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A B S T R A C T   

This study reports the effect of heating rate and the addition of H3PO4 on the pyrolysis of three representative 
agricultural wastes of different lignocellulosic composition, namely pistachio shell, bitter orange peel, and 
saffron petal. Pyrolysis was carried out at 500 ◦C in a fixed-bed, lab scale reactor. Slow pyrolysis provided lower 
water contents in the liquid fraction. Fast pyrolysis increased the liquid yield for all the feedstocks, promoting the 
formation of phenolic, ketone/aldehyde compounds. It also enhanced the formation of water for all the agri
cultural residues. In addition, the energy content in the gas fraction is promoted due to a higher concentration of 
light hydrocarbons, methane, and hydrogen. However, when high inorganic matter is found in the feedstocks, the 
formation of CO2 is favored, hindering the energy improvement. The treatment of the biomass with H3PO4 
significantly increased the solid fraction, producing a huge porosity development in the char (surface area over 
1600 m2/g in pistachio shell product), at the cost of liquid fraction, which is mostly composed of water, with 
small amounts of acetic acid, phenol and toluene. The results pointed out that pyrolysis of agricultural waste can 
be targeted to achieve different products by switching pyrolysis conditions such as the heating rate and the 
treatment of the biomass with H3PO4.   

1. Introduction 

The increasing world population and development brings higher 
energy demand, which leads to overconsumption of nonrenewable fossil 
sources. Exploiting these fossil fuels at high pace depletes their reserves 
and emits toxic gases (COx, NOx, SOx), which are harmful to humans and 
their environment [1,2]. Biomass is an abundant and cost-effective 
renewable energy, which is mostly found in every world region and 
can help in replacing the use of fossil fuels [3]. 

Agricultural residues, as lignocellulosic biomass, can be considered 
as an emerging source of energy and chemicals. In this study, three 
agricultural residues with different origin and composition, such as 
pistachios shell, bitter orange peel, and saffron petals are chosen to be 
used as feedstocks for their valorization into high value-added products. 
In the case of pistachio shell, the countries with the highest production 
of pistachios in 2019 were Iran (571,000 tons), the United States 
(484,000 tons), and Turkey (267,000 tons); their combined share was 
88% of the total production of the world [4]. On average, the empty 

shell wastes, including the hard shell, form around 15% of the total 
product. As an example, an amount of 77,550 tons of waste including 
hard shells is formed only in Iran per year [5]. 

Citrus fruits are one of the most important agricultural products in 
the world. In Spain, nearly 6.5 million tons of citrus are produced per 
year, of which over 1 million tons waste are left annually [6]. Orange 
industry generates different residues in the form of seeds, pulp, and peel. 
Specifically, 20% of the orange is orange peel, so only in 2018 were 
more than 15 Mt of orange peel generated in the world [7]. Saffron is 
another agricultural product, whose industry produces high amounts of 
residues. Saffron production reached more than 350 tons in 2019 [8] 
and annually 194,445 tons of petals are wasted as part of the production 
process in Iran, which accounts for 90% of the world’s cultivation area. 

The most common biomass thermochemical conversion processes 
are gasification, combustion, and pyrolysis. During the latter process, 
biomass is thermally decomposed in an oxygen free environment to gas, 
liquid, and solid fractions [9–11]. 

Depending on temperature, heating rate, and residence time, the 
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pyrolysis process can be grouped into three types: slow, fast, and flash 
pyrolysis. Slow pyrolysis is implemented at low heating rates and high 
residence times, within a temperature range of 400–700 ◦C, meanwhile 
fast pyrolysis occurs under higher heating rates, at temperatures around 
500 ◦C, and low residence time of evolved gases. Flash pyrolysis is aimed 
to heat the biomass with a very high heating rate at a temperature range 
of 450–900 ◦C [12–14]. 

Fast pyrolysis is considered as one of the promising thermochemical 
technologies that provide sustainability in many aspects like energy, 
economy, environment, and well-being of society. This process has been 
performed on different biomass types such as wood, agricultural resi
dues, and domestic industrial wastes [15]. During the fast pyrolysis 
process, biomass is decomposed to vapor/gas and solid residue. The 
vapor is quickly cooled to room temperature for avoiding secondary 
cracking reactions, and therefore leads to an increase of the liquid 
fraction, which contains different organic compounds with a wide range 
of molecular weights and its composition and quality are heavily 
dependent on the composition of biomass feedstock. Bio-oil is an in
termediate product, which can be easily stored and transported to be 
processed for fuel and chemicals production [16]. 

Even though fast pyrolysis is thoroughly studied in the literature, the 
systematic comparison between slow and fast pyrolysis of varied agri
cultural residues is not deeply analyzed, with only a few examples being 
found in the literature. In this context, Taib et al. investigated the fast 
pyrolysis process to produce the bio-oil from of banana pseudo-stem, 
which at optimum conditions (T = 500 ◦C and residence time=1.02 s) 
total liquid yield of 39.4 wt% was obtained [17], however, the distri
bution of products of slow pyrolysis is not reported. In another study, in 
the slow and fast pyrolysis of Cherry seeds (CWS) and cherry seeds shells 
(CSS), maximum bio-oil yields were about 44 wt% at 500 ◦C for both 
biomasses, whereas the bio-oil yields obtained under slow pyrolysis for 
SWS and CSS were 21 and 15 wt%, respectively; a fluidized bed reactor 
was used for fast pyrolysis experiments, while slow pyrolysis was stud
ied in a fixed bed reactor [18]. Yang et al. also investigated the fast and 
slow pyrolysis of different parts of eastern redcedar under fast and slow 
pyrolysis at 450 and 500 ◦C; a pyrolysis probe attached to GC-MS is used 
to simulate fast pyrolysis, while slow pyrolysis is performed in a 
high-pressure batch reactor [19]. 

On the other hand, pretreatment of biomass is sometimes performed 
before pyrolysis in order to extract value-added compounds, modify the 
density or adapt the composition for achieving optimal results. For 
instance, treatment of the raw materials with acidic and alkaline agents 
affects the structure of the biomass, which changes the product yields 
distribution and properties of each pyrolysis product [20–22]. Various 
chemical agents, such as H2SO4, NaOH, KOH, ZnCl2, and H3PO4, have 
been used for this aim [23]. One of the most striking features of chemical 
treatment is producing solid, known as activated carbon, with high 
surface area and pore volume as well as the presence of surface func
tional groups. For example, activated carbon from different agricultural 
wastes such as pistachio shell [23], date pits [24], jackfruit peel [25], 
and orange skin [26] has been already produced by chemical activation 
of different agricultural wastes such as pistachio shell [23], date pits 
[24], jackfruit peel [25], and orange skin [26]. Since most efforts are 
devoted to study the properties of the pyrolysis solid product, little is 
known about the composition and yields of liquids and gas phases ob
tained as coproducts in these treatments [27,28]. 

