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Key biochar properties linked 
to denitrification products in a calcareous soil
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Abstract 

Meta-analyses show an overall decrease in soil N2O emissions after biochar (BC) amendment. Nonetheless, N2O 
mitigation with BC cannot be extrapolated to every BC-soil combination, inasmuch as an increase in soil N2O 
release has been occasionally reported. We hypothesized that BC characteristics are key, and performed two 
microcosm experiments to advance in the understanding of the properties associated. We first investigated how 22 
well-characterized BCs affect N2O emissions in a calcareous soil under denitrification conditions. Whereas most 
BCs decreased N2O emissions, some substantially increased N2O emissions. In a second experiment, we selected 
and further characterized eight of the 22 previous BCs. We applied the 15N-gas-flux method to study how these 
BCs affect denitrification products (N2O and N2) in the same soil. Results indicate that the interaction between BC 
and the denitrification process depends on the temperature of pyrolysis. Whereas BCs produced at 400 °C tended 
to increase total denitrification (N2O+N2) by an average of 28%, BCs produced at 600 °C significantly reduced 
total denitrification by 53%. Nevertheless, this decline in overall denitrification did not result in a decrease of N2O 
emissions, as there was a strong shift in the N2O/(N2+N2O) ratio favoring N2O. A redundancy analysis revealed a direct 
correlation between carboxylic groups on BCs surface and N2O emissions. This research enhances our understanding 
of the interaction of BC with denitrification, particularly concerning the relevance of the temperature of pyrolysis, 
and opens up new paths for investigation, crucial for optimizing the application of BCs in different soil environments.

Highlights 

•	 High concentration of –COO- groups on BCs surface correlated with the highest N2O emissions.
•	 Biochars produced at 600 °C decreased total denitrification (N2O+N2).
•	 Biochars with high electrical conductivity and pH increased NO2

−/NO3
− ratios.
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1  Introduction
The concentration of nitrous oxide (N2O) in the atmos-
phere has gradually increased at a 2 percent rate over the 
last century (Tian et al. 2020). It is now clear that nitrogen 
(N) fertilization to croplands commands this increase, 
and represents the most important global N2O source 
(Winiwarter et al. 2018; Tian et al. 2020). The urgency to 
mitigate N2O emissions from agricultural soils has been 
highlighted in several recent studies (Thompson et  al. 
2019; Ogle et al. 2020) and potential mitigation strategies 
are being investigated (Winiwarter et  al. 2018; Grados 
et al. 2022).

One N2O mitigation strategy that has received growing 
interest is biochar (BC) soil amendment (Cayuela et  al. 
2014; Liu et  al. 2019; Wu et  al. 2023). BC is the solid 
carbonaceous product from the thermal transformation 
of organic materials at temperatures between 350 
and 750  °C under oxygen-limited conditions (Joseph 
et  al. 2021). BC’s most important contribution to 
climate change mitigation is mostly acknowledged 
through its potential to sequester organic carbon (C) 
in soil (Lehmann et  al. 2021). However, an additional 
advantage of BC lies in the lower trade-off between soil 
C sequestration and N2O emissions compared to other 
organic amendments (Cayuela et  al. 2010; Maenhout 
et al. 2024). There is a vast amount of literature that shows 
a decrease in N2O emissions after BC soil application, 
and several meta-analyses demonstrate an overall N2O 

mitigation with BC (Kaur et  al. 2023). Nonetheless, the 
high variability of both (i) BC properties and (ii) soil N2O 
formation pathways still frustrates any attempts to make 
confident generalized predictions for specific BC-soil 
combinations.

A key problem with much of the research on BC and 
N2O emissions is the poor characterization of the BCs 
used in the experiments. Fundamental characteristics 
such as BC particle size, surface area, H:Corg ratio or, 
pH are often unaccounted for, e.g. in the database of a 
recent meta-analysis on N2O mitigation with BC (Bor-
chard et al. 2019), more than 80% of the studies did not 
report data on BC atomic H:Corg ratios, which define BC 
degree of polymerization and stability and are known to 
influence BC mitigation potential (Cayuela et  al. 2015; 
Weldon et al. 2019). Similarly, very important character-
istics known to directly influence soil N dynamics, such 
as dissolved organic C (DOC), are systematically omitted 
in BC characterization. DOC is a key parameter, since it 
can lead to N immobilization in soil, but also stimulate 
total denitrification and/or decrease N2O/N2 ratios (Sen-
bayram et  al. 2012). Recent evidence also suggests that 
other BC properties that are seldom included in the lit-
erature (oxygenated functional groups in BC surface, the 
presence of organic contaminants) might play a relevant 
role in N2O emissions (Quin et al. 2015; Yuan et al. 2019).

A second drawback in earlier research on this topic 
is that studies have mostly focused on total N2O 
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emissions, and only a limited number of experiments 
have explicitly differentiated between N2O formation 
pathways (Sanchez-Garcia et  al. 2014; Weldon et  al. 
2019; Dong et  al. 2020; Fan et  al. 2020). This limits 
our understanding of the mechanisms of interaction 
between BC and soil N dynamics and our capacity 
to establish pilot implementation strategies. As 
pointed out by Zhu-Barker and Steenwerth (2018), 
the effectiveness of any N2O mitigation option is 
intrinsically linked to the prevailing N2O formation 
pathway. In this study, we focused on denitrification, 
which is, to date, the most studied N2O formation/
consumption pathway with BC. That BC facilitates the 
last step of denitrification, the transformation of N2O 
to N2, is now widely acknowledged. This facilitation 
has been linked to a combination of factors: the rise of 
soil pH in acidic soils (Obia et  al. 2015), which might 
be also related to the increase in the relative gene 
and transcript copy numbers of the nosZ-encoded 
bacterial N2O reductase (Harter et al. 2014) as well as 
direct redox facilitation (Quin et al. 2015; Pascual et al. 
2020). However, the effect of BC on total denitrification 
(N2O+N2) is less clear and it is probably very dependent 
on initial soil and BC properties.

In a series of incubation experiments, Thomazini et al. 
(2015) applied the same BC to ten different soils under 
denitrification conditions. They provided evidence that 
the mitigation potential of BC was positively correlated 
with the soil N2O emission rates. They suggested that 
the inconsistencies across existing BC studies mostly 
result from variability in BC properties, but that if one 
specific BC can decrease N2O emissions in one soil, its 
effect in other soils could be predicted. The question that 
remains is: which BC properties are relevant to decrease 
N2O emissions or vice versa promote soil N2O release? 
and what is the mechanism behind that reaction? That 
BCs with high N content may increase N2O emissions 
is evident, since they supply reactive N to soil microor-
ganisms, fueling nitrification and denitrification pro-
cesses. That high pH BCs may decrease N2O emissions 
in acidic soils is also manifested, since an increase of soil 
pH is known to favor the transformation of N2O to N2, 
decreasing N2O emissions. However, to date, not many 
studies have systematically evaluated how BC proper-
ties modulate N2O/N2 ratios and total denitrified N. In 
their seminal study, Weldon et al. (2019) demonstrated a 
link between BC properties and denitrification product 
ratios in two acidic soils. Although limited to one feed-
stock (corncob), pyrolyzed at four highest treatment tem-
peratures (HTT), the study showed the relevance of BC 
polymerization degree (as defined by H:Corg ratio), BC 
surface area, and pH as important factors in defining the 
ability of BC to decrease denitrification N2O.

