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A B S T R A C T

Mediterranean biomass presents distinctive features compared to the Northern lignocellulosic biomasses, which
are typically exploited for thermochemical conversion. The present work addresses slow pyrolysis and co-
pyrolysis of three biomass largely available in the Mediterranean regions, namely cactus cladodes (CC), pome-
granate peels (PGP) and pine cones (PC) in a fixed bed batch. Notably, CC, is characterized by a large content of
ashes (˃20%), and is particularly rich in alkali and alkaline-earth metals (AAEMs), which, upon co-pyrolysis,
could act as catalysts and affect the chemical composition of the bio-oil, as well as the properties and yields
of the biochar.
The results indicated that co-pyrolysis decreases the gas yield and increases the bio-oil and biochar yields.
The bio-oils produced from either PGP or PC are complex mixtures of chemicals, including phenols, aromatics,

aliphatics and anhydrosugars. Co-pyrolysis of PC with CC increases the content of phenol and aromatics in the
bio-oil, while decreases the content of retene derivatives. Co-pyrolysis of PGP with CC increases the content of
phenols and reduces that of furfural and anhydrosugars.
The biochars produced from co-pyrolysis of CC with either PGP or PC have low O/C and H/C ratios, high

alkalinity and large content of Ca, K, Mg and P.

1. Introduction

Energy transition is currently one of the most important challenges of
mankind. Fossil fuels at present sustain 53% of the global demand of
electricity, 66% of the industrial heat consumption and up to 98% of
the demand of transport fuels [1]. In the near future, biomass is expected
to play a very important role as a source of renewable energy and
chemicals [1,2]. It has indeed been estimated that in 2050 between 15
and 50% of the global energy demand will come from biomass [3]. In
this regard, biomass, especially lignocellulosic biomass, can be consid-
ered the most suitable renewable energy source for fuel production [3].
Lignocellulose biomass is rich in carbon and contains negligible content
of other undesirable elements, such as nitrogen and sulphur [4].

Identifying suitable biomass species and technologies that can pro-
vide high-energy outputs and replace conventional fossil fuels has been
the focus of many researchers in recent years [5,6]. Several alternative

routes have been proposed for the conversion of biomass, including
thermochemical and biochemical processes. Thermochemical conver-
sion is one of the most promising pathways for biomass conversion, in
particular, pyrolysis has highly desirable attributes, including the ability
to produce concurrently valuable solid, liquid, and gaseous products
[5,7]. As pointed out in several studies, pyrolysis conditions and reactor
technologies, in particular temperature, heating rate, residence time,
particle size, etc., affect the yields and physicochemical properties of the
final products [7,8]. For example, slow pyrolysis is the preferable
method for the production of high quantities of char, while fast pyrolysis
promotes the yield of oil and flash pyrolysis is recommended if the target
is pyrolysis gas.

The most convenient pyrolysis route depends, therefore, must take
inti account the main target, as well as other issue such as the plant and
operational cost, the complexity of the technology involved, the easiness
of storage and transportation [9]. Pyrolysis in fixed bed reactors of small
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to medium scale appears particularly convenient for valorization of
wastes of the agro-industry in African and Mediterranean regions, on
one side because of the relatively low complexity and cost of this tech-
nology, on the other side because this type of pyrolysis conditions are
favourable for production of biochars, which can be advantageously
exploited to amend dry and scarcely fertile soils.

Co-pyrolysis of different feedstocks, catalytic pyrolysis and catalytic
co-pyrolysis have also received much interest from researcher groups
worldwide [10,11] as ways to improve the quality of the products.
Studies focused either on the co-pyrolysis of biomass with plastic wastes
[12–14], or on co-feeding of different lignocellulosic biomass [15–18]
and highlighted how synergistic effect can affect the products [19,20].
The main effects reported in some recent papers are summarised in
(Table 1). Usino et al. [15] reported synergetic effect between palm
kernel shell and sawdust biomasses in terms of pyrolysis reaction
mechanisms, including dehydration, decarboxylation, and restructuring
of methoxy groups and long-chain carbon bonding. Authors showed that
it is possible to enhance the production of some valuable compounds by
tuning the biomass composition and blend ratio. Several papers
addressed, in particular, the role of the alkali and alkaline earth metals
(AAEMs) present in biomass during pyrolysis and co-pyrolysis and re-
ported synergetic and catalytic effects which modify the [15,21–23]
yields and chemical composition of bio-oil and bio-gas, but also of
biochar [24,25], indeed biochars with high concentrations of AAEMs are
likely to have a high pH and, if used as soil fertilizers, could have a
liming effect [26]. However, a clear understanding of the relation be-
tween AAEMs and biomass structure and origin is, in fact, still missing,
and the effects of AAEMs rich biomass with mixtures of different
biomass deserve accurate investigation.

The present work focuses on pyrolysis and co-pyrolysis of somewaste
biomasses of the Mediterranean region, which have not received as
much attention in previous literature as the lignocellulosic biomasses
largely used in Northern Europe. These Mediterranean biomasses have
interesting and peculiar properties, which deserve investigation. The
first biomass, cactus cladodes (CC), is a spontaneous plant covering, only
in Tunisia, the remarkable area of 600.000 ha. Cactus cladodes can be
exploited in co-pyrolysis because they are rich in AAEMs, in particular
calcium (Ca), potassium (K) and magnesium (Mg). The second biomass
waste is Pine Cones (PC). Pines cover around 20000 ha of Tunisian
planted area and have lignocellulosic structure similar to that of the
many wooden biomasses of the Northern hemisphere. The third biomass
waste is pomegranate peels (PGP). Pomegranate cultivation covers
around 13.500 ha of Tunisian planted area and is quite different from
traditional lignocellulosic biomasses. In terms of production, Tunisia is
one of the most important pomegranates producing countries with about
of 75,000 tons/year in 2019 and mainly located in Gabès, South-East
Tunisia. This region contains 35% of the national pomegranate pro-
ducers in Tunisia [27]. Pomegranate peel, makes up approximately
40–50% of the total weight of pomegranate. This biomass is rich in
functional groups such as carboxylic, hydroxyl, and lactone groups due
to its high content of polymers that include cellulose, hemicellulose, and
lignin [28–32]. It is an excellent source of phenolic compounds, protein
and bioactive peptides and polysaccharides [33,34].

