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Abstract
An integral valorization route based on a pyrolysis process has been proposed to find sustainable applications for argan shells 
focused on the simultaneous production of activated biochar and antioxidant additives from bio-oil. The bio-oil obtained in 
the pyrolysis process was furtherly upgraded (hydrothermal treatment and extraction process) to obtain antioxidant additives. 
On the other hand, the biochar obtained in the pyrolysis was used as a feedstock to produce high-quality activated biochar (by 
physical activation with CO2). The increase in the pyrolysis temperature (350–550 °C) hardly affected the pyrolysis products 
distribution (biochar yields of 28–34 wt.% and bio-oil yields between 51 and 55 wt.%), but it led to a slight decrease in the 
content of phenolic monomers extracted from bio-oil (from 63 wt.% at 350 °C to 53 wt.% at 550 °C). When these extracted 
fractions were blended with biodiesel (<1 wt.%), improvements of up to 300% in biodiesel oxidation stability were attained. 
The hydrothermal treatment of the bio-oil did not show noteworthy effects either on the production or antioxidant perfor-
mance of the extracted fractions if compared with the fractions extracted from the raw bio-oil. Regarding the valorization 
of argan shells biochar, the activated biochar prepared from it showed considerable potential as an adsorbent material for 
CO2 (125 mg of CO2 per g of the activated biochar) or phenols (complete removal of 99.6% in 4 h of contact time). It was 
characterized by a high BET surface area (up to 1500 m2/g), a high carbon content (up to 95 wt.%), low ash content (around 
2 wt.%), and a pH of around 8.
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Introduction

Developing sustainable technologies and employing clean 
feedstock has become a primordial worldwide challenge to 
face climate change and emissions problems due to human 
activities. Hence, even if biomass was the first energy source 
used by humans, its use is still vital and occupies an increas-
ingly prominent position in the current energetic panorama 
because of the huge potential to reduce emissions if biomass 
is well used and valorized. Many pathways have been devel-
oped to valorize biomass from different origins, not only as a 

source of energy but also in producing chemicals and prod-
ucts with noticeable economical add-value in sectors where 
fossil derivatives had traditionally been the unique suppliers. 
In this field, thermochemical processes have proven to be 
effective and efficient in biomass valorization into valuable 
products due to their diversity and broad technology choice.

Among the different processes (torrefaction, pyrolysis, 
gasification, hydrothermal treatment, etc.), pyrolysis involves 
the thermochemical decomposition of organic matter in the 
absence of oxygen [1, 2] at temperatures between 350 and 
600 °C [3]. Pyrolysis appears as a promising technology 
for biomass valorization because of the end-use versatility 
and potentially high value of the products, specially bio-oil 
(liquid product) and biochar (solid product) [3], which could 
substitute petroleum-based products as fuels or in produc-
ing chemicals, polymers, and activated carbons [3]. The 
pyrolysis products distribution and their characteristics are 
affected by many factors, such as the feedstock particle size, 
operational temperature, heating rate, residence time, reactor 
type, and raw material nature. Therefore, setting the proper 
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operation conditions plays a crucial role in the final end-use 
of the product of interest.

Biochar is a carbonaceous residue mainly composed of 
elemental carbon, which also contains some amount of ash 
(mineral content) coming from the original raw material. 
Because of its reasonably high energy density, homogeneity, 
hydrophobicity, and proper pulverous form [3], biochar is a 
prime candidate as a solid biofuel. Moreover, other valuable 
biochar applications can be further developed, including its 
use as a soil amendment [4, 5] or as a precursor for electrode 
materials and supercapacitors [6], catalyst supports [7], fuel 
cell [8], or adsorbent material for pollutants in gasses or 
liquids [9, 10].

On the other hand, bio-oil is collected from the condensa-
tion of organic vapors, aerosols, and steam released during 
pyrolysis [1]. Commonly, this dark liquid product (usually 
yielding between 50 and 75 wt.% in the fast pyrolysis of 
lignocellulosic materials) is described as an emulsion of 
lignin-derived phenolic compounds in an aqueous phase 
enriched with holocellulose-derived compounds [1, 11]. 
The lignin-derived phenolic fraction consists of phenolic 
oligomers and other minor phenolic monomers, dimers, and 
trimers. Depending on the main monolignols (p-coumaryl 
alcohol lignin (H), coniferyl alcohol lignin (G), or sinapyl 
alcohol lignin (S)) that build lignin in the raw material, dif-
ferent branching and functional groups can be found in the 
phenolic fraction (alkyl, methoxy, vinyl, etc.). Bio-oil can 
be used in power generation or transport fuels after upgrade 
[3, 12]. The use of the crude bio-oil without any further 
treatment is a challenge due to its high oxygen content, high 
water content (which causes phase separation), and its ten-
dency to polymerize. Alternatively, thanks to its wide diver-
sity of chemicals (that can be higher than 300), bio-oil is also 
considered a promising source of many chemical products 
with different structures and uses (alcohols, acids, phenols, 
etc.). Many works have been dedicated to studying differ-
ent upgrading routes for pyrolysis bio-oil in order to extract 
and purify the small organic acids [13, 14], mainly acetic 
acid, which could represent between 2.5 and 15 wt.% of the 
bio-oil, depending on the raw material [13]. In addition to 
the acetic acid, ketones and phenols could also be recovered 
from pyrolysis bio-oil at increased amounts after upgrading 
[15]. Furthermore, bio-oil contains compounds with anti-
oxidant effects, which could also be a promising way for its 
valorization [16–18]. Incorporating extracted fractions from 
lignocellulosic bio-oil into biodiesel was found to improve 
its oxidation stability by up to 500%, even with small dos-
ages of bio-oil compounds (<8 wt.%) [17].

Regarding the feedstock type, most of the pyroly-
sis studies in the literature involve conventional woody 
biomasses. Nevertheless, some publications studied the 
pyrolysis of agricultural wastes, such as corn cob, wheat 
straw, rice straw, rice husk [19], or even fruit shells. The 

fruit shells’ performance on pyrolysis showed promising 
results either for bio-oil or biochar production [20–23]. 
Most of the studies were focused on studying the effect of 
operational conditions on product distribution and char-
acteristics. For example, the slow pyrolysis of four differ-
ent shells (walnut, hazelnut, almond, and sunflower) was 
compared at an extensive temperature range (227–927 °C), 
and it was concluded that pyrolysis temperatures between 
427 and 527 °C were optimal to maximize the bio-oil yield 
in the range of 40 wt.% [21]. The effect of particle size 
(1.18 mm, 2.36 mm, and 5 mm) and treatment tempera-
ture (350 °C, 400 °C, 450 °C, 500 °C, and 550 °C) on 
products distribution for palm kernel shell pyrolysis was 
also studied. [24]. The highest bio-oil yield of 38.7 wt.% 
was obtained for the smaller particle size at 450 °C. More 
recently, regarding to bio-oil applications, coconut shells 
bio-oil was successfully used as a co-fuel for diesel; the 
authors stated that bio-oil blends at 20 wt.% with diesel 
could reduce 28% and 24% the unburned hydrocarbon and 
carbon monoxide emissions, respectively, comparing it 
against the diesel combustion [22].

