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A B S T R A C T   

Biochar addition to soil can lead to potential environmental risks due to its content of polycyclic aromatic hy
drocarbons (PAHs). Until now, previous research focused on assessing the influence of pyrolysis peak temper
ature and feedstock on the formation and evolution of PAHs. Nevertheless, the effects of other important process 
parameters —such as pressure, gas residence time, and type of carrier gas— have not been comprehensively 
explored. To fill this gap, a 2-level full factorial design of experiments was conducted to assess the influence of 
the above-mentioned parameters on the pyrolysis behavior of an untreated wood waste as well as the properties 
of resulting biochars, including their PAHs contents. Results showed that the highest production of PAHs was 
reached at lower peak temperatures, whereas an increase in temperature led to a substantial reduction of the 
final PAHs content. An increased pressure also resulted in a marked decrease in PAHs, probably as a consequence 
of the higher carrier gas flow rates used under pressurized conditions, which could inhibit the generation of PAHs 
by condensation and polymerization. The outstanding results obtained from the phytotoxicity assessment for 
three plant species (barley, watercress, and basil) suggest that PAHs were not the major responsible for the 
observed short-term phytotoxic effects of biochars, since a considerable part of the phytotoxic compounds in 
biochar can be removed by a simple water washing step.   

1. Introduction 

Biochar is widely recognized as a potential soil amendment due to its 
unique properties, such as high stability, high nutrients content, alka
linity, and relatively high porosity [1]. Although the research in the field 
of biochar has been very intensive in the last years, a better under
standing of its role in agricultural and environmental practices is still 
needed. Biochar addition to soil also entails potential environmental 
risks due to its content of polycyclic aromatic hydrocarbons (PAHs). 
Being the largest group of carcinogenic, teratogenic and mutagenic 
compounds, PAHs are nowadays recognized as priority pollutants [2]. 
Allowed levels of PAHs in biochar for soil applications have been pro
posed in the last years, defining basic- and premium-grade biochars: 
below 12 and 4 mg kg–1, respectively, according to the European Biochar 
Certificate [3]; and below 20 and 6 mg kg–1, respectively, in line with 
the International Biochar Initiative [4]. 

PAHs are highly condensed aromatic structures produced during the 

pyrolysis process [5]. Their final concentrations in the produced biochar 
—which typically range from less than 0.1 to over 10,000 mg kg–1 [6]— 
depend on both the pyrolysis operating conditions (especially pyrolysis 
peak temperature) and biomass feedstock [7]. However, the effect of 
pyrolysis peak temperature on the production and distribution of PAHs 
within the resulting biochar is still unclear, in light of the apparently 
contradictory findings available in the literature [8–10]. It is known that 
aromatization, cyclization, dehydrogenation and dealkylation are the 
main reactions involved in PAHs formation at relatively low peak tem
peratures [11] (i.e., below 500 ◦C), whereas a further recombination of 
reactive radicals occurs when more severe conditions are applied, 
leading to the formation of more condensed aromatic structures [12]. 

In addition to pyrolysis peak temperature, the gas residence time can 
also markedly affect the final PAHs content in biochar. Typically, its 
increase results in a prolonged contact between the solid and gas phases, 
leading to a further decomposition of the tarry vapors onto the solid 
carbonaceous matrix through secondary reactions such as condensation, 
repolymerization and thermal cracking [13]. In other words, longer gas 
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residences times could result in biochars with higher PAHs contents, 
since PAHs are predominantly synthesized in the gas phase [5]. In line 
with this, Madej et al. [14] observed that using relatively high carrier 
gas (N2) flow rates during the pyrolysis of several biomass sources led to 
biochars with low PAHs contents (less than 1.5 mg kg–1), regardless of 
the peak temperature used. 

On the other hand, the effect of the absolute pressure on the pro
duction and distribution of PAHs has been much less explored. Since it 
was found that an increased pressure can significantly affect the pyrol
ysis process —leading to higher yields of gas at the expense of con
densable organic products [15–19]—, a certain influence of this process 
parameter on the PAHs contents of produced biochars can be expected. 
At this point, it should be emphasized that pressurized pyrolysis coupled 
with CO2-containing flue gas recirculation appears as a promising 
approach in terms of energy efficiency [16]. The presence of CO2 in the 
pyrolysis atmosphere was previously tested in different works [15,16, 
20]. For instance, Azuara et al. [20] analyzed the effects of absolute 
pressure coupled with a CO2 pyrolysis atmosphere during the slow py
rolysis of vine shoot biomass, demonstrating that the switch from N2 to 
CO2 did not affect neither the carbonization efficiency nor the properties 
of resulting biochar. In addition, under a CO2 atmosphere, the yield of 
CO notably increased at the expense of the CO2 yield, leading to the 
production of a more refined gas product, with a higher energy content. 
In light of these previous findings, which clearly appeared to be very 
appealing from an energy point of view, the role played by the content of 
CO2 in the carrier gas in the genesis of PAHs results to be very interesting 
to assess. 

