR diagrams for gorse BC. Similarly, Gómez
et al. [51] used gorse biochar for chromium removal.

Therefore, the literature shows that the characterization of gorse- and broom-derived
biochar and the suitability of these shrubs to produce fuel have been insufficiently analyzed.
To bridge this gap, biochars from broom and gorse were produced at two different temper-
atures and residence times. Elemental analysis, proximate analysis, and analysis of several
chemical and physical properties were carried out in triplicate; particular attention was paid
to the estimations of higher heating value (HHV) and other energy indices of the elemental
composition, because they can be viewed as indicators of the amount of heat released by a
fuel, as we are dealing with pyrolytic species [54,55]. In addition, PAHs were quantified.
The aim of this study was to elucidate the effects of feedstock, pyrolysis temperature, and
residence time on the different properties of broom- and gorse-derived biochar. In addition,
the adequacy of the use of these biochars as fuels was assessed. Compared to previous
studies, the novelty of our work lies in that we provide a more complete characterization of
the general properties of broom and gorse BCs, as well as new insights into the valorization
of these materials for their use as fuels.
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2. Materials and Methods
2.1. Feedstock Selection

The feedstocks selected for this work were broom and gorse. Both species are typical
vegetation in Galicia and were obtained from the Coruña region, in the northwest of Spain.
Both plants are legumes of the Fabaceae family. The species were selected due to (i) their
wide distribution, covering a vast area of shrubland and forest in Galicia [55]; (ii) their
high pyrolytic values [54,55]. Feedstock samples were collected in May 2022. Immediately
after sampling raw broom and gorse, plants were delivered to the laboratory. Humidity for
broom and gorse was 54.65 ± 1.01 and 53.18 ± 1.20%, respectively. Next, samples were
spread out on plastic trays and air-dried for 24 h. Then, the feedstocks were dried at 60 ◦C
in a DIGILAN, (Labolan, Navarra, Spain) furnace for 48 h. After that, dry samples were
crushed and sieved through a 4 mm sieve.

2.2. Biochar Production

The production of biochars was achieved through the slow pyrolysis of the broom
and gorse samples at a 3 ◦C min−1 heating rate in a 12-PR/400 series 8B furnace (Hobersal,
Barcelona, Spain). Two pyrolysis temperatures (300 ◦C and 600 ◦C) and two residence
times (1 h and 3 h) were set up for each material. The selected experimental conditions
were chosen according to previous works [3]. Biochars derived from broom feedstock were
named with BB initials followed by temperature and pyrolysis duration as follows: BB300-
1H, BB300-3H, BB600-1H, and BB600-3H; biochars fabricated from gorse were similarly
labeled with BG initials as BG300-1H, BG300-3H, BG600-1H, and BG600-3H.

2.3. Characterization of the Feedstock and Biochars

Biochars were milled and sieved to a particle size of less than 2 mm. For the elemen-
tal analysis, proximate analysis, and chemical property analysis, biochar samples were
milled and sieved to a particle size below 200 µm. Each property was measured in tripli-
cate, except for the physical properties and PAH content, which were recorded from one
representative sample.

2.3.1. Elemental Analysis

The elemental analysis (C, H, N, S) was performed by dry combustion with an elemen-
tal analyzer (FlashEA1112) (Thermo-Finnigan, San Jose, CA, USA). The oxygen (O) content
was calculated as follows [56]:

O (%) = 100 − (%C + %H + %N + %S + %Ash) (1)

The atomic ratios (H/C, O/C and ((O + N)/C)) were calculated considering the atomic
weight of each element.

2.3.2. Energy Properties

The higher heating value (HHV) was estimated using four different approaches. Then,
the mean value of these approaches was employed. The equations used are summarized
in Table 1.

In addition, the different fuel characteristics were evaluated according to Mbugua
Nyambura et al. [60] and Kongto et al. [61] for the following energy indices:

Carbon densification factor (CDF) = Cbiochar/CFeedstock, (7)

Energy enrichment factor (EEF) = HHVbiochar/HHVFeedstock, (8)

Calorific value improvement (CVI) = (EEF − 1) × 100, (9)

Energy density (ED) (MJ m−3) = HHV (MJ kg−1) × Bulk density (kg m−3), (10)
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Table 1. Different estimated higher heating values (HHVs).

HHV (MJ kg−1) Formula Reference

HHV1
HHV = 0.3491*%C + 1.1783*%H + 0.1005*%S − 0.1034*%O − 0.015*%N

− 0.021*%Ash (2) [57]

HHV2 HHV = 32.9C + 162.7H − 16.2O − 954.4S + 1.408 (3) [58]
HHV3 HHV = (0.3383*%C) + (1.422*%H) − (%O/8) (4) [59]

HHV4 HHV = 0.3383*%C + 1.443(%H − (%O/8)) + (0.0942*%S) (5) Dulong’s approximation in
[57]

HHV average HHV = ((HHV1 + HHV2 + HHV3 + HHV4)/4) (6) Present work

* All values indicate composition in % by mass on dry, ash-free basis except in the case of Equation (2), where the
composition was used as a proportion.