Regarding biochar uses, Liew et al. [7] studied the per-
formance of activated biochar from palm kernel shells as 
a catalyst support, comparing the effect of chemical and 
physical activation methods in the catalytic performance of 
the methane dry reforming process. Concerning the use of 
supercapacitor electrodes, excellent results were reported 
in the work of Xu et al. when using apricot shells as feed-
stock to prepare chemically activated carbon [25]. As an 
adsorbent, activated carbon from almond shells was tested 
in the study of Omri et al. [26] and showed great results in 
the adsorption of iodine and methylene blue from aqueous 
solutions and in the elimination of the total organic carbon 
during the phosphoric acid production. In the particular 
case of argan shells (agricultural waste hardly explored in 
the literature, coming argan oil production), Ennaciri et al. 
reported a high-quality activated biochar from argan shells 
biochar by using steam as an activation agent [27]. Excel-
lent results concerning textural properties were also obtained 
when chemically activating raw argan shells, without carry-
ing out a previous pyrolysis stage, using NaOH, KOH, and 
H3PO4 as activation agents [28–30].

The scope of this paper addresses the pyrolysis of argan 
shells, as a promising process for its valorization, with the 
objective of finding sustainable applications and end-uses 
for both the bio-oil and the biochar products: Bio-oil has 
been tested as an antioxidant additive for biodiesel (as pro-
duced and also after a hydrothermal post-treatment), while 
the potential use of biochar as an adsorbent material after 
physical activation with CO2 has been investigated. Finding 
a proper use for this residue would help argan oil coopera-
tives to improve the sustainability and the circular economy 
of the process. A strength in this work is the approach of a 
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zero-waste process, as direct uses of both bio-oil and biochar 
are investigated.

Materials and Methods

Materials

The feedstock used for the pyrolysis process was argan shells 
(AS). This agricultural residue was supplied by a coopera-
tive from southwest Morocco. It was characterized by high 
lignin content (up to 34 wt.%), low ash content (0.3 wt.%), 
and considerably higher heating value (HHV 19 MJ/kg). 
The complete characterization of this material was done in 
previous work [31], and the results are summarized in Sup-
plementary Table S1. AS was crushed and sieved to obtain 
a sample with a particle size of 0.5–1 cm. All high-quality 
solvents employed for bio-oil handling (isopropyl acetate, 
acetone, methanol, and hexane) were supplied by Carlo 
Ebra, ChemLab, and Panreac.

Experimental Setups

In this work, three experimental setups were used for (i) 
pyrolysis experiments of AS in a fixed bed reactor, (ii) 
hydrothermal treatment of the produced bio-oil in an auto-
clave reactor, and (iii) CO2 physical activation of biochar in 
a horizontal fixed bed reactor.

Pyrolysis Experiments

Pyrolysis experiments were performed in a fixed bed reac-
tor (total volume of 0.7 L) heated by an electric furnace 
(Fig. 1). In a typical run, 150 g of AS (crushed and sieved 
to particles between 0.5 and 1 cm) was loaded into the reac-
tor, and once the reactor was sealed, a continuous flow of 
N2 (1.5 LSTP/min) was fed, ensuring an inert atmosphere for 
thermal decomposition. The pyrolysis temperatures studied 
were 350 °C, 450 °C, and 550 °C (set according to the TGA 
thermograms of AS, ensuring the release of most volatiles at 

the highest temperature). The reactor was heated at a heating 
rate of 5 °C/min. Each experiment took about 4 h, and all 
the pyrolysis runs were repeated twice for the experimental 
variability estimation. After leaving the reactor, the gaseous 
stream passed through a heated wool fiber filter, where the 
small solid particles swept by the gas were retained. The 
condensable vapors from the process were then condensed 
and collected in two condensers connected to a water-cooled 
chiller unit. A cotton filter was placed after the condensers 
to clean the generated gas from the traces of humidity and 
organics. The gas production rate was measured continu-
ously with a volumetric flow meter (Gallus G4), while its 
composition was semi-continuously analyzed online by a 
micro-gas chromatograph (Agilent 3000A) previously cali-
brated using a standard commercial gas of nine components 
(H2, CH4, CO, CO2, C2H2, C2H4, C2H6, H2S). The mass of 
the produced gas was calculated based on the gas composi-
tion and volumetric production. The production of biochar 
and bio-oil was determined gravimetrically by the weight 
difference of the solid bed (biochar) and the condensation 
system (bio-oil) before and after the experiment, respectively. 
The product yields were calculated according to Eq. (1). A 
weighted amount of organic solvent was used to ensure the 
total recovery of the bio-oils from the condensers. Two differ-
ent solvents were employed to recover bio-oil from the con-
densers depending on the subsequent use of bio-oil. In one 
of the repetitions of each experiment, the liquid was recov-
ered using isopropyl acetate, which was later used as extrac-
tion agent (1:3 mass ratio bio-oil: isopropyl acetate), and in 
the other repetition, bio-oil was recovered using a weighted 
amount of acetone, which could be more easily removed from 
bio-oil by evaporation. The recovered bio-oils were analyzed 
in terms of water content by Karl Fischer titration. More 
details about the further treatment of bio-oil and its potential 
end-use as a source of antioxidants are given below.

(1)Y
m,i =

Mass of solid, liquid or gas product (g)

Total mass of biomass fed (g)
∙ 100

Fig. 1   Diagram of the experi-
mental pyrolysis setup
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Hydrothermal Treatment of Pyrolysis Bio‑oil

The bio-oil samples recovered from the condensers using ace-
tone were distillated in a rotary evaporator (550 mbar; 40 °C) to 
remove the solvent. Then, the acetone-free bio-oil samples were 
hydrothermally processed in an autoclave Parr reactor model 
4575 (Fig. 2). For the hydrothermal treatment (HT), bio-oil was 
initially mixed with distilled water at a 1:1 mass ratio, and the 
mixture was loaded into the reactor. Once the reactor was prop-
erly closed, the air remaining inside was evacuated using a vac-
uum pump, and the system was purged three times with pressur-
ized N2. The hydrothermal treatment of bio-oil was performed 
at 300 °C and autogenous pressure (8.5 MPa maximum) for 1 h 
under continuous stirring at 1000 rpm. The temperature selec-
tion was based on previous results, as it was proven that working 
at 300 °C (for the lignin-fraction and bio-oil depolymerization) 
was optimal for producing antioxidant additives [18, 31].

