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ABSTRACT

Significant quantities of Posidonia oceanica deposit on some beaches and coastlines every year, which generates
high costs associated with the disposal of this waste. Pyrolysis may be an adequate way for its valorization.
However, it would imply to know how the process takes place and if the removal of its natural detrital inorganic
matter (epiphytes, marine salt and sand) is necessary, which are the objectives of this research. Pyrolysis by
thermogravimetry-mass spectrometry was carried out on both the washed and unwashed samples.

During this waste pyrolysis, the following occurs: (i) the high alkali metal chloride content promotes frag-
mentation reactions of carbohydrates and O formation, which increases HCOOH intensities at temperatures
between 250 and 360 °C; (ii) from 500 °C to 650 °C, Fe,0O3 and decomposition of carbonates seem to be involved
in reactions that produce O release and steam and CO» reforming of hydrocarbons and oxygenated organic
compounds with Hy generation; (iii) from 650 °C to 750 °C, Fe;Os, high alkali metal content and carbonate
decomposition generate char gasification, an increase in O release, SO, capture and HCOOH formation.

In general, the abundance of inorganic matter (chlorides, carbonates, etc.) minimizes the release of various
compounds during pyrolysis, including SO2 and HCI, while increasing HCOOH production. Thus, this high
content of inorganic matter may represent an advantage for its pyrolysis, producing value-added chemical
products with a reduced environmental impact. Therefore, this study may be the starting point for defining the
optimal pyrolysis conditions for this waste valorisation.
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Cearbonates
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CELL
CcYy
DTG
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ICp Inductively Coupled Plasma
Ash IDA Isotope Dilution Analysis
Alkali and alkaline earth metals LIG Lignin
Carbon from carbonates m/z Mass-to-charge ratio
Organic carbon M Moisture
Cellulose MS Mass Spectrometry
Carbon yield PO Posidonia oceanica
Derivative TG POW PO waste
Hemicellulose TANN Tannins
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Inorganic carbon TGL Triglycerides
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Nomenclature (continued)

Symbols/abbreviations

TOC Total organic carbon
Tp Peak temperature

VM Volatile matter

WGSR Water gas shift reaction

1. Introduction

Posidonia oceanica (PO) (Linnaeus) Delile, also called Mediterranean
Tapeweed or Neptune Grass, is a seagrass species belonging to the family
Posidoniaceae (Boudouresque et al., 1984). It is a marine plant with
roots, stems, leaves, and fruits; being classified as a marine angiosperm
of subtropical climate (Ruipérez et al., 2012). PO colonies constitute
true seagrass meadows and are exclusive to the Mediterranean Sea,
occupying an area of between 25,000 and 50,000 km? (Pasqualini et al.,
1998), growing at all latitudes from Libya (31°0'N) to the Gulf of Trieste
(45°40'N) (Green and Short, 2003). The Spanish Balearic Islands are
home to the largest PO reef in the world (Aires et al., 2011), specifically,
in the protected natural area of Ses Salines d’Eivissa i Formentera, be-
tween the islands of Ibiza and Formentera. The horizontal growth rate of
Posidonia oceanica is 6 cm/year, while the vertical growth rate is 1 cm/
year (Ruipérez et al., 2012). It has a high production rate, which has
been estimated at 200 + 300 g/m2 per year (Cebrian and Duarte, 2001),
mainly due to the annual growth of the leaves. The leaves of PO are
continually renewed because it is a deciduous plant. They grow in
spring, and with spring and autumn storms, they lose their oldest leaves,
which turn brown and are photosynthetically inactive. It is especially in
autumn when storms tear off more leaves and accumulate the fallen
remains on the beaches (Ruipérez et al., 2012), forming large clumps of
PO. It is estimated that 34 % of the leaves that fall off the plant wash up
on beaches (Ruipérez et al., 2012), where they either decompose or are
collected and treated as urban solid waste, currently without recovery.
In recent years, there has been an increase in the arrival of leaves in
spring due to the increase in storms before the summer season, which
together with increased pressure from the tourist sector, has increased
the volume of PO waste (POW) collection. In 2004, Borum et al. (2004)
quantified the amount of PO litter generated per kilometre of meadow
per year at 125 kg. PO litter deposited in Mediterranean coastal areas is
an environmental, economic, hygienic, and social problem (Balata and
Tola, 2018). It is of particular importance in the areas with the greatest
tourist involvement (Cocozza et al., 2011). The annual rate of accu-
mulation of PO necromass is estimated to be between 70 and 660 g/m?
(Gazeau et al., 2005). Other authors have quantified this production as
300 and 2000 g/m2 (Bay, 1984; Bianchi et al., 1989; Jiménez et al.,
1996; Terrados and Duarte, 2000). For a pasture width of 1 km, the
annual deposition per metre of beach is approximately 125 kg of dry
matter per kilometre of seagrass meadow (Cocozza et al., 2011).
Therefore, extrapolating these data to the estimated total area of PO
meadows, around one million tonnes of PO necromass is generated on
the Spanish coasts, mostly leaves, the decomposition of which is
extremely slow (Romero, 2004). This amount will increase enormously
if we consider the large coastal area where Posidonia is deposited
throughout the entire Mediterranean. Disposal is usually carried out by
sending POW to landfills, at a high economic cost for public adminis-
trations. It should be borne in mind that most of the areas where this
marine debris is deposited are areas of great importance for tourists,
making it essential to keep the beaches and coastline in perfect condi-
tion. The present study (on the pyrolytic valorisation of the residual
biomass of PO leaves) agrees with the research that, in the opinion of the
Spanish Ministry of the Environment and Rural and Marine Affairs, is
important for making progress in the conservation of habitat type 1120
(PO meadows). Specifically, it can be classified within the field of
research entitled “Possible uses of P. oceanica litter that is fireproof and
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rich in tannins and salts, and sustainable ways of exploitation” which
appears in the publication “Preliminary ecological bases for the con-
servation of habitat types of Community interest in Spain”, promoted by
the Directorate General for the Natural Environment and Forestry Policy
of the Ministry of the Environment and Rural and Marine Affairs of the
Government of Spain. The Spanish proposal joins the rest of the strate-
gies adopted by the members of the European Union according to the
objective of the Habitats Directive (European Council, 1992) to promote
the conservation status of a set of natural habitats. The valorisation of
this type of biomass (POW) would avoid the economic and environ-
mental costs derived from its disposal as waste.

Mechanical means, such as a tractor equipped with a bucket
designed to minimize the extraction of sand and a truck for transport to
the waste treatment plant, are used to remove the remains of PO from
the beaches (Balata and Tola, 2018). The cost of this process is compa-
rable to that of solid urban waste and varies depending on the location of
the beach (BOIB, 2023). In European Mediterranean countries, the cost
of waste treatment is typically around 115-150 € per ton (De Falco et al.,
2008).