The objective of this study was to determine the potential benefits of 
fast and H3PO4-treated pyrolysis to improve the production of bioenergy 
and products with higher added value in the valorization of residual 
biomasses. Bearing this aim in mind, the slow, fast, and catalyzed py
rolysis with H3PO4 are performed using a similar fixed-bed reactor 
configuration, so that meaningful comparison between processes can be 
drawn. Such a study could bring light into which lignocellulosic feed
stocks are more adequate for the production of the different pyrolysis 
products, when moving from slow to fast pyrolysis, or even catalyzed 
slow pyrolysis. Considering the importance and great volume of residues 

produced from pistachio, bitter orange and saffron, representative raw 
material of three major families of agricultural residues: nutshells, fruit 
skin and petals, as well as their different lignocellulosic composition, 
these wastes were chosen as models of three different families of agri
cultural residues (shells, peels, and petals) for validating the conclusions 
for a wide range of raw materials. For obtaining a good picture of the 
effects of these variables on the pyrolysis process, attention to the full 
characterization of the whole products is needed. Furthermore, in order 
to evaluate their potential as energy products, the yields and heating 
values of the different fractions have been also determined. In addition, 
the composition and porosity of the solid fractions have been also 
characterized for assessing their potential use as adsorbents. Apart from 
these, the distribution of pyrolysis products of saffron petals under 
different conditions is reported for the first time. 

2. Materials and methods 

2.1. Material preparation 

Raw materials were Pistachio shell (PS), bitter orange peel (OP), and 
saffron petal (SP). PS and SP were provided from Khorasan Razavi, 
northeast of Iran, and OP was gathered from Fars province, south of Iran. 
Prior to their use, the feedstocks were dried at 105 ◦C in an air-dry oven 
for 12 h to remove the moisture. The dried samples were then milled and 
sieved to a particle size between 300 and 500. The prepared samples 
were stored in plastic flasks for their future uses. The physicochemical of 
the biomasses are reported in Table 1. More information can be found in 
our previous work [29]. Regarding SP biomass, to our knowledge, there 
is no published work on the content of the biopolymer components in 
the literature, except a study conducted by Fahim et al., who reported 
the results based on the dry weight (% w/w) as 10.2 protein, 8.8 fiber, 
7.0 ash, 5.3 fat [30]. 

The acid-treated process was as follows: The prepared samples from 
the previous step were impregnated by incipient wetness with 85% (w/ 
w) H3PO4 aqueous solution at room temperature and dried overnight at 
60 ◦C in an oven. The impregnation ratio, R, (H3PO4/ precursor mass 
ratio) was set to 3 in accordance with a previous study regarding the 
preparation of H3PO4-activated carbons from orange peel [33]. 

2.2. Ultimate and proximate analysis of the raw materials 

The elemental analysis was verified by a TruSpec micro CHNSO 
(Leco) analyzer to determine the mass fractions of carbon, hydrogen, 
nitrogen, and sulfur. The proximate analysis of biomasses was per
formed by a thermogravimetric analyzer (Q500, TA Instruments, USA) 
[34]. In the thermogravimetric analysis (TGA) experiment, 10 mg from 
each sample was loaded into the platinum container, and then heated 
from ambient temperature to 900 ◦C at a heating rate of 10 ◦C/min 
under a flow rate of 60 mL/min of nitrogen as carrier gas. At that point, 
carrier gas is switched to air and the temperature is held until constant 
weight is obtained. 

2.3. Experimental setup 

2.3.1. Slow and H3PO4-treated biomass pyrolysis experiments 
The experiments for slow and H3PO4- treated biomass pyrolysis were 

performed under nitrogen atmosphere (flow rate: 150 mL/min STP) 
using a vertical tubular reactor (diameter: 2 cm). The reactor was loaded 
with a bed of 2–3 g of the selected feedstock, which was hold in the 
isothermal zone of the reactor using a compacted quartz wool layer. The 
experiments were carried out under atmospheric pressure, at 500 ◦C and 
at a heating rate of 10 ◦C/min. The bed temperature was tracked using 
an internal thermocouple. After pyrolysis, the furnace was cooled down 
to room temperature. The solid residue was recovered from the reactor 
at the end of the experiment, whereas the bio-oil was obtained at the 
reactor outlet from a condenser at ca. 0 ºC (mixture of acetone and ice is 
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used as coolant). The experiments were repeated at least three times for 
each biomass in each process. The mass of liquid product and solid 
residue (char) were weighted, and the gas yield was confirmed by 
difference. 

2.3.2. Fast pyrolysis experiment 
Fig. 1 shows the schematic diagram of the system used in the fast 

pyrolysis process. The same reactor described in the previous section is 
used in this system. On the top of the reactor, biomass was loaded inside 
a dropper consisting of a 4 cm height chamber with 25 mm of internal 
diameter, gas inlet and outlet for purging of the chamber, and two ball 
valves for dropping biomass inside the heated reactor and loading new 
biomass into the dropper. Inside the reactor, a biomass holder zone 
consisting of a quartz wool layer was placed in the isothermal region so 
that biomass can be dropped into the previously heated reactor. An 
additional layer of 5 g of silicon carbide was used as an inert heat carrier. 
The reactor was mounted inside an electrical vertical furnace and was 
insulated to minimize heat loss. The experiment was performed under 
nitrogen atmosphere (flow rate: 150 mL/min STP) and the bed tem
perature was tracked using an internal thermocouple. The effect of using 
different biomass loadings on the reactor temperature was also studied. 
A thermocouple attached to a data logger was placed on top of the SiC 
layer for this purpose. The temperature of the bed was 495 ºC after one 
second when 100 mg of biomass were dropped into the reactor. Under 
these conditions, the heating rate was estimated to be higher than 100 

ºC/s. In accordance with this finding, the fast pyrolysis experiments 
consisted of 8–10 sequential drops of 100 mg of the chosen biomass. The 
interval between the different loadings was 2–3 min, time necessary to 
obtain a negligible CO and CO2 evolution. While the biomass of the 
previous loading was being pyrolyzed, a new biomass sample was 
loaded in the dropper through the top valve and purged with nitrogen 
before being introduced into the reactor. Regarding the recovery of the 
products, the reactor was connected to two cooled condensers to gather 
the bio-oil. The biochar was collected from the reactor after the exper
iment was finished. 

2.4. Analysis of products 

2.4.1. Analysis of bio-oil composition by GC/MS 
Bio-oil was recovered from the condenser at the outlet of the py

rolysis reactors. The bio-oil was dissolved in acetone (analytical grade, 
Sigma-Aldrich) in 1:100 vol ratio. All the resulting mixtures were 
analyzed by Gas Chromatography–Mass Spectrometry (GC/MS), using 
an 7000D GC/MS Triple Quad (Agilent Technologies, USA), equipped 
with an Agilent DB-624 column (60 m × 0.250 mm×1.4 µm) and HP- 
5 ms column (30 m × 0.250 mm×0.25 µm), FID and mass spectrometer 
detector (MS). Ions were detected in full scan mode (mass range from 15 
to 400 m/z), with an electronic impact of 70 eV. Identification of com
pounds was achieved by comparing the mass spectra with the NIST MS 
Search 2.0 mass spectral library. The water content in the bio-oil was 

Table 1 
Physicochemical composition of different lignocellulosic biomasses.   