The present study builds on the current understanding 
on this topic through the analysis of the denitrification 
products (N2O, N2) in an agricultural soil with and with-
out BC amendment. The main objective was to under-
stand which BC characteristics are most relevant for soil 
N2O mitigation (further than pH and total N concentra-
tion) and/or which properties could lead to an increase 
in N2O emissions by denitrification. We minimised the 
pH effect by selecting a soil with a high concentration of 
CaCO3 and a strong buffer capacity. Considering previ-
ous work on the topic, we hypothesized that BC oxygen 
functional groups, surface area, the presence of toxic 
compounds such as polycyclic aromatic hydrocarbons 
(PAHs), and the H:Corg ratios are the most relevant BC 
properties that ultimately control biochar N2O mitiga-
tion potential.

2 � Materials and methods
2.1 � Biochars (BCs)
Twenty-two BCs were produced from 11 ligno-cellulosic 
residues, which were selected based on their prevalence 
in Mediterranean regions. We included three types of 
residues: tree pruning (1–5), herbaceous residues (6–9) 
and residues from relevant agro-industrial activities: 
wine and olive oil production (10–11). These residues 
represent a significant opportunity for BC production, 
as their primary current disposal method is incineration. 
The selected residues were: (1) almond tree pruning (AP); 
(2) olive tree pruning (OlvP), (3) orange tree pruning 
(OP); (4) grapevine pruning (GP); (5) carob tree pruning 
(CP); (6) giant reed (GR); (7) rice straw (RS); (8) tomato 
crop (TC); (9) tomato crop with substrate (TC+S); (10) 
grape stalks (GS) and (11) two-phase olive mill waste 
(OMW). Residues generated from tomato crops culti-
vated in soil (TC) consisted of discarded stems, branches, 
and tomatoes deemed unsuitable for commercialization. 
Residues from tomato crops grown in greenhouses using 
peat substrate (TC+S) also included waste from the sub-
strate itself.

Biomass was pyrolyzed at two different highest treat-
ment temperatures (HTT/400 and 600 °C) by slow pyrol-
ysis with a rotatory quartz tube furnace (Nabertherm 
GmbH. RSR-B 80/500/11. Lilienthal, Germany). The 
selection of these two HTT was aimed at generating BCs 
with a diverse range of atomic H:Corg ratios (Table S1), 
an important characteristic for N2O mitigation, as indi-
cated by previous studies (Cayuela et  al. 2015; Weldon 
et al. 2019). Before pyrolysis, residues were grinded to a 
particle size between 1 and 10 mm, ensuring uniformity 
in the size of the resulting BCs. The residues were first 
heated to 105  °C under a continuous flow of argon (Ar) 
(50 L  h−1). Subsequently, the temperature increased at a 
rate of 5 °C min−1 until the desired HTT (400 or 600 °C), 
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which was upheld for two hours (residence time). During 
HTT, the flow of Ar was increased to 150 L h−1. Finally, 
the BCs were left to cool down to ambient temperature 
inside the pyrolyzer, keeping a flux of 50  L  h−1 Ar. A 
detailed description of the feedstocks and pyrolysis con-
ditions can be found in Sánchez-García et al. (2019). All 
BCs were characterized for their physico-chemical prop-
erties, including proximate analysis (fixed C, volatile C, 
and ashes), pH, electric conductivity (EC) and ultimate 
analysis (C, N, H, O) (ASTM-D1762-84 Chemical Analy-
sis of Wood Charcoal). Oxygen-containing functional 
groups and N-containing functional groups were deter-
mined with X-ray photoelectron spectroscopy (XPS, 
K-Alpha Xray Thermo Scientific, UK).

A set of eight biochars made from OlvP, RS, TC and 
GS at 400 and 600  °C were selected and further charac-
terized for physico-chemical properties. The extraction 
and determination of dissolved organic C (DOC) and 
total dissolved N (TDN) were performed following the 
procedure described by Singh et al. (2017). BCs’ surface 
area was determined with mercury intrusion porosim-
etry (AutoPore V 9600 Micromeritics Instrument, Corp., 
USA).

The concentration of five of the most abundant PAHs 
in biochar were also analysed (Hilber et  al. 2012). Each 
BC (in duplicate) was subjected to extraction with 
toluene (>99.5%, Sigma Aldrich. San Luis, MO, USA) 
in a rapid automatic soxhlet system (SOXTHERM® C. 
Gerhardt GmbH & Co. KG, Königswinter, Germany). 
Two grams of each BC were placed in cellulose thimbles 
covered with cotton and immersed in 140 mL of toluene 
containing 4 boiling stones. The extraction temperature 
was fixed at 208  °C with a reduction interval of 4 min 
and a reduction pulse of 4  s. A series of extractions, 
evaporations and rising cycles were set, resulting in an 
extraction of 12–15 mL in 3 h. This recovered volume was 
measured precisely and stored in amber glass bottles at 
4 °C until analysis. The PAHs determination was carried 
out in a gas chromatograph–mass spectrometer (GC–
MS). The system consisted of an Agilent 7890A (Agilent 
Technologies, Palo Alto, CA, USA) equipped with an 
automatic liquid sampler (MPS2) (Gerstel, Mülheim, 
Germany) and coupled to an Agilent 5975C mass selective 
detector. The GC was fitted with a diphenyl analytical 
column Pursuit XRs measuring 100 mm × 3 mm and with 
a 3 µm particle size (Agilent Technologies, Palo Alto, CA, 
USA). The starting temperature was set at 100 °C, which 
was maintained for 1.5  min. Afterwards, a temperature 
gradient of 10  °C  min−1 was applied until it increased 
to 250  °C, where it was maintained for 15  min. Solvent 
delay was 2.0 min. The injector temperature was 260  °C 
and its volume of injection was 1 µL. A calibration curve 
was done with naphthalene, phenanthrene, fluoranthene, 

anthracene and pyrene standards, using a mixture in 
toluene of 500  μg  mL−1 and solid naphthalene at 99% 
(Sigma Aldrich. San Luis, MO, USA). Two methods were 
run, the first to scan and the second for quantification, in 
Selected Ion Monitoring (SIM) (LOD < 5 ppb) adding an 
internal standard, 1,4-dichlorobenzene-d4 (98% atom D. 
Sigma Aldrich. San Luis, MO, USA).