An option for POW management may imply a thermal valorisation,
such as pyrolysis, which transforms this waste into biogas, biochar or
bio-oil or produces added-value compounds. The production of biogas
may be an attractive alternative, since European Biogas Association
estimates that biogas and biomethane generation can be quadruple in
2050 with respect to that of 2019 (Bencoova et al., 2021).

To ensure the effectiveness of pyrolysis technologies, the raw ma-
terial must be of consistent quality and quantity (Marousek et al.,
2023a). On the one hand, as was mentioned, significant quantities of PO
residue reach the coasts each year (Terrados and Duarte, 2000).
Although the amount may vary annually, it is still substantial enough to
be used for energy purposes (Terrados and Duarte, 2000). It is worth
noting that Simeone (2008) estimated the sediment concentration in PO
berms to be between 47.5 and 70.0 kg-m~>. On the other hand, organic
matter of PO leaves does not vary significantly with the time of the year
or the location. Another issue is the inorganic matter of POW, whose
variation should be studied thoroughly.

For a technology to be sustainable, it must first be profitable (Pav-
olova and Bakalar, 2021). Additionally, Marousek et al., (2023b) have
reported the current difficulty of running a profitable business for bio-
diesel from algae, due to the high costs associated to algae production. In
the case of the energy use of POW, public administrations could save the
expense caused by its elimination from beaches and generate a source of
income linked to the use of this waste. The exploitation of these re-
sources could benefit local administrations, but it could also be subject
to business use by establishing public or private companies. This could
be favourable for boosting the exploitation of these resources (Akbari
et al., 2021).

Compared with other types of biomasses, the main limitation of POW
as a potential source of energy production is its high ash yield (Neven
etal., 2019). Although some articles have focused on thermal processing
(pyrolysis and gasification) or co-processing and anaerobic digestion of
PO for obtaining bioethanol (Pilavtepe et al., 2013), biofuel (Zaafouri
et al., 2016), biochar (Molto et al., 2022), and biogas (Maisano et al.,
2019), there has been no research on the effect of POW inorganic matter
on its pyrolysis.

POW contains marine salt, epiphytes, and sand. Thus, among other
inorganics, it has Si, Fe and abundant alkali and alkali earth metals
(AAEMs), mainly in the form of Na, Mg and K chlorides and Ca and Mg
carbonates. AAEMs favour deoxygenation reactions, which produces
more char and gas (the latter upgraded) and less bio-oil but with higher
C/0 ratio (Wang et al., 2022). AAEMs also ease the breakage of bio-
polymers’ structure, which shifts thermal degradation to lower tem-
peratures (Wang et al., 2022). On the other hand, CaO and CaO/Fe;03
promote Hy generation during biomass pyrolysis (Widyawati et al.,
2011) and biomass steam generation (Hu et al., 2020), respectively.
Moreover, calcite has been widely used in industry for capturing SO»
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during thermal processing (Dasgupta et al., 2003). After these consid-
erations, one might ask if the pyrolysis of POW without removing its
inorganic matter could be advantageous and how it affects the decom-
position of POW organic macromolecules. Obviously, the lack of pre-
treatment would reduce complexity and costs of POW management and
facilitate it, and, perhaps, it would allow us to obtain final products with
better quality and/or to develop more environmentally friendly pro-
cesses. Additionally, there exist numerous issues that still must be
researched to understand the effect of inorganic matter on biomass py-
rolysis, including AAEMs influence (Wang et al., 2022). Thus, this
manuscript is focused on the study of the effect of POW natural inor-
ganic matter (marine salt, epiphytes, and sand) on its pyrolysis. For this
aim, two samples, one without pretreatment (POWynwashed) and the
other being previously washed with distilled water (POWyashed), Were
pyrolyzed, studied and compared. Thus, the decomposition of POW
biopolymers, the release of several compounds and the effect of inor-
ganic matter were addressed. This knowledge is crucial for an optimum
design of POW pyrolysis depending on the objective sought.

2. Material and methods
2.1. Material and ultimate analysis

Waste of PO (POW) was collected from a beach of Ibiza Island
(Spain) (at the coordinates 38°58'17.324'N, 1°17'12.116'E) in July
2021. 15 g of this raw waste (only leaves) were submerged in a container
with 3.5 1 of distilled water for 24 h. After this stage, the washed PO
(POWyyashed) Was air dried at the ambient temperature of the laboratory
and ground to a particle size lower than 250 pm.

Ultimate analysis (C, H, N and S) was carried out in a Vario Macro
Elementar Analyzer, which reaches a temperature of 1150 °C. A TOC
analyser (Shimadzu TOC-V CSH) was used for determining total carbon
(TC), inorganic carbon (IC), and total organic carbon (TOC).

2.2. Concentrations of some major, minor and trace elements and X-ray
diffraction (XRD)

The concentrations of the elements B, Na, Mg, Al, P, K, Ca Ti, V, Mn,
Fe, Co, Ni, Cu, Zn, As, Se, Sr, Mo, Ag, Cd, Sn, Sb, Ba, Hg, Pb, and U in
both samples were determined by using Isotope Dilution Analysis (IDA)
combined with Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) after digestion with reverse aqua regia.

For identifying the main crystalline minerals of POW nwashed and
POWyyashed, their diffractograms were obtained in a PANalytical X’Pert
Pro diffractometer with a Bragg-Brentano configuration and Omega-
2Theta scan. Diffraction intensities were recorded using continuous
sweep, with a scanning rate of 0.025°/s for a 26 range from 5° to 80°,
points were interpolated every 0.013° for 260 and with a counting time of
approximately 135 s.

2.3. Thermogravimetry (TG) and mass spectrometry coupled to TG (TG/
MS)

Thermogravimetric analyses (TGA) were carried out in a thermo-
balance Mettler TGA/SDTA 851°. Its exit was connected to a mass
spectrometer ThermoStar Pfeiffer Vacuum by a 200 °C thermostated
pipe to avoid gas condensation. In the TG runs, flow rates of both Ny and
0, of 50 cm®/min were used as reaction gases. The samples were heated
at a rate of 10 °C/min from ambient temperature up to 800 °C. TGs were
repeated, the difference being lower than 5 wt% for every temperature.
Derivative TG (DTG) curves were also obtained. The thermobalance was
coupled to a Pfeiffer Vacuum ThermoStar GSD301T mass spectrometer.
By a detector C-SEM, operating at 1200 V and with a time constant of 1 s,
several components were identified by the mass-to-charge ratios (m/z)
of key fragment ions. The fragment ions at (m/z)s 2, 12, 15, 16, 18, 25,
29, 31, 34, 38, 41, 44, 45, 46, 50, 58, 60, 64, 68, 72, 80, 94, 96, 110, 109
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were assigned to Hy (hydrogen), CO (carbon monoxide), CH4 (methane),
O (oxygen), HyO (water), CoHy (acetylene), HCHO (formaldehyde),
CH30H (methanol), H,S (hydrogen sulphide), HCI (hydrogen chloride),
CsHg (propene), CO2 (carbon dioxide), CH3COOH (acetic acid), HCOOH
(formic acid), CHsCl (chloromethane), C3HgO (propanal), COS
(carbonyl sulphide), SOy (sulphur dioxide), C4H4O (furan), Cly (chlo-
rine), HySO4 (sulphuric acid), C¢HgO (phenol), CsH4O, (furfural),
CeHgO2 (catechol), CyHgO4 (guaiacol), respectively.

