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Abstract: Torrefaction is a promising pretreatment technology for valorizing biomass and upgrad-
ing pyrolysis products. This study sets out an original procedure consisting of subjecting the bio-
mass to torrefaction before fast pyrolysis to increased value-added compounds based on agricul-
tural waste biomasses production. This study uses a combined biomass treatment consisting of tor-
refaction (280–320 °C) and subsequent fast pyrolysis (500 °C) using the same reactor. Under different 
torrefaction temperatures and residence times, olive pomace (OP) and almond shell (AS) have been 
evaluated. The study demonstrated OP rather than AS was thermally unstable. The highest total 
yield of carboxylic acids (mainly acetic acid) was obtained by means of torrefaction at 280 °C with a 
residence time of 20 s for OP, and at 300 °C and 20 s for AS. Higher torrefaction temperature and 
residence time promoted phenolic compounds production for OP. However, OP had a higher lignin 
content and inherent metals that promoted a catalytic reaction during the procedure. The highest 
yield (47.7%) was obtained using torrefaction at 320 °C with a residence time of 240 s. Overall, the 
torrefaction of biomass combined with fast pyrolysis constituted a very simple and efficient strategy 
for valorizing the conversion of agricultural waste biomass into value-added chemicals. 
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1. Introduction 
As a natural carbon-neutral fuel, biomass is an ideal alternative to fossil fuels [1]. 

Biomass has attracted interest from researchers over the past few decades, in order to 
produce sustainable, environmentally-friendly fuels [2]. Currently, biomass is the largest 
known renewable source of energy with a global production of 220 billion tons/year. 
However, it is projected that lignocellulosic biomass could supply approximately 15–50% 
of global primary energy requirements by 2050 [3]. Among other approaches for convert-
ing biomass to energy, fast pyrolysis of lignocellulosic biomass waste has been considered 
one of the most promising technologies for sustainable production of liquid fuels and 
value-added chemicals [4]. Fast pyrolysis is defined as a thermal decomposition process 
carried out at a moderate temperature, a high heating rate, a short vapor residence time, 
and an inert atmosphere to maximize yields of bio-oil [5]. The bio-oil obtained from bio-
mass in the procedure is a complex mixture of oxygenates, such as C1-C4 light oxygen-
ates, carbohydrates, furans, anhydrosugars, and phenols [6]. Final end product character-
istics depend upon operating parameters, such as reaction temperature and residence 
time [7]. Previous studies have dealt with the valorization of organic wastes through fast 
pyrolysis. Dorado et al. [8] determined the optimum conditions varying the effect of the 
operational conditions (temperature, heating rate, and vapor residence time) on fast py-
rolysis product distribution of different olive pomace feeds. The olive pomace results de-
termined not only their chemical composition, but also that their fat content has a remark-
able effect on bio-oil product distribution after pyrolysis. Gonzalez et al. [9] investigated 
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pyrolysis of almond shells’ varying temperature range (300–800 °C) and heating rates (5–
20 °C/min). Bio-oil components were obtained in the range temperature (400–500 °C), be-
ing mainly found rich in hydroxyl and carbonyl compounds, and aliphatic and aromatic 
hydrocarbons. It can be found that the thermal degradation of biomass, such as fragmen-
tation and depolymerization, depend on reaction temperatures [10]. The complex compo-
sitions of obtained bio-oil limit its use directly for further upgrades and refining. How-
ever, bio-oil can be upgraded to produce several bio-based chemicals that could have a 
variety of uses in many industries, such as biochemicals (e.g., phenolics and ketones) to 
be used as fine chemicals in the pharmaceutical industry, resin manufacturing, and food 
processing [11,12]. Therefore, various pre-treatments prior to pyrolysis can boost the pro-
duction of several value-added chemical feedstocks. Thus, producing bio-phenols from 
varieties of biomass feedstocks is an important approach to alleviate the fossil energy cri-
sis, due to traditional synthesis of phenol coming from the cumene process, which leads 
to a large consumption of fossil fuels and environmental pollution [13,14]. 

Lignocellulosic biomass is known to be typically composed of three main compo-
nents (cellulose, hemicellulose, and lignin) together with a small amount of extractives, 
metals, and ash [4]. They are very different in chemical structure, which determines its 
reaction and product distribution under fast pyrolysis. Studies have reported that pure 
cellulose, hemicellulose, and lignin decomposed at different temperature ranges. Hemi-
cellulose decomposed at a lower temperature range (210–320 °C) than pure cellulose (300–
390 °C), while lignin, with the highest stability, did so at a broad range (200–550 °C) 
[4,15,16]. Hence, controlled pretreatment (such as torrefaction) before fast pyrolysis has 
been proposed as a solution for fully valorizing biomass with different operational pa-
rameters. Torrefaction is commonly known to be a thermochemical pre-treatment tech-
nique for biomass, performed under an anoxic environment at a temperature range of 
200–300 °C [17]. However, at lower torrefaction reaction temperatures, decomposition 
rates of cellulose and lignin could lead to an evident reduction, which could limit the 
complete conversion of cellulose and lignin fractions within biomass [4]. Thus, it was 
found that most hemicellulose and part of lignin fractions were first decomposed during 
torrefaction. Therefore, torrefied biomass can be further converted into a rich biochemical 
bio-oil via fast pyrolysis [18]. Several studies on torrefaction pre-treatment followed by 
pyrolysis concluded that the physicochemical characteristics of the biomass and biofuel 
produced were superior to those of raw biomass [2,17,19]. In this regard, Chen et al. [10] 
analyzed the thermodegradation of hemicellulose, cellulose, and lignin behavior over tor-
refaction, pyrolysis, and their combination. Torrefaction was observed to be a determinant 
of lignin pyrolysis decomposition. Zhen et al. [20] studied a two-stage controllable pyrol-
ysis process of biomass based on torrefaction and subsequent fast pyrolysis of impreg-
nated eucalyptus. Nepal et al. [21] researched the effect of torrefied temperatures on the 
physical and chemical transformation of spent coffee grains. The decrease in oxygen con-
tent and increase in fixed carbon content enhanced the effect of torrefaction on fuel prop-
erties, and therefore, torrefaction could upgrade feedstocks [2]. 

