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A B S T R A C T   

Residual biomass is a valuable and growing by-product, but often underutilized. This research aims to investigate 
the possible strategies for the energetic valorisation of agri-food industry wastes: grape seed and chestnut shell. 
Pyrolysis thermal process was the selected for this work. Applied to biomass, pyrolysis is a promising method for 
the simultaneous production of biochar, bio-oil, and gas. Two different pyrolysis processes were conducted: 
conventional pyrolysis at 750 ◦C and flash pyrolysis at 750 ◦C and 850 ◦C. Flash pyrolysis yielded superior 
product properties compared to conventional pyrolysis. The gas obtained through flash pyrolysis presented a 
four-fold higher high heating value due to increased CH4 and H2 content. Bio-oil contains over 90% of polycyclic 
aromatic hydrocarbons, and calorific value reached up to 32 MJ kg− 1 for grape seed, which is 7% more than 
bioethanol HHV. Biochar can be used both as fuel or as activated carbon precursor due to its high carbon content 
(91%). Calorific value of chestnut shell biochar (32.7 MJ kg− 1), comparable to mineral coals, increased by 72% 
with respect to the value of this untreated raw material. This work approved the potential of flash pyrolysis as a 
method to process biomass wastes in a renewable energy scenario.   

1. Introduction 

The rapid urbanization driven by population growth and improved 
quality of life has given rise to profound environmental concerns. 
Notably, the extensive utilization of fossil fuels, particularly coal, has led 
to elevated levels of greenhouse gas emissions [1]. Therefore, there is an 
urgent need to explore sustainable and readily available alternatives for 
energy production. In this regard, renewable energies assume a crucial 
role in the process of decarbonization [2]. 

Among renewable energies, biomass is gaining increasing impor
tance. It is the most abundantly available renewable resource on earth 
and its estimated global production is around 2⋅1011 tons [3]. Agricul
tural biomass residues may represent a key raw material for European 
bioenergy. In general, the interest of biomass residues lies in its possi
bilities to open up the prospect for the generation of energy in a 

sustainable way [4]. In fact, biomass electricity generation is expected to 
rise from 2% in 2015 to 5% in 2060 [5]. 

There are several approaches for the valorisation of biomass resi
dues. A possible categorization difference between biochemical and 
thermochemical processes. Thermochemical processes involve frag
mentation of biomass in a short period of time using heat [6] and 
encompass different techniques such as combustion, gasification and 
pyrolysis. Pyrolysis, in particular, is carried out in the absence of oxygen 
leading to the thermochemical decomposition of the organic material 
[7]. The distributions of the three biomass pyrolysis products (solid, 
liquid and gas fractions) are mainly affected by the biomass heating rate, 
the reactor types, gas and residence time in the reactor [8]. There are 
three types of pyrolytic processes: conventional, fast and flash pyrolysis 
[9]. 

Flash pyrolysis involves high heating rate, shorter residence time, 
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high heat transfer rate and speedy cooling of the gas. Although clearly 
influenced by the heat transfer limitation [10], in flash pyrolysis the 
heating rate could reach up to 2500 ◦C⋅s− 1, much higher than fast and 
conventional pyrolysis [11] allowing good thermochemical conversions 
to bio-fuels [12] Residence time in fast and flash pyrolysis is usually 
under 10 min, while conventional takes between 10 and 60 min [13]. 
Peak temperature varies from 500 ◦C to 900 ◦C [11]. Researchers are 
particularly interested in the flash pyrolysis process. Several current 
studies have validated the investigation and modelling of the pyrolysis 
kinetics of industrial biomass wastes [14]. Namely: coconut fibre [15], 
bamboo residues [16], agri-food waste [17] or forestry wood waste [18]. 

Particularly, this work focused on two different abundant industrial 
residues in Spain: grape seed (GS) and chestnut shell (CH). Wineries are 
an important industrial sector in the EU agri-food industry, accounting 
for 60% of worldwide production with 156 million hectolitres of wine 
per year. As a byproduct of this production process, around 10.5 to 13.1 
million tons of grape pomace are produced [19]. This residue contains a 
mixture of grape seed, skin, stalks, and substantial quantities of phenolic 
compounds. As other species, due to their high lignin content, grape 
seeds do not have suitable properties for feeding livestock [20]. Seeds 
are often regarded as a feedstock for energy production due to its high 
energy content, both for biodiesel production [21] and for valorisation 
through pyrolysis processes [22]. Jimenez-Cordero et al. [23] studied 
the effect of flash and conventional pyrolysis of grape seed in the range 
of 300–1000 ◦C. Chars obtained from the flash pyrolysis of this biomass 
exhibited a high specific surface area, making them potential candidates 
for the preparation of granular carbons molecular sieve or raw materials 
for activated carbons [23]. 

Additionally, chestnut shell is also a residue from the agri-food in
dustry. The demand for chestnuts has grown in recent years due to its 
use in the production of gluten-free products. During the peeling pro
cess, a significant number of residues, comprising approximately 
10–20% of the chestnut’s weight, is generated [24]. Current global 
chestnut production is estimated to be 2 million metric tons, primarily 
concentrated in southern European countries and Asia [25]). 

Fruit shells have been also an interesting source for obtaining bio
fuels through different valorisation processes. Several examples can be 
found in the current literature. Rasool et al. [26] evaluated the potential 
of almond shells for the production of bioenergy through pyrolysis. 
Rojas et al. [27] assessed the potential of peanut shells as source of 
carbonaceous materials. Previous studies have evaluated the potential of 
chestnut shell as bioenergy source adsorbent precursor [25–27]. 