2.2 � Soil
The soil, an Haplic Calcisol (WRB 2022), was sampled 
from the upper layer (0–0.25  m) of a table-grape vine-
yard in Murcia, Spain (N37°46ʹ44″ O1°33ʹ53.24″). The 
texture was clay (24% sand, 47% clay and 29% silt) with 
59% of carbonates. Soil chemical properties were as fol-
lows: 0.71 ± 0.05% organic C (Corg), 230 ± 3  mg  kg−1 dis-
solved organic C (DOC), 20 ± 2 mg kg−1 total dissolved N 
(TDN), 9 ± 1 mg  kg−1 NO3

−–N, <0.1 mg  kg−1 NO2
−–N, 

<0.1 mg kg−1 NH4
+–N, EC of 0.24 ± 0.01 mS cm−1 (1:2.5 g 

water extract), and pH 8.80 ± 0.05 (1:2.5 g water extract). 
Prior to its use, the soil was air-dried and sieved (<2mm).

2.3 � Soil incubation experiments
All incubation experiments were carried out in 250  mL 
polypropylene jars (Sarstedt. Nümbrecht, Germany), 
where soil with and without BCs were added. The control 
(BC0) consisted of 100 g of soil, and the rest of treatments 
consisted of 98  g of soil and 2  g of the BCs described 
above (2% w:w). Control soil and soil/BC mixtures were 
repacked by gently pressing soil with a stainless steel 
tamper to a soil bulk density of 1.4 g cm−3. All treatments 
received a solution of KNO3 (4.4 mmols of N per kg soil, 
equivalent to 66 mg N kg−1 soil for 15N and 62 mg N kg−1 
soil for unlabelled N), which was added only once at the 
beginning of the experiment to set the moisture condi-
tions at 90% of the water filled pore space (WFPS), maxi-
mizing complete moisture homogeneity. The jars were 
aerobically incubated at 25  °C (Heraeus, Function Line. 
Thermo Fisher Scientific, Massachusetts, USA) under 
darkness, and covered with a wet cotton cloth for mini-
mizing evapotranspiration. Moisture was gravimetrically 
adjusted in every jar every other day, always after the cor-
responding gas measurements. The experiments were 
laid out as a randomized block design with four replicates 
per treatment.

2.3.1 � Experiment 1: Effect of 22 BCs on total N2O emissions 
from soil

A first experiment was set up to explore potential rela-
tionships between BCs properties and soil N2O emis-
sions. A total of 92 jars (four replicates of each BC 
treatment and a control) were incubated during 27 days 
under the conditions reported above. BCs were ground to 
a particle size <1 mm before their mixture with soil. Gas 
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(N2O, CO2 and CH4) fluxes were regularly monitored at 
days 0, 1, 2, 3, 4, 6, 7, 8, 9, 10, 13, 16, 20 and 27. For N2O 
sampling, each unit was sealed with gas-tight polypro-
pylene screw caps for an accumulation period of 60 min. 
Changes in the concentration of N2O after closing the 
caps were determined with a photo-acoustic monitor 
1412i gas chromatograph (Lumasense Technologies A/S, 
Ballerup, Denmark), which was directly attached to the 
jars by two Teflon tubes and needles through septa. The 
gas analyzer was fitted with optical filters to selectively 
measure concentrations of CO2, N2O, CH4 and water 
vapor. The photoacoustic analyzer was regularly cali-
brated by the manufacturer for CO2, N2O and CH4 with 
certified standards and the concentrations of N2O were 
automatically compensated for the interference of CO2 
and water vapor. Additionally, calibration curves for CO2 
(up to 1000 ppmv) and N2O (up to 25 ppmv) were per-
formed to check the linearity of the measurements. We 
considered the potential interference of CO2 on N2O 
measurements, as outlined by Harvey et al. (2020). Upon 
verification, we confirmed the absence of interference at 
CO2 levels below 1000 ppm. This threshold represented 
the highest recorded CO2 concentration in the jars head-
space after 1 h of accumulation. N2O fluxes were calcu-
lated assuming a linear increase during the accumulation 
period, an approach that was verified prior to and during 
the experiments.

2.3.2 � Experiment 2: Effect of eight selected BCs 
on denitrification products (N2O and N2) and mineral N 
dynamics in soil

Eight BCs, derived from different feedstocks (wood, 
straw, herbaceous, agro-industrial residues), were 
selected considering their contrasting physicochemi-
cal properties and their influence on soil N2O emissions 
in the previous exploratory experiment: OlvP-B400 and 
OlvP-B600, associated with no change and decreased 
N2O emissions respectively; RS-B400 and RS-B600, 
linked to decreasing and increasing emissions; TC-B400 
and TC-B600, both associated with decreased emissions 
and GS-B400 and GS-B600, linked to no change and 
increased emissions. This time BCs were added to soil 
with a particle size between 1 and 10 mm (i.e. they were 
not grinded after pyrolysis) with the aim of taking into 
account their physical properties such as bulk density 
and pore area.

In this experiment the 15N gas flux method was applied 
to quantify denitrification products (Micucci et al. 2023). 
Labelled K15NO3 (Potassium Nitrate-15N. 99 atom% 15N. 
CAMPRO Scientific GmbH, Germany) was added at the 
same rate as in experiment 1 (4.4 mmols of N per kg of 
soil) to air dry soil samples with/without BCs. Work-
ing with dry soil when applying tracers has been found 

to improve the uniform distribution of the tracer in soil 
and therefore minimise the potential underestimation 
of denitrification (Berendt et  al. 2020). Headspace gas 
samples of 12 mL were withdrawn after an accumulation 
period of 1 h as in the previous experiment. Gas samples 
were taken at 0, 24, 48, 96, 144, 168, and 258 h and stored 
in evacuated 12 mL glass vials (Labco Exetainer®. Lam-
peter, UK). A total of 252 samples (9 treatments × 4 repli-
cates × 7 sampling times) were analyzed for their isotope 
ratios of N2 (29/28 (29R) and 30/28 (30R)) and N2O (45/44 
(45R) and 46/44 (46R)) at the Stable Isotope Facility (Uni-
versity of California, Davis, USA) by automated isotope 
ratio mass spectroscopy (ThermoFinnigan GasBench & 
PreCon trace gas concentration system interfaced to a 
ThermoScientific Delta V Plus isotope-ratio mass spec-
trometer, Bremen, Germany).

In addition, CO2 fluxes were regularly monitored at 
days 0, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 11 with a photo-acoustic 
monitor 1412i gas chromatograph, as in experiment 1.

A parallel incubation with nine extra replicates of each 
treatment was set up for destructive soil sampling and 
analyses of NO3

− and NO2
− at 24, 48 and 96 h. Addition-

ally, NH4
+, NO2

−and NO3
− were analysed the last day of 

the incubation (258  h). The extraction of NO3
−, NO2

− 
and NH4

+ was carried out by shaking 0.8 g of moist soil 
1:10 (dw/v) with water (for NO3

−, NO2
−) or 2.0 M KCl 

(for NH4
+) for 2 h. Afterwards, the extracts were centri-

fuged (2509×g) and filtered (0.45 μm). The quantification 
of NO3

− and NO2
− in the extracts was performed with 

ion chromatography (HPLC, model 861, Metrohm AG, 
Herisau, Switzerland). In the case of NH4

+, a colorimet-
ric method based on Berthelot’s reaction was followed 
(Sommer et al. 1992).