Although torrefaction and pyrolysis reactors have rapidly developed, many chal-
lenges and barriers must be overcome to maximize the production of bio-based chemicals 
and the financial benefits of the integrated process. As far as we know, few studies have 
been published on the effect of the most critical operational conditions (temperature and 
residence time of a prior torrefaction) during biomass feedstock valorization in a two-
stage procedure, carried out in a single-step process [4,22]. This study is innovative due 
to carrying out both torrefaction (280–320 °C) and fast pyrolysis (500 °C) processes using 
the same reactor. On the other hand, olive pomace and almond shell were used as biomass 
waste feeds to understand how its different physicochemical properties affect bio-oil 
product distribution. Therefore, a thorough study on how torrefaction operating parame-
ters (reaction temperature and residence time) influence product distribution of value-
added biochemicals, such as ketones and bio-phenolics, was conducted. 
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2. Materials and Methods 
2.1. Materials Feed and Preparation 

In this study, olive pomace (OP) and almond shell (AS) were used as biomass waste 
feed. OP was provided by Aceites Garcia de la Cruz olive oil mil (Castilla-La Mancha, 
Spain), and AS was collected from Castilla-La Mancha region (Spain). The biomass sample 
was oven-dried for 24 h at 100 °C, and then ground and sieved to obtain an average par-
ticle size ranging from 100 to 150 µm. 

Proximate and ultimate analyses were carried out to determine compositions of the 
studied samples (following standards UNE 15104:2011, UNE-EN ISO18123, UNE 32-004-
84, and UNE 32-002-95) using the elemental analyzer Flash Smart Elemental Analyzer 
(Thermo Scientific, Waltham, MA, USA) equipped with a thermal conductivity detector. 
The proximate analysis yielded information on volatile matter, fixed carbon, and ash con-
tent. The ultimate analysis was used to find the concentrations of carbon, hydrogen, ni-
trogen, oxygen, and sulfur in the samples. Several studies have tried to find the correct 
model to predict the higher heating value (HHV) of the agricultural crop residue based 
on the composition of the main components (carbon, hydrogen, and oxygen) from an ul-
timate analysis of biomass fuels [23,24]. In this work, the HHV was calculated using an 
empirical HHV model applied to a wide range of data sets and fuel species (Equation (1) 
[25]; Table 1): 

HHV (MJ/kg) = 0.3491 C + 1.1783 H + 0.1005 S − 0.1034 O − 0.0151 N − 0.0211 A (1)

where C, H, S, O, and N are the weight percentages for carbon, hydrogen, sulfur, oxygen, 
and nitrogen, respectively; while A is the weight percentage for ash. 

The alkali and alkaline earth metals (AAEMs) content in each sample was determined 
by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES). Here, Varian 
720-ES equipment (which was previously calibrated using standard stock solutions) was 
used. The chemical composition (hemicellulose, cellulose, and lignin) of raw biomass 
waste was obtained with a Soxhlet extractor [26,27]. For OP, contents of extractives, hem-
icellulose, and Klason lignin were determined with the following experimental method-
ology due to its grassy nature [28]: First, the extractive contents were determined by ex-
traction using the Soxhlet system successive exhaustion method using dichloromethane 
(6 h), ethanol (16 h), and water (16 h), as an adaptation from TAPPI 204 om-97. After ex-
traction, the sample was dried at 110 °C for 1 h and cooled to room temperature in a des-
iccator. The extractives solubilized by the solvents were determined by mass differences 
in the solid. Lignin content was then determined by the Klason method (TAPPI T 222 om-
02). The samples (350 mg) of extractive-free material were added to 3 mL of H2SO4 (72%) 
at 30 °C for 1 h, then diluted to 3% w/w H2SO4 and reacted in an autoclave for 1 h at 120 
°C. The residue was filtered, washed until neutralization, dried at 110 °C until reaching a 
constant weight, and cooled to room temperature. The weight difference after treatment 
determined the amount of Klason lignin. For determining hemicellulose contents, 150 mL 
of NaOH solution (0.5 M) was added to 1 g of extractive-free material and boiled for 3.5 h 
with recycled water. The product was filtered, washed until neutralization, dried at 110 
°C for 1 h, and cooled to room temperature. The weight difference after treatment deter-
mined the amount of hemicellulose. For AS, lignin, hemicellulose, and cellulose, the con-
tent was calculated following an experimental methodology reported elsewhere [27]. The 
characterization results of raw biomass wastes used in this work are listed in Table 1. 
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Table 1. Physicochemical properties of biomass waste feed. 

