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Abstract
Invasive alien plant species (IAPS) are a global problem, representing a threat to 
ecosystem functioning, biodiversity, and human health. Legislation requires the 
management and eradication of IAPS populations; yet, management practices are 
costly, require several interventions, and produce large amounts of waste bio-
mass. However, the biomass of eradicated IAPS can become a resource by being 
used as feedstock for biochar production and, at the same time, implementing 
the management of IAPS. Here we carried out an in-depth characterization of 
biochar produced at 550°C derived from 10 (five woody and five herbaceous) 
widespread IAPS in the central-southern Alps region to determine their potential 
applications for soil amendment, soil remediation, and carbon storage. Biochar 
was produced at a laboratory scale, where its physicochemical characteristics, 
micromorphological features, and lead adsorption from aqueous solutions were 
measured. To investigate any possible trade-offs among the potential biochar 
applications, a principal component analysis was performed. IAPS-derived bio-
chars exhibited relevant properties in different fields of application, suggesting 
that IAPS biomass can be exploited in a circular economy framework. We found 
coordinated variation and trade-offs from biochars with high stability to biochars 
with high soil amendment potential (PC1), while the biochar soil remediation 
potential represents an independent axis of variation (PC2). Specifically, IAPS-
derived biochar had species-specific characteristics, with differences between the 
woody and herbaceous IAPS, the latter being more suitable for soil amendment 
due to their greater pH, macronutrient content, and macropore area. Biochar de-
rived from woody IAPS showed a greater surface area, smaller pores, and had 
higher lead adsorption potentials from aqueous solutions, hinting at their higher 
potential for heavy metal pollution remediation. Moreover, biochar derived from 
woody IAPS had a higher fixed carbon content, indicating higher carbon stability, 
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1   |   INTRODUCTION

The 21st century is facing the problem of the rise of bi-
ological invasion following the increase of globalization 
(Barney et  al.,  2013), to such an extent that the term 
Exocene has been used to characterize this historical era 
(Bolpagni, 2021). An increasing number of invasive alien 
plant species (IAPS) have become dominant in newly 
colonized areas (Haubrock et  al.,  2021), causing wide-
spread negative impacts on biodiversity and ecosystem 
functioning (Pérez et  al.,  2022). IAPS are naturalized 
plants that produce reproductive offspring at consider-
able distances from the parent plant and then have the 
potential to spread over large areas (Pyšek et  al.,  2004). 
Compared to native species, many IAPS have higher 
growth rates, larger sizes, and are likely to allocate more 
biomass (Kaushik et al., 2022; Van Kleunen et al., 2010; 
Zanzottera et al., 2021). Also, with the rapid change in cli-
mate, IAPS may find more favorable conditions in which 
they can spread (Dimitrova et al., 2022; Pérez et al., 2022), 
thus becoming increasingly dominant in the host environ-
ment. IAPS eradication and management is mandatory 
worldwide (e.g., EU Regulation 1143/2014; US Executive 
Order 13751/2016; New Zealand's Biosecurity Act 1993 
and Biosecurity Strategy 2003; Australia's Environment 
Protection and Biodiversity Conservation Act 1999). 
However, management efforts are often ineffective, re-
quire continuous implementation, and are expensive 
(Borokini & Babalola, 2012; Diagne et al., 2021; Haubrock 
et  al.,  2021). The eradicated biomass is considered a 
waste to be disposed of, but its valorization could help 
cut these costs. Nonetheless, since IAPS produces a large 
amount of readily available biomass, avoiding land con-
version and competition with food, its biomass may rep-
resent a sustainable feedstock for different applications, 
ranging from bioenergy production to bio-based materi-
als (Carson et  al.,  2018; Ceriani et  al.,  2023; Mathew & 
Saravanakumar, 2022; Monteiro & Ferreira, 2022; Nackley 
et al., 2013; Velvizhi et al., 2022). This concept is crucial 
within the EU's “Next Generation EU” project (https://​
next-​gener​ation​-​eu.​europa.​eu) to achieve the goal of cli-
mate neutrality.

Biomass' complex and recalcitrant three-dimensional 
molecular structures complicates treatments necessary 

to obtain the desired end products (Velvizhi et al., 2022). 
One such treatment is pyrolysis, where a thermochemi-
cal decomposition process occurs with little or no oxy-
gen at high temperatures, obtaining three different phase 
products (liquid, solid, and gaseous). Biochar represents 
the solid phase of pyrolysis and is characterized by great 
carbon content, porous structure, surface area (SA), and 
high richness of functional groups (Ni et al., 2020; Weber 
& Quicker, 2018; Yaashikaa et al., 2020). These properties 
can be tailored to a specific use by selecting the feedstock 
and pyrolysis conditions (e.g., temperature, heating rate, 
and residence time) (Weber & Quicker, 2018). Many bio-
char properties are temperature dependent for example, 
an increase in pyrolysis temperature is usually related to 
higher SA and pH values due to the volatilization of acidic 
functional groups (OH and COOH), and the accumulation 
of inorganic salts, and carbonates (Ippolito et  al.,  2020; 
Weber & Quicker, 2018; Yuan et al., 2011). However, bio-
char mass yields are higher at lower temperatures be-
cause of the release of volatile matter from the biomass 
(Wang et  al.,  2021). Cation exchange capacity (CEC) is 
also highest in biochars produced at relatively low tem-
peratures, where the SA has increased significantly com-
pared to feedstocks and at the same time retains sufficient 
functional groups to provide negative charges (Weber 
& Quicker, 2018). In addition, it has been observed that 
the temperature range where pore volume increased was 
between 250 and 500°C and decreased as the tempera-
ture increased from 550 to 750°C (Ni et al., 2020). 550°C, 
hence, is a temperature at which the trade-offs between 
the different biochar temperature-dependent characteris-
tics are optimal, thus representing an ideal temperature 
to investigate the properties of biochars from feedstocks 
that have not yet been measured. What is more, above this 
temperature, some biochar parameters, such as fixed car-
bon, carbon, oxygen, and aromaticity, as well as the metal 
removal, do not drastically change (Chi et al., 2017; Weber 
& Quicker, 2018).