2. Materials and methods

2.1. Pyrolysis experiments

Cactus cladodes (CC), pomegranate peels (PGP) and pinecones (PC)
wastes were dried and crushed to reduce the particle size to a range of
1–3mm.

Slow pyrolysis and co-pyrolysis experiments were conducted in a
vertical tubular reactor, whose scheme is reported in (Fig. 1) [39], which
has been already presented in detail in previous papers. It consists of a
quartz tube of internal diameter of 2 cm externally heated by an elec-
trical furnace. Approximately 1 g of sample are positioned in the central

Table 1
Previous studies on biomass co-pyrolysis.

Biomass Conditions Results Reference

Cactus cladodes/
Pinecones-
Pomegranate
peels

Slow pyrolysis/co-
pyrolysis (500 ◦C)

− Increase in bio-oil
yields and the decrease
of gas yield.
− biochars rich AAEMs.
− Improvement in bio-
oil composition.

This study

Sewage sludge/
Pinewood
sawdust

Fast co-pyrolysis
(500 ◦C)/ ratio 1:1

− Improvement of the
composition of the bio-
oil
− Enhancement of gas
production by the
catalytic effect of the
ash in the sewage
sludge.
− Char with high
nutrient content

[35]

Sawdust and
hardwood
biomass/Plastic

Slow pyrolysis/co-
pyrolysis (300, 400
and 500 ◦C)/ 20wt
% of plastic blend

− Synergetic effects
among the biomass
components.
− Improvement of
biochar properties
− Decrease in biochar
yields after plastic
addition at 400 and
500 ◦C

[36]

Bamboo and oak
wood/Plastics

Slow co-pyrolysis
(500 ◦C)/ 10 and
20wt% of plastic
blends

− Reduction in the yield
of char and CO2 and
enhancement in the
yield of H2 and some
hydrocarbon gases.
− Higher liquid product
yield and improvement
of HHV for both oil and
char.
− Increment of
hydrocarbon gases
content and decline in
the CO and CO2

contents

[12]

Wood sawdust/
Plastics

Slow co-pyrolysis
(500 ◦C)/ 30, 50
and 80wt% of
plastic blends

− Decrease in char yield
with improvement of its
properties (carbon
content, heating value,
bulk density and
electrical conductivity)
and reduction in the
oxygen content and
surface area.

[37]

Corn stalks, wheat
straws and pine
sawdust/Poultry
manure

Slow pyrolysis/co-
pyrolysis (550 ◦C)

− Improvement in
biochar HHV and the
surface area.
− Improvement in bio-
oil quality in terms of
viscosity, HHV and ash
content.
− High concentration of
CH4, H2 and C2–4

[38]

Palm kernel shell/
mahogany or
iroko sawdust

Fast co-pyrolysis
(600 ◦C and 5 s)/
Different blend
ratio (1:1/ 1:1:1/
1:2:2/ 2:1:1)

− Interaction during the
co-pyrolysis of different
biomasses.
− Effect of the biomass
type/composition and
blend ratio.
− Decrease in the
relative yield of the
phenols depending on
blend ratio.

[15]

Rubberwood
sawdust/
Sewage sludge

Pyrolysis/co-
pyrolysis (450, 500
and 550 ◦C/
Different blend
ratio (25:75, 50:50
and 75:25 wt%)

− Increment of the
liquid product and
reduction in the solid
yield.
− Production of biochar
with higher carbon

[24]

(continued on next page)
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region of the reactor. A downward flow of N2 (250mL/min) drives the
volatile pyrolysis products through a train of ice cooled condensers at
− 5◦C and a fabric filter. The sample temperature is monitored by a
thermocouple and the heating program is set to achieve heating rates of
10 ◦C/min up to a final temperature of 500 ◦C, followed by an isothermal
step of 60min. Experiments were carried out with approximately CC,
PGP or PC and with 1:1 mixtures of CC with PGP and CC with PC.

Biochar was recovered after the pyrolysis experiments at room
temperature. The bio-oil was recovered from the flasks by acetone
washing. The weight of the fabric filter was measured before and after
each test to ensure that all condensable products are accounted for in the
mass balance.

The yields of the liquid and solid fractions were calculated based on
the following equations (Eq. (1)) and (Eq. (2)):

Biochar yield (wt%) =
weight of Biochar (g)
raw feedstock (g)

*100 (1)

Bio − oil yield (wt%) =
weight of Bio − oil(g)

raw feedstock (g)
*100 (2)

The pyrolytic gas yield was calculated by subtraction (Eq. (3)):

Gas yield (wt%) = 100 − (Bio − oil (wt%)+Biochar (wt%) ) (3)

An array of analytical techniques were used to further characterize bio-
oil and biochars, and these will be discussed in the paragraphs that
follow.

2.2. Analyses of biomass and pyrolysis products

Biomasses and biochar samples have been characterized in terms of
proximate (TGA Q500IR thermogravimetric analyser) and ultimate an-
alyses (LECO CHNS-932 elemental analyser), mineral composition, FTIR
spectroscopy (spectrophotometer type Bruker Vertex 80 V series) and
XRD analysis (PANalytical X’Pert Pro X-ray diffractometer) with
diffraction angle of 10–80◦. Both XRD and FTIR analyses were carried
out in triplicate and the detailed measurement conditions can be found
elsewhere [20].

Proximate analyses of CC, PC and PGP samples and their corre-
sponding biochars were conducted in an inert gas (N2) with a flow rate
of 50mL/min. The TGA process includes an isothermal period of one
minute at 50 ◦C for system equilibration, followed by a ramp of 15 ◦C/
min to 800 ◦C, which is maintained at this temperature for ten minutes.
The weight loss during this period, corresponding to the VM and the
moisture content, was determined by the weight loss between 50 and
105 ◦C. The inert gas was then substituted by an airflow rate of 20mL/
min at the same temperature for 5min, which caused the combustion of
the FC and allowed the quantification of the ashes.

