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Abstract: Due to the large acreage of olive trees in the Mediterranean basin, the biochar from olive
tree pruning may become an important resource as part of circular economy strategies. However,
so far, there is not much knowledge on whether the same characteristics are repeated in biochar
once production is up-scaled to an industrial level. Accordingly, this study aimed to scale up the
production of olive tree pruning biochar with three reactors (semi-pilot, pilot and industrial) to
ascertain the production parameters that determine the characteristics of the obtained biochar and its
possible toxicity to use in agriculture or environmental applications. First, the production conditions
in the semi-pilot reactor were optimised by testing three temperatures (400, 500 and 600 ◦C), with
the result that 600 ◦C was the optimal production temperature because of a high carbon content
(70.88%), moderate pH (8.1), good carbon sink (R50 > 0.5) and low contents of PAHs (<6 mg/kg) and
heavy metals, resulting in a phytostimulanting effect for all the crops studied. Then, the production
was upscaled, using 600 ◦C as pyrolysing temperature. At the industrial scale, accurate temperature
control is essential because when temperatures above 650 ◦C were reached, the biochar showed
a pH above 11, resulting in severe phytotoxicity. The longer retention time of the material in the
industrial pyrolysers improved the carbon stability and, therefore, the biochar’s role as a carbon sink.
Consequently, it was proven that it is possible to produce olive tree pruning biochar adequate for
agriculture and environmental applications with large-scale equipment, and the two most important
factors needing control are the temperature and retention time.

Keywords: biochar; phytotoxicity; upscaling; polycyclic aromatic hydrocarbons; carbon sink; pyrolysis

1. Introduction

A large amount of residual biomass is produced worldwide, and it needs to be reused
to avoid environmental problems. In the Mediterranean basin, olive tree pruning is a very
relevant agricultural residue due to the considerable acreage of this crop [1].

Biochar is a solid product obtained from materials with high carbon content under high
temperatures and in the absence of oxygen [2]. Circular Economy principles contemplate
the use of biomass materials to improve the biomass cycle [3,4], especially to improve the
carbon cycle, and olive pruning is a good candidate since it satisfies the conditions to be
used as raw material in the production of biochar [4]. The benefits of using biochar as a soil
amendment in agriculture have been extensively documented, e.g., improvement of soil
characteristics such as pH, nutrient and water retention capacity, and improvement of the
soil microbiome [5–8]. Moreover, the environmental benefits of using biochar in agriculture
are related to the retention of atmospheric CO2 and thus becoming a carbon sink, which
contributes to mitigating climate change [9] in addition to the biochar’s capacity to adsorb
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pollutants [10]. For all those reasons, the use of biochar in agriculture can contribute to a
more sustainable and cleaner agricultural activity. In addition, biochar has been proven to
be useful as a carrier for biofertilisers such as microbial plant biostimulants [11].

Despite the benefits of biochar for environmental and agricultural applications that
have been extensively studied, concerns arise because biochar can also harbour potentially
toxic components for the environment [12]. Such potentially hazardous components could
either come from the raw material, e.g., heavy metals, or could be produced during the
pyrolysis process, e.g., polycyclic aromatic hydrocarbons (PAHs) and volatile organic
compounds (VOCs), or a combination of both, as it is the case of polychlorinated dibenzo-
p-dioxins and -furans (PCDD/Fs). Therefore, it is necessary to appraise the composition of
biochar and evaluate possible risks before application.

The present work was based on studying whether there is reproducibility in the
characteristics of different biochar samples at different scales, using three reactors: semi-
pilot, pilot and industrial. First, three temperatures were selected within the wide range
of working conditions for conventional pyrolysis to produce biochar (not higher than
600 ◦C) [13]. Therefore, the working temperatures were set at 400, 500 and 600 ◦C in
order to know which sample presented the best conditions for its agronomic application.
For this purpose, a semi-pilot reactor (Nabertherm P300, Lilienthal, Germany) was used,
which is provided with stricter temperature control since it has several thermocouples [14].
Subsequently, a pilot reactor was used as an intermediate scale to finally produce biochar
with an industrial reactor, and the only temperature control it presents is by regulating
the input speed of the raw material [15]. Thus, this study aimed to scale up olive tree
pruning biochar production to ascertain the production parameters that determine the
characteristics of the obtained biochar and its possible toxicity to use in agriculture or
environmental applications as a strategy of a circular economy. The scaling-up started
at a semi-pilot scale, following a pilot pyrolyser and finally an industrial pyrolyser, as
indicated before. The specific objectives were: (i) to test the effect of the temperature and
the pyrolyser conditions on the phytotoxic or biostimulant effect on plants of the produced
biochar, (ii) to identify the potentially toxic or biostimulant components generated during
the biochar production that could be related with any observed effects and (iii) to assess
the stability of the produced biochar with the R50 method to obtain a better idea of how
long the carbon material will remain in the soil once it is applied.

2. Materials and Methods
2.1. Material

The raw material used in this study was olive tree pruning, provided by Castillo de
Canena Company (Jaén, Spain), a large olive producer. The samples were received at
a size between 10 and 80 mm, totally cleaned and stored at room temperature. For the
experiments, samples were homogenised and ground to a size smaller than 2 mm using a
cutting mill; and then separated with a rifle divisor taking 1

4 of the sample. This process
was performed before obtaining a sample size of nearly 200 g. For thermogravimetric tests,
the samples were ground and shaken in a laboratory ball mill and crushed in magnesite
mortar until they could pass through a 0.25 mm mesh size.