Proximate analysis (wt%) Ultimate analysisa (wt%) biochemical composition [31,32] 
M VM Ash FC C H N S Ob Ce HC L P EX 

PS  2.3  78.1  0.4  19.2  48.1  6.4  0.1 < 0.1  45.4 51.2 21.5 21.5 – 5.8 
OP  1.0  67.5  4.9  26.6  44.4  6.2  1.0 0.1  48.3 25.1 10.2 4.3 34.0 26.4 
SP  2.5  65.8  6.4  25.3  49.1  6.5  2.0 2.0  40.4 – – – – –  

Composition of ash (wt%) 
K Ca Mg P Si other 

PS  0.1 – – – – 0.2 
OP  1.9 2.1 0.4 0.1 – 0.3 
SP  3.0 0.6 0.5 0.7 0.5 0.9 

M= moisture, VM= volatile material, A=ash, FC=fixed carbon. 
Ce=cellulose, HC=hemicellulose, L=lignin, P = pectin, EX=extractive. 

a dry-ash free (daf) basis. 
b was calculated by difference. O = 100 – C – H – N – S. 

Fig. 1. Schematic of the fast pyrolysis set up (1) nitrogen cylinder (2) mass flow controller (3) temperature controller (4) thermocouple (5) N2 inlet (6) ball valve (7) 
biomass dropper (8) reactor (9) pyrolysis furnace (10) quartz wool (11) first condenser (12) second condenser (13) three-way gas collecting (14) NDIR sensor 
(15) computer. 

B. Hosseinzaei et al.                                                                                                                                                                                                                            



Journal of Analytical and Applied Pyrolysis 168 (2022) 105724

4

measured by Karl-Fisher titration (KF V20, Mettler Toledo). Bio-oil 
acidity was determined using a pHmeter (HI8424, Hannah). 

2.4.2. Analysis of the non-condensable gases 
Analysis of the gas fraction from slow and H3PO4-treated biomass 

pyrolysis experiments was performed at the condenser outlet. The gas 
composition was determined with a Perkin Elmer Auto system GC 
equipped with a packed column (Hayasep-D 100–120 mesh, PE) with 
FID and TCD detectors. Identification and absolute quantification were 
carried out by external calibration with a standard commercial mixture 
of gases obtained from Linde. 

The gases evolution from the fast pyrolysis was analyzed with two 
analyzers. CO and CO2 concentrations were determined online by a non- 
dispersive infrared (NDIR) gas analyzer (Siemens Ultramat 23). 
Hydrogen, methane, and light hydrocarbons (C2-C3) were determined 
offline by injecting the gas stored in the gasbag into a Perkin Elmer Auto 
system GC equipped with a packed column (Hayasep-D 100–120 mesh, 
PE) with TCD and FID detectors. 

The LHV values have been determined following the equation 
deduced by Lv et al. [35]. 

2.4.3. Analysis of the solid fraction 
In order to analyze the solid fraction obtained from the acid treated 

samples, the excess of phosphoric acid was removed by washing with 
distilled water at 60 ◦C until neutral pH and negative phosphate analysis 
in the eluate. The respective solids obtained are denoted as PSC, OPC 
and SPC. 

A truspec micro CHNSO analyzer, from Leco was used to determine 
the mass fractions of carbon, hydrogen, nitrogen, and sulfur for the 
elemental analysis. Proximate analysis was carried out to calculate the 
moisture contents, fixed carbon, volatile matter, and ash contents. This 
analysis was conducted by using a thermogravimetric analyzer (TGA/ 
DSC1, from Mettler Toledo). The higher heating value (HHV) of the 
solids was calculated based on the following equation derived from 
Cordero et al. [36]. 

HHV = 0.3543 × FC+ 0.1708 × VM (
MJ
kg

, dry basis) (2)  

where VM stands for volatile matter (%) and FC is fixed carbon (%) in 
the solid. 

The porous structure of the solid fractions was characterized by N2 
adsorption–desorption at − 196 ◦C and by CO2 adsorption at ◦C. The 
measurements were performed in an ASAP 2020 model equipment of 

Micromeritics. Prior to the experiments, the samples were degassed 
overnight at 150 ◦C. From the N2 adsorption isotherm, the apparent 
surface area (SBET) was calculated by applying the BET equation. Con
sistency criteria as suggested by Rouquerol was applied to ensure that 
BET values are properly reported [37]. Application of the 
Dubinin-Radushkevich method to the N2 and CO2 adsorption isotherm 
provided the micropore volume (VDR 

N2 and VDR 
CO2). Finally, the 

mesopore volume (Vmes) was calculated as the difference between the 
adsorbed volume at a relative pressure of 0.96 and the micropore vol
ume (VDR 

N2). 

3. Results and discussion 

3.1. Yield of products 

Fig. 2 shows the yield of the corresponding products for the different 
type of pyrolysis for PS, OP, and SP. Fast pyrolysis shows higher liquid 
yields compared to those obtained by slow pyrolysis. The high bio-oil 
yields derived from fast pyrolysis are due to its high heating rate and 
short gas residence time, which enhance the rapid fragmentation of 
biomass and mitigate the secondary cracking of tar [18,38]. Higher 
bio-oil fractions under fast pyrolysis were also reported by Pütün et al., 
which studied the slow and rapid pyrolysis of pistachio shell in a tubular 
reactor. Temperature, heating rate and nitrogen flow were variable 
parameters in their work. The highest bio-oil yield was 27.7% when 
temperature, heating rate and nitrogen flow were 500 ◦C, 300 ◦C/min, 
and 100 cm3/min, respectively [38]. The superior yield obtained at the 
same temperature (almost double, 53 wt%) is probably related to the 
shorter residence time of gas in this system (aprox. 2 s for the isothermal 
region in the system herein used), which avoids secondary cracking 
reactions. In the case of bitter orange peel, no direct comparison using a 
similar system can be found in the literature. Alvarez et al. reported 
bio-oil yields of ca. 55% wt and char yields of 27–33% for fast pyrolysis 
of citrus waste using a conical spouted bed reactor [39], whereas Aguiar 
et al. studied slow pyrolysis of orange peel in fixed bed pyrolysis at 
different temperatures, obtaining char yield of 28–29% and liquid yields 
of ca. 40%, with a large content of water, at 450 ºC [40]. The larger 
liquid yield obtained in the latter work was probably related to a much 
higher moisture content of 7% wt. in the raw material, which could also 
explain the large water content on the obtained bio-oil. After subtracting 
the content in moisture, an estimated liquid yield of around 34% is 
obtained from the data reported by Aguiar et al. [40], being in line with 
the ones reported in this work. On the other hand, the superior spouted 

Fig. 2. Compared product distribution yields for PS, OP and SP pyrolyzed at 500 ºC under slow conditions (10ºC/min), fast conditions (>100 ºC/s) & H3PO4- 
treated conditions. 

B. Hosseinzaei et al.                                                                                                                                                                                                                            



Journal of Analytical and Applied Pyrolysis 168 (2022) 105724

5

bed reactor technology, with lower residence times for the gases and 
improved mass and heat transfer make possible to achieve much larger 
bio-oil yields [39] than the fixed bed reactor technology used in this 
work. To our knowledge, no pyrolysis data of saffron petals is currently 
available for comparison purposes. Only a few comparable works can be 
found, such as that of Sriram and Swaminathan about pyrolysis of Musa 
balbisiana flower petals. However, they only used thermogravimetric 
analyses and did not provide any information about the distribution of 
the products [41]. 