Mineral content of the biochar samples was assessed using the Agi-
lent ICP-MS 7500 spectrometer. 0.1 to 0.2 g of biochar was treated with
4mL deionized water, 5 mL aqueous solution of HNO3 (65% by weight)
and 1mL aqueous solution of H2O2 (30% by weight) for 30min by
microwave heating (final temperature equal to 180 ◦C). ICP-MS analysis
was carried out on the digested sample after filtration and dilution with
demineralized water to a volume of 50mL. All the analyses were con-
ducted in triplicate.

The high calorific value (HHV) of the biomass and biochars samples
has been assessed based on the proximate analysis results. HHV, thermal
stability (Ts) and Fuel ratio (Fr), indices have been defined according to
Eq. (4)–(6). These indices are considered the basis for evaluating the
quality of biochar as an energy source [40,41].

HHV
(
MJkg− 1

)
= − 0.3675+0.3137C+0.7009H+0.0318O (4)

Thermal stability (Ts) =
FC of biochar

(FC+ VM) of biochar
(5)

Fuel ratio (Fr) =
FC of biochar
VMof biochar

(6)

Where FC and VM are fixed carbon content and volatile matter content
(wt%, dry basis) of solid fuel sample.

The pH and EC values of the biomasses and biochar samples (sample:
distilled water= 1:20, w/v) were measured with a pH-meter (Proline
Plus, Mettler-Toledo GmbH, Switzerland) equipped with an electrode
(QP2111T-pH-electrode) and an ECmeter (QC2260T-EC-electrode). The
solution was agitated for 24 h to reach equilibrium before pH and EC
analysis.

Bio-oil was analysed using Gas chromatography-mass spectrometry
(GC–MS) (AGILENT GC 6890− MSD 5975C). In the GC, a HP-35 (length
30m, i.d. 250 μm, film 0.25 μm) column is mounted. Bio-oil sample
injection was done in split less mode at 573 K with a gas flow of 1mL/
min (STP). The temperature program consisted of four isothermal steps:
323 K (5min), constant heating for 30min to 473 K (5min), constant
heating for 1.75min to 543 K (5min) and finally, constant heating for
6min to 573 K (15min). The transfer line between the GC and the MS
was held at 573 K. The mass spectrometer operated in electron ioniza-
tion mode scanning m/z from 50 to 400. The identification of the
compounds was performed according to the NIST database.

3. Results and discussion

3.1. Biomass characterization

Results of the physicochemical properties of the used biomasses for
the pyrolysis process are illustrated in Table 2. According to Table 2, all
biomasses cactus cladodes (CC), pomegranate peels (PGP) and pine-
cones (PC) are characterized by low moisture content (less than 10wt
%). Biomass with low moisture content is preferable for thermal con-
version, as moisture levels below the permissible limit (<10%) indicate
excellent raw material suitability for energy production. A significant
content of VM is observed for all samples with values over 60 wt%. The
high VM content of a biomass indicates its suitability for bio-oil pro-
duction through pyrolysis [42]. On the other hand, the residual VM

Table 1 (continued )

Biomass Conditions Results Reference

content and inorganic
elements.

Fig. 1. Schematic of pyrolysis fixed bed reactor used in pyrolysis/co-pyrolysis
experiments [39].
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content of biochar can have a direct influence on C and N dynamics in
soil.

It can be observed, that the VM content of used biomasses in this
study is lower or greater than other values using the same feedstocks
reported in several studies [43–47]. The geographical location, local
ecosystem, cultivation conditions, as well as the surrounding environ-
ment might explain these variations.

The ash contents of PGP (2.34wt%) and PC (6.73 wt%) were
significantly lower than that of CC (25.27 wt%). In general, ash fraction
contains AAEMs, which affect the thermal degradation pathway of
biomass [48]. For example, Mahadivan et al. [48] observed that the
thermal decomposition of lignocellulosic biomass is affected signifi-
cantly by the presence of AAEMs, which enhanced the breakdown of the
polymeric structure of cellulose and lignin affecting the yield of char, gas
and volatiles. AAEMs in biomass in particular alkali metals (K and Na)
and alkaline earth metals (Ca and Mg) have a catalytic effect during
pyrolysis [11,49,50], in contrast, a high ash content results in lower
HHV and can pose operational problems in combustion, such as slag
formation and corrosion within the furnace chamber, which decrease
the conversion efficiency [51,52].

From Table 2, it can be observed also that the FC content is 8.16,
24.89 and 28.70 wt% for CC, PC and PGP, respectively. Typically, the
high FC content increases biochar production during pyrolysis process.
The elemental analysis shows high carbon and hydrogen contents for PC
(54.53 and 6.56 wt%) and PGP (49.89 and 6.34 wt%). However, CC
sample has a low C content (34.15 wt%) compared to other residues
reported in the literature such as cactus peels [19], mango leaves [53]

and wood wastes [54]. All biomasses have low content of S and N (less
than 0.3% and around 1, respectively). As shown in Table 2, the HHV of
the PGP and PC samples is 17.01 and 20.54MJ/kg. The high values
could be explained by the composition of the biomass in particular the
lignin content. The HHV of PGP and PC samples is similar to other
lignocellulosic wastes like gumweed (18.6 − 17.7MJ/kg), pomegranate
peels [43] and cassava rhizome (20.3MJ/kg). However, the low HHV of
CC biomass (12.01MJ/kg) is explained by the low FC and high ash
content, as illustrated by the proximate analysis (Table 2). This result is
compared to banana peel wastes (12.4MJ/Kg) reported by Abdullah
et al. [55]. On the other hand, CC sample had low C and H contents and
high O content, resulting in low HHV.

Regarding the atomic H/C and O/C ratios, Table 2 and Fig. 2 show
that in a Van Krevelen diagram, the three selected biomasses are within
the lignocellulosic biomass region, however CC has the highest O/C
ratio, which is consistent with its high holocellulosic and sugar contents
[20], while PC has the lowest O/C value, more consistent with a higher
lignin content [54]. Due to the high H/C and O/C ratios of biomass,
compared to fossil fuels, the bio-oils typically have lower heating value
and are highly corrosive, which explains why hydrogenation upgrading
processes are usually required. On the other hand, the higher H/C ratio
and the presence of C–O functionalities increase the biochar stability
and polarity.

CC and PGP biomasses are acidic with pH of 5.52 and 4.87, respec-
tively, indicating the presence of organic acids like phenols and fatty
acids in its structure.