It is estimated that the countries of the EU generate 50 million cubic 
meters of wood waste (WW) each year [21]. WW can be considered a 
valuable material, due to its potential for both recycling (e.g., particle
board) and energy recovery. However, WW could contain chemical 
impurities, such as heavy metals and persistent organic pollutants, 
including PAHs, which could be present in adhesives used in panels 
production [22]. Hence, and in order to produce high-quality biochars 
(with low PAHs levels), using untreated wood waste as precursor is 
encouraged. 

Keeping in mind all the considerations given above, the present work 
aims at assessing the influence of four pyrolysis process parameters 
(peak temperature, absolute pressure, gas residence time, and content of 

CO2 in the carrier gas) on the pyrolysis behavior and physicochemical 
properties of resulting biochars, with a special emphasis on their PAHs 
contents. Phytotoxicity of WW-derived biochars was also evaluated 
through germination tests for different seeds (i.e., barley, watercress, 
and basil). To the best of our knowledge, the present study is among the 
first ones to assess the influence of a high number of process-related 
variables (not only peak temperature, which has been the most 
analyzed parameter so far) on the potential hazard of WW-derived 
biochar utilization. 

2. Experimental section 

2.1. Biomass feedstock 

An untreated wood waste, which was basically a mixture of sawdust 
from sawmills and wood from used pallets and crates, was provided 
from a Belgian wood recycling company. The used WW, with a particle 
size in the range of 0.30–4.0 mm, was directly pyrolyzed without any 
preliminary treatment. Proximate analyses were performed in quadru
plicate according to ASTM standards for moisture, volatile matter, and 
ash contents. Ultimate analyses were carried out in triplicate using a 
CHN628 elemental analyzer (Leco, USA). X-Ray Fluorescence (XRF) 
spectroscopy analysis (using an ADVANT’XP + XRF spectrometer from 
Thermo ARL, Switzerland) was also conducted to determine the inor
ganic constituents of the biomass ash. The procedure employed to 
determine the main constituents of WW (hemicelluloses, cellulose, 
lignin, and extractives) is reported in detail in a previous work [16]. 

2.2. Production and characterization of WW-derived biochars 

The bench-scale fixed-bed pyrolysis unit used for biochar production 
was already described in an earlier study [15]. Pyrolysis experiments 
were performed by varying the peak temperature between 400 and 550 
◦C, whereas the ranges of absolute pressure and gas residence time were 
0.2–0.9 MPa and 100–200 s, respectively. Moreover, the composition of 
the carrier gas varied from pure N2 to a binary mixture of 60:40 v/v of 
CO2/N2. The initial mass of WW was 400 g and the mean heating rate 
and the soaking time (at the peak temperature) were kept constant at 5 
◦C min–1 and 1 h, respectively. More details concerning the experimental 

Nomenclature 

Abbreviations of 16 EPA PAHs 
ANA Acenaphthene 
ANT Anthracene 
&%Annotation-xml.content; Acenaphthylene 
BaA Benzo[a]anthracene 
BaP Benzo[a]pyrene 
BbF Benzo[b]fluoranthene 
BkF Benzo[k]fluoranthene 
BPE Benzo[ghi]perylene 
CHR Chrysene 
DBA Dibenz[a,h]anthracene 
FLT Fluoranthene 
FLU Fluorene 
IPY Indeno[1,2,3,-cd]pyrene 
NAP Naphthalene 
PHE Phenanthrene 
PYR Pyrene 

Variables 
CO2 CO2 content in the pyrolysis carrier gas (vol. %) 
G Germination percentage 

GI Germination index (%) 
L Average root length (mm) 
P Absolute pressure during pyrolysis (MPa) 
SBET Specific surface area according to the BET model (m2 g− 1) 
T Pyrolysis peak temperature (◦C) 
τ Gas residence time (s) 
Vultra Volume of ultra-micropores (cm3 g− 1) 
xFC Fixed-carbon content (wt. %) 
ychar Yield of char (mass fraction, daf basis) 
yFC Fixed-carbon yield (mass fraction) 
ygas Yield of produced gas (mass fraction, daf basis) 
yorg Yield of condensable organic compounds (mass fraction, 

daf basis) 
ywat Yield of produced water (mass fraction, daf basis) 

Acronyms 
daf Dry- and ash-free basis 
db Dry basis 
TTEC Total toxic equivalent concentrations (μg kg–1 biochar, db) 

Subscript 
w Washed biochar samples  
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device and procedure are available in Appendix A. 
The mass yields of biochar (ychar), produced gas (ygas), organic con

densable products (yorg) and produced water (ywat) were calculated in a 
dry and ash-free (daf) basis. Produced biochars were characterized by 
proximate analysis and ultimate analyses using the same procedures as 
described above. The fixed-carbon yield (yFC), which corresponds to the 
fraction of organic matter initially present in the biomass feedstock and 
converted into fixed carbon, was taken as a measure of carbonization 
efficiency. 

Given the highly ultra-microporous structure of biochars, CO2 
adsorption isotherms at 0 ◦C were measured using an ASAP 2020 gas 
sorption analyzer (Micromeritics, USA). Approximately 120 mg of each 
sample were firstly degassed under dynamic conditions at 150 ◦C until 
constant weight was reached. From the obtained isotherms, the BET 
specific surface areas (SBET) and the ultra-micropore volumes (Vultra, 
pore size lower than 0.7 nm) were determined. For Vultra, Grand Ca
nonical Monte Carlo (GCMC) simulations for carbon slit-shaped pores 
were used. 