2.3.3. Proximate Analysis

Proximate analysis was carried out using (i) a DBS-30 halogen moisture analyzer (Kern
& Sohn GmbH, Balingen, Germany) for moisture content, (ii) a CR-48 furnace (Hobersal,
Barcelona, Spain) for the volatile matter (VM) content, and (iii) an AAF 11/18 furnace
(Carbolite Gero, Hope Valley, UK) for the ash content; finally, the fixed carbon (FC) was
estimated using the following equation [62]:

FC (%) = 100 − (%VM + %Ash), (11)

The temperatures and times used for each process were well described in [3]. The fuel
ratio (FC/VM) as well as the thermal stability (FC/(VM + FC)) were calculated [63].

2.3.4. Chemical Properties

Biochars were chemically characterized using pH, electrical conductivity (EC), easily
oxidized organic carbon (Coxi), and water-extractable organic carbon (WEOC). pH and
EC were measured with a micro pH 2000 and micro cm 2201 conductometers (Crison,
Barcelona, Spain), respectively using a solid:water ratio of 0.1:25 that was then placed in a
mechanical stirrer for 1 h. Coxi was determined with dichromate oxidation following the
method proposed by Nelson and Sommers [64]. The WEOC was measured in the filtered
solution, which was obtained by stirring 5 g of sample and 200 mL of distilled water for 1 h.
The WEOC was measured in the solution with a Formacs HT analyzer (Skalar, Richmond,
BC, USA).

2.3.5. Physical Properties

The pore size distribution of the biochars was measured using samples milled and
sieved to a size of less than 2 mm. The equipment employed for porosity determination
was a Porosimeter Auto Pore IV Mercury (Micromeritics, Norcross, GA, USA). From the
measured porosity with the abovementioned equipment, the volumes of the mesopores
(Vmeso) and macropores (Vmacro) were evaluated, and the pore diameter was assessed
as mesopores if between 2 and 50 nm and macropores if >50 nm [65]. The bulk density
corresponded to the weight of the biomass per volume, where the volume included the
void spaces occupied by the materials [66].

The bulk densities of biochar samples and feedstock were evaluated using a metallic
cylinder with a volume of 100 mL. The cylinder was filled with the dry sample and weighed.
The solid density was measured with an Accupyc 1340 helium pycnometer (Micromeritics,
Norcross, GA, USA). The total porosity was calculated with the bulk density and solid
density by

total porosity (%) = (1 − (bulk density/solid density)) × 100, (12)

2.3.6. Polycyclic Aromatic Hydrocarbon (PAH) Content

The first step in measuring the PAH content of biochars was extraction with a microwave-
assisted procedure; the process was enhanced with both constant heat and the addition of
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solvent in order to improve the efficacy of the extraction. The extractant was to a solution of
1:1 acetone/hexanol. Then, the clean-up of the biochars was performed [67]. The detailed
process of sample quantitative determination is explained in [3]. Sixteen PAHs listed as pri-
ority pollutants by the United States Environmental Protection Agency were measured and
categorized as light, medium, and heavy according to the number of aromatic rings [68].

2.3.7. Statistical Analysis

Pearson product-moment correlation analysis was used to analyze the relationship
between elemental composition parameters (N, C, H, O, H/C, O/C, (O + N)/C), mean
HHV ,and proximate analysis parameters (VM, FC and ash content). Next, these variables
were subjected to principal component analysis. Statistical analyses were carried out using
the Statgraphics 19® Centurion version 6.03 software package.

In order to recognize the differences between samples, Duncan’s test (p < 0.05) was
performed with the results of the analysis of variance (ANOVA). For the multiple range tests,
the values from the three replicates were included. The average of the samples is presented
in the tables and figures along with the corresponding standard deviation. In addition,
an interaction matrix was prepared for the biochars, crosschecking the properties and
the pyrolysis parameters (temperature, residence time, and feedstock) with a multifactor
ANOVA model.