Therefore, according to its characteristics, biochar 
results in a versatile product-material that can have a 
wide spectrum of applications, ranging from agriculture 
as a soil amendment to soil pollutant stabilization, as-
sisting phytoremediation, and carbon storage (Amalina 
et al., 2022). Indeed, there is ample evidence that biochar 

and suggesting that their biochar is preferable for carbon sequestration in the 
view of climate change mitigation.

K E Y W O R D S

biological invasion management, carbon negative, globalization, soil amendment, soil 
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stimulates plant growth of different crop species and wild 
plants (Baronti et al., 2022; Montagnoli et al., 2021) and 
that its structure and physicochemical properties can 
favor the absorption of heavy metals present in contam-
inated soils (Nandillon, Lebrun, et al., 2019; Nandillon, 
Miard, et al., 2019). Moreover, the high carbon stability 
of biochar determines its potential for carbon sequestra-
tion when incorporated into the soil (Leng et al., 2019). 
These properties have only recently begun to be tested 
on IAPS-derived biochar (e.g., Fan et  al.,  2019; Feng 
et al.,  2021; Liu et al.,  2022). Indeed, the conventional 
feedstock for biochar production is fill material, straw, 
and wood waste (Wang et al., 2021). However, the bio-
mass of eradicated IAPS seems promising as feedstock 
for biochar production (Feng et al., 2021). Considering 
the large area invaded by IAPS and the costs associated 
with the disposal of their eradicated biomass, using 
IAPS to produce biochar would help meet sustainabil-
ity goals and improve IAPS management practices (Liao 
et al., 2013). Also, since the parent material is one of the 
main factors determining biochar properties (Weber & 
Quicker, 2018), IAPS biomass can have high heterogene-
ity with a wide range of functional groups (Dalle Fratte 
et  al.,  2019; Ferraro et  al.,  2021), making crucial the 
characterization of IAPS-derived biochar to pinpointing 
its optimal end use, greatly enhancing IAPS manage-
ment, and circular economy perspectives, supporting 
the notion that IAPS management would benefit from 
the valorization of its eradicated biomass.

Our work aimed to determine whether biochar pro-
duced from IAPS biomass, resulting from the eradication 
imposed by law, can have desirable properties for (i) soil 
amendment, (ii) soil remediation of heavy metals, and 
(iii) carbon sequestration. To this end, we investigated the 
physicochemical, morphological, and functional proper-
ties of biochar derived from five woody and five herba-
ceous IAPS most widespread in the central-southern Alps, 
for which an in-depth characterization has never been 
performed. We also analyzed lead absorption from an 
aqueous solution and investigated the differences between 
the growth forms.

2   |   MATERIALS AND METHODS

2.1  |  IAPS selection and biomass 
sampling

We selected five herbaceous (Artemisia verlotiorum, 
Ludwigia grandiflora, Pueraria lobata, Reynoutria ja-
ponica, and Solidago gigantea) and five woody (Ailanthus 
altissima, Buddleja davidii, Prunus serotina, Quercus 
rubra, and Trachycarpus fortunei) IAPS with the highest 

ecological impact in the Lombardy administrative region 
(northern Italy, central-southern Alps) based on their 
occurrence in grid cells of 10 × 10 km2 (Bisi et  al.,  2018). 
These IAPS were all listed in the regional blacklist of the 
Lombardy region (regional law 31/2008); hence, their 
eradication is mandatory. For each of these IAPS, dur-
ing the 2022 growing season, we randomly collected 3 kg 
ca. of aboveground biomass fresh weight (leaf, stem, and 
branches); specifically, six plants per species were collected 
and considered independent replicates (in the case of L. 
grandiflora, roots were included). Plants were collected 
from highly invaded sites located at similar altitudes and 
at a great distance from potential anthropic disturbances 
that could impact biomass nutrient content. The biomass 
was first chipped (~7 cm2; woodchipper GeoTech PCS70L) 
and then pre-dried in an aerated room for 10 days at a 
mean temperature of 25°C. The six plants of each species 
were gathered in a pool sample, where subsamples were 
finally oven-dried at 80°C for 24 h (until constant weight) 
and milled (4 mm mesh; mill Retsch SM 300) for biochar 
production. The obtained biochar was then used for the 
measurement in triplicate of the different properties.

2.2  |  Biochar production

For each of the 10 IAPS, a biomass subsample was col-
lected for biochar production. Biochar was prepared 
using a macro TGA (LECO TGA 701) under nitrogen flow 
(10 L min−1) at 550°C for 1 h (heating rate of 20°C min−1). 
We calculated the biochar yield using the following 
equation:

2.3  |  Biochar analysis

2.3.1  |  Physicochemical properties

Ultimate analysis (carbon [C], hydrogen [H], and nitro-
gen [N] content) was performed using subsamples of 
60–80 mg in three replicates of each IAPS biochar using a 
flash combustion procedure (LECO TruSpec CHN instru-
ment). The oxygen (O) content was calculated using the 
following mass balance equation (Ferraro et al., 2021):

H:Corg and O:Corg molar ratios were also calculated 
considering the organic carbon content. The organic 
carbon (Corg) was measured using a calcimeter (Sherrod 
et al., 2002), where 1 g of biochar reacted with HCl (34%–
37%), releasing CO2, which was used to obtain the grams 
of CaCO3 in the sample using the formula 0.0045 × CO2 

Yield (%) = (grams of biochar∕grams of feedstock) × 100.

O (%) = 100(%) − C(%) −H(%) −N(%) −Ash(%).
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(mL) − 0.0127. The grams of CaCO3 were then divided by 
the total weight of the sample to obtain the percentage of 
CaCO3 and by multiplying this value by 0.12 (the amount 
of carbon in CaCO3), the percentage of total inorganic car-
bon was obtained (Appendix S1). This measurement was 
then subtracted from the total C (%) to obtain Corg (%).

