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ABSTRACT

Cortaderia selloana (CS), is an invasive and exotic species that is generating significant invasive
problems in the Iberian Peninsula ecosystems. The objective of this research was to study this
plant potential thorough a pyrolytic process helping to reduce its expansion. Stems and leaves
were subjected to conventional and flash pyrolysis. These processes were carried out in an
original design oven using a 25°C/min heating ramp at a 750°C temperature and during 60 min
at the pyrolysis temperature for conventional pyrolysis and with 750°C and 850°C pyrolysis

temperatures for flash. Gas-fraction obtained by flash pyrolysis had higher HHV data when
compared with conventional ones (~17 MJ/kg vs ~ 5 MJ/kg) due to their less CO2 and higher
CO, CH4 and Hz. The greater bio-oil yield was obtained for CSS-P (33.58%). The composition of
conventional pyrolysis bio-oils had an overbearing of nonaromatic and monoaromatic
hydrocarbons nature whereas bio-oils from flash pyrolysis were composed mainly of polycyclic
aromatic hydrocarbons. Bio-char fraction was higher in CSL than CSS with HHV similar to lignite
and bituminous coals (22.74 to 29.12 MJ/kg). After done the quantification and characterization
of the fractions, it was concluded that a possible energetic valorization of Cortaderia selloana

biomass was possible.
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Highlights:

e Valorization of invasive pampa grass (Cortaderia selloana) by pyrolysis technology.

e Different HHV for flash and conventional pyrolysis bio-oils (~33 MJ/kg vs ~23 MJ/KQ).

e Gas is the main fraction of the flash and conventional pyrolysis (up to 62%).

e Flash pyrolysis promotes a biogas with more CH4, H2, CO and synthesis gas content.

e Bio-chars from stems present a HHV (up to 29 MJ/kg) in the order of bituminous coals.



1. INTRODUCTION.

The faster population growth as well as the development of the world economy are causing
energy demand to grow at an exponential rate. In this scenario, fossil fuels are, at present, the
main energy source [1]. The widespread use of petroleum products has been dramatically
increasing in recent years [2]. All fossil and mineral fuels are finite and non-renewable, so different

research on renewable energy is being developed.

Currently, the circular economy plays an increasingly important role in scientific investigations
with aim is the energy obtention [3], and therefore, renewable energies are one of the most viable
alternatives that allow a more economical, clean and sustainable energy. Biomass is a potential
CO:z-neutral, clean and sustainable energy resource [4]. It is known that biomass energy reduces
greenhouse gas emissions [2] in the same way that raw biomass co-firing with coal causes lower
emissions of CO2z, SOz and nitrogen oxides (NOx) when compared with coal-torrefied biomass
blends [5]. This study focused on the use of biomass for energy production, specifically, the
species Cortaderia selloana (Schult. & Schult. f.) Asch. & Graebn., commonly known as pampa
grass, was used as renewable energy source. This plant, originally from Latin America (Argentina,
Chile, Brazil and Uruguay) [6,7] is currently one of the main invasive species in southern Europe
[8] colonizing disturbing places in a short time [9] and generating large vegetative tussocks and
tall, persisting flowering heads [10]. This way, the use of this species aerial parts for energy
purposes could be an attractive option. It is also known that it can biomineralise abundant
quantities of silica in its tissues in the form of silicophytoliths [11]. At present, the pampa grass is
considered “invasive species” with strong dominance that can become invasive on important
native ecosystems [7]. This situation causes a problem which is especially critical in the southern
of Europe and, particularly, in the North West of Spain [10]. It drastically negative influents both
the species richness, community evenness and richness [12]. The most effective method for
controlling this problem is to cut or prune the invasive plan, something that generates large
amounts of waste with no use or value [13]. Hence, Cortaderia selloana (CS), could be a biomass
source for energy purposes and it could also be a temporary alternative of energy crops such as
plant of the genus Miscanthus [14] or the canola (Brassica napus) [15,16]. Until now, it has been

little studied in the field of waste valorization and there are only a few research related to this



biomass as adsorbent material [6,17—19]. This study constitutes a first approach to the possible
energy use of biomass from this invasive plant, pampa grass.