2.4. TGA-based proximate analysis, organic C from TGA and HHV

Proximate analysis was deduced from thermogravimetric analysis
(TGA), combustion and pyrolysis profiles. Although, the values are
indicative, they allow us to compare both samples (POWpwashed and
POWyasheq) and observe the effect of removing part of its inorganic
matter.

Moisture (M) was determined as the mass loss up to 150 °C. The two
ash yields at 550 °C and 800 °C (Assp and Aggo, respectively) are equal to
the combustion TG percentages at the above temperatures. Fixed carbon
(FC) was calculated subtracting combustion TG at 800 °C (Aggo) to the
pyrolysis TG at the same temperature (CYggg). Accordingly, volatile
matter (VM) in dry basis is equal to 100 — Aggp — FC. The subtraction
Ass50—Agoo gives an estimation about the quantity of CO5 released from
carbonates (CaCOs and MgCOs) and, therefore, about C in the sample
that is in the form of carbonates (Ccarbonates)- This is confirmed by the
fact that only CO2 (neither SO2/SO3 nor Hy0) was detected by com-
bustion with Oy using TG-mass spectrometry (TG/MS) analysis in this
interval (550 °C-800 °C). The substraction of Ccarbonates from total C
gives organic C (Corg). The fact that Corg in daf basis is nearly equal for
both samples (POWy,ashed and POW nwashed) also proves that the calcu-
lation is correct. Higher heating value (HHV) was calculated from ulti-
mate analysis, using Yin’s equation (Yin, 2011). This equation considers
C and H biomass contents. Other equations that calculate HHV from C, H
and O contents (Shen and Azevedo, 2005; Demirbas et al., 1997) give
very similar results for this sample and they use O, which is an estima-
tion from other element concentrations.

2.5. Structural analysis from Debiagi et al.’s characterization method
(Debiagi et al., 2015)

Lignocellulosic composition was determined according to Debiagi
et al.’s procedure (Debiagi et al., 2015). They proposed a characteriza-
tion method for predicting structural composition, including extractives,
from ultimate analysis. With this method (Debiagi et al., 2015), the
components cellulose (CELL: CgHi0Os), hemicellulose (HCELL:
CsHgO4), three different types of lignin (LIG-C: Cy5H1404, LIG-H:
CooHyg09 and LIG-O: CpoH2201¢), tannins (TANN: C;5H12,07) and tri-
glycerides (TGL: Cs7H10907) can be determined. Lignin (LIG) can be
considered as a weighted combination of three units, LIG-C, LIG-H and
LIG-O, which have decreasing ratios of (C/O)molar (Debiagi et al., 2015).
Corg, H and O contents of the samples (POWyyashed and POWynwashed) in
daf basis and normalized to 100 can be expressed as a linear combina-
tion of the above components using the splitting parameters o/p/y/d/¢
(Debiagi et al., 2015).

3. Results and discussion
3.1. POW characterization

Table 1 shows ultimate and estimative TGA-based proximate anal-
ysis, carbon contents (TC, IC and TOC), and HHV of the two samples of
POW (POWynwashed and POWyashed)- Table S1 shows the concentrations
of some major, minor and trace elements in POWywashed and POW-
washed- In Fig. S1, the diffractograms of POWypwashed and POWyashed can
be observed. The minerals aragonite (CaCO3), dolomite
((Mgo.120Ca0.871)(CO3)), halite (NaCl), bassanite (CaS04-0.67H30),
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Table 1
POW ultimate, TOC and TGA-based proximate analyses.
POWunwashed ~ POWwashed POWynwashed ~ POWwashed
TGA-based proximate analysis
Moisture 9.6 13.1
(Wt% ad)
Volatile 56.6 67.3
matter
(wt% db)
Fixed 6.6 16.7
carbon *
(wt% db)
Ash at 50.7 24.3
550 °C
(wt% db)
Ash at 36.7 16.0
800 °C
(wt% db)
Ultimate analysis
C (wt% db) 27.36 38.40 C (wt 55.45 50.66
%
daf)
H (wt% db) 2.89 4.29 H (wt 8.26 7.90
%
daf)
N (wt% db) 0.48 0.64 N (wt 0.97 0.85
%
daf)
S (wt% db) 2.10 0.95 S (wt 4.25 1.25
%
daf)
0" (Wt% db) 30.44 39.72 (o 31.07 39.34
(Wt%
daf)
C from carbonates”
Cearbonates 3.8 2.3
(wt% db)
Organic C*
Corg (Wt% 23.6 36.1 Corg 47.9 47.7
db) (wt%
daf)
Carbon
from TOC
analysis
TC (wt% 27.13 38.77
db)
IC (wt% db) 4.13 2.46
TOC (wt% 23.01 36.31
db)
Higher 10.4 14.9
heating
value
(MJ/kg)

daf basis was calculated using ashes at 550 °C.
@ Calculated by difference.
b Calculated from TGA.

akaganeite (Fe,30(OH)), gypsum (CaS04(H20)5) and quartz (SiO2).

The comparison of the TGA-based proximate analysis shows that
POW washing reduced inorganic matter (SiO9, carbonates, chlorides,
sulphates, etc.) substantially. This is confirmed by ICP analysis
(Table S1) and DRX (Fig. S1), since there is a significant loss of some
element (Na, Mg, Al, K, Ca, Fe, Sr) content due to the washing, especially
the alkali and alkali earth metals of this group. Additionally, halite and
bassanite disappear in POWysheq (Fig. S1).

However, Agoo and Assg values are still high in POWyyasheq (16.0 wt%
db and 24.3 wt% db, respectively). The subtraction of these values is
approximately equal to the CO5 released from carbonates (from 550 °C
to 800 °C). Thus, it allows us to estimate the remaining carbonates
(mainly associated to epiphytes) expressed in CaCO3 equivalent, which
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gives 19 wt% (db). Comparing POWyyashed and POW nwashed, around 40
% of carbonates have been removed. These calculations are confirmed
by the results of TOC analysis (Table 1). Epiphytes are small calcareous
organisms located on the surface of PO leaves that shed from POW
during the washing. Coralline algae epiphytes, typical of PO (Gambi
et al., 2010), incorporate aragonite and dolomite into their tissues or
structures for support and protection (Nash et al., 2013).

Ultimate analysis of POWynwashed (Table 1) shows relatively similar
values to the mean reported by other researchers (Neven et al., 2019).
The most noticeable differences are in H, N and S contents, S being
higher (2.10 wt% db vs. 1.87 wt% db) and H and N being lower (2.89 wt
% db vs. 3.81 wt% db and 0.48 wt% db vs. 1.78 wt% db, respectively) in
POWynwashed.