2.2. Char Production

Olive tree pruning was pyrolysed with three different reactors (Figure 1). To select the
optimum reaction temperature, a semi-pilot electrically heated reactor (Nabertherm P300,
Lilienthal, Germany) with a quartz cylindrical chamber (1.5 m long × 0.1 m inner diameter)
and a central heated zone of 0.75 m length was used. The reactor used a thermocouple
to measure the working temperature, which allowed it to control this parameter along
the process. Complete information is described in Gómez et al. [14]. The experiment was
carried out in batch mode under a 20 ◦C/min heating rate. The feedstock for each batch
was 200 g of the raw material, which was introduced under oxygen-free conditions through
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a helium-inert carrier gas with a flow rate of 200 L·h−1. The working temperatures were
set at 400, 500 and 600 ◦C, and the solid retention time was 40 min.

Agriculture 2023, 13, x FOR PEER REVIEW 3 of 15 
 

 

diameter) and a central heated zone of 0.75 m length was used. The reactor used a ther-

mocouple to measure the working temperature, which allowed it to control this parameter 

along the process. Complete information is described in Gómez et al. [14]. The experiment 

was carried out in batch mode under a 20 °C/min heating rate. The feedstock for each 

batch was 200 g of the raw material, which was introduced under oxygen-free conditions 

through a helium-inert carrier gas with a flow rate of 200 L·h−1. The working temperatures 

were set at 400, 500 and 600 °C, and the solid retention time was 40 min. 

 

Figure 1. Photograph of the (a) semi-pilot reactor, (b) pilot reactor and (c) industrial reactor. 

After char samples analysis, 600 °C was selected as the optimum reaction tempera-

ture due to the germination index obtained in the phytotoxicity test. Thus, large-scale tests 

were performed at this temperature. 

One sample of biochar (BF600) was produced in a pyrolysis pilot plant at 600 ± 15 °C 

and 40 min of solid residence time. This reactor used a feed hopper working in semi-con-

tinuous mode with a feed flow of 15 kg/h and two valves to ensure oxygen-free conditions. 

The furnace temperature was monitored by six thermocouples at critical points along the 

material path. Further information can be found in Rosas et al. [15]. The production was 

in batches of 10 kg of the feedstock, and the total of the material processed was 70 kg. 

The last phase was the production of biochar on an industrial scale (BMEC) to com-

pare the result between the semi-pilot scale, the pilot scale and the industrial reactor in 

the biochar properties. This industrial reactor is a mobile and autothermal reactor that 

includes a vertical pyrolysis chamber separated from another chamber for the gases and 

vapours released by the biomass. In the middle of them, there is a combustion chamber 

that provides the heat to carry out pyrolysis without the external input of thermal energy. 

Complete details can be found in Rosas et al. [15]. The average reactor temperature was 

666 °C. The temperature control was monitored with three thermocouples, a single probe 

in the furnace and two others in the feed hopper of the equipment. The feedstock flow 

was 50 kg/h, and the residence time was 40 min. The amount of material processed was 

2330 kg. 

For the sake of clarity, Table 1 showcases the nomenclature used for the different 

biochar obtained at the different conditions and production scales. 

Table 1. Parameters of production of the different samples of biochar from olive tree pruning. 

Code Reactor Temperature (°C) Residence Time (min) 

B400 

Semi-pilot 

400 ± 3 40 

B500 500 ± 3 40 

B600 600 ± 3 40 

BF600 Pilot 600 ± 15 40 

BMEC Industrial 666 ± 50 40 

  

(a) (b) 
(
(c) 

Figure 1. Photograph of the (a) semi-pilot reactor, (b) pilot reactor and (c) industrial reactor.

After char samples analysis, 600 ◦C was selected as the optimum reaction temperature
due to the germination index obtained in the phytotoxicity test. Thus, large-scale tests were
performed at this temperature.

One sample of biochar (BF600) was produced in a pyrolysis pilot plant at 600 ± 15 ◦C
and 40 min of solid residence time. This reactor used a feed hopper working in semi-
continuous mode with a feed flow of 15 kg/h and two valves to ensure oxygen-free
conditions. The furnace temperature was monitored by six thermocouples at critical
points along the material path. Further information can be found in Rosas et al. [15]. The
production was in batches of 10 kg of the feedstock, and the total of the material processed
was 70 kg.

The last phase was the production of biochar on an industrial scale (BMEC) to compare
the result between the semi-pilot scale, the pilot scale and the industrial reactor in the
biochar properties. This industrial reactor is a mobile and autothermal reactor that includes
a vertical pyrolysis chamber separated from another chamber for the gases and vapours
released by the biomass. In the middle of them, there is a combustion chamber that provides
the heat to carry out pyrolysis without the external input of thermal energy. Complete
details can be found in Rosas et al. [15]. The average reactor temperature was 666 ◦C. The
temperature control was monitored with three thermocouples, a single probe in the furnace
and two others in the feed hopper of the equipment. The feedstock flow was 50 kg/h, and
the residence time was 40 min. The amount of material processed was 2330 kg.