Macronutrients such as magnesium (Mg), potassium 
(K), phosphorus (P), and calcium (Ca) total content were 
measured in three technical replicas of 0.05 g for each 
species using an inductively coupled plasma mass spec-
trometry (ICP Agilent 4200 MP-AES) instrument. Before 
measurements, each sample was first mineralized in a 
Teflon vessel of a microwave digestor with a 3 mL H2O2 
36% and 8 mL HNO3 67% solution. Then the samples 
were diluted with HNO3 up to 20 mL of volume for ICP 
measurement.

Proximate analysis (ash, volatile matter, moisture, and 
fixed carbon content) was conducted using the LECO 
TGA 701 instrument. Ash, volatile matter, and moisture 
contents were estimated based on three replicas of 1 g 
for each species. Samples were heated at 900°C for 7 min 
(10 L min−1 nitrogen flow) or at 105°C until constant 
weight (5 L min−1 airflow) to estimate volatile matter con-
tent, ash content, and moisture content, respectively. To 
calculate each parameter, we used the following formulas:

The percentage of fixed carbon was calculated based 
on the balance equation (Corton et al., 2016):

For SA and porosity measurements, 60 mg of biochar 
were dried at 200°C for 48 h and then degassed at 200°C 
for 24 h under a vacuum. The SA was measured by N₂ 
adsorption isotherms at 77 K by applying the Brunauer–
Emmett–Teller equation (BET) in a Quantachrome NOVA 
2200E instrument.

pH was measured using a digital pH meter (Mettler 
Toledo FiveEasy Plus) in a 1:5 (volume fraction) suspen-
sion of biochar in water.

The lead (Pb) adsorption capacity was measured in 
aqueous solutions in three replicates (Chi et al., 2017). We 
added 0.02 g of each biochar sample to a 50-mL flask con-
taining 20 mL of Pb2+ solution (20 mg/L) prepared with 
Pb(NO3)2. The falcon tubes were subjected to a shaker 
at a speed of 150 rpm for 24 h at room temperature. The 
solutions were then filtered to remove any solid residue 

of biochar. The filtered solutions were analyzed through 
a flame atomic absorption spectrometer, and the remain-
ing lead content in the solution was recorded. This was 
used to calculate the percentage of Pb2+ removed from the 
solution: [percentage removed (%) = (Co − C1)/Co × 100%], 
where Co represents the original concentration and C1 is 
the remaining concentration.

Cation exchange capacity was measured in three rep-
licates using the barium chloride compulsive exchange 
method (Skjemstad et  al.,  2008). Two grams of biochar 
were saturated with a barium chloride solution. The sam-
ples were then treated with magnesium sulfate, which 
allowed the barium to deposit as insoluble barium sul-
fate and exchange with magnesium. After recovering this 
solution, a titration procedure with EDTA was performed 
to quantify the amount of magnesium exchanged, and 
hence the CEC value was determined as follows:

where VB is the volume of the solution of EDTA used to ti-
trate the blank solution (mL), VA is the volume of the solu-
tion of EDTA used to titrate the sample solution (mL), B is 
the mass of the falcon tube after the sample was washed 
with H2O (g), A is the mass of the falcon tube plus sample 
before the washing with BaCl2 (g), and M is the mass of the 
biochar sample (g).

Fourier infrared spectroscopy (FT-IR) analysis was 
performed to determine surface functional groups using 
a SHIMADZU IRTracer-100 spectrometer. The spectral 
range investigated was from 600 to 4000 cm−1. A total of 
45 scans were averaged to have an acceptable signal-to-
noise ratio. The analysis was also performed on feedstock 
samples to compare the spectra with those of the corre-
sponding biochar.

2.3.2  |  Micromorphological properties

Biochar's microporosity was estimated using the density 
functional theory approach on BET isotherms. To analyze 
macropore area distribution, we embedded biochar frag-
ments in Technovit 7100 resin (Kulzer GmbH, Germany) 
and placed them under a vacuum so that the resin could 
penetrate the pores. Samples were sliced with a Leica SM 
2400 microtome (Leica Biosystems, Germany) at a thick-
ness of 12 μm and photographed using an Olympus BX63 
optical microscope equipped with an Olympus DP72 cam-
era (Olympus Scientific Solutions, Japan) to observe the 
biochar cross-section anatomy at a 10× magnification 
(Appendix S1). Digital images were analyzed with cellS-
ens imaging software (Olympus). Pore area of the cross-
section of three biochar images per species was estimated 
using ImageJ (Schneider et al., 2012) software.

Ash (%) = (Ash mass∕Initial mass) × 100.

Volatile matter (%)

= (Moisture weight−Volatile weight)∕Initial mass)×100.

Moisture content (%)

= (Initial weight−Moisture weight)∕Initial mass)×100.

Fixed carbon (%) = 100 − (Moisture + Volatile +Ash).

CEC = (VB − VA) × 0.25 × (30 + B − A)∕M,
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To assess the overall biochar morphology, scanning 
electron microscopy (SEM) images were acquired using a 
PHILIPS XL30 FEG instrument. The samples were placed 
on an aluminum stand using conductive carbon adhesive 
tape. The metallization of the biochar (at 15 mA for 45 s) 
was performed before observations to improve the result-
ing images. The acceleration voltage of the electron beam 
was 5 kV. Images were taken at a magnification of 1000× 
to highlight biochar's macrostructure.

