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A B S T R A C T

Biochar can reduce nitrate (NO3
− ) leaching from soil, yet typically only at high, uneconomic application rates. 

Therefore, biochar should be produced and modified to achieve high sorption capacity. Increased NO3
− sorption at 

acidic pH has been reported. However, the sorption mechanisms and potential of biochar acidification to reduce 
nitrate leaching remain unexplored. Here, NO3

− sorption was quantified at soil-relevant pH of 5 and 7 on woody 
biochars produced at highest treatment temperatures (HTT) of 400–900 ◦C. Sorption capacities ranged between 700 
and 6200 mg NO3

− -N kg− 1 at pH 5 and between 200 and 2500 mg NO3
− -N kg− 1 at pH 7. Thus, NO3

− sorption to biochar 
might be higher in acidic compared to neutral soils and can be maximized by producing biochars at HTT ≥750 ◦C. 
Correlation of sorption data with content of surface functional groups and proxies for biochar aromaticity suggest that 
NO3

− is sorbed to protonated aromatic structures in biochars produced at >500 ◦C, while NO3
− might sorb to protonated 

functional groups in biochar produced at 400 ◦C. Further, biochar acidification under NO3
− enrichment was tested to 

reduce NO3
− leaching. Both in aqueous suspension and in soil columns, full NO3

− release from KNO3-enriched industrial 
biochar was prevented by biochar acidification, i.e., combined HNO3+KNO3 enrichment. In soil with pH 5.7 or pH 7.4, 
only acidified biochar reduced NO3

− leaching by up to 23 % and 12 %, respectively, compared to the soil-only control. 
Thus, acidification could be an interesting approach to produce biochar-based fertilizers with controlled NO3

− release.

1. Introduction

Nitrogen (N) is often the primary limiting factor for crop production 
and thus a key component of fertilizers (Schubert, 2018). In mineral 
fertilizers, N can be added as nitrate (NO3

− ) or, if other N sources are 
used, soil microbes typically oxidize these to NO3

− , which is subject to a 
high risk of leaching to groundwater due to the prevailing negatively 
charged surfaces of soils (Borchard et al., 2019). This limits the N use 
efficiency of agriculture.

Biochar is the solid product of biomass pyrolysis and is suggested for 
use as a soil amendment in agriculture (Lehmann and Joseph, 2015). 
Biochar reduces NO3

− leaching by 13 % on a global average (Borchard 
et al., 2019). Relevant reductions, however, are only obtained for bio
char application rates of 10–40 t ha− 1 (Borchard et al., 2019), which are 
economically challenging (Bach et al., 2016). Practical and economic 
applications are usually <2 t ha− 1 and an effective amount of biochar in 
soil would only be achieved after several years of repeated input. 

Biochar production and modification should therefore be optimized to 
generate a more effective sorbent for NO3

− .
Mechanisms for biochar-induced reduction of NO3

− leaching include 
the capture of NO3

− in an organic coating developed through soil ageing 
or co-composting (Hagemann et al., 2017; Haider et al., 2020) and 
electrostatic sorption of NO3

− (Fidel et al., 2018). As composting of 
biochar is a time-consuming process, more simple modification tech
niques are required to improve sorption, which is the focus of this study.

So far, NO3
− sorption to biochar has been reported to be negligible 

with capacities ≪200 mg NO3
− -N kg− 1 (Gai et al., 2014; Yang et al., 

2017). However, the pH during batch experiments was barely controlled 
and, therefore, sorption was presumably measured at rather alkaline pH, 
given that biochar usually has a pH in the range of 8–10 (Ippolito et al., 
2020). Indeed, biochars exhibit a significantly higher anion exchange 
capacity (AEC) at pH 5 compared to higher pH (Banik et al., 2018). 
Likewise, biochars had a limited NO3

− sorption capacity at pH levels 
between 7 and 8 (<400 mg NO3

− -N kg− 1), but sorption gradually 
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increased to 600 mg NO3
− -N kg− 1 at pH 6 and was maximized to 1400 mg 

NO3
− -N kg− 1 for a red oak biochar at pH 4.0 (Fidel et al., 2018). By 

adjusting the pH to 2.7 with citric acid, a rice husk biochar produced at a 
highest treatment temperature (HTT) of 700 ◦C could completely 
remove NO3

− from aqueous solution, leading to sorption of 1400 mg 
NO3

− -N kg− 1, while no NO3
− sorption occurred without addition of acid 

(pH 9) (Heaney et al., 2020). In line with that, biochar reduced NO3
−

leaching most effectively in soils with a pH < 5.5 (Borchard et al., 2019). 
Despite these consistent results of increased NO3

− sorption at lower pH, 
no study has yet elucidated if acidification could be a method to opti
mize biochar’s capacity to reduce NO3

− leaching. The sorption mecha
nisms also remain uninvestigated. So far, biochar acidification has only 
been investigated in the context of phosphorus availability from 
biochar-based fertilizers (Kopp et al., 2023).

Different mechanisms might be relevant for improved sorption of 
anions at lower pH, including protonation of acidic functional groups on 
the biochar surface, protonation via uptake of protons by basic acting 
moieties, such as π-electrons on basal planes of graphitic structures, or 
the presence of O- and N-heterocycles that can impact pH-dependent 
AEC of biochars (Bartolomei et al., 2019; Boehm, 1994; Lawrinenko 
and Laird, 2015). These mechanisms add (net) positive surface charge to 
biochars when in contact with acids. Although pH dependent sorption 
increased for biochars produced at higher HTT (Fidel et al., 2018), it is 
unknown which of the abovementioned mechanisms dominate pH 
dependent sorption.

Due to their alkaline nature, biochar capacity to reduce NO3
− leach

ing increases over time after soil application, likely as its pH decreases 
during the equilibration with the surrounding soil pH (Borchard et al., 
2019). As the use of biochar-based fertilizers (BBF) has recently gained 
attention (Melo et al., 2022), simple pre-treatments that improve the 
NO3

− sorption, like acidification, are of interest to ensure maximized 
leaching reduction right after soil application. Any acidified biochar will 
equilibrate to soil pH with time, determining its long-term pH-depend
ent sorption capacity. Still, acidification might prevent a rapid leaching 
of biochar-spiked NO3

− immediately after soil application.
Here, NO3

− sorption to wood-based biochars produced in an 
industrial-relevant pyrolysis process at HTT ranging from 400 to 900 ◦C 
was studied at soil-relevant pH (pH 5 and 7) along with in-depth biochar 
characterization, allowing to conclude about the relevance of oxygen 
containing functional groups and aromaticity of biochars for NO3

−

sorption. Nitric acid was used for pH control to add no further 
competitive anions to the experiments aiming to maximize NO3

− sorp
tion, contrasting to earlier studies (Chintala et al., 2013; Fidel et al., 
2018; Heaney et al., 2020). The effect of biochar acidification on 
leaching of NO3

− was studied in soil columns with two contrasting soils. 
This study aims to (1) improve our understanding of which biochar 
properties contribute and dominate pH dependent NO3

− sorption and (2) 
answer the question whether acidification of biochar reduces NO3

−

leaching from BBF amended soil. We hypothesize that an increase in 
aromaticity can explain the increased pH dependent NO3

− sorption 
previously reported for biochars produced at increased HTT and that 
biochar acidification reduces NO3

− leaching from soil.