For the sake of clarity, Table 1 showcases the nomenclature used for the different
biochar obtained at the different conditions and production scales.

Table 1. Parameters of production of the different samples of biochar from olive tree pruning.

Code Reactor Temperature (◦C) Residence Time (min)

B400
Semi-pilot

400 ± 3 40
B500 500 ± 3 40
B600 600 ± 3 40

BF600 Pilot 600 ± 15 40

BMEC Industrial 666 ± 50 40

2.3. Analysis Method
2.3.1. Chemical Characterisation

Proximate analysis (moisture, volatile matter and ash contents) was performed accord-
ing to ASTM 3302, UNE 3219 and UNE 32004. The elemental analyses to account for the
total content of C, N and H were measured according to ASTM 5373 with an elemental
analyser (LECO CHN-600), and total S was determined with a LECO SC-132 analyser,
according to ASTM 4239. The amount of O was obtained by subtracting from 100% the
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percentage of C, N, H and S. The organic carbon (Corg) was obtained by subtracting the
inorganic C from the total C.

The pH and EC were determined with a water extract (1:10 w/v) sample after me-
chanical stirring for 2 h. The measurement was carried out in the supernatant with a
previously calibrated GLP22CRISON pH meter and a conductivity bridge for the EC after
centrifugation and filtering.

2.3.2. Phytotoxicity Test

The phytotoxicity test provides information about the possible toxicity of biochar
samples that affect the seed germination of different crops. This assay was carried out as
described by Zucconi et al. [16] and modified by Varnedo et al. [17]. The seeds of lettuce
(Lactuca sativa L. cv. Batavia Rubia Munguia), tomato (Solanum lycopersicum cv. Corazón
de Buey), cress (Lepidium sativum L.) and radish (Raphanus sativus L.) were sterilised by
immersing them in a 70% ethanol solution (v/v) for 1 min. Then, they were immersed
for 7 min in 3% sodium hypochlorite (v/v). Finally, three rinses were put in previously
sterilised distilled water. A solution 1:5 (w/v) was prepared for each type of biochar with
sterilised distilled water, including the corresponding control performed using sterile
distilled water. The solution was stirred for 1 h and left to stand for 24 h. Then, 10 seeds of
each crop were placed on a Petri dish with a previously sterilised filter and 5 mL of each
solution. All dishes were sealed with Parafilm and incubated at 24 ◦C and 16 h of light.
Each treatment was performed with five replicates. The number of germinated seeds and
the lengths of their roots were counted and measured when the control seeds reached 90%
of germination, and they were used as control references for root length.

The germination index (GI) was calculated as the product of the relative germination
percentage (RGP) and relative radicle growth (RRG).

2.3.3. Heavy Metals and PAHs Analysis

Heavy metals and PAHs are the most commonly occurring contaminants and have
the greatest interest regarding biochar toxicity.

Heavy metals (As, Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, Se and Zn) were evaluated
following the European Biochar Certificate (EBC) and the International Biochar Initiative
(IBI). Heavy metals were extracted from 0.5 g of each sample in 10 mL of HCl (37%) and
3 mL of HNO3 (65%) in a digester at atmospheric pressure and the following temperature
and time conditions: from 20 to 45 ◦C for 30 min, 1 min at 45 ◦C; from 45 to 65 ◦C for 25 min,
5 min at 65 ◦C and from 65 to 100 ◦C for 15 min, 120 min at 100 ◦C. The contents of the
compounds were measured by inductively coupled plasma optical emission spectroscopy
(ICP-OES) (Agilent 5110 SVSV).

The sum of the EPA’s 16PAHs (polycyclic aromatic hydrocarbons): acenaphthene,
acenaphthylene, anthracene, benz[a]anthracene, benzo[a]pyrene, benzo[b]fluoranthene,
benzo[k]fluoranthene, benzo[g,h,i]perylene, chrysene, dibenz[a,h]anthracene, fluoranthene,
fluorene, indeno[1,2,3-cd]pyrene, phenanthrene, pyrene and naphthalene) and two more
hydrocarbons included by EBC (2022): Benzo(e)pyrene and Benzo-(j)-fluoranthene, were
determined by Eurofins Umwelt Ost GmbH (Freiberg, Germany) according to DIN EN
16181:2019-08. The PAHs were analysed and identified after a 2 h hot extraction with
toluene [18] using gas chromatography-mass spectrometry. Control procedures, sam-
ple preparation, extraction, and determination followed quality standardised protocols
established by Eurofins.

2.4. Stability Test: R50 Index

Stability tests estimate the carbon sequestration potential of the biochar prior to
application in soil. The R50 recalcitrance index was determined by thermogravimetric
analysis (TGA), following the method described by Harvey et al. [19] and taking as a
reference the new scale proposed by Gómez et al. [20]. A biochar sample of 10 mg was
placed in an alumina crucible, and the measurement was carried out in a thermobalance
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Mettler Toledo TGA/DSC1. A heating ramp rate of 10 ◦C/min in a constant air flow of
50 mL/min was used from room temperature to a maximum temperature of 900 ◦C. 1 g
of each sample was washed before the analysis in 100 mL of deionised water after 1 h of
mechanical stirring at 80 ◦C, following Gómez et al. [20]. The experiment was repeated
twice. The index was obtained according to Equation (1):

R50T,X = T50X/T50GRAPHITE (1)

where T50 is the temperature at which 50% of the mass loss was oxidised, TX for the biochar
and TGRAPHITE for graphite. The T50 graphite value was 886 ◦C.