Therefore, under various experimental settings, this research 
assessed for the first time and in a novelty work the energy valorisation 
of both grape seed and chestnut shell wastes by conventional and flash 
pyrolysis. In order to evaluate their potential use as fuel or material 
precursors, the bio products obtained (char, oil, and gas) were analysed 
and characterized. 

2. Material and methods 

2.1. Raw material sampling, pretreatment and size reduction 

Chestnut shell (CH) waste was supplied by an industry located in the 
north of Spain (El Bierzo-León). CH is a residue generated from the 
peeling process in the preparation of candied products (chestnut cream, 
marronglacé, etc.). Due to the heterogeneity of this residue, it under
went a milling process (<3 mm) in order to obtain a homogeneous 
mixture. Grape seeds (GS) consists of a representative sample of defatted 
grape seed waste from the wine industry after extraction of the oil by 
cold pressing. Since GS were provided in powder form, no additional 
processing was required. In addition, the whole sample was divided by 
the quartering method with a parallel divisor and equidistant partitions 
walls to obtain representative sub-samples which quantities were able to 
manage under laboratory conditions [28]. 

2.2. Characterization of the samples 

2.2.1. Chemical characterization 
Determination of carbon (C), hydrogen (H) and nitrogen (N) content 

was conducted using a LECO CHN-2000 equipment instrument (LECO 
Corporation, Groveport, Ohio, United States). Sulfur (S) content was 
quantified on a LECO S-144-DR instrument (LECO Corporation, Grove
port, Ohio, United States). The oxygen (O) content was calculated by 
difference. Moisture and ash content were determined on a TGA 701 
LECO (LECO Corporation, Groveport, Ohio, United States). Calorific 
values of residues were determined in an adiabatic calorimeter IKA 
C4000 (IKA Werke GmbH & Co, Staufen, Germany). Biochar and bio-oil 
calorific values were calculated using the data related to the elemental 
analysis. Thus, Doulong-Petit [29], Eq. (1), and Beckman [30], Eq. (2) 
equations were employed to estimate HHV of biochars and bio-oils, 
respectively. HHV of gases were estimated by performing material and 
energy balances.  

HHV (kcal⋅kg− 1) = 8140 C + 34400 (H–O/8) + 2220 S                 Eq. (1)  

HHV (MJ⋅kg− 1) = 0.352 C + 0.994 H + 0.105 (S - O)                   Eq. (2)  

2.2.2. Thermogravimetric analysis and kinetics 
Thermogravimetric analysis was carried out using a TGA-Q5000IR 

thermobalance (TA Instruments, New Castle, DE, EE. UU.). The instru
ment was earlier calibrated using a known standard to guarantee the 
correct functioning of the thermobalance. A small representative sample 
(20–50 mg) was placed in a platinum crucible and heated under a N2 
atmosphere (25 ml min− 1). Different heating rates were applied (5, 10, 
15, 25 and 50 ◦C⋅min− 1) until a final temperature of 900 ◦C was ach
ieved. Through this procedure, samples thermogravimetric profiles (TG) 
were obtained representing the weight loss with respect to temperature. 
To identify the different stages, it is advisable to derive these TG profiles 
(DTG profiles). 

Regarding kinetic parameters, the isoconversional methods Fried
man, Flynn-Wall-Ozawa (FWO) and Kissinger-Akahira-Sunose (KAS) 
were compared to determined different kinetic parameters what hap
pens throughout the pyrolysis process. The complete procedure for 
obtaining these parameters was detailed in Ref. [31]. Following them, 
apparent activation energy was determined for conversion degree (α) 
values between 0.1 and 0.9. The pre-exponential factor, A, (in terms of 
the value of the activation energy) was estimated by the Kissinger’s 
equation [32]. 

2.3. Pyrolysis process 

The methodology was based on previous works of the group related 
to biomass pyrolysis [33–35]. The oven used is an original design, as 
well as the set-up, which is detailed in those previous studies. This set-up 
consisted of a horizontal quartz reactor connected to a N2 flow 
controller, a pair of cooling condensers for the collection of the con
densable fraction, and 5L Tedlar sample bags (Supelco Analytical, USA) 
for collection of the gaseous fraction. The boundaries of the reactor in 
contact with the oven were filled with ceramic refractory fibers to 
reduce heat losses. In addition, a heating tape was used to cover the rear 
of the reactor (gas outlet) and prevent condensation of liquids in there. 
This ensured that all bio-oils were condensed in the heat exchanger and 
that there was no residue left at the end of the reactor or in the pipes 
connected to the condenser. 

To carry out the experiment, 5–8 g of sample were placed in an 
alumina crucible (Sigma-Aldrich, USA). Two different pyrolysis pro
cesses were carried out: conventional pyrolysis (PC) and flash pyrolysis 
(PF). PC was performed under a N2 flow of 100 ml min− 1, a heating rate 
of 25 ◦C⋅min− 1, and a final temperature of 750 ◦C for 1h. Gas and liquid 
fraction were collected between 200 ◦C and 600 ◦C (according to TG 
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results). In the PF the sample was introduced instantaneously when the 
oven reached the target temperature (750 ◦C and 850 ◦C) and main
tained for 10min with a flow of N2 of 100 ml min− 1. The extraction of the 
bio-oils from the condenser required to use dichloromethane (CH₂Cl2) 
solvent. The solution of CH₂Cl2 and the bio-oils fraction was passed 
through a column filled with sodium sulphate anhydrous (Na2SO4) and 
glass wool. Subsequently, the solutions were stored in glass containers, 
sealed and refrigerated at a temperature of − 3 ◦C (optimal conditions for 
the subsequent chromatographic analysis). 