2.4  |  Statistical analysis

The statistical analysis was conducted using the R 
studio software (R Core Team, 2022). We checked for 
the unimodal distribution of data using the function 
“Shapiro.test” from the “stats” base R package (Shapiro 
& Wilk, 1965), and where the unimodal assumption was 
not met, data were log-transformed. An ANOVA test 
with the “aov” function was performed for the statistical 
analysis from the “stats” base R package. To compare 
differences among different IAPS and between herba-
ceous and woody growth forms, we used the Tukey post-
hoc comparison by means of the function “TukeyHSD” 
of the “stats” base R package. We then performed a prin-
cipal component analysis (PCA) on all the variables de-
scribing the properties of soil amendment, remediation, 
and carbon storage to investigate trade-offs among the 
potential biochar applications. We then tested the cor-
relation among the selected variables and the significant 
components of the PCA using the “chart.Correlation” 
function from the package “PerformanceAnalitics” 
(Peterson et al., 2022). Data were log-transformed, cen-
tered, and scaled before running the PCA, which was 
done using the “principal” function in the package 
“psych” (Revelle, 2023).

3   |   RESULTS

3.1  |  Physicochemical properties

Carbon (C) content was significantly higher in woody 
IAPS (mean = 84.59%) compared to herbaceous ones 
(73.96%) (Figure 1A). The C value was the same for all 
woody IAPS, but we observed significant differences 
among herbaceous ones, with the highest C values 
being those of A. verlotiorum and S. gigantea (respec-
tively 79.39% and 79.30%) and the lowest being those 
of P. lobata (65.71%) (Figure  1B). Similarly, hydrogen 
(H) and oxygen (O) contents were higher in woody 
IAPS (being respectively 2.53% and 5.70%) compared 
to herbaceous ones (1.92% and 2.33%) (Figure  1C,E). 

The highest H value was observed for B. davidii, P. sero-
tina, and Q. rubra (mean value ranging from 2.63% to 
2.74%), as opposed to P. lobata and R. japonica, which 
had the lowest H values (respectively 1.81% and 1.77%) 
(Figure 1D). The highest O value was that of B. davidii, 
P. serotina, and Q. rubra (from 6.13% to 7.72%), while 
P. lobata, R. japonica, and S. gigantea had the lowest O 
values (from 1.26% to 1.52%) (Figure 1F). Nitrogen (N) 
content (Figure 1G,H) was significantly higher in her-
baceous IAPS (2.10%) compared to woody ones (1.03%). 
L. grandiflora, P. lobata, and R. japonica had the high-
est N values (from 2.19% to 2.79%), followed by A. ver-
lotiorum, and S. gigantea, which in turn had similar N 
values to T. fortunei, while the lowest value was that of 
Q. rubra (0.81%).

The H:Corg ratios vary between 0.3 and 0.4 (Figure 1I,J), 
with woody species having higher ratios (Figure 1I). Q. ru-
bra's biochar showed the highest value, along with P. se-
rotina and B. davidii (ranging from 0.37 to 0.39), whereas 
R. japonica's biochar had the lowest overall value (0.29) 
(Figure 1J). The O:Corg ratio ranged between 0.02 and 0.08 
(Figure  1K,L), with woody species having higher values 
(Figure 1K). Here too, Q. rubra's showed the highest value 
(0.07) and R. japonica's biochar presented the lowest one 
(0.01), along with S. gigantea (Figure 1L).

Herbaceous IAPS-derived biochars showed higher con-
centrations of calcium (Ca), potassium (K), magnesium 
(Mg), and phosphorus (P) in comparison to those derived 
by woody IAPS (Figure 1M,O,Q,S). K was the macronutri-
ent with the highest concentration in both herbaceous and 
woody IAPS-derived biochars (the average value being, re-
spectively, 41691.14 and 17279.73 mg kg−1) (Figure 1O,P), 
the second most abundant was Ca (respectively, 28976.89 
and 9452.36 mg kg−1) (Figure  1M,N), and the macronu-
trient with the lowest concentration was P (respectively, 
4483.49 and 1428.75 mg kg−1) (Figure 1S,T). The biochar 
with the highest Ca concentration was that of P. lobata 
(46460.95 mg kg−1), contrary to that of P. serotina, which 
showed the lowest value (4481.12 mg kg−1). The biochar 
with the highest K concentration was that of R. japonica 
(60598.82 mg kg−1), while the one with the lowest was that 
of P. serotina (6262.42 mg kg−1). P. lobata had the highest 
Mg concentration (9472.97 mg kg−1), and P. serotina had 
the lowest (1109.62 mg kg−1). Considering P biochars with 
the highest concentrations were R. japonica, L. grandiflora, 
and A. verlotiorum (from 4878.49 to 6107.52 mg kg−1), Q. 
rubra had the lowest (163.55 mg kg−1).

Herbaceous IAPS had higher average yields than woody 
ones, being respectively 29.27% and 24.66% (Figure 2A). 
Among herbaceous IAPS, L. grandiflora and S. gigantea 
exhibited, respectively, the highest and the lowest yields, 
being respectively 34.59% and 26.71%. Among woody spe-
cies, T. fortunei and B. davidii (respectively, 26.66% and 
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26.53%) showed the highest yield, comparable to that 
of S. gigantea, while Q. rubra displayed the lowest yield 
(22.72%) (Figure 2B).

Proximate analyses are presented in Figure  2C–J. 
The ash content was higher in herbaceous IAPS com-
pared to woody ones, being respectively 19.71% and 

F I G U R E  1   Data represent the mean of three replicates (n = 3) and standard error of carbon (%) (A, B), hydrogen (%) (C, D), oxygen 
(%) (E, F), nitrogen (%) (G, H), H:C (I, J), O:C (K, L), Ca (mg kg−1) (M, N), K (mg kg−1) (O, P), Mg (mg kg−1) (Q, R) and P (mg kg−1) (S, T) of 
invasive alien plant species-derived biochar, grouped by growth forms (A, C, E, G, I, K, M, O, Q, S) and species (B, D, F, H, J, L, N, P, R, T). 
Small letters indicate post-hoc comparisons at p < 0.05.
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      |  7 of 18CERIANI et al.