2.3.3 � Calculations and statistical analyses
Cumulative N2O emissions were calculated assuming 
linear changes in fluxes between adjacent measurement 
points, according to the standard trapezoidal estimation. 
In experiment 2, N2O and N2 produced by denitrifica-
tion were calculated based on 15N data using a two-pool 
model approach reported by Spott et  al. (2006), assum-
ing denitrification of a homogenously labelled soil nitrate 
pool as the only relevant source of 15N2O and 15N2 for-
mation with only unlabelled N2O and N2 (e.g. fed by 
atmosphere) as a second contributor (Pool 1). At first, 
15N labelling of nitrate (i.e. source of 15N2O and 15N2) was 
calculated for each gas sampling event using the 15N data 
of sampled N2O as follows:

where a2 is the 15N mole fraction of labelled nitrate cur-
rently denitrified to N2O, a1 is the 15N mole fraction of 

(1)a2 =
α46 − a1 · am

am − a1
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the unlabelled N gas Pool 1, and am is the 15N mole frac-
tion of sampled N2O. Subsequently, current labelling of 
the 15N nitrate pool was used to calculate the contribu-
tion of denitrified N2O to the two-pool N2O gas mixture 
as follows:

where dN2O represents the relative fraction of denitrified 
N2O on the total N2O gas volume analyzed. In contrast 
to N2O, 15N enrichment of sampled N2 was very low due 
to an atmospheric N2 background concentration of 78%. 
At very low 15N enrichments IRMS systems tend to cause 
an erroneous determination of mass 30 of N2 (i.e.15N15N) 
due to interferences with NO gas (14N16O) formed dur-
ing analysis. Therefore, another approach was used for 
calculating the contribution of denitrified N2. When 
denitrified N2O is assumed to act as a direct precursor 
to denitrified N2, 15N abundance of the labelled nitrate 
pool as calculated by highly enriched N2O (i.e. a2) can 
be  assumed to be equal for denitrified N2. By using a2 
based on denitrified N2O, the contribution of denitrified 
N2 can be calculated independent from mass 30 by using 
the following equation:

where dN2 represents the relative fraction of denitrified 
N2 in the total N2 gas volume and 29R represents the mass 
ratio of 29N2 and 28N2 in N2 gas volume.

Finally, calculated contributions were used to com-
pute N2O and N2 fluxes due to denitrification using total 
gas concentration sampled during 60 min of closing the 
incubation vessels similar to experiment 1. Extreme out-
liers in these N2O and N2 flux data (<5% of the dataset) 
were identified and systematically removed consider-
ing the median absolute deviation (MAD). In view of 
the high dispersion of data for gas measurements, we 
took a very conservative approach and discarded data 
when the difference with the median was higher than ten 
times the MAD, i.e. [xi − median (xi)]/MAD > 10), where 
median (xi) is the median of all the xi values (gas fluxes) 
and MAD = median [xi − median(xi)] (Miller and Miller 
1992).

N2O and N2 data were ln-transformed to improve 
symmetry and homogenize the variance before analysis. 
The differences between treatments were determined 
with a one-way analysis of variance (ANOVA) with the 
use of IBM SPSS Statistics 29. Additionally, to explore 
the relationship and multivariate correlations between 
the tested BC’s physicochemical properties and soil gas 
emissions, a redundancy analysis (RDA) was carried out 

(2)dN2O
=

am − a1

a2 − a1

(3)dN2
=

1

1−
29R(1−a2)

2
−2a2(1−a2)

29R(1−a1)
2
−2a1(1−a1)

using Canoco 4.5 for windows. BCs characteristics were 
included as predictor variables. For the first experiment 
there were 88 observations (22 BCs in quadruplicate), 
and the dependent (response) variables were cumula-
tive N2O and CH4 emissions. For the second experiment, 
there were 32 observations (8 BCs in quadruplicate) and 
total cumulative N2O and N2 emissions and NO2

−/NO3
− 

ratios were included as the dependent variables. There 
were 15 explanatory variables (NO3

−, NO2
− and NH4

+ 
concentrations in BCs were excluded, as they were neg-
ligible). To take into account how much of the variance 
of the canonical coefficients was inflated by the presence 
of correlations among explanatory variables, the variance 
inflation factor (VIF) was used to remove variables. VIF 
measures the instability of the regression model and, as 
a rule of thumb, variables that have a VIF higher than 20 
should be removed from the model. To avoid correlations 
among explanatory variables, those with the highest vari-
ance inflation factor (VIF) were removed from the analy-
sis at a time and the analysis recomputed. This iteration 
was repeated as many times as necessary until VIF of all 
selected variables was lower than 20. Significance of the 
ordination axes was calculated by the Monte-Carlo per-
mutation test with n = 999 (Ter Brak and Smilauer 1998). 
Graphs were drawn with ggplot2 package (Wickham 
2016) and CanoDraw 4.5 for RDA ordination plots.

3 � Results
3.1 � Overview of main BCs properties
The general physico-chemical properties of BCs are sum-
marized in Table S1. All residues selected for the produc-
tion of BCs were lignocellulosic and as a result all BCs 
had relatively low concentrations of total N (between 
0.6% in RS-B600 and 2.4% in GP-B400). Total organic C 
(Corg) was between 67% and 85% in woody biochars (pro-
duced from pruning residues) and remained generally 
lower in BCs from herbaceous residues and secondary 
agro-food wastes (41–74%). All BCs were alkaline (pH 
between 9.3 and 12.3). The EC values were generally low 
(0.6–4.5  mS  cm−1) with the exception of BCs produced 
from olive mill wastes, rice straw, and particularly tomato 
crop, whose EC reached 23 mS cm−1. Ash concentrations 
were also higher in BCs produced from these residues. 
The EC and ash concentration increased with the HTT 
of pyrolysis. The H:Corg molar ratios were between 0.23 
(OlvP-B600) and 0.90 (TC-B400). Both H:Corg and O:Corg 
ratios decreased with increasing HTT. All BCs produced 
at 600  °C had a H:Corg below 0.5. Regarding oxygenated 
functional groups in BCs surface, an increase in HTT 
from 400 to 600 °C resulted in a decrease of oxygenated 
species (C–O (hydroxyl, ether), C=O/O–C–O (carbonyl 
or carbon linked to two ether/hydroxyl bonds) and –
COO (carboxyl). However, this was mostly for –C–O and 
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C=O/O–C–O groups and not evident for –COO, since 
GS-B600 and OMW-B600 showed the highest relative 
atomic percentages of carboxylic groups. N-containing 
functional groups could not be quantified because of the 
low N concentrations in the BCs, leading to very low N1s 
signals.