3. Results and Discussion
3.1. Elemental Analysis

Table 2 shows the elemental analysis of the feedstock (broom and gorse) and the
corresponding biochars. Among the biochars derived from broom, the N content did not
statistically differ from that of the feedstock. However, for gorse biochars, the N content
increased with temperature and residence time, except for BG600-3H. The nitrogen content
of the broom-derived biochars was between 2.62 ± 0.2% and 3.12 ± 0.2% and was higher
than that reported in previous studies [69,70]. In all cases, the C content increased with
pyrolysis temperature, with BG600-3H being the sample with the highest value (72.32%).
The C content of the broom-derived biochars was lower to that obtained in previous
studies [69,70] and was due to the low heating rates used in our treatments. However, these
biochars could be suitable for soil amelioration and C fixation [71,72]. In general, the H
content of the biochars decreased with pyrolysis temperature and residence time as a result
of the polymerization and condensation reactions leading to more aromatic structures and
a decreased content of aliphatic groups. Related to these transformations, the O content
of the biochars decreased with pyrolysis temperature and residence time for the biochars
at 300 ◦C. No statistical differences were found in the O content of the biochars prepared
at 600 ◦C between the two residence times. Similar results were previously obtained by
different authors [50,54]. The S contents of the biochars were below 0.05% for broom and
gorse materials. The S contents of the broom-derived biochars were lower in biochars than
in the broom feedstock, but, in the case of gorse-derived biochars, the S content did not
present statistical differences between the biochars and the feedstock.

Table 2. Elemental analyses and (O + N)/C atomic ratio (dry basis) for broom, gorse, and the biochars.
Means with the same letter are not significantly different (p > 0.05) using Duncan’s test for broom
(lower case letters) and gorse (upper case letters) independently.

%N %C %H %S %O (O + N)/C

BROOM 2.93 ± 0.07 a,b 42.37 ± 0.31 a 5.76 ± 0.17 e 0.11 ± 0.01 b 45.67 ± 0.92 d 0.87 ± 0.01 d
BB300-1H 2.93 ± 0.26 a,b 59.4 ± 2.24 b 5.16 ± 0.06 d 0.03 ± 0 a 28.57 ± 1.79 c 0.40 ± 0.03 c
BB300-3H 3.12 ± 0.2 b 62.68 ± 1.91 b 4.81 ± 0.14 c 0.02 ± 0 a 25.04 ± 1.39 b 0.34 ± 0.02 b
BB600-1H 2.62 ± 0.2 a 68.66 ± 1 c 1.92 ± 0.14 b 0.03 ± 0 a 20.88 ± 0.37 a 0.26 ± 0 a
BB600-3H 2.63 ± 0.16 a 67.67 ± 2.78 c 1.54 ± 0.15 a 0.03 ± 0 a 20.54 ± 1 a 0.26 ± 0.02 a
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Table 2. Cont.

%N %C %H %S %O (O + N)/C

GORSE 1.55 ± 0.05 A 44.83 ± 1.53 A 6.05 ± 0.11 D 0.08 ± 0.04 A 45.03 ± 1.2 D 0.78 ± 0.05 D
BG300-1H 2.09 ± 0.06 B 58.27 ± 2.09 B 5.42 ± 0.14 C 0.04 ± 0.01 A 31 ± 1.8 C 0.43 ± 0.04 C
BG300-3H 2.48 ± 0.05 C 62.81 ± 1.52 C 4.87 ± 0.11 B 0.04 ± 0.01 A 25.54 ± 1.11 B 0.34 ± 0.02 B
BG600-1H 1.95 ± 0.28 B 71.67 ± 2.03 D 1.72 ± 0.38 A 0.05 ± 0 A 18.81 ± 2.86 A 0.22 ± 0.03 A
BG600-3H 1.63 ± 0.07 A 72.32 ± 2.19 D 1.66 ± 0.14 A 0.05 ± 0 A 19.26 ± 1.97 A 0.22 ± 0.03 A

Finally, the (O + N)/C ratio decreased with pyrolysis temperature and, at 300 ◦C,
with residence time, indicating the loss of nitrogenated and oxygenated functional groups
during pyrolysis and the polycondensation reactions that take place during pyrolysis.

Regarding the atomic H/C and O/C ratios, Figure 1 shows the Van Krevelen diagram
of the prepared biochars compared to those of different coals. It can be noted that the H/C
and O/C ratios of the biochars decreased with pyrolysis temperature. The H/C atomic ratio
presented similar values to those obtained by Kaal et al. [53] for gorse-derived biochars.

The Van Krevelen diagram shows some differences between the feedstock (black
circle), biochars at 300 ◦C (discontinuous black circle), and biochars prepared at 600 ◦C
(double-lined black circle). The biochars obtained by pyrolysis at 300 ◦C presented H/C
and O/C ratios close to those of low grade sub-bituminous coals [61] and lignite coal [73].
Instead, biochars at 600 ◦C presented low H/C and O/C ratios, with H/C values near to
those reported for anthracite [74,75], but they had a higher O/C. Therefore, it could be
concluded that the biochars from broom and gorse have similar characteristics to those of
traditional fossil fuels and eventually could be cleaner substitute energy sources [61].