According to the mineral matter composition (Table 2), the selected
biomasses have different concentrations of inorganic elements. The
mineral content confirms the abundance of AAEMs in CC feedstock, in
particular Ca. The most abundant elements are in descending order Ca
(48.16 wt%), K (11.58 wt), Si (10.18 wt%) and Mg (7.06wt%). PGP
contains in descending order of K (47.90 wt%), Ca (8.58 wt%) and Cl
(7.54 wt%). PC is richest in Si (32.75 wt%), followed by Ca (22.30 wt%),
K (9.10 wt%), Al (7.19 wt%), Mg (3.74wt%). Other trace elements are
also detected in all biomasses such as Na, P and Fe. The high content of
AAEMs in CC makes it a very interesting candidate for the co-pyrolysis,
because AAEMs may have a catalytic activity and promote chemical
interactions between the primary pyrolysis products in the vapor phase
[56].

FTIR spectra of CC, PGP and PC are shown in Fig. 3a. The peaks
typical of cellulose, hemicellulose and lignin can be found in the spectra.
The peak at 2856 cm− 1 is associated to C–H stretching present in
methylene group, hemicellulose, cellulose, pectin and lignin [57]. The
peak at 1018 cm− 1 is indicative of C–O stretching in both cellulose and
hemicellulose and the presence of lignin is instead clearly shown by the

Table 2
Main properties of biomass samples.

CC PGP PC

Proximate analysis (wt%)

Moisture 2.26 2.9 4.0
VM 64.3 66.0 64.4
FC 8.2 28.7 24.9
Ash 25.3 2.3 6.7

Ultimate analysis (wt%)

C 34.1 49.9 54.5
H 4.6 6.34 6.6
N 1.0 0.85 0.94
S 0.13 0.00 0.09
O* 34.8 40.6 31.1
pH 5.5 4.9 7.2
EC (mS/cm) 5.5 1.6 0.30

Fuel properties

HHV(MJ/kg) 12.0 17.0 20.5
H/C 1.6 1.5 1.4
O/C 0.76 0.61 0.43
Fuel ratio (Fr) 0.13 0.43 0.39
Thermal stability (Ts) 0.11 0.30 0.28

Mineral composition (wt%)

CaO 48.2 8.6 22.3
MgO 7.1 1.5 3.7
K2O 11.6 47.9 9.1
Na2O 0.46 1.1 1.7
P2O5 0.94 2.8 2.2
Cl 5.8 7.5 0.18
Fe2O3 1.8 0.06 3.3
Al2O3 1.2 0.53 7.2
SiO2 10.2 0.50 32.8

(*) by difference.

Fig. 2. Van Krevelen diagram for biomass samples and their derived biochars.
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peaks at 1614 cm− 1 and 1521 cm− 1 due to stretching of the O–H bonds
of the phenolic and C––C groups of the aromatic skeletal mode,
respectively [58,59]. Notably, the cellulose peak at 1018 cm− 1 is the one
with the most remarkable differences among the samples, decreasing in
the order PGP, CC and PC [54].

Besides the presence of cellulose, hemicellulose and lignin, the FTIR
spectra reveal other important features. For all samples, between
3600–3200 cm− 1 a broad bump is observed, which may be caused by the
overlapping of O–H vibration due to the presence of hydroxyl groups,
carbohydrates and lignin [59]. The peak at 2920 cm− 1 in the PC and CC
is associated with the stretching vibration of aliphatic C–H groups and
the peak around 1726 cm− 1 represents the C––O stretching of the
carbonyl group. In addition, at 782 cm− 1, a peak associated with C–H
alkyne bends is observed, which is possibly related to complex mole-
cules such as proteins and in the 877 − 633 cm− 1 range C–H deforma-
tion of the aromatic ring is obvious [57]. The bands characteristic of
C–O and Si–O stretching, are clearly visible between 1320 cm− 1 and
1025 cm− 1, indicating the presence of aromatic proteins, phosphoric
groups, and polysaccharides [60]. Notably, these bands are most evident
in the CC and PGP samples [61].

XRD analysis has been used to identify the occurrence of various
crystalline materials, which influence the properties of biochar in terms
of its applications. The XRD patterns of PC, PGP and CC samples are
illustrated in Fig. 3c. Some differences can be observed by comparing
the selected samples. A broad peak at approximately 23.5◦ is observed in
the XRD patterns of PC and PGP, resulting from the crystalline cellulose
present in their structure. This peak can be ascribed to (002) planes of
the cellulose but its position, anticipated with respect to graphite, along
with its broadness, are clearly features of amorphous carbon [62]. The

peaks at around 26.64◦, 29.44◦ identified in the PC biomass are attrib-
uted to the presence of SiO2 and CaCO3, respectively. Compared to PC
and PGP, more peaks are present in CC biomass. The XRD pattern shows
ten major peaks at 2θ = 14.88, 15.22, 24.33, 28.27, 30.20, 35.93, 38.17,
39.78, 40.48 and 43.54, which correspond to the chemical structure of
calcium oxalate monohydrate (whewellite) (CaC2O4⋅H2O) present in the
CC feedstock [60,63]. This result is in good agreement with results re-
ported by Rojas-Molina et al. [63] and Madera-Santana et al. [64],
which reported also the presence of whewellite crystals in cactus
cladodes.

TG and DTG curves of CC, PGP and PC samples under inert atmo-
sphere with a heating rate of 10 ◦C/min are shown in Fig. 4. Important
differences can be observed among the three samples and with the
lignocellulosic biomasses from Northern countries, which are most
typically investigated for pyrolysis in literature.

The TG-DTG profile of PC pyrolysis, which is among the investigated
samples the only woody one, resemble those of several lignocellulosic
biomasses reported in the literature such as pate palm waste [65], olive
pomace [66], cascabela thevetia [67], rubber wood sawdust [68] and
waste tobacco stem and corn stalk [69]. The first stage of mass loss is
observed around 100 ◦C, due to release of moisture. Pyrolysis starts
above 200 ◦C and ends by 500 ◦C. The DTG curve can be fitted by
assuming the existence of three components, with peaks at 210, 290 and
334 ◦C. This is typically attributed to the co-existence in the biomass of
hemicellulose, cellulose and lignin whose decomposition temperatures,
according to the literature, fall in the ranges of 200–315, 315–400, and
160–700 ◦C, respectively [70]. Notably, a considerable degree of over-
lap exist between the DTG peaks, especially in the temperature range
250–350 ◦C. The long tail at temperatures around 450 ◦C is attributed to

Fig. 3. FTIR and XRD spectra of biomass samples (a, c) and their obtained biochars (b, d).
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lignin degradation.
In the case of CC and PGP samples, several peaks are observed, which

are consistent with the complexity of biomass structure and composition
already highlighted by FTIR analysis.