Due to the differences in moisture contents and ash yields, for an
adequate comparison of POWynwashed ad POWyyashed, ultimate analysis
must be expressed in dry ash free (daf) basis (Table 1). As can be seen in
Table 1, both analyses are quite similar. S content shows the highest
difference, being significantly reduced by POW washing. It is due to the
removal of the sulphates of POW, since bassanite disappears with
washing and gypsum diminishes (Fig. S1). This agrees with the fact that
sulphates and chlorides are highly mobile during biomass treatment
with solvents (Vassilev et al., 2012).

In POWyashed, C and H contents in daf basis are slightly lower than
those in POWypwashed, due to the removal of carbonates and, probably,
hydroxides. Due to the washing, a decrease of akaganeite is observed in
Fig. S1. Thus, TGA-based proximate and ultimate analyses seem to
indicate that mainly inorganic matter is lost in POW washing with
distilled water.

HHV of POWynwashed (10.4 MJ/kg) is like the one reported by Neven
et al. (Neven et al., 2019) (10.04 MJ/kg).

Table 2 shows the lignocellulosic composition of POW, as well as
tannins and triglycerides, calculated according to Debiagi et al’s method
(Debiagi et al., 2015). The results show that the concentration of lignin
in POWynwashed is lower than data reported by other researchers (Khiari
et al., 2010; Neven et al., 2019) and, consequently, the opposite occurs
with hemicellulose content.

However, POW structural composition can vary substantially
depending on the degree of material degradation and what parts of PO
are in the waste. While Khiari et al. (2010) used POW balls in their
research, the sample of this work only contains leaves, without sheaths.
Leaf sheaths of PO are especially rich in lignin (Kaal et al., 2018).

On the other hand, due to washing with distilled water, in addition to
mineral matter, mainly lignin (LIG-C and specially LIG-H) and

Table 2
POW lignocellulosic composition from Debiagi et al.’s method (Debiagi et al.,
2015).

POWunwashed POWwashed

Structural analysis (wt% daf)

o/B/y/8/¢e 0.6/0.8/1/0.7/0.7 0.6/0.8/1/0.7/0.7
CELL 40.4 42.4
HCELL 26.9 28.3
LIG-C 2.3 0.21
LIG-H 9.3 0.84
LIG-O 11.2 19.5
LIG 22.9 20.5
TANN 4.8 8.3
TGL 5.0 0.45
CELL, HCELL and LIG normalized to 100 (wt% daf)

CELL (wt% daf) 47.1 46.5
HCELL (wt% daf) 29.8 31.0
LIG (wt% daf) 25.4 22.5
Extractives (wt% db)

TANN 2.4 7.0
TGL 2.5 0.38




M.B. Folgueras et al.

triglycerides (TGLs) have been removed (Table 2). Once the external
protective layer (cuticle) has started to degrade, in distilled water,
certain hydration had probably occurred, which led to the oxidation and
breakage of structures. The fact that POWyasheq lignin is enriched in LIG-
O in comparison with POWynwashed indicates a higher degree of oxida-
tion, since LIG-O is the type of lignin with higher (O/C)polar ratio.

3.2. POW,y4shed pyrolysis profile

The pyrolysis profile of POWyashed Shows a significant loss of water
(13.1 wt% ad) below 150 °C (Fig. S2). Between 150 °C and 210 °C, there
exists a small peak that can be attributed to some extractive degradation
(Sebio-Punal et al., 2012; Folgueras et al., 2023). Between 210 °C and
360 °C, a main peak with a shoulder at the left side can be seen. In the
interval 210 °C-300 °C (shoulder), the mass loss (12.4 wt% ad) is mainly
due to hemicellulose decomposition, although some extractives and
lignin (especially those more thermally unstable LIG-O and LIG-H)
contribute in lower proportion. Only when lignin starts its degrada-
tion, hemicellulose and cellulose also begin their thermal decomposition
(Folgueras et al., 2023), since lignin acts as a “reinforcing mesh” (Wang
et al.,, 2017) avoiding carbohydrate decomposition. In the range
300 °C-360 °C, the main peak occurs (329 °C), which is related to cel-
lulose decomposition and, to a lesser extent, to hemicellulose and lignin
thermal degradation. From 360 °C, POW decomposition is mainly
associated with lignin pyrolysis, a small peak at around 470 °C occur-
ring. At temperatures higher than 200 °C, lignin pyrolysis is probably a
melt radical process, where several reactions compete (Faravelli et al.,
2010). On the other hand, probably at 360 °C, there exists a solid
product (char) that undergoes further polymerization through the re-
action of radicals (aromatics, alkanes and alkenes) (Chu et al., 2013).
This char is transformed into a polyaromatic char after the loss of hy-
droxyl and methoxy groups (Chu et al., 2013).

Finally, the peak with a maximum at 741 °C is due to carbonate
decomposition. Aragonite and dolomite were found in POWyyashed
(Fig. S1).

3.3. Comparison of POWyashed and POW,nyashea pPyrolysis

Fig. 1 shows pyrolysis DTGs of POWyashed and POWypwashed in daf
basis (Assg) from 150 °C to 550 °C. The volatile matter released in this
interval is around 70 wt% (daf) in both samples, being 70.1 and 71.6 wt
% (daf) for POWyyashed and POWypwashed, respectively.

This means that washing does not substantially affect the total vol-
atile matter released between 150 °C and 550 °C, although the way it is
emitted changes.

As can be seen in Fig. 1, for the unwashed sample, hemicellulose
pyrolysis in the range 210 °C-300 °C is accelerated, the maximum rate of
its peak being reached at 275 °C, approximately 35 °C before than of
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0.0012 POWunwashed

0.0010 A

0.0008 - ,

1) (daf Aggp)

%, 0.0006 ’