F I G U R E  2   Data represent the mean of three replicates (n = 3) and standard error values of yield (%) (A, B), ash (%) (C, D), volatiles 
(%) (E, F), moisture (%) (G, H), fixed carbon (%) (I, J), surface area (m2 g−1) (K, L), pH (M, N), adsorbed Pb2+ (%) (O, P), and CEC (cmol g−1) 
(Q, R) of invasive alien plant species-derived biochar, grouped by growth form (A, C, E, G, I, K, M, O, Q) and species (B, D, F, H, J, L, N, P, 
R). Small letters indicate post-hoc comparisons at p < 0.05. CEC, cation exchange capacity.
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6.17% (Figure 2C). The highest ash value was recorded 
for P. lobata (28.18%), and the lowest was measured for 
P. serotina (3.96%). Similarly, volatiles and moisture 
content were higher in herbaceous IAPS (Figure 2E,G). 
The highest volatile content was recorded for P. lobata 
(19.44%); A. altissima-derived biochar had similar val-
ues to L. grandiflora and A. verlotiorum (15.60% and 
15.29%), while the lowest was that of B. davidii (12.68%) 
(Figure 2F). Biochar's moisture content was highest in 
A. altissima, A. verlotiorum, L. grandiflora, and S. gi-
gantea (from 3.49 to 4.61%). B. davidii, P. serotina, and Q. 
rubra had the lowest values (0.98%) (Figure 2H). Woody 
IAPS had significantly higher fixed carbon values com-
pared to herbaceous ones, being respectively 78.21% 
and 59.73% (Figure 2I), with the highest recorded value 
for P. serotina, Q. rubra, and B. davidii (from 79.92% to 
81.43%). The lowest fixed carbon values were recorded 
for P. lobata (50.61%) (Figure 2J).

On average, woody IAPS had a higher SA compared 
to herbaceous ones, although with no statistical differ-
ences (Figure 2K), with Q. rubra (187.70 m2 g−1) and A. 
verlotiorum (1.31 m2 g−1) having respectively the high-
est and the lowest values (Figure  2L). Among woody 
IAPS, T. fortunei showed the lowest SA (2.79 m2 g−1). On 
the other hand, some herbaceous IAPS (L. grandiflora 
and S. gigantea, respectively, 36.99 and 42.83 m2 g−1) 
had similar values to those observed for A. altissima 
(40.48 m2 g−1).

All biochar's pH was alkaline (Figure  2M,N), with 
herbaceous IAPS having significantly higher values com-
pared to woody ones, being respectively 10.68 and 9.16 
(Figure 2M), P. lobata had the highest value (11.22), and 
the lowest values were recorded for P. serotina (8.81) and 
Q. rubra (8.83) (Figure 2N).

The biochar lead (Pb2+) adsorption capacity from an 
aqueous solution was higher in woody IAPS than herba-
ceous ones, respectively 97.47% and 66.39% (Figure 2O). 
Among woody IAPS, the average biochar Pb2+ adsorp-
tion capacity was high (97%–98%) except for T. fortunei, 
whose biochar adsorbed on average 90.59% of Pb2+ from 
the aqueous solution, although without significant dif-
ferences compared to other woody IAPS (Figure 2P). The 
Pb2+ adsorption capacity of biochar derived from herba-
ceous IAPS showed more heterogeneous results, being 
higher for L. grandiflora (97.41%), whose value was simi-
lar to that of woody IAPS, and lower for P. lobata (47.25%) 
and R. japonica (46.40%) (Figure 2P).

Considering the CEC, no significant differences were 
observed between woody and herbaceous IAPS-derived 
biochars, whose average values were respectively 22.09 
and 22.71 cmol kg−1 (Figure  2Q). However, we observed 
differences among the 10 IAPS: the highest measured CEC 
value was for P. lobata-derived biochar (26.48 cmol kg−1), 

followed by R. japonica, T. fortunei, P. serotina, A. altis-
sima, and A. verlotiorum-derived biochars. The lowest 
value was observed for L. grandiflora-derived biochars 
(18.01 cmol kg−1) (Figure 2R).

The IAPS-derived biochar showed similar overall 
stretching of the transmittance FT-IR spectra, particularly in 
the 2500–4000 cm−1 range where the bands tended to flatten 
out (Figure 3a–j). Most of the variation of the bands concen-
trated in the 700–2000 cm−1 range, with recognizable peaks 
in all 10 spectra. Specifically, the peaks were detected in the 
750–900 cm−1 regions corresponding to aromatic C–H out-
of-plane deformation, 1110–1380 cm−1, which relate to C–O 
and CH2 vibrations, and the 1600–1700 cm−1 regions, which 
correspond to C=C and C–O functional groups. A peak was 
also recognizable at 1420 cm−1 relating to inorganic CO2−

3 . 
The spectra of IAPS's biomass have peaks that are not ob-
servable in the biochar ones. These peaks are at 1000 cm−1, 
relating to C–O, C–C stretching, and C–OH bending; 2900, 
and 3420 cm−1, which are associated with C–O–H or C–O–R 
groups (Figure 3a–j).

3.2  |  Micromorphological properties

The micropores of the biochar derived from woody and 
herbaceous IAPS fall within the 1–10 nm range and were 
mostly concentrated around 1.5 and 3.5 nm (Figure 4a,b). 
Only T. fortunei did not show any variation in micropore 
size distribution among woody IAPS (Figure 4a), having 
a similar trend to herbaceous-derived biochars. Among 
herbaceous IAPS-derived biochars, only those of L. gran-
diflora and S. gigantea displayed similar trends to woody 
ones, more specifically to those of A. altissima, while R. 
japonica, P. lobata, and A. verlotiorum did not show a vari-
ation in the reported size range (Figure 4b).