The biochars from broom and gorse had low S contents (Table 2) compared to those of
conventional coals [61,76–78]. Therefore, during the combustion of these biochars, lower
SO2 emissions will be produced, reducing their impact on the environment as well as the
costs of purifying the emitted gases.
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to the literature values. LSGC: low-grade sub-bituminous coal [61]; LIG: lignite [73], BIT: bituminous
coal [79], ANT: anthracite [75], and ANT2: anthracite [74].
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The average HHV of gorse was lower than those found by Núñez-Regueira et al. [54],
who obtained values of 20.18 and 20.95 MJ kg−1, and than those measured and calculated
by González Martínez et al. [50], with HHV values of 19.5 and 19.6 MJ kg−1 for U. europaeus.
The average HHV for broom was also lower than that obtained by González Martínez
et al. [50] which ranged between 18.6 and 19.3 MJ kg−1 or than those reported by Núñez-
Regueira et al. [54] of 19.01 and 20.67 MJ kg−1 for C. scoparius.

The average HHV of the feedstock increased with pyrolysis time (Table 3) due to
increase in C content [50,58,61]. In addition, the different formulas used for calculating
the HHV did not statistically differ among the biochars, except in the case of BB600-
1H and BG300-3H. In the broom and gorse feedstocks, there were statistical differences,
especially between HHV1 and HHV3 for broom and HHV3 and HHV4 for gorse (Supporting
Information Table S1). The LHV behaviors were the same, with lower values for broom and
gorse feedstock compared with those of the biochars. The CDF, linked to energy production,
increased with pyrolysis temperature, as has been reported by other authors [60,80,81]. The
EEF did not show statistical differences between biochars except in the case of BB300-3H,
having a mean value of 1.55 ± 0.07; nevertheless, all biochars presented an EEF greater than
one, which, according to Kongto et al. [60], reflects an improvement in energy densification.
In terms of calorific value improvement, the CVI did not show differences between the
biochars except in the cases of BB300-1H and BB300-3H, which had the highest values.

Table 3. Energy properties of broom, gorse, and their respective biochars. Means with the same letter
are not significantly different (p > 0.05) according to Duncan’s test.

Average HHV
(MJ kg−1) LHV (MJ kg−1) CDF EEF CVI (%) ED (MJ m−3)

BROOM 15.57 ± 0.25 a 14.28 ± 0.21 a - - - 4359.15 ± 69.41 d
BB300-1H 23.06 ± 1.07 b,c 21.91 ± 1.07 b,c,d 1.4 ± 0.05 b 1.48 ± 0.07 b,c 48.14 ± 6.89 b,c 4151.29 ± 192.96 c,d
BB300-3H 24.18 ± 1.08 c 23.1 ± 1.05 c,d 1.48 ± 0.05 b 1.55 ± 0.07 c 55.3 ± 6.91 c 4351.88 ± 193.64 d

BB600-1H 22.62 ± 0.51 b,c 22.19 ± 0.48 b,c,d 1.62 ± 0.02 c 1.45 ± 0.03 a,b,c 45.31 ± 3.25
a,b,c 5429.27 ± 121.36 e

BB600-3H 21.69 ± 1.33 b 21.35 ± 1.31 b 1.6 ± 0.07 c 1.39 ± 0.09 a,b 39.35 ± 8.55 a,b 5423.48 ± 332.81 e
GORSE 17.02 ± 0.7 a 15.67 ± 0.68 a - - - 3914.25 ± 160.17 b,c

BG300-1H 22.73 ± 0.74 b,c 21.52 ± 0.78 b,c 1.3 ± 0.05 a 1.34 ± 0.04 a 33.56 ± 4.37 a 3636.84 ± 118.99 a,b
BG300-3H 24.21 ± 0.53 c 23.12 ± 0.55 c,d 1.4 ± 0.03 b 1.42 ± 0.03 a,b 42.26 ± 3.09 a,b 3389.41 ± 73.55 a
BG600-1H 23.61 ± 1.46 c 23.22 ± 1.4 c,d 1.6 ± 0.05 c 1.39 ± 0.09 a,b 38.71 ± 8.6 a,b 4013.01 ± 248.95 c,d
BG600-3H 23.71 ± 1.06 c 23.34 ± 1.05 d 1.61 ± 0.05 c 1.39 ± 0.06 a,b 39.34 ± 6.2 a,b 4031.44 ± 179.5 c,d

The ED of broom did not statistically differ between the feedstock and the biochars
prepared at 300 ◦C, but did differ from that obtained at 600 ◦C. The gorse feedstock and the
derived biochars did not differ from the feedstock, except in the case of BG300-3H, which
had a lower value. All biochars had ED values greater than those reported for old oil palm
trees and the respective biochars [61].

In summary, the energetic characteristics of biochars derived from broom and gorse
with pyrolysis at 300 or 600 ◦C are appropriate materials for fuel and energy production.
The HHV and LHV of broom- and gorse-derived biochars are comparable of those obtained
in investigations by Kongto et al. [61], who reported an LHV of 18.88 MJ kg−1 and an HHV
of 20.04 MJ kg−1 for low-grade sub-bituminous coal and by Cueva Zepeda et al. [82] for
conventional fuels like bituminous coal, lignite/brown coal, and coal water slurry, with
HHVs of 27.11, 17.33, and 14.03 MJ kg−1 respectively; these values are within the range of
variation in the materials in this study (Table 3).