About the yields, apart from a homogeneous collection and recol
lection of the samples, a deeper understanding of the secondary re
actions is necessary to control the quality of bio-oil or the yield of target 
products in fast pyrolysis [36]. The yields were calculated according Eq. 
(3): 

η (%)=
W1

W0
⋅100 Eq. (3)  

where η is the yield, W1 is the bio-char or bio-oil mass and W0 refers to 
CH or GS mass. The gas yield is the result of subtracting from 100 the 
biochar and bio-oil yields. 

2.4. SEM-EDX 

Biomass and biochar obtained from conventional and flash pyrolysis 
were examined with FEI Quanta 650 FEG scanning electron microscope 
(SEM) (FEI Company, United States) equipped with an Energy Disper
sive X-ray Spectrometer. Before analysis, it was necessary to metallize 
the samples with Iridium to ensure the conductivity of the material and 
obtain an optimal resolution of the images. This procedure was done in 
an Emitech K575X metallizer. 

2.5. Chromatographic analysis 

Chromatographic analysis of the gas fraction was performed on an 
Agilent 7890A gas chromatograph (Agilent Technologies, Wilmington, 
DE, USA). The system had five valves and three detectors, two TCD 
(thermal conductivity detector) and one FID (flame ionization detector). 
The first TCD was configured with helium as a mobile phase for the 
analysis of permanent gases (CO₂, CO, O2, N2, H₂S, among others). The 
second TCD was configured with N2 as the mobile phase for hydrogen 
analysis. The FID detector was configured for the analysis of hydrocar
bons of one to five carbons, grouping those greater than six in a single 
peak. 

An Agilent 7890A gas chromatograph coupled to an Agilent 5975C 
mass spectrometer was used for the analysis of the bio-oil fraction 
(Agilent Technologies, Wilmington, DE, USA). An HP-5MS capillary 
column (Agilent Technologies, Wilmington, DE, USA) (5% phenyl- 
methylpolysiloxane) with 30 m × 0.25 mm ID x 0.25 μm dimensions, 
was employed to separate the compounds. Above this test, the water 
present in the bio-oils fraction was separated from the organic fraction. 
Liquid sample was injected into the chromatograph when the column 

reached 50 ◦C. The sample was maintained until it reached 300 ◦C (with 
a heating rate of 4 ◦C⋅min− 1) to ensure proper volatilization of the 
sample and separation of its components in order to be accurately 
detected by an FID detector. The mass spectrometer was operated in full 
scan mode (50–550 uma, 3.21 scans per second, 70 eV ionization 
voltage). To identify the compounds detected in the spectrometer, the 
NIST08 and Wiley 7 N libraries were used. 

3. Results and discussion 

3.1. Raw materials chemical characterization 

Grape seed, chestnut shell and other raw materials fuel properties 
were collected in Table 1. The samples showed significant differences in 
ash and nitrogen (N) content. Grape seed (GS), with similar results as 
presented by Ref. [37], displayed higher ash content (4.1%) compared 
to chestnut shell (CH) (0.8%). Dhyani and Bhaskar [38] showed that ash 
content ranged from less than 2% in softwoods to as much as 15% in 
herbaceous biomass and agricultural residues. Similarly, Vassilev et al. 
[39] estimated an average ash content of 7.2% based on a review of 532 
biomass varieties Comparing these findings to the present study, it is 
evident that the ash content in GS aligns with other lignocellulosic 
biomass residues. However, the 0.84% ash content obtained in chestnut 
shell indicated a minimal presence of mineral matter, which could be 
beneficial for certain applications. About nitrogen (N), GS had higher 
values than CH, 2.5% vs. 0.4%. 

Regarding the other measured parameters (moisture, C, H, S, O, and 
heating value), no major differences were observed between GS and CH. 
Both had a high C content (50%), which may be indicative of good en
ergy conversion [11]. Compared with similar lignocellulosic residues 
(Table 1), differences were also reduced for these parameters (C, H, S, O 
and heating value). It can be seen that carbon content ranges between 

Table 1 
Comparison of biomass chemical characterization.  

Biomass Asha (%) Ca (%) Ha (%) Oa (%) Na (%) Sa (%) HHV (MJ⋅kg− 1) Reference 

GS 4.1 50.9 5.4 36.9 2.5 0.2 20.5 This study 
CH 0.8 50.4 5.3 43.1 0.4 0.0 19.0 This study 
Pomegranate peel 3.1 46.5 4.9 45.0 0.4 0.1 17.1 [34] 
Grape marc 3.5 43.2 5.9 45.5 0.7 1.2 20.1 [40] 
Mango husk 0.58 47.9 6.0 46.0 0.09 0 19.02 [48] 
Mango seed 1.10 40.6 3.99 54.1 1.2 0.1 13.42 [48] 
Orange seed 3.09 63.31 9.33 24.63 2.54 0.19 n.d. [51] 
Orange husk 1.59 43.32 6.23 49.79 0.47 0.19 n.d. [51] 

*Oxygen content calculated by difference. 
n.d. Not determined. 

a Dry basis. 

Table 2 
Biomass compositional analysis (wt.% dry basis).  