The pH of biochars was measured in deionized water at a ratio of 
1:10 (w/v) using a pH meter (SensION + pH3 from Hach, USA). For 
comparison purposes, pH of raw and water-washed biochars was 
measured. A large excess of distilled water (50 mL per g of biochar) was 
used for washing. The resulting mixture was gently stirred for 2 h at 300 
rpm. The washed biochar particles were then separated by vacuum 
filtration and dried at 105 ◦C overnight. 

2.3. PAHs contents in biochars 

In line with the methodology described by De la Rosa et al. [23], 2 g 
of dried biochar underwent a Soxhlet extraction using 200 mL of toluene 
throughout 24 h without any clean-up treatment. The obtained extracts 
were concentrated to 1 − 2 mL by means of a rotary vacuum evaporator 
(R-210, Buchi, Switzerland). Prior to concentration, the biochar samples 
were spiked with 10 μL of toluene containing 400 ng of a PAH deuter
ated internal standard mix in order to detect any possible loss of analyte 
during sample preparation. The analysis of the 16 PAHs prioritized by 
the US EPA in the resulting extracts was performed using a 6890 GC 
coupled with a 5973i MS detector (Agilent, USA). More details on the 
procedure adopted to measure PAHs are available in Appendix A. The 
total toxic equivalent concentrations (TTEC) related to the carcinogenic 
risk assessment for each biochar sample was then calculated according 
to the procedure described by Dat and Chang [24]. 

2.4. Germination tests 

Phytotoxicity tests were carried out in order to assess the hazard of 
employing WW-derived biochar as soil amendment. The procedure 
consisted of the incubation of 10 seeds (of barley, watercress, or basil) in 
5 mL of an aqueous solution containing 0.5 g of biochar poured in a Petri 
dish over a sterile filter paper. All the samples were then covered and 
stored in an oven at 25 ◦C for 72 h. The root length of germinated seeds 
was measured using a Vernier caliper and the average values were 
calculated for each sample. According to Liang et al. [25], the germi
nation index (GI) was calculated as follows: 

GI =
G
G0

L
L0

100 (1)  

where G and L are the germination percentage and average root length, 
respectively. G0 and L0 refer to the control condition (i.e., Petri dish with 
5 mL of deionized water). 

2.5. Statistical approach 

An unreplicated 2-level full factorial design was adopted to evaluate 
the effects of the four factors assessed —peak temperature (T, 400 and 

550 ◦C), absolute pressure (P, 0.2 and 0.9 MPa), gas residence time (τ, 
100 and 200 s), and CO2 content in the carrier gas (CO2, 0 and 60 vol. 
%). Three replicates at the center point (475 ◦C, 0.55 MPa, 150 s and 
30:70 v/v of CO2/N2) were carried out to estimate the experimental 
error and the overall curvature effect [26]. The structure of the regres
sion model for a given response variable —using normalized values for 
factors (x) in the range from –1 to 1— was as follows: 

ŷ = β0 +
∑4

i=1
βixi +

∑4

i=1

∑4

j=1
βi,jxixj +

∑4

i=1

∑4

j=1

∑4

k=1
βi,j,kxixjxk (2)  

where β0, βi, βij, βijk are the intercept, linear, 2-way interaction and 3- 
way interaction coefficients, respectively. All the statistical calcula
tions were conducted using Minitab software (v17). 

3. Results and discussion 

3.1. Pyrolysis behavior 

Results from proximate, ultimate, and XRF analyses —as well as 
lignocellulosic constituents— related to the WW feedstock are listed in 
Table 1. The relatively low content of nitrogen confirms the absence of 
nitrogen adhesives and/or melamine [27]. However, titanium was 
found in a non-negligible amount (67.0 mg kg–1 db), probably due to the 
marginal presence of TiO2-based paint pigments. In any case, the con
tent of Ti was considerably lower than those reported for treated waste 
woods (e.g., 1600 [27] and 2140 mg kg–1 db [28]). 

From the analysis of the obtained pyrolysis mass loss curves and 
temperature profiles, it can be underlined that similar conclusions to 
those previously reported for wheat straw [16] can be drawn. In this 
regard, an increased pressure enhanced the kinetics of the reactions 
involved in the overall devolatilization process. For WW, however, ki
netics was improved to a lesser extent in comparison with those corre
sponding to wheat straw, probably due to the lower hemicelluloses 
content in the WW feedstock, which is the first biomass fraction to 

Table 1 
Lignocellulosic composition, proximate, ultimate and XRF analyses of WW.  