The different ways to transform biomass using thermochemical conversion are: combustion,
gasification and pyrolysis [4,20]. In pyrolysis process the raw material is subjected to high
temperature in oxygen-limited environment. The main goal of the pyrolysis process is the
conversion of the largest possible part of the input material to obtain solid or carbonised products,
liquid products (bio-oils, tars, and water) and a gas mixture composed mainly of CO2, CO, Haz,
and CH4[21-23]. Often, the process is also pursued to get the highest possible yield of a selected
fraction [24]. The proportions and composition of the pyrolysis products before mentioned rely on
the conditions used [1]. The experimental pyrolysis variables are (among others): heating rate,
temperature, residence time, gas flow and material granulometry. Depending on the heating rate,
pyrolysis can be classified into three different types: slow, rapid and flash pyrolysis. Regarding
the type of pyrolysis used and the structure and chemical composition of the biomass, the
production of bio-char, bio-0il or gas can be maximized. From the optimization process,
developing models for simulating biomass pyrolysis becomes increasingly important [25]. Slow or
conventional pyrolysis are characterized by very slow heating rates resulting a higher amount of
pyrolyzed solids or bio-chares. Concerning fast and flash pyrolysis, recent literatures have shown
higher yields of primary, non-equilibrium liquids, and gases, including valuable chemicals,

petrochemicals, chemical intermediates, and fuels obtained from the biomass feedstocks [26].

After a detailed study of the state of the art, and after the previous research carried out by the
work team related to the pyrolytic conversion of agricultural biomass [2], the potential of the
pampa grass to obtain good vyields in its energy conversion was established as working
hypothesis. This way, apart from the energy aspects, a solution was offered for the use of the

residues of this invasive species.

Hence, in this research, authors studied the pyrolytic process of the stems and leaves derived
from Cortaderia selloana invasive plant. Both conventional and flash pyrolysis were carried out
analysing the different solid (SEM-EDX) and liquid-gas (chromatographic analysis) fractions. In

the same sense, and apart from the vyields identification for the different fractions, a



thermogravimetry study of raw biomass (TGA) together with the determination of the inorganic

composition of the biomass (ICP-MS) was also done for the ashes.

Therefore, a double objective was proposed to be achieved in this research. On the one hand, to
study the behaviour of the biomass considered when it was subjected to pyrolysis processes,
studying the kinetics of the heating process under an inert atmosphere and, on the other hand, to
study the proportion and composition of the different fractions (biochar, biogas and biooils)

obtained in the process.

2. MATERIAL AND METHODS.

2.1. Raw material sampling, pretreatment and size reduction.

The biomass collection, stems and leaves of Pampa grass CS, was carried out in an urban area
of the Council of Avilés, Asturias, Spain.

The biomass was cut to reduce its size (up to 1-2 cm). Subsequently, the samples were dried in
a drying room for 4 days at 40°C until constant weight. Later, a second reduction in size to 0.5
mm was done to obtain a homogeneous material with an optimum particle size for subsequent
analyzes and processes. The total sample was divided by quartering method and with a divisor
of parallel and equidistant partitions walls to obtain sub-samples which quantities are able to
manage under laboratory conditions.

A scheme of the sample preparation is shown on Appendix A-Supplementary Data.

2.2. Characterization of the samples.

2.2.1. Chemical characterization.

The carbon (C), hydrogen (H) and nitrogen (N) contents were determined using a LECO CHN-
2000 equipment according to ASTM D 5373. Determination of the Sulphur (S) content was carried
out on a LECO S-144-DR instrument (LECO Corporation, Groveport, Ohio, United States), in
accord with ASTM D 4239. The oxygen (O) content was calculated by difference. Related to
proximate analysis, moisture and ash content were determined on a TGA 701 Leco in accordance
with ASTM D 7582. Volatile matter was achieved according UNE 32019 norm. The high heating

values (HHV) for both stems and leaves were done on a LECO AC-300. Using the data associated
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with the elemental analysis, the calorific value (HHV) of the different fractions (bio-char, bio-oil
and gas) was calculated. This way, Doulong-Petit [27], Eq. (1), and Beckman [28], Eq. (2),
expressions were employed to estimate the HHV for bio-chars and bio-oils, respectively. Similarly,

a series of material and energy balances have been needed to estimate the HHV of the gases.

HHV (kcal/kg) = 8140 C + 34400 (H-O/8) + 2220 S Eq. (1)
HHV (MJ/kg) = 0.352 C + 0.994 H + 0.105 (S - O) Eq. (2)

2.2.2. Inorganic composition of biomass by ICP-MS and XRF.

The inorganic composition of the biomass was determined in the ashes of the leaves and stems
of CS by means of ICP-MS and XRF.

For ICP-MS analysis, ashes were digested in a microwave oven with a mixture of nitric and
hydrochloric acids. The elemental analysis was carried out on an Agilent 7700x equipment.

For certain elements that could not be quantified with the ICP-MS, like silicon, X-ray Fluorescence
(XRF) was used. The inorganic samples (0.50 g) were melted with 8.00 g of lithium tetraborate /
lithium metaborate 66.00 % / 34.00 % (Equilab EQF-TML 66 / 34) at 1200°C for 12 minutes in a
fusion machine (PERLX3 - Philips). The resulting melt was transformed into a glass bead that
was analyzed with a XRF spectrometer (SRS 3000 Bruker). The fluorescence intensities of the

X-rays of the detected elements were measured in the bead.