Sample 
Proximate Analysis (wt.%) *daf Ultimate Analysis (wt.%) *daf HHV 

(MJ/kg) Moisture Ash Volatile Matter Fixed Carbon *diff C H N O *diff 
OP 2.68 4.44 91.87 3.69 53.2 6.83 1.54 38.28 22.56 
AS 5.13 2.22 92.01 5.77 45.86 5.88 0.35 47.92 17.93 

Sample 
Chemical composition (wt.%) *db 

Lignin Hemicellulose Cellulose Extractives 
OP 24.1 27.6 - 28.9 
AS 13.4 28.1 39.7 - 

Sample 
Mineral content (wt.%) 

K Ca Na Mg 
OP 1.46 0.50 0.10 0.13 
AS 0.87 0.55 0.12 0.06 

*daf: dry and ash free basis; O diff: % of oxygen calculated from the difference in C, H, N, and S; Fixed 
carbon *diff: % in fixed carbon calculated from difference in ash and volatile matter; *db: dry basis. 

2.2. Experimental Procedure 
Torrefaction and fast pyrolysis of raw biomass wastes (OP and AS) were carried out 

in a commercial micropyrolyser (Pyroprobe 6200 pyrolysis, CDS analytical, Oxford, PA, 
USA) connected to a 7890B/5977B GC/MS analyzer (Agilent Technologies, Santa Clara, 
CA, USA) with a transfer line (length: 1 m; temperature: 340 °C). 

The weight of the sample was accurately weighed on an analytical balance with an 
accuracy of 0.001 mg (XSR105DU, Mettler-Toledo, Switzerland). An amount of 1 mg ± 0.05 
mg of raw samples were placed in the middle of a quartz tube (2 mm diameter and 20 mm 
long) with a quartz wool base, and were then fed into a platinum Pyroprobe autosampler. 
Torrefaction of raw biomass wastes was performed at different temperatures (280, 300, 
and 320 °C) at a heating rate of 10 °C/s and varying the residence time (20, 120, 240, and 
360 s). The valve interface temperature was equivalent to the torrefaction temperature. 
The vapor generated from torrefaction was analyzed by GC/MS. The GC/MS injector tem-
perature was kept at 280 °C. An Elite-35MS capillary column (30 m × 0.25 µm) was used 
for chromatographic separation. Helium (99.999%) was selected as the carrier gas at a con-
stant flow rate of 1 mL/min and a 1:80 split ratio. The purpose of this was to separate the 
different chemicals in the bio-oil and identify them. The oven temperature was programed 
from 40 °C (3 min) to 280 °C at a heating rate of 5 °C/min. After that, the torrefied sample 
remaining inside the Pyroprobe was directly fast-pyrolyzed at 500 °C at a heating rate of 
20 °C/ms for 15 s, which were the operational conditions previously optimized elsewhere 
[8]. Additionally, the vapor products from fast pyrolysis were analyzed by GC/MS under 
the same previously cited conditions. The chromatograms were integrated, and the rela-
tive peak areas were calculated and subsequently identified using the National Institute 
of Standards and Technology (NIST) library as a reference. Only peaks with a matching 
quality of over 80% were considered. As shown in Figure 1, biomass waste was first tor-
refied by varying reaction temperature (280, 300, and 320 °C) and residence time (20, 120, 
240, and 360 s). Finally, it was fast-pyrolyzed at 500 °C as an additional step for fully con-
verting the biomass waste in order to maximize production of the desired valuable chem-
ical compounds. 
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Figure 1. (A) Schematic flowsheet of torrefaction combined with fast pyrolysis for bio-oil produc-
tion, (B) Pyroprobe 6200 pyrolysis, and (C) Agilent Technologies 7890B/5977B GC/MS. 

The experiments were carried out in triplicate for each sample to ensure reproduci-
bility. The peak area based on Py-GC/MS analysis could not reveal the real content of the 
target compounds. When the sample mass remained constant during each pyrolysis ex-
periment, the corresponding chromatographs could be compared to reveal how its con-
tent had changed. 

In this two-stage procedure, torrefaction and fast pyrolysis samples were denoted as 
B-T-tR: where B is the studied biomass, T the temperature (°C), and tR the retention time 
(s) used for torrefaction pretreatment. For example, the OP sample torrefied at 280 °C for 
20 s and subsequently fast-pyrolyzed at 500 °C is denoted as OP-280-20. With direct fast 
pyrolysis (without torrefaction) at 500 °C, the sample was denoted as B-500: where B sym-
bolizes the pyrolyzed biomass waste used. For instance, AS-500 refers to direct fast-pyro-
lyzed almond shell. 

3. Results 
3.1. Olive Pomace Torrefaction Combined with Fast Pyrolysis 

Figures 2–4 show bio-oil product composition for OP at different torrefaction resi-
dence times when torrefaction temperature was set at 280, 300, and 320 °C, respectively, 
followed by fast pyrolysis at 500 °C. Direct fast pyrolysis of OP at 500 °C (OP-500) was 
denoted with a torrefaction residence time of 0. The bio-oil products were separated into 
functional groups: alcohols, aldehydes, alkanes, cyclic hydrocarbons, carboxylic acids, ke-
tones, nitrogenates, phenols, and sugars. Tables S1–S3 give a detailed breakdown of the 
chemical composition of the bio-oil obtained in these experiments. 