Once the reaction time had elapsed, the reactor was 
removed from the heating jacket and quickly cooled by cir-
culating tap water in the built-in cooling coil and using an 
ice bath outside. Then, at room temperature, the remaining 
gas in the reactor (0.2–0.32 MPa) was recovered in a gas 
bag and analyzed by a micro-gas chromatograph (Agilent 
3000A).

The liquid product was directly collected from the reac-
tor, using methanol to recover the water-insoluble organic 
fraction from the reactor walls and stirrer. Then, both liquids 
were blended and filtered under vacuum conditions (using a 
pre-weighed filter paper). The water-insoluble organic fraction 
remaining in the filter was dried overnight at 105 °C, and once 
dried, it was weighed to determine its yield according to Eq. (2).

where WIns is the amount (g) of the insoluble fraction 
weighted after filtration of the liquid from HT and Worg-biooil 
is the mass (g) of the water-free bio-oil fraction (only organic 
matter) initially loaded into the rector; this organic fraction 
in bio-oil was estimated by difference with its water content 
(determined by Karl Fischer titration).

CO2‑activation of Biochar

The physical activation of biochar was conducted in a quartz 
horizontal lab-scale fixed bed reactor with an inner diameter 
of 22 mm and 70 cm in length (Fig. 3). The biochar obtained 
in the pyrolysis of AS at 450 °C (from now on, CharAS) was 
crushed and sieved to a particle size between 1 and 1.6 mm. 
During the activation process, the reactor was heated from 
room temperature to 900 °C at 15 °C/min under an N2 atmos-
phere; once the temperature reached the setpoint, the N2 flow 
(0.5 LSTP/min) was substituted by a CO2 flow (0.5 LSTP/min). 
The experiments were carried out for three different activa-
tion times: t1 = 90 min, t2 = 120 min, and t3 = 150 min, thus 
producing three different activated biochars (AC90, AC120, 
and AC150, respectively). Once the set time finished, the reac-
tor was left to cool down to room temperature under an inert 
atmosphere of N2. Then the activated biochar (AC) produced 
was weighted (WAC) to calculate its production yield (Eq. (3)) 
with respect to the amount of CharAS fed (WCharAS).

(2)Insoluble fraction yield (wt.%) =
WIns

Worg−biooil

∙ 100

(3)AC yield (%) =
WAC

WCharAS

⋅ 100

Fig. 2   Diagram of the experi-
mental hydrothermal treatment 
setup
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Analysis of Composition and Antioxidant Potential 
of Bio‑oil

The liquid products obtained in AS pyrolysis and after hydro-
thermal treatment of bio-oil were further handled to obtain 
antioxidant fractions. Pristine bio-oil directly obtained in the 
pyrolysis stage (recovered from the condensers using isopro-
pyl acetate) was undergone an extraction process adding an 
extra amount of isopropyl acetate. The mixture was vigorously 
shaken for 10 min and kept in a decantation funnel. After that, 
two phases (aqueous phase and organic phase soluble in iso-
propyl acetate) were separated. Similarly, the filtered aqueous 
liquid obtained in the HT of bio-oil was also extracted with the 
same solvent (1:2 HT liquid: isopropyl acetate mass ratio) and 
separated into two phases. The organic phase was the one of 
interest in both cases for obtaining antioxidants.

The composition of these organic phases was qualitatively 
and quantitatively examined using GC/MS/FID (Agilent 
7890A GC equipped with a flame ionization detector (FID) 
and combined with an Agilent 5975C MS detector). The 
identification was achieved using the MS signal by means of 
the NIST MS Search Program 2.2, and the quantification was 
based on FID signal peaks integration. FID signal was previ-
ously calibrated with standards containing phenolic mono-
mers (phenol, guaiacol, creosol, catechol, 3-methoxycatechol, 
syringol, and 2-methoxy-4-vinylphenol) at the concentration 
range of 838–41000 μg/mL. Exhaustive information about the 
operating parameters, FID signal calibration, and equivalent 
carbon number (ECN) calculation can be found in Supple-
mentary Table S2.

To evaluate the potential of these organic phases to be used 
as antioxidant additives, each one was firstly distilled in a rotary 
evaporator (60 °C, 10 mbar) to remove the solvent (note that light 
organic compounds, such as acetic acid, were also lost during 
this stage). From now on, this dried fraction will be referred to 
as “additive” throughout this paper. The additive yield obtained 
from bio-oil can be calculated according to Eq. (4).

where Wextr-biooil is the amount (g) of the extracted com-
pounds remaining after distillation and Worg-biooil is the 
organic matter initially present in the bio-oil.

To measure their antioxidant capacities, each additive 
was blended at a small dosage with sunflower biodiesel, 
which was previously prepared without incorporating any 
other additive, so it showed very limited oxidation stabil-
ity. The detailed steps of sunflower biodiesel production 
can be found elsewhere [18]. The detailed blending pro-
cedure of biodiesel with the organic additives can also be 
found in previous works [31]: A small amount of additive 
was weighted, and the required amount of biodiesel was 
blended with it to have an additive dosage of 1 wt.%; the 
dissolution of the additive in the biodiesel was enhanced 
by adding methanol, which was distilled furtherly. The 
mixture of biodiesel and additive was centrifuged to 
remove the non-soluble part of the additive. The fraction 
of insoluble additive, which remained at the bottom of the 
centrifugation tube, was thoroughly washed with hexane 
(with sonication) to remove biodiesel traces, dried over-
night at 50 °C, and quantified gravimetrically.

The oxidation stability (OXY) of biodiesel was measured 
with a PetroOXY tester according to EN 16091 standard. 
A full explanation of the OXY test can be found elsewhere 
[31]. Briefly, it measures the time for a 10% drop of the oxy-
gen pressure in contact with the biodiesel sample at 140 °C. 
Hence, a longer OXY time means a more stable biodiesel 
sample. OXY times obtained for neat and doped samples of 
biodiesel were compared in order to calculate the oxidation 
stability improvement rate (ΔOXY) (Eq. (5)).