2.2.3. Thermogravimetric analysis and kinetics.

Thermogravimetric analysis was carried employing a TGA instrument Q 5000IR. This instrument
supplies a continuous measurement of sample weight as a function of time or temperature. Milled
leaves and stems samples weighing around 14 — 25 mg were placed in a titanium crucible and
heated under nitrogen atmosphere. Heating was carried out under a flow of 20 mL/min of N2
under three different heating rates (5, 25 and 50°C/min) until reaching a temperature of 900°C
(temperature at which they remained 15 minutes). This way, thermogravimetric profiles of the
samples (TG) were obtained. To identify the different stages, it is advisable to derive these TG
profiles (DTG profiles). With them, important parameters, as the temperature at which occur each
stage as well as the mass loss, could be identified. Kinetic parameters (activation energy, Ea, and

frequency factor, ko) are very useful as a complement to the biomass samples analysis [29].



Activation energy (Ea) and frequency factor (ko) values were estimated by approximate integral
method, AIM, [30]. While Ea is associated with the energy required to start a chemical reaction,
ko is the number of collisions between molecules involved in a reaction. The larger number of
collisions, the higher the reaction rate. Because of that, ko is an essential parameter in interpreting
temporary differences within DTG profiles. The kinetic parameters obtained for this study are
those associated with the most representative peak of the active pyrolysis of each

thermogravimetric profile.

2.3. Pyrolysis process

The methodology is based on previous experience of our research group with biomass pyrolysis
processes as reported in the following published works [2,31], adapting it to an oven of original
design. The original design experimental set-up (Fig.1) consisted of a horizontal tubular
connected to a N2 mass flow controller, a series of cooling condensers for capturing the bio-oils
phase and Tedlar® sample bags (Supelco Analytical, USA) for retaining the gaseous phase. The
furnace boundaries were isolated with ceramic refractory fibres to reduce heat losses. In addition,
the part of the reactor outside the oven was coated with heating tapes. In this way, it was ensured
that all bio-oils condensed in the heat exchanger and there were no remains at the end of the
reactor or in the tubes connected to the condenser. The amount of sample used in each pyrolysis
experiment was about 3 - 6 g for both stems and leaves. During the flash and the conventional
pyrolysis, samples to be analysed were placed in an alumina crucible (Sigma-Aldrich, USA). The
conventional pyrolysis experiment was done employing a flow of N2 of 100 mL/min, a heating rate
of 25°C/min rate, a pyrolysis temperature of 750°C and a final temperature time of 1 h. The gas
and bio-oil fraction were collected in the temperature range between 200°C and 550°C (according
to the temperature range in which biomass is devolatilized showed by thermogravimetric
analysis), using an Nz flow of 100 mL/min for 14 minutes. For its part, samples were introduced
instantaneously into the furnace during the flash pyrolysis with a mechanical device when it
reached the desired temperature (750 and 850°C). At that moment, the same N2 flow was applied
for 10 minutes. Dichloromethane (CH2Cl2) was used to extract the bio-oils from the condenser.
The solution of CH2Cl2 and the bio-oils fraction was passed through a column filled with sodium

sulphate anhydrous (Na2S0O4). Then, the CH2Cl2 solutions and bio-oils were stored in glass



containers, sealed and refrigerated at a temperature of -3°C (optimal conditions to do the

subsequent chromatographic analysis).

2.4. SEM-EDX.

The biomass and the bio-char obtained from the conventional and flash pyrolysis were examined
using a scanning electron microscope, ZEISS Model DMS-942 (ZEISS, United States), equipped
with an energy-dispersive X-ray analysis system (Link-Isis Il). Prior to examination, samples were
covered with iridium to decrease their charge and to improve the SEM pictures. An Emitech

K575X instrument was employed for this purpose.

2.5. Chromatographic analysis.

The chromatographic analysis of gases fraction was performed on a GC System 7890A
chromatograph (Agilent Technologies, Wilmington, DE, USA). The system has five valves and
three detectors. The flame ionization detector (FID) was configured to analyse hydrocarbons
since one to five carbons, while six and more carbons components were grouped and measured
in a single peak at the beginning of the analysis. A thermal conductivity detector (TCD) with helium
as reference gas or mobile phase was configured to analyse fixed gases (which may include COz2,
CO, Oz, N2 or H2S among others). Finally, the second TCD, with a reference N2z gas, was used
in the hydrogen analysis.