2. Materials and methods

2.1. Biochar materials

Biochar production was performed with a PYREKA research pyrol
ysis unit (Pyreg GmbH, Dörth, Germany) using milled and sieved beech 
wood particles (2<x<6 mm, Verora AG, Edlibach, Switzerland) with a 
residence time of 10 min at a HTT of 400 ◦C, 525 ◦C, 750 ◦C, and 900 ◦C. 
The pyrolysis reactor was electrically heated and is explained in more 
detail elsewhere (Hagemann et al., 2020). The biochars are referred to as 
BC400, BC525, BC750, and BC900. Wood was used as it is currently the 
most widely used feedstock for biochar production across Europe. In
dustrial wood biochar (BCi) was obtained from AWN GmbH (Buchen, 

Germany), who used a Pyreg P500 pyrolysis reactor (Pyreg GmbH) at a 
HTT of ~650 ◦C and 20 min residence time (PYREG, 2025). The BCi had 
EBC-Feed certification according to the European biochar Certificate 
(EBC) under batch reference ba-de-54-1-2 (EBC 2012-2024, 2024). 
Biochars were milled to <200 μm with an impact mill (Kinematica AG, 
Lucerne, Switzerland) and stored in air-tight glass jars at ambient tem
perature in the dark for further usage. The biochars were characterized 
according to the methods described in chapter 1 in the Supplementary 
Information (SI). Where applicable, EBC methods were used (EBC 
2012-2024, 2024).

2.2. Batch sorption experiments

Biochars were first conditioned over a total of 12 days to achieve the 
targeted pH values, i.e., pH 5.0 ± 0.1 or pH 7.0 ± 0.1, in a stock sus
pension (10 stock suspensions in total). To do so, ~0.4 g of dry biochar 
(actual weights were recorded to 0.1 mg accuracy) were weighed into 
100 mL Schott bottles and 80 mL of ultrapure water was added. The 
bottles were placed on a magnet stirrer at room temperature. Over 9 
days, the pH value of the suspensions was adjusted by adding diluted 
HNO3, and the added volumes were recorded. From day 9 onwards, the 
pH of all stock suspensions was stable. On day 12, all suspensions were 
quantitatively transferred to a 100 mL graduated cylinder and filled up 
to the mark using either diluted HNO3 with pH 5 or ultrapure water with 
pH 7.

For batch sorption experiments, 1.45 mL of the stock suspensions 
were aliquoted under constant stirring at 700 rpm into 2 mL poly
propylene reaction vessels. A volume of 0.05 mL of five different KNO3 
solutions was pipetted to each reaction vessel to add additional 0, 10, 
20, 50, 100, or 240 mg NO3

− -N L− 1 to the suspension besides already 
contained NO3

− originating from HNO3 in the stock suspension 
(Table S1). The resulting biochar concentration in each reaction vessel 
was 4 g L− 1. Establishment of equilibrium phase distribution was 
assured by initially following adsorption kinetics with 100 mg NO3

− -N 
L− 1 added to the suspensions in triplicates for either 1, 3, 6, 16, 24, or 48 
h. For all other added NO3

− concentrations, equilibration was done for 
only 48 h. The reaction vessels were equilibrated horizontally fixed on a 
rotary shaker at 220 rpm and 25 ◦C (KS 4000 ic control, IKA Werke 
GmbH&Co. KG, Staufen, Germany). Samples equilibrated for 48 h with 
either 20 or 100 mg NO3

− -N L− 1 were centrifuged after equilibration with 
17,000×g at 25 ◦C (Fresco™ 17, Thermo Fisher Scientific, Waltham, 
USA), to obtain a biochar pellet for later NO3

− desorption experiments 
(Fig. S1). The supernatants or suspensions, if not centrifuged, were 
filtered (<0.45 μm, Nylon, Chrompure, Membrane-Solutions LLC, 
Auburn (WA), USA) and filtrates were stored at − 18 ◦C for later NO3

−

analysis.

2.3. Nitrate desorption from biochar

After centrifugation (cf. Section 2.2, Fig. S1), biochar pellets were 
resuspended in 1.5 mL of either diluted HNO3 adjusted to pH 5 (for 
samples previously equilibrated at pH 5) or ultrapure water with pH 7 
(for samples previously equilibrated at pH 7). Samples were equilibrated 
for 48 h and subsequently centrifuged and filtered as described above. A 
second desorption step was performed in the same way. Additional 
triplicate samples equilibrated in previous sorption experiments for 48 h 
with added 100 mg NO3

− -N L− 1 were used for desorption experiments as 
described above, but desorption was performed in 1 M KCl and only in a 
single step for 48 h. Before the first and second desorption steps, the 
reaction vessels including the biochar pellet were weighed to estimate 
the remaining non-decanted liquid volume to correct for already solu
bilized/desorbed NO3

− .
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2.4. Experiments with BBF

2.4.1. BBF preparation
Two different BBF were prepared from BCi. The BCi was weighed 

into 50 mL centrifuge tubes and moistened with two different NO3
− so

lutions to 80 % of its WHC (=230 %, w/w), which equaled 1.83 mL g− 1. 
For release experiments (cf. Section 2.4.2), 0.4 g, and for column 
leaching experiments (cf. Section 2.4.3), 0.09 g of dry matter equivalent 
of BCi was used. The first solution contained only KNO3 at 138 g L− 1, the 
BBF enriched with this solution was termed BCi-N. The second solution 
contained a mixture of HNO3 (27.4 mL concentrated HNO3 L− 1) and 
KNO3 (95 g L− 1), in which 31 % of total NO3

− originated from HNO3. The 
BBF prepared with this solution was labeled as BCi-HNO3. Each solution 
was pipetted onto the whole surface of the biochar, vortexed after 2 h, 
and left to stand for 3 days at room temperature. Both BBFs were 
enriched to a calculated NO3

− content of 3.5 % N (w/w). After enrich
ment, BCi-N had a pH value of 9.0 and BCi-HNO3 of 5.4.