(4)Additive yield (%) =
Wextr−biooil

Worg−biooil

⋅ 100

(5)

ΔOXY(%) =
OXYDoped biodiesel − OXYNeat biodiesel

OXYNeat biodiesel

⋅ 100

Fig. 3   Diagram of the experi-
mental for physical activation 
setup
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Characterization of the Solid Products

The biochar obtained in the pyrolysis of AS at 450 °C 
(CharAS) and the three samples of activated biochars (AC90, 
AC120, and AC150) were characterized in terms of elemen-
tal analysis (LECO CHN628 Analyzer), proximate analysis 
(EN 14775:2010, EN 14774-3:2010 and EN 15148-2010), 
and calorific value (calorific bomb IKA model C2000 basic). 
In addition, the textural properties of these solids were 
examined through N2 adsorption isotherms (measured at 77 
K) acquired with a Quantachrome Autosorb 6 instrument. 
Before determining the material porosity, all the samples 
were vacuum outgassed at 523 K for 15 h to remove mois-
ture and impurities adsorbed on the material surface. The 
multi-point BET surface area (SBET) was determined by fit-
ting the data of N2 isotherms to the Brunauer, Emmett, and 
Teller (BET) theory. The average pore size and the total pore 
volume (VT) were calculated from N2 isotherms at a relative 
pressure (P/P0) of 0.99. Non-local density functional theory 
(NLDFT) was also applied, assuming slit porosity, in order 
to determine the pore size distribution and the micropore-
specific surface area (Smicro). In addition, to complete the 
information about the microporous structure (pore size 
between 0.35 and 1.5 nm), CO2 adsorption isotherm at lower 
relative pressures (P/P0 < 0.029) was also examined for 
AC120 using the same equipment. The results obtained were 
modeled by the NLDFT approach based on slit pores. The 
morphology of the samples was observed by a field-emission 
scanning electron microscope (FESEM) carried out by Carl 
Zeiss MERLIN. The carbonaceous structure of the biochar 
before and after activation (AC120) was characterized by 
Raman spectroscopy in a WiTec Alpha300 confocal Raman 
microscope using a 532-nm laser excitation beam to evaluate 
the defects in the structure.

Further analyses, such as Boehm titration and pH, were 
performed to characterize the AC samples. To determine 
the pH of the activated biochars, 1 g of the AC was added to 
150 mL of distilled water (pH of 7.03); the mixture was left 
for 24 h at room temperature under stirring (700 rpm). After 
this time, the pH of the water was measured by means of a 
Thermo Orion Star A215 pH/conductivity benchtop mul-
tiparameter meter. In order to determine the nature of the 
functional groups present on the activated biochar surface, 
the Boehm procedure was followed [32]. In a typical test, 
500 mg of AC150 was added to 50 mL of each of the fol-
lowing aqueous solutions (0.05 M): (i) sodium bicarbonate 
(NaHCO3) to neutralize the carboxylic acid sites, (ii) sodium 
carbonate (Na2CO3) to neutralize lactonic and carboxylic 
acid sites, (iii) sodium hydroxide (NaOH) to determine the 
total acidity, and (iv) hydrochloric acid (HCl) to determine 
the total alkalinity. Each mixture was left under stirring (700 
rpm), and after 24 h, each solution was filtered to remove the 
AC. The aqueous solutions of NaOH and HCl were directly 

titrated by HCl (0.05 M) and NaOH (0.05 M), respectively. 
On the other hand, the solutions of NaHCO3 and Na2CO3 
were back-titrated: A known excess of HCl was added, and 
then the mixture was flushed by a flow of N2 to evacuate the 
formed CO2 before being titrated by NaOH. The detailed 
calculations of this procedure can be found in the study of 
Wu et al. [33].

Finally, the CO2 adsorption experimental setup consists 
of a quartz tube in which a fixed bed of approximately 1 g of 
adsorbent material was loaded and supported by glass wool 
on the sides. The device was placed inside an oven, where 
the system temperature was controlled. Before starting the 
adsorption test, a degassing step of the sample was done at 
150 °C under an inert atmosphere of N2. Then, the sample 
was cooled down and the adsorption test was performed at 
25 °C by feeding a gas mixture of CO2 (50%) diluted with N2 
(50%). The total gas flow into the system remained fixed at 
70 mL(STP)/min (adjusted with mass flow controllers). After 
passing through the AC bed, a mass spectrometer (Hiden 
QIC-20) continuously analyzed the gas composition at the 
exit. Considering the composition evolution over time, the 
CO2 flow at the output and its adsorbed amount were calcu-
lated using the N2 flow as an internal standard.

Supplementary Fig. S1 summarizes all the steps involved 
in the experimental procedures carried out in this work, from 
the initial stage of AS pyrolysis to the last step of evaluating 
potential applications of the obtained products.

Results and Discussion

Distribution and Characteristics of the Pyrolysis 
Products

Table 1 summarizes the results of the distribution and some 
characteristics of the products obtained in the pyrolysis of 
AS at the three temperatures studied (350 °C, 450 °C, and 
550 °C). The mass balance closure reached more than 95%. 
The variability coefficient of the product yields was less than 
5% in most cases, except in the case of the gas yield, which 
reached 32%. The biochar yield ranged between 28.5 and 34 
wt.%, slightly decreasing with the final pyrolysis tempera-
ture. Ogunkanmi et al. reported biochar yields of 38.7 wt.% 
at 350 °C and 19.3 wt.% at 550 °C when using palm kernel 
shell to feed the pyrolysis setup (fixed bed reactor) [34].

On the other hand, no significant differences were 
observed for either bio-oil or gas yields, with bio-oil pro-
duction at roughly 51 wt.% (slightly increased to 55 wt.% 
at 550 °C) and gas generation was up to 15 wt.%. Lower 
bio-oil yields have been reported in the literature using 
other fruit shells. Bio-oil produced at 550 °C from Pari-
nari polyandra Benth fruit shell yielded up to 40 wt.% 
[35], while yields of 37.2 wt.%, 39.4 wt.%, 38.3 wt.%, 



BioEnergy Research	

1 3

and 34.2 wt.% were obtained at pyrolysis temperatures 
between 427 and 527 °C, for hazelnut, walnut, almond, 
and sunflower shells, respectively [21].