For the new scale, conversion from R50 to GS (gained stability) was made by applying
Equation (2) [20]:

GS = (R50X − R50CELL)/(R50PCELL − R50CELL) (2)

where R50X is the R50 value of the product under analysis; R50PCELL is the R50 value of py-
rolysed cellulose (1 h, HHT = 750 ◦C) previously determined (R50PCELL = 0.62, T50 = 545 ◦C)
and RCELL is the R50 value of the cellulose (RCELL = 0.37). Thus, Equation (2) can be simpli-
fied as:

GS = (R50X − 0.37)/0.25 (3)

To determine the relationship between the stability methods of the R50 index and
accelerated degradation, Equation (4) is used, obtained from Gómez et al. [20]:

y = 10.57 × ln(GS) + 98.44 (4)

where y is the stability by accelerated degradation, and GS is the gained stability obtained
from Equation (3).

2.5. Statistical Analysis

For the germination tests, a completely randomised design was carried out. Statis-
tical analyses were performed using IBM-SPSS v.26.0 software. Differences between the
treatments were assessed using Tukey’s post-hoc test (at a significance level of 0.05) per-
formed after a one-way ANOVA (analysis of variance). Germination values have been
arcsine transformed.

3. Results and Discussion
3.1. Biochar Characterisation

The results of proximate analysis, elemental analysis and pH are presented in Table 2;
The lignin, cellulose and hemicellulose of the raw material were 31.8%, 50.6% and 80.2%,
respectively [21]. All biochar types can be classified in class 1, as the organic carbon con-
centrations were ≥60% and ≥50% following IBI (2015) [22] and EBC (2022) [23] standards,
respectively. The ash content in the samples increased with the working temperature in
the semi-pilot reactor, but it did not follow the same trend with the scaling-up process,
i.e., it did not increase either in the pilot reactor or in the industrial pyrolyser. On the other
hand, the concentration of volatiles, which is related to the labile organic fraction of the
biochar [24], decreased in the biochar samples when the temperatures increased for all
scale levels: semi-pilot, pilot and industrial. Thus, the great influence of temperature on
biochar characteristics was proven [25].
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Table 2. Physicochemical properties of the raw material and biochar samples obtained at different
pyrolysis temperatures (mean ± SD, n = 3), with an indication of the reactor used (codes according to
Table 1).

Code Olive Tree
Pruning B400 B500 B600 BF600 BMEC

Moisture (%) 6.20 0.04 ± 0.01 3.95 ± 0.30 5.36 ± 0.32 2.83 ± 0.48 8.26 ± 0.14
Volatile matter (%) a 79.91 33.50 ± 0.57 22.25 ± 0.93 21.80 ± 0.17 17.97 ± 0.51 19.65 ± 0.75
Fixed Carbon (%) a 17.31 62.47 ± 0.14 70.88 ± 0.33 68.81 ± 2.25 73.98 ± 2.03 71.27 ± 1.08

Ash (%) a 2.78 4.03 ± 0.20 6.87 ± 0.21 9.40 ± 0.16 8.05 ± 0.57 9.08 ± 0.24
Corg (%) 48.15 81.63 ± 0.50 84.08 ± 1.62 82.62 ± 0.32 70.39 ± 1.74 75.14 ± 1.18

H (%) 5.74 3.30 ± 0.07 3.25 ± 0.14 5.08 ± 0.50 6.65 ± 0.11 3.44 ± 0.25
N (%) 0.39 1.33 ± 0.37 1.53 ± 0.27 0.94 ± 0.26 0.76 ± 0.05 0.51 ± 0.08

H/Corg 1.43 0.49 ± 0.01 0.464 ± 0.03 0.74 ± 0.07 1.13 ± 0.05 0.55 ± 0.04
S (%) 0.05 0.34 ± 0.02 0.38 ± 0.05 0.20 ± 0.02 0.02 ± 0.01 0.60 ± 0.02
O (%) 45.67 13.40 ± 0.39 10.76 ± 0.19 11.16 ± 0.26 22.18 ± 0.29 20.31 ± 0.31

O/Corg 0.71 0.12 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 0.24 ± 0.01 0.20 ± 0.01
pH - 8.14 ± 0.18 8.70 ± 0.24 9.10 ± 0.06 9.71 ± 0.19 11.52 ± 0.43

CE (dS/m) - 0.84 ± 0.02 0.41 ± 0.01 0.32 ± 0.01 1.17 ± 0.01 1.71 ± 0.01
a On a dry matter basis.

All the biochar samples were rich in carbon (>70%), oxygen (>10%) and hydrogen
(>3%) because they were obtained from a woody feedstock. It had been previously reported
that woody materials yield high contents of the mentioned elements [26]. The concentration
of nitrogen (N) was between 0.5% and 2%, which falls within the range previously reported
for biochar from woody materials [26,27]. The N content in biochar decreased along with
temperatures, being <1.0% for the highest temperature. However, N content in biochar is
more tightly related to the type of feedstock than the pyrolysis conditions, and during the
pyrolysing process, the N concentration increases [28]. In this case, the N content in the
biochar from olive tree pruning ranged from 1.53 to 0.51%, whereas for the raw material,
it was 0.39%. No relationship between S content and the temperature of the production
of biochar was observed, indicating that the S content also depends mostly on feedstock
characteristics [29]. The EC values in all samples ranged between 0.32 and 1.71 dS/m.
Similar results have been reported by Picca et al., 2023 [30].