For PGP (Fig. 4c), the weight loss observed below 200 ◦C can be
attributed to elimination of water and very volatile compounds. Three
consecutive peaks are then observed between 200 and 380 ◦C: the pro-
truding peak between 200 and 240 ◦C can be attributed to degradation
hemicellulose, pectin and the more lignin monomers [71]. The peak
between 240 ◦C and 380 ◦C can be mainly associated with the degra-
dation of cellulose and partly overlaps with further degradation of
lignin, which indeed decomposes over a wide range of temperatures. A
late peak occurs between 600 and 700 ◦C, which can be assigned to
decomposition of inorganic matter such as metal carbonates [43].

The TG and DTG curves of CC stem out because peaks are much more
resolved and separated than for the other biomasses (Fig. 4b): a first
peak at 138 ◦C can be ascribed to the dehydration of free moisture and
polysaccharides. Two peaks between 200 ◦C and 300 ◦C can be attrib-
uted to hemicellulose (at 254 ◦C) and cellulose (at 292 ◦C). A peak at
470 ◦C can be attributed to the thermal decomposition of carbohydrates,
proteins, saccharides. San Miguel et al. [72] confirmed that decompo-
sition of proteins and carbohydrates starts above 300 ◦C and 390 ◦C,
respectively and that interactions between pyrolysis products occur at
this stage with generation of gas [44,72]. Finally, another stage from
500 to 700 ◦C with an intense peak at 670 ◦C can be mainly attributed to
the decomposition of CaCO3 [73] and also thermal cracking of more
stable substances, such as silicate, oxalates and chlorinated salts, poly-
meric organic substances, the poly-condensation of solid char and the
production of some aromatic substances [53,72]. The CC and PGP

thermogravimetric behavior is consistent with that of other wastes re-
ported in the literature, including mango leaves [53] and municipal
sludge [22].

3.2. Biochar and bio-oil characterization

3.2.1. Products distribution
Products yields obtained upon pyrolysis of the single biomass

(CC500, PC500 and PGP500) and upon co-pyrolysis (CC-PC500 and CC-
PGP500) are presented in Fig. 5A and B.

Many studies addressed the effects of chemical composition and ash
fraction on products yield distribution [51,74]. For example, it has been
reported that the presence of Ca in the ash fraction leads to a lower bio-
oil and higher biochar yield [51] and that AAEMs may inhibit the
diffusion of gases within biomass particles, thereby favouring cross-
linking reactions and char formation. The results obtained for the single
biomasses (CC, PC and PGP), which reported in Fig. 5A, show that CC
has the highest biochar and gas yields, consistent with its high ash
content (Table 2).

The yields obtained from pyrolysis experiment on the single bio-
masses (Fig. 5A) have been used to predict the yields of co-pyrolysis
experiments, under the hypothesis that the biomasses present in the
mixture do not interfere with each other so that the cumulative yields
are the weight average of the single yields. These theoretical yields are
reported in Fig. 5B as stars. It can be appreciated that the gas yields
decrease, in favour of bio-oil, but the biochar yields remain approxi-
mately the same as the theoretical values, indicating no enhancement of
pyrolysis rate and therefore no catalytic actions from the AAEMs rich
CC.

Fig. 4. Thermogravimetric analysis curves of (a) CC, (b) PC and (c) PGP samples at 10 ◦C/min.
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Actually the influence of AAEMs on the products quality and yields in
the literature is not univocous, as it can be positive or even negative,
depending on operating conditions [11,75], on biomass type and
composition [51,76], on the content of proteins, lipids and carbohy-
drates [77]. For example, Alvarez et al. [35] conducted a study of fast co-
pyrolysis of lignocellulosic biomass (pinewood sawdust) and sewage
sludge and documented an enhancement of gas yield thanks to the
catalytic effect of the ash forming species of sewage sludge. On the
contrary, Chen et al. [78] conducted co-pyrolysis in a fixed bed reactor
of nannochloropsis microalgae and bamboo waste and found a decrease
of gas yield compared with pyrolysis of the single biomass, which they

attributed to inhibition of secondary breakdown reactions of volatiles.
It must also be noted that pyrolysis has been carried out at 500 ◦C,

therefore several minerals, remain in the solid sample, especially Ca,
which remains in the form of carbonate catalytically inactive as CaO.
Moreover, due to the downward flow of N2 in the experimental set up,
the contact time between the char and primary volatiles may be insuf-
ficient for secondary reactions between char and volatiles to take place.

3.2.2. Biochar characteristics
The main properties of the biochars obtained upon pyrolysis at

500 ◦C of single biomass or mixtures of CC-PGP500 and CC-PC500 are
reported in Table 3. The values expected from co-pyrolysis in absence of
synergistic effects (calculated as weight average of the results for single
biomasses) are also reported in the Table 3.

It can be observed that CC500 biochar has the highest residual
content of VM and lowest value of FC. This is due to the fact that VM
calculation through proximate analysis includes the CO2 fixed in CaCO3,
which decomposes above 600 ◦C, as shown by the TGA. Therefore, the
high value of residual VM, should not be all attributed to incomplete
pyrolysis of the organic matter.

In the case of co-pyrolysis, results illustrated in Table 3 show a
decrease in FC content and an increase in ash content for CC-PGP500.
The inverse tendency is observed for CC-PC500. However, VM content
illustrated a decline for both samples compared to the calculated results.

The ultimate analyses of biochar from the pyrolysis at 500 ◦C
(Table 3) shows a high C content for PGP500 (79.23 wt%) and PC500
(75.42 wt%). As can be seen, both samples have high HHV of ~26MJ/

Fig. 5. Products yield distribution of pyrolysis: (A) pyrolysis of individual
biomass; (B) co-pyrolysis (stars: theoretical results).