Table  S2 shows the additional characterization of the 
eight selected BCs used in experiment 2. The DOC values 
were markedly affected by the feedstock. In general, DOC 
concentrations were low, and remained below 2.8 mg g−1 
in all BCs, except for TC-B400, GS-B400 and GS-B600, 
which were 7.5, 8.0 and 6.9  mg  g−1,  respectively. Total 
dissolved N (TDN) was very low (<0.4  mg  g−1) in all 
BCs, with concentrations of NO3

− and NO2
− below the 

quantification limits and negligible concentrations of 
NH4

+. The highest total pore areas (TporeA) were found 
in OlvP BCs and the lowest in TC BCs. TporeA gener-
ally increased with HTT (except for rice straw BC). The 
analysis of the PAHs in the BCs showed, in general, low 
concentrations in the range of ng  g−1 BC (Table  S2). 
Overall, the most abundant PAH in the BCs was naph-
thalene, followed by anthracene. The concentrations of 

phenanthrene and pyrene were close or below the limit 
of quantification in all BCs. OlvP-B600 and RS-B600 had 
the greatest concentrations of the measured PAHs, 176.6 
and 152.5 ng g−1 BC, respectively.

3.2 � Experiment 1: Total N2O emissions from BCs amended 
soil and their relation with BCs properties

Nitrous oxide fluxes reached the maximum rate within 
the first ten days of incubation and were not significantly 
different to zero after 20 days (Figure S1). BC application 
affected the dynamics of soil N2O fluxes (Figure S1) and 
also total cumulative N2O emissions (Fig. 1). Out of the 
22 BCs assessed, eleven exhibited a significant reduction 
in N2O emissions (P < 0.05), with an average decrease 
of 48%. Seven BCs showed no statistically significant 
difference compared to the control, while four BCs 
demonstrated a significant increase in N2O emissions, in 
the order: RS-B600 > OMW-B600 > GR-B400 > GS-B600.

No significant correlations were found between single 
BC properties (detailed in Table S1) and total cumulative 
N2O emissions (see the Pearson correlation matrix in Fig-
ure S2). Significant correlations were found between BC 

Fig. 1  Boxplots showing total cumulative N2O emissions after 27 days in control soil and after amendment with 22 biochars applied at a rate of 2% 
dry weight. *To ensure a representative visualization of the majority of the data points, data for RS-600 (median: 14,631) are shown in Figure S4. 
Control: soil without biochar, AP almond tree pruning, OlvP olive tree pruning, OP orange tree pruning, GP grapevine pruning, CP carob tree pruning 
(CP), GR giant reed, RS rice straw, TC tomato crop, TC+S tomato crop with substrate, GS grape stalks and OMW two-phase olive mill waste. B400 
and B600 indicate the highest temperature of pyrolysis: 400 and 600 °C, respectively
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properties, e.g. there were direct correlations between 
(i) total organic C and fixed C, (ii) ash concentration and 
electrical conductivity and (iii) H:C and O:C ratios in 
BCs and indirect correlations between (i) ash and total 
organic C and (ii) C:N ratio and total N. Total cumula-
tive CH4 emissions are depicted in Figure S3. There was 
a strong correlation between total cumulative N2O and 
CH4 emissions (r2 = 0.939; P < 0.001).

3.3 � Experiment 2: Effect of eight selected BCs 
on denitrification products and mineral N dynamics

3.3.1 � Denitrification products (N2O, N2) from BCs amended 
soils

Figure 2 shows total cumulative N2O (A) and N2 (B) loss 
by denitrification at the end of the incubation (≈11 days) 
for the control soil and the eight selected BCs. In general, 
BCs produced at 400  °C showed a tendency to decrease 
N2O emissions and increase N2 emissions compared to 
the control soil, although not statistically significant. On 
the contrary BCs produced at 600 °C tended to increase 
N2O emissions and decrease N2 emissions. BCs from 
tomato crop residues were the only exception since 
TC-B400 increased N2O emissions, with no significant 

effect on N2 emissions, and TC-B600 substantially 
decreased both N2O and N2 emissions.

Table  1 shows the denitrification ratios (N2O/
(N2O+N2)) and the percentage of N lost by denitrifi-
cation (N2O+N2) with respect to the initially added 
NO3

−–N (TC-Bs were excluded as they will be discussed 
separately). After 258 h, N loss by denitrification in the 
control soil was 72% of the NO3

− added, but only 8% of 
the total loss was as N2O (i.e. the denitrification ratio 
was 0.08). Although not statistically significant, the addi-
tion of BCs at 400 °C consistently decreased the denitri-
fication ratio to less than half. Additionally, there was a 
tendency for an increase in the total N turnover by deni-
trification of added nitrate (between 83% and 100%). In 
contrast, the addition of BCs produced at 600 °C signifi-
cantly decreased the total N turnover by denitrification 
(on average 34% of fertilized nitrate) while simultaneously 
increased the contribution of N2O on total N loss (i.e. 
total denitrification was restrained in favor of a dimin-
ished and incomplete denitrification to N2O). GS-B600 
exhibited the highest increase of the denitrification ratio, 
where N2O accounted for over half (67%) of the denitrifi-
cation products.

Fig. 2  Boxplots showing total cumulative N2O (A) and N2 (B) emissions (μmol N2O (or N2) kg−1 soil) after 258 h of incubation. Values are 
given in μmol instead of μg of N due to the variable 15N signature in gas molecules, which affects the accuracy of reporting mass weight. Different 
colours indicate significant differences between treatments and control according to the Dunnet test (P < 0.05): green significant decrease, red 
significant increase. OlvP olive tree pruning, RS rice straw, TC tomato crop, GS grape stalks. B400 and B600 indicate the highest temperature 
of pyrolysis: 400 and 600 °C, respectively
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3.3.2 � Mineral N dynamics from BCs amended soil
Figure  3 shows the concentration of water-extractable 
NO3

− and NO2
− during the incubation. Nitrate was the 

most abundant mineral N form and decreased from 
39 mg N kg−1 soil (24 h) to 3 mg kg−1 soil (258 h) in the 

control soil. Nitrate concentration was very constant for 
the first 96 h (Figure S5), which fits well to the observed 
pool dilution, which was largest within the first 100–
150  h, indicating larger NO3

− production within that 
time. Most BCs did not modify mineral N dynamics in 

Table 1  Denitrification ratios (N2O/(N2O+N2)) and percentage of N lost by denitrification after 258 h (~11 days) of incubation for 
individual BCs (A) and BCs grouped by temperature of pyrolysis (B)

Mean values (n = 4 for individual BCs; n = 12 for BCs at 400 and 600 °C). Numbers between brackets show standard errors of the mean. The Dunnet post hoc test was 
used to compare the treatments with the control soil (NS not significant, *P < 0.1; **P < 0.01; ***P < 0.001). Control: soil without BC, OlvP olive tree pruning, RS rice straw, 
GS grape stalks. B400 and B600 indicate the highest temperature of pyrolysis: 400 and 600 °C, respectively