All the biochars produced in this work showed a ratio O/Corg < 0.4, fulfilling the
limit established by EBC (2022). B400, B500 and BMEC showed a ratio H/Corg < 0.7, thus
satisfying the limit established by EBC and IBI guidelines. Such values indicate a high
degree of carbonisation and high stability and hence a high potential for C sequestration
when biochar samples are added to the soil. Conversely, B600 and BF600 exceeded the
limit, indicating that the obtained products either were non-pyrolytic chars or the pyrolysis
process was deficient [23].

All the samples were alkaline, and the pH value increased along with the temperature.
Zhao et al., [28] reported that the increase in pH in biochar samples due to the increase in
temperature is because of the destruction of functional groups, which generate alkaline salts
and alkalinising elements, especially carbonates, which for this group, is the main cause of
increasing pH [31]. For higher temperatures, the separation of the alkali salts from organic
material is greater, and thus, the pH reached is also higher [32]. Similarly, Alburquerque
et al. [33] also reported a high pH value (11.51) and high content of carbonates in biochar
from olive tree pruning. Moreover, for a scheduled temperature of 600 ◦C, the pH increased
when scaling-up the process. The reason could be that at the industrial and pilot scale,
it is more difficult to control the temperature, having a larger error, i.e., the pilot reactor
has a ±15◦C margin and temperatures above 600 ◦C were reached, whilst in the industrial
reactor the margin is ±50 ◦C because the system for temperature control is less accurate. In
this case, the only way in which the temperature can be decreased when the set temperature
(666 ◦C) is exceeded is by reducing the entry of material in the feed [34]. Consequently,
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in the industrial pyrolyser, a relevant percentage of the raw material was pyrolysed at a
higher temperature until it managed to decrease.

3.2. Phytotoxicity Test and Its Relationship to the Contaminants Present in Biochar

The germination test provides information about the possible toxicity of a pure ma-
terial, and for this reason, it was carried out with the most concentrated solution of the
different biochars obtained in this work. Table 3 summarises the phytotoxicity test carried
out. The results show that the main factors that influenced the phytotoxic effect were the
temperature and type of reactor used.

Table 3. Germination index (%) (Zucconi et al. [16]) obtained for the indicated crops and different
conditions of biochar production (codes according to Table 1). GI ≤ 50% corresponds to highly
phytotoxic material; 50% ≤ GI ≤ 80% moderately phytotoxic material; 80% ≤ GI ≤ 100% non-
phytotoxic material and above 100% phytostimulant material (mean ± SD, n = 3).

Code Tomato Cress Radish Lettuce

B400 5.2 ± 0.018 d 119.9 ± 2.69 b 79.9 ± 0.26 c 4.6 ± 0.23 d

B500 108.4 ± 1.76 b 56.6 ± 0.69 c 275.3 ± 1.56 b 19.1 ± 0.16 c

B600 130.5 ± 2.54 a 249.7 ± 2.80 a 368.3 ± 2.29 a 162.3 ± 1.97 a

BF600 63.0 ± 1.32 c 2.4 ± 0.19 d 20.8 ± 0.30 d 53.5 ± 1.89 b

BMEC 8.3 ± 0.36 d 1.2 ± 0.06 d 19.1 ± 0.62 d 3.2 ± 0.09 d

Different letters indicate significant difference (p < 0.05) along the columns.

At the semi-pilot scale, the biochar produced at lower temperatures showed some
phytotoxicity that turned into a phytostimulant effect when the pyrolysis temperature
increased. Intani et al. [35] and Xiao et al. [36] observed a similar effect of temperature
on phytotoxicity. The effect also depended on the crop under evaluation; for tomato
and lettuce, there were no significant differences between B400 and BMEC, whereas, for
cress and radish, there was the same behaviour between BF600 and BMEC. At 400 ◦C,
biochar was phytotoxic for tomato and lettuce, moderately phytotoxic for radish and
phytostimulant for cress. At 500 ◦C, biochar was phytostimulant for tomato and radish,
moderately phytotoxic for cress and phytotoxic for lettuce. Finally, the biochar produced
at 600 ◦C was phytostimulant for all the crops. The radish crop was the least affected by
phytotoxicity and benefited the most from phytostimulation. The role of temperature, time
of residence, feedstock or biochar application rate in phytotoxicity has been more deeply
analysed by other authors, e.g., Lehmann and Joseph [37], Sun et al. [27] and Xiao et al. [36],
but the influence of the scaling-up process in the phytotoxicity of the product has not been
reported in previous studies to the best of our knowledge. Unfortunately, it has been found
that the phytostimulant effect of the biochar produced at 600 ◦C on a semi-pilot scale was
reproduced neither on a pilot nor at an industrial scale. In fact, at the pilot scale, biochar
produced at 600 ◦C (BF600) was moderately phytotoxic for tomato and lettuce, whilst the
biochar produced in the industrial reactor at 666 ◦C (BMEC) was phytotoxic for all crops. It
is hypothesised that the difficulties in controlling the operating conditions of the pyrolyser
at higher scales, specifically the temperature, could be the reason for the phytotoxicity
problems at the industrial scale. To prove the hypothesis, we attempted to identify the
phytotoxic compounds and to analyse to what extent they appeared, depending on the
temperature reached with each piece of equipment.