Regarding the results for different biomass, SP biomass gives 
maximum solid yield, while PS produces higher amounts of liquid and 
OP a higher yield of gas. This different behavior among the biomasses 
can be associated with their chemical structures and ash content. The 
aromatic and carbon-rich structure of lignin is the main contributor to 
the solid fraction (i.e., char) of pyrolysis processes, followed by pectin 
[42] and hemicellulose [43]. The results of XRF analysis of OP and SP 
(Table 1) show high amounts of Ca and K, which facilitate secondary 
reactions in favor of higher gas formation. These elements catalyze py
rolysis reactions, and they fasten the interaction between different 
products causing higher gas evolution [44,45]. According to previous 
research, potassium (K) improves the cracking of the glucosidic unit of 
cellulose to lower molecular weight compounds through depolymer
ization and fragmentation, which results in more water formation, CO2, 
methane, acetone and acetic acid, among others [46]. 

It is also interesting to note that the composition of the raw material 
has a critical impact on the product distribution, independently of the 
kind of pyrolysis carried out. The solid yield of cellulose-rich pistachio 
shells is severely decreased in fast pyrolysis, probably as the outcome of 
associated cellulose depolymerization reactions proceeding at faster rate 
than charring and repolymerization ones. As cellulose content is lower 
in OP and SP, the impact on the solid yield of fast pyrolysis is less 
important. It is also worth noting that the secondary cracking reactions 
from vapors of orange peel and especially of saffron petals, which are 
probably behind the higher gas evolution on this feedstock, are notice
ably suppressed in fast pyrolysis, increasing the corresponding liquid 
yield. 

The impregnation of biomasses with phosphoric acid has a consid
erable effect on the thermal decomposition of the biomasses, which al
ters the yields to the different pyrolysis products. Compared to slow and 
fast biomass pyrolysis, bio-oil formation is strongly restricted, while the 
formation of solid is considerably increased. Phosphoric acid catalyzes 
the hydrolysis of the glycosidic linkages in hemicellulose and cellulose, 
and it also cleaves aryl ether bonds in lignin [47] at low temperatures. As 
temperature increases, the organic species formed after the hydrolysis of 
the biopolymers can be combined with phosphorus species to form 
phosphate linkages. Such bonds serve to crosslink and connect the 
fragments of biopolymers, effectively binding volatile matter into the 
carbon product and, hence, delivering a net increase in carbon yield 
during pyrolysis, at the cost of the liquid fraction [44,47–50]. Since the 
main phosphoric acid interaction with lignocellulosic biomass proceeds 
through cellulose, the highest increase in solid yield is achieved in 
cellulose-rich PS. On the other hand, the main building blocks of pectins 
on OP are either native or methylated α-D-galactopyranosyl acid units 
[51], which have low reactivity with phosphoric acid, and therefore, 
deliver a lower increase in solid yield. 

3.2. Analysis of gas fraction 

Fig. 3 shows the yield fraction of gas compounds in the different 
types of pyrolysis for PS, OP and SP. The gases consisted mainly of 
carbon monoxide (CO), carbon dioxide (CO2), methane (CH4), hydrogen 
(H2), and small amounts of light hydrocarbons (C2-C3). Occurrence of 
several reactions such as decarboxylation, dehydrogenation, decarbon
ylation, and hydrocarbon cracking during the pyrolysis process give rise 
to evolution of these gases. CO and CO2 are related to the presence of 
oxygen in the biomass and are generally produced because of 

decomposing and rearranging of carbonyl (C––O), hydroxyl (C-OH), 
ether (C-O-C) and carboxylic group (COO) from holocellulose and pec
tins. These are the main components of gas fraction in all these cases. 
CH4 is generated due to the decomposition of methoxy (-O-CH3) and 
methylene (-CH2-) groups, which are found on lignin and methylated 
pectins, while cracking and dehydrogenation of heavier hydrocarbons, 
which mainly occur at higher temperatures, leads to H2 production [52, 
53]. 

When comparing the gas amounts between the biomasses, it is seen 
that PS produces more CO. On the other hand, CH4, C2-C3, and H2 are 
obtained in higher amounts in SP, with OP pyrolysis gases showing a 
similar composition to SP. CO evolution is mostly connected to the 
presence of hemicellulose and cellulose, which is larger in PS. 
Conversely, CO2 evolution is related to the presence of hemicellulose 
and pectins, explaining the higher occurrence of this gas in the pyrolysis 
of OP and SP. Contrarily, the formation of C2-C3 and H2 is associated 
with lignin decomposition and charring reactions, with lignin being 
found in larger quantities in PS. 

These trends are strongly affected by the kind of pyrolysis performed 

(a)

(b)

(c)

Fig. 3. Influence of the pyrolysis process at 500 ºC in gas composition in (a) PS, 
(b) OP, and (c) SP under slow (10ºC/min), fast (>100 ºC/s) & H3PO4- 
treated conditions. 
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(fast or acid-treated). It has been found that fast pyrolysis leads to 
increasing light hydrocarbons, hydrogen, and methane when compared 
to slow pyrolysis. The higher contribution of CH4 and H2 in fast pyrolysis 
has been also observed for sugarcane bagasse at 500 ◦C [54], although 
scarce information regarding the effect of fast pyrolysis on C2-C3 gases 
can be found. The results herein reported seem to point out that the 
increasing trend is validated no matter the composition of the feedstock, 
with PS reaching the highest values of hydrogen and C2-C3 light hy
drocarbons, which are probably obtained as the outcome of 
ring-opening reactions from the anhydrosugars monomers formed by 
cellulose depolymerization. Given that fast pyrolysis leads to a larger 
yield of the gas fraction, it is reasonable to think that highly reactive 
cellulose monomers, which could have faced charring and repolymeri
zation reactions during slow pyrolysis, are actually cracked at fast py
rolysis, shifting the yield from solids to gas. 

Differently, gas evolution from pyrolysis of H3PO4-treated biomasses 
shows higher contents of hydrogen and CO (syngas) compounds. In the 
presence of phosphoric acid, oxygen is not only removed from biomass 
as carbon oxides; hydrogen is also liberated as hydrogen molecule by 
secondary methane formation [47]. Furthermore, the decrease of CO2 
also indicates that hemicellulose, as the main contributor of CO2, is 
cracked to a lesser extent than cellulose, probably due to the occurrence 
of crosslinking reactions that are promoted by phosphoric acid [48]. 

Interestingly, the H2/CO molar ratio of the pyrolysis gas obtained by 
fast pyrolysis is as high as 3.7 for pistachio shell, while in the case of 
H3PO4-treated biomass pyrolysis, H2/CO ratio is 3.3 for saffron petals, 
turning these streams as promising candidates for syngas upgrading, 
enabling their use as feedstock for the direct methanol synthesis or 
Fischer-Tröpsch process. 

As observed in Fig. 3, the highest LHV values obtained from the fast 
pyrolysis of PS and SP are due to the formation of high amounts of light 
hydrocarbons, like methane. However, the evolution of these gases 
slightly decreased in the fast pyrolysis of OP, decreasing the LHV. 
Finally, the improvement in LHV observed in acid-catalyzed pyrolysis 
mainly come from a higher syngas (CO and H2) generation. In addition, 
a higher LHV value is obtained for PS in this process. 