Macropores concentrated around the same area 
range in woody and herbaceous IAPS-derived biochars, 
specifically at 20 and 200 μm2 (Figure 4c,d). On average, 
woody IAPS had a higher number of macropores at the 
20 μm2 area peak compared to herbaceous ones, and 
T. fortunei displayed less variation (Figure 4c). Among 
herbaceous-derived biochar, only S. gigantea had a 
comparable number of pores to woody IAPS at 20 μm2; 
however, considering the peak at 200 μm2, herbaceous-
derived biochars had a greater number of pores com-
pared to woody ones; in particular, L. grandiflora and R. 
japonica had the highest number of pores (Figure 4d), 
and among woody IAPS, A. altissima had the highest 
number (Figure 4c).

The porous structure of the analyzed biochar was 
also visible in SEM images (Figure  5a–j). At the 1000× 
magnification, a honeycomb-like structure was visible, 
highlighting the remnants of the plant's vascular system. 
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      |  9 of 18CERIANI et al.

Qualitatively, it is possible to see that some woody IAPS-
derived biochars have a higher concentration of small 
pores compared to herbaceous ones, whose pores are big-
ger (for example, Figure  5d, Q. rubra, and Figure  5f, A. 
verlotiorum), according to macropore size distribution 
analysis (Figure 4c,d). Interestingly, here too, it is possible 
to see that S. gigantea derived biochar had a high concen-
tration of small pores (Figure 5j).

3.3  |  Principal component analysis

The two first components (PC1 and PC2) of the PCA ex-
plained 79% of the dataset's total variance, with PC1 and 

PC2 explaining respectively 56% and 23% (Figure  6a,b). 
All variables were significantly correlated to PC1, except 
for CEC (Table  1). Among these, pH, N, Ca, K, Mg, P, 
ash, volatile, moisture contents, and yield were strongly 
positively correlated with PC1, while SA, C, H, O, fixed C, 
H:Corg, O:Corg, and the Pb2+ adsorption capacity correlated 
negatively with PC1. The variables that correlate posi-
tively with PC2 are SA, C, H, O, Fixed C, H:Corg, O:Corg, 
and Pb2+ adsorption, as opposed to pH, CEC, Ca, K, Mg, 
P, N, ash, volatiles, and moister content, which correlated 
negatively, while yield did not correlate to PC2 (Table 1). 
PC1 separates well among the two growth forms, with 
herbaceous IAPS having higher values on PC1, contrary 
to woody ones (Figure 6a).

F I G U R E  3   Fourier infrared 
spectroscopy spectra of the 10 invasive 
alien plant species-derived biochars. The 
red lines indicate the biomass spectra, and 
the black ones indicate the biochar ones. 
Specific functional groups are indicated.
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4   |   DISCUSSION

4.1  |  IAPS' biochar for soil amendment 
purposes

Biochar application can improve the soil's chemical–
physical characteristics in terms of increasing organic 
matter, pH, electrical conductivity, total nutrients, CEC, 
water-holding capacity, and microbial activity, as well 
as plant above- and below-ground biomass production, 
influencing root architectural characteristics (Ahmad 
et  al.,  2014; Amendola et  al.,  2017; Basso et  al.,  2013; 
Cornelissen et al., 2013; Laghari et al., 2015; Montagnoli 
et al., 2021; Novak et al., 2009; Vaccari et al., 2011). The 

10 IAPS-derived biochars showed comparable properties 
to those derived from more traditional feedstocks pro-
duced under similar conditions, for example, measured 
yields (Ferraro et al., 2021; Tu et al., 2022), pH (Becagli 
et  al.,  2022; Nandillon, Lebrun, et  al.,  2019; Nandillon, 
Miard, et al., 2019; Ronsse et al., 2013), nutrient content 
(Ippolito et al., 2020), and CEC (Tu et al., 2022). Overall, 
our results suggest that all 10 IAPS-derived biochars 
have promising characteristics for potential applications 
as soil amendments. However, we found significant dif-
ferences among the selected IAPS and between the two 
growth forms, which can be ascribed to the differences 
in feedstock chemical composition (lignin, hemicellu-
lose, cellulose, and organic compounds) that respond 

F I G U R E  4   Pore size distribution analysis; panels (a, b) represent the micropore size distribution of the IAPS-derived biochar estimated 
via the density functional theory approach on the Brunauer–Emmett–Teller (BET) isotherm for woody (a) and herbaceous (b) IAPS. Panels 
(c, d) represent the frequency of pores per area range for woody and herbaceous species, respectively. IAPS, invasive alien plant species.
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      |  11 of 18CERIANI et al.

differently to the pyrolysis process (Keiluweit et al., 2010; 
Wang et al., 2021). In line with previous findings (Blanco-
Canqui, 2017; Enders et al., 2012; Yuan et al., 2011), our 

results suggest that herbaceous IAPS-derived biochars 
are characterized by high pH values and nutrient content 
(N, Ca, K, Mg, and P), which are optimal properties for 

F I G U R E  5   Scanning electron 
microscopy image at 1000× of woody 
IPAS-derived biochar (left panel) and 
herbaceous IAPS-derived biochar (right 
panel). Ailanthus altissima (a), Buddleja 
davidii (b), Prunus serotina (c), Quercus 
rubra (d), and Trachycarpus fortunei 
(e), Artemisia verlotiorum (f), Ludwigia 
grandiflora (g), Pueraria lobata (h), 
Reynoutria japonica (i), and Solidago 
gigantea (j). The line represents 20 μm.
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soil amendment since they are limiting factors for plant 
growth (e.g., Moreau et al., 2019). In particular, biochar's 
alkaline properties are relevant for nutrient adsorption 
and microbial biomass; however, different effects have 
been observed according to initial soil conditions; for ex-
ample, it has been observed that biochar incorporation 
in soils had effects in terms of plant-available P in acidic/
neutral soils, whereas no significant effects were observed 
in alkaline soils (Ding et al., 2016; Ortiz et al., 2020). Our 
results suggest that P. lobata-derived biochar might be 
considered the most promising feedstock for the produc-
tion of biochar devoted to soil amendment applications, 
having the highest pH and macronutrient content.