DTG (s
-~

0.0004 f s

0.0002 1 A /

0.0000 T T T T
200 300 400 500
Temperature (°C)

0 100 600

Fig. 1. Pyrolysis profiles in daf basis (A550) from 150 °C to 550 °C of POW-
washed and Powunwashed.
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POWyyashed- Therefore, for POWynwashed, there is a lower degree of
overlapping between hemicellulose and cellulose pyrolysis, because
hemicellulose degradation occurs more quickly at lower temperatures.
The mass loss weights in the range 210 °C-300 °C are 18.9 and 23.1 wt%
(daf) for POWyashed and POWynwashed, respectively. For POWynwashed,
23.1 wt% (daf) is like hemicellulose content in daf basis 26.9 wt% (daf)
(Table 2), which seems to indicate that the structural composition
estimation via Faravelli et al’s method is quite accurate. The accelera-
tion in hemicellulose pyrolysis may be because POW nwashed cOntains
more alkali and alkaline earth metals (Table S1) that act as catalysers
(Fahmi et al., 2007; Wang et al., 2022). Moreover, this agrees with the
fact that hemicellulose is the structural component of biomass that
contains more inorganics (Cagnon et al., 2009), being richer in sul-
phates, chlorides, nitrates and silicic acid (Vassilev et al., 2012). This
may indicate that, in POWnwashed, there is a quicker breakage of p-O-4
structures in lignin and hydrogen bonds in hemicellulose. This breakage
could be accelerated by the presence of alkali metal salts, such as K salts
(KOH, K5CO3) and/or Na salts (NaOH and Na,COs3), etc., which can act
as oxygen carriers (Boxiong and Qinlei, 2006). On the other hand, Fe;03
may intervene in the quick decomposition of hemicellulose in POW .
washed, Since FeoO3 can also be another oxygen carrier that weakens C—C
and C—H bonds, avoiding the formation of stable chemical compounds
(Ianez-Rodriguez et al., 2019). During heating, akaganeite (Fig. S1) is
transformed into Fe,O3 (Peterson et al., 2018).

In contrast, cellulose pyrolysis seems not to be significantly affected
by the washing of POW.

Fig. 2 shows “TGpyrolysis — TGcombustion” in daf basis (Asso) versus
temperature in the range 550 °C-800 °C for both samples. Assuming that
during combustion with Oy, at 550 °C, nearly all the organic matter has
been removed, “TGpyrolysis — TGeombustion” €Stimates the rate of decom-
position of the remaining organic matter (char) during POW pyrolysis at
each temperature “t”. As was previously mentioned, at 550 °C, the
remaining organic matter (char) is around 30 wt% (daf) (Fig. 2).

“TGpyrolysis — TGcombustion” i$ an estimation since inorganic matter
transformation is not identical during pyrolysis to during combustion.
Additionally, POWnwashed contains more inorganic matter, which in-
fluences organic matter pyrolysis. Despite these factors, Fig. 2 can give
valuable information for comparing the behaviour of the char of both
samples during pyrolysis.

In the interval 550 °C-650 °C of POW pyrolysis, char evolves in the
same way for both samples (Fig. 2), which reflects the interest of this
comparison. Therefore, in this range, the excess of inorganic matter in
POWuynwashed Seems not to affect POW organic matter decomposition
substantially. The organic matter loss is around 2 wt% (daf) for both
samples. Nevertheless, from 710 °C, and especially between 710 °C and
760 °C, the inorganic matter of POW pwashed Produces a notable char
decomposition. Thus, mass loss is around 8.6 wt% (daf) and 2.4 wt%

40
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Fig. 2. Estimation of char mass loss in daf basis (Assg) between 500 °C and
800 °C for POWyashed and POWynwashed.
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(daf) for POWynwashed and POWyyashed, respectively. This is probably
related to the fact that there is a massive carbonate decomposition that
produces char gasification (see Section 3.4.4). Thus, the high quantity of
carbonates in POWynwashed affects char pyrolysis especially in the range
710 °C-760 °C. For POWyyashed between 550 °C and 800 °C, the rate of
char decomposition (daf basis) is roughly constant (Fig. 2).

3.4. Pyrolysis products of POWynyashed and POW,yqshed

For POWypwashed @and POWyashed pyrolysis, Figs. 3-5 show the evo-
lution of the studied fragment ions with temperature. On the left vertical
axes of Figs. 3-5, ion intensities normalized to sample weight in daf basis
(considering ashes at 800 °C) (I) are shown, while the right vertical axis
show mass loss rate (DTG) in s~ ' in daf basis (Ago0)-

The ion at m/z 16 is probably associated with atomic oxygen (radical
0) (Fig. 3).

Although CH4, CH3Cl and NH3 may also contribute to this m/z, it
does not evolve similarly to other (m/z)s of these compounds. Accord-
ingly, hydrocarbon flame gases, a considerable quantity of atomic oxy-
gen can be present (David et al., 1948).

Pyrolysis can be divided, at least, into primary and secondary stages.
During primary pyrolysis, gases, tar and solid char are produced due to
the heating of the sample. On the other hand, during secondary pyrol-
ysis, reactions between compounds, cracking and reforming of gases and
tar/char gasification occurs.

In general, light oxygenated compounds come mainly from carbo-
hydrate thermal degradation, whereas aromatics and phenols and their
alkyl-substituted fractions are formed from lignin (Mendu et al., 2011).

Waste Management 181 (2024) 101-113

This is more applicable in the first stages of pyrolysis when mainly
primary products are formed. At temperatures higher than 550 °C, due
to the loss of most volatiles, secondary pyrolysis becomes more relevant.

With regard to the compounds phenol (C¢HgO), guaiacol (C;HgO2)
and catechol (CgHgO2), phenol and guaiacol are lignin-derived com-
pounds that come from H-units and G-units of lignin respectively (Kim
et al., 2011), while catechol (CgHgO3) is a tannin-derived compound
(Kaal et al., 2018).

Due to the high concentration of NaCl in the samples (especially in
POWuynwashed) (Table S1 and Fig. S1), the formation of HCl should be
expected. Several studies of biomass pyrolysis have detected HCl and
CH3Cl in the emitted gases (Rahim et al., 2013; Saleh et al., 2014; Chen
et al., 2016; Peng et al., 2019). However, it varies greatly depending on
the type of biomass (Peng et al., 2019).

Thus, the following reactions that produce HCl may occur:

2 NaCl + SO, + O + HyO — NaySO4 + 2 HCI 1)

NaCl + H,O — NaOH + HCI 2)

Nevertheless, HCl was scarcely detected (Fig. 4).

3.4.1. Temperature interval 200 °C-260 °C (AT7)

As can be seen in Figs. 4 and 5, for POWyyashed, S€veral compounds
(CH,4, CH30H, CoHa, C3Hg, Ha, C3HgO, C4H40, HCHO, CsH40, CeHgO,
CeHgOo, CH3Cl) show two small peaks with peak temperatures (Tp) at
approximately 220 °C and 250 °C. Also, in this interval, the formation of
CO, CO4, H30 and O begins (Figs. 3 and 4), mainly as a consequence of
primary pyrolysis of lignin, hemicellulose and extractives.

The formation of phenol evinces lignin decomposition, which reveals
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Fig. 4. Intensities (I) of carbon monoxide (CO), carbon dioxide (CO,), hydrogen (H,), water (H,0), acetylene (C,H,), propene (C3Hg), methane (CHy4), chloro-
methane (CH3Cl), hydrogen chloride (HCl) and chlorine (Cly) during POWyashed and POWypwashed Pyrolysis.

that p-O-4 structures breakage occurs before 200 °C. This cleavage es-
tablishes the beginning of lignin degradation by radical reactions. The
release of furfural, furan and propanal, which are predominantly
carbohydrate-derived compounds, indicates that hemicellulose also
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decomposes and probably cellulose begins its decomposition. Alkali
earth metals act as catalysers, which produces furfural from the
decomposition of hemicellulose at an early stage of pyrolysis (Li et al.,
2020). Ca, Mg and Sr concentrations are around 13.0, 1.8 and 0.2 wt%
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Fig. 5. Intensities (I) of formaldehyde (HCOH), propanal (C3HgO), furfural (CsH405), furan (C4H40), methanol (CH30H), phenol (C¢HgO), catechol (C¢HgOs),
guaiacol (C;HgO3), formic acid (HCOOH) and acetic acid (CH3COOH) during POW,yashea and POW ynwashed Pyrolysis.