2.4.2. Nitrate release from BBF
Nitrate release from BCi-N and BCi-HNO3 was measured in triplicates 

in a 0.5 M phosphate buffer either adjusted to pH 5.7 or pH 7.4. The 
buffers were prepared from a stock solution of KH2PO4 and Na2HPO4 x 
2H2O. A buffer volume of 20 mL was added to the centrifuge tube with 
the prepared BBF (cf. section 2.4.1), and samples were horizontally 
shaken at 150 rpm and room temperature. Four sequential desorption 
steps of each 48 h were performed. After each desorption step, samples 
were centrifuged at 10,000×g for 5 min (Megafuge 16, Thermo Fisher 
Scientific, Waltham, USA) and 15 mL of the supernatant were exchanged 
with fresh buffer while filtering a subsample of the supernatant through 
a syringe filter for storage at − 18 ◦C. For N release monitoring during the 
first desorption step, samples were centrifuged as described above after 
1, 3, 8, and 24 h and 0.5 mL of the supernatant was sampled. Fresh 0.5 
mL buffer were added to maintain a constant solid to liquid ratio. Total 
released N from the BBF into the buffer after each desorption step (RN,i) 
in % (w/w) was calculated with equation (2) given in section 1.6 in the 
SI.

2.4.3. Nitrate leaching from BBF amended soil columns
Two different standard soils were used in the experiment, which are 

referred to as “soil-2.3” with pH 5.7 (silt sand) and “soil-2.4 N″ with pH 
7.4 (normal loam) according to the soil provider (LUFA, Speyer, Ger
many, for soil characteristics see Table S2). Columns were prepared by 
mixing 12 g dry matter of soil and biochar added via BCi-N or BCi-HNO3 
(0.75 % biochar concentration, w/w). A fertilized treatment without 
biochar was also included (Control), here a NO3

− solution adding 3 mg N 
per column, as with BCi-N and BCi-HNO3, was applied. The spiked 
Control soil was left to stand for 3 days in 50 mL centrifuge tubes 
(similar as BCi-N and BCi-HNO3, cf. Section 2.4.1) before the soil was 
homogenized and packed into the columns. BCi-N and BCi-HNO3 were 
homogeneously mixed with the soil and packed into columns. The col
umns were 10 mL polypropylene syringes and contained a 0.15 g glass 
wool layer at the bottom. Non-fertilized controls with or without BCi 
were also included. The water holding capacity (WHC) of each soil 
mixture was measured by submersion of the whole column in water for 
24 h with a subsequent drainage of 2 h. The total H2O remaining in the 
soil column after drainage was defined as 100 % WHC or one soil pore 
volume (SPV, corrected for contributions from syringe and glass wool). 
These soil columns for WHC measurement were prepared in addition 
and not used for later leaching experiments.

The columns were watered to 65 % WHC for three days and then to 
95 % WHC on the fourth day after setup. On day 4, 7, 8, and 9, water was 
added on top of the columns, 2.3 mL for treatments with soil-2.3 and 
2.98 mL for soil-2.4 N, both equal to 0.5 SPV (Fig. S2). Ultrapure water 
was used in all steps. Leachates were filtered and stored as described 
above. On day 12, 150 μl of a 144 g L− 1 KNO3 solution were pipetted on 
top of the column for re-fertilization with 3 mg NO3

− -N. Further leaching 

events were conducted on day 14, 15, 16, 17, and 18 as described above.

2.5. Nitrate quantification

NO3
− concentrations in filtrates were measured in 96-well micro

plates and a microplate reader (Biotek Epoch 2, Agilent Technologies 
Inc., Santa Clara, USA) (Hood-Nowotny et al., 2010). A Thermomixer C 
(Eppendorf SE, Hamburg, Germany) was used for plate incubation for 1 
h at 37 ◦C and the calibration curve was recorded in a range of 0–2.5 mg 
NO3

− -N L− 1 with KNO3 as standard. All reagents were of analytical grade 
and either purchased from Carl Roth GmbH & Co. KG (Karlsruhe, Ger
many) or Merck KGaA (Darmstadt, Germany).

2.6. Data analysis

Calculation of sorbed amounts of NO3
− on biochars in batch sorption 

experiments (cs in mg NO3
− -N kg− 1) and their fitting to the Freundlich 

and Langmuir model are described in section 1.7 of the SI. The sorption 
capacities obtained from the Langmuir model (cs,max) were normalized 
to different biochar properties according to section 1.8 in the SI to 
identify potential sorption mechanisms.

Data from release and column experiment was analyzed by an un
paired t-test at α <0.05 by either comparing BCi-HNO3 with BCi-N 
(release experiment) or BCi-HNO3 and BCi-N individually with the 
Control (column experiment), respectively, for each desorption or 
leaching step. Data normality and variance homogeneity were evaluated 
with a Shapiro-Wilk test and a Brown-Forsythe test, respectively. Data 
visualization and analysis was performed with GraphPad Prism (version 
10.0.3, Graphpad Software LLC, Boston, USA).

3. Results

3.1. Chemical properties of biochars

The C and ash content, as well as pH of the biochars, increased with 
HTT (Table 1). By increasing HTT from 400 ◦C to 525 ◦C, SEC increased 
by four orders in magnitude and ultimately rose to 1.4⋅103 mS cm− 1 and 
1.3⋅104 mS cm− 1 for a HTT of 750 ◦C and 900 ◦C, respectively, indicating 
higher aromaticity of biochars produced at higher HTT, in line with a 
reduction in hydrogen to organic carbon molar ratio (H/Corg, Table 1). 
Boehm titration indicated a decrease in the amount of acidic functional 
groups, i.e., total acidity of the biochars, with increasing HTT from 0.58 
mmol g− 1 (BC400) to 0.08–0.22 mmol g− 1 (BC525-BC900, Table 1), but 
carboxylic groups were still detected for BC750 and BC900 (Fig. S3). In 
contrast, the amount of basic functional groups increased with HTT 
(Table 1). Spectroscopic analyses delivered evidence for decreased 
oxygen-containing functional group contents on the biochars produced 
at higher HTTs. The FTIR spectrums revealed a loss of H-bonded OH- 
groups (3400-3200 cm− 1), a decrease in phenolic OH bending at 
1390 cm− 1 and a general loss of characteristic carboxylic group bands e. 
g., the C=O stretching band at 1690 cm− 1 (from carboxylic acids or 
esters), the COO− band at ~1580 cm− 1 and carboxylic C-OH band at 
~1200 cm− 1 with increasing HTT (Fig. 1). The FTIR-band pattern of BCi 
was closely related to that of BC525 (Fig. 1). The XPS-derived surface O/ 
C molar ratio decreased with an increase in HTT (Table 1 and Table S3) 
and the appearance of high binding energy satellite structures at around 
291 eV may indicate an increase of aromaticity for BC750 and BC900 
(Fig. S4). The SSA of biochars based on N2 sorption increased drastically 
with HTT from 6 to 388 m2 g− 1 while SSA based on CO2 sorption was 
generally higher (Table 1), indicating limited accessibility for N2 at the 
applied measurement conditions (− 195.8 ◦C at 0.1 MPa), especially to 
the pore system in BC400. The SSA of pores with a diameter >0.67 nm, i. 
e., the range of pores most relevant for NO3