Lignite, a coal similar to the biochars according to the Van Krevelen diagram, had
an HHV of between 9.3 and 19.3 MJ kg−1 at 300 ◦C [63]; meanwhile, for the biochars at
600 ◦C, the most similar conventional fuel was anthracite (Figure 1). Anthracite has an
HHV of 33.58 MJ kg−1 [76] and an LHV of 26.71 MJ kg−1 [77] and 27.47 MJ kg−1 [78]. In
this scenario, the biochars had a greater HHV at 300 ◦C than those reported in the literature
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for lignite coal; for biochars at 600 ◦C, the HHVs were below the HHV and LHV ranges
of anthracite. Therefore, all biochars showed HHV values greater than 20 MJ kg−1, which
ensures auto- thermal combustion [83].

It could be concluded that the biochars obtained from the pyrolysis of broom and
gorse are suitable as fuels, given their adequate energy indices (Table 3). Subsequently, the
production of biochars from these biomass waste could provide an adequate valorization
technology for cleaner and renewable energy production compared to conventional fossil
fuels (i.e., anthracite, lignite, bituminous, or sub-bituminous coal).

3.2. Proximate Analysis

Table 4 summarizes the results of the proximate analysis of broom and gorse and
their derived biochars. The VM values were higher for the broom and gorse samples,
decreasing with pyrolysis temperature. No differences were found between the residence
times at 600 ◦C but, for the biochars prepared at 300 ◦C, the VM contents were greater
in the biochars pyrolyzed for 1 h than in those obtained after 3 h. There was a marked
decrease in the VM content of the biochars pyrolyzed at 600 ◦C with respect to that of
the biochars pyrolyzed at 300 ◦C. All biochars had a low ash content, which was related
to the low values in the two feedstocks. The ash content of broom and gorse in another
investigation was lower than 1% [54]. In the broom-derived biochars, the highest ash
content was found for BB600-3H, and, in gorse-based biochars, it was in BG600-1H. In all
cases, the ash content was lower than that of coal fuels [77,78]. The FC content increased
with pyrolysis temperature, and, at 600 ◦C, no statistical differences were found between
the residence times for the broom- and gorse-derived biochars, but the FC contents were
above 80% in these high-temperature-pyrolyzed biochars compares to those of the biochars
pyrolyzed at 300 ◦C.

Table 4. Proximate analyses (dry basis) for broom, gorse, and the respective biochars. Means with the
same letter are not significantly different (p > 0.05) using Duncan test for broom (lower case letters)
and gorse (upper case letters) independently.

VM (%) Ash (%) FC (%) FC/VM FC/(VM + FC)

BROOM 80.71 ± 0.29 d 3.16 ± 1.03 a 16.12 ± 1.32 a 0.2 ± 0.02 a 0.17 ± 0.01 a
BB300-1H 56.32 ± 2.41 c 3.91 ± 0.73 a,b 39.78 ± 3.11 b 0.71 ± 0.09 a,b 0.41 ± 0.03 b
BB300-3H 47.38 ± 0.73 b 4.33 ± 0.8 a,b 48.29 ± 1.33 c 1.02 ± 0.04 b 0.5 ± 0.01 c
BB600-1H 13.47 ± 0.82 a 5.89 ± 1.64 b,c 80.64 ± 2.46 d 6.01 ± 0.57 c 0.86 ± 0.01 d
BB600-3H 12.03 ± 0.81 a 7.58 ± 1.73 c 80.39 ± 2.54 d 6.71 ± 0.69 c 0.87 ± 0.01 d

GORSE 82.94 ± 0.9 D 2.47 ± 0.47 A 14.6 ± 1.16 A 0.18 ± 0.02 A 0.15 ± 0.01 A
BG300-1H 60.05 ± 1.76 C 3.17 ± 0.21 B 36.77 ± 1.97 B 0.61 ± 0.05 A 0.38 ± 0.02 B
BG300-3H 48.01 ± 2.42 B 4.26 ± 0.36 C 47.73 ± 2.78 C 1 ± 0.11 A 0.5 ± 0.03 C
BG600-1H 12.82 ± 1.84 A 5.8 ± 0.32 E 81.37 ± 1.52 D 6.45 ± 1.14 B 0.86 ± 0.02 D
BG600-3H 10.3 ± 0.51 A 5.09 ± 0.32 D 84.61 ± 0.8 D 8.23 ± 0.5 C 0.89 ± 0.01 D

The FC content increased with the increase in temperature due to the combination
of processes that happen during pyrolysis: (i) polycondensation, (ii) aromatization, and
(iii) defunctionalization of the matrix [84]. This occurred according to the evolution of the
other properties with pyrolysis temperature (Table 2 and Figure 1). The biochars prepared
at 600 ◦C had a high FC content; in all cases, it was possible to produce more heat with a
longer combustion, which was proportional to the energy content [61].