Although we found a wide range of SAs for the 10 IAPS-
derived biochars, the woody species-derived biochars 
showed higher values than the herbaceous, probably due 
to the higher microporosity where many smaller pores in-
crease the SA (Ferraro et al., 2021; Ippolito et al., 2020). 
Herbaceous IAPS-derived biochars had a higher number 
of larger pores, which might relate to the morphological 
structure of the feedstock, as observed in the SEM images, 
and to its lower density (Leng et al., 2021; Sparavigna, 2022; 
Werdin et al., 2020). Hence, herbaceous IAPS-derived bio-
char may be more suitable for soil water availability and 
aeration (Ippolito et  al.,  2020), as an abundant number 
of large pores helps overcome the capillary forces that 
instead hold water in the smaller-sized pores of woody 
IAPS-derived biochar (Weber & Quicker, 2018). Some of 
the biomass characteristics could also be phylogenetically 

related since species of the same taxon often share sim-
ilar traits (Revell et al., 2008). Despite our dataset being 
too small to make conclusions about trait phylogenetic 
conservatism that can result in similar biochar properties, 
we found that two IAPS that belong to the same family 
(Asteraceae family, S. gigantea, and A. verlotiorum) can 
have different structural and functional properties. This 
could also be related to the growth and climatic conditions 
of the IAPS, which might influence the biomass structure 
(e. g., differences in conductive tissues) and explain dif-
ferences in the volume and SA of biochar's pores. Indeed, 
site-specific climatic and soil conditions directly influence 
the growth of plants and affect the anatomy and chemical 
composition of biomass. For example, woody species re-
spond to drought conditions by decreasing the conduit di-
ameter and thickening the cell wall (Li et al., 2023). These 
conditions could be translated to the biochar structure, 
since higher lignin contents in feedstock result in greater 
SA and porosity of biochar (Leng et al., 2021).

4.2  |  Soil remediation potential

Most of the research on IAPS-derived biochar focused on 
its bioremediation potential, suggesting that it is as ef-
fective as traditional feedstocks (Feng et  al.,  2021; Lian 
et  al.,  2020; Nandillon, Lebrun, et  al.,  2019; Nandillon, 
Miard, et al., 2019). Our results corroborate previous find-
ings (Chi et al., 2017; Fan et al., 2019) and highlight that 

F I G U R E  6   Principal component analysis, encompassing all the variables analyzed to characterize biochar properties as soil 
amendment, remediation, and carbon storage.
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the lead (Pb2+) adsorption of biochar derived from woody 
IAPS is higher than that of herbaceous ones.

Many mechanisms are involved in heavy metal adsorp-
tion: interactions of electrostatic attraction, ion exchange, 
physical adsorption, surface complexation, and/or precip-
itation (Feng et al., 2021). Insights into surface functional 
groups prove helpful in assessing IAPS-derived biochars 
adsorption mechanisms. The FT-IR spectra showed peaks 
at 1380 and 1118 cm−1, that are associated with –CH2 and 
C–O vibrations, respectively (Liu et  al.,  2022). Different 
peaks in the 900–750 cm−1 range indicate aromatic C–H 
out-of-plane deformation (Mireles et  al.,  2019). Peaks at 
1700 and 1600 cm−1 are associated respectively with car-
bonyl bonds (C=O), indicating the presence of carbox-
ylic groups and possibly traces of aldehydes, ketones, 
and esters, and with aromatic C=C stretching (Granados 
et al., 2022), at 1593 cm−1, the C=O could be due to the 
stretching of the aromatic ring in lignin (Fan et al., 2019). 
At 1420 cm−1, the peak might be due to inorganic CO2−

3  
(Fan et al., 2019). Hence, Pb2+ removal may be attributed 
to the coordination with π electrons of C=C functional 

groups and precipitation with inorganic anions such as 
CO2−

3  (Chi et al., 2017). The oxygenated chemical groups 
could explain O's positive correlation on the second prin-
cipal component (PC2), along with SA and Pb2+ removal 
efficacy, supporting that biochar SA is relevant for soil 
contaminant retention (Ippolito et al., 2020). Our results 
suggest that the differences in Pb2+ adsorption between 
woody and herbaceous-derived biochars could be ex-
plained by the different SAs, morphologies, and chem-
ical compositions. Indeed, acidic and basic functional 
groups, respectively, reduce and increase during pyrolysis 
(Abdelhafez & Li,  2016; Shaaban et  al.,  2013), influenc-
ing biochar pH, which may in turn affect the solution's pH 
and the derived solubility (Fan et al., 2019).

Studies have also focused on the biochar adsorption 
of organic pollutants. Since C–O, C=O, and C=C groups 
can be effective in removing organic pollutants (Liu 
et al., 2022; Zhang et al., 2018) we can suppose that the 
biochar we produced may also have a potential in the re-
mediation of organic pollutants. Also, biochar can create 
ecological niches for soil microorganisms, stimulating 
their growth, pollutant degradation (Brewer et al., 2014), 
and mineralization (Ni et  al.,  2020). Therefore, biochar 
could be used in polluted soils in combination with other 
practices, such as mulching, that promote the growth 
of the microbial community (Dalle Fratte et  al.,  2022). 
However, it is important to note that soil metal pollution 
is often in the polymetallic form; therefore, biochar addi-
tion may have different effects according to the pollutant's 
combination. For instance, biochar application increases 
the soil pH, simultaneously reducing and increasing the 
mobility of Pb and As, respectively, since the latter is 
mainly present in the oxyanion form (Nandillon, Lebrun, 
et al., 2019; Nandillon, Miard, et al., 2019).

4.3  |  Biochar stability and climate 
change mitigation potential

Biochar stability is relevant for carbon sequestration, con-
tributing to reducing greenhouse gas emissions (Leng 
et al., 2019). In our work, biochar stability and its stable 
carbon content (Leng et al., 2019) were evaluated through 
the analysis of the molar ratios (H:Corg and O:Corg) and 
fixed carbon, that is, the carbon content that remains 
in the solid structure after the volatile components are 
driven off (Weber & Quicker, 2018).