One of the characteristics to which the phytotoxicity of biochar in seed germination
has been attributed is due to the high concentration of soluble salts (EC > 10 dS/m) [4].
High salinity concentrations cause yield losses in sensitive crops. Yield losses of 50% have
been reported at salinity concentrations of 2.7 dS/m for lettuce, at 7 dS/m for radish, and at
10 dS/m for wheat [38]. All samples showed EC < 1.80 dS/m, a value that is below the EC
limits at which productivity losses begin to appear in the most sensitive crops. Therefore,
the phytotoxicity of the samples cannot be attributed to this parameter and maybe others
are responsible for this phenomenon.
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Interestingly, the phytotoxic effect of BMEC seems to be mainly from the extreme pH
(11.52), which was, in turn, assigned to the higher temperatures reached in the industrial
pyrolyser (see Section 3.1 for more details). However, even if biochar with high pH values
is not adequate for agronomic purposes due to phytotoxicity, Chintala et al. [39] have
observed that alkaline biochars with high contents of calcium carbonates are useful as an
amendment of acidic soils before putting them under cropping. Moreover, biochar with
high pH has also shown great potential for alleviating Al toxicity in crops, which is the
chief agronomic problem of acidic soils [40]. Biochar has good potential for the reduction
of Al toxicity in crops due to the adsorption capacity of this element and the ability to
replace the monomeric Al species in soil exchange sites with more neutral Al hydroxides in
soil [41]. On the other hand, alkaline biochar is useful to bioremediate soils contaminated
with heavy metals (HM) because it has been proven that highly alkaline biochar favours
the adsorption of heavy metals due to their more negative charges [5].

3.2.1. Concentration of Heavy Metals (HM) in the Biochar

The total concentration of As, Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, Se and Zn in the
produced biochar are shown in Table 4. All the samples were below the limits proposed by
IBI (2015) [22]. In contrast, the EBC (2022) [23] limits are stricter, and the Cu content of all
samples exceeded the EBC-Agro (Class III) limit.

Table 4. Total concentrations of heavy metals in biochar samples from olive tree pruning at different
temperatures (code according to Table 1) and their threshold values established by IBI (2015) and
EBC (2022) in the ECB-Agro classification (mean ± SD, n = 3).

Metal
(mg/kg)

Code IBI (2015) EBC-Agro (2022)

B400 B500 B600 BF600 BMEC

As <4 <4 <4 <4 <4 13–100 13
Cd <0.8 <0.8 <0.8 <0.8 <0.8 1.4–39 1.5
Co 0.49 ± 0.001 0.86 ± 0.02 0.99 ± 0.04 0.89 ± 0.04 2.76 ± 0.07 34–100 -
Cr 1.84 ± 0.01 10.33 ± 0.02 40.99 ± 0.08 21.44 ± 0.07 129.34 ± 0.13 93–1200 90
Cu 115.41 ± 0.19 137.52 ± 0.26 102.42 ± 0.32 149.26 ± 0.09 221.46 ± 0.33 143–600 100
Hg <1 <1 <1 <1 <1 1–17 1
Mo <2 <2 <2 <2 2.33 ± 0.01 5–75 -
Ni <2 5.8 ± 0.08 19.07 ± 0.08 10.75 ± 0.13 75.64 ± 0.29 47–420 50
Pb <4 <4 <4 <4 5.99 ± 0.32 121–300 120
Se <4 <4 <4 <4 <4 2–200 -
Zn 43.26 ± 0.31 56.91 ± 0.21 36.69 ± 0.22 49.98 ± 0.33 51.31 ± 51.31 416–7400 400

The Cu encountered in the biochar samples may come from the application of Cu as a
phytosanitary treatment in the field. Subsequently, the pyrolysing process concentrated
this element, a phenomenon that has been previously reported by other authors [12,42].
Other regional regulations are less strict with Cu limits, e.g., the Spanish legislation for
fertilisers [43] establishing three classes of material depending on the concentration of
heavy metals, namely classes A, B and C. In our case, all the samples were in class B due to
the concentration of Cu, making field application possible.

As, Cd, Hg, Mo, Pb and Se showed low concentration, and their content does not seem
to be influenced by the pyrolysing temperature. Conversely, the concentrations of Cr and Ni
were directly related to rising temperatures, as had already been observed by other authors,
such as Wang et al. [42] and Hilber et al. [44]. Unexpectedly, sample BF600 showed lower
Cr and Ni content than sample B600, even if the temperature effectively reached was higher
in BF600 than in B600; the reactor configuration could have been a determinant of this
result. For the rest of the elements, no clear relationship with temperature was observed.

The total concentration of HM decreased in the following order: BMEC > BF600 >
B600 > B500 > B400, coinciding with the decrease in the temperature of biochar production.
Phoungthong et al. [45] suggested that the increment of HM concentration along with the
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temperature is because of the decomposition of the organic matter during pyrolysis and
the partitioning of heavy metals with low volatility accumulated in biochar matter.