Biomass Hemicellulose 
(%) 

Cellulose 
(%) 

Lignin 
(%) 

Extractives 
(%) 

Reference 

GS 18.71 15.68 49.23 13.83 [41] 
CH 22.64 31.61 42.69 1.86 [41] 
Sweet 

cherry 
seed 

37.96 23.10 32.94 4.69 [42] 

Softwood 25–30 35–40 27–30 n.d. [43] 
Hardwood 20–25 45–50 20–25 n.d. [43] 
Wheat 

straw 
20–25 33–40 15–20 n.d. [43] 

Orange 
peel 
waste 

6.03 43.75 5.25 23.48 [43] 

Peach 
stone 

14 46 33 7 [47] 

n.d. Not determined. 
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40.6 and 63.3% (average of 49.8%); hydrogen varies from 3.99 to 9.33% 
(average of 5.9%); oxygen goes from 24.6 to 49.8 (with an average of 
43%); nitrogen ranges from 0.09 to 2.5% (average of 1%); finally, sulfur 
varies from 0,0 in CH to 1.2% in grape marc [40]. GS and CH sulfur 
content was very small (<0.2%), which is advantageous as it helps 
prevent the formation of sulfur oxides. 

About compositional analysis, Table 2, literature [41] referenced 
grape seeds composition in 18.71% hemicellulose, 15.68% cellulose, 
49.23% lignin and 13.83% extractives. Chestnut shell: 22.64% hemi
cellulose, 31.61% cellulose, 42.69% lignin and 1.86% extractives. Tak
ing special care with the methodology employed for the determination 
of these parameters (as warned by Ref. [42], specially related to the 
lignin content), a series of comparison can be made with other energy 
sources. The lignin content of both samples stands out from the average 
content shown by lignin in softwood species (27–30%), hardwood spe
cies (20–25%) [43]. This higher content leads, as will be discussed in the 
next paragraph, to higher HHV results, since the energy content of lignin 
is 30% higher than that of cellulose or of hemicellulose [44]. CH had a so 
similar hemicellulose and cellulose content to wheat straw. This CH 
overall sugar content (54.25%) was also higher than orange fruit 
peel-waste (49.78%) [45]. When compared to others seeds, grape seeds 
had higher lignin values than cherry seeds [46] or peach stone [47], but 
lower content of sugars. 

Respecting calorific values, HHV ranged between 17 and 20 MJ kg− 1, 
which were similar to those obtained with other lignocellulosic biomass 
residues [48]. 

3.2. Thermogravimetric analysis and kinetics 

Thermogravimetry (TG) and derivative thermogravimetry (DTG) 
profiles of CH and GS were shown in Fig. 1. Two stages or peaks of 
weight loss were identified according to the decomposition of the 
different components. The first one (~100 ◦C) was associated with the 
evaporation of the water presented in the sample, whereas the second 
one, the most representative, was linked to the release of hemicellulose, 
cellulose and lignin (200–450 ◦C) [49]. Most of the sample was 

decomposed at this second peak. Due to the polymeric composition of 
lignocellulosic materials, the interaction is complex coexisting at least 
two mechanisms during the pyrolysis process. Thus, CH and GS profiles 
denoted an overlapping. This could be explained by comparing this 
work results with another undertaken for similar biomass sources, sug
arcane bagasse [50] or mango seeds [48] and carried out under similar 
pyrolysis. All these authors suggested that, as it happened with CH and 
GS, the first stage of the degradation can be attributed to the decom
position of hemicellulose (200–300 ◦C) and the second peak is due to the 
cellulose release (350–370 ◦C). In the same way, the thermal episode 
corresponding to the degradation of lignin would be completely over
lapped by those two peaks [51]. Hence, and known the similar lignin 
content of the samples, the slightly higher DTG values for chestnut 
compared to grapes may be due to its higher sugar (hemicellulose and 
cellulose) content. 

The heating rate also influenced, although not greatly, the tests. It 
was observed how the lowest ramp (5 ◦C⋅min− 1) was under which the 
mass release for the second peak occurred at a lower temperature and 
with the lower values. Note how for both biomass sources, the highest 
DTG point was achieved under the 50 ◦C⋅min− 1 heating rate. CH DTGmax 
values were slightly higher than their homonymous for GS. CH 
maximum for this parameter was 24.36%⋅min− 1 vs. the 20.97%⋅min− 1 

reached by GS. The final solid residue presented in TG profiles (% by 
weight) was very similar. In the case of GS, they varied between 33%- 
34% and 24%–27% for CH. Moreover, the results obtained were in line 
with thermogravimetric analyses for similar biomass sources [52]. 

In general, both biomass wastes studied by thermogravimetry 
showed very similar results. The stability of the final weight loss allows 
us to decide the working temperatures for both types of pyrolysis 750 ◦C 
and 850 ◦C, as well as the optimum moment of gas collection in the PC 
between 200 and 600 ◦C. 

With an optimal fitting (R2 values close to 1 for almost all cases), 
Fig. 2, kinetic results (Table 3) denoted higher Ea and A results for GS 
regardless of the model employed. Ea values rated 212.35–217.19 kJ 
mol− 1 for CH and 336.83–349.13 kJ mol− 1 for GS. Considering con
version degree, for GS, there was a trend characterized by an increase in 

Fig. 1. Grape seeds (GS) and Chestnut shell (CH) DTG and TG pyrolysis profiles for five different heating rates.  
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activation energy as the degree of conversion also increased. The min
imum Ea values were obtained for this biomass sample under 0.1 con
version degree. However, this behaviour was not observed for CH. 0.7 
conversion degree was the one linked to CH Ea minimum values. Ea 
variations were attributed to changes in the decomposition mechanism 
given the proportions of reactive compounds as well as the occurrence of 
possible secondary reactions such as cooking/charring [53]. Values here 
obtained for CH were in line with other biomass waste like mustard stalk 
[54] while GS kinetic results were closer to the different parts of similar 
seeds already studied [55]. 