According to the thermogravimetric analysis (TGA-
DTG, Supplementary Fig. S2), the holocellulose in AS 
was almost degraded entirely under the N2 atmosphere 
at temperatures under 350 °C, thus accounting for a loss 
weight of 59%, which points to the high reactivity of AS 
even at mild temperatures. Above 350 °C, the degrada-
tion kinetics of AS became slower, mainly involving lignin 
degradation. Only 7.3%, 3.6%, and 2.8% weight losses 
were observed at the temperature intervals of 350–450 
°C, 450–550 °C, and 550–750 °C, respectively. This fact 
could explain the minor differences found in the product 
distribution obtained in the pyrolysis experiments carried 
out at 350–550 °C since most of the volatiles (condensable 
and non-condensable) release occurred at the heating stage 
under 350 °C, which was common in all experiments.

The biochar obtained in the pyrolysis of AS was character-
ized by its increased calorific value, with an HHV ranging 
between 30 and 33 MJ/kg (vs. 19 MJ/kg for the original AS). 
The increase of the pyrolysis temperature from 350 to 550 °C 
led to a significant reduction in the molar O/C ratio contained 

in the AS biochar (from 0.13 to 0.07), as well as in the H/C 
ratio (from 0.6 to 0.4).

The pyrolysis gas was mainly composed of CO2, CO, CH4, 
and H2, besides the N2 used to inert the atmosphere. Increas-
ing the pyrolysis temperature improved the content of H2, 
CO, and CH4 in the gas (Supplementary Fig. S3), while CO2 
concentration (the principal component in the pyrolysis gas) 
dropped from 59 vol.% at 350 °C to 46 vol.% at 550 °C. In 
terms of production, between 84 and 104 g of CO2 per kg 
of AS were produced during pyrolysis experiments. For CO 
production, amounts ranging between 29 and 40 g of CO per 
kg of AS were obtained.

Distribution of Products from the Hydrothermal 
Treatment of Bio‑oil

The mass balance in the hydrothermal treatment of bio-oils 
closed between 91 and 94%. The production of the insoluble 
fraction (calculated using Eq. (2)) yielded 3 wt.%, 8 wt.%, and 
2 wt.% when treating the bio-oils obtained at 350 °C, 450 °C, 
and 550 °C, respectively. The gas generated in the HT yielded 
between 3 and 4 wt.%. The gas product was mainly composed 
of CO2 (around 80 vol.% on N2 free-basis) and lower contents 

Table 1   Distribution and 
characteristics of the products 
obtained in AS pyrolysis

a Calculated by difference (wt.%): O = 100-C-H-N-Ash

Pyrolysis temperature (°C) 350 450 550

Product yield (wt.%)
  Biochar 34 ± 1 31 ± 1 28.5 ± 0.1
  Bio-oil 51 ± 1 51 ± 3 55 ± 1
  Gas 13 ± 4 14.8 ± 0.1 13 ± 2
Biochar characterization
  HHV (MJ/kg) 30.0 ± 0.4 31 ± 1 33.3 ± 0.3
    C (wt.%) 81 ± 2 85 ± 2 88 ± 3
    H (wt.%) 4.0 ± 0.2 3.5 ± 0.2 2.9 ± 0.1
    N (wt.%) 0.3 ± 0.1 0.4 ± 0.1 0.6 ± 0.1
    Oa (wt.%) 14 ± 1 10 ± 2 7.8 ± 3
    Ash 1.2 ± 0.1 1.1± 0.1 0.8 ± 0.1
    O/C 0.13 0.09 0.07
    H/C 0.6 0.5 0.4
Bio-oil characterization
  Water content (wt.%) 63 ± 2 66 ± 2 62 ± 1
Gas composition (vol.%)
  H2 0.043 ± 0.003 0.06 ± 0.01 0.23 ± 0.02
  CO 1.8 ± 0.3 1.35 ± 0.05 1.4 ± 0.5
  CO2 4 ± 1 2.6 ± 0.1 1.8 ± 0.5
  CH4 0.6 ± 0.2 0.5 ± 0.1 0.52 ± 0.03
  C2H6 0.07 ± 0.01 0.056 ± 0.003 0.05 ± 0.01
  C2H4 0.03 ± 0.01 0.023 ± 0.001 0.027 ± 0.001
  C2H2 0.0042 ± 0.0004 0.004 ± 0.001 0.002 ± 0.001
  H2S 0.009 ± 0.001 0.010 ± 0.002 0.012 ± 0.005
  N2 93 ± 2 91 ± 6 95 ± 3
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of CO and H2 for all bio-oils. The product of interest in this HT 
process was the aqueous filtered liquid, which underwent liquid-
liquid extraction/separation to obtain the antioxidant additives 
following the procedure detailed in the “Analysis of Composi-
tion and Antioxidant Potential of Bio-oil” section.

Production and Characterization of Antioxidant 
Additives from Bio‑oil

Figure 4 compares the yields of the produced additives from 
both pathways: those directly extracted from the original bio-oil 
and those extracted from the hydrothermally treated bio-oil. It is 
worth saying that these additive yields do not include the frac-
tion of the most volatile compounds that could be present in the 
liquids (such as acetic acid and some short-chain alcohols), as 
they were lost together with the solvents during the evaporation 
step and/or retained in the separated aqueous phases. Overall, a 
slight improvement in the additive yields was obtained after the 
hydrothermal treatment (Fig. 4) compared to each corresponding 
original bio-oil regardless of the pyrolysis temperatures (28–33 
wt.% for original bio-oils vs. 30–36 wt.% for the hydrothermally 
treated). This improvement could be due to further fractionation 
of the phenolic oligomeric fraction in bio-oil, thus enhancing the 
subsequent extraction process using isopropyl acetate. A maxi-
mal additive yield of up to 36 wt.% was obtained in the HT of 
the bio-oil produced at 450 °C.

On the other hand, the results show that increasing the pyrol-
ysis temperature did not affect the additive yields, especially 
when considering the variability coefficient of the results, which 
ranged from 1 to 6% depending on the bio-oil used.

In terms of composition, Supplementary Fig. S4 depicts 
the concentration of the phenolic monomers in the dried 
additives prepared from the original and the hydrothermally 
treated bio-oils analyzed by GC/MS/FID. The additives pre-
pared from the original bio-oils were more concentrated on 
monomers than those from HT bio-oils. The total content 
of phenolic monomers in the additives directly extracted 
from AS bio-oils produced at 350 °C, 450 °C, and 550 °C 
(pyrolysis temperature) was found to be 63 wt.%, 58 wt.%, 
and 53 wt.%, respectively, while this concentration was 
reduced to 34–37 wt.% in the additives extracted from the 
hydrothermally treated bio-oils. This could be due to the 
competition between the depolymerization and the conden-
sation reactions occurring during the HT treatment, which 
could finally lead to the formation of phenolic molecules 
bigger than monomers (dimers or trimers) undetectable 
through GC/MS/FID analysis but extractable by isopropyl 
acetate. Concerning the effect of pyrolysis temperature, the 
total concentration of phenolic monomers was higher in the 
additives coming from the bio-oil prepared at the lowest 
pyrolysis temperature. This diminishing trend as increasing 
the pyrolysis temperature was less important for HT bio-oils.