3.3. Bio oil analysis 

The composition of the liquid fraction recovered from the condensers 
related to the slow and fast pyrolysis is summarized in Fig. 4. The 
amount of water found in the bio-oil is between 44% and 78%, with the 
lowest water percentage obtained in slow pyrolysis for PS. Water con
tent is higher for OP and SP independently of the heating rate used in the 
pyrolysis. Fast pyrolysis enhances the formation of water for all the 

agricultural residues, with relative increases between 9% (PS) to 28% 
(SP). Contrarily, the bio-oil pH value follows the order SP>OP>PS. SP 
bio-oil shows the lowest acidity value, 3.8, in agreement with the lower 
content of organic acids in the bio-oil, (see Acids family group compo
sition in Fig. 4). The acidity of the bio-oil is mostly unaffected by the 
heating rate for PS and SP; however, fast pyrolysis of orange peel does 
decrease acidity of bio-oil (pH of 3.4 in fast pyrolysis vs 2.5 in slow 
pyrolysis). This finding is supported by a notable decrease in acid con
tent in the composition of the organic phase of the bio-oil. 

The compounds found in the organic phase of the bio-oils have been 
scrutinized using GC-MS, and the identified compounds have been 
grouped based on their functional groups, in a similar way to those re
ported in other works about pyrolysis of other lignocellulosic residues 
[55,56]. The detailed results are summarized in Tables S1–3. 

Fast pyrolysis induces some differences in the composition among 
the families of the compounds. In general, phenol, and ketone com
pounds increase under the fast pyrolysis process for all feedstocks, while 
carbohydrates & derivatives, acid and furan compounds decrease. These 
trends fall in line with previous research for other lignocellulosic bio
masses [19,57]. For instance, higher heating rates promote the forma
tion of levoglucosan and hydroxyacetaldehyde along with a decrease in 
the yields of carboxylic acids [55]. 

Phenol and its derivatives are the principal compounds present in the 
bio-oil for all biomasses, Fig. 4. These compounds are mainly derived 
from the thermal degradation of lignin, which contains different aro
matic units within its structure [58]. It is also important to note the large 
increase in phenols content obtained in SP under fast pyrolysis condi
tions. Phytochemical analysis has shown that saffron flowers are rich in 
antioxidant compounds like flavonols (kaempferol), flavanones, antho
cyanins, crocins and crocetin [59]. Upon slow pyrolysis, flavanoids and 
anthocyanins, which are phenolic compounds, are probably facing 
charring reactions similar to those of lignin, contributing to the solid 
fraction. However, fast pyrolysis enhances the decomposition of the 
flavonoid dimers, thus increasing the phenol pool of the liquid fraction. 
Orange peel, which also has a high flavonoid content [60], shows a 
similar, but less intense, trend. 

The main organic components of the bio-oil obtained under both 
processes for PS, are phenol derivatives, Fig. 4 & Table S1. Syringol has 
been found as the most abundant compound for both processes, with 
methoxyeugenol, 5-tert-butylpyrogallol, desaspidinol, acetophenone 
and acetosyringone, also found in large quantities. 

In the case of OP and SP, fast pyrolysis delivers a huge increase in 
phenol derivatives, being this increase led by the rise of the syringal
dehyde family of compounds (reaching values of 14% and 12.1%, 
respectively). Apart from that, OP bio-oil is also rich in resorcinol, 
phenol and m-, o- cresols, (taking up more than 4% of peak area). As for 
SP, syringaldehyde compounds are followed by phenols and catechol- 
type compounds, like p-, o-cresol, hydroquinone, or 2,4-xylenol. 

These obvious changes in the aromatic product distribution must be 
related to the different nature of lignin between samples. Lignin in PS 
probably has a similar composition to those observed in hardwoods, 
based on syringol and guaiacol units; lignin in OP is probably mainly 
constituted by guaiacol and p-hydroxyphenyl units, meanwhile SP lignin 
should be composed mostly by the latter ones. The use of high heating 
rates seems to promote lignin depolymerization over cracking and 
charring reactions in all biomasses, explaining the huge increase in 
phenols derived from the monolignols. The presence of inorganic matter 
can also promote the charring reactions of lignin in SP and OP. When the 
heating rate increases, the slow crosslinking and condensation reactions 
that are catalyzed by the inorganic elements cannot take place, and 
monolignols and their derived phenols are released into the gas phase, 
explaining the large increase of these compounds in the fast pyrolysis 
bio-oils of SP and OP. The phenol and its derivatives are valuable and 
useful as a resin, to produce antioxidants, dye, and pharmaceuticals 
[61]. 

Acid compounds constitute a family unavoidably present in bio-oil. 
Fig. 4. Analysis of the pyrolysis liquid phase for three biomasses under slow 
and fast pyrolysis. 
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Acids in the bio-oil fraction are attributed mainly to the decomposition 
of the acetyl groups present in hemicellulose [62] and pectin [63]. 
Acetic acid is the main compound in this group, whose concentration 
decreases significantly under the fast pyrolysis of all the biomasses. The 
amount of acids present in bio-oil of each biomass is consistent with the 
pH results, Fig. 4. Unfortunately, acidity is one of the main problems of 
bio-oil and its recovery by separation from bio-oil would allow their 
valorization as a by-product and would ease the use and upgrading of 
the acid-free bio-oil. 

Another important family found in bio-oil is furan. Furanic com
pounds, especially furfural and 5-hydroxymethylfurfural are recognized 
as dehydration products of sugars [53]. The relative amounts found in 
this study are quite dependent on the feedstock and pyrolysis process. In 
this sense, SP pyrolysis produces the highest furan concentrations, 
whereas fast pyrolysis decreases their concentration for all residues. SP 
bio-oils are rich in 2(5 H)-furanone, 2,3-dihydrobenzofuran, furfuryl 
alcohol, 5-hydroxymethylfurfural, and dihydro-4-hydroxy-2 
(3 H)-furanone. Differently, PS bio-oil is rich in furfural, while furfuryl 
alcohol, furfural, 5-hydroxymethylfurfural and 5-methyl-2-furaldehyde 
are detected in the liquid phase obtained from OP. Tables S1–3 show 
a decline in branched furans in bio-oils derived from fast pyrolysis, 
probably as a consequence of the promotion of secondary cracking re
actions. In slow pyrolysis, hemicellulose decomposition and furan evo
lution take place at mild temperatures (250–350 ºC), avoiding the 
occurrence of secondary cracking reactions that probably take place 
under fast pyrolysis conditions at 500 ºC. 

It has been found that fast pyrolysis promotes the formation of ke
tone compounds, with OP being the most suitable agricultural residue 
for the obtention of ketones, Fig. 4. The increase observed in fast py
rolysis seems to be connected to a larger formation of cyclopentanone 
compounds, a tendency that is confirmed for all the feedstocks no matter 
their biopolymeric composition, Tables S1–3. The ketone compounds 
are usually derived from hemicellulose and cellulose degradation, and it 
has been reported that they are formed during pyrolysis through the 
condensation of carbohydrates and decomposition of oxygenate com
pounds and furans due to secondary ring scission and deacetylation 
reactions of sugars and furans [64]. Compounds of this family can be 
also grouped according to their linear or cyclic structure. The formation 
of cyclopentanone, the most representative compound in the second 
group, has been attributed to hemicellulose decomposition [65], with 
the cyclic ketones being likely derived from the xylan present in stem by 
cleavage of the o-glucosidic bonds and subsequent removal of the hy
droxyl groups of the xylose rings [66]. Another feature observed in the 
obtained bio-oil from fast pyrolysis is the conversion of aldehyde com
pounds into cyclic ketones, as can be seen in Tables S1–3. 