Component (wt. %)  
Hemicelluloses 18.0 ± 0.7 
Cellulose 52.3 ± 0.3 
Lignin 28.9 ± 0.2 
Extractives 0.80 ± 0.2  

Proximate (wt. %)  
Ash 0.36 ± 0.05 
Moisture 7.61 ± 0.02 
Volatile matter 80.2 ± 0.21 
Fixed carbon 11.9 ± 0.23  

Ultimate (wt. % in daf basis)  
C 45.9 ± 0.07 
H 6.36 ± 0.02 
N 0.36 ± 0.01 
O (by difference) 47.0  

Inorganic matter (mg kg–1 in dry basis)  
Ca 400.0 ± 18 
K 113.4 ± 5.8 
Ti 67.0 ± 3.2 
Fe 67.0 ± 3.2 
Si 53.3 ± 2.5 
S (inorganic) 43.2 ± 2.2 
Mn 40.0 ± 2.2 
Cl (inorganic) 39.6 ± 1.8 
Mg 23.8 ± 2.3 
Al 22.0 ± 1.1 
Pb 21.9 ± 1.5 
Zn 11.9 ± 0.7 
Sn 10.6 ± 0.8  
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thermally decompose. Further details on this study are available in 
Appendix A. 

The mass balance closures and the distributions of the pyrolysis 
products obtained for each experiment are listed in Table 2. The error in 
the mass-balance closure (which ranged from 78 % to 92 %) was 
attributed to the difficulty in accurately determining the mass of pro
duced gas, especially at high carrier gas flow rates. The outcomes from 
the statistical analyses for the response variables related to the yields of 
pyrolysis products are given in Table A.2. 

Fig. 1 displays the normal probability plots of the standardized ef
fects on the yields of biochar, gas, condensable organics, and produced 
water. As expected and in line with previous studies [29–31], an 
increased peak temperature resulted in a lower yield of biochar, due to 
the higher extent of devolatilization at temperatures higher than 400 ◦C. 
To a much lesser extent than peak temperature, using a CO2-containing 
carrier gas also led to a decreased yield of biochar. This can probably be 
ascribed to a slight gasification of the carbonaceous matrix with CO2. In 
contrast, an increase in the absolute pressure resulted in a slight increase 
in ychar, probably as a result of the major extent of the secondary char
ring reactions. At this point, it should be pointed out that apparently 
contradictory results with regard to the effect of pressure on the yield of 
char have been reported. For instance, Melligan et al. [32] did not 
observe any significant correlation, whereas Manyà et al. even reported 
a slight negative effect of the absolute pressure in some studies [33,34]. 
A reason for this dissimilarity could be the fact that the present study 
incorporates the gas residence time as a parametric factor. This allowed 
us to separate properly the pure effects of the absolute pressure and the 
gas residence time. Another reason could be the influence of the pro
cessed biomass feedstock, especially in terms of biomass constituents 
and inorganic matter content and composition. 

As can also be seen in Fig. 1, higher levels of pressure considerably 
promoted the yield of produced gas at the expense of the overall con
densable products (yorg and ywat). This could be explained by an 
enhancement of secondary reactions at pressurized conditions, with a 
consequent further consumption of volatiles and a higher release of non- 
condensable gases [16]. In fact, and as can be deduced from Fig. 1d, the 
main effect of the absolute pressure on ygas was notably higher than that 
of the peak temperature. The observed decrease in the yield of produced 
water (see Fig. 1c) could probably be due to an enhancement of both 
water gas shift and reforming (of intermediate volatiles) reactions [18]. 
In addition, an increase in the gas residence time (i.e., lower carrier gas 
flow rates) positively affected the yields of water and condensable 
organic compounds at the expense of the produced gas, probably as a 

result of a higher extent of both condensation and repolymerization 
reactions. 

Regarding the yields of the main gaseous species released (i.e., CO2, 
CO, H2, and CH4), some considerations can be drawn from the plot of the 
effects shown in Fig. A.3. The yield of CO2 was greatly affected by 
pressure, which favored decarboxylation of both hemicelluloses and 
cellulose [17]. The yield of CO was positively affected by both the peak 
temperature and the presence of CO2 in the carrier gas, probably as a 
result of the shift of the Boudouard reaction equilibrium towards CO 
production. An increased peak temperature also resulted in higher yields 
of hydrogen and methane, due to the higher extent of both the cracking 
and dehydrogenation reactions at temperatures higher than 500 ◦C [16]. 
Contrary to what was expected, an increased pressure did not result in 
any significant increase in yCH4. This finding, which was also observed 
for wheat straw pellets [16], could be explained by the relatively narrow 
range of pressures applied in our study. For instance, Chen et al. [19] 
observed a marked increase in the yield of methane when pressure was 
raised above 1.0 MPa. 

3.2. Properties of produced biochars 

Table 3 reports the results of response variables related to potential 
stability (atomic H:C and O:C ratios, as well as the fixed-carbon content, 
xFC), textural properties (SBET and Vultra), atomic C:N ratio, and pH. Fig. 2 
displays the normal probability plots of the standardized effects for each 
response variable, whereas the regression coefficients of the statistical 
models are listed in Table A.3. 