Table 3
Main characteristics of the obtained biochar samples.

CC500 PC500 PGP500 CC-PC500 (Experimental) CC-PC500 (Expected) CC-PGP500
(Experimental)

CC-PGP500 (Expected)

Proximate analysis (wt%)

Moisture 1.3 0.9 1.3 1.8 1.1 1.70 1.3
VM 32.0 17.8 18.9 26.1 24.9 22.8 25.5
FC 32.9 79.1 72.5 52.9 56.0 61.7 52.7
Ash 33.5 9.2 7.3 19.2 17.9 13.8 20.4
pH 11.0 7.8 8.1 8.4 9.4 8.6 9.5
EC (mS/cm) 11.0 1.0 1.9 0.8 6.0 0.78 6.4

Ultimate analysis (wt%)

C 46.3 75.4 79.2 51.3 60.9 58.5 62.8
H 1.7 2.7 2.4 1.4 2.2 1.6 2.1
N 1.8 0.1 0.7 0.1 0.9 0.3 1.2
S 0.3 0.0 0.0 0.0 0.2 0.0 0.2
O* 16.4 21.8 17.7 25.3 19.1 25.9 17.0

Fuel properties

HHV(MJ/kg) 15.87 25.85 26.75 17.5 20.86 19.91 21.31
H/C 0.44 0.42 0.37 0.37 0.43 0.38 0.41
O/C 0.27 0.22 0.17 0.37 0.25 0.30 0.22
Fuel ratio (Fr) 1.03 4.44 3.83 2.03 2.74 2.70 2.43
Thermal stability (Ts) 0.51 0.82 0.79 0.67 0.67 0.73 0.65

Mineral concentration (ppm)

Ca 36,000 1140 2840 41,100 18,600 38,800 19,500
Mg 5600 1960 870 9570 3800 8990 3260
K 13,200 9200 29,500 35,000 11,200 42,100 21,370
Na 170 560 600 160 360 3100 390
P 650 840 1490 1000 750 1400 1070
Fe 380 180 64 160 280 140 220
Al 260 750 1170 390 500 250 190

(*) by difference.
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Kg. In contrast, CC500 has low C content (46.32wt%) and HHV
(15.87MJ/Kg) and high N content (1.75 wt%).

Co-pyrolysis tests show a decline in HHV, C, H and N contents and an
increase in O content for both co-pyrolysis samples, compared to single
bio-chars.

The atomic H/C and O/C ratios of the biochars produced in the py-
rolysis and co-pyrolysis experiments are represented Table 3. The rela-
tion between both ratios are plotted using the Van Krevelen diagram
(Fig. 2). These ratios offer insights into the degree of thermochemical
conversion during dehydration and carbonization reactions. Compared
to biomass feedstocks, which are in the region typical for biomass, lower
H/C and O/C ratios are observed in biochars, which is an obvious
consequence of the pyrolysis induced carbonization process. This
decline reflects the loss of O-containing functional groups, resulting in
higher stability [79] and lower hydrophilicity. It should be noticed that
the lowest H/C and O/Cmolar ratios are indicative of the high quality of
the biochar as a solid fuel. According to IBI Guidelines [80], biochars
with H/C< 0.7 and O/C< 0.4 are also effective in C sequestration when
added to the soil.

The differences between the experimental and theoretical results for
co-pyrolysis can be attributed to the catalytic activity of the metals in the
CC ash fraction namely Ca, K and Mg (Table 2), which favor synergetic
effects. These results are consistent with those reported by several
studies using different raw materials including date palm branches and
wastewater microalgae [81], bamboo and microalgae [78], tobacco
stem and corn stalk [69].

Mineral composition of the obtained biochar derived pyrolysis and
co-pyrolysis are shown in Table 3. CC500 biochar contains high con-
centrations of Ca and Mg compared to PC500 and PGP500. Comparing
these values, it can be observed that co-pyrolysis CC-PGP500 biochar is
enriched with minerals, in the order K˃ Ca˃Mg, while for CC-PC500 the
order is Ca˃ K˃ Mg. The relative content of Na, Fe, P and Al, instead,
decreases compared to single pyrolysis biochars. Altogether, however,
all biochars have a high content of AAEMs, which makes them inter-
esting for a range of applications. For instance, mineral components
such as Ca, Mg, K and P can enable biochar to provide a direct supply of
mineral nutrients, thus promoting plant growth. Likewise, the high
amount of Ca and Mg, in particular, are crucial for improving soil
structure and neutralizing acidity. In a further example, anions like
OH− , CO3

2− and PO4
3 released from biochar minerals, have a significant

role in the removal of heavy metals by the formation of metal pre-
cipitates [82]. As another application, the availability of minerals in
biochar can lead to enhance sorption of organic contaminants, in
particular polar and ionic organic compounds [83]. This may be
ascribed to several mechanisms including organic functional groups
complexation, metal ion exchange, mineral precipitation and Cation-π
interactions. It has been previously claimed that precipitation and cation
exchange are due to the inorganic minerals present in the biochar,
whereas complexation and Cation-π interactions are assigned to the
organic fraction.

The quality of the biochar can be determined also by fuel parameters
such the Fr and the Ts. According to Selvarajoo et al [27], high Fr values
are indicative of greater fuel ignition difficulties and slower combustion,
resulting in more unburnt carbon and potentially affecting combustion
efficiency. Alternatively, solid fuels having lower Fr exhibit better flame
stability, higher carbon burn-up and greater combustibility, although
they may cause unintended ignition during the storage process. Ac-
cording to Selvarajoo et al. [40], the Fr for different coals is≥10 for
anthracite, 6–10 for semi-anthracite, 3–6 for semi-bituminous, and<3
for bituminous and sub-bituminous. As expected, all biochars have
higher Fr than the parent biomass, as a consequence of carbonisation.
CC500 the lowest Fr value of 1.03. PC500 and PGP500 have, instead, Fr
values larger than 3 and can be classified as semi-bituminous. Co-py-
rolysis biochars have Fr of 2–2.7, which allows to classify them as sub-
bituminous.