After the HT treatment, the concentration of each indi-
vidual monomer detected in the additives was reduced or 
even disappeared (Supplementary Fig. S4), except for some 
specific compounds such as catechol and 4-methylcatechol. 
The concentration of 4-methylcatechol was doubled or even 
tripled in the additives prepared from the hydrothermally 
treated bio-oils (2.6–3.5 wt.% in the additives from origi-
nal bio-oils vs. around 7.5 wt.% in the HT additives), while 
the increase in the catechol concentration was significantly 
lower (5.5–6.6 wt.% in the additives from original bio-
oils vs. around 7 wt.% in the HT additives). This could be 
explained by the protonation of guaiacol-derived compounds 
to produce catechol, which could be promoted by the pres-
ence of water in the reaction medium during HT treatment 
[34, 36] or also due to the demethoxylation reaction.

Antioxidant Potential of Bio‑oil Additives

To test the antioxidant potential of the extracted fractions 
of bio-oil, biodiesel was initially doped with 1 wt.% of each 
additive produced. In spite of such a small dosage, the addi-
tive was not completely soluble in biodiesel. Hence, the real 
additive dosage incorporated into biodiesel was lower than 
1 wt.% and was calculated according to Eq. (6).

Fig. 4   Additive yields produced from AS bio-oils

(6)Real dosage of soluble additive (%) =
madditive − mins−additive

mbiodiesel +
(

madditive − mins−additive

) ∙ 100
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where madditive is the initial mass (g) of additive loaded 
into the biodiesel, mins-additive is the mass (g) of the insoluble 
fraction of additive quantified after centrifugation, washing, 
and drying, and mbiodiesel is the mass (g) of neat biodiesel 
mixed with the additive.

The real dosage of each additive solved in biodiesel, as 
well as the OXY time measured for each sample of doped 
biodiesel, is exposed in Fig. 5. The real dosage of soluble 
additive incorporated into biodiesel ranged between 0.82 
and 0.92 wt.% in the case of original bio-oils and between 
0.85 and 0.91 wt.% for HT bio-oils, so all the additives were 
relatively well solubilized in biodiesel. Minimal differences 
were observed when comparing the original bio-oil sam-
ples and those hydrothermally treated. The bio-oil prepared 
at 550 °C (original and hydrothermally treated) led to less 
soluble additives than those prepared at 350 °C and 450 °C.

The neat biodiesel involved in the study showed an aver-
age oxidation stability time of 13.6 ± 0.5 min. Generally, the 
biodiesel OXY time was drastically improved when adding 
the different fractions extracted from bio-oil with or without 
posterior treatment (Fig. 5). No effect of the hydrothermal 
treatment on the OXY time was observed in the case of the 
bio-oil produced at 350 °C, as both additives led to an OXY 
time up to 52 min (resulting in a ΔOXY of 283%, as shown 
in Supplementary Fig. S5). The HT slightly improved the 
performance of the bio-oil prepared at 450 °C (ΔOXY of 
302% for the additive extracted from HT bio-oil vs. 281% 
for the original one), but this was not the case for the bio-oil 
prepared at 550 °C.

Although in a previous work [18], it was proven that the 
HT of pinewood bio-oil significantly improved its antioxi-
dant potential to be used as a biodiesel additive (ΔOXY of 
404% for the additive coming from HT bio-oil vs. 132% for 
original bio-oil), such an important effect was not found in 
this work conducted with bio-oil prepared from other raw 
material. As mentioned above, a slight improvement (302% 

vs. 281%) was observed just for the bio-oil prepared at 450 
°C.

The results from GC/MS/FID analysis (“Production and 
Characterization of Antioxidant Additives from Bio-oil”) 
and OXY time analysis were inconclusive concerning the 
relationship between the phenolic monomeric content in the 
additives and the biodiesel OXY time. The total concen-
tration of phenolic monomers was higher in the additives 
prepared from the original bio-oils than in those derived 
from the hydrothermally treated bio-oils, but the presence 
of some monomers with particularly good antioxidant per-
formance, such as catechol and 4-methylcatechol, was more 
significant in the hydrothermally treated bio-oils. Therefore, 
this seems to indicate that not only these compounds affect 
the final antioxidant performance of the additives but also 
other monomers, or even heavier compounds, may have an 
effect on it.

In a previous study [31], it was proven that some of the 
phenolic monomers (detected by GC-FID-MS analysis) had 
a positive effect on the biodiesel oxidation stability, but big-
ger molecules could also have the same effect (undetected 
dimers and oligomers); this fact was also supported by the 
study of Larson et al. [37]. To corroborate this, a synthetic 
additive was prepared containing the same phenolic mono-
meric composition as that detected by GC/MS/FID in one of 
the bio-oil additives (that prepared from bio-oil obtained at 
550 °C without HT). More information about the composi-
tion of this synthetic additive can be found in Supplemen-
tary Table S3. Its antioxidant performance when blended 
with biodiesel (additive dosage of 1 wt.%) was measured 
and compared with that shown by the original bio-oil addi-
tive. The OXY improvement of biodiesel doped with this 
synthetic additive was up to 144 ± 15%, which was signifi-
cantly lower (almost half) than the improvement obtained 
when biodiesel was dopped with the original bio-oil addi-
tive (295%). This difference in the OXY improvement rates 

Fig. 5   Oxidation stability of 
biodiesel and real dosage of 
soluble additive
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supports that not only the monomeric phenolic fraction is 
responsible for the antioxidant activity of the additive, but 
also other compounds not included in the synthetic additives 
may have an important role.