The FC/VM values (Table 4), known as the fuel ratio, were greater for biochars
prepared at 600 ◦C [63]. This result is consistent with the evolution of the H/C and O/C
ratios as well as the FC content.

The thermal stability, in accordance with the FC/(VM + FC) index, was highest for
BB600 and BG600 at 1 h and 3 h and the lowest for the feedstock. The FC/VM and the
FC/(VM + FC) had the same behavior. This means that biochars pyrolyzed at 600 ◦C were
more stable owing to the larger number of aromatic carbon structures. The more-labile
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carbon structures were linked to biochars prepared at 300 ◦C and were related to the VM
contents, which were higher in these biochars (Table 4). Therefore, the H/C molar ratio is
related to biochar aromaticity and thermal stability [71].

3.3. Chemical Properties

Regarding Coxi, which represents the labile fraction of carbon and consequently, works
as an indicator of the degree of biomass carbonization, the results showed a decrease
with pyrolysis temperature. The biochars obtained at 600 ◦C (BB600 and BG600) had the
low Coxi values, indicating high chemical stability (Table 5). For WEOC, the following
trend was found: broom > BB300-1H > BB300-3H = BB600-1H = BB600-3H and gorse >
BG300-1H > BG300-3H > BG6001H = BG600-3H (Table 5). The WEOC decreased with the
pyrolysis temperature and was related to the stability and the presence of more aromatic
carbon structures. A previous investigation reported the presence of more aromatic carbon
structures in biochars at 600, which resist water extraction [3].

Table 5. Coxi, pH, EC, and WEOC (dry basis) for broom, gorse, and their respective biochars. Means
with the same letter are not significantly different (p > 0.05) according to Duncan’s test for broom
(lower case) and gorse (upper case) independently.

Coxi (%) pH EC (µS cm−1) WEOC (mg kg−1)

BROOM 44.36 ± 0.76 c 5.65 ± 0.04 a 218.67 ± 18.01 c 67,196.37 ± 1882.12 c
BB300-1H 45.78 ± 0.82 c 8.56 ± 0.31 b 95 ± 3.96 b 4671.04 ± 131.73 b
BB300-3H 39.12 ± 1.09 b 8.90 ± 0.19 c 75.27 ± 2.74 a 1086.64 ± 9.68 a
BB600-1H 1.31 ± 0.9 a 9.53 ± 0.15 d 215.33 ± 2.52 c 777.77 ± 22.35 a
BB600-3H 2.17 ± 0.44 a 9.52 ± 0.11 d 263 ± 8.54 d 1001.02 ± 44.59 a

GORSE 42.95 ± 1.21 B 6.48 ± 0.14 A 108.8 ± 1.7 B 31,396.85 ± 187.82 D
BG300-1H 47.24 ± 1.32 C 8.28 ± 0.03 B 104.25 ± 2.95 A,B 3619.17 ± 44.23 C
BG300-3H 41.2 ± 1.79 B 9.59 ± 0.17 C 100.23 ± 1.69 A 735.52 ± 15.29 B
BG600-1H 5.88 ± 0.35 A 10.42 ± 0.12 D 233.67 ± 4.16 D 510.38 ± 19.54 A
BG600-3H 6.32 ± 0.19 A 10.32 ± 0.04 D 209.5 ± 4.5 C 449.66 ± 20.86 A

The pH presented a well-studied pattern for biochars [85], values with pyrolysis
temperature (Table 5). The biochars had low EC values (<300 µS cm−1), with the highest
values found for the biochars obtained at the highest temperature. The high pH values
of the biochars were due to several factors: (i) the separation of alkali salts from organic
materials [13], (ii) the increase in carbonate content [85], (iii) the loss of carboxylic groups
with the rise in pyrolysis temperature, (iv) the increase in the number of functional oxygen
groups [86], and (v) the increase in ash content [86]. The residence time did not change the
pH values at 600 ◦C. At this temperature, the material was more stable. For the biochars
produced at 300 ◦C, the lower pH values at 1 h than at 3 h were due to the carbonization
reactions, which need more time to occur. The EC results suggested some salt formation
and concentration with pyrolysis, leading to a high EC for biochars produced at 600 ◦C. In
addition, the breakdown of some organic structures with pyrolysis led to an increase in
their solubilization [87,88].