Biochar from woody IAPS was more stable in terms 
of carbon, than herbaceous ones, showing higher val-
ues of fixed carbon content (Ghysels et  al.,  2022; Leng 
et al., 2019), which could be expected by the higher lig-
nin content (Windeatt et al., 2014). The lower fixed car-
bon content of the herbaceous IAPS is due to the higher 

T A B L E  1   Pearson's correlation coefficients (r) and level 
of significance (p) between the first two axes of the principal 
component analysis (PC1 and PC2) and the variables measured on 
the IAPS-derived biochars.

Variables

PCA axis

PC1 PC2

pH 0.93*** −0.63***

CEC ns −0.73***

SA −0.61*** 0.75***

Ca 0.84*** −0.50*

K 0.87*** −0.72***

Mg 0.95*** −0.57***

P 0.81*** −0.54**

C −0.86*** 0.43*

H −0.97*** 0.71***

N 0.92*** −0.68***

O −0.68*** 0.91***

Fixed C −0.95*** 0.68***

H:Corg −0.79*** 0.74***

O:Corg −0.63*** 0.91***

Pb2+ ads −0.72*** 0.86***

Ash 0.99*** −0.67***

Volatile 0.83*** −0.70***

Moisture 0.66*** −0.49**

Yield 0.83*** ns

Abbreviations: CEC, cation exchange capacity; IAPS, invasive alien plant 
species; PCA, principal component analysis; SA, surface area.
*p < .05. **p < .01. ***p < .001.
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volatile components, which are in turn related to both la-
bile carbon (Leng et  al.,  2019) and ash content (Enders 
et al., 2012; Windeatt et al., 2014), as also highlighted by 
our results. In particular, H:C represents the aromaticity 
of biochar directly proportional to its resistance to bio-
logical degradation and, thus, to its stability (Lehmann & 
Joseph, 2015). When observing our H:Corg results, all 10 
IAPS-derived biochars had values well under 0.7, mean-
ing more fused aromatic rings and thermochemically 
altered structures (Ippolito et  al.,  2020), consistent with 
our FT-IR results, which show an abundance of double 
carbon bounding. The thermochemical alteration can be 
monitored from the thermal decomposition of cellulose, 
hemicellulose, and lignin by the disappearance of the 
band at 1000 cm−1 in the spectra of the biochar assigned 
to C–O and C–C stretching or C–OH bending, which is 
prominent in the feedstock ones (Ferraro et al., 2021).

The O:Corg results were all below the 0.2 value indicat-
ing a half-life greater than 1000 years (Ippolito et al., 2020), 
but herbaceous IAPS on average possess lower values, this 
was also true for the H:C ratio.

Surprisingly, these findings suggest that herbaceous 
species are more stable than woody ones, contrary to what 
was observed for fixed carbon. It is important to note that 
the molar ratios are not always accurate in predicting 
biochar stability, and contrasting results can be found in 
the literature (Bartoli et al., 2022; Enders et al., 2012; Tu 
et al., 2022). There might be a relevant fraction of O bound 
to inorganic compounds such as K, Na, Ca, Mg oxides, and 
phosphates that undergo thermal decomposition between 
500 and 600°C, contributing to the reduction of the O:C 
ratio in this temperature range (Tan & Lagerkvist, 2011), 
supporting the idea that high ash contents might affect the 
interpretation of the molar ratios despite the correction 
for carbonates (Enders et al., 2012). Only considering the 
molar ratios or fixed carbon content to estimate biochar 
stability might not be enough. For this reason, Enders et al 
proposed that the molar ratios should be considered along 
with the volatile matter content. Our results had a volatile 
matter below 80%, an O:Corg ratio below 0.2, and an H:Corg 
below 0.4, which indicates high C sequestration potential 
(Spokas, 2010). Considering the negative correlations the 
three biochar stability indicators have to PC1, the negative 
side of the axis may be indicative of high carbon stability 
that is where biochar from woody IAPS is distributed, and 
it can be extrapolated that biochars derived from woody 
IAPS may be more stable in virtue of the higher fixed 
carbon. Although IAPS-derived biochar showed relevant 
properties in different fields of application, we found a 
clear trade-off between biochars with the potential for 
carbon storage and climate change mitigation (negative 
PC1 values) and biochars with high soil amendment po-
tential (positive PC1 values), suggesting that two different 

preferential uses could be made with the biomasses of 
woody and herbaceous IAPS, respectively. The biochar's 
metal adsorption potential (higher PC2 values) constitutes 
an independent axis of variation, which may relate to the 
biochar pores size and thus to the structure of IAPS bio-
mass tissues.

5   |   CONCLUSIONS

Invasive alien plant species biomass derived from eradica-
tion measures is considered waste material according to 
the current legislation. Finding innovative techniques to 
valorize these biomasses is crucial for creating a win-win 
situation, turning waste into a resource by following cir-
cular economy principles, and further implementing IAPS 
management practices. According to our results, the ana-
lyzed IAPS biomasses derived from eradication measures 
are suitable as feedstock for biochar production, which 
resulted optimal for different fields of application such 
as soil amendment, phytoremediation, and carbon stock, 
when, compared to more traditional feedstocks.

Herbaceous IAPS-derived biochar showed higher affin-
ities for soil amendment applications (higher pH, higher 
macronutrient contents), while woody IAPS-derived bio-
char had great potential in terms of carbon stability and 
heavy metal adsorption. However, all 10 IAPS-derived bio-
chars were highly stable and all had considerable carbon 
sequestration potential. Finally, we highlighted that for an 
optimal and correct application of these biochars to soils, 
to avoid unexpected effects compared to the characteristics 
of biochar alone, it is fundamental first and foremost to 
acquire the specificity of soil complex chemical–physical 
characteristics conditions (nutrient, pH, type of pollutant).
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