The compounds obtained might be related to the organic matrix of biomass, and also, 
to torrefaction temperature. During torrefaction, hemicellulose (which has poor thermal 
stability) decomposed first, and its content sharply decreased with an increase in temper-
ature. Cellulose (which has a relatively stable structure) exhibited marginal decomposi-
tion during high-temperature torrefaction [29]. However, the lignin structure was stable, 
and its products were mainly degraded during pyrolysis. 
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Direct fast pyrolysis of OP was carried out to compare the results with and without 
torrefaction pretreatment. A high pyrolysis temperature and the catalytic activity of 
AAEMs are known to possibly lead to undesired C–C and C-O bond scissions, such as 
decarboxylation, decarbonylation, and ring fragmentation reactions, resulting in the for-
mation of large amounts of non-condensable gas and C1-C4 light oxygenates [2]. The most 
representative group detected was phenolics from lignin decomposition, which reached 
a yield of 33.8%. Phenolic compounds are of great interest to society due to their antioxi-
dative and possible anticarcinogenic activities. Dietary phenolics are considered anti-car-
cinogens as they are antioxidants [30]. However, conventional synthesis of phenol is car-
ried out by cumene process, which comes from two different petroleum-based feedstocks, 
benzene and propene, leading to a large consumption of fossil fuels [14]. Therefore, the 
production of bio-phenolic compounds from a greener source, such as biomass feed, re-
vealed an important method by which to alleviate the fossil fuel energy crises. The pres-
ence of inherent metals in OP, especially potassium (Table 1), promoted dehydration and 
demethoxylation reactions of lignin, which produced phenolic compounds [2,31]. A more 
detailed study was carried out on the phenolic compounds detected, as they were the 
main functional groups obtained. According to the different oxygen-containing substi-
tuted groups (hydroxyl (-OH) and methoxyl (-OCH3)) linked to the benzene ring, the phe-
nolics obtained were distributed into four types of components: (i) phenol type (P-type), 
which contains only one hydroxyl; (ii) catechol type (C-type), which contains two hydrox-
yls; (iii) guaiacol type (G-type), which contains one methoxyl and one hydroxyl; and iv) 
syringol type (S-type), which contains two methoxyl and one hydroxyl-substituted group 
[32,33]. From Table 2, OP fast pyrolysis at 500 °C revealed that G-type phenols were the 
main group. However, as observed in Figures 2–4, more value-added lignin derivates 
such as Guaiacol (Phenol 2-methoxy) and Syringol (Phenol 2,6-dimethoxy) were obtained af-
ter torrefaction, reaching yields of 3.8 and 5.4%, respectively. Guaiacol could be used as a 
model compound, i.e., a carbon-based starting material for solvents in pharmaceutical is-
sues, as pesticide, fragrance, and in cosmetics [34,35]. On the other hand, syringol could 
be used in the pharmaceutical sector, in platelet aggregation, and for anti-dermatophyte 
activity [36]. After phenolics, carboxylic acids were the next most representative chemical 
compounds accounting for 20.1% of the yield. In addition, high production of acetic acid 
was seen with fast pyrolysis of raw OP (15%). According to the literature, high yields of 
acetic acid were due to large amounts of hemicellulose in the raw material (Table 1), which 
underwent ring scission to produce the acid [31,37]. Yields of hydrocarbon compounds 
were remarkable: 11.6% of cyclic hydrocarbons and 2.8% of chain olefins. Moreover, sev-
eral nitrogen compounds were obtained in the form of amides, nitriles, and aromatic 
amines. This production is related to the nitrogen obtained from the elemental analysis 
(Table 1). It is predicted that nitrogenates were not altered by the catalytic effect of AAEMs 
[38,39]. 