Although there is no restriction on the application of biochar in the field, it is important
to consider the heavy metal thresholds of the international guidelines when using biochar
as a carrier for a possible biostimulant or for its application as an organic amendment.

3.2.2. Concentration of Polycyclic Aromatic Hydrocarbons (PAHs) in the Biochar Samples

Polycyclic aromatic hydrocarbons are one of the main contaminants in biochar. They
are formed due to the aromatisation and carbonisation of organic matter [12]. Table 5 shows
the concentration of total Σ16 PAHs (US EPA). In all the biochar samples, Naphthalene
(69%) was the prevailing PAH, followed by phenanthrene (9%) and acenaphthylene (6%).
In general terms, the contents of lower molecular weight PAHs were more abundant than
the higher molecular weight compounds.

Table 5. Total PAHs content in biochar samples of olive tree pruning from different pyrolysers (code
according to Table 1).

PAHs (mg/kg)
Code

B400 B500 B600 BF600 BMEC

Naphtalene 4 5 4.2 28 1.3
Acenaphthylene <0.1 <0.1 0.2 1 <0.1
Acenaphthene 0.2 0.1 0.2 1.4 0.5

Fluorene 0.6 0.4 0.4 1.4 <0.1
Phenanthrene 0.5 0.5 0.4 1.3 0.5

Anthracene 0.2 0.1 0.1 0.4 <0.1
Fluoranthene 0.2 0.1 0.2 0.3 0.1

Pyrene 0.3 0.2 0.1 0.6 0.2
Benzo[a]anthracene <0.1 <0.1 <0.1 0.2 <0.1

Chrysene 0.1 <0.1 <0.1 0.2 <0.1
Benzo[b]fluoranthene <0.1 <0.1 <0.1 <0.1 <0.1
Benzo[k]fluoranthene <0.1 <0.1 <0.1 <0.1 <0.1

Benzo[a]pyrene <0.1 <0.1 <0.1 0.1 <0.1
Indeno[123cd]pyrene <0.1 <0.1 <0.1 <0.1 <0.1
Benzo[ghi]perylene <0.1 <0.1 <0.1 <0.1 <0.1

Dibenz[ah]anthracene <0.1 <0.1 <0.1 <0.1 <0.1

16∑PAHs 6.1 6.4 5.8 34.9 2.6

Benzo(ee)pyrene <0.1 <0.1 <0.1 0.1 <0.1
Benzo-(j)-fluoranthene <0.1 <0.1 <0.1 <0.1 <0.1

According to IBI’s guidelines, the permitted range of Σ16 PAH concentrations in
biochar samples ranges from 6 to 300 mg/kg, whereas EBC’s recommendations are more
rigorous and differentiate between various categories depending on the content. All biochar
samples fulfil the IBI specifications. Following the EBC-Agro (Class III) classification, the
B600 and BMEC samples were below the limit (6 mg/kg), the B400 and B500 samples
were just above the limit by 2% and 7% respectively, and the BF600 sample exceeded
the threshold set for Class III. However, only part of the PAH content is bioavailable and
potentially risky [44,46]. Even the bioavailable part of the PAHs that are directly responsible
for the toxicity is very low compared to the total content [46,47]. De la Rosa et al. [48]
suggested that PAHs are not the most reliable indicator of toxicity. Our results indicate
that pH could be more relevant for phytotoxicity than PAHs. In this light, the BMEC
sample was the most phytotoxic sample with the lowest PAH concentration and the most
alkaline pH. Therefore, the elevated pH may have contributed more to the inhibition of
seed germination than the PAH concentration. However, for the rest of the samples with
pH closer to neutrality, there was a strict correlation between the phytotoxicity and the
total PAH concentration, both decreasing as follows: BF600 > B400 > B500 > B600. Thus,



Agriculture 2023, 13, 1064 10 of 14

this study confirmed that PAHs are an important source of biochar toxicity, as previously
reported [49], but they cannot be regarded as the main cause of phytotoxicity.

3.3. Evaluation of the Stability of Biochar Samples
3.3.1. Preliminary Analysis of Stability According to H/C and O/C Ratios

The estimation of biochar stability is commonly based on the H/C and O/C ratios. Ac-
cording to IBI, the carbon stability in biochar is estimated by the molar ratio of H/Corg [22].
The use of Corg instead of total C for measuring biochar stability is due to the presence of
inorganic carbonates in some high-ash biochars that do not form aromatic groups. However,
the availability of Corg data is scarce in the literature, and thus total C is more generally
reported as easier availability [50].

Spokas [51] reported that biochars with an O/C ratio less than 0.2 are the most stable
and could have a half-life of more than 1000 years. Those with an O/C ratio of 0.2–0.6 have
intermediate half-lives of 100–1000 years, and, finally, biochar with an O/C ratio of >0.6
possesses a half-life of <100 years. According to the data presented in Table 2, all biochar
samples showed high stability except for BF600, which had intermediate stability.