3.3. Pyrolysis process 

3.3.1. Yield 
A notable variation was observed between the results of conven

tional and flash pyrolysis, Fig. 3. The secondary reactions together with 
the differences in the nature composition of the samples may be the 
cause of these variations. In the case of GS conventional pyrolysis, the 
principal fraction was bio-oil (40.33%), although similar to biochar 
(37.59%) and much higher than the gaseous fraction, which represented 
only 22.09%. However, in the experiments with flash pyrolysis, the 

Fig. 2. Linear plot for Friedman, FWO and KAS for CH (left column) and GS (right column).  
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gaseous fraction was the majority, with 37.87% at 750 ◦C and 35.51% at 
850 ◦C. It could also be seen that PF decreased the formation of bio-oil in 
favour of gases, going from 40.33% of bio-oil in PC, to 28.92% and 
32.56% at 750 ◦C and 850 ◦C respectively. These results were in 
concordance with the previously obtained, since flash processes at high 
temperature seem to be related to higher gas formation, as could also be 
seen in previous experiments with pampa grass and pomegranate peel 
[33,34]. Slower heating rate in conventional pyrolysis minimized the 
thermal cracking reactions taking place within the biomass, resulting in 
higher yields of char. On the other hand, higher heating rates in flash 
pyrolysis promoted the thermal fragmentation and cracking reactions 
taking place which hinders the formation of chars, and thus increasing 
the liquid and gas yields [56]. Although it is common to find in the 
literature higher bio-oil yields linked to flash pyrolysis, it is important to 
note that these results are highly dependent on the type of biomass [11]. 
In addition, Tsekos C. et al. [57] working with woody biomass, found 
that liquid production peaks at round 600 ◦C, and decrease from 600 ◦C 
to 800 ◦C. 

Results were consistent with those obtained in DTG solid residue for 

grape seed, where a char yield of over 34% was obtained. These GS char 
values were higher than expected when compared to another biomass 
pyrolysis. Working in the 750–850 ◦C range, char yields usually vary 
around 20–30% [58], while in this work they reached 37.59% in con
ventional pyrolysis. Alper et al. [59], obtained a 29.82% yield at 800 ◦C 
in the pyrolysis of grape seed. 

Regarding the chestnut shell waste, the yield fraction quantitative 
differences between conventional pyrolysis and flash pyrolysis were 
smaller than in grape seeds case. For conventional pyrolysis, the gas 
fraction represented 38.08%, while in flash pyrolysis it increased to 
43.91% and 44.24% at 750 ◦C and 850 ◦C respectively. The change 
observed in the amount of bio-oil was similar. It varied from 32.76% in 
the conventional pyrolysis, to 29% in the flash pyrolysis. About the char 
yield, it decreased from 29.16% in PC to values around 27% in both PF; 
being the results consistent with those obtained for CH by thermog
ravimetry (up to 27%). In a previous study of chestnut shell pyrolysis 
carried out by Ruiz et al. [60], a slightly higher average yield was ob
tained for char (34.14%). However, this waste had a higher composition 
of ashes than CH of this work (2.11% vs. 0.8%), which contributed to a 

Table 3 
Kinetic parameters.  

Sample α FRIEDMAN FWO KAS 

Ea (KJ mol− 1) R2 A (s− 1) Ea (KJ mol− 1) R2 A (s− 1) Ea (KJmol− 1) R2 A (s− 1) 

CH 0.1 219.00 0.9562 6.9E+22 212.19 0.9578 1.33E+22 214.78 0.9545 2.5E+22 
0.2 216.55 0.9944 1.3E+21 212.97 0.9947 5.56E+20 215.06 0.9942 1.2E+21 
0.3 217.30 0.9954 1.6E+20 211.00 0.9956 4.10E+19 212.64 0.9952 5.9E+19 
0.4 241.15 0.9981 3.9E+21 233.87 0.9982 8.40E+20 236.27 0.9980 1.4E+21 
0.5 235.42 0.9929 2.3E+20 228.56 0.9932 6.53E+19 230.39 0.9926 9.5E+19 
0.6 245.13 0.9902 5.3E+20 237.91 0.9906 1.26E+20 239.98 0.9898 1.9E+20 
0.7 140.88 0.9938 1.4E+11 139.05 0.9943 9.98E+10 135.48 0.9932 5.0E+10 
0.8 185.09 0.9917 3.7E+13 181.54 0.9922 1.97E+13 179.22 0.9911 1.3E+13 
0.9 254.20 0.9689 8.5E+15 248.20 0.9706 3.47E+15 247.30 0.9671 3.0E+15 
a 217.19  8.4Eþ21 211.70  1.7Eþ21 212.35  3.1Eþ21 

GS 0.1 154.37 0.9963 9.8E+15 150.74 0.9965 4.0E+15 150.16 0.9961 3.5E+15 
0.2 228.30 0.9827 1.3E+22 221.32 0.9833 2.7E+21 223.77 0.9819 1.1E+22 
0.3 302.16 0.9900 1.0E+28 291.69 0.9903 1.1E+27 297.45 0.9896 3.7E+27 
0.4 298.70 0.9903 4.1E+26 288.60 0.9906 5.0E+25 293.78 0.9899 1.5E+26 
0.5 293.82 0.9960 1.8E+25 284.11 0.9962 3.1E+24 288.75 0.9959 8.0E+24 
0.6 313.50 0.9905 2.2E+26 302.96 0.9908 2.9E+25 308.30 0.9902 8.1E+25 
0.7 566.37 0.9826 1.7E+45 543.60 0.9829 2.6E+43 560.88 0.9822 6.2E+44 
0.8 482.73 0.9837 3.6E+35 464.51 0.9841 1.6E+34 476.79 0.9833 1.3E+35 
0.9 502.21 0.9902 2.0E+32 483.83 0.9904 1.3E+31 495.42 0.9899 7.2E+31 
a 349.13  1.9Eþ44 336.82  2.8Eþ42 343.92  6.8Eþ43  

a mean values. 