As can be seen in Fig. 2a, the fixed-carbon content was significantly 
improved by peak temperature, since its increase led to a higher 
aromatization of the biochar structure. The lower atomic H:C and O:C 
ratios measured for the biochars produced at the highest peak temper
ature confirmed their higher aromaticity (see Fig. 2b and c). The rela
tively high values of xFC and low values of both the atomic H:C and O:C 
ratios for biochars produced at 550 ◦C highlight them as promising 
recalcitrant carbon sources for soil applications. In addition, Fig. 2d 
reveals that the absolute pressure was the most influential parameter on 
yFC. The gas residence time and peak temperature also affected posi
tively yFC, albeit to a lesser extent. The highest fixed-carbon yield was 
0.28, which is higher than that obtained for wheat straw pellets in the 
same range of operating conditions [16]. This can be due to the major 
content of lignin in the WW feedstock (28.9 vs 18.4 wt. %). 

The peak temperature was by far the most influential factor on both 
the specific surface areas (SBET) and ultra-micropore volumes (Vultra) of 

Table 2 
Mass balance closures and experimental yields of pyrolysis products.  

Factor Response variable 

T P τ CO2 Mass balance closure ychar yorg ywat ygas yCO2 yCO yCH4 yH2 
◦ C MPa s vol. % % mass fraction in dry basis mol kg–1 in daf basis 

550 0.2 200 0 88.9 0.304 0.095 0.302 0.299 4.844 2.345 0.564 0.828 
550 0.9 200 0 86.7 0.315 0.078 0.246 0.360 5.557 2.937 1.341 1.056 
475 0.55 150 30 85.6 0.327 0.083 0.285 0.305 3.765 3.656 1.602 0.414 
550 0.2 100 60 84.6 0.297 0.089 0.302 0.311 3.744 3.610 2.086 0.823 
475 0.55 150 30 83.7 0.323 0.076 0.282 0.320 3.993 3.682 1.765 0.484 
550 0.9 200 60 84.0 0.319 0.072 0.234 0.375 4.977 3.874 2.253 0.762 
400 0.2 200 0 91.5 0.369 0.102 0.254 0.275 4.445 2.275 0.638 0.089 
400 0.2 100 0 91.9 0.369 0.092 0.267 0.271 4.404 2.222 0.631 0.090 
400 0.9 100 0 80.0 0.362 0.056 0.175 0.407 6.642 3.296 0.860 0.223 
550 0.2 100 0 84.2 0.311 0.066 0.224 0.398 5.954 3.228 2.105 0.770 
400 0.9 100 60 78.0 0.357 0.050 0.160 0.433 7.520 2.895 0.851 0.214 
400 0.9 200 60 87.2 0.370 0.066 0.221 0.343 6.033 2.244 0.580 0.121 
550 0.9 100 0 80.5 0.314 0.067 0.189 0.430 6.437 3.708 1.719 1.441 
400 0.9 200 0 85.5 0.369 0.068 0.218 0.345 5.784 2.660 0.517 0.161 
400 0.2 200 60 90.8 0.352 0.108 0.299 0.241 3.319 2.726 0.700 0.122 
550 0.2 200 60 86.0 0.308 0.098 0.308 0.286 2.340 4.452 2.750 0.909 
400 0.2 100 60 88.0 0.352 0.108 0.258 0.282 4.316 2.635 0.774 0.094 
475 0.55 150 30 83.5 0.325 0.078 0.270 0.327 4.282 3.522 1.747 0.467 
550 0.9 100 60 82.7 0.314 0.057 0.194 0.435 6.325 4.248 1.688 0.857  
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the resulting biochars (see the corresponding plots of the effects in 
Fig. A.4). Higher temperatures induced a more extended thermal 
degradation of biomass, resulting in the formation of new pores. At a 
much lesser extent than temperature, feeding CO2 in the pyrolysis 
reactor also positively influenced the development of ultra-micropores, 
as a consequence of the above-mentioned slight gasification. On the 
other hand, it is important to note that the influence of the absolute 
pressure resulted to be negligible on the porosity development in the 
range of 0.2–0.9 MPa, in contrast to the negative effects that were re
ported in the literature [32,35]. This encouraging result suggests that 

pressurized pyrolysis at relatively low temperatures could be feasible for 
the production of engineered biochars with an ameliorated carbon 
sequestration potential without altering their porosity development. 

From Table 3, it can be seen that biochars resulted to be moderately 
basic, since the values of pH were comprised between 8.20 and 8.52, 
which may indicate the availability of a certain level of both macro- and 
micro-nutrients [36], having been concentrated in the biochar matrix 
during the pyrolysis process. These pH values dropped down to 
6.73–7.83 for water-washed biochars. This could be mainly ascribed to 
the loss of some water-soluble basic species (e.g., salts and minerals). 

Fig. 1. Normal plot of the standardized effects (α = 0.05) for (a) ychar, (b) yorg, (c) ywater, and (d) ygas (square, significant effect; circle, non-significant effect).  

Table 3 
Physicochemical properties of produced biochars (the subscript “w” refers to the results obtained for water-washed biochars).  