(A) Control OlvP-B400 RS-B400 GS-B400 OlvP-B600 RS-B600 GS-B600

N2O/(N2O+N2) 0.083 0.029 0.028 0.040 0.166 0.602 0.671

SE (n = 4) (0.022) (0.009) (0.008) (0.007) (0.053) (0.042) (0.066)

Dunnet test NS NS NS NS *** ***

N loss (%) 72 100 94 83 45 19 39

SE (n = 4) (19) (20) (31) (15) (6) (2) (6)

Dunnet test NS NS NS NS ** NS

(B) Control B400 B600

N2O/(N2O+N2) 0.083 0.032 0.480

SE (n = 12) (0.022) (0.004) (0.073)

Dunnet test NS ***

N loss (%) 72 92 34

SE (n = 12) (19) (12) (4)

Dunnet test NS *

Fig. 3  Water-extractable NO3
− (top panel) and NO2

− (bottom panel) concentrations in soil (mg N kg−1 soil) for the different treatments after 24, 
48, 96 and 258 h. Error bars indicate standard error of the mean (n = 3). Different letters (a, b, c, d) show significant differences between treatments 
according to the Tukey test (P < 0.05) (Figure S5 shows significant differences between sampling times for the same treatment). OlvP olive tree 
pruning, TC tomato crop, RS rice straw, GS grape stalks. B400 and B600 indicate the highest temperature of pyrolysis: 400 and 600 °C, respectively



Page 10 of 16Cayuela et al. Biochar            (2024) 6:90 

soil, except for the BCs produced from tomato plants, 
which showed significantly lower concentrations of NO3

− 
than the rest of the treatments at 24 and 48 h. These BCs 
also showed the highest concentration of NO2

− in soil 
throughout the incubation, especially TC-B600. The rest 
of the treatments showed low NO2

− concentrations, 
constantly below 5 mg N kg−1 soil.

Ammonium concentrations at the end of the incuba-
tion were lower than 8  mg  kg−1 soil for all treatments 
(Figure S6). OlvP-B600 and RS-B600 led to significantly 

lower concentrations of NH4
+ (4.4 mg N kg−1 soil) com-

pared to the control (7.4 mg N kg−1 soil).

3.3.3 � Relationships between denitrification products and BCs 
properties

Figure 4 shows the canonical orgination diagram showing 
the relationship between BCs characteristics and total 
cumulative N2O emissions in the first experiment. The 
diagram delineates three distinct categories of BCs 
with respect to their impact on N₂O emissions: (i) BCs 

Fig. 4  Redundancy analysis (RDA) correlation biplot showing the relationships between the main physico-chemical characteristics (predictor 
variables) of the 22 BCs and the cumulative N2O emissions after BC amendment in experiment 1. The size of the BC symbols corresponds 
with the quantity of N2O emitted. Different colours show significant differences between the treatments and control according to the post hoc 
Dunnet test (P ≤ 0.05): green significant decrease, red significant increase, white not significantly different to the control. Blue arrows point at highest 
values of BCs properties. H:C ratio represents the atomic ratio of H to organic C, TN total N, carboxyl carbonyl and hydroxyl represent the percentage 
of carboxyl, carbonyl and hydroxyl functional groups in BCs surface measured by XPS. EC represents electrical conductivity; ashes, volatiles and fixed 
C were determined by proximate analysis. Eigenvalues of the first two axes were 0.330 and 0.040, the sum of all canonical axes was 0.371 (P = 0.001). 
OlvP olive tree pruning; OP orange tree pruning; GP grapevine pruning; CP carob tree pruning (CP); GR giant reed; RS rice straw; TC tomato 
crop; TC+S tomato crop with substrate; GS grape stalks and OMW two-phase olive mill waste. B400 and B600 indicate the highest temperature 
of pyrolysis: 400 and 600 °C, respectively
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that decrease N₂O emissions, located in the lower-left 
quadrant of the figure; (ii) BCs produced at 600  °C that 
enhance N₂O emissions, positioned on the right side of 
the figure and (iii) BCs generated at 400  °C that tend to 
increase N₂O emissions, though their effect is mostly not 
statistically significant (upper part of the figure). For BCs 
produced at 400  °C increased N2O emissions correlated 
with high N concentrations in BC and higher hydroxyl/
quinone functional groups. For BCs produced at 
600  °C, increased N2O emissions correlated with higher 
carboxylic groups on BCs surface.

In the second experiment (Figure S7), although the 
number of BCs tested was lower, the RDA confirmed 
carboxyl functional groups on BC surface as the most 
important predictor determining increased N2O emis-
sions after BC soil amendment. The H:Corg molar ratio 
showed a correlation with N2 losses in this soil, where N2 
was the primary denitrification product. Biochar physical 
properties such as TporeA or bulk density did not cor-
relate with neither N2 nor N2O emissions. High pH and 
electrical conductivity were determinants increasing the 
accumulation of NO2

− in soil. The concentration of PAHs 
inversely correlated with N2 emissions, although the 
effect was marginal.

4 � Discussion
4.1 � Denitrification products in the selected soil
In the first experiment, we could not differentiate N2O 
produced by denitrification from other pathways. None-
theless, the experiment enabled us to identify and select 
BCs with contrasting effects on N2O emissions under 
denitrification conditions and pointed at carboxyl groups 
in BCs produced at 600 °C as an important predictor for 
high N2O emissions. In the second experiment, by using 
the 15N gas-flux method, we could follow the dynamics of 
N2O and N2 primarily produced by denitrification. In this 
incubation, analyzed 15N data did not reveal any indica-
tions that would suggest other potential mechanisms of 
N gas formation as relevant contributors under the given 
experimental conditions, such as nitrification, nitrifier-
denitrification (Micucci et al. 2023) or co-denitrification 
(Spott and Stange 2011). Findings from the initial and 
subsequent incubations largely concur on the impact of 
biochar on N2O emissions, with RS-B600 and GS-B600 
identified as the BCs that amplified emissions the most.

The selected calcareous soil had a very low 
denitrification ratio (~0.1), and it could be classified as 
a “concurrent denitrification” phenotype according to 
Highton et al. (2022). This implies that N2O production 
and reduction steps are synchronized leading to low 
transitory accumulation of N2O and thus, low N2O 
emissions. This is common in alkaline soils, where the 
last step of denitrification is usually favored and the 

main denitrification product is N2 (Šimek et  al. 2002). 
This phenotype is also favored in fine-textured soils, 
like in our case, where reduced gas diffusivity promotes 
N2O reduction (Gu et  al. 2013). Considering that we 
added a high concentration of NO3

−, we anticipated that 
C availability might be a relevant factor constraining 
denitrification in this soil (Myrold 2021).