Fig. 3. Yield of gas, bio-oil and biochar fractions in the different pyrolytic processes.  
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higher char yield, since the ashes were concentrated in the solid fraction 
of the pyrolysis process (char ash content: 4.78% in Ruiz et al. [60], vs. 
2.39% in this work). 

3.3.2. Gas fraction 
Chromatographic analysis of the gases (Fig. 4) showed a clear dif

ference between the two types of pyrolysis (PC and PF). The main gases 
were CO₂, CO, CH₄ and H₂. According to Kan et al. [61], CO₂ and CO 
were mainly produced from the decomposition and reforming of 
carbonyl (C––O) and carboxyl (COO) groups. Light hydrocarbons such 
as CH₄ came from the decomposition of weakly bonded methoxyl 
(-O-CH3) and methylene (-CH₂-) groups, as well as secondary decom
position of oxygenated compounds. H₂ can be obtained as a result of the 
decomposition and reforming of C––C and C–H aromatic groups at high 
temperatures [61]. 

In PC, CO₂ production was much higher, exceeding 60% in both 
materials, while in flash pyrolysis it was reduced to less than 25% in all 
cases. CO was also influenced by the type of pyrolysis, although to a 
lesser extent, going from 22% (in PC) to 32% (in PF) with the grape seed 
waste, and from 31% (in PC) to 38% (in PF) in the case of chestnut shell 
waste. This was relevant, since a similar effect has been detected in gases 
with biofuel potential (CH₄ and H₂) [62]. In the case of CH₄, the amount 
produced in the flash pyrolysis tripled with respect to the conventional 
pyrolysis, going from 6.83% to 17.17% and 18.46% at 750 ◦C and 850 ◦C 
respectively for GS. Chestnut shell gas changed from 4.79% to 14.2% 
and 14.6%. The case of H₂ was even more significant, since 0.12% H₂ 
was detected in grape seed in conventional pyrolysis, while it reached 
14.43% in PF750 and 18.65% in PF850. Likewise, the conventional 
pyrolysis gas from CH waste does not contain H2 but reached 11.77% in 
PF750 and 20.13% in PF850. Given the growing interest in both gases 
(CH4 and H2) for their potential use as biofuels, this was highly relevant. 

Comparing these results with those obtained by Refs. [33,34], it can 
be seen that both biomasses had a very similar behaviour in general 
terms. CO₂ and CO are the most abundant gases, while CH₄ and H₂ 
content increased notably in the flash processes. However, some dif
ferences were observed in the amounts of CH₄ and H₂ obtained. For 

pampa grass, the maximum percentage of methane was around 8%, and 
12% for pomegranate peel. In our case methane reached 18.5% and 
14.6% for grape seed and chestnut shell. For H₂ [33], obtained 16%, 
while [34] reached 19%. In our case, we obtained 18.65% with GS and 
20.1% with the CH. 

Gas HHV results obtained from grape seed pyrolysis were 4.33 MJ 
kg− 1, 15.35 MJ⋅kg− 1and 16.64 MJ kg− 1 (for PC at 750◦, PF at 750◦ and 
PF at 850 ◦C respectively). With chestnut shell HHV resulted slightly 
lower than GS: 3.96 MJ kg− 1, 12.92 MJ kg− 1 and 14.74 MJ kg− 1 (for PC 

Fig. 4. Composition of the gas fraction for the different samples and pyrolysis processes.  

Table 4 
Bio-oil and Bio-char analysis.  

Bio-oil 

Sample Asha 

(%) 
Ca 

(%) 
Ha 

(%) 
Na 

(%) 
Sa 

(%) 
Oa (%) 
* 

HHV 
(MJ⋅kg− 1) 

GS- 
PC750 

n.d 64.36 7.31 5.69 n.d. 22.64 27.54 

GS- 
PF750 

n.d 74.28 5.95 6.57 n.d. 13.21 30.67 

GS- 
PF850 

n.d 78.64 5.57 4.78 n.d. 11.01 32.06 

CH- 
PC750 

n.d 53.31 6.19 1.34 n.d. 39.17 20.80 

CH- 
PF750 

n.d 67.94 6.19 4.47 n.d. 21.40 27.83 

CH- 
PF850 

n.d 77.03 5.90 2.11 n.d. 14.96 31.41  

Bio-Char 

GS-PC750 8.72 80.14 1.31 1.99 0.05 7.79 27.78 
GS-PF750 10.23 77.60 1.60 1.91 0.07 8.59 27.19 
GS-PF850 9.70 77.45 1.32 1.86 0.08 9.59 26.56 
CH-PC750 2.39 91.38 1.22 1.07 0.01 3.93 32.17 
CH-PF750 3.59 90.32 1.77 0.97 0.00 3.35 32.71 
CH-PF850 2.83 91.54 1.20 1.06 0.04 3.33 32.31 

n.d. Not determined. 
*Oxygen content calculated by difference. 

a Dry basis. 
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at 750◦, PF at 750◦ and PF at 850 ◦C respectively). It was observed that 
in both cases the HHV almost quadrupled in the flash pyrolysis processes 
compared to conventional pyrolysis, going from 4.3 MJ kg− 1 to 16.6 
MJ⋅kg− 1in the case of grape seed, and from 3.96 MJ kg− 1 to 14.7 MJ 
kg− 1 with chestnut shell. This large variation was mainly due to the 
increase in the amount of H₂ and CH₄ produced in flash pyrolysis, as 
already seen in Ref. [63]. Compared to these studies, the highest HHV of 
gases obtained with pampa grass biomass was 17.2 MJ kg− 1 [33] and 
11.5 MJ kg− 1 with pomegranate peel [34]. 