(db) for POWynwashed and 6.5, 0.7 and 0.08 wt% (db) for POWyashed,
respectively (Table S1). Between 210 °C and 260 °C, pyrolysis of ex-
tractives continues, since a small amount of catechol was detected
(Fig. 5).

Table 3 shows the possible reactions and/or transformations that
produce Hz, 0, CH4, CgHz, C3H6 CH30H and CH3C1.

The breakage of methyl radicals from methoxy groups releases O,
which would explain the formation of atomic oxygen (O) (Table 3). In
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Table 3
Transformations and/or reactions (with their numbers) that produces several
identified compounds between 200 and 260 °C (AT;).

Reaction

o

Compound/ Transformations, reactions
element n

Catalyst

H, Paraffins dehydrogenation (Kraiem
et al., 2017)Steam reforming of
hydrocarbons and/or oxygenated
compounds

(Widyawati et al., 2011):

CuHiOp + (2n-p) H0 —» n CO, + (1/
2m + 2n - p) Hy

Breakage of methyl radicals from
methoxy groups

Cleavage of methyl groups (CHs-)
Triglyceride decomposition (Kraiem
et al., 2017)

Fischer-Tropsch’s synthesis (Fahim
et al., 2010; Otun et al., 2020):

2 CO + 3 Hy — CoHs + 2 Hy0

3 CO + 6 Hy —» C3Hg + 3 Ho0
Breakage of methoxy groups (CH30-) (
Biagini et al., 2006)

Recombination reaction of CHs- with
hydroxyl radical (HO-) (Hough et al.,
2016):

CHj: + -OH — CH30H

CH4 + Cly — CH3Cl + HCI (Kwon

et al., 2020)

®3)

CH,4

CoHa, C3He Fe

(Table S1)

“@
5)

CH;0H

(6)

CH3Cl @

the lignin structure, the energy of the bond (CHs-O-) is only slightly
higher than that of -O-4 structure (Faravelli et al., 2010). Alkali metals
and, especially NaOH, favour deoxygenation of methoxy groups (Wang
et al., 2022). Other researchers (Li et al., 2020) also found that alkali
metals promote ether bond cleavage in lignin. There exist significant
concentrations of Na in the samples, which are 5.1 and 0.7 wt% in
POWynwashed and POWyashed, Tespectively (Table S1).

The above two peaks that appear in some compound evolution of
POW,yashed are not observed in POWpwashed (Figs. 3-5). This could be
related to the fact that POWyashed is enriched in TANN, LIG-O, HCELL
and CELL (Table 2), reason why the above small peaks (associated to
lignin, extractives, hemicellulose and to a lesser extent to cellulose
decomposition) appear clearly in various compounds released by this
sample. LIG-O is the structure with higher (O/C)molar ratio (more
oxidized and less evolved) of lignin and, consequently, the one easier to
degrade.

3.4.2. Temperature interval 260 °C-60 °C (AT2 and ATs)

In the temperature range 260 °C360 °C, from 260 °C to 300 °C (ATy),
mainly hemicellulose decomposes, while from 300 °C to 360 °C (end of
the main DTG peak) (AT3), the process is dominated by cellulose
decomposition. Despite this, hemicellulose, cellulose and lignin undergo
transformations in the whole interval. During primary pyrolysis of cel-
lulose and hemicellulose, the chemical compounds formed come from
two competitive pathways: i) depolymerization and ii) fragmentation
(Usino et al., 2020). However, for hemicellulose, the predominant
pathway is depolymerization, ring scission, and rearrangement re-
actions (Usino et al., 2020). On the other hand, alkali metals promote
fragmentation reactions against depolymerization ones (Di Blasi, 2008;
Anca-Couce, 2016). This probably occurs with POWpwashed and POW-
washed, due to their high alkali metal concentrations (Table S1).

The compounds CO,, H20, CO, CH4, HCOOH and furfural and radical
O are released from 260 °C to 360 °C, their evolution with temperature
being like that of their corresponding DTG (Figs. 4 and 5). This similarity
seems to indicate that these compounds came from both hemicellulose
and cellulose pyrolysis. CO5 was probably formed by decarboxylation of
side chains of cellulose and hemicellulose (primary pyrolysis), while CO
was produced by the decarbonylation reactions of unstable intermediate
products (secondary pyrolysis) (Wang et al., 2013).
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Furfural is one of the most important compounds derived from hol-
ocellulose pyrolysis (Hu et al., 2018) and is probably formed by depo-
lymerization, dehydration and rearrangement from hemicellulose and
cellulose (Usino et al., 2020), while formic acid may come from their
side chain fragmentation (Wang et al., 2013).

One way water is formed may be:

H- + -OH — H,0 8)

This agrees with other researchers’ (Chu et al., 2013) observation
during lignin pyrolysis, which found that water production in the range
350 °C-400 °C corresponded with the diminishing of —OH peak in char.

CH3OH shows two significant peaks in this temperature interval
(Fig. 5). The one associated with hemicellulose (AT5) being higher than
that of cellulose (ATs). This can be related to a higher decomposition of
LIG-H (more methoxy groups than LIG-O and LIG-C) during AT; and the
breakage of its methoxy groups.

Other compounds that show a peak (without a clear difference be-
tween hemicellulose and cellulose) in this temperature interval are
CH3COOH, CyHj, C3Hg, CH3Cl, COS, guaiacol, catechol, HoSO4, form-
aldehyde, propanal and HCI (Figs. 3-5). The last two of these with very
small peaks. Most of these compound’ peaks are very small or even non-
existent for POWynwashed (Figs. 3-5).

Table 4 shows the possible reactions and/or pathways for Hy, COS,
HCHO, CH3COOH and H3SO4 formation.

The formation of HCOOH through the intermediate HCOONa
(Table 4) (commercially used (Hietala et al., 2016)) would explain the
higher HCOOH release for POWynwashed, Since POWynwashed has much
higher Na content (Table S1 and Fig. S1). Additionally, other researchers
(Lietal., 2020) have pointed out that alkali metals promote ring-scission
of sugar units, which increases acid production. Thus, through the
generation of HySO4, O could be related to HCOOH high intensities in
POWynwashed-

The presence of guaiacol, catechol and propanal are indicative of the
decomposition of lignin (G-units), tannins and carbohydrates,
respectively.