3.4. Physical Properties

Table 6 summarizes the physical properties of the biochars. The porosity increased
with pyrolysis duration for both the broom- and gorse-derived biochars. The highest
porosity for broom-derived biochars was recorded for BB600-3H and for BG600-1H for
gorse-derived biochars. The V mesoporosity increased in the broom-derived biochars with
pyrolysis temperature. On the contrary, the V mesoporosity in gorse-derived biochars
produced at 300 ◦C was lower than that of the feedstock but higher that of the biochars
produced at 600 ◦C. The V macroporosity was higher in biochars than in the feedstock
(broom and gorse).
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Table 6. Physical properties (dry basis) of broom, gorse, and their respective biochars.

Measured
Porosity

(%)

Vmeso
(cm3 g−1)

Vmacro
(cm3 g−1)

Bulk
Density (g

cm−3)

Solid
Density
(g cm−3)

Calculated
Total

Porosity
(%)

BROOM 43.59 0.06 0.51 0.28 1.28 78.12
BB300-1H 56.51 0.08 0.97 0.18 1.28 85.68
BB300-3H 57.59 0.09 1.04 0.18 1.27 85.50
BB600-1H 57.80 0.18 0.88 0.24 1.47 83.45
BB600-3H 60.28 0.19 1.04 0.25 1.53 83.93

GORSE 34.69 0.12 0.24 0.23 1.34 82.91
BG300-1H 52.15 0.07 0.77 0.16 1.29 87.73
BG300-3H 48.06 0.07 0.79 0.14 1.36 89.61
BG600-1H 57.14 0.13 0.93 0.17 1.47 88.72
BG600-3H 56.79 0.19 0.86 0.17 1.49 88.73

The bulk density presented the highest values for broom and gorse feedstock; instead,
the solid density was the highest for the biochars fabricated at 600 ◦C. These data are
consistent with the presence of more pores at low pyrolysis temperatures than in solids.
The total porosity of the broom materials support the aforementioned behavior, with higher
values found for the biochars produced at 300 ◦C. For the gorse-derived materials, the total
porosities for all biochars were similar but higher than those of the gorse.

Vaughn et al. [89] reported a similar solid density for species of the Fabaceae family,
specifically, black locust, eastern redbud, and honey locust, with values of 1.57, 1.72, and
1.82 g cm−3, respectively. Another investigation of woody biomass reported a bulk density
of 0.73 g cm−3 and specific gravity density of 1.36 g cm−3 [90]. Those data are comparable
to the present results (Table 6), with our values being within the ranges. Regarding the
porosity and V mesoporosity, the trends were the same as those in other investigations [91],
where the increase in pyrolysis temperature led to a more developed pore structure.

3.5. PAH Content

The PAH contents were measured in order to evaluate the potential environmental
risk of BC, taking to account that these organic compounds can affect plant and human
health [92]. In the case of light PAHs, the greatest contribution was from acenaphthene and
fluorene for all biochars (Supporting Information Table S2). The naphthalene and acenaph-
thylene contents were low; in some cases, no amount was detected. The concentrations of
light PAHs were low and did not exceed the 3.5 ng g−1 (Supporting Information Table S2).
For medium PAHs, the greatest amount belonged to phenanthrene, which had a maximum
value of 24.07 ng g−1 in BB300-3H. The amounts of anthracene and fluoranthene were
lower in the medium PAHs (Supporting Information Table S2). In the case of heavy PAHs,
no specific PAH was a major contributor, except in the case of dibenzo [a,h] anthracene in
BG300-1H and BG300-3H (Supporting Information Table S2).

In general, the PAH contents were low and between the ranges of the acceptable
limits for biochar materials according to the European Biochar Certificate guidelines [93].
In addition, greater concentrations have been detected for other biochar materials [3,92].
Schlederer et al. [94] stated that pyrolysis influences the PAH concentration, where low-
temperature biochars have a greater PAH concentration. In this case, the trend was the same
for gorse-derived biochars (Figure 2), with greater values found for total PAHs (∑light,
medium, and heavy) in BG300-1H, followed by BG300-3H. In the broom-derived biochars,
the highest value was found for BB300-3H.
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Figure 2. PAH contents (ng g−1) for broom, gorse, and their respective biochars.

3.6. Statistical Analysis

After an extensive analysis of the gorse and broom feedstock and the biochars, some
interactions were assessed in order to understand the synergic effect of the pyrolysis
conditions and the feedstock on the properties of the particular biochars. The Pear-
son product-moment correlation analysis (Supporting Information, Table S3) and PCA
(Supporting Information, Figure S1) were performed using elemental composition param-
eters, HHV, and proximate analysis parameters. The results showed that the amount of
C was the key variable determining the HHV and the related energy indices. The HHV
positively correlated (r = 0.86) with C, while it negatively correlated with H, O, H/C,
O/C, and (O + H)/C. Moreover, HHV was positively related to FC and ash content and
negatively related to VM.