Flash pyrolysis gases had a higher calorific value because their 
composition had a lower CO2 content and a higher content of fuel gases 
(H2, CH4, C2H4). Also, gas obtained through pyrolysis flash at 850 ◦C 
showed higher calorific value than at 750 ◦C. According to Ighalo J. et al. 
[11], the increase in H2 formation can be attributed to the rearrange
ment and condensation of aromatic rings and dehydrogenation of char 
as temperature increases. 

3.3.3. Bio-oil 
In order to determine the bio-oils elemental composition, Table 4 

was elaborated. The pyrolysis type clearly influences the nature. For 
both materials, a notable increase in carbon content was observed in the 
flash pyrolysis with respect to the conventional pyrolysis, similar to 
Pérez et al. [33] with pampa grass biomass. In our study, at PF850, the 
amount of C achieved were similar for both biomass: up to 77.03% and 
78.64% of C content for chestnut shell and grape seed bio-oils, respec
tively. Employing similar experimental conditions [33], achieved up to 
86,7% with pampa grass biomass. Compared with other studies [38], 
review threw an average of 47% of carbon content for twenty-seven 
different bio-oil samples (carried out in different conditions). Bio-oil 
obtained from chestnut shell and grape seed was comparable to diesel 
in terms of carbon content (81.4%) [64]. The maximum nitrogen levels 
were obtained in flash pyrolysis at 750 ◦C for both residues. Also [33], 
obtained higher N concentrations in PF at 750 ◦C (5.32% of N), although 
with a slightly higher percentage in our case (6.57%). These N con
centrations were higher when compared with other biomass [38] which 
could limit its potential as a biofuel due to the possible release of ni
trogen oxides. However, there are technologies available that can 
mitigate these problems, such as fuel optimization and pre-combustion 
control or the use of exhaust gas recirculation (EGR) technologies, 

among others [65]. 
Regarding the calorific value of the bio-oils, as happened for gas 

fractions, there was an increment in the HHV as the pyrolysis temper
ature increased. This raise was especially noticeable in the case of 
chestnut shell bio-oil, where it was from 20.8 MJ kg− 1 at PC750 to 31.4 
MJ kg− 1 at PF850. In both cases these HHV values were higher than most 
of the bio-oils studied in the review of Dhyani and Bhaskar [38]. In the 
case of GS, the increase was not as significant than in CH, but it reached 
up to 32 MJ kg− 1, higher than bioethanol (29.7 MJ kg− 1) and not so far 
from biodiesel (37.7 MJ kg− 1) [66]. 

Bio-oil samples were also analysed by GC-MS, detecting between 40 
and 50 different organic compounds in each of them. Based on the study 
of Pérez et al. [33], compounds were classified according to aromaticity 
and the number of benzene rings of each compound, as shown in Fig. 5. 
The full liquid chromatograms, liquid analysis (GCMS) and identifica
tion of the peaks were presented in the Supplementary Material file. 

In the case of conventional pyrolysis, single-ring aromatic hydro
carbons predominated (70–80%), such as benzene and some derivatives, 
mainly phenols. The presence of polycyclic aromatic hydrocarbons 
(PAH) was very low (<3% in both cases). Aromatic compounds without 
benzene rings were also detected (some of them were nitrogenous pyr
idine derivatives; 6% in the case of grape seed and 1% in chestnut shell). 
Finally, non-aromatic compounds, mostly aliphatic hydrocarbons, were 
found representing 10% and 28% in grape seed and chestnut shell, 
respectively. 

The results obtained by flash pyrolysis were very different compared 
to conventional pyrolysis. In the flash processes (PF750 and PF850), for 
both samples, PAHs (naphthalenes (2 rings), anthracenes (3 rings), 
phenanthrenes (3 rings), pyrenes (4 rings) or fluoranthenes (5 rings)) 
were predominant. Nonetheless, the presence of single ring aromatic 
compounds, non-aromatic compounds and aliphatic hydrocarbons was 
reduced. PAHs accounted for 65%–90% of the total compounds detected 
in the flash pyrolysis. 

In general, the results were similar to those obtained in the pyrolysis 
of other residues such as agro-indrustrial biomass [67], palm kernel shell 
[63] or pampa grass [33]. In these studies, PAHs with between 2 and 5 
benzene rings were the most abundant compounds in flash pyrolysis 
processes, whereas in conventional pyrolysis the predominant elements 
were simple aromatic compounds with one benzene ring. 

Fig. 5. Chromatographic analysis of bio-oil.  
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The difference in bio-oil composition between conventional pyroly
sis and flash pyrolysis could be attributed, among others, to the shorter 
residence time in flash pyrolysis of 10 min compared to 60 min in 
conventional pyrolysis. Longer residence times of volatiles in the reactor 
may result in secondary reactions causing the breakdown of primary 
volatiles [68]. Also, Tsekos et al. [57] found a relationship between PAH 
temperature and abundance. At intermediately high temperatures, sec
ondary reactions took place in the gas phase converting the 

oxygen-containing tar compounds produced primarily to light hydro
carbons, aromatics, oxygenates and olefins. As result of this, higher 
hydrocarbons and larger polycyclic aromatic hydrocarbons can be 
formed. 