To gain an insight into the effect torrefaction has prior to fast pyrolysis, its influence 
on carboxylic acid, ketones, and lignin derivates was studied and, in particular, phenolic 
compound yields. Acetic acid was selected as the representative compound for the carbox-
ylic acids group. With ketones, 2-propanone-1-hydroxy and ethanone, 1-(1-cyclohexen-1-yl) 
were selected as the most representative compounds. From the lignin-derived com-
pounds, the phenolic group, value-added compounds, such as Guaiacol, 4-methyl Guaiacol, 
Syringol, and 4-(1-propenyl) Syringol, were selected to be studied. 
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Figure 2. Bio-oil product composition for torrefaction at 280 °C and fast pyrolysis of OP. (A): yield 
of the sum of carboxylic acids, (B): yield of acetic acid, (C): yield of the sum of ketones, (D): yield of 
2-propanone-1-hydroxy, (E): yield of ethanone, 1-(1-cyclohexen-1-yl), (F): yield of the sum of phe-
nolics, (G): yield of Guaiacol, (H): yield of 4-methyl Guaiacol, (I): yield of Syringol, and (J): yield of 
4-(1-propenyl) Syringol. 
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As shown in Figure 2, most oxygenated compounds were produced during torrefac-
tion. This highlights the high potential for thermal degradation of OP at low temperatures. 
Production of carboxylic acids was promoted at low residence times (20–240 s). Thus, 
yield increased from 20.1% for OP-500 up to 33.3% for OP-280-20. Interestingly, its pro-
duction significantly decreased to 18.3% at the highest residence time, 360 s. This trend 
was attributed to the decomposition of hemicellulose into carboxylic acids at a low tem-
perature and short residence times [40]. As observed in Figure 2B, acetic acid was mainly 
produced (which could have come from the thermal decomposition of the acetyl groups 
linked to the xylose compounds in hemicellulose polysaccharides). Thus, at lower torre-
faction temperatures, hemicellulose decomposed, leading to an increase in the relative 
content of cellulose in the biomass. The removal of acetoxy- and methoxy- groups linked 
to the xylose units of hemicellulose reduced selectivity of carboxylic acids and increased 
that of ketones in the bio-oil. This phenomenon occurs because of the ketonization and 
rearrangement of carboxylic acids during pyrolysis of torrefied biomass [22]. As shown in 
Figure 2C, the formation of ketones was further enhanced at higher residence times and 
were mostly obtained during torrefaction. The formation of ketones comes from the 
deacetylation of O-acetyls and dehydration of hydroxyls in hemicellulose, as well as ring-
opening of glucans in cellulose and glycosyl in hemicellulose [22,29]. Direct pyrolysis of 
OP produced a 3.8% yield of ketones, which reached 15% with torrefaction. Among ke-
tonic compounds, mainly 2-propanone-1-hydroxy (Figure 2D) and ethanone, 1-(1-cyclohexen-
1-yl) (Figure 2E) were obtained. The former was largely produced with short torrefaction 
residence times, and the latter was produced with the longest. Regarding phenolic com-
pounds, the joint procedure yielded more phenols than with direct fast pyrolysis, and its 
content increased with longer torrefaction residence times. This was the lignin fraction in 
the biomass, which was enriched with increasing torrefaction severity [40]. Production of 
phenolic substances was mainly due to structural changes in lignin caused by ether bond 
cleavage and demethoxylation [29]. During torrefaction, the cracking of hemicellulose and 
cellulose led to a relative increase in lignin content. As shown in Table 2, phenolics were 
enhanced from a 33.8% yield in direct fast pyrolysis to 38.9 and 38.5% yields for OP-280-
240 and OP-280-360, respectively. These results revealed that thermal lignin decomposi-
tion in OP could be enhanced when high torrefaction residence times were used, despite 
the low temperature during torrefaction. Looking at this in more detail (see Table 2), G-
Type compounds were enhanced in OP-280-240, specifically 4-methyl Guaiacol (Figure 2H) 
with a selectivity of 6.1%, and were entirely obtained during torrefaction. For S-type com-
pounds, Syringol was further enhanced to a yield of 8.4% for OP-280-240. 

Table 2. Bio-oil phenolic compounds distribution of torrefied and fast pyrolysis for OP. 

Sample 
Peak Area (%) 

Total Phenols P-Type C-Type G-Type S-Type 
OP-500 33.8 1.1 2.6 16.3 10.2 
OP-280-20 30.9 0.7 1.1 17.5 10.0 
OP-280-120 36.3 2.7 3.3 17.0 9.8 
OP-280-240 38.9 0.0 3.7 18.4 11.6 
OP-280-360 38.5 2.9 3.9 16.3 10.6 
OP-300-20 23.6 0.8 0.3 14.8 6.9 
OP-300-120 26.6 0.5 1.7 13.0 9.6 
OP-300-240 39.4 0.9 3.6 19.3 12.4 
OP-300-360 40.8 1.2 3.4 21.5 12.0 
OP-320-20 30.7 0.5 0.5 17.9 11.2 
OP-320-120 35.3 1.8 2.4 17.1 10.8 
OP-320-240 47.4 0.6 3.5 19.7 14.9 
OP-320-360 42.0 0.0 4.2 22.6 12.0 
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The effect of torrefaction at 300 °C combined with fast pyrolysis at 500 °C on bio-oil 
product distribution is shown in Figure 3. 

 
Figure 3. Bio-oil product composition for torrefaction at 300 °C and fast pyrolysis of OP. (A): yield 
of the sum of carboxylic acids, (B): yield of acetic acid, (C): yield of the sum of ketones, (D): yield of 
2-propanone-1-hydroxy, (E): yield of ethanone, 1-(1-cyclohexen-1-yl), (F): yield of the sum of 
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phenolics, (G): yield of Guaiacol, (H): yield of 4-methyl Guaiacol, (I): yield of Syringol, and (J): yield 
of 4-(1-propenyl) Syringol. 

As can be seen, most of the compounds detected were produced during torrefaction. 
However, fast pyrolysis was still significant at low torrefaction residence time (20 s). Re-
garding carboxylic acids (Figure 3A), they were enhanced in comparison with direct fast 
pyrolysis with low residence times (20 and 120 s). The increase in acids was mainly due 
to the production of acetic acid, as shown in Figure 3B. In comparison with torrefaction at 
280 °C, a lower yield of carboxylic acids was obtained. Lower torrefaction temperatures 
decomposed hemicellulose, leading to an increase in the relative content of cellulose in 
OP. Thus, the removal of acetoxy- and methoxy- groups linked to the xylose units of hem-
icellulose decreased yields of carboxylic acids and increased that of ketones in the bio-oil 
[22]. This can be seen in Figure 3C, where a larger amount of ketones were produced than 
at 280 °C. Thus, the formation of ketones shot up from 3.8% (direct fast pyrolysis) to 21% 
for OP-300-20. This was similar to what occurred at 280 °C, the largest yield of ketones 
was obtained at a residence time of 20 s. From Figure 3D,E, 2-propanone-1-hydroxy and 
ethanone, 1-(1-cyclohexen-1-yl) were the main ketonic compounds produced. The former 
was produced in large amounts at short torrefaction residence times (OP-300-20), and the 
latter at higher times (OP-300-240). During torrefaction, the cracking of hemicellulose and 
mild cellulose led to a relative increase in lignin content. Thus, the formation of phenolic 
substances was promoted at higher torrefaction temperatures and residence times. As 
shown in Figure 3F and Table 2, phenolics were enhanced from a yield of 33.8% with 
direct fast pyrolysis to 39.4 and 40.8% in OP-300-240 and OP-300-360, respectively. These 
results demonstrated that lignin decomposition was enhanced at high torrefaction resi-
dence times. When analyzed in more detail, G-type were the main group of phenolics 
obtained at 300 °C, as shown in Table 2, followed by S-type phenolic compounds. Large 
amounts of G-type were detected in OP-300-360 (21.5%) and the S-type in OP-300-240 and 
OP-300-360 (12%). Among the G-type group, guaiacol was the main compound obtained 
in OP-300-20 (Figure 3G), whereas 4-methyl guaiacol was the main one in OP-300-360  
(Figure 3H). They were all produced during torrefaction with a yield of 7.3%. Regarding 
the S-type compounds, syringol and 4-(1-propenyl) syringol were the main products, with 
yields of 8.2% and 3.5%, respectively. 