− sorption due to the diameter 
of hydrated NO3

− of 0.67 nm (Nightingale, 1959), were in a narrow range 
across biochars (42–59 m2 g− 1), only BC525 had a SSA theoretically 
accessible for NO3

− of only 28 m2 g− 1 (Table 1 and Fig. S7).
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3.2. Nitrate sorption isotherms

Equilibrium water-biochar phase distribution of NO3
− was stable after 

48 h in preliminary tests for all biochars at both pH values (Fig. S8). 
Fig. 2 presents the calculated sorbed amount of NO3

− on the different 
biochars over the cw value and the fitted sorption models. The goodness 
of fit, i.e., R2 values, were similar for the Langmuir and Freundlich 
sorption models (Table 2). Sorption was higher at pH 5 compared to pH 
7 for all biochars (Fig. 2). At pH 5, NO3

− Langmuir sorption capacities cs, 

max, derived from adsorption data only, ranged between 650 mg NO3
− -N 

kg− 1 (BC400) and 6190 mg NO3
− -N kg− 1 (BC750), while at pH 7, cs,max 

varied between only 180 mg NO3
− -N kg− 1 (BC400) and 2480 mg NO3

− -N 
kg− 1 (BC900, Fig. 2 and Table 2). For BC750 and BC900, cs,max was in a 
similar range at pH 5 and it generally decreased in the following order: 
BC750 > BC900 > BCi > BC525 > BC400 at pH 5 and BC900 > BC750 >
BCi > BC525 > BC400 at pH 7. The Freundlich exponent (1/n) was <1 
for all biochars at all pH values, indicating favorable sorption (Table 2). 
Freundlich sorption coefficients KF ranged between 450 and 2740 l kg− 1 

at pH 5 and between 150 and 2030 l kg− 1 at pH 7 and decreased in the 
following order: BC900 > BCi > BC750 > BC525 > BC400 at pH 5 and 
BC900 > BC750 > BCi > BC525 > BC400 at pH 7.

There was a good positive linear correlation of cs,max with the CO2- 
based SSA (R2 = 0.83–0.98, Fig. 3a), but no correlation was observed 
with CO2-based SSA actually available for NO3

− sorption (Fig. 3b), i.e., 

SSA contributed by pore widths >0.67 nm, which corresponds to the 
hydrated diameter of NO3

− (Nightingale, 1959). High positive correla
tion was also observed with the decadic logarithm of SEC and the total 
basicity of the biochars (Fig. 3a–c and d). The cs,max was negatively 
correlated with the molar H/Corg ratio and molar surface O/C ratio of 
biochars, but for the latter with lower goodness of fit, especially for 
sorption data obtained at pH 5 (Fig. 3e and f). There was no clear trend 
observable between cs,max and total acidity quantified by Boehm titra
tion (Fig. S11).

Normalization of cs,max to available CO2-based SSA (pore widths 
>0.67 nm) illustrated that monolayer sorption dominated at pH 7 while 
at pH 5, multilayer sorption was indicated for BC750 and BC900 
(Fig. S9a). Normalization of cs,max to total basicity reduced variation 
between different biochars to 23 % at pH 5 and 36 % at pH 7 (Fig. S9c), 
which is considerably lower compared to variation of non-normalized 
values for cs,max (59 % at pH 5 and 54 % at pH 7).

Desorption experiments indicated hysteresis for BC525, BCi and 
BC900 at pH 5 and for BC525, BCi and BC750 at pH 7 (data points filled 
in white, outlined in color, Fig. 2).

3.3. Release of NO3
− from BCi-N and BCi-HNO3

Release of NO3
− from two different BBF (BCi-N and BCi-HNO3) was 

studied in a 0.5 M phosphate buffer, adjusted to pH 5.7 or 7.4, similar to 
the pH values of the soils used in the column leaching experiment (cf. 
Section 3.4). In the first desorption step, BCi-N and BCi-HNO3 released 
respective 85 % and 81 % of NO3

− at pH 5.7 (p = 0.25, Table S4), while 
respective 92 % and 83 % (p = 0.06, Table S4) were desorbed at pH 7.4 
(Fig. 4a and c). All samples released an additional 3–4 % NO3

− during the 
second desorption step, regardless of buffer pH. After four desorption 
steps, cumulative release from BCi-N and BCi-HNO3 stabilized at 
respective 88 % and 85 % for pH 5.7 (p = 0.33) and at 96 % and 90 % at 
pH 7.4 (p = 0.10). After the fourth desorption step, respective 3.9 and 
4.8 g NO3

− -N kg− 1 remained sorbed in BCi-N and BCi-HNO3 at pH 5.7 (p 
> 0.05, Table S4), while 2.2 and 3.5 g NO3

− -N kg− 1 (p > 0.05), respec
tively, remained sorbed at pH 7.4. Initially, 35 g NO3

− -N kg− 1 were added 
to the biochar. Most NO3

− was already desorbed after 1 h from all BBF 
during the first desorption step (Fig. 4 b and d, Table S5).