Production and Characteristics of the Activated 
Biochar

Depending on the treatment time, the production of acti-
vated biochar after the CO2 physical activation step (900 °C) 
ranged between 38 wt.% (150 min) and 68 wt.% (90 min) 
with respect to the biochar fed. This reduction by almost half 
can be stated as a significant effect of the treatment time, 
as the variability coefficient in the process yield was in the 
range of 10–15%. These relatively high yields of AC can 
be explained by the high content of fixed carbon in CharAS 
(78.8 ± 0.2 wt.%). In general, lower activated biochar yields 
have been reported in the literature for biochars from differ-
ent origins. According to Gonçalves et al. [38], solid yields 
between 17 and 19.5 wt.% were obtained after CO2 activa-
tion of a mixture of brewer’s spend grain and surplus yeast 
(850 °C for 2–4 h). In another work, Zhao et al. reported 
solid yields between 16.7 and 21.2 wt.% after CO2 activa-
tion of walnut shells at 900 °C and holding times of 1 h and 
2 h [39].

Considering the yield of biochar in the pyrolysis of AS 
(31 wt.% at 450 °C), the overall production of activated bio-
char with respect to the initial amount of AS which was 
pyrolyzed yielded 20 wt.%, 16 wt.%, and 11 wt.% when 

extending the activation step for 90 min, 120 min, and 150 
min, respectively.

Table 2 compares some characterization results of biochar 
before and after the activation step during the three different 
treatment times. As can be seen, the carbon content in the 
solids increased from 85 wt.% in raw biochar to around 95 
wt.% in the activated ones, regardless of the treatment time; 
the hydrogen content in the activated biochars was up to 
0.5 wt.% instead of 3 wt.% in CharAS. Ash content ranged 
between 1.3 and 2 wt.% in all the solids. Similar ash contents 
were obtained in other works when biochar from AS was 
activated using steam [27]. This low ash content in the acti-
vated biochar is, in turn, related to the low mineral content 
in the raw material (ash content of AS is up to 0.3 wt.%) and 
the absence of chemical precursors in the activation pro-
cess. This could be one of the highlighted characteristics of 
these activated biochars, as higher contents are unwelcomed 
because of reducing the mechanical strength and adsorption 
capacity [40]. In particular, the activated biochars produced 
from fruit residues usually showed low ash contents, such 
as those from almond shells (up to 3 wt.%), apricot stones (2 
wt.%) [41], and pistachio shells [42]. However, woody mate-
rials led to activated biochars characterized by a relatively 
higher ash content ranging between 5 and 20 wt.%, mainly 
depending on the type of raw material and the activation 
method [40, 43]. The activated biochars produced from AS 
biochar were neutral or slightly alkaline, with a pH ranging 
between 7.8 and 8. According to Ahmedna et al. the pH and 
the ash content in activated biochars are positively correlated 

Table 2   Characterization of biochar from argan shells before and after CO2 activation during different treatment times

a Determined by BET theory
b Calculated from the NLDFT equation with slit pore model: the fitting error between the model and all the activated biochars ranged between 
0.03 and 0.05% and for the CharAS between 0.04 and 0.08%
c Calculated at P/P0 = 0.99

CharAS AC90 AC120 AC150

Ultimate analysis (wt.% ar. basis)
  C 85 ± 2 95.1 ± 0.2 94.9 ± 0.3 94.3 ± 0.1
  H 3.5 ± 0.2 0.7 ± 0.1 0.55 ± 0.04 0.505 ± 0.004
  N 0.3 ± 0.1 1.02 ± 0.03 1.0 ± 0.1 1.12 ± 0.02
  S < 0.05 < 0.05 < 0.05 < 0.05
  Oa 10 ± 2 1.9 ± 0.1 2.0 ± 0.1 1.9 ± 0.2
  Ash (wt.%) 1.1 ± 0.1 1.3 ± 0.1 1.5 ± 0.2 2.1 ± 0.3
Textural properties (N2 adsorption isotherms)
  SBET (m2/g)a 282 ± 20 838 ± 80 1138 ± 78 1544
  Smicro (m2/g)b 295 ± 36 698 ± 122 927 ± 18 1101
  VT (cm3/g)c 0.18 ± 0.01 0.37 ± 0.03 0.49 ± 0.04 0.68
  Vp (cm3/g)b 0.152 ± 0.004 0.33 ± 0.03 0.44 ± 0.04 0.60
  Average pore size (nm)c 2.5 ± 0.1 1.8 ± 0.1 1.73 ± 0.23 1.76
  Pore size (nm)b 1.476 ± 0.001 1.45 ± 0.04 1.411 ± 0.001 1.48
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[44]. Generally, biochars with a pH of 6–8 are characterized 
by their low ash contents (less than 5 wt.%).

Textural properties of the AS biochar and the activated 
biochars were investigated through N2 isotherms (meas-
ured at 77 K). According to the IUPAC classification, the 
isotherms of the three samples of AC (Supplementary Fig. 
S6) were characterized as type IV, outlining a microporous 
solid with the presence of a hysteresis loop (H4), which 
also reveals the presence of a small number of mesopores 
(more significant when increasing the treatment time). The 
activation treatment was successful in terms of significantly 
increasing the BET surface area of biochar (Table 2, 282 
m2/g for CharAS). Increasing the activation time improved 
the BET surface area, which reached 838 m2/g in AC90 and 
1138 m2/g in AC120 and attained its maximal value of 1544 
m2/g in AC150. Higher values of BET surface area (up to 
2250 m2/g) were reported in the study of Boujibar et al., who 
used the same feedstock (AS) to obtain activated biochars 
via impregnation or physical mixing with KOH after AS 
carbonization [29].

The AC samples produced in the present work showed 
total pore volumes (VT) ranging between 0.37 and 0.68 
cm3/g. This parameter showed the same tendency as SBET, 
since it was further developed at longer activation treatment 
times. The average pore width was up to 1.7 nm for all the 
AC produced (both VT and the average pore width were 
calculated at P/P0 of 0.99). The pore size distribution result-
ing from applying the NLDFT method on N2 adsorption 
isotherms (Supplementary Fig. S7) showed that N2 adsorp-
tion occurred principally at a pore width zone between 1.2 
and 2 nm size. Accordingly, as shown in Table 2, Smicro 
(estimated by NLDFT) ranged between 698 and 1101 m2/g 
when increasing the activation time from 90 to 150 min, 
representing between 71 and 83% of the BET surface area 
(ratio directly calculated as Smicro/SBET). The cumulative 
pore volume determined by NLDFT (Vp) ranged between 
0.33 and 0.6 cm3/g, slightly lower than the values of VT but 
following the same trend: the longer the activation time, the 
higher the pore volume. In addition to micropores, a notice-
able shoulder in the distribution (Supplementary Fig. S7) 
was observed at pore widths ranging between 3.4 and 4.4 
nm, outlining the further development of small mesopores, 
in which the activation time clearly had an influence.