The results for a torrefaction temperature of 320 °C followed by fast pyrolysis at 500 
°C are given in Figure 4. 

Again, most of the components detected were produced during torrefaction. Gener-
ally speaking, the same trends were observed, confirming the previous results. Thus, as 
shown in Figure 4A, a greater amount of carboxylic acid compounds were obtained at low 
torrefaction residence times, in comparison with previous research regarding yields at 
low temperatures. As commented above, if torrefaction conditions become more severe, 
the relative content of acids significantly decreases, as acetic acid is mainly derived from 
deacetylation of hemicellulose which decomposes during torrefaction [32,33]. Production 
of ketones (Figure 4C) was mainly promoted at high residence times. As seen in Figure 
4E, ethanone, 1-(1-cyclohexen-1-yl)) followed the same previous detailed trends, with the 
maximum yield occurring in OP-320-360. Phenolic compound production was largely ob-
tained in OP-320-240, reaching a yield of 47.4%, with enhanced yields of G-type (19.7%) 
and S-type compounds (14.9%). Among all phenolic compounds, Syringol (8.7% in OP-
320-240) was the main compound. Interestingly, the content of phenols gradually in-
creased with torrefaction temperature and residence time, which was logical. The phe-
nolic compounds were derived from the thermal degradation of lignin [31], the content of 
which is relatively high in the organic matrix of OP (24.1 wt.%, Table 1). Thus, severe 
torrefaction conditions would favor such decomposition. 
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Figure 4. Bio-oil product composition for torrefaction at 320 °C and fast pyrolysis of OP. (A): yield 
of the sum of carboxylic acids, (B): yield of acetic acid, (C): yield of the sum of ketones, (D): yield of 
2-propanone-1-hydroxy, (E): yield of ethanone, 1-(1-cyclohexen-1-yl), (F): yield of the sum of phe-
nolics, (G): yield of Guaiacol, (H): yield of 4-methyl Guaiacol, (I): yield of Syringol, and (J): yield of 
4-(1-propenyl) Syringol. 
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3.2. Almond Shell Torrefaction Combined with Fast Pyrolysis 
Figures 5–7 show bio-oil product composition for AS at different torrefaction resi-

dence times when torrefaction temperature was set at 280, 300, and 320 °C, respectively, 
followed by fast pyrolysis at 500 °C. Direct fast pyrolysis of AS at 500 °C (AS-500) is de-
noted with a torrefaction residence time of 0. The product distributions obtained were 
separated in the same functional groups as previously cited for OP. Tables S4–S6 give a 
detailed analysis of the chemical composition of bio-oil products obtained. 

Direct fast pyrolysis product distribution at 500 °C for AS was mainly based on oxy-
genated compounds, where phenols were the most representative group, with a yield of 
50.4%. The catalytic effect of AS mineral components (see Table 1) favored the formation 
of oxygenate compounds, such as phenolics [2]. As shown in Table 3, phenolic distribution 
for AS-500 was 18.3% for G-Type and 27.2% for S-Type compounds. C-type phenolic com-
pounds were not detected by AS degradation. However, carboxylic acids were largely 
obtained, with acetic acid (the only carboxylic compound detected) reaching a yield of 
28.2%. This was related to the chemical composition of AS [31,37], especially because of 
the amount of hemicellulose found in this biomass (28.1 wt.%). Ketones were obtained 
with a yield of 14.8%, with 2-Propanone, 1-hydroxy (5%) and 3,5-Dimethoxyacetophenone 
(8.45%) being the most represented. The other compounds detected had a low molecular 
weight, as their production was promoted by the catalytic action of AAEMs through retro-
aldol, retro Diels-Alder, or tautomerization reactions, especially when K and Ca were 
combined [41–43]. 

Table 3. Bio-oil phenolic compounds distribution of torrefied and fast pyrolysis for AS. 