An Agilent 7890A chromatograph combined with a 5975C mass spectrometer (Agilent
Technologies, Wilmington, DE, USA) was used for the bio-oil chromatographic analysis. An HP-
5MS capillary column (Agilent Technologies, Wilmington, DE, USA) (5% phenyl-
methylpolysiloxane) with dimensions of 30m x 0.25mm ID x 0.25um, was employed to separate
the compounds. The column was subjected to the following heating program: an initial
temperature of 50°C, no dwell time, and a heating rate of 4 °C/min up to 300 °C. 1ul (split less) of
the sample was injected into the equipment. The mass spectral libraries used for identifying the
compounds included NIST08, Wiley7n and Wiley 275. The mass spectrometer was operated in
full scan mode (50-550 uma, 3.21 scans/s, 70 eV ionization voltage). Before doing the analysis,

the water presented in the bio-oils fraction was separated from the organic fraction.



3. RESULTS AND DISCUSSION.

3.1. Biomass chemical characterization.

Pampa grass leaves (CSL) and stems (CSS) characterization results appear in Table 1. The
chemical analysis of both parts was so similar to other lignocellulosic biomass considered in
different works [2,32]. Similarly, the C content of both parts (~47%) was higher than other biomass
sources [33], what advances a good potentiality in its energy conversion, but far away for carbon
content in coals [34]; being a common characteristic in the use of biomass as energy sources.
The difference found considering the nitrogen (N) content between stems and leaves was due to
a competitive CS strategy. The plants of this species accumulate this element in their leaves from
their dead leaves [9]. There is also a clear difference in CSL (7.5%) and CSS (2.5%) ash content
due mainly to the higher silica content in this biomass (4.40% vs 1.40%), which presence
increases the ash fraction in biomass samples. This fact could cause by the high foliar content of
silicophytoliths [35]. Silicophytoliths have been widely studied and it has been proven that, thanks
to them, different plants can bioaccumulate large quantities of a higher number of elements,
including Sulphur [11]. The CSL ash percentage was higher than this same biomass source
derived from the work of Lanning and Eleuterius [36]. This is so because in the aforementioned
study, CS plants were in a natural area and with a wide availability of resources. Under these
conditions, pampa grass does not produce as much silicophytoliths, opting to generate lignin [37].
CCS ashes values were in line with cereals straw [38]. On the other hand, the CSS ash content
(2.5%) was similar to that obtained for this same invasive species in natural environment [36].
Regarding volatile matter, stems showed higher values than leaves (81.9% vs 74.8%); these
values were so similar to the obtained ones for other similar biomass [39,40]. Finally, and related
to HHV, both stems and leaves had similar HHV results (~ 19 MJ/kg). They were similar to woody

biomass [4] and lower than fossil fuels [41].

3.2. ICP-MS and X-ray fluorescence.

The chemical elements viability in a soil is high and plants tend to accumulate them in different
tissues [42]. Ashes ICP-MS analysis of CSS and CSL is shown in Fig. 2. CSS (Fig. 2.a) and CSL
(Fig. 2.b). Both analyses showed potassium (K), calcium (Ca), sulphur (S), magnesium (Mg) and

sodium (Na) as the major elements. Ash-related issues such as slagging, agglomeration and



corrosion are severe limitations in combustion [43,44]. K, Na, Ca and Mg bear the primary
responsibility for the above issues [45]. K and Ca were the elements with higher concentrations
for the analysed C. selloana ashes biomass samples. The high content of them is unfavorable,
since they can easily react with other elements (e.g., Si) to form alkali with very low melting points
(700 °C). Increased K content may increase the slag potential of deposits. Whereas ashes with
less alkali and with higher Ca contents exhibit more manageable slagging, fouling, and corrosion
problems [46]. For CSL and CSS the analysed elements ranked by decreasing content in the
examined ashes were: Ca>K>S>Mg>Na. These composition was so similar to the obtained for

forest residues [47] except for the Mg and Na elements.

This is a common trend, since plant biomass is mainly composed of alkaline and alkaline earth
compounds [48]. Some metals were also detected in lower concentrations (CSS: 546 ppm Mn
and 226 ppm Cu and CSL: 651 ppm Li and 320 ppm Mn). There was, therefore, a differentiation
between the leaves and stems in terms of their chemical elements composition. CSL showed
higher concentrations of P and Li. On the other hand, CSS had higher concentrations of S and
Mg. The greater presence of P in CSH is a direct cause of the greater amount of silicon present
in this biomass [49].

The X-ray fluorescence analysis determined a series of oxides present in the CSS and CSL
biomass ashes. For all of them, only silicon oxides (SiO2) were considered due to the other oxides
may have volatilized in the pearl formation process, where the samples were subjected to a
temperature of 1200 °C [50]. Data obtained for SiO2 in ashes were 56.5% and 59.5%, respectively
(SiO2 in CSS and CSL bhiomass were 1.4% and 4.4%, respectively). These results were higher
when compared to the Lanning and Eleuterius [36] works. Furthermore, they were also higher
than the obtained for the same species in the Honaine et al [11] and also superior than the

achieved by Wang et al [51] for barley straw and husk.