The CC500 biochar has the lowest thermal stability; instead, PC500

and PGP500 are more thermally stable, with Ts close to 1. This can be
reconduced to the lower lignin content of CC compared to PC and PGP
samples. Previous studies explained, indeed, that thermal stability de-
pends on the content of cellulose, hemicellulose and lignin. Lignin-rich
biomass has better thermal stability due to its complex structure,
decomposing over a wide temperature range from 200 to 900 ◦C
[40,84,85]. Hemicellulose is less thermally stable than cellulose, and
both decompose at temperatures below 450 ◦C [86]. The observed
decline in Fr and Ts is in agreement with the study of Egbosiuba et al.
[86].

3.2.3. pH and EC
Results of pH and EC for biochar samples are seen in Table 3.

Compared to results of the original biomasses, biochars derived pyrol-
ysis, pH increase with temperature and the high value is shown for
CC500 (10.95) followed by PGP500 (8.10) and PC500 (7.81). The high
pH values can be attributed to the biomass high ash content, which can
be alkaline in nature, the higher carbonate content, the separation of
alkaline salts from organic matter, the lower carboxyl group content and
the higher number of functional oxygen groups as pyrolysis temperature
increases [87].

The EC of biochars derived pyrolysis (Table 3) increases compared to
the raw biomasses. The values are in the order of CC500˃ PGP500˃
PC500. Some dissolvable salts decomposed during the pyrolysis process
explain the increase of EC. The breakdown of certain organic structures
by pyrolysis also resulted in an overall increase in their solubilisation.

Very remarkable synergetic effects of co-pyrolysis can be seen in the
EC values. The co-pyrolysis derived biochars showed an alkaline nature
with the addition of CC to PGP/PC, which presented an increase
compared to PC500 and PGP500. This trend could be assigned to the
high content of inorganic elements (Ca, K, Mg, etc.) and the formation of
different inorganic alkalis and carbonate salts, like KCl, KOH, MgCO3,
CaCO3, etc. However, the inverse tendency is observed for EC and this
could be due to the decline of carbonate concentration compared to the
CC500.

In terms of application, the addition of alkaline biochar can boost soil
pH, which in turn leads to a liming effect, thereby neutralizing acidic
soils. In addition, increasing the pH in acid soils affects the bioavail-
ability of toxic elements. It can also stimulate microbial activity and,
consequently, plant growth and productivity can be improved [82].

3.2.4. Biochar surface functionalities
Further insight into the properties of the biochars could be derived

from the results of FTIR and XRD analysis. FTIR spectra of the pyrolysis
and co-pyrolysis biochars are illustrated in Fig. 3b. It can be observed
that functional groups decrease upon pyrolysis [88], which is consistent
with the changes in proximate and elemental analysis. The O–H
stretching peak (between 300 and 3600 cm− 1 in raw materials spectra)
decreases in biochars spectra due to the moisture evaporation, which
breaks down hydroxyl groups of the aliphatic chain in the temperature
range from 120 to 200 ◦C [89]. The aliphatic C–H stretching peak
(2920 cm− 1) intensity decreases indicates a loss of labile aliphatic
structures upon thermal cracking. In addition, it could be due to the
occurrence of demethoxylation, demethylation, and dehydration of
lignin [90]. The carboxylic acids COOH band observed at 1614 cm− 1,
diminishes in intensity and then becomes negligible. The peak
at ~1690 cm− 1 corresponds to the carbonyl and carboxyl groups of
carbohydrates, ketones and aldehydes, with possibly small amounts of
amides. The aromatic ring stretching vibrations of C––C were identified
at ~1570 cm− 1. For C–H and CH2, the peak at ~1410 cm− 1 attributed
stretching vibrations in the aliphatics of PC500 and PGP500 samples.
The band at 1180–1220 cm− 1 is assigned to phenolic OH and aromatic
C–O bonds. The slight vibrations of C–H bonds in the heteroaromatic
and aromatic compounds are noticeable at 530–870 cm− 1 [91]. With the
CC addition, a pronounced peak in the region around 1418 cm− 1 is still
present. This peak is associated with carbonate (CO3

2–), existed in the CC
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sample. Likewise, the relative intensity of the peak at 872 cm− 1 be-
comes more intense with the addition of CC to PC and PGP, which
further confirms that this peak may be attributed to CO3

2. These data
agree with the mineral composition results (Table 3).

XRD patterns of the obtained biochars are given in Fig. 3d. The re-
sults show that upon pyrolysis some new peaks appear compared to the
biomass feedstocks, while other completely disappear. A sharp peak at
2θ = 23.4◦ can be seen in the CC-PC500 sample, indicating the formation
of aromatic C structures [92]. This peak is not present in the CC-PGP500
sample. Other sharp peaks at 2θ = 28.78◦ and 29.71 indicate the for-
mation of sylvite (KCl) and calcium carbonate (CaCO3) in both biochars.
CC-PC500 is formed from 55% of coesite (SiO2), 39% of calcite,
magnesian (Mg0.1 Ca0.9 CO3) and 6% of sylvite (KCl). The formation of
calcite contributes to the alkalinity of the studied biochars, which is
confirmed by the pH results [93]. More minerals are present in CC-
PC500 than in CC-PGP500. The XRD spectra show approximatively
the same peaks at 36.40, 39.78, 40.80, 43.55, 47.77 and 48.85◦, which
are associated to the mineral crystals such as MgO, CaSO4, KCl (sylvite),
SiO2, CaCO3 and Na4SiO4 in the obtained biochars. From these results
and after CC addition, the XRD of biochar samples indicates the presence
of wide range of mineral elements, which is consistent with several
studies highlighting that co-pyrolysis process, affects the structure and
chemical composition of biochars [15,49,81].

3.3. Bio-oil GC–MS

Numerous compounds have been identified in the bio-oil samples.
These compounds have been classified according to their functional
groups into aromatic, O-aromatic, phenol, aliphatic, O-aliphatic, N-
aliphatic, furfural, furan, pyran, anhydrosugar, sugar-derivate, naph-
thalene and vitamin E compounds, retene, retene deriv. Results of the
obtained bio-oils are given in Fig. 6 as area %. The stars in the figure
indicate the values calculated for the co-pyrolysis experiments under the
assumption that interactions between the biomasses are negligible. The
detailed composition of the produced bio-oils is shown Table S1-S5.