Some saccharides are detected in PS and SP bio-oils. The maximum 
amount of this family is related to D-Allose, 4%, which appeared in PS 
bio-oil obtained under fast pyrolysis, Table S1. Beyond D-Allose, maltols 
are the next main component of bio-oils from OP and SP. These com
pounds are suggested to be obtained via dehydration and rearrangement 
of levoglucosan and 1,4:3, 6-dianhydro-α-D-glucopyranose, which is 
known to happen at low temperatures (200 ºC) during the pyrolysis of 
sucrose or starch [67]. Their low contribution to the bio-oil fraction can 
be related to their low thermal stability, which favors their decompo
sition into different oxygenate compounds, such as furans, ketones and 
aldehydes. Accordingly, these compounds are likely degraded under fast 
pyrolysis conditions, explaining the decline observed in Fig. 4. 

The amounts of N-containing compounds are in the order 
SP>OP>PS, consistent with the nitrogen content reported in the 
elemental analyses of the feedstocks, Table 1. According to previous 
research, the formation of these compounds is related to the interaction 
between proteins and carbohydrates. Amino acids are usually more 
reactive than other compounds, being prone to react with active cellu
lose and derived compounds such as hydroxypropanone. For instance, 
pyrolysis of glutamic acid in lignocellulosic biomass leads to pyrrolidi
none compounds [68], which are found in orange peel. Pyrolysis of 

proteoglycans at temperatures over 500 ºC can also generate pyridines, 
pyrroles, and similar N-aromatic compounds [65]. The generation of 
compounds such as methyl L-pyroglutamate, i.e., the main 
nitrogen-containing specie found in SP, Table S3, has been reported for 
direct pyrolysis of amino acids, meaning that protein concentration 
should be rather high in saffron petals for enabling their formation, as 
reported elsewhere [69]. Finally, the production of N-compounds has 
been also reported as feasible in raw materials with low N-content, such 
as cellulose and cellobiose [70], obtaining oxazolidine and other com
pounds resembling those observed in PS bio-oil, Table S1, but in very 
low amounts. Therefore, the formation of N-derived compounds is 
largely dependent on the presence of proteins, proteoglycans, amino 
acids and other N-containing species in the feedstock [39,71]. It should 
be pointed out that the bio-oil obtained under fast pyrolysis has much 
lower concentration of nitrogen compounds. It seems like amino acids 
decomposed during fast pyrolysis could be incorporated into the char 
forming pyrroles, pyridines, and quaternary nitrogen [72]. In fact, 
elemental analysis of SP char obtained by fast pyrolysis confirms the 
presence of nitrogen, reaching 2.8% wt. The presence of such high ni
trogen concentration can be of interest for certain electrochemical ap
plications [73]. Generally, after upgrading the bio-oil can be used in 
different application such as biofuel or feedstock for oxygenates, hy
drocarbons (olefins/aromatics) or hydrogen, or application in the pro
duction of carbon materials, asphalts, pesticides, fertilizers, perfumes, 
polyurethane foam or plastic [74]. 

Table 2 summarizes the detected compounds in the liquid phase 
obtained from H3PO4-treated biomass pyrolysis together with their 
water content and pH values. When the biomasses are treated with 
H3PO4, the obtained liquid phase is completely different from those of 
slow and fast pyrolysis, starting by the clearer, aqueous-like appearance. 
As previously discussed, condensation reactions catalyzed by H3PO4 
proceed particularly through dehydration reactions. It is also important 
to remark that phosphoric acid contains 15% wt. of water. Thus, a huge 
increase in water content is found in these bio-oils, Table 2. Moreover, 
the pH value is slightly increased (see the differences in pH in Fig. 4), 
since, probably, part of phosphorus leaves the reactor as phosphoric acid 
ester compounds (as pointed out by the presence of phosphoric acid, 
diethyl pentyl ester, Table 2), which are hydrolyzed in the bio-oil, 
increasing acidity. In addition, this process seems to demote the 
release of organic volatiles, with the liquids consisting of only a few 

Table 2 
Composition analysis of liquid-phase obtained from H3PO4 acid treatment.   

Compounds 
Biomass 

PS OP SP 

Amount (area %) 

Acetic acid, butyl ester  85.9  
48.6  35.6 

Acetic acid  4.6  
10.5  17.8 

Toluene  4.1  
20.1  16.4 

Phenol  4.3  
10.2  14.4 

Phenol, 4-methyl-  0.0  
4.9  6.8 

Phenol, 3-methyl-  0.0  
2.1  2.8 

3-(Methoxymethoxy)butanoic acid  0.0  
0.0  2.7 

Phosphoric acid, diethyl pentyl ester  1.1  
3.6  2.0 

Furan, 2-ethyl-5-methyl-  0.0  
0.0  1.4 

pH  1.3  
2.4  2.6 

Water (%wt.)  88  
83  88  
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particular products. It is important to note that the concentration of 
these compounds is low, since the liquid fraction obtained in acid 
treated pyrolysis has less than 15% in organic compounds (see water 
composition in Table 2). As can be seen in Table 2, acetic acid and acetic 
acid derived esters are the main compounds found in the three bio
masses. Next to them, the aromatic family of compounds, with toluene, 
phenol, and phenol derivatives as the major chemicals, are detected in 
large amounts in SP and OP bio-oils. Interestingly, ketone, furans, car
bohydrates and N-containing compounds are not found in relevant 
amounts in the bio-oil, pointing out that phosphoric acid is promoting 
the incorporation of cellulose, hemicellulose and amino acids -derived 
compounds in the solid fraction of the pyrolysis products. Moreover, 
these results are also showing that the selectivity of the products in the 
bio-oils obtained from acid treated biomass is somehow improved. In 
this sense, Lobos et al. pyrolyzed a Kraft pulp waste with H3PO4. Their 
selectivity to bio-oils was particular and they claimed that only levo
glucosenone (LGO) was achieved [75]. The higher amount of H3PO4 and 
higher pyrolysis temperature used in this work seem to shift the selec
tivity towards different products. 

3.4. Analysis of solid fraction 

The ultimate and proximate analyses and the higher heating values 
(HHVs) of the solid fraction for each biomass obtained from different 
types of pyrolysis are compiled in Table 3. Fixed carbon increases under 
fast pyrolysis, while moisture, volatile material, and ash contents 
decrease compared to slow pyrolysis. Acid treatment gives rise to solids 
with higher moisture and fixed carbon contents and lower volatile and 
ash amounts. As for proximate analysis, the solids show similar carbon, 
nitrogen, and sulfur composition independently of the heating rate used, 
but fast pyrolysis provides a slightly higher amount of oxygen [18]. It is 
also interesting to note that hydrogen content declines with phosphoric 
acid treatment in OPC and SPC solids, confirming the higher H2 releases 
observed in Fig. 3. The presence of high amounts of nitrogen, oxygen 
and ash in the solid residues from OP and SP makes feasible their 
possible use as raw material for the preparation of catalysts and soil 
improvers [76–78]. For instance, Yao et al. studied the performance of a 
Ni/ char catalyst for biomass gasification, achieving a high H2 yield of 
64 vol%, 92.08 mg g− 1 biomass at the optimum operation conditions 
[77]. 