3.3. Pampa grass TGA and kinetics.
The thermogravimetric profiles are shown in Fig. 3. In the same way, DTG characteristic
parameters are shown in Table 2. Results obtained for stems and leaves biomass were in line

with the typical profiles for biomass pyrolysis [52] and, specifically, with another woks that allude



to this grass [13]. The thermogravimetric curves of the CSS and CSL biomass decomposition are
very similar as can be seen in Fig. 3 and the percentage of final weight loss was independent of
the heating rate. These profiles were related to the samples degradation of hemicellulose,
cellulose and lignin. Although hemicellulose and cellulose have quite defined decomposition
moments (between 150-350°C and 275-350°C, respectively), the lignin, in contrast, has a very
wide range of degradation (250-500°C) which is completely overlapped with the previous
components decomposition [52]. For all the heating rates (5, 25 and 50 °C/min) maximum DTG
values were higher for stems (characterized by a higher C content). As can be seen, the highest
DTGmax values were reached at a heating rate of 5 °C / min, which were also obtained at the
lower temperatures.

The kinetics results are shown in Table 2. CSL presented lower Ea values (154.83-168.17 kJ/mol)
than CSS (222.85-292.84 kJ/mol), which means that the beginning of the biomass decomposition
in the pyrolytic process requires less energy as a consequence of its lower lignin content. The
decomposition of the pampa grass biomass associated with the lower Ea values also occurred at
lower Totemax range. This means a lower energy outlay for the lowest heating rate (5 °C/min). The
frequency factor parameter, ko, is linked to the rate at which chemical reactions develop. The
fastest matter release was obtained for CSS, especially with a heating rate of 25 and 50 °C/min.
Regarding CSL, there was more homogeneity in the ko results. CSS showed similar Ea and ko
values in relation to those presented for the woody biomass [53]. For its part, CSL values were

so similar to the husk and rice straw [54].

3.4. Pyrolytic process.

3.4.1. Yield.

Results associated with yield values of the pyrolysis processes appear in Fig. 4. For flash
pyrolysis, the gas fraction was predominant (up to 61.98%). The bio-oil fraction decreases slightly
with the increase of the flash pyrolysis temperature and independently of the biomass type (CSL
23.36% vs 22.96% and CSS 21.33% vs 19.35% for 750 °C and 850 °C, respectively). CSL
biomass produced a higher bio-char fraction (26.48% and 23.93%) than CSS biomass (~18.5%,
with the only exception of CSS-P). In the study of Sun et al. [55] about flash pyrolysis at 700°C

and 800°C, authors obtained values for gas, bio-oil and bio-char yields around 30-40% working
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with rice husk. In this work the bio-oils yield was similar to the bio-oil yield of CSS-P. In contrast,
in the study by Maliutina et al. [56]; they worked with the palm kernel shell flash pyrolysis, bio-oils
were the main fraction (higher than 65 %) and bio-char and biogas fractions did not reach values
greater than 20%.

Also, during conventional pyrolysis, the biogas fraction was highlighted as the majority fraction
(47.75 % and 45.43 % for CSL-P and CSS-P, respectively) although these yields were slightly
lower than those obtained for the flash pyrolysis. These results were over the typical values in a
slow pyrolysis (~35%) [57]. Bio-oils fraction obtained for both biomass (25.51 % and 33.68 % for
CSL-P and CSS-P respectively) were higher than those obtained working with flash pyrolysis.
Like in the flash pyrolysis, CSL biomass produced a larger fraction of bio-char (26.74% and
20.99% for CSL-P and CSS-P respectively).

Compared to same experiment designed with pomegranate peel [2], it was noted several yield
differences. In general, gas yields were smaller for pomegranate peel (~36 % for slow pyrolysis
al 750 °C; ~16 % and ~50 % for flash pyrolysis at 750 °C and 850 °C) whereas bio-oil yield was
greater (~35 % for slow pyrolysis al 750 °C; ~53 % and ~24 % for flash pyrolysis at 750 °C and
850 °C).

The obtained results validate the initial hypothesis raised, verifying the possibility of conversion

of CS through flash pyrolysis processes, in different fuels (bio-char, gas, bio-oil).