The individual pyrolysis of CC, PGP and PC at 500 ◦C leads to bio-oils
with different composition. CC generates bio-oil rich with aliphatics
(37.4 %), phenols (33.2 %), O-aliphatics (3.9 %) and naphthalene
(3.2 %). Phenols result mainly from the cracking of lignin, O-containing
species from degradation of cellulose and hemicellulose [44]. The
aliphatic compounds present in CC are mainly coming from the break-
down of lipids [78] and N-containing compounds are mainly derived
from the decomposition of proteins present in CC biomass [44].

The bio-oil from PGP is largely composed of furfural (58.1 %),
anhydrosugars (25.3 %), sugar-derivates (8.1%) and oxygenated

aromatic compounds (4.5%). These results are in good agreement with
those reported in literature [43]. The furfural and anhydrosugars are
mainly produced from cellulose and hemicellulose [43].

PC bio-oil contains a high fraction of oxygenated aromatics (39.1%),
anhydrosugars (18.8%) and retene derivates (16.9 %). Retene (1-
methyl-7-isopropylphenanthrene) is a methylated tricyclic aromatic
compound with the basic skeleton of phenanthrene. It is mainly a
thermal degradation product of the resin diterpenoids in softwood [94].
The high value of aromatic compounds is due to the high amount of
lignin present in PC biomass. These results are in good agreement with
those reported for woody biomasses (catalytic upgrading of intermedi-
ate pyrolysis bio-oil to hydrocarbon-rich liquid biofuel via a novel two-
stage solvent-assisted process).

Comparison of the co-pyrolysis oils with the oils obtained from single
biomass pyrolysis and with the expected values (denoted by the stars)
reveals important synergetic effects, even though the overall pyrolysis
degree was not changed (as confirmed by unaltered char yields).
Notably no new compounds are formed during the co-pyrolysis of bio-
masses, the relative amounts of the different species are severely
affected.

The CC-PGP500 bio-oil is found to contain much more O-aliphatics
(39,4%), anhydrosugars (20.1%) and O-aromatics (5.5 wt%) than
would be expected. Likewise, the oil from CC-PC500 co-pyrolysis con-
tained much more anhydrosugars (19.3 %) and O-aromatics (38.3 %)
than expected.

The content of Phenol decreases in the co-pyrolysis bio-oils. For CC-
PGP500 it is worth noting the decrease of furfural and the presence of 5-
hydroxymethyl, which is generated from polysaccharides breakdown. In
CC-PC the decrease of retene derivatives can be noticed, which is a good
upgrading of the pyrolytic bio-oil. These observations suggest that
during co-pyrolysis.

the presence of certain minerals present in CC, such as alkali metals
(Na and K) has an effect on the break down of the biomass building
blocks, indeed K, in particular K, has been reported to favour conversion
of anhydrosugars into linear aldehydes, and 5-hydroxymethyl furfural
[25]. Several studies highlighted, also, the possibility of interaction
during co-pyrolysis between the primary volatiles produced from the
different components of the biomasses. For instance, it has been re-
ported that during pyrolysis, biomass rich with lipids, proteins and
carbohydrates like CC biomass can affect the nitrogen content of co-
pyrolysis bio-oils. Chang et al. [1] reported that co-pyrolysis of palm
kernel shell and Nannochloropsis sp. improved aromatics content. In our
study, due to the complex components of CC biomass, which contains
carbohydrates, proteins and lipids, the co-pyrolysis mechanism cannot
be easily disclosed.

For all the bio-oil samples it can be observed that O-containing
compounds are abundant, in relation to the high O content in all the
three biomasses [78]. Pyrolysis oils are not suitable for use as fuel
without a hydro-de-oxygenation treatment. The produced oils could,
alternatively be used for production of chemicals, asphalt binders, bio-
plastics, carbonaceous materials, pesticides and fertilizers [95].
Indeed, the bio-oil derived from CC-PC500 pyrolysis is very rich in ar-
omatic compounds (O-aromatics and phenol), which could be trans-
formed into value-added fuels or used directly as useful chemicals [96].
This aromatic-rich bio-oil could be hydro-treated into cycloalkanes and
aromatic hydrocarbons. The benzenes and phenolic compounds could be
used for the preparation of products such as synthetic resins, dyes,
pesticides, lubricating oils, solvents, etc. [43]. In addition, the bio-oil
derived from the pyrolysis of CC-PGP500, which is rich in aliphatic
compounds and anhydrosugars could be used to produce different types
of sugars such as glucose by hydrolysis.

4. Conclusion

Results of co-pyrolysis experiments of cactus cladodes (CC) with
pinecones (PC) and pomegranate peels (PGP) show an interesting effect

Fig. 6. Pyrolytic bio-oil compounds obtained from pyrolysis and co-pyrolysis
(stars: expected results).
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in terms of quality and yields of pyrolysis products, in particular, bio-oil
yields are enhanced, at the expense of gas yields.

The char yields are not affected and the gas yields even decrease at
the advantage of oil. The low contact time between solid and volatiles in
the tubular reactor configuration, and the low temperature, which keeps
most mineral matter into the solid, may be the key to the negligible
enhancement of pyrolysis rates. In particular, the very high Ca content of
CC does not explicate its potential catalytic activity because at 500 ◦C it
remains in the form of carbonates (higher temperature would be needed
for it to calcine into the more active CaO).

CC does have, instead, an effect on the quality of the bio-oil, both in
terms of yield and composition Indeed, it increases the share of aro-
matics and of phenols, while it decreases primary pyrolysis products
such as furfural, anhydrosugars and retene derivatives. This may suggest
the existence of interactions between the different components of the
biomasses, lipids, proteins etc.

Remarkable effects are observed as regards the pH and EC of co-
pyrolysis biochars. Accordingly, these biochars are suitable for amend-
ment and remediation of degraded acidic soils. They also have potential
for increasing C storage in soils due their high stability and high C
content. The effect on biochars alkalinity can be reconduced to the
richness of AAEMs in CC biomass.

Further investigation is needed to examine how processing condi-
tions, mixing ratio, volatiles-char contact time affect co-pyrolysis re-
sults. It is also recommended to examine the effects of biochar obtained
on various soils and plant growth.
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