Overall, it could be stated that both temperature and residence time 
have great influence on the composition of the bio-oil. It is also impor
tant to mention that, given the abundance of nitrogenous compounds in 
bio-oils, their application as biofuels would not be optimal, although 

Fig. 6. SEM images detail for CH and GS materials at different magnifications: a) Fibrous and laminar parts of CHPC750–S. b) Tubular structures of GSPC750-S that 
probably correspond to seed tegument. c) Hollows in GSPF850-S probably caused by the rapid heating in flash pyrolysis. 
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they could be used for the synthesis of organic compounds [69]. For 
example, some compounds derived from the degradation of cellulose 
and hemicellulose, such as furan and its derivatives, are used as solvents 
for resins and for the synthesis of chemical products such as insecticides, 
stabilizers and pharmaceutical products [34]. Additionally, the break
down of lignin produces benzenes and phenolic compounds, which 
possess applications in the creation of synthetic resins, dyes, pesticides, 
solvents, and lubricants [34,58]. 

3.3.4. Biochar 
Table 4 shows the elemental composition and calorific value of the 

different biochar obtained by pyrolysis. C content ranged between 77 
and 80% for grape seeds and 90–91% for chestnut shells. The highest 
content in this element was linked to CH-PF850, 91.54%. Other pub
lished works related to pomegranate peel and pampa grass pyrolysis 
rated up to 83% and 85% contents respectively [33,34]. 

Compared to mineral coals, the material obtained from CH was close 
to coals with high degree of metamorphism. A higher C content in the 
biochar will result in a higher calorific value [11] and, given its chemical 
characteristics, will also allow its use as a precursor of carbonaceous 
materials with good adsorption properties. 

Biochar obtained from CH had a calorific value of about 32 MJ kg− 1, 
while GS had a calorific value around 27 MJ kg− 1. Compared with the 
original biomass, GS increased the HHV by more than 35% (from 20.5 to 
27.78 MJ kg− 1) and CH raised by over 72% (from 19 to 32.71 MJ kg− 1). 
Both results were on line or higher than wood residue biochar [70] or 
other common waste like coffee grounds [71] or palm kernel shells [72]. 

Therefore, the biochar obtained from chestnut shells and grape seed 
would be good candidates for different applications (including like 
adsorbent materials [73]). 

3.4. SEM-EDX 

The morphological analysis of GS and CH biomass was performed by 
SEM-EDX (Figs. 6 and 7). In both cases vegetal structures of plants have 
been preserved after the pyrolysis process. Some differences between 
residues (GS and CH) can be appreciated. In the CH residue two different 
parts can be observed: one of them with fibrous structure, and other 
laminar, similar to the original residue (Fig. 6a). Regarding GS, tubular 
structures were found associated to the seed tegument (Fig. 6b), formed 
by epidermis cells with thin walls, similar to those found in Moreno- 
Terrazas et al. [74]. Also, there were mineralized structures with cal
cium crystals as detected by EDX (Fig. 7). These structures could be cell 
walls, which usually contain calcium [75]. Unlike the chestnut shell, in 
which no relevant differences were observed when using classical or 
flash pyrolysis, in the case of the grape seed it can be observed that flash 

pyrolysis causes explosive-type hollows in the carbonaceous matter 
(Fig. 6c), probably due to the rapid release of the volatile matter [23]. 

4. Conclusions 

This work encompassed the conventional and flash pyrolytic ener
getic valorisation of grape seeds (GS) and chestnut shell (CH) residues. 
Their thermogravimetric analysis made it possible to choose the ideal 
experimental parameters. DTGmax values were higher for CH possibly 
due to its higher hemicellulose and cellulose content. Kinetic parameters 
rated Ea values 212.35–217.19 kJ mol− 1 for CH and 336.83–349.13 kJ 
mol− 1 for GS. Slower heating rates minimized the thermal cracking re
actions taking place within the biomass, resulting in higher yields of 
biochar (37.6% vs. 33.2% for GS and 29.2% vs. 26.6% for CH). Biochar 
obtained for both samples was suitable as a fuel (HHV in the range 
26.6–32.7 MJ kg− 1) and as activated carbon precursors (77.5–91.5% of 
carbon content and 2.4–10.2% of ash content). Flash pyrolysis (PF) 
favoured the production of gaseous fraction in both residues (~15% 
higher for GS and ~5% for CH). HHV results of gases derived from PF 
quadrupled those from conventional pyrolysis (PC) due to the increase 
in fuel gases (H2, CH4, C2H4) and their lower CO2 content. The bio-oil 
yield in both residues was always higher in PC. Bio-oil composition of 
those obtained from PF and PC presented differences with up to 90% of 
PAH in PF derived bio-oil. According to these results, pyrolysis tech
niques can be appropriate for the valorisation of these residues. 
Depending on the specific fraction to be obtained, it will be necessary to 
opt for certain pyrolytic conditions in accordance with the results here 
depicted. 
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B. Esteves, Influence of pre-hydrolysis on the chemical composition of prunus 
avium cherry seeds, Agronomy 2022 12 (2022) 280, https://doi.org/10.3390/ 
AGRONOMY12020280, 280. 12. 

[47] T. Uysal, G. Duman, Y. Onal, I. Yasa, J. Yanik, Production of activated carbon and 
fungicidal oil from peach stone by two-stage process, J. Anal. Appl. Pyrolysis 108 
(2014) 47–55, https://doi.org/10.1016/J.JAAP.2014.05.017. 
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