3.4.2. Gas fraction.

After the gas chromatographic analysis (Fig. 5), differences in biogas composition with respect to
flash and conventional pyrolysis were observed. Flash pyrolysis showed high amounts of CO (up
to 47.19%), CH4 (up to 16.97%) and H2 (up to 17.5%) as well as moderate amounts of ethylene
(C2H4) (up to 6.97%); CO2 concentrations were much lower in flash pyrolysis (<25 %) than those
present in conventional pyrolysis (up to 58 %). The use of a higher temperature in the flash
pyrolysis process (850°C vs 750°C) involved a greater H2 and CH4 formation (syngas) in the same
way that it maintained the CO content and decreased the CO2 content in the biogas, regardless
of the type of biomass studied (CSS and CSL). The gas of the CSS biomass flash pyrolysis
contained higher amounts of CO (47% and 45% in CSS-750F and CSS-850F vs ~36% in CSL-

750F and CSL-850F), which is consistent with the analytical results of this biomass sample,
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characterized by a higher content of C, while, for their part, the Hz2, CH4 and C2H4 content were
very similar. The flash pyrolysis for palm kernel shell [56] generated a great amount of CO (up to
60%) followed by H2 (up to 22%) and low values for CO2 (up to 10%). The flash pyrolysis of the
pomegranate peel under the same conditions [2] produced a gas fraction with higher CO2 content
(=35 %) and lower CO (~33 %) and CH4 (up to ~12%). After comparing these data, it can be

stated that the biomass nature influenced the gas composition.

Regarding to conventional pyrolysis, the CSS and CSL gas composition produced high CO:
content (up to 58%), close to twice that obtained in flash pyrolysis, moderate CO (up to 34%) and
CH4 content (up to 7%) and a negligible amount of H2. Pomegranate peel under the same
conditions [2] produced a gas fraction with higher CO2 content (~67 %) and lower CO content but
a slightly amount of H2 (~5%). CO2 and CO were produced by hemicellulose and cellulose due
to the thermal decomposition of their carbonyl and carboxyl groups. Lignin produced light
hydrocarbons (such as CH4) and Hz because the thermal degradation of its methoxy / methylene

groups and aromatic rings [4,57].

Table 3 shows the HHV for the gas samples obtained from CSS and CSL by the different pyrolysis
technologies. For both, there was a relevant difference between the HHV values obtained for the
gases by conventional pyrolysis (~5 MJ/kg) and flash pyrolysis (~17 MJ/kg). The HHV increased
as the flash pyrolysis temperature did; this could be due to the increase in the H2 volume. CSL-
850F (flash pyrolysis at 850 °C) was the gas fraction with higher HHV value (17.18 MJ/kg). The
pomegranate peels gas fraction achieved by conventional and flash pyrolysis [2] showed lower
HHV values (3.6 MJ/kg and 11.5 MJ/Kg, respectively). This great yield reached during flash

pyrolysis together with their high HHV, advise us to employ these gases as eco-friendly fuels.

3.4.3. Bio-oil fraction.

In the Fig. 6 it is represented the non-aromatic and aromatic organic compounds present in the
obtained bio-oils by conventional and flash pyrolysis. The bio-oils chromatograms are collected
in the Appendix B of the supplementary material document. Conventional pyrolysis bio-oils

were composed of a little fraction of non-aromatic organic compounds (up to 8.35% for CSS-P)
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and aromatic organic compounds without benzene rings (up to 17.62 % for CSL-P) whose most
representative compounds were acetoxymethyl furaldehyde with a 10.1 % for CSL-P and methyl
furanone with a 5.5 % for CSS-P. The greater fraction of this conventional bio-oils were formed
by aromatic organic compounds with one benzene ring (75.22 % and 77.13 % for CSL-P and
CSS-P, respectively) where phenol and some of their compounds had higher percentages (higher
than 55 %). The above ones could be used to produce solvents [2,58]. Dihydrobenzofuran (14.6%
for CSL-P) and methoxyethenylphenol (11.49 % for CSS-P) were the organic compounds with
higher percentage in these bio-oils. The majority of those organic compounds originated by
conventional pyrolysis of CS were formed by oxygenated compounds that decreased the HHV of
the bio-oils and increased their acidity [58]. The presence of oxygenated substances indicated a
lower viscosity of the bio-oil, which will reduce the cost of the design of a possible application;
bio-oils with high viscosity produce poor flow characteristics and combustion properties, for
example produce jams for the most fuel injectors [4,57,59].

There were many differences in the bio-oils composition of the flash and conventional pyrolysis.
The flash pyrolysis bio-oils were formed mainly by polycyclic aromatic hydrocarbons (PAHS) (up
to 98% in CSS-850F) with low percentages in simple organic compounds which were the main
compounds in the conventional pyrolysis bio-oils composition, (Fig. 6).

Flash pyrolysis bio-oils were made up of PAHs, mainly from 2 to 4 benzene rings (up to 98% for
CSS-850F). Aromatic organic compounds and their derivate of naphthalene and fluorene (HAPs
with 2 benzene rings), phenanthrene, anthracene and fluotanthene (HAPs with 3 benzene rings),
chrysene, pyrene and triphenylene (HAPs with 4 benzene rings) were presented in flash pyrolysis
bio-oils of CS.