Factor Response variable 

T P τ CO2 H:C O:C C:N pH pHw xFC yFC SBET Vultra 

⁰C MPa s vol. % − wt. % − m2 g–1 cm3 g–1 

550 0.2 200 0 0.434 0.077 78.33 8.20 7.83 84.5 0.255 246 0.062 
550 0.9 200 0 0.388 0.066 85.77 8.36 7.76 86.6 0.271 246 0.063 
475 0.55 150 30 0.511 0.113 71.18 8.40 7.38 75.3 0.244 198 0.046 
550 0.2 100 60 0.377 0.054 76.70 8.36 7.70 85.3 0.250 255 0.064 
475 0.55 150 30 0.483 0.094 75.43 8.41 7.55 78.6 0.251 215 0.051 
550 0.9 200 60 0.356 0.056 76.21 8.42 7.50 88.2 0.279 256 0.067 
400 0.2 200 0 0.603 0.125 82.51 8.44 7.05 69.4 0.255 166 0.036 
400 0.2 100 0 0.640 0.142 71.04 8.34 7.06 68.5 0.251 159 0.034 
400 0.9 100 0 0.584 0.118 76.28 8.39 6.99 71.4 0.257 171 0.038 
550 0.2 100 0 0.415 0.073 73.97 8.42 7.30 83.4 0.256 242 0.060 
400 0.9 100 60 0.593 0.122 76.47 8.31 7.27 70.8 0.252 173 0.039 
400 0.9 200 60 0.616 0.131 78.60 8.29 6.76 69.3 0.256 163 0.036 
550 0.9 100 0 0.396 0.060 72.36 8.39 7.29 83.7 0.261 240 0.060 
400 0.9 200 0 0.586 0.117 83.04 8.42 6.73 73.0 0.269 172 0.038 
400 0.2 200 60 0.582 0.114 76.00 8.52 7.25 73.0 0.256 170 0.038 
550 0.2 200 60 0.428 0.103 76.88 8.35 7.76 85.4 0.261 243 0.091 
400 0.2 100 60 0.602 0.111 58.17 8.40 7.26 68.8 0.241 175 0.038 
475 0.55 150 30 0.475 0.087 73.06 8.40 7.77 79.2 0.256 218 0.052 
550 0.9 100 60 0.328 0.042 71.94 8.43 7.52 87.0 0.273 270 0.070  
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From the normal plot of the effects shown in Fig. A.5a, it can be deduced 
a significant interaction effect between peak temperature and pressure, 
which results in an increase in pH at the highest levels of both factors. 
This finding could probably be due to an enhanced consumption of 
volatiles (which typically show an acidic nature [6]) through secondary 
reactions. By contrast, the interaction effect between the gas residence 
time and peak temperature led to lower values of pH, likely due to the 
major extent of recondensation reactions at longer vapor residence 
times. 

On the other hand, the atomic C:N ratio was mainly (and positively) 
affected by the gas residence time (see the corresponding plot of the 
effects in Fig. A.5b), probably due to a higher release of nitrogen- 
containing volatile compounds. All the biochars produced in this study 
showed atomic C:N ratios much higher than the threshold value of 30, 
indicating their high suitability for the mitigation of N2O emissions from 
soil [37,38]. 

3.3. PAHs contents in biochars 

Table 4 lists the PAHs contents and TTEC values of produced bio
chars (the regression coefficients of the statistical models are reported in 
Table A.4). For its part, Fig. 3 shows the normal probability plots of the 
effects of the selected factors on the PAHs contents. As can be seen in 
Fig. 3a, an increase in either the peak temperature or the absolute 
pressure led to a marked decrease in the concentration of total PAHs. 
Within the available literature, no clear consensus exists on the influ
ence of pyrolysis peak temperature on PAHs content in biochar. For 
instance, Kloss et al. [39] did not observe any correlation in the range of 
400 − 525 ◦C for wheat straw, poplar wood, and spruce wood biochars; 
however, Rogovska et al. [40] reported an increase in the PAHs contents 
with temperature (in the range between 450 and 850 ◦C) for biochars 
obtained from hardwood, corn and switchgrass. Nevertheless, the 
studies by Brown et al. [9] and Freddo et al. [41] yielded the opposite 
trend at temperatures ranging from 300 to 1000 ◦C. To explain these 

apparently contradictory results, it is important to note that the total 
PAHs content takes into account all the processes involved in the for
mation and consumption of PAHs, which occurred at the solid-vapor 
interphase throughout different temperature phases in fast/slow suc
cession until the peak temperature was reached [8]. In other words, 
PAHs may turn into lower molecular weight PAHs by breakage (which 
can subsequently be desorbed from the solid surface [42]) or into higher 
molecular weight PAHs through condensation and polymerization re
actions [43,44]. Depending on the pyrolysis reactor configuration, 
operating process conditions and type of feedstock, different extents of 
the above-cited PAHs conversion pathways could be expected. In the 
present study, the highest PAHs content was reached at the lowest 
temperature level (400 ◦C), suggesting that conversion of PAH com
pounds toward lighter hydrocarbons was promoted by temperature. 

At a first glance, the statistically significant negative effect of the 
absolute pressure on the total PAHs content could appear in disagree
ment with previous studies [45]. However, it might be explained by the 
relatively high carrier gas flow rates employed in order to ensure the 
proper gas residence time, which massively diluted the reaction envi
ronment, reducing the vapor-solid interaction and, consequently, pre
venting condensation and polymerization reactions and enhancing 
desorption of low-weight PAHs. Furthermore, a combined effect of the 
gas residence time and the presence of CO2 in the carrier gas led to a 
slight increase in the total PAHs content. This appears to be in line with 
the findings reported in an earlier study [46]. 