HHV of the solids has been determined from their proximate analysis 
using Eq. (2). The obtained values are in the range of 21–33.5 MJ/kg. 
According to Table 3, the maximum HHVs are obtained under the py
rolysis with H3PO4-treated biomasses, which is due to the removal of 
large quantities of ashes during the washing step. Differently, fast py
rolysis has a low impact on HHV. Comparing the different feedstocks, 
the best results in terms of HHV are obtained for solids from PS, due to 
the higher amount of fixed carbon and lower amount of ashes compared 
to their counterparts. The energy content of OP solids shows medium 

values, like those reported for charred wood, while PS solids are in the 
upper range of HHVs, being close to those reported for biochar obtained 
from straw [79]. Finally, SP shows poorer HHV values owing to the high 
amount of inorganic matter (i.e., ash content) in their composition. 

Fig. 5 shows the N2 adsorption–desorption isotherms at − 196 ◦C for 
the three solid fractions obtained from acid treated biomass pyrolysis. 
The N2 uptake of the solid residues (chars) from slow and fast pyrolysis 
are negligible due to the poor and narrow microporosity development, 
which is not accessible for N2 adsorption at − 196 ºC, and therefore they 
are not included. 

In general, all the N2 adsorption isotherms reported in Fig. 5 shows 
notable N2 uptake at very low relative pressures followed by monoto
nous increase in the quantity of N2 adsorbed as relative pressure in
creases, which are regarded as type I + type IV isotherms according to 
IUPAC classification [37], corresponding to a well-developed micropo
rous structure with a significant contribution of mesoporosity. The 
isotherm from the SPC sample presents the lowest N2 uptake at low 
relative pressures and the lowest slope of the isotherm at medium and 
high pressures. The appearance of small H4 type hysteresis loop (no 
limited adsorption at relative pressures close to 1) indicates the presence 
of narrow slit-shaped pores. The OPC and, especially, PSC show a 
significantly higher contribution of mesoporosity, as revealed by the 
higher N2 volume adsorbed at medium-high relative pressures and the 
larger hysteresis loops. In the case of PSC, H1 type hysteresis with 
certain contribution of H4 is observed, indicative of narrow mesopores, 
while the H2 type hysteresis loop of OPC (i.e. steeper slope of the 
desorption with respect to the adsorption isotherms) suggests the pres
ence of a broad mesopore size distribution of varied shapes [37]. 

The textural parameters of the porous structure of the different 

Table 3 
Ultimate and proximate analysis and HHV values of chars for all the pyrolysis processes.  

Sample Proximate analysis (wt%)  Ultimate analysis (dafa, wt%) HHV (MJ/Kg, 
dry basis) 

M VM FC ash  C H N S Ob 

PS (slow)  4.0  23.3  70.4  2.3    88.5  3.1  0.1  0.1  8.2  30.1 
OP (slow)  8.5  28.0  50.7  12.8    78.2  3.5  2.2  0.0  16.1  24.9 
SP (slow)  6.5  24.7  44.2  24.6    82.1  3.3  3.2  0.8  10.6  21.3 
PS (fast)  2.8  15.9  79.5  1.8    87.3  3.4  0.1  0.0  9.2  31.8 
OP (fast)  5.6  24.9  54.0  15.5    77.2  3.8  2.3  0.1  16.6  24.8 
SP (fast)  4.4  23.1  52.0  20.5    79.9  3.2  2.8  0.1  14.0  23.4 
PSC  12.2  5.9  80.1  1.8    94.8  2.5  0.2  0.0  2.5  33.5 
OPC  10.8  8.1  70.5  10.6    84.1  1.9  0.4  0.0  13.6  30.5 
SPC  6.5  5.2  77.7  10.6    86.2  1.7  2.8  0.2  9.1  30.4 

M=moisture, VM= volatile material, FC= fixed carbon. 
a dry ash free. 
b calculated by difference. 

Fig. 5. N2 adsorption–desorption isotherms at − 196◦C of solid residues ob
tained from the acid treated biomass pyrolysis. 
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solids, obtained from the N2 and CO2 isotherms, are summarized in  
Table 4. 

In the case of slow and fast pyrolysis, all the solids have VCO2>VN2 
(Table 4), with the largest CO2 micropore volume being attained in PS 
char obtained at slow pyrolysis. This difference between isotherms can 
be explained by diffusional limitations of N2 during adsorption at 
− 196 ◦C in narrow micropores (those with sizes under 0.5–0.7 nm). 
Even though the CO2 molecule presents a similar kinetic diameter to N2, 
the temperature for the determination of the CO2 adsorption isotherm, 
0 ◦C, boosts the diffusion rate in narrower micropores, enabling it to 
reach the adsorption equilibrium in shorter times. Thus, all the slow and 
fast pyrolysis solids have narrow microporosity. Fast pyrolysis seems to 
hamper the porosity development, probably due to the suppression of 
decomposition reactions of functional groups and rearrangement of the 
carbonaceous matrix of the solid when pyrolysis takes place at fast 
heating rate. 

In the case of acid treated biomass, different results are attained, and 
the porosity is vigorously developed. The micropore volume values 
obtained from N2 and CO2 adsorption isotherms, with VDR

N2 > VDR
CO2, 

indicate the presence of wide microporosity in these solids (sizes larger 
than 0.7 nm) [80]. In terms of surface area (ABET) and total pore volume 
(V0.99), the porosity development of the solid fractions follows the 
sequence: PSC > OPC > SPC, probably, due to the presence of higher 
cellulose in PS [81–83]. Higher surface areas in activated carbons pro
duced from cellulose than those of Kraft lignin are already reported in 
the work of Bedia et al. [82], which showed that the raw materials can 
have an enormous impact on porosity development. The ABET value 
obtained for PSC solids with 1640 m2/g, is comparable to those acti
vated carbons obtained by chemical activation of hemp resides or pine 
dust with H3PO4, and much higher than those attained by H3PO4 
treatment of lignin or cellulose alone [44,84]. The total pore volume of 
PSC is also the highest one, equal to 1.41 cm3/g. In addition, Vmeso/V0.99 
ratios of 0.701, 0.631, and 0.542 are obtained for OPC, PSC, and SPC 
solids, pointing out that the use of orange peel as raw material delivers 
wider mean porosity. This trend is confirmed by the average pore vol
ume as estimated by 4⋅VT/ABET, being 4.5 nm for OPC vs 3.4 and 3.2 nm 
for PSC and SPC, respectively. However, when the pore size distribution 
is analyzed in detail, more differences arise. The NLDFT pore size dis
tribution of the solid fractions from acid treated biomass pyrolysis is 
plotted in Fig. 6. Two common features are found in the PSDs of all the 
materials, namely i) narrow distribution of micropores (2 <nm) 
showing a maximum at 0.6 nm ii) broad distribution of mesopores 
running up to 20 nm. The position and extension of the PSD in the 
mesopore region are different. In the case of SPC solid, the mesopore size 
distribution ends at 10 nm and it does not show a distinctive maximum, 
pointing out the presence of narrow mesoporosity. PSC distribution of 
mesopores is centered at 2.6 nm, while OPC shows the broadest meso
pore size distribution, with a maximum at 4.7 nm. 