The first and second PCs explained 78.8% and 10.9% of the variation, respectively,
while these two PCs accounted for 86.7% of the total variation. The distributions of
feedstocks and biochars produced at 300 ◦C and 600 ◦C, resulting from the plot of PC1
versus PC2 scores, are shown in Figure S2 in the Supporting Information. The figure
provides a precise visualization of the separation between the studied datasets. Consistent
with previous results, we found that pyrolysis temperature was the main factor influencing
sample distribution, and not feedstock type or residence time.

Table 7 shows the results of the ANOVA. The elemental analysis, proximate analysis,
energy properties, and Coxi did not show an interactions between the residence time
and the feedstock. For the abovementioned properties, the major interactions were found
between pyrolysis temperature and residence time. No interactions were registered between
feedstock: temperature: residence time, except for the ED, pH, EC, and WEOC (Table 7).
Properties like %H, %S, ash, HHV average, EEF ,and CVI did not show any interactions.

The temperature was a key factor affecting the biochar properties, and the residence
time was less important. Variation in the feedstock did not seem to have an effect; this
result could have been due to the nature of the species: gorse and broom are species of the
same family with similar characteristics, and both of them have a high fuel value.

The analyses of the feedstock and biochars indicate a suitable valorization strategy.
Galicia and north Portugal are areas well known for several fires each year [34]. Species like
broom and gorse represent a fire risk in this area due to (i) covering vast areas of scrubland
and forest [55], (ii) spreading rapidly, (iii) their susceptibility to fire [27], and (iv) increasing
the frequency, intensity, and severity of fires [95].
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Table 7. Interactions between biochar properties and the pyrolysis parameters (temperature and
residence time) and the feedstock. x represents a synergic effect (p < 0.05) determined using 3-way
ANOVA, and - indicates no synergic effect.

Interactions
Feedstock:Residence

Time
Temperature:Residence

Time Feedstock:Temperature Feedstock:Temperature
:Residence Time300 ◦C 600 ◦C Broom Gorse 1 h 3 h

N - - x x - - -
C - - x x x x -
H - - - - - - -
S - - - - - - -
O - - x x x x -

H/C - - x x - - -
O/C - - x x x x -

(O + N)/C - - x x x x -

HHVaverage - - - - - - -
LHV - - x x - - -
CDF - - x x x x -
EEF - - - - - - -
CVI - - - - - - -
ED - - - - x x x

VM - - x x x x -
Ash - - - - - - -
FC - - x x x x -

FC/VM - - - - x x -
FC/(VM + FC) - - x x x x -

Coxi - - x x x x -
pH x x x x x x x
EC x x x x x x x

WEOC x x x x x x x

Gorse has been used as animal bedding for livestock, compost to fertilize fields, and
waste [30], but, at the present time, these shrublands have been mostly abandoned [53],
generating unused biomass. Broom has been less studied and used in Galicia than gorse, but
some investigations in North America indicated Scotch broom as an important competitor
for commercial crop trees [19].

Broom and gorse shrublands have been mostly abandoned, and this biomass remains
unemployed. As such, the biochars derived from these feedstocks are suitable as an energy
source. From extensive characterization, broom and gorse biochars presented appropriate
properties for use as fuels for energy production. From an environmental point of view,
they pose no risk related to PAH content. However, future investigations are needed to
better understand the use of broom and gorse biochars in energy production; as these
biochars are rich in carbon, low in ash, they may be used as carbon-reducing materials in
different processes based on carbothermic reduction reactions.

4. Conclusions

Broom and gorse biomass, which is abundant worldwide either as native or introduced
shrubs, can be used as feedstock for the production of biochars. The main study conclusions
are as follows:

Broom- and gorse-derived biochars have a high carbon content and are stable, with
high calorific values and appropriate energy properties, so they are suitable as renewable
fuels for green energy production or as carbon-reducing materials.

The use of broom- and gorse-derived biochars is safe in terms of environmental risk
given their low PAH contents.

Finally, regarding pyrolysis conditions, in general, the residence time did not seem to
influence biochar properties, especially those of biochars produced at high temperatures.
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The variation in the feedstock did not seem to have an effect on most of the properties;
this result could be due to the nature of the species: gorse and broom are legumes with
similar characteristics.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app14104283/s1. Table S1: Four HHV for broom, gorse and the
respective biochars. Means with the same letter are not significantly different (p > 0.05) using Duncan
test for broom and gorse independently (lowercase letter). The capital letters represents the difference
between the HHV calculated for each sample. Table S2: PAHs (ng g−1) for broom and gorse and
the respective biochars. Table S3: Correlation matrix for elemental analysis parameters (N, C, H,
O, H/C, O/C, (O+N)/C, H), HHV, and proximate analysis parameters (VM, FC and ash content).
Figure S1: PCA loading plots for elemental analysis parameters (N, C, H, O, H/C, O/C, (O+N)/C),
HHV, and proximate analysis parameters (VM, FC and ash content). Figure S2: PC1 versus PC2
score-score plot showing the distributions for broom and gorse and the respective biochars.
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