3.4. Nitrate leaching from soil amended with BCi-N and BCi-HNO3

Amending BCi-HNO3 to soil-2.3 with pH 5.7 significantly reduced 
cumulative NO3

− leaching in the first four leaching events by 23 %, 13 %, 
9 % and 8 %, respectively, compared to the Control (p < 0.05), which 
was not observed with BCi-N (Fig. 5a and c). Amendment of BCi-N 
resulted in a higher deviation between the three replicates (coefficient 
of variation - CV = 9 %) than observed both for the Control (CV = 2 %) 
and soil amended with BCi-HNO3 (CV = 4 %). In soil-2.4 N with pH 7.4, 
BCi-HNO3 significantly reduced cumulative NO3

− leaching by 12 % 
compared to the Control after 0.5 SPV (p < 0.05) and by 16 % when 
correcting for native NO3

− leached from the soil, but there was no 

Table 1 
Elemental analysis (carbon – C, organic carbon - Corg, hydrogen – H, nitrogen – N in % (w/w) and molar H/Corg ratio), ash content (w/w), pH, solid-state electric 
conductivity (SEC), surface molar O/C ratio (derived from X-ray photoelectron spectroscopy), total acidity and total basicity obtained from Boehm titration, as well as 
cumulative specific surface area (SSA) based on CO2 and N2 gas adsorption calculated with the Brunauer-Emmett-Teller model (CO2- and N2-SSA). The CO2-SSA is also 
presented covering only pores with a width of >0.67 nm. The beech-wood biochars were produced at a highest treatment temperature of 400, 525, 750, and 900 ◦C 
(BC400, BC525, BC750 and BC900, respectively) and the industrial wood-based biochar at ~650 ◦C (BCi). n.d.: not determined. All analyzes were performed without 
repetitions, except the ash content and total acidity, which were performed as triplicate measurements.

C 
[%]

Corg 

[%]
H 

[%]
N 

[%]
H/ 
Corg

Ash [%] pH SEC [mS 
cm− 1]

Surface O/C ratio 
[%]

Total acidity 
[mmol g− 1]

Total basicity 
[mmol g− 1]

CO2-SSA [m2 

g− 1]
CO2-SSA (>0.67 nm) 

[m2 g− 1]
N2-SSA [m2 

g− 1]

BC400 78.0 77.7 3.8 0.5 0.58 3.1 ± 0.1 6.9 9.6⋅10− 7 0.16 0.58 ± 0.01 0.16 241 50 6
BC525 87.0 86.7 3.2 0.8 0.44 3.3 ± 0.2 9.1 9.3⋅10− 3 0.12 0.08 ± 0.01 0.31 347 28 249
BC750 91.1 90.3 1.5 0.8 0.20 4.5 ± 0.1 9.4 1.4⋅103 0.11 0.22 ± 0.01 0.79 410 42 372
BC900 91.4 90.8 1.5 0.9 0.20 4.9 ± 0.1 9.7 1.3⋅104 0.09 0.22 ± 0.01 0.91 465 50 388
BCi 89.1 88.8 1.7 0.6 0.23 5.2 8.6 1.7⋅10◦ n.d. n.d. n.d. 388 59 9

Fig. 1. (A) Baseline-corrected Fourier-Transform Infrared (FTIR) spectrums of 
beech-wood biochars produced at pilot-plant scale at 400, 525, 750 and 900 ◦C 
(BC400, BC525, BC750 and BC900, respectively), and of industrial wood-based 
biochar (BCi, produced at ~650 ◦C). Band allocation was done according to 
literature (Singh et al., 2017). a.u.: arbitrary unit.
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significant difference compared to the Control in cumulative NO3
− loss 

after 1.0, 1.5, and 2.0 SPV leached through the columns (Fig. 5b and d). 
With fertilization, almost all initial NO3

− applied to the columns (3 mg 
NO3

− -N) either by direct soil fertilization or via BCi-N and BCi-HNO3 was 
released after leaching both soils with 2 SPV. For non-fertilized soil, 

0.2–0.3 mg NO3
− -N were leached from soil-2.3 and 1.3 mg NO3

− -N were 
released from soil-2.4 N after 2 SPV, independent of a biochar amend
ment (Fig. 5a and b).

After re-fertilizing the columns by applying a fertilizer solution on 
top of the soil surface, BCi-HNO3 significantly reduced cumulative 
leaching compared to the control by 15 % at 2.5 SPV, by 22 % at 3.0 SPV 
and by almost significant 10 % after 3.5 SPV (p = 0.0534) in soil-2.3 
(Fig. 5a and c). BCi-N only reduced cumulative leaching significantly 
after 3.0 SPV by 10 % compared to the control (Fig. 5a and c). In soil-2.4 
N, both BCi-N and BCi-HNO3 significantly reduced cumulative leaching 
after 3 SPV by 7 % and BCi-HNO3 further reduced it by 7 % after 3.5 SPV 
(Fig. 5b and d). In the following, no significant differences in cumulative 
N leaching were observed.

4. Discussion

4.1. NO3
− sorption and desorption at soil-relevant pH

For all biochars, the decrease from pH 7 to pH 5 increased NO3
−

sorption capacities by a factor of 1.5–3.6 (average = 2.8). The increase 
in sorption capacity with a reduction in pH can be explained by biochar 
surface protonation under acidic conditions, which increases the net 
positive surface charge (Lawrinenko and Laird, 2015). As normalization 
of cs,max related to SSA accessible for hydrated NO3

− ions, i.e., to pores 
with a width of >0.67 nm (Nightingale, 1959), did not level out dif
ferences between individual biochars, it can be concluded that higher 
sorption with higher HTT was less related to an increase in SSA, but 

Fig. 2. Nitrate sorption isotherms of four wood-based biochars produced at pilot plant scale at 400, 525, 750, and 900 ◦C (BC400, BC525, BC750, and BC900 in 
panels a, b, d, and e, respectively) and at industrial scale (BCi, ~650 ◦C, panel c). Sorption was studied at pH 5.0 and 7.0 by equilibration in triplicates at 25 ◦C for 48 
h. Filled data points represent the adsorption (Ads.) and white, color-bordered data points represent the desorption branch (Des.). cs: calculated nitrate-nitrogen 
(NO3

− -N) concentration in the solid phase (= sorbed on biochar). cw: NO3
− -N concentration in liquid phase. Error bars indicate the standard deviation. Solid and 

dashed lines represent the fitted Langmuir and Freundlich sorption models, respectively. Fitting parameters are presented in Table 2.

Table 2 
Fitting parameters and correlation coefficients of the Langmuir and Freundlich 
models (cf. equations (4) and (5) in section 1.7 in the Supplementary Informa
tion) for nitrate-nitrogen (NO3

− -N) sorption onto biochars produced at pilot- 
plant scale at 400, 525, 750, and 900 ◦C (BC400, BC525, BC750, and BC900, 
respectively) and at industrial scale (BCi, produced at ~650 ◦C). Sorption ex
periments were conducted at pH 5.0 and 7.0 with equilibration at 25 ◦C for 48 h.