Sample 
Peak Area (%) 

Total Phenols P-Type C-Type G-Type S-Type 
AS-500 50.4 3.7 0.0 18.3 27.2 
AS-280-20 38.1 0.0 0.0 22.2 15.9 
AS-280-120 36.3 0.0 0.0 12.9 22.8 
AS-280-240 53.3 0.0 0.0 24.4 19.8 
AS-280-360 44.9 0.0 0.0 19.8 23.3 
AS-300-20 35.7 0.0 0.0 17.2 18.5 
AS-300-120 40.6 0.0 0.0 20.7 18.1 
AS-300-240 39.6 0.0 0.0 18.5 16.9 
AS-300-360 37.4 0.0 0.0 16.9 18.3 
AS-320-20 34.2 0.0 0.0 11.4 19.7 
AS-320-120 32.1 2.0 0.0 14.9 13.7 
AS-320-240 33.1 3.4 0.0 10.6 17.4 
AS-320-360 35.3 3.2 0.0 17.4 12.5 

The impact of previous torrefaction combined with fast pyrolysis of AS was studied 
for the following products: carboxylic acids (Acetic acid as the most representative com-
pound), ketones (2-propanone-1-hydroxy and 3,5-Dimethoxyacetophenone were selected as 
the most representative compounds produced), and lignin derivates, Guaiacol, 4-methyl 
Guaiacol, Syringol, and 4-(1-propenyl) Syringol. 

At a torrefaction temperature of 280 °C (Figure 5), most of the products were mainly 
detected during fast pyrolysis. Only with high torrefaction residence times (generally 
more than 240 s) did torrefaction start to yield compounds. In contrast to OP, it seemed 
thermal degradation of AS was harder during torrefaction. Production of carboxylic acids 
was enhanced by torrefaction pretreatment at low residence times (Figure 5A), from a 
yield of 28.2% for AS-500 to 35.5% for AS-280-120. Yields then decreased at higher resi-
dence times. This was attributed to a significant reduction in the O-acetyl groups derived 
from hemicellulose [40], which were available. The main acid produced was acetic acid, as 
observed in Figure 5B. Ketone formation was also promoted, producing yields above 20%. 
As shown in Figure 5C,E, ketone production was enhanced during torrefaction at 
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residence times above 240 s, mainly due to the formation of 3,5-Dimethoxyacetophenone. 
This could be interesting, as it is a phytochemical with strong pharmacological actions, 
such as antimicrobial and antioxidant activities. Additionally, it should be stressed that 
this process could be potentially considered as a source of high-quality raw materials for 
food and the pharmaceutical industries [30]. Regarding phenolic compounds, production 
was enhanced with direct fast pyrolysis (Figure 5F). If there is previous torrefaction, high 
residence times are required to have yields of phenolic compounds similar to that seen in 
AS-500. In comparison to OP, AS has a lower proportion of lignin (Table 1), which hinders 
its degradation into phenolics. However, changes in the distribution of the phenols ob-
tained were observed. Thus, at high residence times, Guaiacol was not obtained (Figure 
5G), whereas the production of 4-methyl Guaiacol (Figure 5H) and 4-(1-propenyl) Syringol 
(Figure 5J) was strongly enhanced. 

At a torrefaction temperature of 300 °C (Figure 6), similar trends to those at 280 °C 
were observed. However, the higher temperature enabled products to be obtained during 
torrefaction at lower residence times. Regarding carboxylic acids, their production was 
again favored at low residence times (Figure 6A), with acetic acid being the most im-
portant. Ketone production (Figure 6C) gradually increased with torrefaction residence 
time, mainly due to the promotion of 3,5-Dimethoxyacetophenone (Figure 6E). A combina-
tion of ketones was observed depending on the stage; 2-propanone-1-hydroxy was only ob-
tained during fast pyrolysis, with a clear downward trend as torrefaction residence time 
increased. In addition, 3,5-Dimethoxyacetophenone formation increased with residence time 
and was obtained during torrefaction. Regarding phenols (Figure 6F), very similar trends 
as those seen at a temperature of 280 °C were observed; lower formation than with direct 
pyrolysis and a progressive contribution of torrefaction with residence time. Guaiacol (Fig-
ure 6G) was slightly promoted at low residence times, but again suppressed with higher 
times; while 4-methyl Guaiacol formation (Figure 6H) improved at high residence times. 
Production of 4-(1-propenyl) Syringol also improved with residence time, but the influence 
of torrefaction was much lower than at a temperature of 280 °C. 

Finally, the results for a torrefaction temperature of 320 °C followed by fast pyrolysis 
at 500 °C are given in Figure 7. In short, to avoid reiterating information unnecessarily, 
the general trends commented on above for every group were confirmed. Additionally, 
production of interesting compounds such as acid acetic, 2-propanone-1-hydroxy, 3,5-Di-
methoxyacetophenone, as well as phenolic types, followed the same trends already dis-
cussed. Curiously, as can be seen in Table 3, P-Type phenolics were first detected at this 
temperature at high residence times. 
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Figure 5. Bio-oil product composition for torrefaction at 280 °C and fast pyrolysis of AS. (A): yield 
of the sum of carboxylic acids, (B): yield of acetic acid, (C): yield of the sum of ketones, (D): yield of 
2-propanone-1-hydroxy, (E): yield of 3,5-Dimethoxyacetophenone, (F): yield of the sum of phenol-
ics, (G): yield of Guaiacol, (H): yield of 4-methyl Guaiacol, (I): yield of Syringol, and (J): yield of 4-
(1-propenyl) Syringol. 

Comentado [M30]: Please provide a clearer 
picture. 