3.4.3. Temperature interval 360 °C-550 °C (AT4)

In this interval of temperature, the structural component that mainly
decomposes is lignin. As POWynwashed is enriched in LIG-H and LIG-C
(Table 2) due to the washing, in this stage, certain acceleration in its
pyrolysis in comparison with POWyasheq can be observed (Fig. 1).
POWynwashed Shows a small peak at 400 °C for several compounds such
as formaldehyde, Hy, CH30H, CO, HCOOH, CyHs and C3Hg (Figs. 4 and
5).

Table 4
Transformations and/or reactions (with their numbers) that produces several
identified compounds between 260 and 360 °C (AT, and ATj).

Compound  Transformations, reactions Reaction Catalyst
e
H,, COS CO, + H,S — COS + H,0 9
CH4 + SO, — COS + Hy0 + Hp (10)
HCHO CH30H + O — HCHO + H0 1)
H,S04 Hy0 + SO3 + O — HyS04 12)
HCOOH Formation of HCOOH through the
intermediate methyl formate CH30ONa
(HCOOCHS3): 13) (Rong
CH30H + CO — HCOOCHj; a4 etal., 2018)
HCOOCH; + 2H,0 — 2HCOOH + 2H,
Formation of HCOOH through the
intermediate HCOONa: (15)
CO + NaOH — HCOONa (16)
2 HCOONa + H,S04 — 2 HCOOH +
Na,S04
CH3COOH Breakage of O-acetyl groups of
hemicellulose (primary pyrolysis) (
Usino et al., 2020): a7

CH30H + CO — CH3COOH
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Table 5 shows some possible transformations and/or reactions that
lead to the formation of Hy, HCHO, CoH,, CH3COH, H,0, CO and CHy.

3.4.4. Temperature interval 550-750 °C (AT5 and ATe)

Table 6 shows the main reactions that occurs during POW pyrolysis
in the temperature range 550-750 °C.

In this temperature interval, carbonate (CaCOs, Mg 129Cag.g71CO3)
decomposition (reactions 22 and 23) have a notable influence on POW
pyrolysis.

The formation of CaO and MgO (reactions 22 and 23), as well as
FeyO3 formed from akaganeite heating, can react with HCI or NaCl to
form chlorides (reactions 24 and 27) and with SO, and O to form sul-
phates (reactions 28 and 29).

As there are notable amounts of carbonates in the samples (Fig. S1),
reactions 24, 25, 28 and 29 can be responsible for the capture of the
majority of HCl and SO, formed, which would explain the fact that
hardly any HCl and SO, emissions were observed in POW pyrolysis
(Figs. 3 and 4).

From 550 °C to 650 °C (ATs), significant production of Hj, especially
in POWyyashed, is observed (Fig. 4), which can be attributed to partial
oxidation of CHy4 (reaction 30) and steam and COy reforming of CHy
(reactions 31 and 32) and oxygenated compounds (reaction 3), such as
HCOOH, with water formed in reactions 24-26.

However, H; production is accompanied not only by CH4 decrease,
but also by that of CO5 from 500 °C to 600 °C (Fig. 4). Apart from re-
action 32, this fact can be related to water gas shift reaction (WGSR)
since the formation of Hy and CO5 from decarbonation reverses reaction
33.

Inherent alkali metals and alkaline earth metals (AAEMSs) in biomass
pyrolysis at temperatures between 500 °C and 900 °C favours Hy pro-
duction reactions, WGSR, reforming reactions and tar cracking (Hu
et al., 2015). However, these effects depend greatly on AAEMs con-
centration and on the presence of other compounds.

As was mentioned, from 550 °C to 650 °C (ATs), the loss of organic
matter (char) is low and approximately equal for both samples (Fig. 2),
which agrees with the fact that Hy may come from secondary pyrolysis
(reactions 31, 3 and 33). Additionally, the quantity of carbonates in the
samples does not play a role as relevant as it does at higher tempera-
tures, since decarbonation is not so intense at these temperatures.

At temperatures higher than 650 °C (Fig. 4), the formation of COy
from reactions 22 and 23 is very significant, especially in POWynwashed-
Thus, in this sample and due to the reversal of reaction 33, CO5 intensity
in POWynwashed is lower than in POWyyashed, While that of CO is higher.

In the interval ATs, some CaO and FeyOs still present in the samples
can act as oxygen carriers favouring H formation. Fe;03/CaO mixtures
promote Hj, generation during steam gasification (Hu et al., 2020). On
the other hand, Fe;O3 may be reduced into Fe/FeO with reducing gases
(CO, etc.) formed during pyrolysis (Hu et al., 2020), which may release
O (it increases significantly during ATs and ATg especially in POW
washed). Later, reduced forms of Fe can be re-oxidized with steam into
other species such as CasFeyOs (reaction 34) (Hu et al., 2020).

Thus, Hy may be produced by: (i) steam reforming of volatile com-
pounds; (ii) re-oxidation of reduced iron; (iii) WGSR, and (iv) tar
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Table 6
Reactions during POW pyrolysis between 550 and 750 °C (ATs and ATg).
Process Equations Reaction
e
Decarbonation: CaCOs, CaCO3 — CaO + CO, (>550 °C) ( 22)
Mgo.120Cap.g71CO3 Bazargan et al., 2015) (23)
Mgo.129Ca0.871CO3 — 0.129 MgO +
0.871 CaO + CO; (>500 °C)
Chlorides (CaCl,, MgCl, and CaO + 2 HCl — CaCl, + H0 ( (24)
FeCl3) formation Vassilev et al., 2013) (25)
MgO + 2 HCl — MgCl, + H,0 ( (26)
Vassilev et al., 2013) 27)
Fe,03 + 6 HCl — 2 FeCl; + 3 H,0 (
Vassilev et al., 2013)
Fe,03 + 6 NaCl — 2 FeCl; + 3 Na,O (
Vassilev et al., 2013)
Sulphation: CaO, MgO CaO + SO, + O — CaS04 (28)
MgO + SOz + O — MgSO4 (29)
Partial oxidation: CHy4 CH4 + O - CO + 2 Hy (30)
Steam and CO, reforming: CH4 + Hy0 = CO + 3 H, (31)
CH,4 CH4 + CO, = 2CO + 2 H, (32)
Water gas shift reaction CO + Hy0 = CO, + Hy (33)
(WGSR)
Ca ferrite (CayFe;0s) 2 CaO + 2 Fe + 3Hy0 - CasFey05 +  (34)
formation 3 H, (Hu et al., 2020)
Gasification of char C+0-CO (35)
C + 20 - COy (36)
C + Hy0 — CO + H, 37)
C + Hy0 - CO; + 2H, (38)
C+ CO;—»2CO 39)
CO oxidation CO + O — CO, (40)
Methanation C+ 2H, » CHy (41)

cracking (Widyawati et al., 2011; Hu et al., 2020). Additionally, the role
of CaO is complex, since it acts as an absorbent, reactant, and catalyst in
tar cracking reactions (Chen et al., 2017). They suggested that, during
biomass pyrolysis at temperatures higher than 600 °C, its role as a
catalyst becomes more relevant (Chen et al., 2017).