Biochar Langmuir Freundlich

cs,max [mg NO3
− -N 

kg− 1]
KL [L 
kg− 1]

R2 1/n KF [L 
kg− 1]

R2

pH 5.0
BC400 650 0.240 0.87 0.067 450 0.86
BC525 1720 0.082 0.92 0.151 730 0.90
BC750 6190 0.046 0.96 0.219 1760 0.96
BC900 5880 0.076 0.98 0.133 2740 0.99
BCi 4450 0.078 0.95 0.135 2050 0.94
pH 7.0
BC400 180 2.140 0.78 0.047 150 0.79
BC525 1140 0.034 0.93 0.305 200 0.91
BC750 1980 0.057 0.90 0.173 720 0.85
BC900 2480 0.385 0.97 0.036 2030 0.97
BCi 1420 0.054 0.82 0.216 430 0.85
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rather to other biochar properties.
Oxygen-containing, deprotonated acidic functional groups on the 

biochar surface can take up protons, representing a partially positively 
charged sorption site for NO3

− (Fidel et al., 2018). Boehm titration 
indicated that the overall acidity of biochars decreased with HTT, in line 
with the consensus that O-containing functional groups on biochar 
surfaces are degraded with increasing HTT (Banik et al., 2018). 

However, a higher content of carboxylic groups was found for biochars 
produced at an HTT of 750 ◦C and 900 ◦C, which is not in line with 
literature (Gezahegn et al., 2019). This finding might be related to 
methodological biases in Boehm titration, which involves several 
pre-treatment steps that include acid-washing of biochar samples (Fidel 
et al., 2013). Residual acid might have been falsely detected as car
boxylic groups for these biochars. Despite this, total acidity obtained 

Fig. 3. Fitting parameter for nitrate-nitrogen sorption capacity obtained from Langmuir isotherm (cs,max in mg NO3
− -N kg− 1 or in mmol NO3

− g− 1 in panel d) of 
biochars plotted over biochar properties: specific surface area (SSA) derived from CO2 sorption (total SSA and SSA contributed by pores >0.67 nm, panels a and b, 
respectively), solid state electric conductivity (SEC, logarithmic x-axis, panel c), total basicity (panel d), hydrogen/organic carbon molar ratio (H/Corg), and molar 
surface oxygen/carbon (O/C) ratio on the biochar surface derived from X-ray photoelectron spectroscopy (panel f). Correlation coefficients, where applicable, are 
related to linear regressions of the data each for cs,max recorded at pH 5 or pH 7.
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from Boehm titration as well as XPS and FTIR measurements coherently 
indicate a loss of the total O-containing functional group content with an 
increase in HTT. Therefore, the increased sorption of NO3

− with 
decreasing pH and increasing HTT may have been less related to pro
tonation of O-containing functional groups. Yet, it may be that NO3

−

sorption to BC400 was due to this mechanism, as molar-based sorption 
capacities ranged between 0.01 and 0.05 mmol NO3

− g− 1, which is well 
below the quantified acidity of BC400 (0.5 mmol g− 1 due to protonated 
phenols and lactols at pH 7 and 0.58 mmol g− 1 by further contribution of 
protonated carboxylic groups at pH 5). However, for biochars with 
higher HTT, the observed sorption capacities of up to 0.4 mmol NO3

−

g− 1cannot be attributed solely to the phenolic group content (0.05 
mmol g− 1, Fig. S3) and potentially falsely detected carboxyl group 
content (0.15 mmol g− 1), which would anyway have only been present 
in the relevant protonated form during sorption experiments at pH 5, 
given their pKa value of 6.4 (Fidel et al., 2013).

Protons may also be adsorbed on biochars by basic acting groups. 
Pyrone-like structures have basic character (Boehm, 2001), but since 
O/C ratios steadily decreased with higher HTT, it is unlikely that these 
contributed to the increased basicity at higher HTT. Sorption of protons 
can also occur on delocalized π-systems on the basal planes of graphitic 
structures (Boehm, 2001). With a higher HTT, graphitization of biochar 
is increased (Chia et al., 2015), which could explain their higher 

basicity, leading to a higher degree of protonation and thus, higher NO3
−

sorption at lower pH. Further, SEC of biochars increases with aroma
ticity and graphitization of biochar (Issi, 2001; Mochidzuki et al., 2003) 
while molar H/Corg is reduced. The high goodness of fit for the corre
lation of NO3

− sorption capacities with total basicity, SEC and H/Corg 
ratios (Fig. 3) indicates that sorption of NO3

− on protonated, aromatic 
structures was likely the main sorption mechanism, especially for bio
chars produced at HTT >500 ◦C. This was also indicated by the lowest 
variation between different biochars upon normalization of cs,max to 
total basicity (Fig. S9), and is corroborated by lower molar cs,max values 
compared to the quantified basicity of all biochars (Fig. 3d). Still, it has 
to be mentioned that there is no validated method available for Boehm 
titration for biochar basicity as compared to quantification of acidity. 
Thus, the total basicity measurements might not only cover the uptake of 
H+ by graphitic structures but also a neutralization of ash fractions. Still, 
while variation in ash content of the different biochars was only 19 %, 
total basicity varied by 58 % and was thus not dominated by the ash 
content.

The increase in NO3
− sorption of biochars under acidic conditions and 

with HTT aligns with literature on pH-dependent NO3
− sorption 

(Chintala et al., 2013; Fidel et al., 2018) and anion exchange capacities 
of biochars (Lawrinenko and Laird, 2015). The latter reported NO3

−

sorption capacities in a similar range as the present study: 1700–2000 

Fig. 4. Released nitrate (NO3
− ) from biochar produced at industrial scale, either enriched with HNO3 and KNO3 (BCi-HNO3) or with only KNO3 (BCi-N) to a N content 

of 3.5 % (w/w). Release experiments were performed either in a 0.5 M phosphate buffer adjusted to pH 5.7 (a, b) or to pH 7.4 (c, d) at 1:50 solid to liquid ratio and 
with shaking at 150 rpm. Panels a and c show the cumulative NO3

− release during four desorption steps of each 48 h in fresh buffer (note the change in the y-axis scale 
at > 70 %). Panels b and d present the NO3

− release (left axis, solid line) and the calculated mass of NO3
− remaining sorbed onto biochar (right axis, expressed as NO3

−

-nitrogen, NO3
− -N, dashed line) as a function of time during the first desorption step of 48 h. Error bars indicate the standard deviation of n = 3 replicates.
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mg NO3
− -N kg− 1 for corn stover and red oak biochars at pH 3.7 (Fidel 

et al., 2018) as well as 700–6000 mg NO3
− -N kg− 1 at pH 5.0 and 

560–4000 mg NO3
− -N kg− 1 at pH 7.0 for corn stover, pine wood, and 

switchgrass biochars (Chintala et al., 2013). This underscores that the 
type of acid and biochar production methods in the different studies 
were less influential for NO3

− sorption capacities as compared to pH 
values during sorption experiments and HTT. In the light of the present 
study, the absent NO3

− sorption capacities discovered by Gai et al. were 
likely due to a lack of pH control and resulting alkaline conditions (Gai 
et al., 2014).