However, Enders et al. [52] suggested the combined use of O/Corg, H/Corg and
volatile matter to obtain more accurate results of C stability. For biochar with volatile
matter above 80%, carbon sequestration is not possible, for volatile matter below 80%,
O/Corg > 0.2 and H/Corg > 0.4, carbon stability is moderate, and for O/Corg < 0.2 and
H/Corg < 0.4, carbon stability is considered high. According to this criterion, all the
analysed samples showed moderate stability because all of them exceeded at least one of
the ratios.

The O/Corg and H/Corg ratios are used as a basic indicator of stability (Figure 2), but
in this work, we also estimated the recalcitrant index (R50), which is a direct measurement of
C stability and thus a more reliable approach than the indirect indices. R50 detects changes
in the stability of the carbonaceous fraction and also represents the thermogravimetric
profiles when the biochar is washed with water (Figure S1) because once the material is
applied in the soil, the biochar will lose by leaching the inorganic matter not bound to its
structure in a short period [20,53]. For this reason, the R50 and GS50 were estimated for all
the samples, and it is discussed in the following subsection.
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Figure 2. Van Krevelen diagram for biochar from different pyrolysers with the threshold of both
ratios from EBC and IBI guidelines.

3.3.2. Recalcitrant Index (R50)

Harvey et al. [19] proposed a classification of the ability of biochar for C sequestration
based on the R50 index with three categories: class A (R50 > 0.7) indicates high biochar
carbonisation extent, class B (0.5 > R50 > 0.7) indicates intermediate stability, and class
C (R50 > 0.5) represents low stability. Gómez, et al., [20] proposed a new subscale called
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gained stability (GS), varying this method to reflect the changes occurring during the R50
index test, taking a minimum representative reference value of cellulose (R50 = 0.37) and a
maximum representative value, pyrolysed cellulose at 750 ◦C, 1 h (R50 = 0.62). This scale is
more representative of biomass transformation under pyrolysis, and it is also linked to the
carbon stability test related to the non-labile carbon content used in soils [54] through the
equation y = 10.57 × ln(GS) + 98.44, with y being the non-labile carbon.

Table 6 shows the R50 index and GS index for biochar samples and the expected
carbon stability in soils. According to the R50 index, all biochar samples were in class
B with an R50 > 0.5, except for B400, which was in class C, indicating medium and low
recalcitrance, respectively, when compared with graphite structure. According to the
GS index, in the semi-pilot reactor, the stability of the carbon increased, and the labile
carbon decreased, along with the temperature. When comparing the biochar from different
reactors, the biochar from the semi-pilot reactor is expected to be more structurally stable
in soils than the biochar from the pilot plant, probably due to the longer retention time in
the semi-pilot reactor. In addition, the biochar produced at the industrial scale showed
the best carbon stability in soils, probably boosted by the synergy between the higher
production temperature and the higher retention time, which produces stronger bonds
in the biochar carbon structure, and, therefore, the amount of labile carbon in the biochar
structure reached the lowest content.

Table 6. R50 index and gained stability (GS) from washed biochar produced at different reactors
(code according to Table 1).

Code T ◦C R50 GS Stability. Non-Labile Carbon (%)

B400 400 0.48 0.45 90.00
B500 500 0.50 0.52 91.53
B600 600 0.51 0.57 92.50

BF600 600 0.51 0.55 92.12

BMEC 600 0.54 0.66 94.05

4. Conclusions

This study has shown the feasibility of using biochar produced from olive tree pruning
for agronomic uses. The study also revealed the importance of strict control of the tempera-
ture during the biochar production: a strictly controlled pyrolysing temperature of 600 ◦C
resulted in a biochar with phytostimulant properties for all the plant species tested; the
phytostimulant effect was due to a low PAHs content and a moderate, although alkaline,
pH (9.1). Moreover, the biochar from olive tree pruning produced at 500 ◦C or 600 ◦C has
good characteristics to be a carbon sink due to its high stability (R50 > 0.50) and high C
content (>70%), whilst at 400 ◦C the R50 was lower. In this study, it has been shown that
the phytotoxicity increases along with PAH content increase when the pH of the samples is
9 at the most, but for higher pH values, the phytotoxic effect of the alkalinity prevails over
that of the PAHs. Further experimentation will be required to produce biochar with the
industrial reactor that complies with all heavy metal limits (especially Cu) established by
the EBC. To optimise the phytostimulant effect on the crop, the biochar must be produced
at the industrial level at an accurately controlled temperature of 600 ◦C. When 600 ◦C is
exceeded by more than 10%, the alkalinity of the biochar results in severe phytotoxicity. For
temperatures below 600 ◦C, the pH is moderate, but the PAHs increase along with decreas-
ing temperatures and trigger phytotoxicity. From the environmental perspective, the most
stable biochar was produced at the highest temperature and for the highest retention time,
again with 600 ◦C being the temperature that optimises phytostimulation with high fixed
carbon content to become a good carbon sink. Therefore, it has been proven that the results
obtained in the reactor at a semi-pilot scale lose reproducibility when the scale is increased,
but it is possible to obtain biochar with good agronomic and environmental characteristics
at larger scales.
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In the future, it will be necessary to focus research efforts on the chemical and agro-
nomic characterizations of biochars produced with industrial reactors. In order to have
more information on how biochar characteristics are modified during scale-up.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture13051064/s1, Figure S1: Corrected thermogravimetry
patterns of biochar derived from olive tree pruning from different pyrolysers.
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