Microporous materials are better characterized with CO2 
adsorption isotherms evaluated at lower relative pressures 
because of the no-limitation of CO2 to penetrate the nar-
rower micropores [45]. CO2 adsorption isotherm analyzed 
for AC120 (temperature of 0 °C and P/P0 < 0.029) sug-
gests the existence of ultramicropores with pore widths less 
than 0.7 nm and small micropores with pore sizes ranging 
between 0.8 and 1 nm (Supplementary Fig. S8). According 
to NLDFT calculations based on a slit pore model applied 
to this CO2 adsorption isotherm (fitting error between the 

model and the sample of 1.7%), the micropores surface area 
was estimated to be 1002 m2/g, the average pore width was 
0.35 nm, and the cumulative pore volume was 0.3 cm3/g.

Similar values and trends concerning the porosity nature 
of the activated biochars were observed when char from AS 
was activated using chemical precursors in the study of Bou-
jibar et al. [29].

The activation process, as observed in the field-emis-
sion scanning electron microscopy (FESEM) photographs 
(Fig. 5), changed the external structure (honey-comb like 
before CO2 activation) by removing it, leaving the solid with 
a foam-like structure that apparently has smaller external 
pores (all of them much bigger than 50 nm, which is the 
limit considered for macropores). This fact was corroborated 
by the results of the Raman test performed for biochar before 
and after activation (Supplementary Fig. S9). As observed, 
the presence of two peaks in the region of Raman shifts 
between 1340 and 1607 cm−1 ascribed to the D and G bands, 
respectively [46], pointing to a disorder in the structure. The 
intensity ratio of the D and G peaks (ID/IG) was 0.7 for the 
biochar and 1.1 for the activated biochar, suggesting a lower 
degree of graphitization after activation. This increase in the 
disorder (band D) may be due to the defects in the surface of 
the biochar after the activation generated by the gasification 
reaction by the CO2, which is consistent with the observed 
in Fig. 6.

Finally, the Boehm titration of AC150 (Supplementary 
Fig. S10) showed that the total amount of acid sites on 
the surface was almost the same as the total alkaline sites 
(around 4100 μmol/g). The acid sites identified were mainly 
carboxyls (up to 2340 μmol/g), lactones (up to 935 μmol/g), 
and phenolics (up to 830 μmol/g).

Use of the Activated Biochar as an Adsorbent 
Material

The adsorption capacities of the three activated biochars 
produced from AS biochar were investigated after leaving 
the solid in contact with different aqueous solutions contain-
ing methylene blue (MB) and various phenolic compounds 
(phenol, vanillin, and catechol), respectively. The experi-
mental method of the adsorption tests is explained in the 
supplementary information section.

Table 3 shows the results of the retention capacity of 
AC90, AC120, and AC150. Generally, all the activated bio-
chars showed an excellent retention capacity of these poten-
tial contaminants. MB was almost completely removed from 
the aqueous solution after 24 h of contact time with any of 
the three samples of AC, although the retention rate in the 
case of AC90 was slightly slower (as shown in Table 3 and 
Supplementary Fig. S11). Regarding the adsorption of phe-
nolic compounds, vanillin was entirely removed from the 
aqueous solution after 4 h of contact time with both tested 
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materials (AC90 and AC150). Lower retention percentages 
were observed for phenol and catechol for the same contact 
time. After 24 h, phenol was totally adsorbed, while 95 wt.% 
of the initial amount of catechol was retained. It is to high-
light that AC150 required less contact time to achieve total 
adsorption of the contaminants thanks to its greater porosity 
(surface area and pore volume).

Finally, the feasibility of adsorbing CO2 on this type of 
AC was also evaluated at 25 °C (fixed bed adsorption reac-
tor), finding an adsorption capacity of 125 mg of CO2 per 
gram of AC120. According to Balsamo et al., micropores 
carbon materials with pores less than 1 nm are considered 
the most suitable for CO2 retention [47], which are present in 
the produced biochar in the current study. Similar CO2 reten-
tion capacities have been reported in the literature for acti-
vated biochars prepared from other biomasses. Yang et al. 
found relatively closer values of CO2 uptakes (between 111 

and 135 mg/g at 25 °C) with activated biochars prepared 
from walnut shells via chemical activation with NaNH2 at 
450 °C [48]. In other work [49], physical activation (with 
CO2 at 900 °C) of the solid residue from hydrothermal treat-
ment of bamboo led to slightly higher CO2 uptakes (150 
mg/g); this solid was characterized by an SBET of 1316 
m2/g and a VT of 0.55 cm3/g. In contrast, lower values were 
reported for activated biochars prepared by monoethanola-
mine impregnation of coconut shells, showing CO2 adsorp-
tion capacities of 36 mg/g [50].

Conclusions

Pyrolysis of argan shells has been investigated (at tempera-
tures between 350 and 550 °C) to obtain antioxidant addi-
tives from extracted bio-oil (with and without hydrothermal 

Fig. 6   FESEM micrograph of AS biochar before and after CO2-activation during 120 min

Table 3   Retention capacities 
of different compounds for the 
activated biochars prepared 
from argan shells biochar

n.m not measured

Contact 
time (h)

Retention capacity (%)

Adsorption of phenol Adsorption of catechol Adsorption of vanillin Adsorption of 
Methylene blue

AC90 AC150 AC90 AC150 AC90 AC150 AC90 AC150

1 77.1 87.7 63.3 82.4 94.2 98.5 n.m n.m
2 91.6 95.2 77.3 88.9 96.6 99.5 n.m n.m
3 95.3 96.1 84.6 91.3 98.5 99.5 97.4 99.6
4 96.1 96.7 88.9 91.6 99.3 99.6 n.m n.m
6 n.m n.m n.m n.m n.m n.m 98.6 99.7
24 98.8 98.8 95.4 96.7 99.9 99.6 100 100
72 n.m n.m n.m n.m n.m n.m 100 100
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post-treatment) and activated biochar prepared by physical 
activation (CO2).

Biodiesel oxidative stability could be improved by 
250–300% by adding <1 wt.% of a liquid fraction extracted 
from bio-oil (production yield 15–18 wt.% over argan 
shells), thus proving the good antioxidant nature of this liq-
uid. Neither the pyrolysis temperature nor the subsequent 
bio-oil treatment significantly affected the antioxidant 
behavior of the fraction extracted from bio-oil.

The activated biochar (11–20 wt.% over argan shells) showed 
an excellent performance in retaining potential contaminants 
from aqueous solutions and CO2. This solid was characterized 
by a high BET-specific surface area (up to 1500 m2/g).
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