4.2 � Interaction of BCs with the denitrification process
In this study we demonstrate that BCs interact with the 
denitrification process and affect denitrification prod-
ucts through several mechanisms, whose prevalence 
largely depends on BC properties. Biochars with a high 
H:Corg ratio (>0.5), typical of low temperature of pyrol-
ysis, highly correlated with increased N2 emissions in 
soil (Figure S7). This might be a direct consequence of 
increased C availability to denitrifiers after BCs amend-
ment. C limitation is very likely in soils with large NO3

− 
pools, as in our case, and it is known that decreasing the 
temperature of pyrolysis during BC production increases 
the fraction of BC decomposable organic C (Wang et al. 
2016). This is also supported by our CO2 data (Figure S8). 
In general, respiration rates were higher for 400 °C BCs in 
comparison to their respective 600 °C BCs.

We observed an overall increase in total denitrifica-
tion with low temperature BCs, although it did not reach 
statistical significance, likely due to the dispersion of our 
data. Nevertheless, no corresponding escalation in N2O 
emissions was observed, which was linked to a simulta-
neous reduction of the denitrification ratio by more than 
50 percent (i.e. N2O/(N2O+N2) < 0.05, with the excep-
tion of TC-B400). Thus, selected low temperature BCs 
showed a tendency to improve soil conditions for denitri-
fication, also promoting a complete reduction of nitrate 
up to N2. These results are in good agreement with earlier 
studies that demonstrated the ability of BC to promote 
the last step of denitrification (Cayuela et al. 2013; Harter 
et al. 2014; Weldon et al. 2019).

One of the best characterized factors known to control 
denitrification and the accumulation of denitrification 
intermediates is soil pH (Šimek et  al. 2002; Frostegård 
et al. 2022). Previous studies have verified the importance 
of increased soil pH after BC amendment for the change 
in stoichiometry of denitrification products in acidic soils 
(Obia et  al. 2015). Nonetheless, considering the high 
pH and buffering capacity of our soil, a pH effect is very 
unlikely to act as a relevant driver of observed shifts in 
N2O and N2 production. We postulate that the selected 
low temperature BCs may directly act as electron donors, 
facilitating N2O reduction even under high NO3

− con-
centrations. The ability of BC to directly donate electrons 
to the denitrifying bacteria P. denitrificans was recently 
demonstrated, and BCs with high H:Corg ratio were 
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found to have a higher reduction index (i.e. the electron 
donating capacity/electron accepting capacity), which 
correlated with their ability to promote the reduction of 
N2O to N2 (Pascual et al. 2020). Nevertheless, we cannot 
discard abiotic redox reactions between N2O and BCs 
surface yielding N2 (Quin et al. 2015).

A second mechanism of interaction consisted in the 
ability of BCs produced at high temperature (600  °C) 
to significantly decrease total denitrification losses 
(N2+N2O). The effect of BCs on total denitrification has 
been much less investigated than its effect on N2O emis-
sions. Cayuela et al. (2013) found that a BC produced at 
500  °C decreased overall denitrification in 10 out of 15 
soils. There are several factors that could potentially limit 
total denitrification, including:

(i)	microbial toxicity, i.e. a decline of denitrifiers in soil 
after BC amendment. Yet, we discard any toxic-
ity effect of BCs produced at 600 °C (except for 
TC-B600, which is discussed separately below). BCs 
did not show any signs of toxicity due to high salin-
ity, extreme pH, toxic metals (Sánchez-García et al. 
2019) or high concentrations of PAHs (Table S2);

(ii)	 decreased NO3
− availability in soil after BC amend-

ment. Several studies have pointed at a decrease in 
NO3

− concentrations in soil after BC amendment 
(Borchard et al. 2019; Martí et al. 2021). Nonethe-
less, our data on NO3

− dynamics (Fig. 3) refute this 
hypothesis, since amendment with high tempera-
ture BCs did not decrease NO3

− concentration in 
soil compared to the control soil or BCs produced 
at 400 °C;

(iii)	decreased C availability. Although we did not fol-
low DOC dynamics in soil, this could be a plausi-
ble explanation for our findings. Biochars produced 
at high temperatures are known to exert a strong 
sorptive protection of DOC in soil, which has been 
related to negative priming (DeCiucies et al. 2018). 
A decrease in DOC concentration in the soil solu-
tion could decrease the DOC/NO3

− ratios and also 
inhibit the last step of denitrification, increasing 
N2O/(N2+N2O) ratios. However, DOC has been 
found to minimally affect the product ratio of deni-
trification in soils with high NO3

− concentrations, 
as in our case (Senbayram et  al. 2012). Further 
investigation is warranted, particularly involving 
varied initial NO3

− additions to the soil;
(iv)	increased oxygen concentration in soil. Oxygen 

affects denitrification by regulating enzyme syn-
thesis and in particular by inhibiting enzyme activ-
ity (Myrold 2021). BCs might have increased soil 
aeration in our heavy textured soil, which could 
explain both lower denitrification and higher N2O/

(N2+N2O) ratios. However, we found no relation-
ship between the physical properties of BCs (total 
pore area and bulk density) and denitrification 
products (Figure S7). In fact the physical properties 
of BCs were governed by feedstock rather than by 
the temperature of pyrolysis (Sánchez-García et al. 
2019), whereas the effect of BC on total denitrifica-
tion was dependent on the temperature of pyrolysis.

(v)	 the presence of quinone moieties in high tempera-
ture BCs has been related to lower denitrification 
rates because of their ability to compete with NO3

− 
as electron acceptors (Chen et  al. 2018). In addi-
tion, quinone moieties were occasionally reported 
to interact also with other microbial N turnover 
processes like urea hydrolysis and nitrification (Xu 
et al. 2000; Papadopoulou et al. 2022). This mecha-
nism might also account for the increased N2O/
(N2O+N2) ratios with high temperature BCs, as 
carbonyl groups could similarly compete with N2O 
for electrons. Although we did not find any direct 
relationship between carbonyl groups in BCs and 
total denitrification, this mechanism deserves fur-
ther investigation.

Whereas it has been generally assumed that the key 
mechanism of BC to decrease N2O emissions is the pro-
motion of the last step of denitrification (N2O transfor-
mation to N2), here we show that, in alkaline soils, this 
mechanism might be primarily relevant for low tem-
perature BCs. Nevertheless, recent meta-analyses indi-
cate that BCs produced at high temperatures (H:Corg 
ratio < 0.3) offer the greatest potential for N2O mitiga-
tion, which seems in contradiction with our findings. 
Our study shows that BCs produced at 600  °C might 
operate through a different mechanism, i.e. decreasing 
total denitrification. In our soil, lower denitrification was 
not translated to lower N2O emissions because of the 
change in stoichiometry of denitrification products. Fur-
ther studies are required to understand the mechanisms 
behind this trade-off. As discussed previously, it might be 
related to changes in DOC/NO3

− ratios or to the pres-
ence of oxygenated groups in BCs surface, which might 
compete with both NO3

− and N2O as electron acceptors. 
In this study we found that a high concentration of car-
boxyl groups in our 600  °C BCs surface was highly cor-
related with higher N2O emissions. Nevertheless, it is 
important to note that the presence of carboxyl groups is 
associated with the original feedstock and post-pyrolysis 
treatments rather than the temperature of pyrolysis.