As HNO3 was used for pH control in our experiments, low equilib
rium concentrations below 10–30 mg NO3

− -N l− 1 could not be covered in 
the sorption experiments. Therefore, sorption in this range cannot be 
described with sufficient certainty by our models. Still, this does not 
significantly affect the extent of the Langmuir sorption capacity cs,max 
derived from our model, which is the focus of our sorption experiment. 
The full release during desorption in 1 M KCl with average NO3

− recovery 
rates of 80–115 % indicated a closed mass balance in the sorption- 

desorption experimental series (Fig. S10).

4.2. NO3
− release from BCi-N and BCi-HNO3 in phosphate buffer

Biochar-based fertilizers were produced by enriching biochar with 
35 g NO3

− -N kg− 1, i.e., a significantly higher amount of N compared to 
the maximum sorption capacity of BCi (4.5 g NO3

− -N kg− 1, Table 2). The 
acidification of biochar significantly reduced NO3

− release during the 
initial hours of the first desorption step at both pH values (pH 5.7 and pH 
7.4, Table S5), but differences between non-acidified and acidified BBF 
were generally small. Desorption of 80–90 % of applied N from all BBF 
in general occurred fast, i.e., within the first hour of desorption.

BCi-N demonstrated re-sorption of previously released NO3
− during 

the first desorption step, with this effect being more pronounced at pH 
5.7 than at pH 7.4. The initial pH of BCi-N was 9.0, and during the 
release experiment, BCi-N equilibrated to the pH of the buffers, which in 
turn increased its NO3

− sorption capacity. This explains the alignment in 
residual sorbed and released NO3

− of BCi-HNO3 and BCi-N after 24 h 

Fig. 5. Leaching of nitrate-nitrogen (NO3
− -N) from soil columns without biochar (Control) or with biochar (0.75 %, w/w), either enriched with HNO3 and KNO3 (BCi- 

HNO3, bulk pH = 5.4) or with only KNO3 (BCi-N, bulk pH = 9) plotted over cumulative leachate volume expressed as soil pore volume (SPV). Initial fertilization was 
3 mg NO3

− -N via direct soil fertilization or via enriched biochars. Re-fertilization occurred after four leaching events (=2 SPV) with 3 mg NO3
− -N via KNO3 solution 

added to the soil surface. Non-fertilized controls with or without pristine biochar were included (NF Control + BC and NF Control). Soil-2.3 had a pH of 5.7 (a, c) and 
soil-2.4 N had a pH of 7.4 (b, d). Panels (c) and (d) present relative cumulative leaching compared to the respective fertilized Control for each soil. Error bars indicate 
the standard deviation of triplicates for fertilized treatments and duplicates for non-fertilized treatments. Asterisks beside corresponding data points indicate sig
nificant differences compared to the Control (unpaired t-test, p < 0.05).
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during the first two desorption steps at pH 5.7, when equilibration 
seemed complete. At pH 7.4, the differences in NO3

− release between 
BCi-N and BCi-HNO3 persisted for a longer period, i.e., until the third 
desorption step was finished. At higher environmental pH levels, bio
char acidification could therefore improve NO3

− sorption to biochar over 
a longer period than at lower pH.

The results generally imply that acidifying biochar can reduce the 
NO3

− release from NO3
− -enriched biochar, particularly in the short term 

after soil application. During this phase, the sorption capacity of pristine 
biochar may still be limited due to its alkalinity and delayed equilibra
tion to soil pH. In contrast, acidified biochar exhibits a higher initial 
affinity for NO3

− immediately upon application. In the long term, how
ever, both acidified and non-acidified biochar will equilibrate to the 
surrounding soil pH, eliminating the effects of the acidification treat
ment, as observed in the release experiments, and both biochars would 
undergo ageing in soil contributing to NO3

− capture in biochar 
(Hagemann et al., 2017; Haider et al., 2020).

The release dynamic of NO3
− from biochar pores is not only regulated 

by NO3
− sorption to the biochar surface, but also by mobility of water 

molecules inside biochar pores that hydrate NO3
− ions (Conte and 

Schmidt, 2017). Both processes overlapped in the extraction experiment 
and can therefore not be differentiated. The effect of biochar acidifica
tion on water mobility within biochar pores could e.g., be separately 
studied by Fast-Field Cycling Nuclear Magnetic Resonance Relaxometry 
(Conte and Schmidt, 2017).

In general, the non-released NO3
− after the release experiment for 

BCi-N was 4.5 g NO3
− -N kg− 1 at pH 5.7 (13 % of initial N enrichment) 

and 1.4 g NO3
− -N kg− 1 at pH 7.4 (4 % of initial N enrichment), which 

aligns with cs,max values calculated for BCi based on the batch sorption 
experiments (Table 2).

4.3. NO3
− leaching in soil column experiment

In the first leaching event, NO3
− leaching was significantly reduced 

only with BCi-HNO3 but not with BCi-N compared to the respective 
Control in both soils, which is in good agreement with the release ex
periments in phosphate buffer. The effect of acidification in BCi-HNO3 
on reduction of NO3

− leaching was only significantly maintained 
compared to the Control in soil-2.3 and not in the more alkaline soil-2.4 
N during subsequent leaching events (until 2 SPV cumulative leaching), 
indicating that BCi-HNO3 was faster equilibrated to environmental pH in 
the alkaline soil, which resulted in lower sorption of NO3

− in BCi-HNO3. 
In soil-2.3, BCi-HNO3 reduced NO3

− leaching compared to the Control 
more significant as BCi-N after re-fertilization, indicating that biochar 
acidification still improved NO3

− sorption to biochar even 12 days after 
application to soil. In soil-2.4 N, this effect did not occur, i.e., the 
initially higher NO3

− sorption capacity of BCi-HNO3 was lost. This syn
chronization effect of BCi-N and BCi-HNO3 in terms of the NO3

− leaching 
is the result of biochar equilibration to soil pH, which increases the NO3

−

sorption capacity for BCi-N (initial bulk pH of 9) and decreases sorption 
capacity of BCi-HNO3 (initial bulk pH = 5.4). Equilibration of BCi-N to 
environmental pH might take longer in the soil with lower pH than at 
higher pH, leading to a longer maintained difference to BCi-HNO3 in 
soil-2.3 N. At the same time, BCi-HNO3 was already nearly at the same 
pH as soil-2.3 (= pH 5.7) and therefore maintained its initial NO3

−

sorption ability, while in soil-2.4 N, BCi-HNO3 lost sorption capacity due 
to equilibration to higher pH, explaining the faster synchronization with 
BCi-N.