The flash pyrolysis temperature had an important influence on bio-oils composition, Fig. 6. At
higher pyrolysis temperature values (850°C), heavier PAHs were found. This phenomenon was
studied by Williams and Nugranad [60]. These authors concluded that this behaviour was
common in biomass that generate high amounts of ash which influence in the decomposition of
the material, encouraging greater production of PAHs as the temperature rises. The PAHSs of the
flash pyrolysis bio-oils from CS were originated by side reactions which precursors were phenolic

compounds [56].
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The different experimental parameters of the pyrolysis process implied that bio-oils composition
were different. Each pyrolysis process causes different types of reactions to each CS material
[61]. Some of the reactions cited in the scientific associated with this type of process can be the
depolymerization, dehydration, hydrogenation, decarbonylation or polycondensation [62].
Bio-oils for CSL-850F and CSS-850F had similar quantities of anthracene and their derivatives
(17.7% vs 16.6%). However, there were many differences in the following compounds and their
derivatives: phenanthrene (18.7% vs 26.1%), fluorene (17.2% vs 11.2%) and fluoranthene (11.7%
vs 25.7%). These bio-oils had appreciable quantities of benzopyrene, HAPs with 5 benzene rings,
1.9% in CSL-850F vs 3.7% in CSS-850F.

PAHs can be used by the pharmaceutical industry or to produce plastics, explosives, etc. [2,58].
Non-aromatic and aromatic organic compounds without benzene rings were originated by the
cellulose and hemicellulose breakdown. Nevertheless, the great majority of the aromatic organic
compounds from the conventional and flash pyrolysis had their origin in lignin. In the case of
herbaceous biomass, the lignin was composed of 3 monomers: coniferyl alcohol, coumaryl
alcohol and synapyl alcohol [25]. The hemicellulose, like lignin, has a heterogeneous composition
[58,62]. In the work of Shurong et al [52], it is highlighted that the hemicellulose of herbaceous
species is largely composed of arabinoglucuronoxylan polysaccharides; fact that implies that bio-
oils have lower degrees of acidity with respect to other bio-oils obtained from other biomass

sources [58].

Table 4 shows the bio-oils ultimate analysis and high heating value (HHV). These results were in
line with the chromatographic analysis. The C content increased in the flash pyrolysis and with
the temperature until achieve a value of 86.67% for CSS-850F. The maximum N values were
associated with CSL-750F (possibly due to a large amount of nitrogenous organic compounds
[50]). In general, the bio-oils S content was low (0.10 %) with the exception of CSL-P (0.41%).
The HHV linked to bio-oils flash pyrolysis were greater (up to 35.52 MJ/kg). Higher temperatures
were linked with higher HHV values. Finally, the bio-oils from the CS stems showed higher HHV
values than the bio-oils than the CS leaves. The maximum value was found for CSS-850F (35.52

MJ/kg). These values were greater than the results for the bio-oils obtained by flash pyrolysis of
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Chlorella vulgaris investigated by Wang et al [63] (HHV= 24.57 MJ/kg) and they were in line with

the HHV conventional pyrolysis values [2,4].

3.4.4. Bio-char fraction.

Table 5 presents both the ultimate analysis and HHV of the different bio-char products obtained
during flash and conventional pyrolysis. The highest carbon content was observed for CSS-P
(85.69%) and, consequently, this value was related to a higher HHV (29.12 MJ/kg). Also, for flash
pyrolysis, higher temperature values (850°C) produced higher C contents in the bio-chars
regardless of the part of the biomass. As the bio-chars nitrogen content is corned, values (1.09%
- 2.17%) were similar to coal [34] but lower than other biomass [64,65].

The HHV of the bio-chars from CSL (up to 23.81 MJ/kg) were slightly higher than lignite coal (up
to 20 MJ/kg) while bio-chars from CSS presented a HHV (up to 29.12 MJ/kg) in the order of
bituminous coals [34]. Bio-chars HHV values were over their original biomass values (CSS 19.23
MJ/kg and CSL 18.89 MJ/kg). The bio-chars chemical composition and HHV values were similar
to those published for the bio-chars from other biomass obtained by conventional and flash
pyrolysis [2,4]. In consequence, bio-chars from both flash and conventional pyrolysis were
suitable as fuels due to their high HHV and could also be used as precursors of carbonaceous

adsorbent materials because they high carbon content (from 68.78 to 85.69%).