Biochars produced from tomato crops represented a 
clear exception. Even if their general properties might 
potentially allow similar effects on denitrification as 
observed for the other selected BCs, their application was 
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accompanied by a significant negative impact on micro-
bial activity in general as seen by the low CO2 respiration 
rate, in particular concerning TC-B600.

These BCs displayed phytotoxicity, with germina-
tion indices <30% (Pascual 2021), a very high EC (18–
23  mS  cm−1) and TC-B600 also exhibited an extremely 
high pH (12.2). The response of denitrifiers to high EC is 
similar to that of other soil heterotrophs, which usually 
decrease their activity (Adviento-Borbe et al. 2006; Setia 
et  al. 2010). Indeed, we observed that TC-B600 mini-
mized total denitrification (Fig.  2) and basically ceased 
soil respiration (Figure S8), which can be considered a 
strong indicator of toxicity. The negative CO2 fluxes may 
be attributed to the high pH of this BC, which can induce 
CO2 capture in soil and the formation of secondary car-
bonates, a phenomenon previously observed in other cal-
careous soils after BC amendment (Wang et al. 2023).

Amendment with TC-B600 also modified the dynamics 
of NO3

− and NO2
− in soil, being the only treatment with 

high NO2
− concentrations throughout the entire incuba-

tion. Although, to some degree, all treatments exhibited 
nitrite accumulation, the NO2

−/NO3
− ratios in TC treat-

ments were the highest. Nitrite may well accumulate in 
soil under denitrifying conditions and high pH values 
and this is indicative of a soil where the activity of nitrate 
reductase (NAR) is favored in comparison to nitrite 
reductase (NIR) (Lim et al. 2018). The high concentration 
of NO2

− in these treatments suggests that chemodenitri-
fication might be partially responsible for N2O emissions 
(Zhu-Barker et al. 2015).

We postulate that the NO2
− accumulation in TC-B600 

treatment can be attributed to the inhibition of NIR 
activity in soil due to the environmental stress induced by 
this BC. Nitrate reductase is generally regarded as more 
resilient and better able to withstand environmental 
stress compared to NIR which has been found to be more 
sensitive to changes in pH and salinity (Yoshie et al. 2004; 
Albina et al. 2019).

4.3 � Characteristics of BCs that might increase N2O 
emissions

Nitrogen content and pH in BCs are well-known factors 
modulating denitrification. Nitrogen-rich BCs serve as a 
substrate for nitrification, which will ultimately lead to 
denitrification and increased N2O emissions. Addition-
ally, the alkaline properties of BC are recognized to play 
a significant role in facilitating the last step of denitrifica-
tion and reducing N2O emissions in acid soils (Obia et al. 
2015). Ruling these two factors out, both RDA analyses 
pointed at carboxyl groups in BC surface as the main pre-
dictor for increased N2O emissions. This is in accordance 
with previous findings by Yuan et al. (2019), who demon-
strated that a BC that was chemically oxydized with H2O2 

missed its N2O mitigation potential. Later, the same 
authors showed that carboxyl-loaded graphene signifi-
cantly decreased the genetic potential for N2O reduction 
and increased the N2O/(N2O+N2) ratio in soil slurries 
(Yuan et al. 2021). The reasons behind these findings are 
probably related to the lower electron donating capacity 
of these BCs, since the carboxyl group is the most oxi-
dized of all oxygen containing functional groups and con-
sidered to be redox inactive. This is known to limit the 
transport of electrons through the aromatic structure of 
BCs (Chacón et al. 2020).

In general, the number of oxygen-containing functional 
groups on BCs surface decreases with pyrolysis tem-
perature (Chacón et al. 2020). On the contrary, carboxyl 
groups do not necessarily follow the same pattern, and 
their concentration is heavily influenced by the specific 
feedstock used (Chen et  al. 2015; Chacón et  al. 2020). 
From our 22 selected BCs, those produced from tomato 
crops and olive mill wastes registered the highest con-
centration of carboxyl moieties (at both 400 and 600 °C), 
whereas grape stalks registered high values only at 600 °C 
(Table S1). Understanding which feedstocks and pyroly-
sis conditions yield BCs with high concentrations of 
carboxyl moieties seems therefore essential for making 
informed decisions and selecting appropriate BCs for 
N2O mitigation.

We hypothesized that the concentration of PAHs in BC 
might be correlated with higher N2O emissions, as pre-
vious studies found (Alburquerque et  al. 2015). In our 
study, even though a weak association between PAHs 
concentration and N2O emissions was found (Figure S7), 
our results seem to indicate that the PAHs at the low con-
centrations found in our selected BCs (between 31 and 
177 µg C  kg−1 soil) did not represent a risk and did not 
play a major role  in modulating N2O emissions.

Finally, DOC was not a good predictor of C availability 
in BCs. Its value was generally low for all BCs (1–8 g kg−1 
soil) and depended on the original feedstock more than 
the pyrolysis temperature. While the correlation between 
dissolved organic carbon (DOC) in organic amendments 
and denitrification activity has been observed in previ-
ous studies (Surey et al. 2020), for BCs the H:Corg was a 
more effective indicator for C accessibility.

5 � Conclusions and future research needs
Multivariate analysis showed that a high concentration 
of carboxyl groups in BCs surface was highly correlated 
with increased N2O emissions after BC amendment, 
whereas DOC, PAHs and physical properties such as 
pore area and bulk density did not seem to be relevant 
modulating total denitrification or the stoichiometry of 
denitrification products. High electrical conductivity and 
pH in BCs were related to increased NO2

−/NO3
− ratios 



Page 14 of 16Cayuela et al. Biochar            (2024) 6:90 

in soil, although this effect was accompained by a overall 
decrease in microbial activity and did not imply higher 
N2O emissions.

Our study clearly illustrates that BC interacts with 
denitrification in varying ways depending on the BC 
characteristics. Ideally, BCs should decrease both total 
denitrification (to enhance crop N use efficiency) and the 
denitrification ratio (to mitigate harmful N2O emissions). 
Our findings reveal that BCs produced at 600 °C signifi-
cantly reduced total N loss by denitrification (N2+N2O), 
but there was a trade-off with the denitrification ratios, 
which seems to be linked to carboxyl groups on BCs 
surface. As our 15N experiment lacked a sufficient num-
ber of high-temperature BCs with a low concentration 
of carboxyl groups, we were unable to demonstrate the 
feasibility of reducing N loss while maintaining or even 
decreasing denitrification ratios. Further studies are 
necessary, including a wide array of high-temperature 
BCs with varying concentrations of carboxyl groups to 
address this dilemma.

In addition, it remains challenging why N losses due to 
denitrification (N2O+N2) decrease significantly with BCs 
produced at 600 °C. This is especially puzzling given that 
soil NO3

− concentrations remained consistent across 
both high and low-temperature BCs, and NO3

− con-
sumption was similar by the end of the incubation. Fur-
ther research is needed to determine the whereabouts of 
this nitrogen discrepancy—whether it is retained in soil 
as organic N or lost as gases other than N2O and N2.
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