The effects of factors on the contents of low-molecular weight PAHs 
(the sum of naphthalene, acenaphthylene, acenaphthene and fluorene 
contents, PAH light in Fig. 3b), medium-molecular weight PAHs (the sum 
of phenanthrene, anthracene and fluoranthene contents, PAH medium in 
Fig. 3c), and high-molecular weight PAHs (the sum of pyrene, benzo[a] 
anthracene and chrysene contents, PAH heavy in Fig. 3d) were also 
assessed. The criterion used to classify the PAH species in the three as- 
mentioned fractions was based on the number of aromatic rings in 
their structures, being this fact responsible for most of their 

Fig. 2. Normal plots of the standardized effects (α = 0.05) for (a) xFC, (b) atomic H:C ratio, (c) atomic O:C ratio, and (d) yFC (square, significant effect; circle, non- 
significant effect). 
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physicochemical properties [47]. It was observed that, among the three 
fractions, PAH light resulted to be the most affected by pressure, which 
seemed to promote further decomposition and desorption of PAH 
compounds and/or partly inhibit their formation. It is important to note 
that PAH light was the most abundant fraction in the produced biochars. 
On the other side, the operating parameter that mostly affected (nega
tively) both the PAH medium and PAH heavy groups was the peak 
temperature, whereas the effect of pressure was very low or even 
negligible for PAH medium and PAH heavy, respectively. 

From the PAHs concentrations listed in Table 4, it can be seen that a 
highest value of 5583 μg kg− 1 was measured for the biochar produced at 
400 ◦C, 0.2 MPa and 200 s, while the lowest value (3197 μg kg–1) cor
responded to the biochar produced at 550 ◦C, 0.9 MPa and 100 s. In both 
cases, a CO2-containing carries gas (60 vol. %) was used. From Table 4, it 
is also possible to observe that PAH compounds having ring structures 
more complex than chrysene were not detected for the range of oper
ating conditions adopted in the present work. According to the European 
Biochar Certificate (EBC) guidelines [3], half of the produced biochars 
exceeded the limit concentration (4000 μg kg–1) allowed for being 
considered as premium biochars. However, assuming the recommen
dations made by the International Biochar Initiative (IBI) [4], all the 
produced biochars can be marked as premium quality ones (i.e., PAHs 
content below 6000 μg kg–1). 

Concerning the TTEC values (which ranged from 4.19 to 16.9 μg 
kg–1), the pyrolysis peak temperature was the most influential factor, 
leading to a marked decrease in this response variable when tempera
ture was increased (see Fig. 3e). The effect of the absolute pressure was 
negligible in this case. These findings were perfectly in line with the 
considerations reported above, especially with those related to PAH 
medium and PAH heavy fractions, which represent the most toxic classes 
of PAHs. 

The PAHs assessment was also conducted for water-washed biochars. 
As expected, the measured total PAHs contents (as well as those corre
sponding to the light, medium and heavy PAH fractions) were the same 
than those obtained for the unwashed biochars and, therefore, they are 
not reported herein. 

3.4. Germination response 

Once it has been ensured that the produced biochars had relatively 
low contents of hazardous PAH compounds, a germination assessment 
was performed to assess their short-term phytotoxicity. The germination 
index (calculated as in Eq. (1)) lower than 50 % indicates a high level of 
phytotoxicity, values comprised between 50 % and 80 % are represen
tative of moderate phytotoxicity, whereas a lack of phytotoxicity is 
accomplished when GI falls between 80 % and 100 % [25]. Furthermore, 
the biochar could be defined as phytostimulant or phytonutrient when 
GI values exceed 100 %. 

Table 5 shows the GI values obtained for the tested species (see 
Table A.5 for model regression coefficients). The germination response 
for barley was very sensitive to the pyrolysis operating conditions, 
showing a relatively wide response window: from low phytotoxicity 
(51.4 % as the lowest value) to moderate phytostimulation (up to 157 
%). From Fig. 4a, it can be deduced a significant (and positive) inter
action effect between peak temperature and pressure. The increase in GI 
when both factors were kept at their highest level could be explained by 
the relatively low contents of PAHs (as discussed above) as well as the 
higher extent of secondary reactions, which are promoted by either 
temperature or pressure and result in a higher consumption of volatile 
organic compounds. On the opposite side, the interaction effect between 
peak temperature and gas residence time on GI for barley was negative. 
This could be related to the higher contents of PAHs measured for bio
chars produced at the highest level of gas residence time. 

Regarding the germination of watercress, the most part of the pro
duced biochars resulted to be highly phytotoxic, regardless of the 
operating conditions adopted during pyrolysis (see Table 5). A possible Ta
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reason behind this could be the high sensitivity of watercress to the 
biochar ash content, which can cause salt stress in the plant [48]. As can 
be seen in Fig. 4b, an increased peak temperature resulted in lower GI 
values, whereas the absolute pressure had a positive effect on the 
germination response. 