The generation of porosity can be related to the chemical reactions 

between H3PO4 and carbon precursors. The presence of C–O–PO3 sur
face groups on some porous carbons prepared by chemical activation of 
biomass residues with H3PO4 at different temperatures was confirmed 
by XPS analyses [42,79,80]. These phosphates and/or polyphosphates 
groups seems to be responsible for the dilation process during activation 
[47], and they have a significant impact not only on the porous texture 
but on the surface chemistry of activated carbons, providing surface 
acidity [85], oxidation [86], and electrooxidation [87] resistance. Thus, 
the combination of a large surface area with the presence of mesopores 
and phosphorus groups make OPC and PSC solid fractions great candi
dates for their use as catalytic support and adsorbents in pollutant 
remediation [82,85,88–90]. In this sense, Valero-Romero et al. prepared 
phosphorus-containing mesoporous carbon from H3PO4 activation with 
olive stone that was successfully used as catalysts for methanol dehy
dration [88]. Additionally, H3PO4 modified biochar has been applied for 
removing toxic Cr (VI) by Nawaz et al. The results showed that chemi
cally modified biochar developed a moderate amount of surface area 
(246 m2g− 1) along with microporosity, showing Cr (VI) removal of 
99.97% under optimized conditions [89]. In another study about the 
remediation of emergent pollutants, such as bisphenol A and carba
mazepine, the use of a H3PO4-treated biochar showed a clear increase in 
the adsorption capacities [90]. 

4. Conclusions 

The results obtained from the fixed-bed pyrolysis of pistachio shells, 
bitter orange peels and saffron petals under slow heating rate, fast 
heating rate and H3PO4 treatment conditions are herein reported. 

Gas fraction of the fast pyrolysis is rich in C2-C3, CH4 and H2, 
increasing HHV. The H3PO4 treatment of biomasses leads to the evolu
tion of higher syngas (CO and H2), which also increases the HHV 
compared to slow pyrolysis. The composition of the gas fraction is 
affected by the presence of hemicellulose, pectins and inorganic matter 
in the feedstocks, which render a higher formation of CO2, decreasing 
the HHV. 

GC-MS results shows that the bio-oil obtained under fast and slow 
pyrolysis are richer in phenolic and acidic functional groups. However, 
fast pyrolysis promotes the formation of water, phenols, and ketones, 
while hindering the generation of N-compounds, carbohydrates and 
derivatives, acid, and furan compounds in the bio-oil. The bio-oil ob
tained from acid treated-biomass pyrolysis shows water as the main 
compound, with acids and aromatic compounds as the main components 
of the organic fraction. 

Likewise, the HHV values of the solid residues obtained from fast 
pyrolysis are higher than those of slow pyrolysis. Acid catalyzed pyrol
ysis further enhances the HHVs. Additionally, among the biomasses, the 
PS solid residues show the highest HHVs, which is mostly related to the 
presence of lower inorganic matter. Moreover, SP and OP solid residues 

Table 4 
Characteristic parameters of the porous texture for solid residues under different 
pyrolysis conditions.  

Sample ABET m2 

g− 1 
VDR

N2 cm3 

g− 1 
Vmeso cm3 

g− 1 
V0.99 cm3 

g− 1 
VDR

CO2 cm3 

g− 1 

PSC  1640 0.52 0.89 1.42  0.26 
OPC  870 0.29 0.68 0.97  0.16 
SPC  300 0.11 0.13 0.25  0.07 
PS 

(slow)  
1.1 < 0.01 < 0.01 < 0.01  0.19 

OP 
(slow)  

1.0 < 0.01 < 0.01 0.01  0.11 

SP 
(slow)  

0.6 < 0.01 < 0.01 < 0.01  0.11 

PS (fast)  1.0 < 0.01 < 0.01 < 0.01  0.08 
OP (fast)  0.9 < 0.01 < 0.01 < 0.01  0.08 
SP (fast)  0.9 < 0.01 < 0.01 < 0.01  0.07  

Fig. 6. Pore distribution of the solid residues obtained from acid treated 
biomass pyrolysis. Inset: micropore region. 
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present certain amounts of nitrogen in their composition, which could 
be valuable for the preparation of nitrogen-doped activated carbons. 
Solid residues obtained from acid treated biomass pyrolysis develop the 
porosity, being comparable to the values of apparent surface area of 
commercial activated carbons. The maximum porosity was achieved for 
PSC solid residue, with ABET of 1640 m2/g together with a total pore 
volume of 1.42 cm3/g. 
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[73] M.J. Mostazo-López, D. Salinas-Torres, R. Ruiz-Rosas, E. Morallón, D. Cazorla- 
Amorós, Nitrogen-doped superporous activated carbons as electrocatalysts for the 
oxygen reduction reaction, Materials 12 (8) (2019) 2–17, https://doi.org/10.3390/ 
ma12081346. 

[74] T. Cordero-Lanzac, J. Rodríguez-Mirasol, T. Cordero, J. Bilbao, Advances and 
challenges in the valorization of bio-oil: hydrodeoxygenation using carbon- 
supported catalysts, Energy Fuels 35 (21) (2021) 17008–17031, https://doi.org/ 
10.1021/acs.energyfuels.1c01700. 

[75] M.L. Nieva Lobos, P. Campitelli, M.A. Volpe, E.L. Moyano, Catalytic and non- 
catalytic pyrolysis of Kraft pulp waste into anhydrosugars containing bio-oils and 
non-phytotoxic biochars, J. Anal. Appl. Pyrolysis 122 (2016) 216–223, https://doi. 
org/10.1016/J.JAAP.2016.09.021. 

[76] J. Wu, W. Chen, L. Chen, X. Jiang, Super-high N-doping promoted formation of 
sulfur radicals for continuous catalytic oxidation of H2S over biomass derived 
activated carbon, J. Hazard. Mater. 424 (2022), 127648, https://doi.org/10.1016/ 
J.JHAZMAT.2021.127648. 

[77] D. Yao, Q. Hu, D. Wang, H. Yang, C. Wu, X. Wang, H. Chen, Hydrogen production 
from biomass gasification using biochar as a catalyst/support, Bioresour. Technol. 
216 (2016) 159–164, https://doi.org/10.1016/J.BIORTECH.2016.05.011. 

[78] B. Khiari, I. Ghouma, A.I. Ferjani, A.A. Azzaz, S. Jellali, L. Limousy, M. Jeguirim, 
“Kenaf stems: thermal characterization and conversion for biofuel and biochar 
production, Fuel vol. 262 (2020), 116654, https://doi.org/10.1016/j. 
fuel.2019.116654. 

[79] K. Weber, P. Quicker, Properties of biochar, Fuel 217 (2018) 240–261, https://doi. 
org/10.1016/J.FUEL.2017.12.054. 
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