Comentado [ÁAR31R30]: I has been provided 



Energies 2022, 15, x FOR PEER REVIEW 15 of 20 
 

 

3.3. General Trends for Combined Procedure: Torrefaction and Fast Pyrolysis 
The results detailed above showed the low thermal stability of OP, so it could be 

completely degraded during torrefaction. This did not occur with AS, where most of the 
compounds were formed during the second stage: fast pyrolysis. In that case, it could be 
observed that cellulose and lignin rates of OP were largely decomposed during the first 
stage: torrefaction. With latter biomass, torrefaction pretreatment enhanced production 
yields. It was known that increasing torrefaction temperature and residence time could 
mitigate the production of volatiles and increase yields at the pyrolysis stage [40]. These 
observed discrepancies could be related to its physicochemical and chemical inner com-
position (Table 1). Therefore, it was reported that the bio-oil yield from biomass pyrolysis 
was reduced after it underwent torrefaction. 

The compounds obtained could have been related to the organic matrix of biomass 
and the torrefaction conditions. During torrefaction, hemicellulose, which has poor ther-
mal stability, decomposed first, and its content suddenly decreased with torrefaction tem-
perature. Cellulose, which has a relatively stable structure, exhibited marginal decompo-
sition during high-temperature torrefaction [32]. However, the lignin structure was more 
stable and, as a result mainly degraded during the pyrolysis stage. Production of carbox-
ylic acids increased at low torrefaction residence times but fell sharply with high ones. 
The analysis suggests that O-acetyl and pentose units contained in hemicellulose are ther-
mally degraded into acetic acid at low torrefaction residence time experiments, so acetic 
acid contents significantly decrease in the pyrolysis of torrefied samples [10]. Ketones 
were clearly promoted in comparison to direct fast pyrolysis for both biomasses, and were 
further enhanced at a mild torrefaction temperature (300 °C). Regarding phenolic com-
pounds, production was closely related to the lignin content in the biomass. After torre-
faction pretreatment, most of the C-C bonds within and between the alkyl chains in the 
lignin become unstable and reactive, causing more fragmentation to release -H, -OH, -
CH3, and -COOH in the second stage [10]. It clearly increased with OP, with a higher lig-
nin content (24.1 wt.%) than in AS (13.4 wt.%). An increase in the torrefaction temperature 
intensifies the proportions of Guaiacol (Phenol 2-methoxy) and Syringol (Phenol 2,6-di-
methoxy). Furthermore, the presence of inherent metals (Table 1), especially potassium, 
promoted dehydration and demethoxylation reactions of lignin. This produced more phe-
nolic compounds. The presence of potassium was much higher with OP (1.46 wt.%) than 
with AS (0.87 wt.%). Consequently, maximum yields were obtained with OP at high tor-
refaction temperatures and residence times. This suggests that severe torrefaction opera-
tional conditions have a significant influence on lignin pyrolysis, and that the pyrolysis of 
torrefied samples results in an increase in phenolic compounds. Likewise, value-added 
phenolic compounds, such as guaiacol and syringol, were largely enhanced for this biomass 
and under these more severe torrefaction conditions. Overall, these observations are qual-
itatively in line with the obtained results of the Py-GC/MS in this work. 
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Figure 6. Bio-oil product composition for torrefaction at 300 °C and fast pyrolysis of AS. (A): yield 
of the sum of carboxylic acids, (B): yield of acetic acid, (C): yield of the sum of ketones, (D): yield of 
2-propanone-1-hydroxy, (E): yield of 3,5-Dimethoxyacetophenone, (F): yield of the sum of phenol-
ics, (G): yield of Guaiacol, (H): yield of 4-methyl Guaiacol, (I): yield of Syringol, and (J): yield of 4-
(1-propenyl) Syringol. 
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Figure 7. Bio-oil product composition for torrefaction at 320 °C and fast pyrolysis of AS. (A): yield 
of the sum of carboxylic acids, (B): yield of acetic acid, (C): yield of the sum of ketones, (D): yield of 
2-propanone-1-hydroxy, (E): yield of 3,5-Dimethoxyacetophenone, (F): yield of the sum of phenol-
ics, (G): yield of Guaiacol, (H): yield of 4-methyl Guaiacol, (I): yield of Syringol, and (J): yield of 4-
(1-propenyl) Syringol. 

4. Conclusions 
Both torrefaction temperature and residence time had a significant effect on yields of 

value-added compounds in the fast pyrolysis of bio-oil from two different agricultural 
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waste biomasses: olive pomace and almond shell. OP, being more thermally unstable, is 
largely decomposed during torrefaction. Maximum carboxylic acid production, mainly 
acetic acid, was obtained with OP-280-20 (33.3%) and AS-300-20 (39.7%). Regarding phe-
nolic compounds, higher production was seen with OP (higher lignin content than in AS) 
at high torrefaction temperatures and residence times (47.7% yield for OP-320-240). Future 
studies in biomass acid impregnation could maximize the production of platform chemi-
cals through this simple pyrolytic strategy. In conclusion, this research highlights a very 
simple and efficient pyrolytic procedure, which provides a thermal valorization of bio-
mass waste into value-added chemicals.  

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Table S1. Bio-oil product composition for torrefaction at 280 °C and fast 
pyrolysis of OP; Table S2. Bio-oil product composition for torrefaction at 300 °C and fast pyrolysis 
of OP; Table S3. Bio-oil product composition for torrefaction at 320 °C and fast pyrolysis of OP;  
Table S4. Bio-oil product composition for torrefaction at 280 °C and fast pyrolysis of AS; Table S5. 
Bio-oil product composition for torrefaction at 300 °C and fast pyrolysis of AS; Table S6. Bio-oil 
product composition for torrefaction at 320 °C and fast pyrolysis of AS. 
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