The soils not only differed in pH but also in texture, which might 
have affected the general potential of the biochar application on NO3

−

leaching reduction (Borchard et al., 2019), but likely not the differences 
observed between BCi-N and BCi-HNO3 compared to the Control. 
Furthermore, the timing of the first leaching event after BBF application 
to soil (four days in the present study) and soil moisture content might 
be crucial for the extent of NO3

− leaching reduction through the acidi
fication treatment, as it affects pH equilibration to soil conditions. The 

timing of the first leaching event was, however, not an experimental 
factor in the present study. Further, the soil moisture was adjusted to 65 
% WHC on the initial three days after column setup. After the first 
leaching event, the soil was water saturated for the whole experiment, 
since a leaching event was conducted each day, and thus, soil moisture is 
not likely to have been a limiting factor for pH equilibration.

The leaching experiments were only performed with BCi due to a 
sample shortage of the biochars produced at pilot-plant scale. Higher 
reductions in NO3

− leaching compared to the Control might have been 
achieved with BC750 and BC900 in both soils, as NO3

− sorption to these 
biochars was higher in batch sorption experiments compared to BCi. The 
industrial biochar used here was produced at a moderate 650 ◦C, while 
there are also several industrial biochar production plants in operation 
that can use HTT of up to 900 ◦C. Ultimately, it must be mentioned that 
the small-scaled column leaching experiments can only reflect effects on 
NO3

− leaching induced by physico-chemical soil-biochar interactions 
related to e.g., soil texture and pH, however, processes such as prefer
ential flow, soil surface runoff or bioturbation are not covered.

4.4. Biochar modification to improve NO3
− sorption

This study focused on modifying biochar with acid to improve its 
NO3

− sorption capacity and potential to reduce NO3
− leaching. Other 

modification techniques of biochar in this context include steam acti
vation to increase available SSA of biochar (Borchard et al., 2012) or 
metal-enrichment of biomass prior to pyrolysis with e.g., lanthanum, 
potassium, or magnesium oxides to increase the number of anion sorp
tion sites in biochar (Dieguez-Alonso et al., 2019; Wang et al., 2015; 
Zhang et al., 2012). Compared to acidification, the effects obtained from 
these methods might last longer after biochar soil application, as the 
effects of acidification may fade more quickly due to equilibration with 
environmental pH. However, steam activation will considerably 
decrease biochar yield by 30–70 % (Hagemann et al., 2020). 
Metal-enrichment, in contrast, may increase biochar yield (Grafmüller 
et al., 2022; Mašek et al., 2019), but to the best of our knowledge, 
optimizing both carbon yield and nitrate sorption capacity simulta
neously has not been studied yet. Still, adding N as HNO3 to biochar 
could be a cost-effective strategy to enhance its initial NO3

− sorption 
capacity, as the cost of N added via HNO3 or KNO3 is comparable 
(approximately 7 € (kg N)− 1, (Chemieshop24, 2025; Duengerexperte, 
2025) and it can be implemented without modification of the pyrolysis 
process. Biochar acidification represents a tool to improve the 
short-term interaction of biochar with NO3

− spiked into its pores during 
BBF production, independent of any pre-pyrolysis treatment of the 
biochar feedstock. To increase the effect of biochar acidification on in
creases in NO3

− sorption capacity, physical activation could be consid
ered based on the present study but also a maximization of aromaticity 
by choosing a high HTT during pyrolysis or increasing graphitization by 
using pyrolysis additives, such as isopropanol (Fornari et al., 2025).

4.5. Implications for practical biochar application in agriculture

The results of this study highlight the advantage of using biochar 
produced at a HTT >750 ◦C to increase NO3

− sorption and thus improve 
the retention of NO3

− in biochar amended soils. Based on release ex
periments in aqueous suspension and in soil columns, biochar acidifi
cation has the potential to improve the slow-release of NO3

− from 
biochar-based fertilizers. This, however, needs to be studied in follow up 
experiments under field conditions to evaluate the practical relevance of 
the proposed treatment, also taking into account the risk of soil acidi
fication under the proposed treatment. Such experiments would include 
effects such as preferential flow, surface runoff, or bioturbation, which 
can influence NO3

− leaching. Our results can support scientists and 
practitioners by developing new formulations of biochar-based fertil
izers for such field experiments.
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5. Conclusions

The findings of this study suggest, in line with our hypothesis, that 
the dominant mechanism of pH-dependent NO3

− sorption to biochar is 
related to sorption to protonated aromatic structures, especially for 
biochar produced at HTT >500 ◦C. Nitrate sorption to biochar and thus, 
biochar’s potential to reduce NO3

− leaching increases as soil pH de
creases and can be maximized by conducting pyrolysis at ≥ 750 ◦C. 
With biochar repeatedly applied over several years and ultimately 
accumulating to 5–10 t ha− 1, which is considered the optimistic eco
nomic break-even point reached after 10 years (Bach et al., 2016), 
30–60 kg N ha− 1 can maximally be sorbed and prevented from rapid 
leaching in slightly acidic soils and 10–25 kg N ha− 1 in pH-neutral soils, 
which is of agricultural relevance. Acidification of biochar with HNO3 
can be a cost-neutral option for production of biochar-based fertilizers to 
reduce NO3

− leaching instantly after biochar application to soil. Still, a 
long-term effect of the acidification treatment on NO3

− leaching is un
likely due to biochar’s equilibration to environmental pH. Thus, the 
relevance of this biochar treatment needs to be evaluated under field 
conditions. The focus of the present study was to investigate and 
enhance the sorption of NO3

− to pristine biochar as it is the prevailing N 
species present in soils. To produce a BBF, however, also other mineral 
or organic N sources, which potentially have higher sorption affinity to 
pristine biochars compared to NO3

− , like urea, should be considered to 
provide N-enriched biochars with optimal slow-release fertilization 
properties.
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