3.5. Scanning electron microscope (SEM).

The CSS and CSL biomass and bio-chars morphological analysis were performed by SEM —EDX.
The fibrous vegetable nature of the CSS and CSL biomass is made by alkaline and alkaline earth
compounds (like potassium, calcium or magnesium) as can be seen in the sub-sections A and B
within the Appendix C of the supplementary material document. The fibrous nature of CS as well
as the presence of Si compounds in this grass have been already reported in literature [6,11,36].
The bio-chars SEM images (Appendix C), showed that they preserved the fibrous structure of the
CSS and CSL biomass after the thermal pyrolysis processes at 750 and 850°C. These materials
were composed of alkaline and alkaline earth compounds (section c-f in Appendix C), with Si
structures that were often cut down (section b Appendix C). A plastic phase with devolatization

bubbles (some of them have already exploited) was observed in CSV-750F bio-char (section ¢
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Appendix C). The vacuoles or bubbles were formed during the pyrolysis process as consequence
of volatile matter released into the gas stream. Higher pyrolysis temperatures (850°C) developed
bio-chars with smaller particles due to a higher thermal degradation of CSS and CSL biomass

(section d Appendix C).

4.- CONCLUSIONS.

In this research and for the first time, a systematic study of the invasive species Cortaderia
selloana (leaves and stems) as a possible energy source was carried out employing different
pyrolysis technologies (conventional and flash). This research showed that it is possible to
transform this herbaceous plant, which is an environmental problem, into biofuels (bio-char, bio-
oil, and gas). The chemical analysis of the CSL and CSS bhiomass showed differences in the N
content (1.6% and 0.6% respectively). Also, the CSL ash content was higher than CSS values
(7.5% vs 2.5%). TGA showed mass losses related to moisture, hemicellulose, cellulose and lignin
in the same sense that kinetics concluded that CSL had lower Ea values than CSS. The gas part
was the main for all the biomass and pyrolysis processes. Together with it, and supporting by
their high HHV (17.18 MJ/kg), these gases would be suitable as good eco-friendly fuels.
Regarding the rest of the fractions, the largest oil part was achieved for CSS-P (33.58%). Bio-oils
composition was different for the different pyrolysis techniques. For its part, chars obtained, which
could be successfully used as fuels and carbonaceous adsorbent materials, were higher for CSL-

P (26.74%).
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FIGURE CAPTIONS

Fig.1. a) Pyrolysis set up b) Stick with mechanical device.
Fig.2. ICP-MS analysis for CSS (a) and CSL (b) ashes in dry basis.

Fig.3. TG and DTG profiles for CSS (a) and CSL (b) under three different heating rates.

Fig.4. Yield of gas, bio-oil and bio-char fractions in the different pyrolytic processes

Fig.5. Composition of the gas fraction for the different Cortaderia selloana biomass and pyrolysis
processes.

Fig.6. Composition of the Bio-oil fraction for the different Cortaderia selloana biomass and
pyrolysis processes classified by non aromatic and aromatic organic compounds.

Fig.7.CSS biomass SEM-EDX detail of a) Si compounds b) vegetable fibres.

Fig.8. a) SEM of CSL-750F b) SEM-EDX of CSS-850F c) SEM of CSS-750F d) SEM of CSS-P
and CSS-850F.
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LIST OF ABBREVIATIONS.
COS: Carbonyl sulphide.

CS: Cortaderia selloana.

CSL: Biomass related to Cortaderia selloana leaves.

CSL-750F: Flash pyrolysis at 750°C for Cortaderia selloana leaves.

CSL-850F: Flash pyrolysis at 850°C for Cortaderia selloana leaves.

CSL-P: Conventional pyrolysis for Cortaderia selloana leaves.

CSS: Biomass related to Cortaderia selloana stems.

CSS-750F: Flash pyrolysis at 750°C for Cortaderia selloana stems.

CSS-850F: Flash pyrolysis at 850°C for Cortaderia selloana stems.

CSS-P: Conventional pyrolysis for Cortaderia selloana stems.
EDX: energy-dispersive X-ray.

FC: Fixed Carbon.

H>S: Hydrogen sulphide

HHV: Higher heating value.

LHV: Lower heating value.

SEM: Scanning electron microscope.

TCD: Thermal conductivity detector.

VM: Volatile matter.

TGA: Thermogravimetric analysis.
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Fig.1. Pyrolysis set up schema. (1) N2; (2) N2 mass controller; (3) stick to introduce the sample
into the reactor; (4) sample inside the reactor; (5) reactor with a quartz; tube (6) release of volatile
compounds after the pyrolysis process; (7) cooler for condensation of bio oils: (8) Tedlar bag for

gas collection
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Fig.2. ICP-MS analysis for CSS (a) and CSL (b) ashes in dry basis.
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Fig.3. TG and DTG profiles for CSS (a) and CSL (b) under three different heating rates.
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Fig.6. Composition of the Bio-oil fraction for the different Cortaderia selloana biomass and

pyrolysis processes classified by non aromatic and aromatic organic compounds.
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