For basil, germination resulted to be the less sensitive to the different 
pyrolysis conditions. In fact, no significant effects were detected for any 
of the main or 2-way interaction effects assessed, as shown in Fig. 4c. 
The observed variability in the GI values (from 61.0% to 139.5%) was 
then mainly explained by factors outside the regression model. 

As can also be observed from the data reported in Table 4, the levels 
of phytotoxicity were noticeably reduced after washing the biochars, 
especially in the case of watercress, for which outstanding values of GI 
(up to 228.8 %) were measured. An improvement in the germination 
behavior was also observed for barley. However, the effect of washing 
biochar on the germination response of basil was unclear (i.e., no 
evident trend can be deduced). Results from the germination assessment 
seem to suggest that PAHs were not the only ones responsible for the 
short-term phytotoxic effects related to biochars. In fact, and as sug
gested by Buss et al. [49], the co-occurrence of low-molecular weight 

organic acids and phenolic compounds, which have high mobility and 
can be removed relatively easily by water washing, could partly explain 
the above-mentioned phytotoxic effects of biochars. In any case, the 
water washing pretreatment for wood waste-derived biochars appears to 
be a highly useful and low-cost means of diminishing their potential 
toxicity for soil application purposes. 

4. Conclusions 

Some useful considerations can be drawn from the results shown and 
discussed above:  

• The total PAHs content in the produced biochars can be significantly 
reduced by increasing either the peak temperature or the absolute 
pressure (ideally both). The extent of PAHs volatilization could be 
promoted at higher temperatures, while an increased pressure (at 
high flow rates of carrier gas) could partly inhibit repolymerization 
and recondensation reactions (which lead to PAHs formation). 
Generally speaking, the resulting wood waste-derived biochars were 

Fig. 3. Normal plots of the standardized effects (α = 0.05) for (a) total PAHs content, (b) low molecular weight PAHs content, (c) medium molecular weight PAHs 
content, (d) high molecular weight PAHs content, and (e) TTEC (square, significant effect; circle, non-significant effect). 
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of good quality in terms of PAH hazard, making them suitable for soil 
amendment purposes.  

• The phytotoxic or phytostimulant effect of wood waste-derived 
biochar depended mainly on the process pyrolysis conditions as 
well as the seed species considered for the germination essay. In any 
case, germination indices notably increased (in some cases from 
phytoxic to phytostimulant responses) when biochars were washed 
with water before being tested. This suggests that the acute phyto
toxicity observed for some biochars can be ascribed to water-soluble 
acidic and phenolic compounds.  

• From an applied research point of view, pressurized slow pyrolysis 
(at a moderate peak temperature of 550 ◦C and relatively high carrier 
gas flow rates) followed by an inexpensive water washing step ap
pears as an interesting pathway to produce premium-quality and 
value-added biochars from wood waste. 

CRediT authorship contribution statement 

Gianluca Greco: Conceptualization, Methodology, Software, Vali
dation, Formal analysis, Investigation, Data curation, Writing - original 

Table 5 
GI values for watercress, barley, and basil. The subscript “w” refers to the results obtained when washed biochars were tested.  

Factor Germination index (GI) 

T P τ CO2 GI barley GI watercress GI basil GIw barley GIw watercress GIw basil 
⁰C MPa s vol. % % 

550 0.2 200 0 98.50 24.76 118.6 157.9 129.7 99.80 
550 0.9 200 0 90.39 42.21 91.56 143.0 115.1 75.56 
475 0.55 150 30 103.0 36.18 93.80 185.2 124.2 77.15 
550 0.2 100 60 74.77 43.06 105.8 212.3 85.28 170. 4 
475 0.55 150 30 75.38 14.82 139.5 100.8 155.8 86.37 
550 0.9 200 60 62.76 50.97 78.61 41.36 86.79 81.97 
400 0.2 200 0 134.5 44.08 62.79 91.93 165.7 95.13 
400 0.2 100 0 90.09 46.85 121.0 57.21 228.8 136.7 
400 0.9 100 0 51.35 50.99 117.6 99.09 183.8 85.25 
550 0.2 100 0 87.39 35.59 77.21 117.8 99.07 144.1 
400 0.9 100 60 68.47 58.11 103.1 143.5 90.15 141.6 
400 0.9 200 60 69.07 67.49 100.4 136.8 198.5 122.2 
550 0.9 100 0 78.08 41.49 61.03 196.9 203.0 126.5 
400 0.9 200 0 101.8 69.60 73.76 66.32 121.9 78.02 
400 0.2 200 60 136.0 48.04 104.8 144.1 105.0 72.39 
550 0.2 200 60 75.08 29.64 74.72 222.8 180.5 53.94 
400 0.2 100 60 83.78 49.68 118.6 39.72 100.6 110.8 
475 0.55 150 30 70.57 32.60 111.7 84.76 72.07 161.0 
550 0.9 100 60 157.1 64.98 99.27 104.2 79.37 79.35  

Fig. 4. Normal plots of standardized effects (α = 0.05) for the germination index (GI) of (a) barley, (b) watercress, and (c) basil (square, significant effect; circle, non- 
significant effect). 
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