In the interval 650-750 °C (ATg) of POW pyrolysis, there is a sig-
nificant production of COz, CO and HCOOH (Figs. 4 and 5). The
explanation may be related mainly to carbonate decomposition and char
gasification.

Atomic oxygen and CO,, as well as the steam formed in reactions
24-26, can act as gasifying agents of POW char, according to the re-
actions 35-39.

Reactions 35, 37 and 39 would explain the high intensity of CO in
this interval, although the reversal of reaction 33 may also play a sig-
nificant role. Some researchers (Shoja et al., 2013) highlighted the
importance of reaction 39 (Boudouard) during the last stage of pyrolysis.
Reaction 40 also occurs.

Both Fig. 2 and Fig. 4 for CO show that, from approximately 700 °C,
the rate of char weight loss for POWpwashed changes with respect to
POWyashed, €volving much more quickly for POWynwashed- Thus, the
higher carbonate content of POW pwashed (Fig. S1) may be responsible
for the greater char loss (gasification) in this sample due mainly to re-
actions 22, 24, 37 and 38.

H; can also act as a gasification agent producing CH, (reaction 41),

Table 5
Transformations and/or reactions (with their numbers) that produces several identified compounds between 360 and 550 °C (ATy).
Compound Transformations, reactions Reactionn®  Catalyst
H,, HCHO Methanol dehydrogenation: At 400 °C, synthetic mica (NaMgz 5(Si4010)F2) (Usachev et al.,
CH30H — HCHO + Hy (18) 2004)
C,H,, CH3COH Ethanol (CH3CH,0H) dehydrogenation (Idriss and Seebauer, CaO, Fe,03, SiOy
(acetaldehyde) 2000)
H,0, CO Formic acid decarbonylation: H,S04 (Li et al., 2008)
HCOOH — CO + H0 (19)
CHy4 Hydrocracking of C;H; and C3Hg:
CyH, + 3 Hy —» 2 CHy (20)
CsHg + 3 Hy —» 3 CHy @n
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which would explain certain production of this compound at high
temperatures and the decreasing of Hy after 600 °C (Fig. 4).

Other researchers (Widyawati et al., 2011) also found that CaO
promotes the formation of Hy through reforming and char gasification
reactions.

The significant production of HCOOH at these temperatures can be
attributed to the high quantities of CO release (from char gasification)
and the existence of NaOH, according to reactions 15 and 16.

As was discussed, by sulphate and HySO4 formation, the release of
atomic oxygen may be involved in the retention of SO, and the high
intensities of HCOOH (i.e., organic compound with high oxidation state
of carbon).

3.5. Some final considerations

This research does not try to define a specific procedure for valor-
ising POW by pyrolysis, but it deepens on how POW pyrolysis occurs and
how detrital inorganic matter left in the sample can affect the process.
This knowledge can help to decide what should be done with POW
natural inorganic matter prior to its pyrolysis, depending on the objec-
tive sought. If biogas production is required, the presence of certain
inorganic matter may be interesting, since SO, and HCl release is
negligible. However, if bio-oil is sought, the presence of marine salt and
epiphytes in POW can increase the concentration of HCOOH in it. On the
other hand, although the increase of salts and other inorganics in POW,
may worsen pyrolysis energy balance, the existence of CaCly (reaction
24) and FeCl3 (reactions 26 and 27) in the char could produce a
phosphorus-enriched biochar that has very interesting applications as a
cement substitute (Marousek et al., 2023c). A different issue would be
the production of HCOOH or other value-added compounds or the re-
covery of part of its nutrients. Some studies have pointed out the
importance of recovering nutrients from biowastes and its economic
feasibility (Marousek and Gavurova, 2022; Stavkova and Marousek,
2021).

Additionally, POW composition, especially its inorganics, can vary
greatly depending on its origin and time of year. Thus, pretreatment of
POW, has to be designed for every case, according to the characteristics
and composition of feedstock and the pursued objectives. Scientific
literature shows several examples of optimized pretreatment designs,
such as the use of pressure shockwaves alone or combined with enzy-
matic hydrolysis (Marousek, 2013a; Marousek et al., 2013b) that can be
considered and studied.

Obviously, for a commercial application, further research is needed
to optimize POW pyrolysis conditions according to feedstock particu-
larities. Moreover, it should imply the study of mass and energy flows, as
well as economic and environmental considerations and financial as-
pects. However, this research may be the starting point for considering
what part of the natural detrital inorganic matter in biowastes may be an
ally for their thermal valorisation.

4. Conclusions

The natural detrital inorganic matter of POW (carbonates of epi-
phytes, AAEM chlorides of marine salt, SiO5 of sand, etc.) has a signif-
icant influence on its pyrolysis, not only on biopolymer degradation, but
also on the formation and/or capture of certain pyrolytic compounds.
Thus, the high concentrations of alkali metals accelerate the breakage of
B-O-4 structures of lignin, hemicellulose degradation and promotes
fragmentation reactions, HCOOH being produced in the range
250 °C-360 °C.

Also, alkali metals and FeyO3 boost the release of atomic oxygen,
especially from 500 °C. Thus, among other mechanisms, O may be
formed by: (i) methyl (CHj-) breakage from methoxy radicals (CH3-O-)
and (ii) FepOs reduction with reducing pyrolysis gases such as CO.
Through its participation in the formation of H,SO4 and sulphates, O
may be partly responsible for retaining SO and HCOOH formation.
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At temperatures higher than 500 °C, carbonate decomposition
together with the presence of AAEMs and Fe;Os produce a series of
reactions that have a remarkable impact on POW pyrolysis. Thus, the
following effects are produced: (i) a negligible release of HCl and SO,
despite the high content of Cl and relatively high of S in POWynwashed
compared with other types of biomass; (ii) steam and CO5 reforming of
hydrocarbons and oxygenated compounds, Hy being produced; (iii) the
gasification of char mainly with the oxygen released, CO» and the steam
formed; (iv) the significant release of HCOOH, which could be associ-
ated with the presence of NaOH and the formation of HySOg4; (v) the
reverse of WGSR that reduces CO, and H, intensities and increases those
of CO.

Thus, for the pyrolysis of POW, and depending on what is sought, not
removing inorganic matter (marine salt, epiphytes, and sand) could be
an interesting option, since the emission of undesirable compounds such
as SO, and HCI is highly reduced and HCOOH formation is promoted.
However, due to the great variability of detrital inorganic matter of POW
depending on its origin, for optimizing its pyrolysis, a comprehensive
characterization of the material is needed. Nevertheless, for a com-
mercial application, further research considering the effect of inorganic
matter on organic macromolecules decomposition is needed to stablish
an adequate temperature and residence time for POW pyrolysis.
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